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LEGAL NOTICE

This report was prepared by Koppers Company, Inc. for FMC Corporation as an account
of work sponsored by the Electric Power Research Institute, Inc. (EPRI). Neither
EPRI, members of EPRI, FMC Corporation, Koppers, nor any person acting on their
behalf: (a) makes any warranty or representation, express or implied, with re-
spect to the accuracy, completeness, or usefulness of the information contained

in this report, or that the use of any information, apparatus, method, or process
disclosed in this report may not infringe privately owned rights; or (b) assumes
any liabilities with respect to the use of, or for damages resulting from the use
of, any information, apparatus, method, or process disclosed in this report.



ABSTRACT

In December 1974, EPRI entered into a contract with the FMC Corporation to demon-
strate COED char gasification in a commercial Kopper-Totzek gasifier. (The Char-
Oil-Energy Development (COED) process, which was developed by FMC Corporation
under funding from the Office of Coal Research between 1962 and 1975, is a
fluidized bed coal pyrolysis process which produces gas, oil and char from

the feed coal.) The Energy Research and Development Administration (ERDA), the
successor government agency to the Office of Coal Research (OCR), agreed to
supply about 900 tons of char derived from test runs with West Kentucky and
Pittsburgh coals on the 36 ton per day COED pilot plant at Princeton, New Jersey.
A subcontract for the test program was made between FMC and the Koppers Company
of Pittsburgh. The Koppers Company contracted with Krupp-Koppers of Essen,
Germany, for the actual operation of the tests. Krupp-Koppers entered into
agreement with ENFERSA, the Spanish company, for the use of the plant facility
selected for the test.

The chars were shipped to Spain in early 1975 and the gasification tests conducted
at the ENFERSA plant in Puentes de Garcia Rodriguez, Spain in August 1975. The
results of these tests on the two chars demonstrated that COED char could be
gasified in the Koppers-Totzek gasifiers. The useful gas yield was about 45 MSCF
of carbon monoxide plus hydrogen gas per ton of char. The carbon conversion of
the char to gas was 85 to 90 per cent. Some problems were encountered with the
refractory lining on the plant; however, technology is claimed to be available

to enable proper refractory selection for commercial life. On the basis of

these results, confidence exists for the design of larger (30 tons per hour), more

modern Koppers-Totzek gasifiers based on the gasification of COED char.

Hr
e
P



Blank Page



EPRI PERSPECTIVE

PROJECT DESCRIPTION

This final report describes the gasification tests of COED char in a commercial
oxygen blown Koppers Totzek gasifier. The Char-0il-Energy Development (COED)
process which was sponsored by the Office of Coal Research (OCR) between 1962 and
1975 is a fluid bed coal pyrolysis process which produces gas, oil and char from
the feed coal. It was originally thought that the char would be a suitable power
plant boiler fuel; however, the char was found to have about the same sulfur
content as the parent coal, and a power plant designed for char from a high

sulfur coal would, therefore, require flue gas desulfurization equipment.

An alternative way of utilizing the char is by gasification to a fuel gas which
when desulfurized would be a suitable fuel for power plant boilers or combined
cycles. In order to provide information which might assist in the rapid commercial-
ization of the COED technology, it was considered desirable to obtain data on the

gasification of char in an existing commercial gasifier.

At the time of initiation of this work (1974), there were two proposals before the
Office of Coal Research (OCR) in response to their Request for Proposals (RFP) for
a Clean Boiler Fuels Demonstration plant. One of these was based on the COED
process and another on Union Carbide's COALCON technology. Both were fluid
pyrolysis (or carbonization) processes and required gasification of the char to

complete conversion to clean fuels.

PROJECT OBJECTIVES

The purpose of this study was to determine whether under gasification conditions
the COED chars were sufficiently reactive to give high carbon conversions at

reasonable steam and oxygen consumptions in a commercial gasifier.

A related objective of the tests was to provide data for the scale up and design
of larger Koppers-Totzek gasifiers in the event that it was decided to proceed

with a demonstration or commercial plant based on the COED process.



CONCLUSIONS AND RECOMMENDATIONS

These tests demonstrated that carbon conversions of 85 to 90 percent could be
achieved. No large differences in performance between the West Kentucky and
Pittsburgh chars were noted. The data should be sufficient to enable the design

of larger Koppers Totzek gasifiers based on this COED char feedstock.

Prior to these tests, (and to other tests on the gasification of Coal Liquefaction
Residues reported in EPRI Report AF-233) concern was expressed in several quarters
that the residues from partial coal conversion processes, such as pyrolysis or
coal liquefaction, might be too inactive to enable their conversion to gas in
gasification processes. The results of the tests reported here and in AF-233

show that such residues can be converted to synthesis gas at reasonable oxygen

consumptions and carbon conversions.

Although the development of pyrolysis processes is still being pursued, they do
not appear to be as attractive for most potential applications in the power

industry as complete conversion processes. The main reasons are:

) added complexity of processing
) simultaneous marketing of a variety of fuels is required
pyrolysis liquids need intensive secondary hydrotreatment

for storage stability, desulfurization and denitrogenation

° even with gasification of the char, the cost of gas is
likely to be greater than direct coal gasification and
the processes will be more difficult to integrate with
combined cycles.



FOREWORD

This report on the gasification of Char Oil Energy Development (COED) char in a
Koppers-Totzek gasifier is issued as partial fulfillment of the FMC/Electric Power
Research Institute (EPRI) Agreement RP264-1. The gasification of char was con-
ducted in a Koppers-Totzek unit located at a fertilizer plant in Puentes de Garcia
Rodriquez, Spain. This report consists of a summary report of activities and
results of the tests, an outline summary of the detailed report of the tests, and
the detailed report containing the technical information from the tests prepared

by Koppers Company, Inc. U.S.A. and Krupp-Koppers, GMBH, Germany.

The FMC Corporation thanks EPRI for sponsoring the tests, and the Energy Research
and Development Administration for sponsoring the COED pilot plant program needed
to generate the char for the test. The cooperation of the Koppers Company, Inc.,
Krupp-Koppers, and Empresa Nacional Fertilizantes S.A. (ENFERSA), the Spanish
fertilizer company, made this test a successful demonstration of using COED char

in a Koppers-Totzek gasifier.

vii



Blank Page



PREFACE

The commercial gasification of COED char was sponsored by the Electric Power
Research Institute under contract with the FMC Corporation. The char for the
demonstration was provided through the Energy Research and Development Adminis-
tration from the FMC Pilot Plant at Princeton, New Jersey. Koppers Company, Inc.,
of Pittsburgh organized the char transfer and, in cooperation with Krupp-Koppers
of Germany, arranged with Empresa Nacional de Fertilizantes of Spain for the
demonstration at the commercial gasification plant of Puentes de Garcia Rodriguez.
Following final agreements between all companies, modifications for the tests
commenced in early 1975 and the actual gasification demonstration was completed

in August 1975.

The following report covers the analytical demonstration data and computer predic-
tion for larger commercial gasifiers using COED char as a feedstock. In conjunction
with the char, a demonstration was undertaken for the gasification of petroleum

cokes for eight major oil companies.
Acknowledgment is made to EPRI, ENFERSA, ERDA, FMC Corporation, KRUPP-KOPPERS, the

oil companies, and the numerous people involved who contributed to the successful

completion of the demonstration.
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SUMMARY

INTRODUCTION

There is a need today for more clean energy than ever before. Importation of oil
now accounts for over 40 percent of consumption in the United States. Natural gas
is becoming scarce and the price increasing. Coal is available throughout the
United States and can be a source of the clean fuel required to again make the

country self-sufficient in oil and gas.

A major impact can be made on 0il and gas consumption by substituting clean fuel
derived from coal in power plants. This can be done by converting high-sulfur
coals into fuel gas and/or oil of low sulfur content to meet environmental
requirements. The Char-0il-Energy Development (COED) process is one method of

accomplishing this conversion of coal to clean fuels.

The COED process was operated at 36 tons per day of coal in a pilot plant for a
period of about four years. During that time, over 20 thousand tons of coal were
processed in continuous runs, some of which were 30 days or more, to produce a
low sulfur, petroleum-type oil, a fuel gas with a heating value of 500 Btu's per
cubic foot, and a solid product called char. Uses of the products were demon-
strated by testing the oil as a fuel to a Navy destroyer and in other types of
engines. It was found acceptable in most tests, or could be made acceptable

through additional hydrogen treating.

The char was tested in a commercial size power plant boiler and found to be
suitable fuel. However, the char does have about the same sulfur content as the
parent coal. A power plant designed for char from a high sulfur coal would also

need environmental equipment for removing sulfur from the stack gas.

An alternate way of utilizing the char is to convert it into a fuel gas for
subsequent mixing with the 500 Btu per cubic foot gas produced from the COED

process. This combined gas stream would have a heating value of over 300



Btu's per cubic foot and be cleaned of sulfur for use as a fuel gas to a power

plant.

There are many second generation gasification processes under development for
converting coal or chars into a fuel gas which can subsequently be converted into
a high Btu gas. It was thought, however, that if the COED process were to
proceed rapidly into commercialization, then the gasification of char should be
demonstrated in existing commercial gasifiers. With information from a commercial
size gasification test with char, the COED process would be ready for scale-up

to a production size plant with a proven option to generate clean fuel gas from

the char.

A review of various gasifiers that had been used at the commercial scale concluded
that the Koppers-Totzek gasifier would be suitable for gasifying char. 1In
addition, Koppers-Totzek gasifiers were located in several places in Europe and
other parts of the world and one could be available for conducting a commercial

scale test. Contacts with Koppers Company, Inc. in Pittsburgh confirmed this.

The Electric Power Research Institute (EPRI) accepted and sponsored a proposal by
the FMC Corporation to demonstrate char gasification in a commercial Koppers-
Totzek gasifier. The Energy Research and Development Administration (ERDA) agreed
to make 900 tons of char available for the test through the operation of the COED
pilot plant. A subcontract for the test program was agreed to between FMC
Corporation and the Koppers Company in November, 1974. The Koppers Company had
an agreement with Krupp-Koppers of Essen, Germany, for the actual operation of
the tests. Krupp-Koppers had an agreement with ENFERSA, the Spanish company

managing the production facility selected for the test, for use of the plant.

COED Process

A schematic diagram of the basic COED process is shown in Figure S-1. In the

COED process, coal is crushed, dried and heated to successively higher temperatures
in a series of fluidized-~bed reactors. 1In each fluidized bed, a fraction of the
volatile matter of the coal is released. The temperature of each bed is selected
to be just short of the maximum temperature to which the coal can be heated with-
out agglomerating and defluidizing the bed. Typically, four stages operating at
500°, 800°, 1000°, and 1500°F are used. The number of stages and operating

temperatures vary with the agglomerating properties of the coal. Heat for the
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Figure S-1. Schematic Diagram of COED Coal Pyrolysis



process is generated by burning char in the fourth stage and then using hot gases

and the hot char from the fourth stage to heat the other vessels through recycle.

The volatile products released from the coal in the fluidized-bed reactors are
passed to a product-recovery system for recovery of the oil and cooling of the
gases. The condensation of the coal oil is accomplished by direct contact with
a water-rich stream. The condensed oil-water mixture is decanted and the oil
phase dehydrated in a steam-heated separator. The dry oil from pyrolysis is
filtered to remove the solids which escape recovery by the cyclones of the
fluidized-bed reactors. The solids-free 0il is pumped up to pressure and mixed
with hydrogen for hydrotreating in a fixed-bed catalytic reactor operating at
about 750°F and 2500 psi. Hydrotreating removes sulfur, nitrogen and oxygen from
the oil and produces a 25° API synthetic crude oil. The gas from the process
can be sold as fuel gas or converted by application of additional technology to
pipeline gas or hydrogen. The residual char can be used as fuel to a power
plant or gasified to produce a fuel gas, as discussed previously. Selection

of the final gas product and end-use of the char depend on the coal used in the
process and the marketability of the products in the plant site area. A final

report on the COED process has been published.*

Koppers-Totzek Process

The Koppers-Totzek process lends itself to the gasification of most solid and
liquid fuels. Since oxygen is used to gasify the input feed, high temperatures,
above 2700°F, are reached in the burning chamber. This ensures almost complete
combustion of the incoming feed to a gaseous product. When the Koppers-Totzek
gasifier operates with a so0lid feed material, the feed is crushed to about 70
percent minus 90 microns. The gasifier is a horizontal cylindrical type
refractory lined vessel with two or more feed heads in each end of the cylinder,
The pulverized feed is fed into the gasifier through the feed heads with the
proper amount of oxygen and, at times, steam. The control of the oxygen, steam,

and carbonaceous feed will optimize the quantity and quality of the gas produced.

The raw gas exits from the top of the gasifier from which heat is removed
through a waste heat boiler and thence to a cleaning system for removal of solids
and sulfur-containing gases. The clean gas is then suitable for direct use as a
fuel gas for energy production, and with CO; removal can be used as a synthesis

gas for ammonia production or conversion to a high Btu gas.

* Char 0il Energy Development, Final Report for the Period August 18, 1971 -
June 30, 1975. FMC Corporation, Princeton, New Jersey.
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Slag formed from the ash is removed from the bottom of the Koppers-Totzek unit

through a water cooled chamber for disposal.

Further details of the Koppers-Totzek process are presented in the Appendix which
contains the full report of the char gasification tests. These tests were conducted
with chars derived from two different coals, a Western Kentucky coal, and a
Pittsburgh seam coal. The tests were performed at Puentes, Spain, during the

summer of 1975.

PREPARATION OF COED CHAR

Special runs were conducted in the COED pilot plant to produce char from a
Western Kentucky coal for the gasification tests. Char was also produced from
a Pittsburgh seam coal for the gasification tests as part of the normal evaluation

of a new coal in the COED process.

Western Kentucky coal is a high volatile B bituminous coal. The sample (600 tons)
was from the Colonial Mine of the Pittsburgh and Midway (P&M) Coal Company. The
Pittsburgh No. 8 seam coal is a high volatile A bituminous coal. About 800 tons
were supplied by the American Electric Power Corporation from the Ireland Mine of

the Consolidation Coal Company.

The analyses of the coals and the chars produced from these coals is shown in Table
S-1. The char is essentially devolatilized coal since it has been heated to 1500°F.
Char contains more carbon and ash, about the same percentage of nitrogen and sulfur,
and less hydrogen and oxygen than the parent coal. Heating values for chars are
usually about 5 to 10 percent less than the dry coal because of the higher ash

content.

The yield of char was 0.65 and 0.63 ton per ton of dry coal, respectively, for
the Western Kentucky and Pittsburgh seam coals. Additional details on runs

producing the char for test purposes are in the COED Final Report.¥

The char was packaged in half-ton boxes with plastic liners. The boxes were
delivered by truck to the Port of Newark for loading on shipment for delivery to
the Port of El Ferrol, Spain. The boxes were stored in a warehouse at El Ferrol,

and delivered by truck to the plant at Puentes, Spain.

* Char 0il Energy Development, Final Report for the Period August 18, 1971 -
June 30, 1975. FMC Corporation, Princeton, New Jersey.
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Table S-1

SUMMARY OF ANALYSIS OF CHARS
GASIFIED AND PARENT COALS

Western Kentucky Pittsburgh Seam
Coal Char Coal Char
Moisture, wt. % 7.8 - 2.5 —
Proximate Analysis, wt. %
Dry Basis
Volatile Matter 35.2 4.0 38.3 7.0
Fixed Carbon 55.1 80.5 52.7 79.8
Ash 9.7 15.5 9.0 13.2
Ultimate Analysis, wt. %
Carbon 69.0 75.6 73.0 76.4
Hydrogen 5.1 1.7 5.2 1.7
Nitrogen 1.5 1.6 1.3 1.4
Sulfur 3.3 3.2 4.3 4.0
Oxygen 11.4 2.4 7.2 3.3
Ash 9.7 15.5 9.0 13.2
Higher Heating Value
Btu/lb. Dry Basis 12,700 11,900 13,500 12,200
Bulk Density, 1b./ft.> 46 38 49 38



TEST OBJECTIVES

The objectives of the Koppers-Totzek gasification test were to determine the
qualities and quantities of gas that could be generated from char in the
Koppers-Totzek gasifier and to determine if there were any mechanical, process,
or other unusual properties in handling char as a feed to this system. To
accomplish this, several runs were planned as process variable studies within the
restriction placed by the production gasifiers. A long run was also made to look

for any unusual occurrences while using char as the feed.

SELECTION OF SITE AT PUENTES, SPAIN

There are no Koppers-Totzek gasifiers in the United States. Therefore, selection
of the site had to be overseas. The closest Koppers-Totzek gasifier was in Spain
and, fortunately, was of a small enough size that the quantities of char available
for test purposes could be run with significant data acquisition for evaluation.
The Spanish company, ENFERSA, produces fertilizer at the plant and agreed to

make a gasifier available for the test at Puentes.

The Puentes plant has adequate facilities for handling and storing another feed
raw material to the plant. Also, Puentes was only 25 miles from the Port of

El Ferrol, which made for reasonable storage, handling and transport of char.

CONCLUSIONS

The large-scale tests carried out at the plant at Puentes, Spain, demonstrated

that COED char could be gasified with good results in the Koppers-Totzek gasifiers.
The gas produced during these experiments was fed directly to the gas main at the
Puentes plant and used to produce ammonia for their fertilizer operation. The
useful gas yield was about 45 MSCF of CO plus H gas per ton of char. The carbon
conversion of the char to gas was 85 to 90 percent. Confidence exists for scale-up

to the larger (30 tons per hour), more modern gasifiers.

The char is somewhat more abrasive than lignite or coal. The grinding of this char
to 70 percent less than 90 microns was of some initial concern. However, as

shown in the grinding operation at the Puentes plant, the char could be ground in
their existing ball mill to meet the grind size without any operational or
mechanical problems. Some of the auxiliary equipment, such as cyclones and bag
houses, were not as efficient with char, since the lighter density material tended
to overload the system. The grinding system operated at a reduced capacity when

grinding char compared with that for lignite.



The refractory lining used in the gasifier was especially selected for operation
with petroleum cokes which were also being tested by the Koppers Company. The
lining chosen was not completely successful when operating with the COED chars
since the ash content in the char partially eroded the lining. The proprietary
technology, however, is available for the selection and installation of the

proper lining for a gasifier that would use char as its feed.

TEST OPERATIONS

Modifications to Puentes Plant

The Puentes Plant is a production plant that was scheduled to shut down in 1975.
With the advent of the energy crisis and higher prices for oil, the plant again
became economic in using lignite as the feed to generate the synthesis gas for
ammonia production. The plant needed additional test equipment to acquire the
necessary data for evaluating results from a program using a new feed. Some of
the more important modifications made to the plant before starting the tests are
listed below:

b4 Increased nitrogen capacity was added to the plant for pneumatic
conveying of solids.

hd A by-pass line and stack were installed so that the raw gas from
gasification could be flared during start-up.

L Much instrumentation was added to ensure that all data for test
evaluation was collected.

L4 Various samples were added to ensure that quality samples were
taken for analysis on which to base heat and material balances and
calculate gasification performance. The sampling points and devices
are discussed in detail in the attached report by Krupp-Koppers and
the Koppers Company.

L The gasifier was relined with new refractory for the specific
tests,
L] Miscellaneous equipment such as oxygen/steam mixers and an oxygen

preheater were added.

It took approximately six months to make the plant ready for the first start-up
test. The ENFERSA plant is a production facility, but the plant operating
personnel were very cooperative and assisted as much as possible in making the

demonstration runs on the COED chars.

Test Program

The test program plan was as follows:



® Operate the gasifier with two chars, one produced from a Western
Kentucky bituminous coal, and the other from a Pittsburgh seam
coal.

) Explore process variables such as oxygen feed rate, steam feed rate,
and temperature, and their effect on production rate and quality of
the product gas.

°® Operate the gasifier at its maximum char feed rate for a sufficient
length of time to ensure that it reached a steady state and operated
without problems.

° Utilize the product gas in the ENFERSA plant system for the produc-
tion of ammonia.
Prestart-up tests such as determining how well the char grinding system worked and
calibrating various instruments and the char feeding system to the gasifier were
performed. The best conditions were found for grinding char to meet the size
consist of about 70 percent less than 90 microns. Because of later problems
in feeding char to the gasifier, some water was sprayed onto the char prior to

pulverization to ensure proper feeding to the gasifier.

When cold tests were performed with the screw conveyors used to feed char to the
gasifiers, it became evident that char fed differently than lignite mainly because
of its dryness and the lighter density of the char. Thus, feed rates were not
directly measurable, but were later calculated from carbon balances around the

total system.

During any test run, the most readily-available parameters to monitor were the gas
temperature and the COp level of the gas. Operations at predetermined temperature
and feed rates of oxygen and steam were maintained to give a steady state gas

production rate and gas quality.

IMPORTANT RESULTS

Results on the gasification of chars from Western Kentucky and Pittsburgh seam
coals were similar since there were no significant differences in the chemical
and physical properties of the chars. Five test runs were performed with each
char. Data were collected when the gasifier reached steady state conditions as
defined by keeping a constant outlet gas temperature and constant CO, content in
the product gas. The data collection period was 1.5 to 2.5 hours of each test
run, although the run itself lasted 3 to 10 hours. One long-term test of over
30 hours was carried out with char from Western Kentucky coal. Longer tests were

not possible because of the complexities of scheduling the feed-grinding



facilities within a production plant to stockpile the pulverized char for a longer
test. Approximately 200 tons of each char was gasified during the five test runs,

or a total of 400 tons of char gasified during the demonstration.

The processing parameters studied for the demonstration tests were:

Chars - Two chars, one from Western Kentucky coal,
and one from a Pittsburgh seam coal

Oxygen Input - 0.8 to 1.1 1lb. 0Oy per 1lb. of char
Steam Input - 0.03 to 0.3 1b. steam per 1lb. of char
Char Feed Rate - Normally kept constant at highest attainable

value, but did vary some because of the wetness
of the char; feed rate varied from 2.7 to 3.6
short tons of char per hour
Pressure - Close to atmospheric pressure for all runs
Under these ranges of operating parameters, the test results of importance were:

Gasifier Temperature 2260 to 2900°F

Useful Gas (CO+H3) Production - 40 to 45 MSCF per short ton of char
Carbon Gasification Efficiency - 80 to 95%
Thermal Gasification Efficiency - 55 to 65%

The material balances for the test runs closed between 96 and 100 percent. Heat
loss from the gasifier itself normally was between 1 to 3 percent. This is
expected to be lower for the larger Koppers-Totzek gasifiers being built today.

The largest thermal efficiency loss is to the generation of COj.

Some other operating characteristics were:

) Lower throughputs were experienced with char than with the normal
lignite feed. Major reason for this was the lower density of the
char and its affect on volume feeders and solids collection equip-
ment such as cyclones. Normal rates with lignite were 4 to 5 tons
per hour compared with 2.7 to 3.6 tons per hour with char. However,
the higher carbon content of the char and, thus, higher gas yield
per ton would have limited its throughput to less than that for
the high ash (at times 45 percent) lignite because of limitations
of the gas-handling equipment.

° The plant oxygen supply varied somewhat in its purity, 89 to 95
percent oxygen, but normally was about 94 percent oxygen and 6
percent nitrogen.



) The CO content of the raw gas varied between 56 and 71 percent,
Hy 14 to 18 percent, and CO2 5 to 22 percent, depending on the
oxygen and steam inputs to each run. In general:

—--Carbon dioxide percentage increased with increases in oxygen
input with a corresponding decrease in CO. Hydrogen content
remained constant.

--Proper combination of input ratios of oxygen to char and steam
to char can be selected to optimize the quantity of useful gas
(CO+Hy) produced.

° About 80 percent of the ash contained in the char left the gasifier
in the raw gas stream and was subsequently scrubbed out. The
remaining 20 percent left as slag through the ash-quenchimg system.

° The ball mill designed to grind lignite also performed well in
grinding char to 70 percent less than 90 microns. The char was a
dry material and required some spraying with water, so that it would
compress and form a seal in the screw feeders to the gasifier.

The screw feeding system, however, can be designed to operate with
the dry char in new commercially sized gasifiers.

® The refractory lining used in the gasifier was selected to operate
with petroleum cokes which were also tested as part of another
program sponsored by eight oil companies. The refractory was
eroded in places by the slag from the char ash. However, proprietary
knowledge exists for selecting the proper refractory material suit-
able for operation with char.
The demonstration proved that char can be used as a feed to a Koppers-Totzek
gasifier. It was done under adverse conditions in a plant not designed for
handling char, but which was readily adapted with some limitations. Design
knowledge exists in the Krupp-Koppers Company for using the results from this

demonstration to design a larger, commercially sized plant specifically using

char as fuel.

An impressive feature of the Koppers-Totzek gasifiers witnessed during the tests
was the rapidity with which the units could be started up and brought to steady
state operating conditions, and the quickness with which they could be shut
down and then restarted. This flexibility could be an important factor for

situations where a varying load of fuel gas is needed.

During all tests with char, the product gas was fed into the synthesis gas mains
of ENFERSA plant and then used for ammonia production. Similarly, the gas could
be used in future plants for conversion to a high Btu gas or burned directly as a

fuel gas.



COMMERCIAL PLANT PROJECTIONS

The commercialization of the COED process could require plants with the capacity of
10,000 to 20,000 tons of coal per day (6,000 to 12,000 tons of char per day). To
anticipate performance of larger Koppers-Totzek gasifiers, calculations were made
using data from the char tests, together with some modifications to reflect
operation of the more modern gasifiers. A comparison of’ results is shown below:

Puentes
Char Test

Predicted for Large
Commercial Gasifier

Operating Temperature, °F 2890 2730
Carbon Conversion, % 93.7 92
Oxygen Purity, % 93.4 98
Char Feed, tons/hr. 2.7 32.4
Useful Gas (CO+H3)

Make, SCF/ton of char 45,000 47,800
Oxygen, ton/ton of char 0.99 0.9
Steam, ton/ton of char 0.09 0.3
Gas Analysis, Vo. %

CO,y 12.1 11.7
Cco 66.7 62.9
Ho 13.8 22,7
Ho9S and COS 1.0 1.2
N2 6.4 1.5
Gas/Char Thermal Efficiency, % 63 65

The H;S, COS, and COy are all readily removable to yield a gas for use as clean
energy fuel or for conversion to high Btu gas. Prior to commercialization, no
further design information would be needed. Chars from other coals are similar
enough to those tested to forecast steam and oxygen requirements and gas composi-
tion. Only the slag characteristics of the ash in a particular char need to be

determined to guide the proper selection of the refractory lining for the gasifier.

Preliminary design and capital cost estimates of a Koppers-Totzek plant to gasify
6,000 to 12,000 tons per day of char from a COED plant were part of the original
scope of work. However, this was later deleted from the program because of
project cost considerations. Previous work* on economic studies of gasifying char
as part of an overall COED processing plant complex showed that the selling price
of fuel gas from such a facility was $1.50 to $2.00 per MMBtu based on January 1975

dollars for capital and operating costs. The range of selling price covers

* Char 0il Energy Development, Final Report for the Period August 18, 1971 -
June 30, 1975. FMC Corporation, Princeton, New Jersey.
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sensitivities to the price of coal, yield and price of oil from the COED process
and capital costs. In December, 1976 dollars, this range of selling price is
probably $2.50 to $3.00 per MMBtu. Sufficient data are now available from the
final COED report* and the attached report on char gasification to make a more
definitive capital estimate and economic evaluation for clean fuel from the

combination of the COED and Koppers-Totzek processes.

OUTLINE SUMMARY OF THE REPORT ON THE COMMERCIAL GASIFICATION OF COED CHAR IN

THE KOPPERS-TOTZEK GASIFIER AT PUENTES, SPAIN, DURING THE SUMMER OF 1975 BY
KRUPP-KOPPERS AND THE KOPPERS COMPANY, INC.

This synopsis summarizes each section of the attached report by the Koppers
companies on the gasification test of COED char. The reader may refer to the full

report for the details of items of interest.

Introduction (Section 1)

The Koppers-Totzek gasifier is an established commercial process for the gasifi-
cation of solid and liquid fuels. Seventeen plants have been built operating on
feed stocks such as lignite, coal and petroleum residues for generating a clean
synthesis gas suitable for ammonia production or for use as fuel. Gasification
plants using Koppers-Totzek gasifiers are located in Europe, Middle East, Africa,
India and Japan. The largest two-headed gasifier (two feed heads) has a capacity
of about 13,000 standard cubic feet per minute of product gas. Four-headed gasi-
fiers (four feed heads) are being built in India with a capacity of about 20,000
standard cubic feet per minute each. Larger gasifiers are projected as the need
arises, particularly for converting solid fuels such as coal into a clean fuel

gas for power generation or for conversion into a high Btu gas.

The COED process was successfully demonstrated in a 36 ton per day pilot plant by
the FMC Corporation under sponsorship of the Energy Research and Development
Administration. Many tests were performed on the products from this plant. The
hydrotreated liquid oil product was found acceptable as a feed to a petroleum
refinery or through some further distillation treatment as a fuel to marine

power plants on board ships. About 60 percent of the coal used as feed is con-
verted to a finely divided char with low volatile content and a high heating value.
This char has been burned in a commercial power plant boiler. However, this char
contains approximately the same percentage of sulfur as the feed coal. For high
sulfur coals, it could not be used as a fuel to a power plant without having the

same gas clean-up systems as required for burning the parent coal. An alternate

* Char Oil Energy Development, Final Report for the Period August 18, 1971 -
June 30, 1975. FMC Corporation, Princeton, New Jersey.
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use of the char is to convert it to a fuel gas in a gasifier, such as the Koppers-

Totzek, and remove the sulfur from the gas to make it an acceptable fuel.

With the support of the major U. S. utility companies as represented by the
Electric Power Research Institute (EPRI), a program was developed with the Koppers
Company of Pittsburgh to perform the gasification demonstration at a commercial
plant. Success of such a test would be the quickest way of making the technology
of the COED process supplemented with the Koppers-Totzek gasifier system available

for future use to meet our clean energy requirements.

The char was prepared at the COED pilot plant at Princeton, New Jersey, and shipped
to the site of the Koppers-Totzek gasification plant in Puentes de Garcia Rodriquez,
Spain. Gasifiers at this plant are used to convert the local lignite feed to a
synthesis gas suitable for production of ammonia. Agreements between EPRI, the

FMC Corporation, Koppers Company, Inc. U.S.A., Krupp-Koppers of Germany, and the
Spanish operating company, ENFERSA, were negotiated and agreed upon in November

of 1974. BAbout 900 tons of char were shipped to Spain in December, 1974, and
arrived there in January, 1975. Tests were conducted in Spain as there are no
Koppers-Totzek gasifiers in the U. S. The gasifiers at the Puentes plant were the
closest available and of a small enough size for meaningful test runs for the

quantities of char generated from the COED pilot plant.

This project involves multiple companies and organizations and a gasification plant
that had been scheduled to shut down until the o0il crisis occurred. Many problems
in scheduling, organizing, and modifying the plant occurred. These were all
resolved through cooperation with the American, German and Spanish companies. The

tests started in July of 1975. Some key areas solved prior to the tests were:

e Scheduling of the test runs within the framework of a production
plant.
° Adapting the lignite crushing equipment to grind the char to 70

percent minus 90 microns. The density of the char is lighter than
the normal lignite feed, and this meant that the pulverized feed
recovery system was less efficient for the lighter char. Also,
the char is dry and this gave some feed problems to the gasifier
later on. These problems were solved by operating the grinding
equipment at a lower capacity so that the fines recovery system
was not overloaded, and by spraying water on the char feed to

the pulverizer at a controlled rate.

) Special modifications were made to the plant, such as instrumen-
tation and sample collection, to ensure that all the data necessary
for evaluating the test would be obtained, by-pass lines, and
added nitrogen capacity for pneumatic transport of char.



Description of the COED Chars. Two chars were used for the test runs in the

Koppers-Totzek gasifiers. These chars were derived from bituminous coals from
Western Kentucky and from the Pittsburgh seams. The chars were similar in compo-

sition, and their analyses are presented in this section.

Description of the Koppers-Totzek Gasification Plant at Puentes, Spain (Section 2)

The Koppers-Totzek gasification plant at Puentes was designed for lignite feed
and was built in 1959 by Heinrich Koppers Company (now known as Krupp-Koppers).
The plant contains three gasifiers, each capable of producing 212,000 SCF

(6,000 Nm3) per hour of raw product gas. A description of the plant with flow

sheets is contained in this section.

Char Pulverization. The char was pulverized in the existing ball mill equipment.

Since the char was dry, it was conveyed throughout the system with nitrogen

rather than with hot combustion gases. The pulverized char from the ball mill

was conveyed into bunkers for storage and subsequent feeding to the gasifiers.
There was a recycle system for the oversized material, and a system for spraying
water onto the char feed to pulverization to give it a moisture content of about
one percent. The addition of water to the char was necessary so that the char
would compact in the screw feeders used to feed the gasifiers. This slight
compaction in the screw feeders was required to achieve a seal between the gasifier

and the char feed bins.

The existing crushing system used for lignite was acceptable for char, except that
feed rates had to be reduced by about one-half. The reason for this was the
lower density of char compared with lignite. The cyclonic and other separation
equipment used to recover the pulverized product were less efficient because of
this lower density. Operating at the lower feed rates caused no difficulty.
Proper recovery equipment could easily be designed for the pulverization of char.
Another nitrogen compressor was added for transporting char since the system at
Puentes did not have sufficient capacity to transport both the lignite and char

at the same time.

Gasification Plant. The Koppers-Totzek gasifiers at Puentes consist of a horizontal

cylindrical, water-cooled shell, vessel. On each tapered cylindrical end, burner
heads are mounted with two burners for each head. Through these burner heads, an
accurately proportioned, homogeneous blend of pulverized char, oxygen, and steam

is introduced into the chamber of the gasifier, where ignition under partial



oxidation of the feed stock takes place at high temperatures and at about atmospheric
pressure. The high reaction temperatures produce a rapid reaction between the char,
oxygen and steam. The temperature is sufficiently high to melt any ash contained

in the feed. Ash is deposited on the walls of the gasifier and in fluid form flows
down through a water seal into a water gquench tank. Since some fly ash also leaves
with the raw gas, the raw gas from the gasifier is steam quenched to below 1800°F

to solidify the ash, and thus to prevent deposit on the waste heat boiler tubes.

