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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.

iii



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-Oil-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 (REP) 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.
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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.
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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.
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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 oil 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-Oil-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
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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. In 
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-l. In the 
COED process, coal is crushed, dried and heated to successively higher temperatures 
in a series of fluidized-bed reactors. In 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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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 oil 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 solid 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 CO2 removal can be used as a synthesis 
gas for ammonia production or conversion to a high Btu gas.

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

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, lb./ft.^ 46 38 49 38
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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 H2 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.
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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:

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

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

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

• 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.

• The gasifier was relined with new refractory for the specific 
tests.

• 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:
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• 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 CO2 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 CO2 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
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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 lb. O2 per lb. of char

Steam Input - 0.03 to 0.3 lb. steam per lb. 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:

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 C02.

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.

Gasifier Temperature - 2260 to 2900°F

Useful Gas (CO+H2) Production - 40 to 45 MSCF per short ton of char
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• The CO content of the raw gas varied between 56 and 71 percent,
H2 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+H2) 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-quenchittig 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.
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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+H2)
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. %

co2 12.1 11.7
CO 66.7 62.9
H2 13.8 22.7
H2S and COS 1.0 1.2
N2 6.4 1.5

Gas/Char Thermal Efficiency, % 63 65

The H2S, COS, and CO2 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 Oil Energy Development, Final Report for the Period August 18, 1971 - 
June 30, 1975. EMC 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. About 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 oil 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:

• 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.
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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 Nm^) 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

S-15



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 quench 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.

• 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.
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Method of Testing (Section 4)

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

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

• 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 CO2 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 COg range of 5 to 20 percent of the raw gas was selected for the variable test 
study. The actual CO2 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
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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 0.

—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 quantities 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 (C0+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.

• 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 CC>2 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+H2) produced 
increases with increasing oxygen to char ratio. In 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+H2) has a maximum and is influenced by 
the temperature in the gasifier.
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• The efficiency of gasifying carbon increases with increasing oxygen 
supply, but CO2 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 + H2 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:

S-20



Gas/Char Efficiency 63 percent (Product Gas HHV) 
(Feed Char HHV)

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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GASIFICATION OF COED CHARS IN A 
KOPPERS-TOTZEK GASIFIER

Prepared by
KOPPERS COMPANY, INC.



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 
oil 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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Figure 1-1. Koppers Coal Gasification Process Dry Gas Production 
Capacity (Chronological Order)
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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 Oil 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/Nm^) , 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 gasification 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
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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 El 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
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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 NHj, 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

m |—| m 1—| m |—'

Figure 1-3. Schematic Set-Up of the Gasification Plant Showing 
Modifications That Were Made to Run the Tests
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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/dm^
Western Kentucky Char 1.59 kg/dm^
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
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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 percent. 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
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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 quantities 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 Nm^/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.
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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 1.63 2.33 2.25
Element Analysis C Wt. % 76.0 75.0 77.1 75.6

Dry
H II 1.8 1.7 1.6 1.7
0 II 2.9 2.3 1.9 2.4
N • 1 1.6 1.6 1.7 1.6
S total It 3.1 3.0 3.0 3.2
Ash II 14.6 16.4 14.7 15.5

Calorific Value HHV kcal 
kg dry 6761 6600 6771 6662

Calorific Value LHV ft 6666 6510 6686 6572
Particle Size > 2 mm Wt. % 1.2
Sieve Analysis 1 mm II 11.7

0.5 mm II 23.2
0.25 mm II 21.7
0.125mm II 18.5 1.4 3.4 4.4
0.063mm • I 12.3 11.6 18.4 18.0

< 0.063mm II 11.4 87.0 78.2 77.6
Particle Size > 125 y Wt. % 1.4 3.4
Microns 90 " 1.5 3.1

63 It 10.1 15.3
50 II 1.0 1.2
40 II 11.0 14.0
30 It 25.0 30.0
20 It 41.0 15.7
10 It 5.5 9.8

< 10 " 3.5 7.5

Particle Size
Fraction < 90 y wt. % 97.1 93.5
Density g/cm^ 1.588 1.590
Piled Density kg/m ^ 452 605
Rammed Density kg/m3 490 845
Grindability °H 110
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Figure 1-5. Peep Sight Into the Gasifier Showing Char Gasified at a 
Temperature in Excess of 1650°C.