The raw gas from the water heat boiler is scrubbed to remove the fly ash, and then
scrubbed again to remove sulfur containing compounds before storage in the gas

holder. At the Puentes plant, the synthesis gas is used for ammonia production.

Plant Modifications. Some modifications made to the existing Puentes plant for the

demonstration tests were:

) Oxygen/steam mixture was added, along with an oxygen heater to
ensure proper addition of these raw materials to the gasifier,

° A flare stack was added for start-up before feeding the usable
gas into the plant's gas main.

o Various instrumentation and sampling systems were added to acquire
all the information for evaluation of the tests.

° A new gasifier lining was added since in addition to the test runs

with COED chars, test runs were planned with petroleum coke feeds
for a series of participating oil companies.

Data Collection and Sampling {Section 3)

This section of the report lists, describes, and illustrates the location of all of
the instrumentation and sampling points added to the Puentes plant for the purpose
of the test runs with COED chars. Many temperature, pressure and flow measuring
instruments were added to assure collection of all information needed to evaluate

the effectiveness of the Koppers-Totzek gasifier in gasifying char.

Sampling stations were added for all solid streams including feed, slag, and
miscellaneous other solids contained in the gas or as residues from the gasifier.
The raw and product gases were sampled at points before and after scrubbing. The
water streams from the gas—cleaning equipment and that used to quench and cool

the slags were sampled.

A schedule was established prior to each test for the frequency of reading the

instrumentation and taking the various samples.



Method of Testing (Section 4)

Prior to starting the gasifiers, the following test work was done:

o The pulverization equipment was adjusted to operate with char and
started up to generate sufficient char for the gasification test.

o Preliminary cold test calibration was done with the screw feeders
used to feed the char into the gasifiers. This gave an estimate
of the feed rate to the gasifier. The actual rate had to be deter-
mined later through calculation of a carbon balance.

Main Test Procedures. The most readily-available test parameters were the exit gas

temperature and the CO» content of the gas. Operation was set at a predetermined
exit temperature and associated CO2 content. The char feed rate, oxygen and steam
inputs were determined for steady state conditions. All necessary data were

recorded and samples taken according to a predetermined schedule and run plan.

A COy range of 5 to 20 percent of the raw gas was selected for the variable test
study. The actual CO» percentage varies according to the addition of oxygen and

steam to the gasifier.

The object of each run was to produce the maximum amount of raw synthesis gas under
the test conditions specified. The limiting factor was the screw conveyors used

to feed the char to the gasifier. These conveyors were designed for the physical
properties of lignite and not for the lower density of char. Because of this,

the screw feeders fed less weight of char to the gasifier than they did lignite.
After reaching a steady gasifier operation, adjustments to the entire system

were avoided except for small variations in feed rates or changes in oxygen input.

An average series of three complete collections of data and samples were made
during each of the test runs. After a test run, the gasification plant was checked
and inspected. The gasifier was opened and slag and carbon deposits were removed
for analysis and determining the mass balances. All other samples were put in
containers and sent for analysis, either at the plant in Spain, or back at the

Krupp-Koppers laboratories in Germany.

Analysis of Results (Section 5)

This section presents the following information:

° Analytical procedures used on all samples. Most of these procedures
are according to German standards, but similar to U.S. analytical



procedures for similar compounds and elements. Of particular
interest in the analytical section is the method and mode of
calculation of the dust concentration in the product gas leaving
the system.

) A sample calculation is shown in depth for one of the ten gasifi-
cation runs. Run 27 selected for the sample calculation used a
char from the Pittsburgh seam coal. The elements in performing
the sample calculation for a run included the following:

--Organizing and averaging all of the collected data on the
run sheets from the instrumentation into a usable form.

--Completing all of the analytical work for the various
samples taken.

--Computing the volume and mass flow rates of all solid,
liquid and gaseous streams.

-- Computing the error terms of measurements and calcu-
lations for possible corrections to balances.

--Calculating mass flow rates of the elements C, H, N, S,
and O.

--Calculating the carbon balance to determine the char
feed rate.

--Calculating material and heat balances.

—-—-Calculating and tabulating the characteristic performance
data for evaluating the efficiency of the gasification
test runs.

® Performance data for all runs. Tables at the end of this section
contain the important summary data for all test runs.

In computing the mass balances, the exact feed rate of raw char to the system

could not be measured since its flow characteristics through the feed screw
conveyors were different from those of lignite. Also, operating the screws on

a cold feed test gave different results than when actually feeding char to the
gasifier under the hot operating conditions. The exact char feed rate was
calculated from the carbon balance of the raw gas, slag, and other outlet

streams which contained minor quantities of carbon. With this calculated input
feed rate, the mass balance for other elements and for the system was then computed.
This form of calculation was used for all the test results and details are shown

in this section.
Calculation of the heat balance was straightforward, using the heat inputs from
the char, water, steam, and oxygen streams and the heat output associated with the

product gas, slag, cooling water, and general heat loss from the system.
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The guantities calculated for evaluating a gasification run and as the charac-

teristic performance data were:

) Percentage of carbon gasified.

° Fraction of steam decomposed.

) Quantity of usable gas (CO+H2) produced.
° Thermal efficiency of gasification.

° Heat loss from gasifier.

A list of these results and other important factors in evaluating the gasification
runs are listed in Table 5-10 through 5-21. These are the basic results from the

char gasification tests that were discussed previously in the Summary Report.

Discussion of Test Results (Section 6)

The two COED chars, Western Kentucky and Pittsburgh seam, have similar elemental
analyses, and thus yielded similar results during gasification. Five experiments
were carried out with each of the chars. The processing variables studied during

the test runs with each of these chars were as follows:

) Ratio of oxygen to char.
) Ratio of steam to char.
e Temperature of gasification.

The test results in varying these parameters are shown graphically in this section
of the report in Figures 6-1 through 6-8. Conclusions reached from these tests

with respect to these operating parameters are:

) The percentage of CO, in the raw gas increases with increasing
oxygen to char ratio, whereas the CO percentage decreases. The
hydrogen content remains almost constant. Overall, there would
be less usable fuel gas at high oxygen to char ratios.

° With the same oxygen to char ratio, an increase in the amount of
steam lowers the temperature of the gasifier. The temperature
will rise with greater oxygen supplies at a constant steam to
char ratio.

° The mass flow of total raw gas and useful gas (CO+H,) produced
increases with increasing oxygen to char ratio. 1In the steam
to char ratio range considered, no decisive effect of steam
addition on the rate of raw gas was shown. The mass flow of
useful gas produced (CO+Hy) has a maximum and is influenced by
the temperature in the gasifier.



® The efficiency of gasifying carbon increases with increasing oxygen
supply, but COz is also formed, so that there is a range in which
the oxygen and steam should be varied to maximize the amount of
useful gas (CO+H2).

The overall conclusion was that COED char can be gasified with good
results in the Koppers-Totzek gasifiers. All the gas produced dur-
ing char gasification was fed into the synthetic gas pipeline at
Puentes and, subsequently, used to produce ammonia. On the basis
of the results from this test, a useful gas, suitable for power
generation, was produced at 22.4 SCF of CO + Hjp per pound of char.
Another important aspect learned from the test was that COED chars could be ground
in existing commercial equipment. The ball mill did a good job in producing the
degree of fineness required for the gasification test without showing any signs
of wear. The recovery equipment collecting the pulverized feed should have to

be sized and designed for the properties of the char.

The lining that was used in the gasifiers at Puentes, Spain, only partially held
up to the slag characteristics of the char. The reasons for this are known, and
Krupp-Koppers claims there is proprietary information to design refractory linings

for gasifiers which will hold up to the char slag.

Prediction of Large Scale Commercial Operation Through Computer Simulation
(Section 7)

The commercialization of the COED - Koppers-Totzek combination process within the
United States could require gasifiers with a capacity of 6 to 12 thousand tons of
char throughput per day. To handle these quantities of char, gasifiers even larger
than the four-headed units designed for India would be desirable to reduce the

number of parallel units.

To anticipate the performance of larger gasifiers, the data collected during the
char gasification tests were used to estimate what the performance may be of these
larger commercially-sized gasifiers. The results of this simulation are shown in
this section. Essentially, commercial char gasifiers would operate at about 2700°F
with carbon conversions of about 92 percent. The carbon conversion is related to
the reactivity of the coal. As the coal ranks decrease, the reactivity increases.
" Operation of the K-T gasifier on lignites and young subbituminous coals will give
carbon conversion of nearly 100 percent. The carbon conversion would decrease

to 95 - 97 percent for a high volatile A bituminous coal. The thermal efficiencies
for such a char gasification plant with a gas make of about 58,000 SCF of char feed

would be as follows:



(Product Gas HHV)
(Feed Char HHV)

Gas/Char Efficiency 63 percent =

Gross Process Efficiency 80 percent

This includes the energy available in the process steam generated
along with the energy in the product gas.

Net Process Efficiency = 72 percent

The net process efficiency considers the energy required for power
needs and oxygen production. Steam generated in the process could
be used for the power needs and oxygen production.

With the larger commercial gasifiers, there will be an increased carbon efficiency
because of the higher temperatures at which they can operate and an increased gas
make rate. One of the primary reasons for this is the reduction in the heat loss

per unit throughput with the large gasifiers.

The Puentes tests adequately demonstrated the commercial use of gasifying COED

char in the Koppers-Totzek gasifiers. The char handled easily, particularly
compared with many other solids fed through the Koppers-Totzek gasifier. Gas
produced from the char was used throughout the operation in the Puentes plant to
produce ammonia. The sulfur in the form of hydrogen sulfide or carbonyl sulfide
was readily removed and a gas suitable for a fuel gas to a power plant was produced.
No problems are anticipated in designing a large-~scale unit for gasifying the COED

char.

The COED Koppers-Totzek process has been demonstrated in a pilot plant on a level of
36 tons per day of coal feed to produce oil and char, and in a commercial-size
gasifier operating with char at a rate of about 75 tons per day to produce a

clean fuel gas. The process now could be scaled up to a reasonably-sized plant

to help meet future clean energy needs,

Conversion Factors (Section 8)

Factors for conversion from metric to English system are included at the end of the

detailed report by the Koppers Company, Inc. and Krupp-Koppers which follows.
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Section 1

INTRODUCTION

The Koppers-Totzek process is an established commercial process for the gasifica-
tion of solid and liquid fuels. Seventeen plants with a total of forty gasifiers
are now in operation. These plants gasify feedstocks as diverse as lignite, coal
and petroleum residues to a clean synthesis gas suitable for ammonia production.

Four more plants with ten gasifiers are under construction. The establishment of

the gasification capacity is shown in Figure 1-1.

The Koppers-Totzek process is used in countries where supplies of natural gas and
0il are limited, but where domestic coal and lignite can be economically used for
ammonia production. As environmental restrictions have accelerated the demand
for clean natural gas and oil, the price of these fuels has greatly increased.
Therefore, alternate fuels are being investigated to determine whether these can

be converted to clean fuels that can supplement our diminishing natural resources.
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The following report describes the gasification of an alternate fuel, COED char,

using the Koppers-Totzek gasification process.

THE COED PROCESS

The Char 0Oil Energy Development (COED) process subjects finely ground coal to dry
distillation (pyrolysis) at successively higher temperatures in a series of fluid-
ized-bed reactors. The volatile constituents of the charged-in coal are almost
completely distilled. After being treated with hydrogen, the liquid products are
extracted as a synthetic crude oil. The crude oil yield can be as high as 22 per-
cent of the weight of the coal. In addition to the incompletely burnt carboniza-
tion gas (4700 to 6100 Kcal/Nm3), about 60 weight-percent of the coal is converted
to a finely divided, dry, low-temperature carbonization char with a high calorific

value.

If the char has a high sulfur content its use in power~generating stations is
limited. We therefore sought to demonstrate, using a large commercial K-T gasifi-
cation plant, the economic feasibility of gasifying low-temperature carbonization
char. The clean gas produced could then be used either for its heating value or

as a chemical synthesis gas. Use of the char in this manner would be environment-

ally acceptable.

The tests were performed in the facilities of Empresa Nacional de Fertilizantes
(ENFERSA) in Puentes de Garcia Rodriguez, Spain. This fertilizer plant, designed
for lignite feedstock, was built in 1959. Henrich Koppers G.M.B.H., Essen, the
predecessor of Krupp Koppers G.M.B.H., built the gasification plant with three

entrained gasifiers, each capable of producing 6000 Nm3/hr raw gas.

The gasification tests were conducted from June to August 1975. Representatives

of FMC, ERDA and EPRI were present during the demonstration as observers.

THE PUENTES TEST SITE

The ENFERSA gyasification plant in Puentes was selected as the test site for two
reasons: first, there is no Koppers-Totzek gasifier in the United States, and
second, the ENFERSA plant has several advantages including adequate raw bunker
capacity, two separate material-handling systems in the grinding plants, and space
for the char dust with intermediate bunkers that could be separated from each
other. Another important feature was the position of the test gasifier in the

plant, which enabled the test gas to take a different route from the raw gas in



the collecting systems. In addition, the plant had two separate final scrubbing
systems with Theisen washer and final cooler, and the gasifier was a suitable size
for the available quantities of test char. Finally, the Puentes plant was only

30 km of highway transport from the El1 Ferrol port, which had good unloading con-
ditions for oceangoing vessels and storage space at the unloading pier. The ar-

rival of char at the El Ferrol port is depicted in Figure 1-2.

Aside from these technical and economic advantages, the good relations between
ENFERSA and Krupp-Koppers G.M.B.H. and ENFERSA's years of experience with the

gasification of solid fuels made Puentes a good location for the tests.

PROBLEMS

Both during preparations for the tests and during the tests themselves a number

of scheduling, operational, and measuring difficulties occurred.

Figure 1-2. Arrival of Char at El Ferrol, Spain, January 29, 1975



Scheduling Problems

The tests were to take place when ENFERSA was out of production for plant repairs,
and when, presumably, there would be enough time to make the necessary modifications
in test gasifier I and to perform the tests themselves. Because these repairs

were completed considerably ahead of schedule, however, the demonstration had to be

run during normal plant production.

During normal plant operation, only two gasifiers can operate at the same time.

In the preliminary stage of raw gas washing and cooling, each gasifier has its own
washer cooler and associated quick-closing valve. In the second state of washing
and cooling, however, only one Theisen washer and final cooler is necessary, and

the raw gas streams combine.

Because it was necessary to separate the route of the test gas from that of the
normal gas produced by gasifiers II and III (Figure 1-3), a connecting pipe was
installed between the washer-cooler of test gasifier I and the standby Theisen
washer 2, and a flare with a seal pot was built behind final cooler 2. The flare
and seal pot were designed so that good-quality raw gas produced in the test could
be fed into the normal raw gas main. As it turned out, all of the raw gas produced
from the char demonstration test was delivered to the raw gas system and used for
NH3 production. During breakdowns of lignite gasifiers II and III, which normally

produced the NH, production was sustained by gasification of the COED char only.

Operational Problems

To maintain ammonia production in the plant, it was necessary to operate one of

the lignite gasifiers during the char demonstration. Because the lignite

Demonst rat fon
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Lignice
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To the Desulfurization
Plant

Lignite

ElsEl k.

Gasifter washer- Quick Closing Thetsen Pinal Flare
Caoler Gas Valve Vasher Coaler Seal Pot

Figure 1-3. Schematic Set-Up of the Gasification Plant Showing
Modifications That Were Made to Run the Tests



supplied to the ENFERSA plant during the test period was of variable quality, at
times containing more than 40 percent ash, variations occurred in the gasifier's
oxygen demand and gas supply. These variations created substantial pressure fluc-
tuations within the plant, which hindered measurements at the demonstration gasi-
fier. This problem resolved itself, however, when early in the test period repair

work in an ammonia line reduced one gasifier's demand for raw gas.
ENFERSA therefore agreed to avoid lignite gasification during the periods of char
gasification, or until each test was completed. Thus during the demonstration

period accurate measurements were made under steady-state conditions.

Milling Plant. The plant is equipped with two ball mills that grind the normal

lignite supply down to 72-74 percent below 90 microns. (See Figure 1-4 for a pic-
ture of the plant's coal-grinding units.) Each mill grinds approximately 7 tons

of lignite (with an ash content of 35 percent) per hour.

The separation of the ground materials to the classifier, above the lignite ball
mills, depends essentially on the specific gravity of the ground dust, but the

velocity of the entraining gases must also be considered.

A comparison of the specific gravity of COED chars and lignite determined by the

Pyknometer method produced the following figures:

Lignite 1.8 kg/dm3
Western Kentucky Char 1.59 kg/dm3
Pittsburgh Char 1.57 kg/dm?>

Since the geometric proportions of the classifier could not be modified, it was

necessary to reduce the quantity of entraining gas. By partially closing the

Figure 1-4. Puentes Plant Drying and Grinding Unit



regulating valve to the ball mill fan, the entry flow rate into the classifier was

lowered in proportion to the lower specific gravity of the test materials.

However, since a lower flow rate of entraining gases is common to the entire
grinding circuit, the reduction in the flow velocity affected the feed distribution
between the ball mill and the breaker mill (see flow diagram in Figure 2-1, page
2-3) increasing the amount of coarse material sent to the hammer mill. This in-
crease created an overload, which shut down the entire grinding operation. How-

ever, by various endeavors (see Pretest Grinding in Section 4, page 4-1), the en-

training gas dust load was reduced until the breaker mill operated without over-

loading.

To improve the classifier screening, the inlet vanes to the upper section of the
outer separator were closed by some 75 perxrcent. This adjustment increased both
the flow velocity to the inner section and the cyclone action within the classifier,

and made it possible to grind the char down sufficiently for good gasification.

Unfortunately, this procedure reduced char grinding rates to about 2.2 tons/hr
and thus shortened test runs, which required up to 4.2 tons/hr of char feed mater-
ial. However, by utilizing the intermediate storage of some 18 to 24 tons of
feedstock, we normally achieved test runs up to about 12 hours and once achieved

a test run of over 30 hours.

In the latter stages of the demonstration a major motor burned out, rendering in-
operable an entire train of grinding equipment normally used for lignite. The re-
maining train of equipment was then used alternatively for lignite and test mater-
ial grinding. A rest period followed each lignite grinding to allow the mill to

cool down.

Pneumatic Conveying. The nitrogen pressure was below the initial design require-

ments. Although adequate for the pneumatic transfer of lignite alone, the pressure
was insufficient for the additional transfer of the chars and caused blockages in
the pipelines. The problem was solved by the installation of two additional

diesel compressors, which boosted the normal plant nitrogen pressure.

Technical Problems in Measurement

The Char Feed Rate. The feed screws to the gasifier were calibrated by removing

the transfer pipes and determining the feed rate against the rotary speed of the



screw. When the transfer pipes were replaced, however, feed errors were induced
that caused unacceptable variations in the screw feed performance. Thus, as an
alternative method, flow guantities yielded from gasification were determined and
then an elementary carbon balance was used to determine the feed rate of char to

the gasifier.

The Raw Gas Flow Rate. The raw gas flow rate from the gasifier is in the order of

magnitude of 4000 to 5000 Nm3/hr. Because of the heavy dust load and the temper-
ature of the gas leaving the waste heat boiler, an orifice plate inserted in this
area would have rapidly eroded and become inaccurate. Consequently, the orifice
was positioned in the raw gas line after the final cooler. The appropriate allow-
ances were made to calculate the gas flow at the gasifier outlet (see Raw Gas

Measurement in Section 2, page 2-14).

The Quantity of Steam Generated. The steam generated in the Puentes plant from

the radiation and tubular boilers was only 5 atm steam which is of only marginal
use for a modern K-T plant. Because of the expense of separating the steam sys-
tem and boiler feed water supply from those of the entire plant, steam quantity was

not determined. Heat balance was measured only around the gasifier.

THE FEEDSTOCK

Western Kentucky Char

Production site: 36 tons/day-pilot plant of the FMC
Corporation in Princeton, New Jersey, USA

Process: COED. Low-temperature carbonization of
bituminous coal in suspended (fluidized)
bed.

Initial raw material: High-volatile bituminous gas coal from

the No. 9 seam of the Colonial open pit
mine, Kentucky, USA. Sulfur content:

3.3 weight-percent, dry. Brief analysis
of the coal: 33.9% volatiles, 54.3% fixed
carbon, 11.8% ash, 13% mine moisture.

Appearance of char: Dark gray, gleaming homogeneous mixture
with a predominating fraction of fine-
grained material in the particle size
range of 0.5 to 2 mm and with a spherical
or cylindrical shape; plate-shaped parti-
cles in the fine-particle 0.5 mm range;
highly flowable. The first char gasified
is shown in Figure 1-5.



The tables and diagrams on the succeeding pages contain the following data:

) Physical properties of raw and ground char

° Particle size distributions of ground char

° Reactivities of the raw samples

[ Ash analysis of the raw and ground char

) Ash-fusion characteristics of the raw char
Table 1-1

PHYSICAL PROPERTIES OF RAW AND GROUND FEEDSTOCK

Feedstock: Ground Sample
Raw 020 022
Western Kentucky Char Sample 019 021 028
Water Content Wt. % 5.0 1.€3 2.33 2,25
Element Analysis C Wt. % 76.0 75.0 77.1 75.6
Dry
H v 1.8 1.7 1.6 1.7
0 " 2.9 2.3 1.9 2.4
N " 1.6 1.6 1.7 1.6
S total " 3.1 3.0 3.0 3.2
Ash " 14.6 16.4 14.7 15.5
Calorific Value HHV kcal 6761 6600 6771 6662
kg dry
Calorific Value LHV " 6666 6510 6686 6572
Particle Size > 2 mm Wt. % 1.2
Sieve Analysis 1 mm " 11.7
0.5 mm " 23.2
0.25 mm " 21.7
0.125mm " i8.5 1.4 3.4 4.4
0.063mm " 12.3 11.6 18.4 18.0
< 0.063mm " 11.4 87.0 78.2 77.6
Particle Size > 125 u Wt. % 1.4 3.4
Microns 90 " 1.5 3.1
63 " 10.1 15.3
50 " 1.0 1.2
40 " 11.0 14.0
30 " 25.0 30.0
20 " 41.0 15.7
10 " 5.5 9.8
< 10 " 3.5 7.5
Particle Size
Fraction < 90 U Wt. % 97.1 93.5
Density g/cm’ 1.588| 1.590
Piled Density kg/m3 452 605
Rammed Density kg/m3 490 845
Grindability °H 110




Figure 1-5. Peep Sight Into the Gasifier Showing Char Gasified at a
Temperature in Excess of 1650°C.
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Figure 1~6. Particle Size Distribution of the Western Kentucky
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Figure 1-8. Reactivity of Western Kentucky Ground Char at 950°C
Compared with Various Fuels



Table 1-2

ASH ANALYSES OF RAW AND GROUND FEEDSTOCK WESTERN KENTUCKY CHAR

Sample Zn0 CuO NiO FepyO3 MnO Vy0g K,0 cal SO3* Ti02 Si02 A1203
Western

Kentucky

Raw Sample| <0.1 <0.1 <0.1 26.2 <0.1 0.2 2.1 2.5 2.3 1.0 42.4 21.0
019 <0.1 <0.1 <0.1 25.8 0.1 0.1 2.0 3.0 2.6 0.9 42.5 20.5
020

021 <0.1 <0.1 <0.1 25.5 <0.1 0.1 2.0 2.7 2.3 1.0 42.8 21.0
022

028 <0.1 <0.1 <0.1 25.92 0.1 0.1 2.1 3.0 2.3 0.9 42.7 20.9

* The SO3 values

100

are to be considered solely as reference values.
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The following characteristic data of the ash-melting process were obtained
from observations of shape and state changes in the ash sample at succes-
sively higher temperatures.

Softening point:
Melting point:
Flow point:

1090°C
1250°C
1280°C

Figure 1-9. Ash-Fusion Characteristics of the Western Kentucky Char
Raw Sample, Ashed at 800°C

Pittsburgh Char

Production site:

Process:

36 tons/day-pilot plant of the FMC Cor-
poration in Princeton, New Jersey, USA

COED.

Low~temperature carbonization of

bituminous coal in suspended (fluidized)

bed.




Initial raw material:

Appearance of char:

High-volatile bituminous gas coal from
the No. 8 seam of the Ireland underground
mine in West Virginia, USA. Sulfur con-
tent: 4.0 weight-percent, dry. Brief
analysis of the coal: 40.2% volatiles,
51.4% fixed carbon, 8.4% ash, 2.3% mine
moisture.

Dark gray, homogeneous mixture with pre-
ponderance of fine-particle fraction;
spherical or cylindrical particles in the
particle size range from 0.5 to 2 mm; plate
shaped in the fine-particle range <0.5 mm,
highly flowable.

The tables and diagrams on the succeeding pages contain the following data:
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Physical properties of raw and ground char

Particle size distribution of ground char

Reactivities of the raw samples

Ash analyses of raw and ground char

Ash-fusion characteristics of the raw samples
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Figure 1-10. Particle Size Distribution of Pittsburgh Ground

Char 023-025



PHYSICAL PROPERTIES OF RAW AND GROUND FEEDSTOCK

Table 1-3

Feedstock: Ground Sample
Raw 023 026
Pittsburgh Char Sample 024 027
025
Water Content Wt. % 3.1 1.80 1.63
Element Analysis: C Wt. % 75.2 75.0 76.4
dry
H " 1.7 1.9 1.7
0 " 2.8 2.3 3.3
N " 1.4 1.4 1.4
S total " 4.0 4.1 4.0
Ash " 14.9 15.3 13.2
e kcal
Calorific Value HHV —a;; 6732 6723 6738
Calorific Value LHV " 6642 6623 6648
Particle Size > 2 mm Wt. % 0.6
1 mm " 11.7
Sieve analysis 0.5 mm " 22.5
0.25 mm " 21.2
0.125mm " 18.4 6.0 4.6
0.063mm " 13.3 20.4 19.4
< 0.063mm " 12.3 73.6 76.0
Particle Size > 125 u Wt. % 6.0
Microns 90 " 5.0
63 " 15.4
50 " 3.6
40 " 11.0
30 " 22.0
20 " 32.6
10 " 3.6
< 10 " 0.8
Particle Size
Fraction < 90 yu Wt. % 89.0
Density g/cm3 1.565
Piled Density kg/m3 505 615
Rammed Density kg/m3 575 835
Grindability ©H 112.8
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Figure 1-11. Reactivity of Pittsburgh Char at 950°C Compared With

Various Fuels

Table 1-4

ASH ANALYSIS OF THE RAW AND GROUND FEEDSTOCK PITTSBURGH CHAR

Sample ZnO CuO NiO Fe203 MnO V205 K2O Ccao SO3* Ti02 8102 Al203
Pittsburgh

Raw Sample <0.1 <0.1 <0.1 29.6 <0.1 0.1 1.6 1.9 1.0 0.9 41.7 20.2
023

024

025 <0.1 <0.1 <0.1 30.3 <0.1 <0.1 1.6 2.1 1.0 0.9 41.1 19.6
026

027 <0.1 <0.1 <0.1 31.1 <0.1 <0.1 1.5 2.2 1.2 0.9 39.7 19.6

*The S05 values are to be considered solely as

reference values.
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The following characteristic data of the ash-melting process were ob-
tained from observations of shape and state changes in the ash sample
at successively higher temperatures.

Softening point: 1060°C
Melting point: 1170°C
Flow point: 1260°C

Figure 1-12. Ash~Fusion Characteristics of the Pittsburgh Char Raw
Sample, Ashed at 800°C



Section 2

DESCRIPTION OF THE PUENTES PLANT

COAL PREPARATION
Description

The Puentes plant contains two separate but complete systems for drying and grind-
ing lignite (see Figure 2-1 for a diagram of these systems). One line of equip-
ment, after the rotary predryer through the pulverized fuel storage bunkers was
used for the demonstration. A temporary feed system consisting of a hopper and
short conveyor feed belt was added to the system to deliver the char into the plant.
The feed hopper was installed outside the predrying plant. The conveyor belt fed
directly to the main conveyor system, which transferred raw material into the raw

fuel storage bunkers.

Bunkers number 3 and 4 were made available for selective storage of the chars.

The bunkers had originally included nitrogen injection and temperature sensors to
insure safe lignite storage, but this equipment was no longer operative and was
not reactivated, since the inert characteristics of the char make it safe to store.
The bunker compartments were closed off, however, to prevent excessive ingress

of air.

Enclosed drag conveyors with scraper bars transferred the char feed stock from
the bunker through a rotary valve and screw feed into the rising inert hot gas
main. Since COED char is dry in comparison to lignite (lignite contains about 35
percent moisture after the predryer), the normal inert hot gas, generated from

the combustion of the lignite, was replaced by nitrogen.

Entering the rising gas main, the finer particles of the feed material were en-
trained and carried upwards with the gas flow. The coarser particles of the
char feedstock fell through the rising gases and were deflected into the hammer

mill to be broken up prior to their entrainment.



The entrained feedstock passed through the overhead feeder and then down into the
ball mill, where the heavy steel balls pulverized the feedstock. After leaving
the ball mill, the pulverized feedstock was entrained and conveyed to the classi-

fier, which separated the oversized particles from the entrained gas.

The pulverized feedstock was then transferred to the final separator and dust-
catcher and fed into the primary pulverized-char bunker. The entraining gas was
returned to the ball mill fan which maintained the total flow. At the fan outlet
some of the entraining gas returned to the inert gas producer (normally this por-
tion maintained flow and temperature control within the system), another portion
entered the transfer system at the ball mill outlet, and the excess prodgressed
to an injection blower that blew it into the atmosphere. (A modern grinding com-
plex would include electrostatic precipitators to extract the total dust content

and clean the gases prior to atmospheric release.)

Modifications

In order to grind the different kinds of feedstock, the following modifications

were made in the existing coal-preparation plant.

Loading of the conveyor belt behind the drying drum was accomplished by an addi-
tional conveyor belt with feed hopper. The feedstock was dumped from trucks in

front of the building and loaded into the hopper witha bucket (or front end) loader.

The swirl vanes of the classifier were no longer in operating condition and had

to be restored so that the flow velocities in the classifier could be regulated.

In order to achieve the required degree of grinding, the associated problems
of overloading the breaker mill and separation of the dust within the classi-
fier required that a substantial reduction be made in the feedstock throughput.
This reduction was achieved by installing an additional scraper at the exit
slide valve of the char bunker and thus decreasing the feed height on the drag
conveyor to a minimum of 65 mm. Based on a width of 750 mm for the chain con-
veyor, a charging layer-height of 65 mm, and a chain conveyor velocity of

2.4 cm/s, the following milling rates were obtained: Western Kentucky, 2.1

tons/hr.; Pittsburgh, 2.35 tons/hr.
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A nitrogen line was installed so that impure nitrogen (containing no more than 9
percent oxygen) would replace the hot flue gas normally used in the grinding sys-

tem for entraining and drying lignite.

Initially, the pulverized char feed was too dry for smooth control when it reached
the gasifier screws. Therefore, water spray equipment was installed over the
chain conveyor to moisten the feedstock before it arrived at the ball mill. The

spray system was capable of delivering about two liters of water per minute.

PNEUMATIC CONVEYING

Description

The Puentes plant has two separate pneumatic systems completely interchangeable.

The pneumatic dust conveying system is diagrammed in Figure 2-2.

Each systemis split into two main sections. The first section extends from the
pulverized storage bunker through a Fuller pump and pneumatic conveying pipes to
an intermediate storage bunker. The second section comprises intermediate stor-
age bunkers, a Fuller pump, and six service bunkers that feed the plant's three
gasifiers. From the service bunkers the pneumatic transfer line returns to the

intermediate bunker.

The controls for the first section of the pneumatic transfer system are mounted
in the grinding plant. The controls for the second section of the system are
mounted under the intermediate bunker. The coal level within the intermediate

bunker is indicated on an exterior dial.

Modifications

The pneumatic system was designed for operation at 1.5 atm. However, due to

wear over the years, the nitrogen rotary compressors provided a final pressure

of only 1.1 to 1.2 atm with a nominal line pressure of 0.95 atm. Pressure fluc-
tuations created when a second Fuller pump was activated dropped the line pressure

as low as 0.65 atm.

During preparation for the demonstration, the lignite feed system and the char
feed system were often operated simultaneously. The line pressure at 0.65 atm
was insufficient to support the pneumatic transfer of the char, and consequently,

ascending pipes became clogged.



After extensive effort, two diesel compressors were located in Spain, modified in
the manufacturer's plant at Victoria, and transferred to the site in time for

the demonstration. One of the compressors was connected to the nitrogen lines
from the nitrogen holder to the grinding mill, and the other was connected to

the nitrogen line from the holder to the blower house. Manually operated slide
valves were installed at each connection and operated in conjunction with the
compressors. The safety valves on the compressors were adjusted to 2.2 atm, and
at a line pressure of 1.5 atm the petroleum coke and char feedstocks were con-

veyed without difficulty.

During lignite gasification nitrogen used to convey lignite to the service bunkers
is continuously recycled to the intermediate bunker. During the demonstration
the danger existed that lignite dust could accidently be returned to intermediate
bunker 5 and thus contaminate the demonstration feedstock. To avoid this all
prneumatic conveying lines used for char were sealed using blind flanges at all

times except when char was being transferred.

GASIFICATION PLANT

The Puentes gasifier (BFD-1001), which is illustrated in Figure 2-3, consists of
a horizontal, cylindrical, water-cooled steel vessel. (See the flow diagram of
the gasification plant in Figure 2-4.) Burner heads are mounted on either ta-
pered, cylindrical end of the gasifier. Each head is equipped with two burners.
Through these burner heads an accurate proportioned, homogenous blend of pulver-
ized feed, oxygen, and steam is introduced into the gasifier, where ignition of
the feedstock under conditions of partial oxidation takes place at high temper-

atures.