Particle Size Microns

Figure 1-6. Particle Size Distribution of the Western Kentucky 
Ground Char Sample 19
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Particle Size Microns

Figure 1-7. Particle Size Distribution of the Western 
Ground Char Sample 020 & 021

Kentucky
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a
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o

Figure 1-8. Reactivity of Western Kentucky Ground Char at 950°C 
Compared with Various Fuels
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Table 1-2
ASH ANALYSES OF RAW AND GROUND FEEDSTOCK WESTERN KENTUCKY CHAR

Sample ZnO CuO NiO Fe2°3 MnO V2O5 k2o CaO S03* Ti02 Si02 AI2O3

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 25.9 0.1 0.1 2.1 3.0 2.3 0.9 42.7 20.9

* The SO3 values are to be considered solely as reference values. 
100

1000 1200 1400 1600 °C

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: 1090°C
Melting point: 1250°C
Flow point: 1280°C

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

Pittsburgh Char
Production site: 36 tons/day-pilot plant of the FMC Cor­

poration in Princeton, New Jersey, USA
Process: COED. Low-temperature carbonization of

bituminous coal in suspended (fluidized) 
bed.
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Initial raw material: 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.

Appearance of char: 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:

• 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

Particle Size Microns

Figure 1-10. Particle Size Distribution of Pittsburgh Ground 
Char 023-025
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Table 1-3

PHYSICAL PROPERTIES OF RAW AND GROUND FEEDSTOCK
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 M 1.7 1.9 1.7
0 tl 2.8 2.3 3.3
N fl 1.4 1.4 1.4
S total II 4.0 4.1 4.0
Ash II 14.9 15.3 13.2

Calorific Value HHV kcal
dry 6732 6723 6738

Calorific Value LHV " 6642 6623 6648
Particle Size > 2 mm Wt. % 0.6

1 mm II 11.7
Sieve analysis 0.5 mm II 22.5

0.25 mm • I 21.2
0.125mm " 18.4 6.0 4.6
0.06 3mm II 13.3 20.4 19.4

< 0.063mm " 12.3 73.6 76.0
Particle Size > 125 y Wt. % 6.0
Microns 90 II 5.0

63 II 15.4
50 II 3.6
40 II 11.0
30 II 22.0
20 II 32.6
10 11 3.6

< 10 •1 0.8
Particle Size 
Fraction < 90 y wt. % 89.0
Density g/cm^ 1.565
Piled Density kg/m ^ 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 Fe2°3 MnO v2°5 k2° CaO so3* Ti02 Si02 a12°3

Pittsburgh
Raw Sample
023
024

<0.1 <0.1 <0.1 29.6 <0.1 0.1 1.6 1.9 1.0 0.9 41.7 20.2

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 SOj 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
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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.
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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 progressed 
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 with a 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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Figure 2-1. Flow Sheet of Drying and Grinding Sections
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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 system is 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.
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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 
pneumatic 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, CO^, , and water. The composition of this gas corresponds approximately 
to the water-gas equilibrium at the exit temperature. The high gas temperatures 
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 2-2. Pneumatic Dust Conveying
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3Figure 2-3. Puentes Gasifier Capacity 6000 Nm /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.

Oxygen

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
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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 02/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/cm , 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. In 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.
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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 cooler 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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To Gas Holder

Gas Inlet

Flare Seal Pot Final Cooler

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 
Cr2°3 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 :

a12°3 95.98%
Si02 0.05%
Fe2°3 0.11%
CaO 3.62%
Na20 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.
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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 collect the necessary demonstration data for evaluation.

Tables 3-1 to 3-4 identify new and existing instruments and control points. In 
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 1042A 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.
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Table 3-1

TEMPERATURE-:READING POINTS TI 1001 - TI 1012

Measuring Point Indication
Measuring
Station
Index Medium Location

Type of 
Instrument

Exist­
ing New

Dimen­
sion

Con­
trol

Local Room
Re­
corded

Test
Data

Control
Data

TI 1001 02/steam mixture O2 line inlet 1 Thermometer X °C X X
TI 1002 02/steam mixture 02 line inlet 2 Thermometer X °C X X
TI 1003 02/steam mixture 02 line inlet 3 Thermometer X °C X X
TI 1004 02/steam mixture 02 line inlet 4 Thermometer X °C X X
TI 1005 Raw synthesis gas Outlet