The high reaction temperatures crack the higher condensible hydrocarbons in the
feedstock. The raw synthesis gas leaving the gasifier predominantly consists of
co, C02, H2,
to the water-gas equilibrium at the exit temperature. The high gas temperatures

and water. The composition of this gas corresponds approximately

liquify and slag the ash contained in the feedstock; some of this slag is de-
posited on the walls of the gasifier and, in fluid form, flows downward through
the seal leg into a water quench tank. The remainder of the slag leaves the

gasifier with the raw gas, in the form of fly ash.
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Figure 2-3. Puentes Gasifier Capacity 6000 Nm3/hr Raw Gas.
Put on Line 1958 for Gasification of Lignite.
1966—Trial Gasification Naptha.
1975—Demonstration Gasification Delayed & Fluid

Coke, Western Kentucky and Pittsburgh Char

Ground Feedstock

The ground feedstock prepared in the grinding plant is pneumatically transferred
from the finished dust bunkers through the intermediate bunker by Fuller pumps,
using pressurized nitrogen, into the gasification plant bin system. Each side

of the gasifier has its own bin system consisting of service bin FSA-1004 and
feed bin FSA-1005 or FSA-1006. An electronic maximum-level indicator monitors
the level of each service bin. Between the two bins is a Bailey distributor
RNA-1006, which is controlled by an electronically driven rotating sensor mounted

at the top of the feed bin.

At the bottom of the feed bin the ground feedstock is distributed through an in-
verted Y pipe to the two screw conveyor units. Emergency sensors installed above
the screw feed boxes in the Y pipe operate according to the same principle as the
rotating sensors, but they automatically shut down the gasifier when no feed is
available. The feed bin is under 200 to 400 mm w.c. nitrogen pressure. Surplus

nitrogen is released through an adjustable water seal.

Ooxygen

A rotary compressor draws in oxygen from the oxygen holder and compresses it to

approximately 4000 mm w.c. The quantity of oxygen flowing to each mixer head is



regulated by manually operated valves located downstream from the automatic high-
speed closing valves. Each oxygen supply is preheated by steam in one of two heat
exchangers, EA-1001 or EA-1002, to approximately 110°C. This temperature is re-
quired to prevent condensation of steam when oxygen and steam flow together in
blender UAD-1001 or UAD-1004 on the way to the mixing heads. In the mixing heads,
the O,/steam mixture is thoroughly blended with the ground feedstock and sent
through the transfer blower pipes. The blend of ground feedstock/oxygen/steam is
fed to the gasifier through the burners.

Supplementary Steam

The steam required for the gasification process is taken from the plant steam
system, at a pressure of 5.7 kg/cmz, and supplied through orifices to oxygen/

steam blenders UAD-1001 to UAD-~1004.

Raw Synthesis Gas

The raw synthesis gas produced in gasifier BFD-1001 flows to the gasifier outlet
and through a quenching zone to the boiler system. The boiler system consists

of a radiation boiler BCC-1002 and tubular boiler BCD-1003, in which the sensible
heat of the gas is made available for generating a 5 atm saturated steam. During
the starting operation the raw synthesis gas is carried through seal pot FKA-1007

into the flare stack. This heat recovery process is illustrated in Figure 2-5.

After leaving the BCD-1003 tubular boiler, the gas arrives in the washer-cooler
DBC-1001, where a large percentage of the fly ash is removed and the gas is cooled
to approximately 25°C. To clean the gas sufficiently for compression and subse-
quent synthesis, the gas is then subjected to thorough scrubbing in a Theisen

washer DBF-1003 and finally passed through a mist eliminator.

Slag

In the gasifier, a portion of the fluid slag flows downward into the seal leg and
drops into the water quench tank of the slag removal system RKK-1005, where it is
granulated. A scraper conveyor then removes the granulated slag from the bottom

of the quench tank.

Flue Dust

Part of the flue dust entrained in the synthesis gas is removed by a dustcatcher

on the tubular boiler. From there it is drawn off through seal lines and carried
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Figure 2-5. K-T Gasification and Heat Recovery

away in the wash water. The remainder of the flue dust entrained in the raw gas

is scrubbed out in the washer-cooler and Theisen washer.

Nitrogen

In the event of a safety failure, nitrogen is used to flush and deactivate the
gasifier. 1In this process the gas main is purged and deactivated up to the main

synthesis gas flare.

Nitrogen is also used in the service and feed bins as described earlier in this

section, under Ground Feedstock, page 2-9, in the gasifier sight glasses, and

as purging gas for the test lines.

The nitrogen which is at least 95 percent pure, is drawn from the gas holder by

a two-stage rotary compressor, compressed to about 1.1 atm, and stored in tanks.

Cooling Water

Cooling water is supplied from the plant system. Recycled cooling water is taken
to storage tanks and mixed with fresh cold water, while the corresponding quanti-
ty of heated recycled water is drawn off from the circuit. The cooling water is

then pumped into a gravity tank and from there flows to the cooling stations.



Wash Water

For the wash water required for the washer-cooler, final cooler, Theisen washer,
quenching zone, and various seals, fresh treated water from the plant water sup-
ply is used at a pressure of 4.0 to 5.50 atm. Pipes carry the wash water back

to the river.

Modifications

Oxygen/Steam Mixer. In order to ascertain the effect of steam on the gasification

of the feedstock, oxygen/steam mixers were installed in each of the four supply
lines conveying oxygen to the gasifier heads. A supply of saturated steam was

available for addition.

Oxygen Heater. In order to mix the specified quantity of steam with the oxygen,

the temperature of the oxygen had to be raised to 110°C. Saturated steam was

available for heating purposes.

Since the heating of the oxygen was to be confined to the test gasifier, new
heaters had to be installed that conformed to the existing oxygen pipelines to

the two gasifier heads.

Test Flare. A test flare stack was installed to separate the demonstration raw
gas from the main flow of gas from lignite. This flare stack is depicted in Figure
2-6. First the raw gas line was separated from the gas main at the high-speed gas
seal after washer-cooler 1. A new gas line was then installed, connecting the

gas seal directly to Theisen washer 2, right before final cooler 2 (see Figure
2~1). The flare stack was placed after final cooler 2, and the lines were run

so that the raw gas produced in the demonstration could be either flared or de-
livered to the raw gas main and used for ammonia production. A seal pot insured

that air would not be drawn through the flare.

Raw Gas Measurement. Because the orifices in the raw gas main measured the total

gas flow from all gasifiers, they could not be used to measure the raw gas pro-
duced only from the demonstration. Thus, a new orifice was fitted across the
pipeline between final cocler 2 and the flare seal pot, where there is negligible
dust in the raw gas and thus little danger from erosion of the orifice. This

modification is depicted in Figure 2-6.
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Figure 2-6. Flare Stack

Temperature Measurement in Gasifier Inner Chamber. In order to measure the tem-

perature inside the gasifier two Pt-PtRh thermocouples were inserted (at TI 1006A
and TI 1006B) on the top side of the gasifier between the gasifier burners and

the gasifier outlet (see Figure 2-7).

Welded supports were used to anchor the thermocouples, which were also protected
by a 24 mm double-walled sillimanite tube. The thermocouples were positioned so
that the junction extended inside the chamber 200 mm beyond the gasifier lining.
To prevent errors in measurements due to slag deposits, the thermocouples were
replaced after each demonstration run. A test rod checked the lining thickness
at regular intervals so that the depth of the thermocouples could be accurately

determined.

Gasifier Lining. The K-T gasifier has an inner rammed lining of refractory ma-

terial. For lignite, a chromium ore lining material with a high percentage of

Cr,03 is normally used.
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Figure 2-7. Arrangement of Temperature-Measuring Supports on
the Gasifier

A major purpose of the demonstration was to determine how operating conditions
affect the gasification of COED chars. Therefore the normal gasifier lining used
for lignite was replaced with a corundum refractory lining, which permitted oper-

ation at a higher temperature (1700°C).

The corundum lining used was Norton CA 70. Its chemical composition is as fol-

lows:
Al,04 95.98%
$i0, 0.05%
Fe503 0.11%
Ca0 3.62%
Na50 0.16%
MgO 0.08%

The material was mixed with about 10% water in a concrete mixer. After the in-
side walls of the gasifier were cleaned, sandblasted, and studded, the lining was
applied by hand. Hot water was circulated in the gasifier jackets to dry in the

lining, and gasifier oil burners were used for final burning.



Section 3

DATA AND SAMPLE SELECTION

MEASURE (CONTROL) POINTS

The measurement and sampling points are depicted in Figure 3-1. Basically, mea-
suring and instrumentation layout had two functions:
) To insure and maintain steady and safe operations in the overall
gasification process.

® To colleet the necessary demonstration data for evaluation.

Tables 3-1 to 3~4 identify new and existing instruments and control points. 1In
all the tables KS refers to the No. 1 head of the gasifier on the washer-cooler

side and MS refers to the No. 2 head of the gasifier on the control station side.

Temperature Measurement

For most of the measuring points, especially in the gasifier area, the control

data were checked according to the first point, above.

The position of temperature points TI 1020 to TI 1041 for the gasifier cooling
system is shown in Figure 3-2. The temperature points inside the gasifier TI 1006A
and TI 1006B were read directly in degrees Celsius and corrected according to the

cold junction TI 104232 and TI 1042B.

Temperature-measuing points are designated by the index range TI 1001 to TI 1043

(index 1019 was not used).

Pressure Measurement

Because measuring station PR 1006 was constantly in error, it was replaced by
local measuring station PI 1018 during the tests. The measuring stations were

designated by index PI-1001 to PI 1021 and are described in Tables 3-5 and 3-6.

3-1



Table 3-1

TEMPERATURE-READING POINTS TI 1001 - TI 1012

Measuring Point Indication
Measuring Con-
Station Type of Exist- Dimen- trol Re- Test Control
Index Medium Location Instrument ing New sion Local Room corded Data Data
TI 1001 Op/steam mixture Op line inlet 1 Thermometer X °C X X
TI 1002 02/steam mixture O, line inlet 2 Thermometer X °C X X
TI 1003 O,/steam mixture O, line inlet 3 Thermometer X °C X X
TI 1004 Op/steam mixture O, line inlet 4 Thermometer X °oC X X
TI 1005 Raw synthesis gas Outlet Thermometer X °C X
Washer-cooler
TI 1006A Raw synthesis gas MS Inside gas~- Thermocouple X °C X X X
ifier Pt-PtRh
TI 1006B Raw synthesis gas KS Inside gas- Thermocouple X °C X X X
ifier Pt-PtRh
TR 1007 Raw synthesis gas Outlet of Ra- Thermocouple X °oC X X
diation boilexr Pt-PtRh
TI 1008 Oxygen Outlet 0y Thermometer X °C X X
heater Screw 1
and 2
TI 1009 Oxygen Outlet O3 Thermometer X °oC X X
heater Screw 3
and 4
TI 1010 Cooling water Entering Cir- Thermometer X °oC X X
culation Pump
TI 1011 Wash water Entering wash- Thermometer X °C X X
er-cooler
TI 1012 Wash water Leaving wash- Thermometer X °C X X

er-cooler
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Figure 3-1. Instrumentation and Sampling
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Table 3-2

TEMPERATURE-READING POINTS TI 1013 - TI 1025

Measuring Point Indication

Measuring Con-

Station Type of Exist- Dimen- trol Re- Test Control

Index Medium Location Instrument ing New sion . Local Room corded Data Data

TI 1013 Cooling Water Ach extractor Thermometer X °C X X

outlet
TR 1014 Raw synthesis gas Tubular boiler Thermocouple X °C X X X
inlet Pt-PtRh
TR 1015 Raw synthesis gas Tubular boiler Thermocouple X °C X X X
outlet Pt-PtRh
TI 1016 Cooling Water Transfer Pipe Thermometer X °C X X
outlet
TR 1017 Raw synthesis gas Outlet of final Resistance X °C X X X
cooler Thermometer
TI 1018 Cooling water Return to stor- Thermometer X °C X X
age

TI 1019 Not used

TI 1020 Cooling water C3 cooling cham- Thermometer X °C X X
ber outlet

TI 1021 Cooling water C4a cooling cham- Thermometer X °C X X
ber outlet

TI 1022 Cooling water C4b cooling cham- Thermometer X °C X X
ber outlet

TI 1023 Cooling water C5 cooling cham- Thermometer X ecC X X
ber outlet

TI 1024 Cooling water C2 cooling cham- Thermometer X °C X X
ber outlet

TI 1025 Cooling water C6 cooling cham- Thermometer X °c X X

ber outlet



Table 3-3

TEMPERATURE-READING POINTS TI 1026 - TI 1038

Measuring Point Indication
Measuring Con-
Station Type of Exist- Dimen- trol Re- Test Control
Index Medium Location Instrument ing New sion Local Room corded Data Data
TI 1026 Cooling water Cl cooling chamber Thermometer X °C X X
outlet
TI 1027 Cooling water C7 cooling chamber Thermometer X °C X X
outlet
TI 1028 Cooling water Front cover cooling Thermometer X °C X X
outlet MS
TI 1029 Cooling water Jacket steam chamber Thermometer X °oC X X
outlet MS
TI 1030 Cooling water Inspection hole out- Thermometer X °C X X
let MS
TI 1031 Cooling water Burner cooling out- Thermometer X °C X X
let MS
TI 1032 Cooling water Inspection hole out- Thermometer X °C X X
let MS
TI 1033 Cooling water Front cover cooling Thermometer X °C X X
outlet KS
TI 1034 Cooling water Jacket steam cham- Thermometer X °C X X
ber outlet KS
TI 1035 Cooling water Inspection hole out- Thermometer X °C X X
let KS
TI 1036 Cooling water Burner cooling out-— Thermometer X °C X X
let KS
TI 1037 Cooling water Inspection hole out- Thermometer X °c X X
let KS
TI 1038 Cooling water Gasifier outlet Thermometer X °C X X



Table 3-4

TEMPERATURE-READING POINTS TI 1039 - TI 1043

Measuring Point Indication
Measuring Con-
Station Type of Exist- Dimen- trol Re- Test Control
Index Medium Location Instrument ing New sion Local Room corded Data Data
TI 1039 Cooling water Kl seal leg outlet Thermometer X °C X
TI 1040 Cooling water K2 seal leg outlet Thermometer X eC X
TI 1041 Cooling water K3 seal leg outlet Thermometer X °C X X
TI 1042A BAmbient air MS cold junction Thermometer X °c X X
TI 1006A Thermo-
couple
TI 1042B Ambient air KS cold junction Thermometer X °C X X
Thermocouple TI
1006B
TI 1043 Cooling water Entering overhead Thermometer X °C X X

tank



Table 3-

5

PRESSURE-READING STATIONS PI 1001 - PI 1013

Measuring Point Location
Measuring Con- Con-
Station Type of Exist- Dimen- trol Re- Test trol
Index Medium Location Instrument ing New sion Local Room corded Data Data
PI 1001 Oxygen No.l orifice inlet U-tube X mmHg X X
PI 1002 Oxygen No.2 orifice inlet U=tube X mmHg X X
PI 1003 Oxygen No.3 orifice inlet U-tube X mmHg X X
PTI 1004 Oxygen No.4 orifice inlet U-tube X mmHg X X
PI 1005 Raw synthesis gas Final cooler out- U-tube X mmWs X X
let
PR 1006 Raw synthesis gas Leaving gasifier Ring balance X mmWs X X X
PI 1007 Raw synthesis gas Entering tubular U-tube X mmWws X
boiler
PI 1008 Raw synthesis gas Leaving tubular U-tube X mmwWS X X
boiler
PI 1009 Steam Entering reducing Manometer X kg/cm2 X X
station
PI 1010 Raw synthesis gas Entering washer- U-tube X mmWs X X
cooler
PI 1011 Raw synthesis gas Leaving washer- U-tube X mmWS X X
cooler
PI 1012 Raw synthesis gas Entering Theisen U-tube X mmWS X X
washer
PT 1013 Raw synthésis gas Leaving Theisen U-tube X mmWS X X

washer



Table 3-6

PRESSURE~READING STATIONS PI 1014 - PI 1022

Measuring Point Location

Measuring Con- Con-

Station Type of Exist- Dimen- trol Re- Test trol

Index Medium Location Instrument ing New sion Local Room corded Data Data

PI 1014 Coke/Oz/Steam Blow pipe No.l Ring balance X mmWs X X
burner

PI 1015 Coke/O2/Steam Blow pipe No.2 Ring balance X mmws X X
burner

PI 1016 Coke/0,/Steam Blow pipe No.3 Ring balance X mmwWs X X
burner

PI 1017 Coke/02/Steam Blow pipe No.4 Ring balance X mmWs X X
burner

PI 1018 Raw synthesis gas Leaving gasifier U-tube X mmWS X X

PI 1019 Raw synthesis gas Leaving orifice after U-tube mmWS X X
final cooler

PI 1020 Wash water Entering washer- Manometer X kg/cm2 X X

cooler
PI 1021 Steam Entering O,/steam Manometer X kg/cm2 X X
blender from orifice
PI 1022 Barometer level - Barometer X mmHg X X
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‘ ol ' @ SEAL LEG COOLING K1-K3

Water Cooled Locations:

1. Sightglass 5. Head Cover

2. Burner 6. Gasifier Neck

3. Burner Head 7. Seal Leg

4. Steam Jacket Chamber 8. Cooling Chambers Cl-C7

Figure 3-2. Location of Cooling Water Temperature-Measuring Locations at Gasifier

Flow Measurement

The flow-measuring stations, designated by index FI 1001 to FI 1015, are described
in Tables 3-7 and 3-8.

SAMPLING (TESTING) OF SOLIDS

See Figure 2-1, page 2-3 for a diagram of the measuring stations and sampling.

Raw Sample of Char Feed Al1001 (not indicated in Figure 2-1)

A sample of 2 kg of each feed material was taken from each truckload. The indivi-

dual specimens were intermixed to produce an average specimen of 10 kg.

Taken from: conveyor belt to the raw coal bin
Specimen index: KLW (truck) specimen

Ground Feedstock

Ground Samples at the Mill Al1002 (not indicated in Figure 2-1). The samples served

as a control for particle size during the grinding operation and were taken at in-

tervals of 1 to 2 hours.

Taken from: final dust bin in the grinding mill plant

Ground Samples at the Screws Al1003. Samples were taken during the entire test

period. The average specimen was approximately 2 kg.

Taken from: dust entering gasifier screw 1 to 4
Specimen index: Ol
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FLOW-MEASURING STATIONS FI 1001 - FI 1013

Table 3-7

Measuring Point Indication
Measuring Con-
Station Type of Exist- Dimen=- trol Re- Test Control
Index Medium Location Instrument ing New sion Local Room corded Data Data
FI 1001 Steam Entering No.l 02/ Orifice X % Flow X X
steam blender
FI 1002 Steam Entering No.2 O,/ Orifice X % Flow X X
steam blender
FI 1003 Steam Entering No.3 Oy/ Orifice X % Flow X X
steam blender
FI 1004 Steam Entering No.4 02/ Orifice X % Flow X X
steam blender
FR 1005 Raw synthesis gas Leaving final Orifice ring X mmwWs X X X
cooler balance
FR 1006 Oxygen Entering No.l O,/ Orifice ring X % Flow X X X
steam blender balance
FR 1007 Oxygen Entering No.2 O,/ Orifice ring X % Flow X X X
steam blender balance
FR 1008 Oxygen Entering No.3 0,/ Orifice ring X % Flow X X X
steam blender balance
FR 1009 Oxygen Entering No.4 0,/ Orifice ring X % Flow X X X
steam blender balance
FR 1010 Cooling water Leaving overhead Orifice X mmHg X X
tank U-tube
FI 1011 Cooling water Weir 1 leaving ash Triangular X mm X X
extractor spillway
FI 1012 Wash water Waste water drain Rectangular X mm X X
cooling spillway
FI 1013 Quench water Entering gasifier Rotameter X 1/h X X

outlet head 1
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Table 3-8

FLOW-MEASURING STATIONS FI 1014 - 1015

Measuring Point Indication
Measuring Con- Con-
Station Type of Exist- Dimen- trol Re- Test trol
Index Medium Location Instrument ing New sion Local Room corded Data Data
FI 1014 Quench water Entering gasifier Rotameter X 1/h X X
outlet, head 2
. . 3
FI 1015 Oxygen Entering seal leg Ring balance X Nm™ /h X X X



Slags Al004

An average specimen of about 2 kg was taken from all of the slag collected during

a test.

Taken from: Scraper conveyor of slag extractor
Specimen index: 06

Flue Dust Under Tubular Boiler Al005

By plugging the dustcatcher under the tubular boiler the quantity of dust in the

dustcatcher was ascertained after a test or series of tests.

Taken from: Dustcatcher under the tubular boiler
Specimen index: 07

Residue in Gasifier A1006

The quantity of residue deposited between burner heads and the center of the gas-
ifier (seal leg) was estimated and a specimen was taken in order to determine C

and H content.

Taken from: inside of gasifier
Specimen index: 08

Flue Dust in the Raw Synthesis Gas Al0Q07

Individual specimens were taken during the entire test period by the special method

for determining flue dust (see Tables 5-1 through 5-5, pages 5-6 and 5-7).

Taken from: raw gas line before washer-cooler inlet
Specimen index: 02

WATER SAMPLING

Wash Water From Washer-Cooler Al0Q08

Individual samples of 10 liters each were taken during the entire test period.

Taken from: washer-cooler discharge cone outlet
Specimen index for filtered wash water: 03
Specimen index for solids filtered out of wash water: 04

Cooling Water From Slag Extractor A1009

Individual samples of 10 liters each were taken during the entire test period.

Taken from: drain passage from slag extractor
Specimen index for solids filtered from cooling water: 05



GAS SAMPLING

Raw Gas Analysis Al010

Individual specimens were taken during the entire test period for complete Orsat

analyses and abbreviated Orsat analyses (CO,, Cco).

Taken from: seal pot after the final cooler

Raw Gas--Full Analysis Al0l1l

A complete analysis (including the determination of H,0, COS, SO,, NH3, HCN) was
performed once during each test. BAn abbreviated form of the analysis (H,S, COS,
SO,) was made toward the end of each test. The complete analysis was arranged to

coincide with dust measurement (see Flue Dust in the Raw Synthesis Gas Al007, page

3-13). During the complete analysis an average specimen was taken for a complete

Orsat analysis.

Taken from: raw gas line at tubular boiler outlet

Oxygen Al012
Individual specimens were taken during the entire test period.

Taken from: Oy line entering gasification plant

Specimen Analyses

All gas analyses were immediately analyzed in the laboratory. The water samples
were filtered to eliminate reactions observed earlier between solids and wash

water.

Any specimens that could not be evaluated at the test site were hermetically
sealed and sent to Essen for study. The individual specimens were identified by

test number and appropriate specimen index.

FREQUENCY OF DATA TAKING AND SAMPLING

After the gasifier had been started or adjustment had been made for new test condi-
tions, and a steady operating situation had been achieved, the test director set
up a schedule for taking samples and data. Each test began with an Orsat analysis.
At the same time, or after 15 minutes, test data and Orsat gas analyses were be-
gun and repeated at half-hour intervals. Samples were taken between every two

data-taking operations.



The first wash water specimen was taken 15 minutes after the first data were ob-
tained. The first complete gas analysis and the first dust sampling, was well as
the second wash water specimen, were performed 1 to 1 1/2 hours later, depending

on when the dust measuring equipment was ready (see Flue Dust Determination, page

5-8). At the end of each test (approximately 2 to 2 1/2 hours after the first
data were obtained), the third wash water specimen and the last dust specimen

were taken, and the partial gas analysis (H,S, COS, S0j) was performed.

From the first Orsat analysis to the last data taking, the individual tests lasted

from 1 1/2 to 3 hours.
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Section 4

TEST PROCEDURE

TEST PREPARATION

Pretest Grinding

Western Kentucky Char. The flow conditions and equipment adjustments within the

grinding plant, although suitable for the normal plant operation with lignite, were
not acceptable for the COED chars. Preliminary char-grinding runs gave an unsat-

isfactory ground particle size distribution.

Tests were made with various adjustments of the classifier helical vanes. The

best values were obtained when the vanes beneath the screen were 25 percent open.

Nevertheless, adjustment of the screen alone was not sufficient to obtain the de-
sired ground size analysis. A reduction in the feed rate was essential. Therefore,
the height of the feed layer below the feed bunkers was reduced to 65 mm and the

drag link conveyor was reduced to its minimum speed, 2.4 cm/sec.

Because the ground char was too dry to form plugs in the screw conveyor to the
gasifier, a waterspray was installed over the chain conveyor for controlled spray-

ing of the raw char feed to the ball mill.

As a result of these adjustments, the ground char achieved a suitable particle

size of 95 percent <90 micron and a moisture content of 1.6 to 2.3 percent#

Before each grinding operation, the inert gas stream was preheated in the fuel-gas
producer to about 60 to 80°C. A temperature of ~60 C set in during the grinding

operation.

*This moisture content was suitable for formation of a satisfactory plug in the
feedscrew conveyors.



Pittsburgh Char. The milling operation took place with the lowest entrained gas

velocity. During the operation the helical vane in the separator was 25 percent
open, the minimum chardging height was 65 mm and the minimum chain conveyor velocity
was 2.4 cm/sec. The raw char feed was water-sprayed. Under these conditions the
ground char achieved a particle size of about 89 percent < 90 micron and went from a
raw-material moisture content of about 3.0 percent to a final moisture content of

1.6 to 1.8 percent.

Pretest Gasification

Cold tests with the screw feeders were conducted prior to gasification in order to
obtain settings and adjustment for each feed material. The tests showed that the
feed materials, which differed considerably from lignite dust in composition, ash
content, moisture content, and bulk density, could not be immediately handled by
the screw feeders, which had been designed specifically for lignite dust. Good
feed conditions in the screw feeders depend on the formation of a sufficiently re-
sistive coal plug (char plug). The plug is formed in the space between the last
flight of the screw feeder and the peripheral coal slot. The design of the coal

slot and the plug space greatly influence plug formation.

In order to attain a good material plug, the coal slot and plug space were altered
as necessary within the limits of the original design. Spacer rings were installed
between the screw feeder and the metering head in order to increase the material

volume.

The moisture content of the feed material also influences feed control. When raw
char was conditioned with water, a suitable moisture content was obtained and

feed control was greatly improved.

During the start-up preparations, the oxygen slots were also adjusted to the nec-

essary dimension.

The screw feeders were calibrated, in an attempt to obtain a relationship between
feed rate and r.p.m. The actual feed rates, however, were sometimes quite a bit
lower than those measured during calibration. This variation was due in part to
the pressure increase at the mixing head during operation, but the screws them-
selves, which had been designed specifically for lignite and had been in operation

for over eighteen years, also contributed to the reduced feed rate. A gas flow



rate of 4800 Nm3/hr of dry gas 20 percent below the gasifier design rate was the

maximum achievable with char.

MAIN INVESTIGATION

Description of Test Procedures

The most readily available test parameters were the exit gas temperature and the
CO2 level of the gas. Operating at a predetermined exit temperature and associated
CO, level, the char feed rate and oxygen and steam inputs were determined for
steady-state conditions. The gas rate and all necessary data were recorded and

samples were taken.

As a layer of slag built up on the thermocouple sheaths during long test runs, a
stable CO, level became necessary for a steady temperature and steady operating
conditions. A COj; range of 5 to 20 percent in the raw gas was selected for the
test series. A CO, content of 20 percent corresponded to a steam addition of

0.3 kg of steam/kg char.

To obtain the best possible operating conditions, the maximum production of raw
synthesis gas was striven for. Production was limited only by the original design
of the lignite screws, which restricted the char feed rate. By adjustments in the
screws the char feed rate was increased and the oxygen flow rate regulated to ob-
tain the desired gasifier exit temperature and associated CO, content. The limi-
tation on char feed rate, which restricted full gas flow, adversely affected gas

quality, primarily because of the associated percentage increase in heat loss.

After steady-state conditions were achieved, adjustments were avoided, but a cor-
recting control was made for small variations in the feed rates or changes in the
oxygen purity. On several occasions the tests were discontinued because of mechan-

ical problems or excessive flow variations.

On the average, a series of three tests was made during a test run, following
which the gasification plant was checked and inspected. The gasifier was opened
and deposits were removed for use in the mass balance. The dust hoppers beneath
the boiler and the connecting duct were also checked for dust that was included

as appropriate in the mass balance.

Following a series, the tests were quickly evaluated for guidance in the next

test sequence.
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Section 5

EVALUATION

ANALYSIS OF SOLIDS
Raw Material

Water Content: DIN* 51 718 Drying oven process.
The sample was dried at 106 + 2°C until constant weight.

Accuracy: O to 10% water content + 0.2% absolute

Particle Size Analysis (granulation): DIN 51 704 and DIN 51 033.

The sample was sieved in accordance with DIN 51 704, using a mechanical sieving
machine and various sieves sized (DIN 4188) down to 63 microns. The size of parti-
cles smaller than 63 microns was determined in accordance with DIN 51 033, using

the Andreasen pipette method.
The process was based on the different settling times for single particles of dif-
ferent size in a dispersion medium. The settling time of the particles, which

were assumed spherical, was computed on the basis of Stokes's law.

Carbon and Hydrogen: DIN 51 721

The fuel was burned in the air-dried condition in oxygen. The carbon and hydrogen
contents were computed according to the weight-determined quantities of the com-
bustion products, carbon dioxide and water.

Accuracy: Carbon + 0.2%, hydrogen + 0.1% absolute

Sulfur: DIN 51 724

The total sulfur content was determined by burning the fuel in a stream of oxygen
at a temperature of 1300 C, and absorbing the resulting sulfur oxide in a hydrogen
peroxide solution, followed by indirect titrimetric determination of the sulfate
ions.

Accuracy: + 0.03% absolute

*DIN - Deutsche Industrie Norm.



Nitrogen: DIN 51 722

The fuel was decomposed in concentrated sulfuric acid in the presence of a cataly-
tic mixture. The ammonia was expelled from the resulting ammonium sulfate by sodi-
um hydroxide, collected in sulfuric acid, and titrimetrically determined.

Accuracy: 2% relative

Ash Content: DIN 51 719

The sample was heated in an electric muffle furnace to 815°C and then completely
ashed at this temperature for at least one hour. The ash content was determined
from the combustion residue.

Accuracy: 0.2% absolute

Calorific Value: DIN 51 900

The weighed-out sample was burned in a bomb calorimeter under specified conditions.
The resulting rise in the temperature of the calorimeter system was measured. Be-
cause of the heat transfer between the calorimeter vessel and the environment, this

measured rise in temperature then had to be corrected.

The calorific value of the fuel was computed from the weight of the sample, the
corrected temperature rise, and the heat capacity of the calorimeter system.

Accuracy: + 15 kcal/kg

Reactivity: (Koppers-Jenkner method)

The method is based on the state of equilibrium that sets in between carbon dioxide,
carbon monoxide, and carbon under specified working conditions. The sample was
degassed at 800°C and then treated at 950°C with carbon dioxide. The reactivity

of the resulting gas mixture was computed from the volume percentages of carbon

dioxide and carbon monoxide.
Bulk Density
The sample was charged into a measuring receiver from a specified height. The

bulk density was then computed from the sample's weight and volume.

Rammed (or tapped) Density: DIN 53 194

One hundred grams of the sample were inserted into the measuring cylinder of the
tapping volumeter so that no cavities remained. The measuring cylinder was firmly
fixed in the holder of the tapping volumeter and tapped 1250 times. The volume

of the sample was read to 1 milliliter.



Specific Gravity, Pycnometer Method

A weighed-out sample was inserted into a pycnometer having a precise volume of

50 cm3 and then covered with about 30 cm3 of isopropyl alcohol. The bubbles were
removed by careful shaking and boiling. After this initial conditioning operation,
the pycnometer was filled to the calibration mark with isopropyl alcohol and

weighed.

Ash Investigations

Ash Production. Ashing of the chars was carried out under standard conditions of

800°C in a porcelain or platinum dish.

Ash Analysis. X-ray fluorescence analysis was used to determine 2Zn0O, Cu0, NiO,

Fey03, MnO, V05, CaO, SO3, TiO,, Si0,, and Al03.

Ash-Fusion Behavior: DIN 51 730

In order to characterize the melting behavior, ash samples of specified dimensions
were heated on the high temperature microscope. Observation of form and state

changes established the temperatures at which characteristic forms appeared.

Slag Investigations

In the slag investigations, carbon, sulfur, and ash content were determined in
the same manner as for the char. Ash analysis was carried out and ash-fusion

behavior determined as described under Ash Investigations.

WATER ANALYSIS

Hydrogen-Ion Concentration (pH-value): DEV*C5

The determination of the pH-value was based on the potential difference between
electrodes immersed in the water under investigation. One of the electrodes was
named the reference electrode, and its potential with respect to the standard

hydrogen electrode had a known value. The potential of the measuring electrode

was determined in the regular manner, from the pH-value of the water.

Ammonia: DEV ES
Ammonia was analyzed photometrically, as described in the following section on.gas

analysis.

*DEV - Deutsche Einheits Vorschrift



Free Cyanide Ion: Published in "Gesundheitsingenieur” 1955, page 374, and 1960,

page 248.

Feigl's silver reagent (dimethylaminobenzilidene rhodamine) was used as the indi-
cator for the agentometric cyanide titration. If a silver nitrate solution is
added drop by drop to a weakly alkaline cyanide solution, the positive silver ion
first bonds with the cyanide ion. When the cyanide is depleted, the excess silver
ions react with the silver reagent to form a silver salt with a deep red coloration.
The color reaction is very distinct and, as a result, the titration point is

easily recognized.

Sensitivity: 0.2 mg CN'.

Total Cyanide

Total cyanide was analyzed by the same method used in the gas analysis.

Hydrogen Sulfide and Sulfur Dioxide: DEV G3 and DEV D15

Again, the same method was used as in the gas investigation.

Range of applicability: concentrations above 2 mg/liter

Total Sulfur: DEV D5
The sample combined with hydrochloric acid was oxidized with bromine water. The
sulfates that formed during the reaction were precipitated with barium chloride,

filtered off, calcined, and weighed.

Iron: "Photmetrische Metall-Und Wasseranalysen" (Photometric Metal and Water
Analyses) Wissenschaftliche Verlagsgesellschaft mbH. Stuttgart.

A red complex was formed by iron ions with thioglycolic acid in ammoniacal solu-
tion.

Range of application: 0.03 - 15 mg Fe/l

Nickel: Wasser, Luft und Betrieb 1966 (10)
Red complex salts are formed by combining nickel ions with dimethylglyoxime. The
complex can be extracted quantitatively with chloroform. The extinction of the

chloroform extract is measured photometrically.



GAS ANALYSIS

Gas Analysis with the Orsat Equipment: Ruhrgas Handbuch

The following gases were determined: COjp, CpHy, Oy, CO, Hy, CHy, and N;. A mea-~
sured volume of gas was brought, in turn, into intimate contact with specific re-
agents. In each contact, a specific constituent of the gas was removed. The
volume difference before and after the reaction yielded the percent fraction of
the individual constituents in the total volume.

Accuracy: 0.2 volume % absolute

Organic Sulfur (C0S): Ruhrgas Handbuch

Gas from which hydrogen sulfide had been removed was burned in a purified stream
of air; thus, any sulfur dioxide that formed originated from organic sulfur. The
waste gases were passed through caustic soda solution, as a result of which part
of the solution was reacted. The rest was back-titrated with sulfuric acid.

Accuracy: + 1% relative (experimental value)

Hydrogen Sulfide and Sulfur Dioxide: Ruhrgas Handbuch

The hydrogen sulfide in a measured quantity of gas reacted quantitatively with
cadmium acetate to form cadmium sulfide. This was filtered off and reacted with
hydrochloric acid, and the hydrogen sulfide was determined iodometrically. The
filtrate was treated with acetic acid, and the thiosulfate formed from the reaction
between hydrogen sulfide and sulfur dioxide was determined iodometrically. The

sulfur dioxide content was calculated from the amount of iodine consumed.

Total Cyanide: Modified Ruhrgas method (Ruhrgas Handbuch)

The gas to be analyzed was passed through an alkali hydroxide, a process in which
hydrogen cyanide, hydrogen sulfide, and carbon dioxide were absorbed. When this
alkaline absorption solution was acidified with sulfuric acid in the presence of
bromine, hydrogen cyanide reacted with bromine to form bromine cyanide. After re-
moving the excess bromine by means of phenol, the bromine cyanide was determined
iodometrically.

Accuracy: + 0.2 mg absolute

Ammonia: DEV E5

The ammonia contained in the gas was collected by reaction with sulfuric acid. The ab-
sorbing solution containing the ammonium ions was put in a potassium hydroxide solution
with Nesslers reagent (dipotassium-tetraiodomercurate-II), to form a Millon-base salt,
the yellow-brown mercury oxide aminoiodide, which was determined photometrically.

Limit of detection: 0.02 mg/liter



Particle Size Distribution and Ash Composition of Flue Dust and Slag

Tab

le 5-1

PARTICLE SIZE ANALYSES FLUE DUST IN RAW GAS BEFORE WASHER-COOLER
WESTERN KENTUCKY CHAR

Feedstock: Flue Dust Sample From Test

Western Kentucky Char 019 020 021 022

Particle Size: > 125 u Weight % 0.4 1.2 0.4 2.0

Microns 63 " 6.4 14.8 9.2 15.2

Sieve analysis < 63 " 93.2 84.0 90.4 82.8

Particle Size: > 125 " 0.4 2.0

Microns 90 " 2.3 5.0
According to

Andreasen 63 " 4.1 10.2

50 " 1.7 3.8

40 " 2.5 4.0

30 " 6.0 23.0

20 " 43.0 36.0

10 " 17.0 7.5

< 10 " 23.0 8.5

Table 5-2

PARTICLE SIZE ANALYSES FLUE DUST IN RAW GAS BEFORE WASHER-COOLER
PITTSBURGH CHAR

Feedstock: Flue Dust From Test
Pittsburgh Char 023 024 025 026 027
Particle Size: > 125 Weight % 2.0 2.4 1.6 2.0 1.2
Microns U 63 " 17.2 21.2 20.8 20.0 14.0
Sieve analysis < 63 " 80.0 76.4 77.6 78.0 84.8
Particle Size: > 125 " 2.0 2.4 1.2
Microns | 90 " 6.8 8.6 5.8
63 " 10.4 12.6 8.2

According to

Andreasen 50 " 5.0 5.0 6.0
40 " 8.0 10.0 12.0
30 " 21.0 23.0 41.8
20 " 32.3 27.7 14.0
10 " 8.8 7.1 6.0
< 10 " 5.7 3.6 5.0
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Table 5-3

ASH ANALYSIS IN WEIGHT-PERCENT IN FLUE DUST IN RAW GAS BEFORE WASHER-
COOLER WESTERN KENTUCKY CHAR

Sample  2ZnO CuO NiO Fey03 MnO V,05 K,0 CaO SO3* TiO, SiO, Aly04

019/02 0.1 <0.1 <0.1 25.2 0.1 0.2 2.4 2.3 1.6 1.0 45.2 19.5
020/02 0.1 <0.1 <0.1 26.0 0.1 0.2 2.4 2.6 1.5 1.1 43.4 20.9
021/02 0.1 <0.1 <0.1 26.1 0.1 0.2 2.4 2.5 1.5 1.2 43.2 20.2
022/02 0.1 <0.1 <0.1 26.6 0.1 0.1 2.3 2.3 1.6 1.0 44.1 19.8
028/02 0.1 <0.1 <0.1 27.0 0.1 0.1 2.4 2.4 1.7 1.0 42.3 20.0

Table 5-4

ASH ANALYSIS IN WEIGHT-PERCENT IN FLUE DUST IN RAW GAS BEFORE WASHER-
COOLER PITTSBURGH CHAR

Sample Zn0 CuO NiO Fey03 MnO V05 KO CaO SO3* TiO Si0O, Al,03

023/02 <0.1 <0.1 <0.1 30.5 0.1 <0.1 1.8 0.4 0.9 41.8 19.0
024/02 <0.1 <0.1 <0.1 30.3 0.1 <0.1 1.7

2.0

2.0 0.4 0.9 42.2 19.1
025/02 <0.1 <0.1 <0.1 29.1 <0.1 <0.1 1.9 1.7

2.

2.

0.3 0.9 44.2 18.6
0.3 1.0 42.4 19.0
2 0.5 1.0 41.2 19.4

026/02 <0.1 <0.1 <0.1 31.0 <0.1 <0.1
027/02 <0.1 <0.1 <0.1 30.6 0.1 <0.1 1.8

Table 5-5

ASH ANALYSIS IN WEIGHT-PERCENT IN SOLIDS FROM WASH WATER FROM WASHER-COOLER
WESTERN KENTUCKY AND PITTSBURGH CHAR

Sample ZnO CuO NiO Fe,03 MnO Vy0g K,0 Ca0 SO3* TiO, Si02 Al,03

Western
Kentucky
019/04 0.1 <0.1 <0.1 25.2 0.1 0.1 2.2 2.2 0.7 1.0 45.0 20.8

020/04 0.1 <0.1 <0.1 25.9 0.1 0.1 2.2 2.3 1.0 1.1 43.8 21.4

022/04 <0.1 <0.1 <0.1 26.8 0.1 <0.1 2.1 2.3 1.0 1.0 44.0 20.6
Pittsburgh

023/04 <0.1 <0.1 <0.1 30.2 <0.1 <0.1 1.6 2.2 0.9 0.9 42.1 19.6

026/04 <0.1 <0.1 <0.1 31.2 0.1 <0.1 1.7 1.9 0.9 0.9 41.3 19.4

*The SO3 values are only to be considered as approximate.



Table 5-6

ASH ANALYSIS IN WEIGHT-PERCENT IN SOLIDS FROM WASH WATER FROM SLAG EXTRACTOR
WESTERN KENTUCKY AND PITTSBURGH CHAR

Sample ZnO0O CuO NiO Fe203 MnO V5,05 K50 Cal SO3* Ti02 Si02 A1203
Western
Kentucky
019/05 <0.1 <0.1 <0.1 25.7 0.1 0.2 1.9 2.8 0.3 1.0 43.4 19.1
020/05 <0.1 <0.1 <0.1 24.7 0.1 0.2 2.0 2.5 0.3 1.1 44.4 19.5
021/05 <0.1 <0.1 <0.1 26.1 0.1 0.1 2.0 2.6 0.3 1.2 43.3 22.2
022/05 <0.1 <0.1 <0.1 28.8 0.1 0.1 1.9 2.3 0.3 1.1 43.3 21.4
028/05 <0.1 <0.1 <0.1 26.9 0.1 6.1 1.9 2.4 0.1 1.0 43.7 21.5
Pittsburgh
023/05 <0.1 <0.1 <0.1 28.4 0.1 0.1 1.6 2.1 0.3 1.0 42.6 21.7
024/05 <0.1 <0.1 <0.1 28.8 <0.1 0.1 1.6 2.0 0.3 1.0 42.2 20.9
025/05 <0.1 <0.1 <0.1 29.7 <0.1 0.1 1.6 2.0 0.2 1.0 41.6 21.1
026/05 <0.1 <0.1 <0.1 29.7 <0.1 0 2.0 0.3 1.0 41.6 21.3
027/05 <0.1 <0.1 <0.1 30.8 <0.1 0.1 1.6 2.1 0.3 1.0 41.0 21.0

Table 5-7

ASH ANALYSIS IN WEIGHT-PERCENT IN SLAG FROM SLAG EXTRACTOR
WESTERN KENTUCKY AND PITTSBURGH CHAR

Sample  2ZnO CuO NiO Fe,03 MnO V.05 K0 CaO S03* TiO, Si0, Aly0;3

Western

Kentucky
019/06 <0.1 <0.1 <0.1 12.6 0.1 0.6 0.7 5.0 0.6 0.5 29.0 51.6
020/06 <0.1 <0.1 <0.1 17.2 0.1 0.4 0.9 4.4 0.8 0.6 31.7 43.2
021/06 <0.1 <0.1 <0.1 17.4 0.1 0.3 1.0 4.4 0.8 0.6 33.9 41.6
022/06 <0.1 <0.1 <0.1 23.7 <0.1 0.1 1.3 3.4 1.0 0.8 40.1 28.4
028/06 <0.1 <0.1 <0.1 24.1 0.1 0.1 1.7 3.6 1.0 0.8 39.4 29.1

Pittsburgh
023/06 <0.1 <0.1 <0.1 20.6 0.1 0.3 1.2 3.8 1.1 0.6 34.5 38.0
024/06 <0.1 <0.1 <0.1 21.4 0.1 0.2 1.4 3.6 1.2 0.6 36.3  35.9
025/06 <0.1 <0.1 <0.1 21.6 0.1 0.2 1.2 3.5 1.0 0.7 37.0 34.3
026/06 <0.1 <0.1 <0.1 21.3 <0.1 0.1 1.4 3.2 0.4 0.7 43.2 27.8
1

<
027/06 <0.1 <0.1 <0. 21.3 0.1 0.1 1.4 3.3 0.9 0.8 43.0 27.8

FLUE DUST DETERMINATION

The gravimetric method described on page 5-11, was employed to determine the dust

content. See Figure 5-1 for a schematic drawing of the dust-measuring apparatus.

*The SO3 values are only to be considered as approximate.



A Probe nozzle L Rotameter or micromanometer

B Probe M Shut-off valve, electrically operated

C Shut-off valve, electrically N By-pass valve, manually operated
operated O Sample suction fan

D Dust column, electrically heated P Controls for C and M with stop watches

E Cooling column Q Pitot tube

F Drying column R Micromanometer

G Flow meter S U-tube

H Thermometer T Thermo element

I U-tube U Millivoltmeter

K Venturi or orifice plate

Figure 5-1. Dust Content Determination Arrangement of
Test Equipment

Measuring Point

All dust content determinations were carried out at one location. The measuring
point was located in the vertical part of the pipeline between the tube-boiler
outlet and the washer-cooler inlet. The total length of the straight vertical
section of the pipeline was 6 m. In order to develop a stable velocity profile,
3 m had to be reserved for the intake length. With a clear pipeline diameter

of 490 mm, the intake length corresponded to a length of about 6 x D.

The pipeline ran outside the gasifier building, but the actual measurement con-
nections extended into the building so that the measuring apparatus could be built

under cover.

In addition to the dust determinations, this measuring point was used for all

other essential measurements, namely:

) Water content determination (dew point measurement)
° Gas-velocity distribution
[ Volume-flow measurement



[ ) Temperature measurement

[ ] Pressure measurement

Methods of Measurement

Gas Velocity Distribution. The distribution of gas velocities was measured

in a plane. The pressure differential required for computing the gas velocity

was determined by means of a Prandtl (or Pitot) tube and a Betz manometer.

The velocity distribution was determined by a grid or network measurement, whereby
eight measuring points were established on the one available measuring plane. The

measuring points lay on the centroid (gravity) circles of equi-area annula rings.

In the case of the pipeline whose inside diameter measured 490 mm, the following

distances were computed between the measuring points and the inside wall of the

pipe:
Gravity circle 1 15.7 mm
Gravity circle 2 51.5 mm
Gravity circle 3 95.1 mm
Gravity circle 4 158.3 mm
Gravity circle 5 331.7 mm
Gravity circle 6 394.9 mm
Gravity circle 7 438.6 mm
Gravity circle 8 474.3 mm

In each measurement, each gravity circle in the measuring plane was traversed twice.
The static pressure was measured with a water-filled U-tube. The average gas-veloc-

ity in the pipeline was computed using the following equation:
v, = /0B * V29/Q  (m/s) (5-1) *

where Aﬁ is the root-mean-square value of the pressure-differential.

In order to determine the volume flow Qk in the gas line, the average gas velocity

was multipled by cross-section area A of the pipe:

o =& - v, (m’/s) (5-2)

Water Content of the Gas. Before beginning each dust measurement, the water con-

tent of the raw gas was determined by the wet and dry bulk thermometer method

(psychrometric difference method). The determination is based on the fact that

*Formula symbols and indices begin on page 5-20.



the cooling produced by evaporation, which occurred when an unsaturated stream of gas
flowed over a water-soaked thermometer mercury bulb, is a measure of the degree

of saturation of the flowing gas. A U-tube psychrometer, in which was incorporated

a dry and a calibrated moistened mercury thermometer, was stationed in the gas
stream. Because of the cooling produced by evaporation, the moistened thermometer
showed a lower temperature than the dry one. The water content of the gas was

determined from the temperature readings with the aid of a chart.

Gas Analyses

The samples for the required gas analyses were obtained by the K-K laboratory staff

and analyzed in the Orsat apparatus.

Weighings

Both the empty and the dust-filled thimbles were placed in the drying oven each
evening and dried overnight at 115°C. The bags were placed in a desiccator for
two hours the next morning and were finally weighed on the same microbalance that

was set up in a weighing room.

The weighed empty dust bags were sealed in plastic bags in order to prevent con-

tamination before use. The dust-filled bags were likewise packed in plastic bags.

Temperature Measurement

The temperature of the gas at the measuring point was continuously measured by a

thermocouple. The thermocouple voltage was read off on a millivoltmeter.

Pressure Measurement

Water-filled or mercury-filled U-tubes were used for all pressure measurements.
The laboratory staff measured the barometric pressure at the beginning of the

measurement.

Dust Measurement

In the gravimetric method of dust determination, a side stream had to be taken
from the main flow. This stream was obtained using a suction nozzle located
in the main stream. The arrangement was such that the velocity of the gas in
the suction nozzle was the same as in the main stream. The principle of

equi-velocity suction (isokinetic suction) was employed. During the gasi-



fication experiments, the suction nozzle was always located at the average velocity

point in the main gas stream.

The volume flow Vg to be removed by the suction nozzle (or probe) was computed

from the following equation:

= 2 . .
VS = 0.471 - Ve dS (Liters/min) (5-3)

The diameter ds of the probe was computed from the following expression:

dg = 15.35 ¥V - k/F + st (mm) (5-4)
The volume flow computed from equation 5-4 had to be removed by the probe in

the pipeline. At the gas meter where the volume flow could be measured, how-
ever, conditions were quite different from those in the main stream. Thus,

a calculation based on conditions near the gas meter became necessary.

The following equation was used:

Vu = [0.3592 VS Pk/Tk - WO/O.8O4] 2.782 Tu/Pu (1/min) (5-5)

The partial gas stream was cooled before arrival at the gas meter and dried
with calcium chloride. Therefore the volume required at the gas meter is

on a dry basis.

Because the increase in resistance in the dust collector caused the pressure
P, at the gas meter to vary during the course of a dust measurement, the pre-
viously computed volume flow had to be continuocusly regulated. The constancy
of the suction was monitored with the aid of an aperture diaphragm and a dif-
ferential pressure measuring device and was adjusted by modifying the rota-
tional speed of the suction fan. Pre-prepared calculation sheets were used

to calculate the necessary data.

Measurement Difficulties

The following measurements were carried out after constant operating conditions

were attained in the installation:

® Determination of water content
° Gas velocity distribution
] Pressure temperature



® Dust measurements; several if possible

Difficulties were encountered in carrying out all of these measurements.

Determination of Water Content. Only a small volume flow is required for this

measurement. The gas cools so much in the required hose connection from the gas
line to the U-tube psychrometer that the water condenses out. In order to prevent
the gas from falling below the dew point, a heated Str8hlein apparatus was con-
nected between the gas line and the measuring apparatus. The other parts of the
hose-connecting members were wrapped in heating tapes and additionally protected
against the wind. The Str8hlein apparatus was fitted with a filter bag and thus
simultaneously kept the dust out of the U-tube psychrometer.

Gas Velocity Distribution. Because of the high dust content of the gas, the holes

in the Prandtl (or Pitot) tube rapidly became clogged. Therefore a flushing de-
vice was installed that made it possible to blow the Prandtl tube clean with

nitrogen.
Because the volume flow fluctuated in the gas line, each gravity circle was tra-
versed three or four times; the root-mean-square value was computed from all the

individual test points.

Dust Measurements. Several difficulties had to be overcome during the actual dust

measurements, that is, when the gas was drawn off by suction from the partial gas

stream.

The suction nozzle became clogged with dust in the periods between the gasifying
tests. As a result it was sometimes necessary to blow the suction probe clear via

a shut-off valve connected to a nitrogen bottle.

Dust also settled in the suction probe while gas was being drawn off by suction
from the partial gas stream. Because the suction probe could not be removed from
the assembly, the dust could not be removed separately between two dust measure-
ments and had to be added to the dust collected in the filter bag. The suction
probe could not be removed for the following reasons:
° The gas is combustible and poisonous and thus would threaten the
safety of the personnel.

® The shut-off slide valve mounted on the measurement connector (NW
150), which should serve as a lock (or charging value) in association
with the measuring flange, became clogged with dust and could not
be actuated.



) The time between taking two samples was too short.

As a result, the following procedure was adopted. The suction probe was blown
clear with compressed nitrogen immediately before the beginning of each dust-
sampling operation. When the plant was out of operation over extended per-

iods of time—that is, when the entire system was out of commission and opened
up—the probe was carefully removed and the dust was taken separately from the
probe, dried, and weighed. A correction factor was then calculated for all dust
measurements, using data from the last dust measurement prior to removal of the

probe (see also the discussion under Dust Content, below).

Because of the extremely high dew point of the gas, the wash bottles and cooling
and drying towers originally provided did not adequately provide dry gas at the
gas meter. As a result, a cooling tank fitted with a water-cooled spiral tube

was built and installed ahead of the gas meter.

Measured Values

The following table indicates which test data were recorded during the individual

measurements:
Measurement Determination
of
Water Content Gas Velocity Dust
Test Data (Dew point) Measurement Measurement
Barometric Pressure X b4 X
Gas analysis X
Clock time X b4 X
Temperature, duct X X
Temperature, gas meter x
Pressure, channel X X
Pressure, gas meter X
Pressure, psychrometer X
Diff. Pressure, Pitot tube X
Diff. Pressure, orifice X
Dust weighing X
Evaluation

Gas Velocity. The average gas velocity in the main pipeline was computed in ac-

cordance with equation 5-1. The operating density Q must be introduced into this
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equation. The resulting equation is:

Q = 0.3592 an . Pk/Tk (5-6)

Water Content of the Gas. The water content of the gas or the dew point was com-

puted in accordance with standard methods.

Dust Content. The dust contents were computed on measured values. As a result
of several tests, it was established that dust deposited in the suction probe

(see Dust Measurement, page 5-11). The amount of deposited dust taken from the

probe was between 14.7 and 15.4 percent of the amount of dust in the thimble.

Thus, 15 percent was added to each computed value of dust content in order to ob-

tain the true dust content of the raw gas.

Several dust content determinations were made during a gasification experiment.

If the number of random samples was three or more, they were examined by a quality
control technique. The evaluation procedure was based on the assumption of a
normal distribution among the individual values. The assumption is admissible be-
cause the operating conditions were not appreciably modified during a gasifica-

tion experiment.

If a small number of random samples was used to obtain a confidence level s = 98
percent, the test quantities and the limiting values for the sampling criterion

were determined by the Graf-Hanning-~Stange method.

After the quality test, the arithmetic mean was obtained from the current dust
samples used in a gasifying experiment, and finally, the standard deviation was

determined.

Results

The results of the dust measurements made in all the gasifying experiments are

listed in Tables 5-8 and 5-9.

Column 1l: Experiment number. The numbering of the dust measurements
conforms with the number of the gasification experiment.
The separate dust samples taken during an experiment are
indicated by decimals.

Column 2: Date of the dust measurement.

Column 3: Clock time. This column lists the beginning and ending times
for taking the individual samples.



Column 4: Duct temperature in °C. The temperature obtained during the
taking of a dust sample is listed.

Column 5: Duct pressure in mm water column. This column lists the pres-
sure in the main gas duct during the taking of a dust sample.

Column 6: Water content in g/m3 n dry*. The water content of the syn-
thesis gas was determined before each dust measurement was
begun.

Column 7: Dew point in °C. Dew point associlated with the water content
(column 6) is listed.

Column 8: Dust content in g/m3 n dry. The complete dust content is
listed.

Column 9: Dust content, average value (x + s) in g/m3 n dry. The mean
value x is computed from the dust contents of the individual
dust samples. In addition, the standard deviation s is listed.

Column 10: Empty

Column 11: Remarks. Basically, all the dust samplings are listed in the
tables. Measurements that cannot be evaluated and broken-off
measurements are noted in this column.

Column 12: Types of char. The types of char that were gasified during
the research are listed here. The meanings of the symbols
are as follows:

WK - Western Kentucky
PC - Pittsburgh Char

Columns 13

to 19: These columns contain data that were not evaluated but that
are listed insofar as they were available for the sake of
completeness.

Column 13: Volume flow in m3 n dry/h. This is the average volume flow
of synthesis gas during the gasification experiment.

Column 14: Added steam in kg/h. Addition of steam to the gasifier is
listed.

Column 15: O, quantity in m3 n dry/h. Volume-flow of oxygen blown into
the gasifier is listed.

Columns 16
to 19: Gas analyses. The gas analyses listed in these columns were
used as a basis for the calculations required for the dust
measurements. The gas analyses were carried out before the
dust measurements were begun.

Column 20: Density Q in kg/m3n. This column lists density of synthesis
gas computed from the gas analyses (Columns 16 to 19).

Measurement Errors

Many factors contribute to the errors in measurement that can arise during the de-
termination of the dust content in flowing gases. Because the result of the mea-
surement, namely, the dust content, is a function of several partial results

(such as, for example, volume flow and density), which are themselves functions

*(m3

n dry = Nm3 dry)
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Table 5-8

RESULTS OF THE DUST-CONTENT DETERMINATION EXPERIMENT 019-025

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
DUST MEASUREMENT GAS ANALYSES
DUST  DUCT WATER  DEW  DUST  AVERAGE DUST VOLUME ADDED QUANTITY
TEST TEMP. PRESS. CONTENT POINT CONTENT CONTENT CHAR  FLOW  STEAM o coy co  Hy N, DENSITY
NO. DATE CLOCK TIME °C  mm WS  g/mdpp, _ °C  g/m3 a/m3py REMARKS TYPE m3,4./h kg/h m3,;,/h Vol.% Vol.s Vvol.% Vol.s _kg/md
19.1 15.8.75 22.38-22.44 215 140 343 69.3  61.7 WK 4077 221 1797 12.0 8.2 13.4 6.4  1.1818
19.2 22.49-22.53 225 175 74.3
19.3 23.05-23.11 226 195 64.6  66.8 + 6.6
20.1 18.8.75 - 239 147 413 72.4 - Not com- WK 4429 497 1914 16.4 0.3 15.7 7.6  1.1871
20.2 20.40-20.44 239 141 86.3 putable
20.3 20.50-20.54 239 139 72.4
20.4 21.10-21.13 240 145 119.0
20.5 21.18-21.19 239 145 76.0
20.6 21.25-21.28 242 140 115.8  93.9 + 22.1
21.1 18.8.75 23.21-23.24 232 244 352 69.7 141.0 WK 4682  247.5 1863 10.2 65.0 17.6 7.2  1.1205
21.2 23.30-23.32 232 235 118.4
21.3 23.55-23.57 230 235 131.4
21.4 23.58-24.00 232 235 155.7  137.5 + 14.4
22.1 23.8.75 15.41-15.44 214 220 432 72.9  132.6 WK 12.6  66.1 15.6 5.7  1.1606
22.2 15.56-15.58 215 125 - Not com-
22.3 16.10-16.13 215 120 122.2 putable
22.4 16.28-16.31 214 120 119.4  124.7 + 7.0
23.1 20.8.75 18.00-18.04 231 165 558 76.7  82.9 PC 14.1 57.3 14.1 9.0  1.2289
23.2 18.12-18.15 230 183 91.5
23.3 18.30-18.33 227 180 88.3
23.4 18.45-18.48 227 195 88.9  87.8 + 3.6
24.1 20.8.75 21.00-21.02 219 200 443 73.1  145.5 BC 13.2  e4.8 15.5 6.5  1.1666
24.2 21.15-21.17 220 215 140.2
24.3 21.26-21.28 220 215 129.0
24.4 21.40-21.42 218 215 128.5
24.5 21.45-21.47 218 225 134.2  135.5 + 7.3
25.1 21.8.75 00.15-00.17 218 300 385  71.1  144.3 PC 7.8 69.6 17.0 5.6  1.1095
25.2 00.28-00.30 221 295 145.1

Data not completed in columns 13, 14, & 15 available in Tables

25.3 00.47-00.49 221 307 142.6 5-10, 5-11, 5-16, & 5-17.

25.4 1.00-1.02 221 299 143.1 143.5 + 1.2



Table 5-9

81-9

RESULTS. OF THE DUST-CONTENT DETERMINATION EXPERIMENT 026-028

1 3 4 5 8 9 10 11
DUST MEASUREMENT
DUCT  DUCT DUST AVERAGE DUST
TEST TEMP. PRESS. CONTENT POINT CONTENT CONTENT
NO. CLOCK TIME °c  mm WS g/m3p¢ g/m3, ¢y REMARKS
26.1 13.15-13.18 215 180 116.5 Not com-~
26.2 13.25-13.27 215 183 - putable
26.3 13.44-13.46 215 185 123.0
26.4 13.58-14.00 215 191 127.8 122.4 + 5.8
27.1 16.30-16.32 215 185 107.7
27.2 16.45-16.47 215 175 90.3
27.3 17.00-17.02 218 189 86.0
27.4 17.15-17.17 218 195 94.4
27.5 17.30-17.32 215 185 88.9
27.6 17.45-17.47 - - - Not com-
27.7 17.49-17.51 217 185 91.7 93.2 + 7.7 putable
28.1 18.30-18.32 228 180 60.6
28.2 18.45-18.48 230 75 60.0
28.3 19.00-19.02 226 110 60.0
28.4 19.15-19.18 228 180 57.3 59.5 + 1.5




(such as temperature and pressure), the uncertainty in the measurement must be cal-
culated in accordance with the laws of error propagation. Because of the spatial
variations and the variations in time that occur in a dust determination, the stan-

dard deviations can only be determined approximately.

The possibilities of readily observable errors were considered individually for the

following measurements:

Gas-Density Measurements. Errors made in determining the density of the gas were

influenced by errors made in determining the composition of the gas, that is, in the

Orsat analysis, as well as in the temperature and pressure measurements.

Water-Content Determination. If care is used in determining the moisture content

of the gas by means of the U-tube psychrometer, errors are small. Errors, however,
can occur during the calculation, because, for example, the tabulated values that
enter into the calculation (such as saturation pressure and heat content) were in-

terpolated linearly.

Gas Temperature Determination. Thermocouples were employed to measure the tempera-

ture. Allowance must be made for the effects of the leads, the cold junction tem-

perature, and instrument errors in correcting the thermal emf's for departures

from the measured values. The measured value of the gas temperature is relatively

small compared with the absolute temperature that enters into the calculation. Be-

cause of this, the effect of a measurement error is small.

Gas-Pressure Determination. Errors arise in reading the barometric pressure and in

measurement of the pressure of the gas stream. The gas pressure was measured with
(water-filled) U-tubes; its value is small compared with the barometric pressure.
Consequently, the influence of a measurement error on the value of the absolute

gas pressure is small.

Gas-Velocity Determination.

Errors Due to the Method of Measurement. The gas velocity in the main
gas duct was measured with a Pitot tube. This method requires a deter-
mination of the velocity profile over the entire plane of measurement,
but only the local velocity can be measured with one Pitot tube. While
it is true that taking several separate measurements over a point grid
makes it easier to draw conclusions concerning the spatial velocity pro-
file, the determination is still affected with an unavoidable degree of
uncertainty. The more irregular the velocity profile and the smaller the
number of points at which measurements are made, the greater the uncer-
tainty.




Errors Due to the Pitot Tube. The equipment error associated with the
Pitot tube was given in the form of a correction coefficient. This coef-
ficient is equal to 1 with the Prandtl (Pitot) tube employed, when the
axis of the probe head does not deviate by more than +5° from the direc-
tion of volume flow.

Errors During the Measurement of Dynamic Pressure. A Betz manometer was
employed to measure the dynamic pressure. Errors are small if the appara-
tus is set up horizontally, if it is filled with bubble-free liquid, and
if the zero is properly set.

Determination of Dust Content.

Errors Due to the Measuring Procedure. The actual average dust content can
only be determined by the integration of instantaneous dust content over the
entire plane of measurement and over the suction-sampling time. This proce-
dure, however, is not possible in practice, since a suction sample can be
taken at only one point (at the point of average gas velocity). Thus, a
systematic error must be expected. This error becomes smaller if, as in the
present case, the measurements are carried out in a vertical pipeline.

Errors During the Measurement of Partial Gas Flow. A gas meter whose
readings were checked for accuracy was used to measure the partial gas
flow.

Errors During Suction. During suction of the partial gas stream errors

may arise as the result of the adjustments required to obtain a constant
suction rate. Too high a suction rate leads to too low a dust content,

and vice versa.

The aspirated dust can be deposited almost completely if a satisfactory
dust-~trapping apparatus and sampling filter material are used. Errors
arise when allowance is not made for dust that had deposited in the Pitot
tube. If the filter material is carefully removed and handled, the error
becomes so small that it can be ignored.
Total Error. A count of the various error possibilities—especially in association
with the various computation processes—shows that an error-propagation calculation

would be quite time-consuming, especially when many of the individual errors must

be estimated.

Previous measurements indicate that the total error in a case such as this,

is approximately + 10 percent.

Pormula Symbols and Subscripts. The following symbols, quantities, and subscripts

are used in this report:

Quantity Units Designation

A m2 area of cross-section

P - absolute pressure

Q m3/s; m3/h volume flow in main gas stream



Quantity Units

Si mass/volume
S kg/h

T K

\ m3/s; 1/min
WO kg/mi

d mm

g m/s2

m mg

P mmWs (-WC) ; mm Hg
t °C

v m/s

B -

o kg/m>

T °C
Subscript

B

Ges

N

U

b

£

k

n

S

st

stat

tr

Designation

dust content

dust discharge

absolute temperature
volume -+ flow

water content

diameter of suction nozzle
acceleration under gravity
mass of trapped dust
pressure

temperature

gas velocity

Pitot tube coefficient
density

dew point

Designation

gas under operating conditions

total pressure

rated gas quantity for the dust-measuring

apparatus

gas meter

atmospheric pressure; barometer

moist

main gas duct

normal state, 0°C, 760 torr, dry

suction nozzle

Str8hlein apparatus (15 m3/h apparatus)

static (pressure)

dry

EVALUATION OF ALL MEASUREMENT AND ANALYSIS DATA

(Example: Pittsburgh Char experiment 027)

The evaluation includes the calculation of process data from measurement data, the

setting up of characteristic values for gasification, and the checking of the re-

sults by setting up balances.



The evaluation is divided into the following operations:

e Computing volume flows from test data

) Computing mass flows from test data

° Computing errors

o Computing mass-flow of elements

o Setting up mass balances

° Setting up heat balances

o Obtaining characteristic data for the gasification process

Altogether, 10 experiments were carried out for different time periods and with
different parameters. From the test data contained in the experiment records, an
average value was derived from each evaluation, and the averages were used as a
basis for the subsequent calculations. Because the mass flow of the raw (charged-

in) char could not be measured (see Char Feed Rate in Section 1, page 1-6), the

mass flow was computed theoretically from a carbon balance on streams exiting the
gasifier. A preliminary mass balance was established from the computed individual

mass flows.

The computation was carried out for each individual experiment in the manner de-~
scribed above. BAs a result, each evaluated experiment forms a self-enclosed unit.
This form of calculation ensures that, in the event of unexpected results, the
quantities used in the calculation and the method of calculation can be traced

immediately and the necessary inferences drawn.

In some cases where test data could not be obtained because of an apparatus fail-
ure, the data could be estimated by obtaining an average from a corresponding

test series.

The experimental data for the gas and water analyses were derived by chemical

analysis. The methods employed are described in the first part of Section 5.

The amount of 502 determined in the wash water is larger than the amount of 502

present in the raw gas before the washer-cooler inlet. This difference can be
attributed to the fact that in the 802 analysis we assumed that the total measured
sulfur came from 502 compounds. Because this is clearly not the case, a recalcu-
lation is necessary.