Washer-cooler
Thermometer X °C X

TI 1006A Raw synthesis gas MS Inside gas­
ifier

Thermocouple
Pt-PtRh

X °C X X X

TI 1006B Raw synthesis gas KS Inside gas­
ifier

Thermocouple
Pt-PtRh

X °C X X X

TR 1007 Raw synthesis gas Outlet of Ra­
diation boiler

Thermocouple
Pt-PtRh

X °C X X

TI 1008 Oxygen Outlet O2 
heater Screw 1
and 2

Thermometer X °C X X

TI 1009 Oxygen Outlet O2 
heater Screw 3
and 4

Thermometer X °C X X

TI 1010 Cooling water Entering Cir­
culation Pump

Thermometer X °C X X

TI 1011 Wash water Entering wash- Thermometer X °C X X
er-cooler
Leaving wash- Thermometer X °C
er-cooler

TI 1012 Wash water X X
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Table 3-2

TEMPERATURE-READING POINTS TI 1013 - TI 1025
Measuring Point_____________ __________Indication

Measuring
Station
Index Medium Location

Type of 
Instrument

Exist­
ing New

Dimen­
sion Local

Con­
trol
Room

Re­
corded

Test
Data

Control
Data

TI 1013 Cooling Water Ash extractor
outlet

Thermometer X °C X X

TR 1014 Raw synthesis gas Tubular boiler 
inlet

Thermocouple
Pt-PtRh

X °C X X X

TR 1015 Raw synthesis gas Tubular boiler
outlet

Thermocouple
Pt-PtRh

X °C X X X

TI 1016 Cooling Water Transfer Pipe 
outlet

Thermometer X °C X X

TR 1017 Raw synthesis gas Outlet of final
cooler

Resistance
Thermometer

X °C X X X

TI 1018 Cooling water Return to stor­
age

The rmome ter X °C X X

TI 1019 Not used
TI 1020 Cooling water C3 cooling cham­

ber outlet
Thermometer X °C X X

TI 1021 Cooling water C4a cooling cham­
ber outlet

Thermometer X °C X X

TI 1022 Cooling water C4b cooling cham­
ber outlet

Thermometer X °C X X

TI 1023 Cooling water C5 cooling cham­
ber outlet

Thermometer X °C X X

TI 1024 Cooling water C2 cooling cham­
ber outlet

Thermometer X °C X X

TI 1025 Cooling water C6 cooling cham­
ber outlet

Thermometer X °C X X
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Table 3-3

TEMPERATURE-READING POINTS
Measuring Point

TI 1026 - TI 1038
Indication

Measuring
Station
Index Medium Location

Type of 
Instrument

Exist­
ing

Dimen- 
New sion

Con­
trol Re- Test

Local Room corded Data
Control
Data

TI 1026 Cooling water Cl cooling chamber 
outlet

Thermometer X °C X X

TI 1027 Cooling water C7 cooling chamber 
outlet

Thermometer X °C X X

TI 1028 Cooling water Front cover cooling 
outlet MS

Thermometer X °C X X

TI 1029 Cooling water Jacket steam chamber
outlet MS

Thermometer X °C X X

TI 1030 Cooling water Inspection hole out­
let MS

Thermometer X °C X X

TI 1031 Cooling water Burner cooling out­
let MS

Thermometer X °C X X

TI 1032 Cooling water Inspection hole out­
let MS

Thermometer X °C X X

TI 1033 Cooling water Front cover cooling 
outlet KS

Thermometer X °C X X

TI 1034 Cooling water Jacket steam cham­
ber outlet KS

Thermometer X °C X X

TI 1035 Cooling water Inspection hole out­
let KS

Thermometer X °C X X

TI 1036 Cooling water Burner cooling out­
let KS

Thermometer X °C X X

TI 1037 Cooling water Inspection hole out­
let KS

Thermometer X °C X X

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
Station
Index Medium

Type of
Location Instrument

Exist­
ing

Dimen- 
New sion

Con­
trol Re-

Local Room corded
Test
Data

Control
Data

TI 1039 Cooling water K1 seal leg outlet Thermometer X °C X X
TI 1040 Cooling water K2 seal leg outlet Thermometer X °C X X
TI 1041 Cooling water K3 seal leg outlet Thermometer X °C X X
TI 1042A Ambient air MS cold junction