The raw gas is analyzed after it leaves the final cooler, whereas the H_S, HCN,

2

Soz, and COS are analyzed before entry into the washer-cooler. 1In order to allow
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for the composition changes in the washer-cooler and in order to obtain more ac-
curate volume and mass flows, a short computer program was set up to adjust the
data to a consistent basis. A brief description of the computer program is given

in the following section on volume flows and measurement data.

With the aid of the error calculations, the average error was computed from the
variations of the experimental data and within a series of measurements, from
the reading errors, and from the apparatus errors. The average error for each
mass flow in the provisional mass balance is used for weighting and adjusting

the mass balance.

Because of the considerable amount of computation required, a complete calculation
of the error was carried out for only a few experiments. For the remaining exper-

iments, the average error values in the mass flow were employed.

The provisional mass balance was corrected in accordance with the error correction
rules, where the average error of each individual mass flow is a measure for
weighting the balance. The mass balance was adjusted in accordance with the

weighting.

There are two methods of adjusting the balance. With the first method, the as-
sumption is made that the carbon balance should remain unchanged, which causes all
mass flows containing carbon to remain unchanged. The provisional mass balance
is then adjusted accordingly. With the second method, the total balance is cor-
rected and a new mass balance is set up using the corrected values. For the char

investigations, only the first method was used.
In the following evaluation of the data, the formulas used in carrying out the
computations are given for each computed point. The symbols are also given, along

with the dimensions.

Calculation of volume Flows and Measurement Data

Volumetric Flow Rate of Combined Effluents After Washer-Cooler Weir Measurements.*

2 3
Vew =3 ° Web-h-v2-g-h [m™/s]

*See W. Kalide "Einfllhrung in die Technische Str¥mungslehre."
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= contraction coefficient

= width of rectangular cross-section of weir [m]

U

b

B = width of channel [m]

h = head of water in the rectangular cross-section [m]
H

= total head (fall) of water [m]
For the measuring weir employed, we have:

b =0.300m

B =0.410m

H-h=0.250m

Head of water in rectangular weir h: 98.2 mm

Amount of wash water v =61.34 m3/h

Flow Rate of Effluent From Slag Extractor: Triangular Weir Measurement 80° - Weir.*

. 8 o, 2 3
VW,ASA = 15 -U-tan 5 " h"v2gh [m /s]

angle of triangle

o}
h = head of water in triangle [m]

=1
contraction coefficient = 0.565 + 0.0087 h™ °

u:
Head of water in the triangle h: 131.8 mm
. 3
. = 26.
Ash discharge, wash water VW,ASA 6.53 m /h

Flow Rate of Washer-Cooler Effluent.

. 3
Viw = Yaw ~ Yu,asa [/l
. 3
Total wash water, after washer-cooler V ww: 61.34 m /h

3
Wash water, after slag discharge 26.53 m /h

Vi, asn’ 3
Wash water in washer-cooler VKW = 34.81 m /h

*See THE COED PROCESS in Section 1.
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Flow Rate of Quenching Water.

V. =V_ +7 [1/h]
Q Q Q5

* Measured Volume Flow

Volume flow of quenching water 1 VQ : 821.7 1/h

1
Volume flow of quenching water 2 V_ : 933.3 1/h
Q2
° Corrected Volume Flow
. 3
Y =R .V [m™/h]
Qz z Qz
Bl = 1.07 correction factor, rotameter 1
82 = 1.024 correction factor, rotameter 2
Volume flow of quenching water 1 VQ = 954.1 1/h
Volume flow of gquenching water 2 VQl = 955.7 1/h
2
Total volume flow of quenching water VQ = 1909.8 1/h
Flow Rate of Cooling Water for the Gasifier Jacket.
v o= . [m>/h]
KW,V total RL
- 3
Vtotal K,vlp [mm Hg] [m”/h]
K2 = 16.902 Diaphragm factor
VRL = 3.4 m3h cooling water for cooling the raw gas line
Pressure difference at measuring diaphragm Ap: 203.0 mm Hg
3
Total volume flow \% = 240.8 m /h
total 3
Cooling water for raw gas line VRL = 3.4 m/h

Volume flow of cooling water for

gasifier jacket A

237.4 m3/h
KW,V

]

A comparison between the quench water sprayed into the gasifier outlet and the
measured water content in the raw gas before entry into the washer—~cooler yielded
unexpected differences. These differences probably arose from the poor readability
and inaccuracy of the flow apparatus for the quenching water. Because of this er-

ror, the water content of the raw gas was computed theoretically.

No additional correction was undertaken for the heat balance. Instead, the heat

was balanced via the "lost" amounts.



All gquantities of importance in the gasifying process are listed in tables accord-

ing to the raw (charged-in) char.

Following is a list of all symbols and signs used in the analytical work in this

section.

Physical quantities

v

W w3 g < B

B> 0
=2 i)

0 >
2o}

x Q
i)

(e

M m 3 A < g 5 %

m3/h
kg/h
vol. %
weight %
mole %
mm Hg, bar
mm Hg
kJ/kg°K
kJ/kg°K
°c
kJ/kg
kJ/sec
kJ/sec
kJ/sec
kJ/Nm3
mg/1
mg/Nm3
tr
mg/1
kg/m3
°C
%
%

Symbols and Signs

volume flow

mass flow

volume fraction
mass fraction

mole fraction
pressure

barometric pressure
gas constant
specific heat
temperature

specific enthalpy
enthalpy

total heat
chemically useful heat
specific heat loss
equilibrium constant
traces in wash water
traces in raw gas
traces in water
specific gravity
dew point

efficiency

extent of steam decomposition

volumetric efficiency, packing factor

Material-identification symbols (as subscripts)

K
RG
D
SD
A%

char
raw gas

steam

saturated steam

combustion oxygen



FLST flue dust

As ash

SL slag

RV residue, gasifier
KW cooling water

WW wash water

Q quenching water

Plant parts (as subscripts)

ASA ash discharge

KW cooler-scrubber (or washer-cooler)
BL diaphragm

Erh 02—heater

RK tube boiler

v gasifier

States (as subscripts)

N normal state

tr dry state

£ moist state

wf water-free

Ein inlet-entry

Aus outlet, exhaust
Ges total

Verlust loss

B Boudouard
W water—-gas
th thermal

Flow Rate of Raw Gas. This is a preliminary calculation, for final value, refer

to Corrected Mass Balance, page 5-44.

Calculation of Volumetric Flow Rate of Raw Gas

Considering Absorption in the Washer-Cooler. A short computer program

is used for the preliminary calculation of the volumetric flow rate of
the raw gas. The input data to this program include the complete raw
gas analysis before the washer-cooler inlet, measured absorption of

H3S, SO,, and HCN, and the theoretically calculated absorption of COy in
the washer-cooler, as well as the pressure drop dcross the orifice meter
in the raw gas line leaving the final cooler and the pressure and temper-
ature at that location.




The amount of SO in the wash water, as calculated from the water analy-
sis, exceeds the amount found in the raw gas to the washer-cooler, be-
cause the wash water analysis was based on the assumption that all the
iodine consumed in this analysis had reacted with sulfate.

The calculation for SO, absorption takes into consideration the fact that
the iodine reacts in part with this sulfate and in part with sulfites.
The exact distribution is based on the measured total sulfur, less the
thiocyanate.

The computer program first calculates the raw gas volumetric and mass
flow rates after the final cooler, based on the gas analysis before the
washer-cooler inlet. The sum of the mass flow rates of the absorbed com-
ponents is added to the mass flow rate. On the basis of the gas analysis
before the washer-cooler inlet, a mass flow rate is obtained for each gas
component before the washer-cooler inlet. Then the mass flow rates of
the absorbed gas components are subtracted. The new mass flow rate is
converted into parts by volume and is used to calculate a new volumetric
flow rate. When the new and the old volumetric flow rates are equal, the
iterative calculation is stopped and the result is printed. The result
yields the mass flow rates of the raw gas components before the washer-
cooler and after the final cooler.

The flow diagram around the washer-cooler is shown in Figure 5-2. The
computer flow chart is shown in Figure 5-3.

et Raw Cas

Il
Measured Values
Pressure co?
Temperature co
Pressure Drop Ho
N2
Wash Water
Measured Values
Volumetric Flow @55
Rate SOz Washer-
HCHN Cooler
Raw Gas
Measured Values
Pressure CO,
Temperature co
Humidity H)
N2
HpS
cos
50,
HCN = tiash Vater

Measured Values

Volumetric Flow HpS
Rate S0y
HCNM

Figure 5-2. BAnalyses Performed for Washer-Cooler



Raw Gas .
Analysis before
Washer-Cooler

Volumetric Flow
Rate After Final
Cooler

MassFlow Rate of
Raw Gas After
Final Cooler

Total Mass Flow Rate + |
of Absorbed Gas —Y
Components MassFlow Rate of

the Raw Gas Before
|Washer-Cooler

Gas Composition .|
Before Washer- 1
Cooler Mass Flow Rate of

the Gas Components
Before Washer-

Cooler
Mass Flow Rate Of — =
Absorbed Gas Com-
ponents (individually) MassFlow Rate of

Raw Gas Components
After Final Cooler

1

Volumetric Flow Rate
of the Raw Gas After
the Final Cooler

!

Is Difference between

New and 0Old Volumetric NQ
Flow Rates & 10-3 m3/h?
Yes

[Bxint_ Results

[Ena 1

Figure 5-3. Computer Program Flow Chart for Determination of the
Mass Balance Average Error

L] COy~, HyS-, S03-, and HCN-Absorption

-—Measurement Data

- i : 22.5 ¢
Temperature, H;0, washer-cooler inlet tHzo,KW,E 5 °cC
T t - t : 33.5 °
emperature, raw gas, washer-cooler outlet tRG,KW,A c
Pressure, raw gas, washer-cooler inlet PEG,KW,E: 185.8 mmwWC
- : 2.
Pressure, raw gas, washer-cooler outlet PRG,KW,A 102.7 mmWC
Barometric pressure B 731.0 mm Hg
in t . - %
CO2 in the gas VC02 10.6 vol
. 3
- 4.8
HZO' washer-cooler VHZO,KW 3 lm/h
CO. in H_O before washer-cooler w' 9.2 ng/1
2 2 CO2
H_.S in the wash water, exit w' 80.90 mg/1
2 HZS
SO, in wash water, outlet w! 43.04 mg/1
2 802
HCN in wash water, outlet wéCN 1.38 mg/1
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——CO2 absorption

Mean washer-cooler temperature

= 1/2(t + = .0°
b = W20 o * tyg) = 28:0%
Mean washer-cooler gas pressure
Pp =1/2(p + P = .61
m - /2(Pps g+ Ppg,a) T 10-61 mn HG
Absolute pressure
p =B+ P p = 741.61 mm Hg
Partial pressure CO2
CO2 [%]
P = —= . = 78.
co, 100 P Feo, 8.6 mm Hg
CO2 absorption coefficient Nm3C02
at t and 760 mm Hg o COo, = 0.7026
m 2 m3
H20 - 760 mm Hg
Absorbed CO2
. 3
v! = qQ -V -pP_ ., W = 2.53 Nm CO./h
CO2 CO2 H20,KW CO2 CO2 2
Density of CO2 in raw gas Yy = 1.9768 kg C02/Nmtr
C02
Specific CO, content
v
COZ 3
w" = Y - 10 w" = 143.7 mg/1
© Yio Neo €0,
2 2
CO2 dissolved in wash water
VI
€0, 3
A = — « W' A = 0.16 Nm CO./h
CO2 WCO2 CO2 CO2 2
CO2 absorbed in wash water
. 3
ve ., =Wv! - " Ve = 2.37 Nmco_/h
CO2 CO2 CO2 CO2 2
CO2 Absorption mass rate
Am =V Y, Am = 4,68 kg/h
CO2 CO2 N,CO2 CO2
—H.S Absorption
2 3 -3
. _ o v .
AmH s = Yy S[mg/l] VH o [m™/h] 10
2 2 2
ArnHZS 3
AV = [Nm™tr/h]
NHS  Yy,ms
2
Mass flow HZS' absorption AﬁH g = 1.82 kg/h
2
Normal density of HZS in raw gas Yyus - 1.5392 kg/Nm3tr
14
2
3
H_.S volumetric absorption rate Y = 1.19 Nm tr/h
2 N'HZS



——802 Absorption

. . 3 -3
= ' . .
Amso Yio [mg/1] VH o [m™/h] 10
2 2 2
AmSO2 3
AV = —— [Nm™ tr/h]
N,S0, "N, 50,
802 absorption mass rate Aﬁso = 1.49 kg/h
2
Normal density SO Y = 2.9263 kg/Nm3tr
2 N,SO2
SO_ volumetric absorption rate v = 0.51 Nm3tr/h
2 N, SO0,
—HCN Absorption
. . 3 -3
= ] . .
AmHCN WHeN [mg/1] VHZO [m™/h] 10
A
AVN HON = —HCN [Nm3tr/h]
! YN, HON
HCN absorption mass rate AﬁHCN = 0.05 kg/h
3
i = 1,1893
Normal density HCN YN,HCN 93 kg/Nm tr
. 3
HCN volumetric absorption rate \Y = 0.04 Nm tr/h
N,HCN

Flow Rate of Raw Gas After the Final Cooler. This is the preliminary
calculation, the final value is given under Corrected Mass Balance,
page 5-44.

. 3

= 3
VRG,f Kl/Ap [mmWC]/QRG,f [kg/m?] [m” /h]

Kl = 788.09, diaphragm factor
= +

pRG,f pRG,tr pSD [kg/m3]

_ 5 3
Pra,tr = Protal ~ Fsp' T 10 Riorar T [kg/m"]

- o
Rtotal R/Z\)iMi [J/kg°K]
R = 8314.3 J/k mole, universal gas constant

= +
Piotal = B * Py [bar]
Pon = f(tBL) [bar]3
Pep = f(tBL) [kg/m 1
vHzo = Pgpy/Prora1’ Vre, [m”/h]
. B . 3
Vee,tr vRG,f VHZO [m"/h]
. 3
VN,RG,tr vRG,f " 0.3592(py 1oy T Pgp)/T  [Nm/hl



—Raw Gas Analyses, After the Final Cooler.

are given in volume-percent from

The raw gas analyses

computer calculation.

%
CO2 vCOZ 10.60 Vol.
Y 65.8 1. %
co co 9 Vo
H 16.53 vVol. %
2 H
2
N v 5.61 vVol. %
2 N2
st szs 1.13 Vol. %
Ccos cos 0.21 vVol. %
S . .
O2 802 0.02 Vol. %
HCN \)HCN 0.014 vol. %
‘Sum 100.004 Vol. %
—Measuring Data at the Measuring Orifice After the Final Cooler
Temperature at the orifice tBL : 23.4°C
Pressure at orifice pBL : 103.3 mm WC
Barometric height B 731.0 mm Hg
Pressure difference at diaphragm Ap : 55.5 mm WC
—~Calculation Results, Raw Gas After the Final Cooler
= 0.984
Total pressure, absolute ptotal 9847 bar
Partial pressure, water vapor in
raw gas pSD = 0.0288 bar ;
Density, water vapor in raw gas pSD = 0.0211 kg/m
£ R = . °
Gas constant of raw gas cotal 325.72 J/kg3K
Density, raw gas, moist pRG g = 1.0106 kg/m
I
Volume flow, raw gas, moist VRG P 5840.40 m3/h
1
. _ 3
Volume flow, H,O in raw gas szo,RG— 170.82 m” /h
Volume flow, raw gas, dry v = 5669.59 m3/h
RG,tr 3
Normal volume, raw gas, dry VN,RG,tr = 5071.25 Nm tr/h
) Flow Rate of Raw Gas to Washer-Cooler
= Y - - 5
RG,tr = Mg, tr ~ Rrg T T/10°Piotar
total = Z(Rimi/mtotal)
= f
Pgp (1)
Pep = E(T)
VH20 = Pgp "~ Vre,tr’ Protal ~ Psp’
RG, £ VRG,tr Va0



—Computer Calculation of Mass Flow of Individual Components to
Washer—-Cooler

CO., mass flow in raw gas before washer-cooler mn 1056.94 kg/h

2 CO2
CO mass flow in raw gas before washer-cooler mCO = 4181.53 kg/h
H2 mass flow in raw gas before washer-cooler ﬁH = 75.50 kg/h
2
N2 mass flow in raw gas before washer-cooler mN = 356.14 kg/h
2
HZS mass flow in raw gas before washer-cooler mH s = 87.25 kg/h
2
COS mass flow in raw gas before washer-cooler mCOS = 28.58 kg/h
502 mass flow in raw gas before washer-cooler mso = 2.90 kg/h
2
HCN mass flow in raw gas before washer-cooler mHCN = 0.86 kg/h
Mass flow, raw gas before washer-cooler ﬁRG KW==5789.70 kg/h
7

~—Gas Constants in J/kg°K

RCO2 = 188.92 RH2S = 243.90
= 296.84 R = 8.42
RCO 96 Cos 13
- = 4124.40 RSO = 129.80
2 2
= 296.78 R = .
RN2 96 HON 307.61

Gas constant, raw gas before

washer-cooler = 325.51 J/kg°K

R
RG, KW

—Measurement Data

Temperature, raw gas, washer-cooler inlet tRG 216.3°C
Pressure, raw gas, washer-cooler outlet pRG : 185.8 mm WC
Barometric height B 731.0 mm Hg
Partial pressure, H20 in raw gas pSD : 0.3171 bar

—cCalculation Results for Raw Gas to Washer-Cooler

3
9291.26 m /h

volume flow, raw gas, dry VRG,tr : 5
Volume flow, HZO in raw gas VH20,RG: 4360.41 m™ /h
Volume flow, raw gas, moist VRG ¢ 13651.67 m3/h
’
. 3
: 80,
Normal volume flow, raw gas, dry VN,RG,tr 5080.75 Nm /h

Volume Flow of Gasifying Oxygen. For the final value after error calculation, see

page 5-44
3
- K7' qz (2] + VK _/p /100 [m /h]

\Y
Vs, Z G "Vs,z

If

68.78 diaphragm constant

K
7
K
G
z = burner subscript

166.5 Apparatus constant



3
Q, + DN2 + Pgp [kg/m]

— —— - 3 . 3
Py = V4 [%] (Ptotal PSD) 10 /Ri T [kg/m”]

i = gas component (02, N2)

=B +
Ptotal B pBL,z (bar)
Pgp = flty)
Pgp = £ltg)

T = 12°C evaluated saturation temperature of the water vapor in the
gasifying oxygen

) Gas Analysis, Gasifying Oxygen, Dry

Volume fraction O2 vo : 93.93 vol. %
2

Volume fraction N v : 6.07 vol. %
2 N
2

Sum 100.00 wvol. %

The temperature at the orifice was obtained, allowing for tempera-
ture losses, in accordance with the formula

t = - - o
BL tErh (tErh tVS)QBL/'QmL [ecl
where Zm = average heater-burner tube length
L= 13 meters
and RBL = heater-diaphragm tube length
= 3 meters
Average temperature, heater tErh = 121°C
Average temperature, gasifier oxygen tVS = 92.39°C
® Measurement Data
Barometric height B = 731.0 mm Hg
Temperature at orifice tBL = 114.4°C
Vapor pressure at T = 12°C pSD = 10.518 mm Hg
Specific weight (density), steam 3
at T = 12°C Pep = 0.0107 kg/m
° Calculation of Volume Flow per Burner
Burner Burner Burner Burner
1 2 3 4
Static pressure at diaphragm pBL z 227.5 194.17 212.7 230.7 mmHg
r
Flow-through qz 81.3 79.1 81.2 80.6 %
3
Density, gasifying oxygen pVS 1.2572 1.2134 1.2378 1.2614 kg/m
Volume flow Vvs z 643.5 637.3 647.8 636.9 m3/h
14
3
y 565.6 540.5 560.5 561.7 Nm h
Normal volume flow VN,VS,z tr/
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N - . 3

Vs Zvvs,z [m3/h]

VHZO = Pgp/Piotal,z) Yvs,z ™ /P

. 3

V= Zvﬂzo,z [m™/h]

. 3

Vo = (VVS - vH o) Vo /100 [m” /h]

2 2 2 3
v, = V¥ - (V. + v ) [m™/hl
N2 Vs O2 H2O

Volume flow, gasifying oxygen

Volume flow, H20 in gasifying oxygen

Volume flow, O2 in gasifying oxygen

Volume flow, N2 in gasifying oxygen
® Normal vVolume Flow of Gasifying Oxygen

Normal volume flow,

Normal volume flow,
Normal volume flow,

Normal volume flow,

gasifying oxygen

H20

©

N
2

v

Calculation of Total Volume Flow of Gasifying Oxygen

2565.50 m3/h

VS 3
VH20,VS = 28.49 m /h
vo = 2383.01 m3/h

2

V. = 154.0 m3/h
N
2

y = 2228.3 Nm3/h

N,VS : 3
v = 24,

VN,HZO 72 Nm~/h
v = 2093.04 Nm3/h

N,o2
\Y = 135.26 Nm3/h

N,N2

Calculation of Mass Flows From the Measurement Data

The following calculation is the preliminary result; the

Corrected Mass Balance, page 5-

Mass Flow of Raw Gas.

]
gives:
Mass

flow of CO2

flow
flow

of
of

Mass CO in

Mass H. in
2

flow of N, in

Mass 5

Mass flow of

2

Mass flow of

flow of SO

Mass
2

Mass flow of

Mass flow, raw gas,

COS in the

in the

HCN in the

44.

Mass Flow of Raw Gas After Final Cooler.

in the raw gas

the raw gas

the raw gas

the raw gas

H.S in the raw gas

raw gas

raw gas
raw gas

dry

final value is given under

The computer calculation
mco2 = 1052.26 kg/h
i = 4181.

-0 181.47 kg/h
i = 75.50 kg/h
H2
m = 356.14 kg/h
Ny
mHZS = 84.44 kg/h
i = 28.
mCOS 58 kg/h
i = 1.
mSoz 41 kg/h
T = 0.81 kg/h
mHCN 9/
i = 5780. kg/h
Moo 61 q/




Mass Flow of Raw Gas to Washer-Cooler.

gives:
Mass

Mass

Mass
Mass
Mass

Mass

Mass
Mass

Mass

flow

flow
flow

flow

flow

flow
flow

flow

flow,

f
o CO2

of

in the raw gas

CO in the raw gas

of H_ in the raw gas

2

of N2 in the raw gas

of

of

of 502

COS in

st in the raw gas

the raw gas

in the raw gas

of HCN in the raw gas

raw gas,

dry

The computer calculation

Composition of Raw Gas to Washer-Cooler in Weight-Percent
Percent by

Percent by

Perce

nt by

Percent by

Percent by

Percent by

Perce

nt by

Percent by

Total

weight

weight
weight

weight
weight

weight
weight

weight

of

of
of

of

of

of
of

of

Composition of Raw Gas

Percent by weight of CO

Percent

Percent

Percent by

Percent by

Percent by

Percent by

Percent by

Total

weight
weight

weight
weight

weight

by weight of

of

of

of
of

of

CO2 in the raw gas

CO in the raw gas

H2 in the raw gas

N2 in the raw gas

st in the raw gas

COS in the raw gas

802 in the raw gas

HCN in the raw gas

From Washer-Cooler in Weight-Percent

5 in the raw gas

by weight of CO in the raw gas

H2 in the raw gas

N2 in the raw gas

st in the raw gas

COS in the raw gas

502 in the raw gas

HCN in the raw gas

= 1056.94 k
mC02 g/h
T = 4181.53 kg/h
Mo g/
f = 75.50 kg/h
Hy
o) = 356.14 kg/h
Ny
mHZS = 87.25 kg/h
i = 28.5
mCOS 8 kg/h
mSoz = 2.90 kg/h
Mg = 0.86 kg/h
i = 5789.
Mg 89.70 kg/h
WC02 = 18.26 wt. %
= 72.2 . %
WCO 2 wt
W = 1.30 wt. %
H
2
WN = 6.15 wt. %
2
wH s = 1.51 wt. %
2
= 0.494 .
WCOS 9 wt. %
= %
50 0.050 wt.
2
W = 0.015 wt. %
HCN
99.999 wt. %
wCO2 = 18.20 wt. %
co = 72.34 wt. %
WH = 1.31 wt. %
2
= %
WN 6.16 wt.
2
WH g = 1.46 wt. %
2
= 0.494 . %
cos 94wt
so = 0.024 wt. %
2
WHCN = 0.014 wt. %
100.02 wt. %




Mass Flow of Gasifying Oxygen. The following is a preliminary calculation; for

final values, see Corrected Mass Balance, page 5-44.

vs,z - Pus,z * Vvs,z
Mg = Mys,
m = p" -V
H20,VS HZO HZO
Vv .
o M
n = =2—2 .G -h )
0.,VS v, - M, Vs H_ O
2 i i 2
A vs T My T @+ Wy o)
2, 2 2
Burner Burner Burner Burner
1 2 3 4
Volume flow VVS 634.5 637.3 647.8 636.9 m3/h
Density pVS 1.2572 1.2134 1.2378 1.2614 kg/m3
Mass flow ﬁvs 797.69 773.30 801.85 803.39 kg/h
Total mass flow, gasifying oxygen ﬁVS = 3176.23 kg/h
Mass flow H2O in gasifying oxygen mHzO,VS = 25.85 kg/h
Mass flow, O, in gasifying oxygen m = 2981.65 kg/h
2 OZ,VS
Mass flow, N_ in gasifying oxygen m = 168.72 kg/h
2 N2,VS
Mass Flow of Solids From Washer-Cooler.
. . 3
Mesr,xw ~ “psr 9/ VH20,KW [m/n]
Solids content, washer-cooler effluent wFST : 18.01 [g/1]
Flow rate of effluent washer-cooler \Y : 34.81 [m3/h]
H20,KW
Mass flow, solids, from washer-cooler
T = 626.
mFST,KW 626.93 kg/h
Mass Flow of Solids From Slag Extractor.
mooo=w . [g/1] - ¥ [m>/h]
asa = Yasa ‘9 H,0,ASA
Solids content, slag extractor Wasa © 1.50 [g/1]
. 3
Wash water, slag extractor VHZO,ASA : 26.53 [m /h]

Mass flow, solids, ash

m = 39.80 kg/h



Mass

Flow of Flue Dust to Washer-Cooler.

o = 472.66 kg/h

Mass Flow of Flue Dust From Tubular Boiler Dust Leg.

Mass

gFLST [%] vFLST,RK

(]

MPLST,RK 100 ) t [h]

Total volume, dust bag VSTS

Total duration of test

Filling fraction, dust bag 3
Density, dust [0}
Mass flow, flue dust, tube boiler

"PLST,RK -=  ka/h

Flow of Slag.

Mass

mo = mg [kg]l /t [h]

Mass, slag, total

Duration of test, total
Water content, slag
Mass flow, slag

m, = 112.70 kg/h

Flow of Gasifier Residue.

Mass

. £y 381 m kgl

"rv -~ T 100 " Tt [n

Mass or residue corresponding to 100%
Residual contents, gasifier

Duration of test, total
Mass fiow, gasifier residue

= 51.82
i, = 51.82 kg/h

Flow of Water From Char Feed Coal.

WH2O,K
mH20,K = 7100 " W [kg/hl

5-38

t = 1.08 h
W,

FLST,RK

FLST, RK

m = 141.2 kg

11

13.8 wt. %

950 kg

60 %



Mass flow, char feed ﬁK = 3146.48 kg/h

Moisture content, in char w = 1.63 wt. %
H20,K

Mass flow, water in char

mH2O,K = 52.18 kg/h

Mass Flow of Water in Gas, Less Quenching Water.

Volume flow, H20 in gas v - m3/h
Dew point, H20 in gas T - °C
Density, H2o in gas o' - kg/m3
Mass flow, H20 in gas

m = =-- kg/h

Mass Flow of Water From Gas, Less Quenching Water.

. .

. . + + g . 5. e . 8.
My o,R¢ - Mwo,vs * Pw o,k tUp tMyx 0 89365 - Wy pg 7 8.9365
2 2 2 2
- It © 0.5286 - 1t - 0.
mst,RG 0.5286 mHCN,RG 0.6666
i i T 25.85 kg/h
Water from gasifying oxygen mH20,VS 5 g/
Water from char H20,K : 52.18 kg/h
Steam addition mD : 364.40 kg/h
Hydrogen in char 8.9365 mH - 53.49 kg/h 8.9365
r7
Hydrogen in raw gas 8.9365 m : 75.50 kg/h 8.9365
H2,RG
HZS in raw gas 0.5286 mst'RG : 87.25 kg/h 0.5286
HCN in raw gas 0.6666 mHCN,RG : 0.86 kg/h 0.6666

Water in raw gas (without quenching water)

mHzo,RG = 199.04 kg/h

Calculation of Steam Addition.

© = 4137 -
my 4.137 v0.25 qg/vSD [kg/h]

VSD = f(pabs)

=B +
pabs pD



2
4.9 kg/cm

Steam pressure at mixing nozzle P,

Barometric pressure B : 731.0 mm Hg
Absolute pressure pabs : 5.57 bar
Volume of saturated steam vSD : 0.3385 m3/kg
Flow-through, meter 1 ql : 26.5 %
Flow-through, meter 2 q2 : 25.5 %
Flow-through, meter 3 q3 : 25.0 %
Flow-through, meter 4 qy 25.5 %

WMass flow, steam, mixer 1 mD,l : 94.22 kg/h
Mass flow, steam, mixer 2 -D,2 90.66 kg/h
Mass flow, steam, mixer 3 mD’4 : 88.88 kg/h
Mass flow, steam, mixer 4 ﬁD,4 : 90.66 kg/h

Total mass flow of steam

M = 364.42 kg/h

Mass Flow of Cooling Water for Gasifier Jacket.

mHZO,V = pHZO,V ) VHZO,V [kg/h]

<
I

Volume flow, cooling water, gasifier

o+
It

Temperature, cooling water, inlet

Density, cooling water, gasifier

ko)
It

Mass, flow, cooling water, gasifier jacket

mHZO,V = 235421 kg/h

Mass Flow of Char Feed.

ﬁK = mC,K/wC K [kg/h]

m
C,K

i + 1 + + 1 + m
mC,RG C,FST,KW C,FLST C,FLST,RK C,ASA
f it m and m
The use of the gquantities C,FST, KW C,FLST, RK

cedure.

41.52°C

237.4 m/n

991.66 kg/m>

+ m +
C,SL

(Page 5-25)

m
C,RV

is dependent on the test pro-



C-Mass Flow. This is the preliminary calculation; for the final
value, see Corrected Mass Balance, page 5-44.

—Mass Flow of Carbon in Raw Gas to Washer-Cooler.
Mass fraction:

: %

CO2 wCO : 18.26 wt.
2

: 72.2 .

CcO wCO 2 wt.%

COSs : 0. . %
wCOS 494 wt

H : . <%
CN wHCN 0.015 wt

c-fraction in gas components (see corrected value on page 5-45)
Mass flow of raw gas to washer-cooler
T = 5789.7 h
mRG,KW 9.70 kg/

C-mass flow from raw gas:

CO2 mC,C02 : 288.44 kg/h
. 1 .

Cco mC,CO 793.04 kg/h
T 5.7

CcoS mC,COS 1 kg/h

HCN T .

C mC,HCN 0.38 kg/h
T : 2 .

Raw gas mC,RG 087.57 kg/h

—Mass Flow of Carbon in Solids From Washer-Cooler. This calcula-
tion is not required, since the mass flow of carbon is calculated
in the flue dust.

- ion i i t. %
C-mass fraction in solids WC,FST w
Mass flow, solids m - kg/h

FST
C-mass fl olid m - kg/h
mas ow, solids C,FST, KW g/
—Mass Flow of Carbon in Flue Dust.

- f i i dust : 51.2 . %
C-mass fraction in flue dus wC,FLST wt
Mass fl in £ dust i : 472.66 kg/h

s ow in flue dus mFLST g/

- fl i i 242.0

C-mass ow in flue dust mC,FLST kg/h

—Mass Flow of Carbon in Flue Dust Boiler Dust Leg. This calcula-
tion is not required.

C-mass fraction, flue dust RK wC RK wt. %
Mass flow, flue dust RK mRK - kg/h
- f1 i -k
C-mass ow, flue dust RK mC,FLST,RK g/h
—Mass Flow of Carbon in Ash Discharge.
- f i : 72.9 kg/h
C-mass fraction WC,ASA 9 kg/
£1 T : 39.8k
Mass ow rate Myea 9 g/h
C-mass flow rate ﬁC,ASA 29.01 kg/h
—Mass Flow Rate of Carbon in Slag.
-~ f i : .7 . %
C-mass fraction, slag wC,SL 6 wt
Mass flow, slag hSL : 112.70 kg/h
C-mass flow, slag mC'SL 7.55 kg/h
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—Mass Flow of Carbon in Gasifier Residue.

C-mass fraction
Mass flow rate

C-mass flow rate

—Mass Flow of Carbon in Char Feed.

C-mass flow, raw gas

C-mass flow, solids, from washer-

cooler

C-mass flow, flue dust

C-mass flow, flue dust, from tubular

boiler dust leg

C-mass flow, ash discharge slag

extractor

C-mass flow, slag

C-mass flow, residue, in gasifier

heel
C-mass flow, in char feed
Mass Flow of Char Feed
C-mass fraction, in char
C-mass flow, in char

Mass flow, char feed

f, = 3146.48 kg/h

Provisional Mass Balance
—Mass Flow, Gasifier Inlet
Char, dry

Oxygen, pure

Nitrogen

Water from gasifier oxygen
Water from char

Steam addition

Total, mass flow, inlet

wC,RV : 72.9 wt. %
mRV : 51.82 kg/h
i : 37.7
mC,RV 8 kg/h
fi, pg ¢ 2087.57 ko/h
m
C,FST,KW: - kg/h
mC.FLST 242.00 kg/h
Mc,FLST,RK kg/h
i : 29.01 k
"c,asa /b
mC,SL : 7.55 kg/h
i : 37.7
fie v 8 kg/h
i : 2403.91
L. 03.91 kg/h
76.4 wt. %
WC,
m 2403.91 kg/h
c,
M 3146.48 kg/h
m_ 2981.65 kg/h
2
m 162.72 kg/h
N,
. 25.
mHZO,VS 5.85 kg/h
mHZO,K : 52.18 kg/h
M 364.40 kg/h
Bin : 6733.28 kg/h



—Mass Flow, Gasifier Outlet
Raw gas before washer-cooler m : 5789.70 kg/h

RG
Water in raw gas (excluding quenching water) m : 199.04 kg/h
HZO,RG
Solids, washer—cooler mFST, - : -
dust i : 472.6
Flue dus mFLST 6 kg/h
Flue dust in tubular boiler dust 1 T : -
ue dust in tubular iler dus eg PLST, RK
A di i : .8
sh discharge Myea 39 kg/h
i : 2.7
Slag mSL 11 0 kg/h
Residue, gasifier mRV : 51.82 kg/h
Total, mass flow outlet mAus = 6665.72 kg/h
§ = "zin T Maus [kg/hl

(in) (out)
= 67.56 [kg/hl

Calculation of Errors

The error calculation presented here is an abbreviation of a detailed and compre-
hensive error calculation. The average percentage errors of the individual mass
flows were determined from four series of experiments and the average value deter-
mined. This constituted the conversion factor for the average error of each indi-

vidual mass flow.

Mass Flow, Gasifier Inlet.

Char mK 3146.48 + 0.0 kg/h
Oxygen, pure ﬁo 2981.65 + 164.0 kg/h
5 ;
Nitrogen ﬁN 162.72 + 9.8 kg/h
2
ifi 0 25.85 + 1.
Water from gasifier O2 mH20,VS 5.85 + 1.6 kg/h
Water from char mHZO,K 52.18 + 6.3 kg/h
Steam addition mD 364.4 + 29.2 kg/h
Total mtotal,in = 6733.28 kg/h




Mass Flow, Gasifier Outlet.

Raw gas before washer-cooler ﬁRG 5789.70 + 0.0 kg/h
Water in raw gas (without quenching
t i . + .
water) mH2O,RG 199.04 + 10.9 kg/h
i 472, + 0.
Flue dust mFLST 72.66 + 0.0 kg/h
disch T . + 0.
Ash discharge mASA 39.80 + 0.0 kg/h
Slag ﬁSL 112.70 + 0.0 kg/h
Gasifier residue ﬁRV 51.82 + 0.0 kg/h
Total i = 6665.7
mtotal,out 2 kg/h
Diff s I - I
irierence mtotal,in mtotal,out =6 = 67.56 kg/h
Corrected Mass Balance.
§ = Zmi,1n - i,out
. 2 2 .
mi,corrected B mi,in - siﬁ/Zsi (inlet)
-m = -m - 526/252 (outlet)
i,corrected i,out i i utLe
° Corrected Mass Flow, Gasifier Inlet
Char ﬁK 3146.48 kg/h
Oxygen, pure ﬁo 2916.77 kg/h
2
Nitrogen ﬁN 162.72 kg/h
2
Water from gasifier O2 mH20,VS 25.84 kg/h
W, T 52.
ater from char mH20,K 08 kg/h
Steam addition ﬁD 362.34 kg/h
i T .2
Mass flow, inlet mtofal,in 6666.23 kg/h
) Corrected Mass Flow, Gasifier Outlet
Raw gas before washer-cooler mRG 5789.70 kg/h
Water in raw gas (without quenching
water) mHzo,RG 199.33 kg/h
Flue dust mFLST 472.66 kg/h
i ! T 39.
Ash discharge - 9.80 kg/h
T 112.
Slag mSL 12.70 kg/h
Gasifier residue ﬁRV 51.82 kg/h
Mass flow, outlet mtotal,out 6666.01 kg/h




Calculation of Mass Flows of Elements

This calculation was computed from the corrected mass balance, page 5-44. The
mass balance resulting from the test data was corrected on the basis of the error
calculation. With the corrected values, a calculation was made of the mass flows
of the gas components and of the elements, based on the assumption that the volume

fraction and the weight fraction had not varied.

mi = (l/lOO)wi [2] - mtotal

mj,i =1, [kgi/h] * nj,i [kg 3/k molei] ’ (l/Mi) [k molei/kgi]

where 1 = gas component

element component (C, H, O, S)

.
1l

o]
[

element j in kg per k mole of gas component i

C, H, 0, S-Mass Flow in Raw Gas to the Washer-Cooler (corrected value).*

Corrected mass flow, raw gas before washer-cooler ﬁRG 5789.70 kg/h
CO2 mass fraction in raw gas before washer-cooler WCO 18.26 wt. %
2
CO mass fraction in raw gas before washer-cooler wCO 72.22 wt. %
H, mass fraction in raw gas before washer-cooler wh 1.30 wt. %
2
N2 mass fraction in raw gas before washer-cooler wN 6.15 wt. %
2
HZS mass fraction in raw gas before washer-cooler Wy 1.51 wt. %
2
COS mass fraction in raw gas before washer-cooler wCOS 0.494 wt. %
502 mass fraction in raw gas before washer-cooler wSO 0.050 wt. 3
2
HCN mass fraction in raw gas before washer-cooler Yoo 0.015 wt. %
Total W = 99,999 wt. %
° C-Mass Flow in Raw Gas Before Washer-Cooler
—C-Fraction in:
12.01 kgC/k mol
CO2 nC,C02 0 gC/ e CO2
12.01 kgC/k 1
Co nC,CO 0 gC/k mole CO
12.01 k k 1
CoSs nC,COS gC/k mole COS
HCN nC,HCN 12,01 kgC/k mole HCN

* See page 5-36.
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—Mass

Flow From Raw Gas Before Washer-Cooler

Mass flow co, mCO2,RG 1057.20 kg/h
Mass flow CO ﬁCO,RG 4181.32 kg/h
Mass flow COS mCOS,RG 28.60 kg/h

Mass flow HCN mHCN,RG 0.87 kg/h

—C-Mass Flow in Raw Gas

C-mass flow from CO2 mC,COZ 288.62 kg/h
C-mass flow from CO mC,CO 1793.79 kg/h
C-mass flow from COS hC,COS 5.72 kg/h
C-mass flow from HCN ﬁC,HCN 0.39 kg/h
C-mass flow, raw gas mC,RG = 2088.51 kg/h

H-Mass Flow in the Raw Gas Before Washer-Cooler

—H-fraction in:

H nH,H2 2.016 kgH/k mole H,
HZS nH,HZS 2.016 kgH/k mole st
' .008
HCN nH,HCN 1.008 kgH/k mole HCN
—Mass Flow of Raw Gas
T 75.27
Mass flow H2 mHz,RG kg/h
i 87.4
Mass flow st mHZS,RG 2 kg/h
i .87
Mass flow HCN mHCN,RG 0 kg/h
—H~-Mass Flow in Raw Gas
H-mass flow from H m 75.27 kg/h
2 H,H2
- T .1
H-mass flow from HZS mH,H2S 5.16 kg/h
H-mass flow from HCN mH,HCN 0.03 kg/h
H-mass flow, raw gas ﬁH,RG 80.46 kg/h

O-Mass Flow in the Raw Gas Before Washer-Cooler

—O-fraction in:
CcO n

2 0,co,
CO nO,CO
S0, 0,50

2
COoSs nO,COS

—Mass Flow in Raw Gas

Mass flow CO2 mC02,RG

Mass flow CO mCO,RG

32.00 kgO/k mole CO2

16.00 kgO/k mole CO

32.00 kgo/k mole SO,

16.0 kgO/k mole COS

1057.20 kg/h

4181.32 kg/h



Mass flow 502 mSOZ,RG 2.89 kg/h
Mass flow COS mCOS,RG 28.60 kg/h
—O0O~Mass Flow in Raw Gas
- i 768.
O-mass flow from CO2 mO,CO2 68.87 kg/h
O-mass flow from CO m 2589.33 kg/h
0,Co
- fl f i .
O-mass ow from 802 mo,502 1.45 kg/h
- f i 7.63 k
O-mass flow from COS mO,COS g/h
O-mass flow in raw gas m 3167.27 kg/h
0,RG
° S-Mass Flow in the Raw Gas to the Washer-Cooler
—S-fraction in:
802 nS,502 32.06 kgS/k mole 502
HZS nS'st 32.06 kgS/k mole st
Ccos nS,COS 32.06 kgS/k mole COS
—Mass Flow in Raw Gas
i 2.
Mass Flow 502 m502'RG 89 kg/h
Mass flow HZS mﬁzs,RG 87.42 kg/h
T 28.6
Mass flow COS mCOS,RG 0 kg/h
—S-Mass Flow in Raw Gas
S-mass flow from 502 mS,502 1.45 kg/h
S-mass flow from H2S mS,H25 82.25 kg/h
- T 15.28
S-mass flow from COS mS,COS kg/h
S-mass flow, raw gas ﬁS,RG 98.98 kg/h
H, O-Mass Flow From Gasifier Oxygen.
m, . =m, [kgi/hl + n, , [kgi/kgi]l - (1/M.) [k mole i/kgi
mjll ml[gl/] nj’l[gj/gll (/l)[ e i/kgi]
where i1 = gas component
j = component element (H, O)
M = 2.016 kg/k mole
Hy
M = 32.00 kg/k mole
o]
2
) O-Mass Flow as O2 From Gasifier Oxygen
O-fraction in O2 nO’02 32.00 kgO/k mole O2
Mass flow O2 ﬁo 2916.77 kg/h (Page 5-44)
2
O-mass flow from O, m 2916.77 kg/h
2 0,02




° O-Mass Flow From H_O in Gasifier Oxygen

O-fraction in H20 ’ nO,H2O 16.00 kgO/k mole H20
Mass flow H_O in gasifier

oxygen mHzo,VS 25.84 kg/h (Page 5-44)
O-mass flow from H,.O in

gasifier oxygen mO,Hzo,vs 22.95 kg/h

° H~-Mass Flow From H20 in Gasifier Oxygen

H-fraction in HZO nH’H20 2.016 kgH/k mole H20
Mass flow H20 in gasifi?r

oxygen mHzo,VS 25.84 kg/h
H-mass flow from HZO in.

gasifier oxygen mH,HZO,VS 2.89 kg/h

C, H, O, N, S-Mass Flow of Flue Dust at the Dust-Measuring Location.

m, prsr - (/100Wy orgn Mppgp  K9/h]
L) Mass Flow of Dry Flue Dust, Measuring Location
fop = 472.66 kg/h  (Page 5-44)
) Element Analysis of Flue Dust
H20 szo wt. %
C W 51.2 wt. % wf
H wH 0.1 wt. % wf
0 wO 0.0 wt. % wf
N wN 0.0 wt. % wf
S We 2.7 wt. % wf
Ash Wae 46.1 wt. % wf
) C-Mass Flow
fnC,FLST = 242.00 kg/h
° H-Mass Flow
ﬁH,FLST = 0.47 kg/h
) O-Mass Flow
ﬁO,FLST = 0.00 kg/h
) N~Mass Flow
ﬁN,FLST = 0.00 kg/h
) S~-Mass Flow
ﬁS,FLST = 12.76 kg/h
® Ash Mass Flow
mAS,FLST = 217.90 kg/h



C, H, O, N, S-Mass Flow of Solids Suspe

nded From the Washer-Cooler Effluent

(Not Used in This Calculation).

m pgp - (1/1000ws pon -
° Mass Flow of Dry Solids
Mpgp ~ ka/h
° Element Analysis of the Solid
HZO wH 0 wt.
2
Cc wC - wt.
H wH - wt.
o} wO - wt.
N WN - wt.
S wS - wt.
Ash wAS - wt.
® C—@ass Flow
Mo, psp ~ X9/M
® H-Mass Flow
IhH,FST - kg/h
° O—@ass Flow
My, psy K/
® N-Mass Flow
rhN,FST - ka/h
° S—@ass Flow
Mg, psr T K9/D
o Ash Mass Flow
T - kg/h

Mas, FST

[kg/hl]

s From the Washer-Cooler*
%

%

wt
wf

%

o0

wf

oe

wt

0@

wt

00

wt

C, H, 0, N, S Mass Flow of Solids in Slag Extractor Effluent.

™,asa (l/loo)wj,ASA " Masa
° Mass Flow of Dry Solids
i = 39.80 h
M on 9 kg/ (Page 5
) Element Analysis of Solids
HZO WH 0 wt.
2
72.9 t.
W W
H 0.2 wt.

*Not required because the Dust Analysis
Balance.

(kg/hl

-44)

-4

wi

o°

wt

from the gas stream is used for the Mass



wO 0.35 wt. % wf
wN 0.25 wt. % wf
wS 2.2 wt. & wf
Ash wAS 24.0 wt. % wf
) C-Mass Flow
mC’ASA = 29.1 kg/h
) H-Mass Flow
ﬁH,ASA = 0.08 kg/h
® O-Mass Flow
mO,ASA = 0.14 kg/h

® N-Mass Flow
ﬁN ASA = 0.14 kg/h
’

® S-Mass Flow

mS,ASA = 0.88 kg/h
® Ash Mass Flow

mAS'ASA = 9.55 kg/h

¢, H, O, N, S-Mass Flow From the Slag.

mj,SL = (l/loO)Wj,SL . ﬁSL {kg/hl
° Mass Flow of Dry Slag
ﬁSL = 112.70 kg/h  (Page 5-44)
° Element Analysis of Slag
H20 WH20 wt. %
c Ve 6.7 wt. % wf
H wH 0.0 wt. % wf
0 wO 0.0 wt. & wf
N wN 0.0 wt. % wf
S wS 1.9 wt. % wf
Ash Yo 91.4 wt. % wf
) C-Mass Flow
ﬁC,SL = 7.55 kg/h
) H-Mass Flow
ﬁH,SL = 0.00 kg/h
) O-Mass Flow
ﬁO,SL = 0.00 kg/h
° N-Mass Flow
ﬁN,SL = 0.00 kg/h
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® S-Mass Flow
ﬁS,SL = 2.14 kg/h
) Ash Mass Flow
ﬁAS,SL = 103.01 kg/h
C, H, O, N, S-Mass Flow From the Residue in the Gasifier.
ﬁj,RV = (l/lOO)wj,RV . mRV {kg/h]
) Mass Flow of Dry Residue
ﬁRV = 51.82 kg/h (Page 5-44)
® Element Analysis of Residue
Hy0 YHo o - wt. s
2
c Ve 72.9 wt. % wf
H wH 0.2 wt. % wf
o] L 0.35 wt. % wf
N wN 0.35 wt. % wf
S wS 2.2 wt. % wf
Ash wAS 24.0 wt. % wf
o C-Mass Flow
ﬁC,RV = 37.78 kg/h
° H-Mass Flow
mH,RV = 0.10 kg/h
° O-Mass Flow
ﬁO,RV = 0.18 kg/h
) N—@ass Flow
mN,RV = 0.18 kg/h
° S—@ass Flow
mS,RV = 1.14 kg/h
) Ash Mass Flow
ﬁAS,RV = 12.44 kg/h
C, H, O, N, S-Mass Flow in the Char Feed.
ﬁj,K = (l/lOO)wj’K . ﬁK [kg/hl]
) C—@ass Fl?w of th§ Char Feeq . . .
Tcx = "c,re * Mc,rst T "c,rst T "c,asa t "¢,st T Mc,rv
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C-mass flow, raw gas 2088.51 kg/h (Pages 5-46

C-mass flow, flue dust ﬁ‘z::;T 242.00 kg/nh  ° >3
C-mass flow, solids ﬁC,FST - kg/h
C-mass flow, ash discharge,
slag extractor mC'ASA 29.1 kg/h
C-mass flow, slag mC,SL 7.55 kg/h
C-mass flow, residue mC,RV 37.78 kg/h
C-mass flow of char feed ﬁC,K = 2403.91 kg/h
) Element Analysis of Char Feed
HZO wHzo 1.63 wt. %
(o wC 76.4 wt. % wf
H W 1.7 wt. & wf
o} wo 3.3 wt. % wf
N wN 1.4 wt., % wf
S W 4.0 wt. 2 wf
Ash Was 13.2 wt. % wf
° Mass Flow of the Char Feed
ﬁK = 100 mC,K/WC,K [kg/h])
C-wt. fraction of charged-in dry char WC,K 76.4 wt. % wf
Mass flow of charged-in dry char ﬁK 3146.48 kg/h
) C-Mass Flow,. Char
mC'K = 2403.91 kg/h
) H-Mass Flow, Char
ﬁH,K = 53.49 kg/h
® O~Mass Flow, Char
ﬁo,K = 103.83 kg/h
® N-Mass Flow, Char
ﬁN,K = 44.05 kg/h
® S-Mass Flow, Char
mS,K = 125.86 kg/h
) Ash Mass Flow, Char
ﬁAS,K = 415.34 kg/h
H, O-Mass Flow in the Water Content of the Char Feed.
mj,HZO,K = ﬁHZO,K [kg/h] - nj,i [kgi/k mole i] - (l/Mi) [k mole i/kgil]

where i = component material

j. = component element



fraction of element in kg/kmole material component i

M = molecular weight

® H-Mass Flow From H20 of the Char
Mass flow, H_ O in char m 52.08 kg/h (Page 5-44)
2 HZO'K
- i i 2.0
H-fraction in the H2O nH,HZO 016 kgH/kmole H20
H-mass flow from H20 in char
T = 5.83 k
mH,H20,K > 9/h
® O-Mass Flow in HZO in the Char
Mass flow, H2O in char ﬁHzo,K 52.08 kg/h (Page 5-44)
- i i 16. 1
O-fraction in the H20 nO,HZO 00 kgO/kmole HZO

O-mass flow from Hzo in char

mO,HZO,K = 46.25 kg/h

H, O-Mass Flow From the Water Content of the Raw Gas to the Washer-Cooler
(Without Quenching Water.

ﬁj,Hzo,RG = ﬁﬁzo,RG [kg/h] - nj,i [kgj/kmole i] - [l/Mi) [kmole i/kgil]
) H-Mass Flow From H20 in the Raw Gas
Mass flow, HZO in the raw gas .é2O,RG 199.33 kg/h (Page 5-44)
H-fraction in HZO nH,HZO 2.016 kgH/kmole H20

H-mass flow from H_O in the raw gas, without
quenching water

m' = 22.31
mH,H20,RG kg/h
) O-Mass Flow From H20 in the Raw Gas
Mass flow of H. O in the raw gas m' : 199.33 kg/h (Page 5-44)
2 H2O,RG
o-fraction HZO nO,HZO 16.0 kgO/kmole H2O

O-mass flow from H_O in the raw gas, without
quenching water

' = 177.
mO,H 1 02 kg/h

2O,RG

H, O-Mass Flow From Steam Addition.

mj,HZO,D = mD [kg/hl] nj,i [kgi/kmole i] - (l/Mi) [kmole i/kgi]
° H-Mass Flow From Steam Addition
Mass flow, steam addition mD : 362.34 kg/h (Page 5-44)
H fraction in the H, O n : 2.016 kgH/kmole H_O
2 H,D 2

H-mass flow from steam addition

T = 40, h

mH,D 0.55 kg/



) O-Mass Flow From Steam Addition

Mass flow, steam addition ﬁD 362.34 kg/h (Page 5-44)
O-fraction in H20 nO,D: 16.00 kgO/kmole H20
O-mass flow from steam addition
i = 321.79 kg/h
T, g/
Mass Balance
Mass Flow, Inlet.
Char ﬁK : 3146.48 kg/h
Oxygen (pure) m02 2916.77 kg/h
Nitrogen ﬁN : 162.72 kg/h
2
Water from oxygen m : 25.84 kg/h
H20,O2
Water from char mHZO,K : 52.08 kg/h
Steam th : 362.34 kg/h
Total min : 6666.23 kg/h
Mass Flow, Outlet.
Raw gas before washer-cooler ﬁRG : 5789.70 kg/h
Water in raw gas, without
quenching water mHZO,RG : 199.33 kg/h
Flue dust FLST : 472.66 kg/h
Ash discharge L 39.80 kg/h
i : 112.70 k
Slag L 1 g/h
Gasifier residue mRV 51.82 kg/h
Tot i : 6666.01 kg/h
otal m ot 66 g/
Carbon Balance
Mass Flow, Carbon, Inlet.
C-char mc K : 2403.91 kg/h (Page 5-52)
4
-total i , : 2403.91 kg/h
C-tota mC,ln g/




Mass Flow, Carbon, Outlet.

C-raw gas before washer-cooler ﬁc RG 2088.51 kg/h
1
- d T : 242,
C-flue dust C,FLST 00 kg/h
-ash disch i : 29,
C-as ischarge mC,ASA 9.10 kg/h
c-sl i : 7.
slag mC,SL 55 kg/h
C- ifi id i 37.
gasifier residue mC,RV 78 kg/h
-total i 2404.
C-tota mC,out 04.94 Xkg/h
iff : m_ ., - I = Am_ = -1.03
Difference mC,ln mC,out Amc 0 kg/h
Ratio: mC,out : mC,in N nC,balance = 1.000
Hydrogen Balance
Mass Flow, Hydrogen (H), Inlet.
H-char mH K 53.49 kg/h (Page 5-52)
7
- i i . Page 5-53
H-water in char mH,Hzo,K 5.83 kg/h (Pag )
- i B . R ) -
H-water in oxygen mH,Hzo,VS 2.89 kg/h (Page 5-48)
H-steam addition ﬁH b : 40.55 kg/h (Page 5-53)
14
H-total i : 102.
ota mH,in 02.76 kg/h
Mass Flow, Hydrogen (H), Outlet.
H-raw gas before washer-cooler ﬁH RG 80.46 kg/h
I
H-water in raw gas, without
quenching water mH,HZO,RG 22.31 kg/h
H-flue dust mH,FLST 0.47 kg/h
H-ash discharge H,ASA 0.08 kg/h
H-slag mH,SL 0.00 kg/h
H-gasifier residue mH,RV 0.10 kg/h
- T 103.42
H-total mH,out 3.42 kg/h
i : m, o, - @ = Am_ = -0.66
Difference mH,ln mH,out AmH 0.66 kg/h
io: o tm_, = =1.0
Ratio mH,out mH,:Ln nH,balance 06
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Oxygen Balance

Mass Flow, Oxygen (0), Inlet.
O-char m 103.83 kg/h (Page 5-52)
14
O-oxygen m 0, 2916.77 kg/h  (Page 5-47)
- i i 46.2 Page 5-53
O-water in char mO,Hzo,K 6.25 kg/h (Pag )
O-water in oxygen mo,HZO,VS 22.95 kg/h (Page 5-48)
O-steam addition mo D 321.79 kg/h (Page 5-54)
7
- i 411.
O-total mO,in 3411.59 kg/h
Mass Flow Oxygen (0O), Outlet.
O-raw gas before washer-cooler mo . 3167.27 kg/h
14
O-water in raw gas O,HZO,RG : 177.02 kg/h
0-flue dust o0, FLST 0.00 kg/h
O-ash discharge mO,ASA 0.14 Xkg/h
O-slag mO,SL 0.00 kg/h
O-gasifier residue mO,RV 0.18 kg/h
- T : 3344.
O-total mO,out 44.61 kg/h
iff : m - I = Am 66.
Difference mo,in mO,out Amo 6.98 kg/h
io: m tm. . = = 0.98
Ratio mO,out mO,ln nO,balance 0.980
Sulfur Balance
Mass Flow, Sulfur (S),Inlet.
S-char ms 125.86 kg/h  (Page 5-52)
I
S-~total m 125.86 kg/h
S,1
Mass Flow, Sulfur (S), Outlet.
S-raw gas before washer-cooler ﬁs RG : 98.98 kg/h
r
- T 12.76 k
S-flue dust mS,FLST g/h
- i i 0.88 k
S—-ash discharge mS,ASA 8 g/h
- o 2.14 kg/h
S-slag S,SL g/
- ifi i i 1.14 k
S-gasifier residue mS,RV g/h
- T 115.90 x
S-total M out g/h

(Page 5-47)

(Page 5-53)
(Page 5-48)
(Page 5-50)
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Difference: m_ , - m
S,1n S,out S

Ratio: m :m_ , = = 0.921
* S,out S,in nS,balance

Heat Balance (For Test Run 027)

The balance limits are illustrated in Figure 5-4.

= Mh_ = 9.96 kg/h

Raw Gas

= Steam
Flue Dust

Loss

by gy ol -

1y

Cooling

- 1:::91

Water L - Ash, Slag

Figure 5-4. Sketch of Balance Limits

Added Enthalpy.

AH, =1, - c . (t, - t)
i o

i = component

Reference temperature to is 0°cC,

° Enthalpy of Char Feed

Coal, Water
Steam, Oxygen

= 20°C (assumed)

0.7392 kJ/kg°K (Page 5-58)

3146.48 kg/h (Page 5-44)

12.92 kJ/sec

Initial temperature of char tK
Average specific heat of char c =
b
m,K
Mass flow of char ﬁK =
Enthalpy of charged-in (raw)
char, inlet AHK =
H =
AK

1.11

lO4 kcal/h



—Average Specific Heat of Char, Flue Dust, Ash

t
3 -‘f- o
cp . (1/100)wAs’i [$] C (l/lOO)wc,l [%] ¢ [kJ/kg°K]
m,i 0 AS C
wC i = mass fraction of carbon in the material (coke, flue dust,
' etc.)
cp = average specific heat of graphite
C
c = 0.80 kJ/kg°K
Pc
WAS = mass fraction of ash in material (coke, flue dust, etc.)
7
c = average specific heat of ash = quartz-sand
Pas
c = 0.97 kJ/kg°K
Pas
—Average Specific Heat of Charged-in Char
Percent mass fraction of carbon in the char wC X = 46.7 wt. %
r
Percent mass fraction of ash in the char wAs - = 13.2 wt. %
?
Average specific heat of char cp = 0.7392 kJ/kg°K
—Average Specific Heat of Flue Dust m,K
i i = .2 .
Percent mass fraction of carbon in flue dust WC,FLST 51 wt. %
Percent mass fraction of ash in flue dust WAS,FLST= 46.1 wt. %
Average specific heat of flue dust cp = 0.8568 kJ/kg°K
—Average Specific Heat of Ash m, FLST
Percent mass fraction of carbon in the ash wC ASA = 72.9 wt. %
r
i i = 24. .
Percent mass fraction of ash in ash WAS,ASA 4.0 wt. %
Average specific heat of ash c = 0.8160 kJ/kg°K
Pn,asa
—Average Specific Heat of Slag
Percent mass fraction of carbon in the slag Yo o T 6.7 wt. %
r
Percent mass fraction of ash in the slag wAS SL = 91.4 wt. %
r
Average specific heat of the slag cp = 0.9402 kJ/kg°K
m,SL

Enthalpy of Water in Char

Inlet temperature of water in char tH o = 20°C (assumed)
2
Average specific heat of water cp % = 4,186 kG/kg°K (Steam Tables)
0
w
Mass flow, water in char m = 52.08 kg/h (Page 5-44)
H20,K
Enthalpy of water from char AH = 1.21 kJ/sec
H20,K
3
AHHzo,K = 1.04 - 10 kcal/h
Enthalpy of 02, Inlet
Inlet temperature of O2 to = 114.4°C (Page 5-33)
2
Average specific heat of O2 c E = 2,710 kJ/kg°K
(0]



Mass flow O2 ﬁo = 2916.77 kg/h (Page 5-44)
2
Enthalpy 0, AH_ = 317.06 kJ/sec
2
AH = 2.73 105 kcal/h
e}
2
) Enthalpy of N2, Inlet
Inlet temperature tN = 114.4°C (Page 5-33)
2
e t
Average specific heat N2 c | = 1.025 kJ/kg°K
Pn.oo
2
Mass flow, N2 hN = 162.72 kg/h (Page 5-44)
2
Enthalpy of N, inlet AH = 5,30 kJ/sec
2
AH = 4,56 * 103 kcal/h
N,
) Enthalpy of Water Vapor in Gasifying Oxygen
o -
Inlet temperature v tHZO,VS 114.4°C (Page 5-33)
Specific enthalpy of steam AhSD = 2710 kJ/kg (Steam Tables)
Mass flow, steam in VS m = 25.84 kg/h (Page 5-44)
HZO,VS
Enthalpy of steam in VS AHH20,VS = 19.45 kJ/sec
4
AHH o,vs - 1.67 10" kcal/h
2
° Enthalpy of Steam Addition, Inlet
Pressure of saturated steam pD = 5.57 bars
Specific enthalpy of saturated
steam AhD = 2752 kJ/kg (Steam Tables)
Mass flow, steam addition ﬁD = 364.4 kg/h
Enthalpy of steam addition AH_ = 278.56 kJ/sec
AH_ = 2.4 - 105 kcal/h
) Enthalpy of Cooling Water, Inlet
Inlet temperature t = 41.52°C
Specific enthalpy of cooling
water cp = 4,186 kJ/kg°K (Steam Tables)
H O
Mass flow, cooling water ﬁsz = 235421 kg/h (Page 5-40)
Enthalpy of cooling water AHKW = 11365.78 kJ/sec
6
= 9,77 - 1
AHKW 10 kcal/h

Enthalpy Leaving.

) Enthalpy of Raw Gas at Gasifier Exit
= ZAH
AHRG i
t,
M, =mc_, |*(t, -t)
i ip,i i o
0



Because they were present only in small amounts, the gas components
COS, 50,5, and HCN were included in the calculation as CO,. Temper-
ature-dependence of the average specific heats:

c [kJ/kg®K] = 0.8557 + 3.4150 - 10~4 . t + 7.8471 - 1078 . ¢2
P,CO2
-4 -8 2
c " =1.0143 + 1.3749 - 10 t - 2.2865 - 10 -t
P/ CO -4 -8 2
c H " = 14.3670 + 2.2633 - 10 -t + 19.310 - 10 -t
o -4 -8 2
c N " = 1.0117 + 1.2177 - 10 t -1.7183 - 10 ct
Pr%a -4 -8 2
c " = 0.9532 + 1.9014 - 10 -t - 1.4002 - 10 -t
p,HZS
Temperature of raw gas tRG = 1503.2°C
Specific heat CO c f = 1.5463 kJ/kg°K
2 p,CO, b
Specific heat CO c £ = 1.1693 kJI/kg°K
p,CO }J
t
Specific heat H c = 15.1435 kJ/kg°K
2 poty |
Specific heat N c f = 1.559 kJ/kg°K
2 PN,
Specific heat H_S c f = 1.2074 kJ/kg°K
2 p,HZS
CO2 mass flow in the raw gas
before washer-cooler m = 1057.20 kg/h (Page 5-46)
CO2,RG
CO mass flow in the raw gas
before washer-cooler m = 4181.32 kg/h (Page 5-~46)
CO,RG
H2 mass flow in the raw gas
before washer-cooler m = 75.27 kg/h (Page 5-46)
H2,RG
N2 mass flow in the raw gas
before washer-cooler m = 356.07 kg/h
N2,RG
st mass flow in the raw gas
before washer-cooler m = 87.42 kg/h (Page 5-406)
H2S,RG
Enthalpy of the CO2 in raw gas AHCO = 682.60 kJ/sec
2
Enthalpy of the CO in raw gas AHCO = 2041.52 kJ/sec
Enthalpy of the H2 in raw gas AH = 475.95 kJ/sec
2
Enthaply of the N2 in raw gas AHN = 171.86 kJ/sec
2
Enthalpy of the st in raw gas AHH S = 44.07 kJ/sec
2
Enthalpy of raw gas, gasifier
exit AHRG = 3416.0 kJ/sec
6
AHRG = 2.94 10" kecal/h




Enthalpy of Water Vapor in Raw Gas

Temperature, steam, exit t = 1503.2°C (Dust measurement)
H20, RG
Partial pressure of steam pSD = - bar
Specific enthalpy at (t, p) c = 2.3025 kJ/kg (Steam Tables)
Pre
Mass flow, steam, without
quenching water mH20,RG = 199.33 kg/h (Page 5-44)
Enthalpy of steam in raw gas AH = 191.6 kd/sec
H20, RG
5
AHHZO,RG = 1.65 10" kecal/h
Enthalpy of Flue Dust, Exit
Temperature, flue dust tFLST = 1503.2°C (Dust measurement)
Specific heat, flue dust ¢ = 0.8568 kJ/kg°K (Page 5-58)
PrrsT
Mass flow, flue dust mFLST = 472.66 kg/h (Page 5-44)
Enthalpy of flue dust,
exit AHFLST = 169.1 kJ/;ec
AHFLST = 1.45 - 10 kcal/h
Enthalpy of Ash at Ash Discharge
Temperature, ash tASA = 1503.2°C (Assumed)
Specific heat, ash c = 0.8160 kJ/kg°K (Page 5-58)
Pasa
Mass flow, ash ﬁASA = 39.80 kg/h (Page 5-44)
Enthalpy of ash in ash
discharge AHASA = 13.6 kJ/SZC
AHASA = 1.17 10" kcal/h
Enthalpy of Slag, Exit
Temperature, slag in slag leg tSL = 1300°C (Melting point)
Specific heat, slag cp = 0.9402 kJ/kg°K (Page 5-58)
SL
Mass flow, slag ﬁSL = 112.70 kg/h (Page 5-44)
Enthalpy of slag, exit AHSL = 38.3 kJ/sec
4
AH = 3,
SL 29 10" kecal/h
Enthalpy of Cooling Water, Gasifier Exit
Temperature, cooling water, exit t = 51.24°C

Specific enthalpy HZO cHZO
Mass flow, cooling water ﬁKW

Enthalpy of cooling water,
exit AHKW
AHKW

= 4.186 kJ/kg°K (Steam Tables)

235,421 kg/h  (Page 5-40)

]

14026.6 kJ/sec
1.206 - lO7 kcal/h

I



Chemically Bound Heat.

Chemically Bound Heat of Char Feed, Inlet

Upper heating value, char HO X
14
Mass flow, charged-in char ﬁK
Chemically bound heat,
charged~-in char HK
H
K

Chemically Bound Heat, Raw Gas, Exit

28210.66 kJ/kg
3146.48 kg/h  (pPage 5-44)

24656.74 kJ/sec
7
2.1201 * 10 kcal/h

3

= 10.09 * 10 kJ/kg
= 4181.32 kg/h (Page 5-46)
= 11719.3 kJ/sec

= 1.

0l

. 107 kcal/h

= 142.00 - lO3 kd/kg

= 75.27 kg/h (Page 5-46)

= 2968.9 kJ/sec

= 2.

55

- 106 kcal/h

= 16.547 - lO3 kd/kg

= 87.42 kg/h (Page 5-46)

= 3.

45

lO5 kcal/h

ti 1 H
Upper heating value, CO 0,00
Mass flow, CO mCO
Chemically bound heat, CO HCO
H
CcO
i H
Upper heating value, H2 o,H2
Mass flow, H, .H2
Chemically bound heat, H H
2 H
2
H
H2
Upper heating value H2S Ho,HZS
Mass flow, st mHZS
Chemically bound heat, H_S H
2 H.S
2
ZHR.G

= 15090.0 kJ/h

Chemically Bound Heat, Flue Dust, Exit

33.87 - 10° kJ/kg

51.2 wt. %
472.66 kg/h (Page 5-44)

2274.8 kJ/sec

1.96

lO6 kcal/h

33.87 - 103 kJ/kg

= 72.9 wt. %

39.8 kg/h (Page 5-44)
372.7 kJ/sec

2.34

105 kcal/h

Heating value of carbon Ho c
7
C~fraction, flue dust wC,FLST
f £ a i
Mass flow, flue dust mFLST
Chemically bound heat,
flue dust H
s FLST
H
FLST
Chemically Bound Heat, Ash in Slag Extractor, Exit
Heating value of carbon HO c
1
-f ti h disch
C-fraction, as ischarge wC,ASA
Mass flow, ash discharge mASA
i d heat H
Chemically boun e Asa
H
ASA

5=62



) Chemically Bound Heat, Slag, Exit

Heating value of carbon HO c = 33.87 ° 103 k3J/kg
I
— 1 = %
C-fraction, slag wC,SL 6.7 wt.
Mass flow, slag hSL = 112.70 kg/h  (Page 5-44)
Chemically bound heat, slag HSL = 71.0 kJ/sec
4
H = 6.10 -
sL, 10 kcal/h
Heat Balance, Total Heat.
= Z +
Q (AHi Hi)
) Heat Flow, Inlet
Total heat, in char feed QK = 24669.66 kJ/sec
Total heat, H20 from char QHZO,K = 1.21 kJ/sec
Total heat, o2 QO = 317.06 kJ/sec
2
Total heat, N Q = 5.30 kJ/sec
2 N2
Total heat, H20 in oxygen feed QHZO,VS= 19.45 kJ/sec
Total heat, steam addition QD = 278.56 kJ/sec
Total heat, cooling water QKW = 11365.78 kJ/sec
Total heat, inlet Qin = 36657.02 kJ/sec
) Heat Flow, Exit
Total heat, raw gas QRG = 18506.02 kJ/sec
Total heat, HZO in raw gas QHZO,RG = 1901.6 kJ/sec
Total heat, flue dust QFLST = 2443.9 kJ/sec
Total heat, ash discharge QASA = 286.3 kJ/sec
Total heat, slag QSL = 109.2 kJ/sec
Total heat, cooling water QKW = 14026.6 kJ/sec
Total heat, losses QVL = 1093.4 kJ/sec
Total heat, exit Qout = 36657.02 kJ/sec
io: : Q, = = 0.0298

Ratio QVL an nQ 029

Gasification Results

Degree of C-Gasification.

=1 . . N
Ne = 100 my pe/Me g (2]
C-mass flow, raw gas ﬁc rRG = 2088.51 kg/h  (Page 5-46)
r
C-mass flow, char ﬁc k = 2403.91 kg/h (Page 5-52)
I

nC = 86.88 [%]



Degree of Steam Decomposition.

= 100 - i
€ (1 mHZO,out/mHZO,in

) [=]

® Mass Flow, H.O, Inlet

2
H,O-char ﬁH ox = 52.08 kg/h (Page 5-44)
2 I’
H, O-oxygen m
2 Y9 H,0,0, = 25.84 kg/h  (Page 5-44)
H,O-steam hD = 362.34 kg/h (Page 5-44)
Total H20 r'nH oin = 440.26 kg/h
2 17
° Mass Flow, H20, Exit
Hzo—raw gas (without quenching water) mHzo,RG = 199.33 kg/h
Total H_O T = .
, mHzo,out 199.33 kg/h
€ = 54.72 [%]
Degree of Hydrogen Decomposition.
- 100 & .
Ny Omy re/™,in (¥
H-mass flow, raw gas, exit ﬁH . = 80.46 kg/h
(from H2, H2S, and HCN) !
H-mass flow, inlet m. . = 102.76 kg/h
H,1in
nH = 78.30%
Degree of Hydrogen Formation.
o . . .
Ny 00 my pe/My x [
H-mass flow, raw gas, exit .H e = 80.46 kg/h
(from H,, H,8 and HCN) !
H-mass flow, char ﬁH K = 53.49 kg/h
’

' = 150.42%
nH 0.42

Efficiency of Thermal Gasification (Cold Gas Efficiency).

= H H
nth,V O,gas/ 0,K

Chemically bound heat, char H 24656.7 kJ/sec

0,K
Chemically bound heat, raw gas HO gas = 15090.0 kJ/sec
r
Thermal gasification
efficiency nth,v = 0.6120

(Page 5-44)



Specific Heat Loss of Gasifier.

= A
9= 2/x, (co + H,)
Enthalpy, cooling water, gasifier inlet QKW in = 11365.8 kJ/sec
!
Enthalpy, cooling water, gasifier exit QKW,out = 14026.6 kJ/sec
Increase in enthalpy, cooling water,
gasifier AQKW = 2660.0 kJ/sec
6
AQKW = 2.288 10" kecal/h
1 + \Y = . - %
Volume percent CO H2 co + H2 82.42 vol
Normal volume flow, raw gas from 3
her- _ i
washer-cooler VN,RG 3080.57 Nm”/h
Normal volume flow CO + H2 before 3
washer-cooler VN,(CO " H2) = 4198 Nm /h

2287.2 kJ/Nm3
546.4 kcal/Nm3

Specific heat loss, gasifier

Tabular Representation of the Char Tests

Western Kentucky Char.

Tables 5-10 to 5-15 list in consecutive order the data and results from
the five test runs with Western Kentucky char. All tests were made under
steady and stable operating conditions in order to ensure reliable data.
The time required to reach stable conditions and to adjust the screw

feed for steady flow is not included as part of the test period.

Table 5-10 covers the analyses and feed rates of the char, oxygen, and
steam to the gasifier.

Table 5-11 gives the raw gas analysis, including trace elements, and
flow rate after the gasifier but before the washer-cooler.

Table 5-12 lists the solid discharges from the gasifier, giving the anal-
yses and mass flow rates for flue dust, ash discharge, slag discharge,
and build-up of gasifier residue.

Table 5-13 gives the once-through wash water analysis, both to and from
the washer-cooler. The analysis includes flow rates, sulfur analysis

as st and SOz, and HCN, both fixed and free.

Table 5-14 gives specific gasification criteria; the gasifier exit tem-
perature; the useful gas make; the specific heat loss; the ratio by
weight of crude gas, oxygen, and steam to char; the useful volume of gas
to char weight; and the carbon conversion, thermal gasifying efficiency,
and heating value of the char.

Table 5-15 gives the H-formation (hydrogen in the gas/hydrogen in the
char), the oxygen and preliminary mass balances (these two balances are
of primary importance in assessing the overall accuracy of the test re-
sults), the sulfur balance, and heat-loss percentage.
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Table 5-10

ANALYSES AND COMPUTED RESULTS RAW MATERIAL FOR
GASIFYING WESTERN KENTUCKY CHAR

DURAS
TION
TEST| OF
COAL NO. | TEST CHAR GASIFYING OXYGEN STEAM
HEAT-
Mass| ING voL. |mass | mass
ANALYSES FLow| VALUE| anaLvses |Frow | rLow | FLow
) A
Yol Yo [Ys Yo " |Ys [Yas | ™k By, x| %2 M2 [w,0. | Mo )
2 2 2
kcal
h |wts | wte |wts|wts|wte|wts| wts | kg/h | /kg |vol.s|vol.xfsm3/n | kg/h | kg/h
W.Kentucky] 019 1.5011.63}75.0[1.7|2.3|1.6{3.0]16.4| 2463 6600{93.35| 7.69 1797 | 2427 | 229
W.Kentucky] 020 2.00{2.33}77.1|1.6[1.9]1.7|3.0{14.7] 2667 6771(89.7 |10.3| 1914 | 2718 | 517
W.Kentucky] 021| 2.00[2.33]77.1|1.6|1.9]1.7|3.0|14.7| 3047 6771|89.0 |11.0| 1863 | 2656 | 259
W.Kentucky] 022| 2.00(2.25{75.6[1.7|2.4]1.6/3.2|15.5]| 2939 | 6662(94.5 | 5.5( 1880 | 2605 | 365
W.Kentuckyl 028 2.00[2.25|75.6[1.7|2.4]1.6|3.2|15.5] 2630 | e662|94.0 | 6.0 2088 | 2870 | 715

*Pure oOxXyg

en

*aeyd AYON3USy UA93SOM SU3 Se I9pAO swes dYjz UT Ieyd

ybangs33Td Y3l I0F SITNSSI pue eIep oYUl OZTILUNMS [g-G OF O1-G SOTded

*xeyd ybangs3iatd
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Table 5-11

ANALYSES AND COMPUTED RESULTS RAW GAS FROM GASIFICATION, WESTERN KENTUCKY CHAR

CHAR TEST NO. RAW GAS BEFORE WASHER-COOLER TRACES IN RAW GAS
Vol. Mass Heating
Analyses Flow Flow Value Specific Mass Flow
B0 ] COp | €O | My [Ny [HpS | €08 | SO, | HOW Y | re | Fo,me | VRS “cos S0, “Hen ¥
Vol.s [vol.s | Vol.%|Vol.%{vVol.%[Vol.% |Vol.% |Vol.% |Vol.% Nm3/h kg/h | kcal/kg mg/Nm3tr mg/Nm3tr mg/Nm3tr mg/Nm3tr mg/Nm3tr
W.Kentucky 019 5.46 {12.10 | 66.74(13.76| 6.34| 0.91 0.12 0.02 0.01 4088 4828 2101.5 16841 4615 706 59.0 1759
W.Kentucky 020 9.97 {16.68 | 59.10[15.62| 7.59| 0.86 | 0.12 0.02 0.006 4443 5301 1933.8 17589 4362 1020 100.7 1738
W.Kentucky 021 4.04 9.01 | 66.87{15.66| 7.40} 0.91 0.12 0.02 0.009 4689 5338 2237.3 17294 4978 1392 123.4 1784
W.Kentucky 022 8.10 |10.73 { 67.07{15.71} 5.38| 0.91 0.15 0.04 0.007 4465 5136 2219.6 18296 4067 1189 86.0 2168
W.Kentucky 028 14.71 | 21.33 | 56.16{15.89| 5.66| 0.79 0.12 0.06 0.005 4472 5470 1816.0 17327 5541 708 173.4 1664
Table 5-12
ANALYSES AND COMPUTED RESULTS SOLIDS FROM GASIFICATION, WESTERN KENTUCKY CHAR
CHAR TEST NO. FLUE DUST ASH DISCHARGE SLAG GASIFIER RESIDUE
Mass Mass Mass Mass
Analysis, Dry Flow Analysis, Dry Flow Analysis, Dry Flow Analysis, Dry Flow
Ve s | Yas | ®rrsr| “c Vs Yas Masa | “c ¥s Yas fsp Yo Vs Yas Moy
Wt. % Wt.% Wt.% kg/h| Wt.% Wt.% Wt. % kg/h | we.s |Wt.% Wt.% kg/h Wt. % Wt.% Wt.$ kg/h
W.Kentucky 019 34.4 1.2 64.2 272 63.1 1.4 34.8 33 3.0 .0.5 96.5 16.1 63.1 1.4 34.8 19.0
W.Kentucky 020 45.8 1.2 52.9 416 71.2 1.4 25.4 58 7.0 0.7 92.3 81.4 71.2 1.4 25.4 13.7
W.Kentucky 021 59.6 1.7 38.5 644 77.1 1.6 20.4 103 5.9 0.5 93.6 90.0 77.1 1.6 20.4 16.3
W.Kentucky 022 54.2 2.0 43.6 554 71.6 1.8 26.5 52 8.2 2.1 89.7 62.0 71.6 1.8 26.5 16.3
W.Kentucky 028 33.3 1.2 65.3 266 65.9 1.7 32.3 32 10.2 1.0 88.8 62.0 65.9 1.7 32.3 16.3
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Table 5-13

ANALYSES AND COMPUTED RESULTS WASH WATER
WESTERN KENTUCKY CHAR

CHAR TEST NO. WASH WATER FOR WASHER-COOLER
Inlet Exit
Volume
Specific Mass Flow Specific Mass Flow Flow
WeHCN WOHCN W"HCN W"HCN
W°H25 free fixed |[We°SsO W"st free fixed W"SO2 VH2O,KW
mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 m3/h
W. Kentucky 019 - 0.002 1 - 30.72 1.27 12.42 49.52 38.41
W. Kentucky 020 - 0.002 1 - 34.95| 1.e68 7.56 [144.98 33.06
W. Kentucky 021 - 0.002 1 - 93.90| 2.59 10.80 22.29 32.99
W. Kentucky 022 - 0.002 1 - 128.30 2.46 3.60 | 41.25 34.74
W. Kentucky 028 - 0.002 1 - 28.50 (| 0.95 10.00 {124.79 32.50
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Table 5-14

COMPUTED RESULTS WESTERN KENTUCKY CHAR

CHAR TEST NO. TEMP. USEFUL GAS RESULTS
Speci- Crude O2 Steam /| CO Thermal|HO, RG
fic Gas + H Carbon | Gasify~-
Gasi~- Volume Heat 2 Gasifi-| ing
fier Flow Loss cation| Effi-
ciency
tv co + H2 q Char Char Char Char Char
3 kcal/
°c Nm™/h Nm>co ka/kg | ko/kglka/kg |Nm /kg| % 5 | kd/kg
2
W. Kentucky 019 1590 3290 770.3 1.9602 0.985410.0930| 1.3358| 93.71 62.42 | 17246
W. Kentucky 020 1383 3320 823.5 1.9876 1.0191|0.1939| 1.2735} 88.02 56.77 | 16021
W. Kentucky 021 1238 3870 604.5 1.7519 0.8717{0.0850 | 1.2701| 81.44 57.88 | 16406
W. Kentucky 022 1409 3696 633.2 1.7475 0.886410.1242 | 1.2576} 84.07 58.22 | 16237
W. Kentucky 028 1490 3222 962.2 2.0798 1.0913}0.2712| 1.2251| 93.65 56.70 | 15812
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Table 5-15

COMPUTED RESULTS EFFICIENCIES, WESTERN KENTUCKY CHAR

CHAR TEST NO. EFFICIENCY
H-Formation O-Balance | S-Balance Qloss/Qin Preliminary Mass
Balance
H % 0 % S % Heat Loss % %

W. Kentucky 019 127.94 103.8 88.5 0.4 97.37
W. Kentucky 020 153.43 99.6 88.1 2.6 99.70
W. Kentucky 021 142.84 98.7 92.0 1.5 99.89
W. Kentucky 022 132.75 103.4 89.3 2.8 98.62
W. Kentucky 028 149.03 102.0 79.0 2.7 97.95
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Table 5-16

ANALYSES AND COMPUTED RESULTS RAW MATERIALS FOR GASIFYING, PITTSBURGH CHAR

DURA-
TION
TEST | OF
COAL NO. TEST CHAR GASIFYING OXYGEN STEAM
MASS | HEAT VOL. |MASS MASS
ANALYSES FLOW | VALUE | ANALYSES | FLOW |FLOW FLOW
W w w w w w m H N \Y m *| m
no | Ve | Yo N s as | 'K 0,k | °2 2 N,0, mo2 D
kcal/ 3
h Wt.s | wt.s | wt. [wt.® |wt.s |wt.s |{wt.% | kg/h| kg  |voil.2|vol.: |mm’/h| kg/H kg/h

Pittsburgh 023 2.00 1.80 75.0 1.9 2. 1.4 4.1 }115.3 | 2495 | 6723 92.60 7.40 | 1860 2494 697

Pittsburgh 024 2.00 1.80 75.0 1.9 1.4 4.1 |15.3 ) 3009 | 6723 93.65 6.35 ] 1922 2714 428

Pittsburgh 026 2.50 1.63 76.4 1.7 1.4 4.0 |13.2 ) 3244 | 6738 93.70 6.30 | 1964 2779 374
Pittsburgh 027 2.50 1.63 76.4 1.7 1.4 4.0 |13.2| 3146 | 6738 93.93 6.07 | 2093 2917 362

3
2.3
Pittsburgh 025 2.00 1.80 75.0 1.9 2.3 1.4 4.1 [{15.3 | 3245 | 6723 93.65 6.35 | 1916 2607 254
3.3
3.3

*Pure oxygen
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Tab

le 5-17

ANALYSES AND COMPUTED RESULTS RAW GAS FROM

GASIFICATION, PITTSBURGH CHAR

T
CHAR NE?T RAW GAS BEFORE WASHER-COOLER TRACES IN RAW GAS
Vol. Mass | Heating
Analysis Flow Flow Value Specific Mass Flow
H20 CO2 co H2 N2 H_ S CoSs 502 HCN VN,RG hRG HO,RG wﬁzs wéOS wéoz wéCN wé
3 keal/ 3 3 3 3 3
vol.% vVol.% vol.% Vol.% Vol.% Vol.% Vol.% vol.% vol.% Nm~/h| kg/h kg mg/Nm tr mg/Nm tr mg/Nm er mg/Nm tr mg /Nm N
Pittsburgh| 023 |15.92 18.59 56.64 17.52 5.96 1.09 0.17 0.02 0.005 4070 4831] 1943.3| 16841 4615 706 59.04 2463
Pittsburgh| 024 9.56 11.04 65.18 16.63 5.80 1.14 0.16 0.04 0.009 4506 5150f 2220.7| 17589 4362 1020 100.7 2327
Pittsburghj 025 4.98 5.87 70.56 17.01 5.19 1.12 0.18 0.05 0.010 4776 5261 2460.9} 17294 4978 1392 123.4 2657
Pittsburgh| 026 3.93 8.16 66.69 17.64 6.12 1.19 0.15 0.04 0.007 5057 5616| 2357.6| 18296 4067 1189 B 86.0 2171
Pittsburgh| 027 4.65 10.59 65.83 16.59 5.61 1.13 0.21 0.02 0.001 5081 5790} 2241.2| 172327 5541 708 173.4 2957
Table 5-18
ANALYSES AND COMPUTED RESULTS SOLIDS FROM GASIFICATION, PITTSBURGH CHAR
TEST
COAL NO. FLUE DUST ASH DISCHARGE SLAG GASIFIER RESIDUE
Mass Mass Mass Mass
Analysis, Dry Flow Analysis, Dry Flow Analysis, Dry Flow Analysis, Dry Flow
wC wS WAS rhFLST wC wS wAS ﬁ1}\5}\. wC wS wAS rhSL wC wS wAS mRV
We. % Wt. % wt. % kg/h Wt. % Wwt. % | Wt. %] kg/h | Wt. % We. % Wt. % kg/h wt. Wt. % Wt. % kg/h
Pittsburgh | 023 45.6 2.4 51.8 357 67.9 1.9 29.9 46 7.0 0.9 92.1 40 67.9 1.9 29.9 52
Pittsburgh | 024 50.8 2.4 51.8 608 74.6 2.3 23.0 75 5.3 1.0 93.7 127 74.6 2.3 23.0 52
Pittsburgh | 025 54.3 3.4 42.0 684 75.3 2.6 21.5 73 6.8 1.2 92.0 73 75.3 2.6 21.5 52
Pittsburgh | 026 55.8 3.0 41.2 618 76.0 2.4 20.6 70 6.5 1.4 92.1 97 76.0 2.4 20.6 52
Pittsburgh | 027 51.2 2.7 46.1 473 72.9 2.2 24.0 40 6.7 1.9 91.4 113 72.9 2.2 24.0 52
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Table 5-19

ANALYSES AND COMPUTED RESULTS WASH WATER PITTSBURGH CHAR
CHAR TEST NO. WASH WATER FOR WASHER-COOLER
Inlet Exit
Volume
Specific Mass Flow Specific Mass Flow Flow
WOHCN | WeHCN W"HCN W"HCN
W°H25 free fixed | W°SO W"st free fixed w"so2 \ H,0,KW
mg/1 mg/1 mg/1 mg/1 mg/1 mg/1l mg/1 mg/1 m3/h
Pittsburgh 023 - 0.002 1 - 60.70 1.64 7.92 96.21 36.90
Pittsburgh 024 - 0.002 1 - 280.00 1.81 8.58 45.46 35.06
Pittsburgh 025 - 0.002 1 - 134.70 1.69 - 53.33 32.97
pittsburgh 026 - 0.002 1 - 117.30 1.94 5.32 28.60 31.63
Pittsburgh 027 - 0.002 1 - 80.90 1.38 4.71 43.04 34.81




Table 5-20

COMPUTED RESULTS-PITTSBURGH CHAR

yL-S

CHAR TEST NO. TEMP. USEFUL RESULTS
GAS
Gasi- vol. Speci- | Crude O2 Steam CO+H2 Carbon Thermal HO,RG
fier Flow fic Gas, Gasifi- Gasify-~
Heat cation ing Ef-
Loss ficency
tv Cco + H2 q Char Char Char Char Char
kcal/
3
3 Nm CO 3
°C Nm™ /h + H2 kg/kg kg/kg kg/kg | Nm /kg % % kd/kg
Pittsburgh 023 1439 3018 900.7 1.9363| 1.00121{ 0.2794 | 1.2096 88.10 55.97 15753
Pittsburgh 024 1413 3686 752.2 1.7115] 0.9020 | 0.1422 | 1.2250 81.8 56.52 15910
Pittsburgh 025 1442 4182 459.8 1.6213| 0.8034 | 0.0783 } 1.2888 80.69 59.33 16700
Pittsburgh 026 1411 4265 456.6 1.7312{ 0.8564 | 0.1153 | 1.3147 82.15 60.55 17082
Pittsburgh 027 1503 4188 546.4 1.8404| 0.9272 | 0.1151 ] 1.3312 86.88 61.20 17265
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Table 5-21

COMPUTED RESULTS EFFICIENCIES PITTSBURGH CHAR

CHAR TEST NO. EFFICIENCY
H-Formation O-Balance S-Balance Qloss/Qin Preliminary
Mass Balance
H O S Heat Loss %
Pittsburgh 023 142.97 101.6 083.6 2.46 96.81
Pittsburgh 024 125.21 098.1 085.4 1.94 99.43
Pittsburgh 025 125.59 100.6 090.2 2.84 97.90
Pittsburgh 026 154.41 096.6 094.7 2.35 99.53
Pittsburgh 027 150.42 098.0 099.1 2.98 99.00




Section 6

DISCUSSION OF TEST RESULTS

Because two COED chars, Western Kentucky and Pittsburgh, have similar elemental

analyses and yield similar results, they will be discussed together in this section!

All together, five experiments were carried out on Pittsburgh char and five on
Western Kentucky char. For the Pittsburgh char, the ratio kg Oz/kg char was inves-
tigated over the range 0.80 to 1.0 approximately, and the ratio kg steam/kg char
over the range 0.08 to 0.28, approximately. The corresponding ranges investigated
for Western Kentucky char were 0.88 to 1.1 and 0.03 to 0.27, respectively. A long-

term test of over 30 hours was carried out with Western Kentucky char.

The most important results obtained for Western Kentucky char are presented in
Tables 5-10 to 5-15, and those for Pittsburgh char are presented in Tables 5-16 to
5-21. Figures 6-1 to 6-10 contain graphical presentations of the characteristic

gasification data, which will be discussed below.

COMPOSITION OF RAW GAS AS A FUNCTION OF THE OZ/CHAR RATIO

FPigures 6-1 and 6-2 show the composition of the raw gas as a function of the 02/char
ratio. The CO2 percentage of the raw gas increases with increasing 02/char ratio,

while the CO percentage decreases in the same proportion. The H2 fraction remains

almost constant.

GASIFIER TEMPERATURE AS A FUNCTION OF THE OZ/CHAR RATIO

Figures 6-3 and 6-4 show the dependence of the gasification temperature on the Oz/char
ratio, with the steam/char ratio as a parameter. An increased addition of steam
at the same Oz/char ratio lowers the temperature of the gasifier. Correspondingly,

the temperature rises with greater oxygen supplied at a constant steam/char ratio.

GAS MASS FLOWS PER kg CHAR AS A FUNCTION OF THE OZ/CHAR RATIO

Figures 6-5 and 6-6 illustrate the dependence of the raw gas produced per kg of

char on the 02/char ratio. The mass flow of raw gas produced increases with in-



creasing 02/char ratio. In the steam/char ratio range considered, no decisive in-
fluence of steam addition is to be seen. It will be noted, however, that there is
an increase in the production of CO

6-1 and 6-2).

5 with increasing Oz/char ratio (see Figures

The mass flow of useful gas produced, CO + H_, per kg of char clearly has a maxi-

2
mum and is influenced by the temperature in the gasifier, which, apart from the

02/char ratio, is a function of the steam/char ratio.

QUANTITIES OF GAS PRODUCED PER kg OF CHAR AS A FUNCTION OF THE 02/CHAR RATIO

Figures 6-7 and 6-8 illustrate the volume of gas produced per kg of char as a func-
tion of the Oz/char ratio. The same relationships are obtained as described in

the preceeding section on gas mass flows.

The yield of CO + H2/kg char is the most important characteristic for the produc-
tion of synthesis gas. Because the combustible constituents of the gas produced
are almost exclusively CO + H_, this index is also a measure of the calorific

2
yvield per kg of char.

GASIFICATION OF C AS A FUNCTION OF THE 02/CHAR RATIO

The ratio of carbon in the raw gas to the carbon in the gasified char (C-conversion)
is plotted as a function of the Oz/char ratio in Figures 6-9 and 6-10. The C-con-

version increases with increasing O_ supply, but increasing amounts of CO2 are also

2
formed.

CONCLUSIONS CONCERNING THE GASIFICATION OF COED CHARS

The large-scale experiments carried out at Puentes have shown that COED char can
be gasified with good results in Koppers-Totzek gasifiers. To a large extent, the
gas produced in the experiments was additionally processed to ammonia in the exist-

ing installations.

On the basis of the research results and the experience of Krupp-Koppers G.M.B.H.,
Essen, a useful-gas yield of about 1.4 Nm3 of CO + H2 per kg of char can be ex-

pected in a large modern Koppers-Totzek gasifier.



GRINDING OF CHARS

The grinding of the COED chars was undertaken in the existing grinding installation
of the Puentes plant, which had been designed for the grinding of lignite. To
achieve a ground char with the degree of fineness required for satisfactory gasifi-
cation, the grinding installation had to be operated at a reduced throughput. The
energy consumptions observed with this mode of operation were practically indis~
tinguishable from the energy consumption at no load. Thus, no conclusions were
possible concerning the specific energy demand for the grinding of char on site.

As a result, it can, however, be stated that the grinding of the chars to the de-
sired fineness depends only on a properly designed ball mill and classification

installations.

GASIFIER LINING

For purposes of gasifying both petroleum cokes and COED chars, a corundum lining
was selected for the gasifier so that operating temperatures, above those normally
required for lignite, could be investigated. Due to the extreme range of test
conditions, the corundum lining was partially washed away by the liquid slag made

during gasification of the chars.

On the basis of Krupp-Koppers G.M.B.H., Essen, research and operating experience, and
knowledge gained from the tests, a suitable lining and operating practice would
be employed in future gasification of chars to resist the slag and associated tem-

perature conditions.
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Section 7

PREDICTION OF LARGE-SCALE COMMERCIAL OPERATION
THROUGH COMPUTER SIMULATION

The Puentes demonstration was essential to prove the practicality of gasifying COED
char on a commercial scale. The choice of the Puentes plant, however, limited

commercial testing to gasifiers with a capacity of 3 to 4 tons per hour.

The commercialization of COED-KT within the States could require plants with a
capacity of 10,000 to 20,000 tons of coal throughput per day. Gasifiers even
larger than the 12-ton-per-hour units now operating in South Africa would be re-
guired to handle the quantity of char produced from this much cocal. At present,
although no limit on size has been set, the largest proposed gasifier by Krupp-
Koppers, a four-headed gasifier, could produce 55,000 Nm3/h total gas (about 35,000

s.c.f.m. [wet]).

To predict the performance of this large gasifier, criteria from the Puentes dem-
onstration were used as an input to the K-T coal gasification program (see the
computer runs at the end of this section). The Puentes data was modified to re-

flect a modern operation.

Gas Analysis Puentes Gasifier Simulated Large
vVol. % (Test 27) Commercial Gasifier
CO2 10.59 12.39
co 65.83 62.19
H2 16.59 22.36
st 1.13 1.49
Cos 0.21 0.17
N2 5.61 1.40
Gas/Char Thermal
Efficiency % 61.20 62.66
CONCLUSION

As with most thermochemical processes, increase in size has many beneficial attri-

butes. The computer simulations show that with a larger commercial gasifier for



char gasification we can anticipate an improved gas quantity, a reduction in oxy-
gen demand, and an improved char-to-gas efficiency. The larger scale reduces heat
loss associated with unit throughput, and the additional heat available is utilized
in the process to dissociate more steam. The additional steam dissociation releases
both hydrogen and oxygen, thus increasing the gas yield, decreasing the oxygen re-

quirements, and improving the coal-to-gas efficiency.

SUMMARY

The Puentes demonstration adequately demonstrated the commercial practicality of
gasifying COED char. Indeed, after the minor modifications outlined in this re-
port (to convert this older plant), the char handled more easily than any other
material gasified, and exhibited first-class control features. The char gas was
easily shifted and more productive than the plant's lignite gas. As a result, the

Spanish plant used COED char with routine equipment for the production of ammonia.

The sulfur in the gas in the form of hydrogen sulfide or carbonyl sulfide can be
readily removed by many commercial physical and chemical absorbent processes. Thus,
as either a chemical synthesis gas or as a fuel gas (to replace natural gas), the
clean gas is ideally suited for the demands of industry and can meet the stringent

requirements for a clean environment.

Prior to commercialization, no further design problems would be anticipated with
grinding, handling, gasifying, gas clean up, or sulfur removal. However, the in-
dividual slag characteristics of all coals should be checked for flow and wearing
properties. For commercial use, every operable feature of the COED-KT process

has been proven.

Some comparisons of the actual Puentes operation and the computer simulation are

given as follows:

4



COMPARISON OF PUENTES AND LARGE-SCALE COMMERCIAL GASIFICATION

Western Kentucky Char

Operating Temp.

Carbon Conversion

Oxygen Purity

Char Feed (tons/h)

Gas Make* (mscf/ton char)
Oxygen (tons/ton char)
Steam (tons/ton char)

Gas Analysis

Volume %
CO,
CO
Ho
HZS
cos
N3

Gas/Char Thermal Efficiency %

Pittsburgh Char

The following computer-simulated data for large-scale operation are intended only

Operating Temp.

Carbon Conversion

Oxygen Purity

Char Feed (tons/h)

Gas Make* (mscf/ton char)
Oxygen (tons/ton char)
Steam (tons/ton char)

as a guide and imply no guarantee.

*CO + H, only

2

Puentes
Gasifier Simulated Large
(Test 19) Commercial Gasifier
2893°F 2730°F (assumed)
93.71% 92% (assumed)
93.35% 98% (assumed)
2.71 32.38 (computed)
45,112 47.840 (computed)
0.9854 0.90 (computed)
0.0930 0.32 (computed)
12.1 11.72 (computed)
66.74 62.84 (computed)
13.76 22.74 (computed)
0.91 1.11 (computed)
0.12 0.126 (computed)
6.34 1.46 (computed)
62.42 64.83 (computed)
Puentes
Gasifier Simulated Large
(Test 27) Commercial Gasifier
2736°F 2730°F (assumed)
86.88% 90% (assumed)
93.93% 98% (assumed)
3.47 32.29 (computed)
44,958 47.840 (computed)
0.9272 0.88 (computed)
0.1151 0.32 (computed)



COMPUTER SIMULATION RUN NO. 1

Commercial Gasification of COED Char

One 4 Headed Gasifier

Western Kentucky Char
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COMPUTER SIMULATION RUN NO. 1 (continued)
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ASh T GAS ® 60400 PFRCENT ENTHALPY = 1172.0 ATUS/LR
- e e e i e e GHELL - HEAT-LOSS ———x-—§5,00 - PERCENT- v
STEAM CREDIT = 0400 DLS/NT

WASTE HEAT BGILER

e e P L AR E TEMPERATURE 227304 DFG=F o

6AS PRESSURE = 15,30 PgIA FEEN WATER TENP, s 23040 DERTF
s e e ——HERT LOSS - B ——— 402 MMBTUSFHR —— -5 TEAY TEMPERATURE——@— 0004C-DER=F — -

SYEAM PRESSURE ® 910.0 PSIG

FOoytyaRrt et ENTHALPY +450 v 8 BYHSALER

(PCO?)(PH2) = 0,383 BOILER EFFICIENCY & 66426 PERCENT
- (PRAGTICAL) - e e GAS EXIT-TEMPERATURES -—-300DEQ™F

(pCOY(PH2D)Y STEAM CREDIT * 0,00 DLS/NY

SPRAY WATER SLAG COOLING WAYER

INLET TEMPERATURE ® 1104 DFG=F TEMPERATURE RISE = 35, DEG=F

AAS-PRESSURE- 845330 PG - —— o I NLET--TENPERATURE 804-DEQeF
GAS TEMPFRATURE = 2011s DEG-F
e - MATERTAL- PRODUCED -

LA A VALY S | DU S TN MY S TS G e E R — B G EEREX T QAS—CORYI—BOTLER-EXIT
PERCENT PERCENT - PERCENT PERCENT
e §TL [ C o -2 864 05 ———5 FL FC A 27 2 18— CARRON-MONCXIDE———3-47 ¢34~ CARBON -MENCX1DE 62,84
ALUNMINA = 22.80 ALUMINA ® 13.86 CARAON DIOXIDE = 8482 CARRON DICXIDE E 11,472
LIME 2474 L IuE— - §e60 HYDROGEN— — ~17400 -~ HYDAGGEN e ———— 222 74
MEGNESTA = 0,00 MAGNESTA = 0.00 HYDROGEN SULPHIDE = 0.93 HYCROGEN SULPHIDE = 1.1t
TROR QX TR svay 1RO EHE +év 9 NIFROGEN LR Enls N TROGEN 1#
BASICITY = 0.039 CARBON = 40497 MOTSTURE = 24481 CARRONYL SULPHIDE = 04176

ALORIFIG—VALUE 8264 ¢ T—BTULECE
NET ORY




COMPUTER SIMULATION RUN NO. 1 (continued)

—————#OBPERS--LOMPANYI—INC +— ————ENGINEERING -AND - CONSTRUCTION-DIVISION — — At CONRIDENTIAL- %a PAGE_ 3
AB"EW: fllr: GAS L CATION AROCESS RUN_ND- QL
MB=61S WINTRELL
COMMERCIALOASTFICATINN-OF~COED- CHAR=HESTERN KENTUCKY-ONE- +-HEADED-GASIFIER ~07/2147¢
po—lwa) A 2 3 4 5 b —
GASIFIER FLUX STEAM TO OXYGEN TO SLAG  QUENCH GAS QUT OF
SASHEHER ~GASIFIER AFER 6 451 FLER

FEEr t
LBS/HR WT(+) LBRS/HR LRS/HR MOL/KR LBS/HR MOL/HR VOL(#) LBS/HR LBS/KR LBS/HR VMOL/HR  VGL(w)

ceman mmeEam wee e

CARAON MANOXIOE 88097 3185, 58472
e ARAON DIOXEDE s e 257784 —~-5864 — 10+56 -- e it
HYDROGEN 1152 1.78 2277 1129s 20437
N1TRAGEN t02 v —t+ 58 +0 24 36v5——2v0 2046 t 5 DN S,
#25 + COS 2112, 624 1.12
HYDROGEN-CHLORINE ~ Qe Qg G0 00 e e e
K20 847 1,00 37a. 81665 9896 589, 981
a5H 93581 —18:45 3742r 56134
Carany 48708¢ T75.25 3898« 324,
STLPHGR toB?+ 3ve7
CHLNRINE 0s 04000
NXYGEN A8 2487 57290 1790+v—98+6
STEAM 208164 1133,
FLUX Or —_—
ToTal 64726+ 100400 0. 208160 11336 58314, 1827, 10040 3742, 81665, 130205 5545, 100400
¢ 3 . awd
TFMRPERATURE(DERF) 250, 804 273C.
——=PRESSUREIPSIAY— 29470 ~15430-
VOLUMECSCFM) 11540, 350234 (NF)
s YOLUMECRCP MY 4837y 206373,
GPM 163,
? i 9 18 tt t2 13 14
BFR® 10 STEAM SPRAY BFw 10 STEAM SLAG cO0OL
e G A S L T E RO AS TP TER—COOL ING——— -4 AS-TO-HASTE- o —GAS QUT WASTE-—————WeHEAY— W HFAT — WATER-- o —
JACKETS JACKFTS WATER HEAT BOILERS HEAT BOTLERS ROILER ROILER RETURN
e B8/ HR——L BS A HR L RS /HR——t BS/HR - MOL/FR -V OL LYo~ L RS /R — /HR——L RS /HR — -{ BS/hR- —
cecmss esceme e=  mmeces mecces  wee = - - tee eeves=n  smeerw
CHRACH-—MANEXTHE 8609 3L 45y ——a4F w34 §809F3———3145 4w 34
CARAON DIOXIDE 25776, 5844 8.82 25776, 586 8.82
——uYNRAREN ‘2277 e ——4129¢ —17¢00-- 2277412947400
NITROGEN 2048, 73, 1410 2046, T3, 1410
w25 -+ LO% 2112625 — 04933 ———-2112¢ -62»— 01933
HYDRNGEN CHLORIDE
H2U sTaade R AR L) CYOROT TRV N30T lvﬂﬂul_fﬂ‘eT—?"Hwﬂ’l‘“—‘——"—b}z‘;“’—
aAsH 5613 5613,
2Ry 3896328 ¢ 3896,——324»
suLeHuR
EHLORINE
OXYGEN
STLX 85927 75625
FLUX
ToTAL 6188858522 19793149907 —— 6643+ -100¢ 00— 149997, -——6683+—100+00— T804+ —— 7562548120 v
(2eq) (wee) (ree) Cans)
VTEHPERATHRE »OEGF—230 00—~ 27 4 ¥ 110 201t - 300 230+ H00+ — —43S0—m o —
PRESSURE(PSIA) a8, 15430 - 15420 925
VOLUNE{SerYY 205167 4496 3—ENFY 449 63+—EhF)
VOLUMECACFN) 9587, 191532, 59297, 1102,

a0

L 14 123, 40 —-158¢, 162
Ce) PERCENTAGES, («%) REFs CIRCLED NUMRERS ON SCHEMATIC DRAWING,PAGE 1» (xew) GAS ONLY» (NF) NOT FEASIBLE»




COMPUTER SIMULATION RUN NO. 1 (continued)

KOPPERS COMPANY»- INCo - oo - ENGINEERING-AND CONSTRUCTION DIVISION — o 2 _CONFIOENTIAL. ®0—— . PAGE. &
KOPPERS-—FUEL—GASIFICATION-PROCESS RUK-ND -1
HReg18 HINTRELL
mer e COMHERC TAL—GASTF ICATTON-OF- CRED CHARSHESTERN KENTUCKY ONE-& HEADED GASIFIER—— - - - ——O0V/24/ T4 —— o
- e e MEA Y BALANC B e -
HEAT IN cmanm - HEAT OUT
e e e - QA [F R e o AS-RECE IVED FiEbom = o o GASTFIER oo < e -A§- RFCF IVED UL
veavwaan BTU/NT sauseamna BYU/MT
SENSIRLE WEAT IN COAL 2 10654 SENSIBLE HEAT IN FLUXED ASH w 222747,
S ERS I BLEWE AT~ EN-QXYREN 57600 SENSTBLE-HEAT- IN- UNBURNT-CARBON——u——4 26558+
SENSIBLE ¢ LATENT HEAT IN STFAM ® 705205 SENSIBLE ¢ LATENT KEAT IN EXIT GAS = &134481.
—————-CARRON-OXINATION TO-CARBON-MONOXTHE-—=— 51775884 WEAT FOR-DISSOCIATION OF LINESTONE--—= 0,
CARGON DXINATION TN CARRON DTOXINE » 3166030 HEAT TO DISSOCIATE STEAM = 2355095,
T HYORIGEN TOOMYDROSEN “SULPHIDE - m g 4616 - rem om = ERT - TO STEAM FRCM GASIFIER -JACKET -~ #— 17611063
ELEMENT BREAKOGWN xe 401176 HEAT LCSS THRCUGH GASIFIER JACKETSETC= 92690,

TOTAL WEAT OUT CF GASIFIER w 88924764

TOTAL HEAT INYC GASIFIER = 86626760

SPRAY CHAMBER SPRAY CHAMBER
e L e - —— c————
S NS T AL BT AT ENTHE AT INEN T RY GRS 4138 B S EN S TR E A TEN TR EA T O X oA S —— 22389747
SENSIHLE WEAT IN FLUXED ASH ® 1336480 SENSIBLE HEAT IN FLUXED ASK . 898214
== SENSTHLE MFAT IN UNRIANT CARRON: ——-®—-§26558¢—— —-=-wwer ~ SENSTBLE- HEAT IN UNBURNT CARBON- ~ - m-~- -R60T1a
SENSIBLE WEAT IN SPRAY WATER = 20180
TATAL HEAT INTO SPRAY CHAMBER = 2314867+ TOTAL HEAT OUT GF SPRAY CHAMBER = 2413887,
WASTE HFAT BOILFR WASTE HEAT BOILER
— G ENS I RLE-+- LATENT-HEAT OF- ENTRY—GAS~ %~ 4238978 o SENS TBLE- #-LATENT- HEAT GF-EXIT-GAS-—a 1324795
SENSIBLE WEAT IN FLUXED ASH . 898214 SENSIBLE HEAT IN FLUXED ASH N 7535,
e BN ST R CEHEATIN UNBURR T —CARRON 84074 SENSIRLE~HEAT—IN-UNBURNT~CARBON—— w6268
SENSIBLE + LATENT KEAT IN STEAw ® 2925371,
- - HEAT LOSS-FROM WASTE- NEAT-BOTLER————w——153082 -
— FOTAHEAT-—INT O NAS TE-HEAT-ROHFR—0—ddf 4887 oo TOTAL-HEA T OUT-OF—WASTE—HEAT—BOTLER——44 14867
SERGQUFNCH— TANK— AT QUENREH—TANK
SENSTALE WEAT IN SLAG . 89099+ SENSIBLE HEAT IN SLAG . 788,
SENSIBEE-WEAT IN-WATFR— 7570 SENSTALE: HEAT-IN-WATER 95444
SENSIGLE + LATENT HEAT IN FLASH STEAM= 04
TOTAL WEAT INTO SLAG QUENCH TANKS w 96668+ TOTAL HEAT QUT OF SLAG QUENCH TANKS w 96229,
PROCESS HEAT INPUT PROCESS MIAT QUTPUT (AVATLABLE)

PV TP PNy Y nemr_mn -

T ERH A IO E =2 3RB 7 65Oy ———————————F 0T AL HE AT I NS FEAM G ENER A ————— 2 68647 &
SENSIBLE » LATENT HEAT INPUTS = 7738580 CALORIFIC VALUE OF EXIT Gas u« 15485227,

TOTAL HEAT ENERGY SUPPLIED » 24661308 TOTAL HEAT ENERGY AVAILABLE s 20171705,




COMPUTER SIMULATION RUN NO. 1 (continued)

.

PAGE--.5

-ENGINEERING-ANA-CONSTRUCTION DIVISION — —————aa—_CONFIDENTIAL

— X OPPER S COMPANY 5 —ENG 4 - o

AYH_NG_03

KOPPERSE—FUEL—GAS IFICATION-RROGCESS

NReg15 WINTRELL
e e G AMME R TAL G AS T FICATTON - OF - CNED - CHARSWESTERN-KENTUCKY-ONE4-HEADED-GASIFIER ar/2147¢
SUPPLEMENTARY—GOAL~GRSTFICAT AN -INFORMATION
COAL GASIFICATION RAW MATERIAL €OSTS
DOLLARS/DAY

COST-OF-FUEL = 0% SCF-OFDOXYREN - SUPPLIED-PER—EB-OFCARBON 1349

CNST OF INJECTED STEAN - 0 SCF OF OXYGEN TOTAL PER LB OF CARBON = a4
T lAS T OF XY GENTT - = (123 tB CF STEAM TO GASIFIER PER LS CF CARBON®-0»d49 — -~

€aST CF FLUXES ] 0. DUST CONTENT OF EXIT BOILER GAS»GR/ACF = 18,7
ST CNST AF CAGTLER FEED WATER ot mmemo o g s s cmmm e U ORG ST FORMULA e -——— e

CaST Fna RAW WATER 2 0 BYUS/NT CF CNAL AS RECFIVED (HCV) 2123897627,

— CHAL/ GRS "EFFICTENCY 4% 525~ PERCENY
GLSIFIER SHELL STEAM (CRENIT)a 0

X

“HASTE HEAT BOILER STEAM—(CREDIT )=

TTTTTCASTOGR GAS T = 04
=0.0000000 DOL( ARS

CNST PEA MILLION BTUS




COMPUTER SIMULATION RUN NO. 2
Commercial Gasification of COED Char One 4 Headed Gasifier

Pittsburgh Char

————KOPPERS -GOMPANY - INC4o . ENGINSERING ANN CONSTRUCTION DIVISION.. - - SCONFINENTIAL -ne. - PAGE 1 . ..
#ORAERS—FUEL —GASTFICATION-PROCESS RUN- NG 02
MB=615 ®INTRELL
S mediemwe oo COWMERCTAL GASIFICATION OF COEQ CWAR = PITTSBURGH ONE 4 HE DED GASIFIER 07/21/76 - —mre o
teRpns R et ad casemaney ~wvael
e e e e e e e -7-------11 m:{ CALORIFIC 17=e-11 --n SQAS TO WASHER o frorem o e
. X VALUE 26146 1 DRV 1 COOLERS 313864 ¢
. - “et—-BAST t t
. * BTUS/SCF scru
B T e T T e Rt e Y ¥ % £ R e e e
1 12 =ems=e=s7e  HEAT . aemmeceesecseceasaey
—_— = - WATER - e RO ELE R -7----~13—----H SUPERREATED §TEAM- f—nm—omm s -
1 181, GPY | * 1 767214 LRA/KRY
1 + jomae -t
»
O - m— - g [ —
1= meevcennnes] . wemaen?] TO BLONCORN TAMNK 1
s = GRS SPRAY--—t cow e £ 38366 LR/HRY s e e e
1 COOLINA WATER 17e==emces § acamse?V o . jeermcesencacarcenaat
1—w
.
» PRCCESS EFFICIENCY = 79.53 PCT
B R * GAS-CALORIFIC VALUF® — - 11828 ——— -~——————=
fowmencnemaanenn] . WILLIONS BTUS/DAY
1 BOILFR-FEED T *
1 WATER {7e== 7 a==Ty
T T 23, 0 ‘_v_.,,,‘4 - -
|emoen 1 * * {secnccanna -t
e e e i i o g e o e em e e easseseel) DN PRFSSURE -f -~ —-
V  asateussaennetonsasirrsants A 1 STEAMa 5852241 LB/HR
1 —
CoAL= 799, NY/D " . . .
e A 14 - - e ——— ————
1 FLuXs 0 RT/D - * GASIFIER " jmescdaccranncn]
e e = — ADDITIVES — - {7 e T g s g A‘-07------‘--‘-----71 SY0 BLAWDONN +—
v v 1 . . . 1 TANKs 7oze.x LB/HR
T T ¥ t - t
1 DRTEN  (0AL 17e=<vas | e==7y gy
————— 1 PREPIRATION 1_— S 799y NT/D f — e - — -
1 » .
S )
1 . 3
t T T
1 STEAW (Te=w=ee 1 Ty
——pemessesf - —— — 1 v
1 1 *
e e 1 §—— N R
{ueaman 1 1 e
t X GEN—F P00 2-NF/ Bt 1
1 FACILITIES 17=wev=ac 3 «==71 t . . Jewmcwammecamasscaun]
t— 980 nc‘ 4 v slenen_§ sumene?l-SLAGE—8Ted-NTLD
Juma 1 RES AN AR SRR AR RN SR NE R RN R AR * |*eemncassmaconvenan]
N . —
1..-----.-.------1 » -
wWATER -FRAM——t T o—5—=? SLAG—QUENCH—TANK t ¥
1 COOLING YU\‘EG 1 * ¢lame §§ w7t WATER = 170, GPy 1
i = - £ ¥0-CLARIFIFR "

LT T Y AT P |mecvacsnncecucrnannccsancanaa]
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COMPUTER SIMULATION RUN NO. 2 (continued)

ENGINEERING -AND-CONSTRUCTION HIVISION — -2k _CONFIDENTIAL. 2a -

KOPPERS—COMPANY-s—ING o~ -m e

CPAGE -2

KORRERS-FUR-GASIFICATION-RRGEESS
KReg19

RUN_ND €2
WINTRELL
87/21/16-

COMMERE FAL-GASIFICATION-OF-CNED CHAR-«—PITTSBURGH  GNE-A-HEADED-QASIFIER

COAL GASIFICATYION -MATERTIAL-ANALYSES

“ATERIAL CHARGED

o —— FLUX =--- e —— i e n A s m———ae orim-m e ——— . A ot e = ot i
FHEL AS RECEIVED FUEL ASH PERCENT OXYGEN SUPPLY STEAM SUPPLY
T s PERCENT e PERCENT TRON OYIOE —-——— =r - @ Qg0 ~mm s oe e ol oo e e
CaRA0N = 74465 SILICA = 24445 SILICA s 0.00 OxYGENR (PCTIm 98,00 PRESSURE = 15, PSIG
S HY DA ENT T A AL YN TR 21 6T AL UnTNg U 00
NITROGEN ® 1.39 LIME & 2,03 LIME = 0400 NITROGENC(PCT)s 2,00 TEMPERATURE® 250+ ODEG*F
T SILPHUR — w3 i 96— MAGNES T A——-e-—01 00 MAGNES A~ —--- 0100 i e
AXYGEN = 2477 1RON DXIDE ® 31.69 CALCIUW CARBONATE = 0400 TEMPERATURE = 2204F ENTHALPY w1162, 8TU/LR
e 1. Bt T T2 1) MAGKES TUM CARBONATE- —-0400 s e e
HOISTURE = 1400 SILPHUR = 0400
THEMRINE =¥~ D700 Mnb<TuRe ¥ 00
€ASTa 0400 DLS/NT COST & 0,00 DLS/NT COST= 0400 OLS/NT CnsT= 0400 GLS/NT
GASIFIER OPERAVION
“FUEL-DATA - “-GASIFIER SHELL--——STEAM-NATA -
PRFENEXT 1007 DFG~f FEED-WATER-TENMPY w—23050--DEGoF
MOTSTURE = 1, PFRCENT STEAM TEWPERATURE 8 27440 CEG™F
- CARRON "GASIFIZD—*——90,00 PFRCENF— v —roe— e - GTEAN PRESSURE -~ ——- @-— 2937 PSIH — - mmmom oo o oo —
ASH TQ GAS ® 60,00 PFRCENT ENTHALPY s 1172,0 BTUS/LR
- - -SHELL HEAT-LOSS-——~%~-95,00 PERCENT - e —
STEAM CREDIT = 0400 DLS/NT
ChSTFTER _—
WASTE REAT BOILER
FLAME TEMPERATURE -®—~ 2730 —0pQ=F - —
fAS PRESSURE *® 15,30 PRIA FEED NATER TEMPs s 23040 OEG~F
#EAT -L 0SS~ 60 -MMBTUS/HR ~————— - STEAM TEWPERATURE-——u— 00040 DEN=F
STEAM PRESSURE = 91040 PSTG
£QuIL1aRTH-RATED ERFHALPY ——— 450 rO—HTHS 7L
CPCO2)CPH2) = 04383 AOILER FFFICIENCY ® 66413 PERCENT
«—(PRACTIEA L} ———————————— - GA§ EXIT -TEMPERATURE® ----3004-DER~F _—
(pCOYCPH2D) STEAM CREOITY L} 0400 DLS/NT
SPRAY WATER SLAG CODLING WATER
INLEY TEMPERATURE = 1104 DFG=F TEMPERATURE RISE . 35s DER=F
GAS—PRESSYRE———- *— 14330 PEIR — e —-— [NLET ~TENPERATURE -~ —~m——— 803 -DEGeF

64§ TEMPERATURE a 201%e OFG"F

~——#ATERIAL-PRONULE

= wee -

st R AR S E S DU S YT AN Y S S GA AN E B0 L ER X I T4 A (DR — RO ILEREXET

PERCENY PERCENT PERCENT PERCENT

———S$HttA— w4 6% STUICA——w-24425———CARRON- HONBXIDE 46454 CARRON MONOXIDE——=-62419 —-—
ALUMINA " 2163 ALUMINA = 11475 CARRON DIOXIDE . 9.2% CARRON 0lOXICE = 12439
L ME 24 0yt INME - -t el -~ HYDROGEN - ———— @ -1 4456 -~ HYDROGEN - - — —=-22,36
MAGNESIA ®» 0400 MAGNESTA s 0.00 HYDROGEN SULPHIDE s 1,24 WYDROGEN SULPHINE = 1,29
T RO OX IO T IV RON- OX T OE - P et NI TROOEN 105 KRITROGEN &3 &0
AASTICITY = 0.031 CARBON " 45469 MOISTURE » 25437 CARBONYL SULPHIDE = 04170

CALORIF IS VALUE——e-261.6-

8TU/SCF

NET ORY
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COMPUTER SIMULATION RUN NO.

2  (continued)

——— —~KOPPERS -COMPANYs —INCo- —-m— - ENGINEERING ANDH CONBTRUCTION DIVISION -~ - - #% CONRIDENTTAL -#wom —— . -PAGE .3 e
KOPRERS-FUEL—GASIFIGATION-PROCESS RUN -NO -02
MRugy WINTRELL
s s e e GAMMERCTAL-GASIFICATIONOF COED CHAR-=-PITTSBURGH ONE & HEADED GASIFIER - - - —— 07/21/76 +rmmrmme—m e e o
al® . (an)—- ath L T .3 g 5 e B e e
GASIFIER FLUX STEAM TO CXYGEN TO SLAG QUENCH GAs OUT OF
FEED SASIFIER GASIFIER WATER GASIFIER

FEED
LBS/HR WT{#*) LBS/HR {BAS/KR WMOL/HR LBS/HR MOL/HR VOL(e) 1BS/

HR  LBS/HRA LBS/HR MOL/KHR  VOL(#)

CARBAON MONOXTINE

P

86792, 3099« 55.92

~CARAON -DIGXIDE o — 2 - R B L R B T
RYDRNGEN 1119 1468 2223+ 11034 19450
iTTea5t 9283139 1025% Isvd 230 1950+« 70— tv26
®23 + CN§ 2802, 82, 1.48
— == uYORNGENCHLORIDE Rt “o= gy 0 04 0
K20 8664 1400 393, 854t1. 103104 572, 10433
—— AGH e QR ) 4 A 7 —— e 39280 — ——————— 58924 -
[ LLLE 49567, Ta.as 2957, 413,
SULPNUR 2R36v 3596
CHLARINE 0s 04000
— —nyvaEy - —— -1maa. 277 . 5736117935 98,0
STEAM 20998+ 1185,
e LY s e e e O ——— ——
ToTal 665784 100400 [ 209944 11659 58385, 1829+ 10040 3%28. 852114+ 131180, SSAI\. 10000
twwwy——if )
TEVPERATURE(DEG=F) 2504 80 2730
PRESSURE{PSTAY 284 PO ——- e v -~ 15430
VOLUME(SCEM) 11554, 350014 (NF)}
s MM E CABF M) oo o et e v e e @ g e e e e i e i b i s e s s QO G2 R R g e e e
GPM 171,
— * 8 9 10 14 12 F3e ia
BF¥ Th  STEMw SPRAY BFW Tg  STEAM SLAG CCOL
s s o s e GAS TR TER-OASIFIER - CNOLING - GAS TO WASTE - - - o GAS QUT WASTE- -o— —-WeHEAT -~ WsHEAT--~-WATER ————— e
JACKETS  JACKFTS WATER MEAT BOILERS HEAT BOTLERS BOILER  ROILER  RETURN
i e e | B8 /R~ LBS/HR—-LAS/HR-——LBS/HR — MOL/NR-- VOLC#) - LBS/HR —- MOL/HR - WOL{#) - -LBS/HR-—~LRS/HR—LBS/HR _—
cmcaew o emmesa ca == = ameses  mumecs wee ®  esmcwe  mmmess =

e ARAON Y ARAXIE

8679 2v 309 gT—H G154~ 8679273099

3655k

€aRAN OI10X¥IDE 271024 616 9425 27102, 8164 9,25

e MY DABRE R - e e e —n 2293 031030~ 16056 =t 22235 —~—1103 414456 ~
NITROGEN 1950, 704 1.08 1950, 70, 1.05

- RP§ ¥ (0§ mm o 28028824~ F 023528025 —— 82— +5215
HYGRIGEN CHLORINE
n20 stau sy 20120+ 308 301689 RS I 3042 3031689+ 25¥ 3P B055 T s B R
ASH 58024 5892,

————CHRAON 896Fe-—— 413+ 4957413
SuLAHyUR
#LORINE
0XY5EN
§TEAM 58592 = ? 6724
FLUX

—— T Ak b A2 858502 4 PO 120151200+ 66584—1400400——151300¢—-66584—-100+00—BO557+——F47:24 85018

Cuwa) Cuense) (wan) Cues)

e TFUPERATHRE +DEG=F--2300—— 2T 4o ——14 00— - 20110 - 300 230 900 115
PRESSURE(PSIA) a4, 15430 15,20 925,
HREMECSEPY) 205+8 ¢ 4205 6—ENFY 420 56v—ChF)

VOLUMECACFM) 9SAT. 191955, 594284 1118,

170

o £9 3 g 40
{+) PERCENTAGESs  (ae) REF: CIRCLED NUMBERS ON SCHEMATIC ORAWINGSPAGE 15  (wew)

bt
GAS ONLY» (NF) NOT FEASISLE»
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COMPUTER SIMULATION RUN NO. 2 (continued)

————XOPPERS—COMPANY s —INE g~ ENGINEERING-AND-—CONSTRUCTION-DIVISION——— — —sa CONFIDENTIAL 20— PAGE- - &
KOPPERS—FUEL—GASIFICATIONPROCESS RUN_NCC2
MRag1S - WINTRELL
COMMERCTAL—GASIFECATION-COF— COED—CHAR- = PITTSBURGH-BNE—A—HEAQEN OASIFIER —~——— e —— —— O F 21/ P o e
HEAT-BALANCE
HEAT IN m.ae -- HEAT QUT
“GASIFIER - AS" RECETVED FuEt GASTFIER - mmmm oA §e RECE TVED - FYEL e o o
-- BTU/NT mememone BYU/NT
SENSIBLE MEAT IN COAL = 10515 SENSIBLE HEAT IN FLUXED ASK = 226504,
——SENS EBEEREATIN-OXYGEN 56266 SENSIBLE—HEAT—IN- UNBURNT—C ARBON————2——156536
SENSIBLE + LATENT REAT IN STFAN = 705069 SENSIBLE ¢ LATFNT WEAT IN EXIT GAS = 4050918,
~ee——-CARBON CXINATIONTQ CARBON MANCXIDE-®—-8959a57 ¢-—————————-HEAT FOR DISSOCIATION OF LIWESTONE—-m-—- o - Oy
CARRON CXIDATION TO CARBON OTCXIPE = 3236606+ WEAT 70 DISSCCIATE STEAN s 2327175,
~——KYOROGEN “TO HYDROGEN SULPHIOF — -~ e———21833¢-—————————HEAT TO -STEAM FROM GASIFIER-JACKET--—2- ~1712088 ) — e — - ——
ELEVENT 9REAKNOWN e 4258C4e HEAT LOSS THROUGH GASIFIER JACKET#ETCa 90120,
TOTAL HEAT INTO GASIFIER  » 8563542, TOTAL WEAT OUT OF GASIFIER = 8563582,
SPRAY CHAMBER SPRAY CHAVMBER

SERSIBCE % TATERT HEAT IN ENTRY GAS T 40309181 SENSIBLE+ LATERT HEAT-CFEx1T—0AS—w 4165580«

SENSIALE WEAT IN FLUYED ASK = 1350024 SENSTBLE HEAT IN FLUXED ASH . 912584
NSIBLE-REAY 1N UNRURNT CARAQN w1 § g8 3 g SENS IBLE - HEAT- IN- UNBURNT CARBON————~2-—-1 068605~ om— s
NSIBLE WEAT IN SPRAY WATER = 19945,
TOTAL HEAT INTO SPRAY CHAMBER = 4363302 TOTAL HEAT QUT OF SPRAY CHAMBER = 4363302.
WASTE HFAT BOILFR WASTE HEAT BOILER
——mu j—
SENSTOLE-+—tATENT HERT OF-ENTRY-GAG~ 8R4 65589 v SENSTBLE -+ LATENT HEAT GF -EXIT GAS-—-o-— (310830 — e e o
SENSISBLE WEAT IN FLUYED ASH = 91254 SENSTBLE HEAT IN FLUXED ASH - 7447,
e SENS IR e HEA T INTUNBRIHAN T CARRON 10686 0 —SENSTRLEHER T IN-UNBURNT-CARBON ¥753
SENSIBLE ¢ LATENT KEAT IN STEAM s 3BRSS044
e - HEAT LOSS FROM-WASTE HEAT BOILER——— 1518694 —— — e

ey OTALHE BTN T O WASTE—HEAT RO ELFR—»—4363302+——————— YO TAL-HEAT-OUT- OF--WASTE-HEAT-ROTLER-»—4&363302 e

STAGQUFNCHTANYK SLAG—QUEREH-TANK
“eee cemtss emae rees mevess weme
SENSIBLE WEAT IN SLASG * 90602; SENSIBLE HEAY IN SLAG = 800,
- SENSIBLE REAT “IN-WATER T697: -SENSIBLE MEAT-IN WATER——— ~ ———— g 70581,
SENSIBLE * LATENT REAT IN FLASK STEAMa O,
TOTAL MEAT INTO SLAG QUENCH TANKS = 98299 TOTAL WEAT QUT OF SLAG QUENCH TANKS = 97851,
PROCESS WEAT INPUT PRNCESS HEAT QUTPUT CAVAILABLE)

MeREmMes fuae. sscanm NomsamesnTe ————— ——

W AP POTE N T LI N C DAL ENE Ty % 231 9 § 28 ¢+ FHTA - HE AT—E NS TEAN-GENERA FEH—— a8 547792
SENSIBLE + LATENT HEAT INPUTS - 7718500 CALORIFIC VALUE OF EXIT GaS = 14800032,

TOTAL MEAY ENERGY SHUPPLIED ® 23390978 TOTAL HEAT ENERGY AVAILABLE * 19397824,
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COMPUTER SIMULATION RUN NO. 2 (continued)

e ——ROBPERS-COMPANY »-- INC o ——— .. ENGINEERING ANH CONSTRUGTION OIVISION - oo - .4 CCNFIDENTIAL #w ......— _PAGE 5 O,
KOPPERS FUEL—GASIFICATION-PROCESS RUN-NO 02— e e e
MR=g15 WINTRELL
- e e COMMERC TAL-GASIF ECATION OF COED CHAR =-PITTSBURGH ONE 4 HEADED QASIFIER———-- R U 2 Y R
SUSPLEMENTARY-COAL—GASTFICA TION-INFARMATION — ————
COAL GASIFICATION RAW MATERIAL COSTS ADDITIONAL CNAL GASIFICATION DATA
DOLLARS/DAY
————CnS O —F UL - (2] SCF—0OF OXYGEN-SUPPLIED -PER-LE-OF CARBBN—=— 137
CAST OF INJECTED STEAM = 0. SCF OF OXYGEN TQTAL PER L8 OF CAREON x 1441
————CNST CF OXYGEN — - - = 04 ---tB OF STEAm Y0 GASIFIfR PER-LB-CF -CARBON® 0e@24 '~ — - = = e o
CAST OF FLUXES bl 0o DUST CONTENT OF EXIT BOILER GASsGR/ZACF s 21,3
————-CAST OF ROILER FEEM WATER-————- e g e e e - QULGNGS FORMULA - e T e e e i
CAST For RAw AATER = 0 BTUS/NT QOF COAL AS RECEIVED (HCW) #23631373,
82366t PFRCEXNT——

GASIFI1E3 SHELL STEAM (CREDIT)= [N

COALYOAS—EFFICIENCY

~~~~~~ — WeSTE WEAY RCILER STEAM (CRENIT)S

€NST-0F-GAS

» 04
CGST PER MILLION BTUS ®040000000 DOLLARS




To Convert

Pressures:
atu (std. atmosphere)
bar
kg/cm2

Lengths:
m (meters)

m
cm
mm

U (microns)

Weights:
Ton (metric)

Ton (metric)
kg

g (grams)
g

Areas:

cm

Velocities:
m/s
m/s

m/s2

Section 8

CONVERSION FACTORS

Into

Pounds/sq in (psia)
Pounds/sq in

Pounds/sq in

Feet

Inches
Inches
Inches

Inches

Tons (sho
Pounds
Pounds
Grains

Grains

Sq inches
Sq feet

Sq inches

Ft/min

Ft/sec
2

Ft/sec

rt)

Multiply by

14.696
14.50
14.223

3.2808
39.3708

0.393708
0.0393708
0.0393708 x 10>

1.1023
2205.0
2.20462
15.432
0.015432

0.1550
10.7639
1550.15

196.8503
3.2808
3.2808



To Convert

Volumes and Flow Rates:

Weights of Volumes:

1 (liters)
1
1/min
1/min
1/h
1/h
m3/s
m3/s
3

m /h

m3/h
m3/h

Nm3/h

(0°C, 760 mm Hg, dry)

kg/h

kg/m3
kg/Nm3

(0°C, 760 mm Hg, dry)

mg/1
mg/1

Into

Gallons

Cu ft

Cu ft/sec
Gallons/sec
Cu ft/sec
Gallons/sec
Cu ft/sec
Gallons/sec
Cu ft/hr
Gallons/hr
Acre-feet/hr
SCF/hr

(60°F, 30 in Hg, dry)

Pounds/hr

Pounds/cu ft

Multiply by

0.26417
3.53146 x 1
5.8858 x 10
4.4028 x 10
9.8096 x.10
7.3381 x 10
35.3145
264.1720
35.3147
264.1720
0.8107 x 10
37.2281

2.20462

o

-4
-3
-6
-5

6.24278 x 10 2
5.92187 x 10 2

Heat

mg/Nm3 (dry)
mg/Nm3 (dry)

Quantities:

Kcal

Pounds/SCF

(60°F, 30 in Hg, dry)

Pounds/cu ft 6.2447 x 10_6
Parts/million 1.00
Pounds/SCF (dry) 5.920 x 10_8

Grains/SCF (dry) 4.14539 x 10_4

Btu 3.96832

[one cal = 4.1868 joules (J)]

Kcal

KJ

Kcal/h
Kcal/h

KJ/s

KJI/kg
KJ/Nm3 (dry)

KJ 4.1868
Btu 0.947817
Btu/hr 3.9683

KJ/s 1.1629 x 107>
Btu/hr 3.4121 x 10°°
Btu/pound 0.42992

-2
Btu/SCF (dry) 2.5459 x 10
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