TI 1006A Thermo­
couple

Thermometer X °C X X

TI 1042B Ambient air KS cold junction 
Thermocouple TI 

1006B

Thermometer X °C X X

TI 1043 Cooling water Entering overhead 
tank

Thermometer X °C X X



Table 3-5

PRESSURE-READING STATIONS
Measuring Point

PI 1001 - PI 1013
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
PI 1004 Oxygen No.4 orifice inlet U-tube X mmHg X X
PI 1005 Raw synthesis gas Final cooler out­

let
U-tube X mmWS X X

PR 1006 Raw synthesis gas Leaving gasifier Ring balance X mmWS X X X

OJ
PI 1007 Raw synthesis gas Entering tubular 

boiler
U-tube X mmWS X X

CO PI 1008 Raw synthesis gas Leaving tubular 
boiler

U-tube X mmWS X X

PI 1009 Steam Entering reducing 
station

Manometer X kg/cm2 X X

PI 1010 Raw synthesis gas Entering washer- 
cooler

U-tube X mmWS X X

PI 1011 Raw synthesis gas Leaving washer- 
cooler

U-tube X mmWS X X

PI 1012 Raw synthesis gas Entering Theisen 
washer

U-tube X mmWS X X

PI 1013 Raw synthesis gas Leaving Theisen 
washer

U-tube X mmWS X X



Table 3-6

PRESSURE-:READING STATIONS PI 1014 - PI 1022
Measuring Point Location

Measuring
Station
Index Medium Location

Type of 
Instrument

Exist­
ing New

Dimen­
sion

Con­
trol Re-

Local Room corded
Test
Data

Con­
trol
Data

PI 1014 Coke/C^/Steam Blow pipe No.l 
burner

Ring balance X mmWS X X

PI 1015 Coke/C^/Steam Blow pipe No.2 
burner

Ring balance X mmWS X X

PI 1016 Coke/C>2/Steam Blow pipe No.3 
burner

Ring balance X mmWS X X

PI 1017 Coke/02/Steam Blow pipe No.4 
burner

Ring balance X mmWS X X

PI 1018 Raw synthesis gas Leaving gasifier U-tube X mmWS X X
PI 1019 Raw synthesis gas Leaving orifice after U-tube 

final cooler
X mmWS X X

PI 1020 Wash water Entering washer- 
cooler

Manometer X kg/cm^ X X

PI 1021 Steam Entering 02/steam Manometer
blender from orifice

X kg/cm^ X X

PI 1022 Barometer level - Barometer X mmHg X X



HEAD NO. 1HEAD NO. 2

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 C1-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 A1001 (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 A1002 (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 A1003. 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: 01
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Table 3-7

FLOW-MEASURING STATIONS FI 1001 - FI 1013
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 ©2/ Orifice X % Flow X X

steam blender
FI 1002 Steam Entering No.2 ©2/ Orifice X % Flow X X

steam blender
FI 1003 Steam Entering No.3 O2/ Orifice X % Flow X X

steam blender
FI 1004 Steam Entering No.4 O2/ Orifice X % Flow X X

steam blender
FR 1005 Raw synthesis gas Leaving final Orifice ring X mmWS X X X

cooler balance
FR 1006 Oxygen Entering No.l O2/ Orifice ring X % Flow X X X

steam blender balance
FR 1007 Oxygen Entering No.2 ©2/ Orifice ring X % Flow X X X

steam blender balance
FR 1008 Oxygen Entering No.3 O2/ Orifice ring X % Flow X X X

steam blender balance
FR 1009 Oxygen Entering No.4 02/ 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 l/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

FI 1015

Quench water Entering gasifier 
outlet, head 2

Oxygen Entering seal leg

Rotameter X

Ring balance X

l/h X

Nm'Vh X

X

X X



Slags A1004

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 A1005

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 A1007

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 A1008

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
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GAS SAMPLING

Raw Gas Analysis A1010

Individual specimens were taken during the entire test period for complete Orsat 
analyses and abbreviated Orsat analyses (CO2, CO).

Taken from: seal pot after the final cooler

Raw Gas—Full Analysis A1011

A complete analysis (including the determination of H20, COS, S02, NH3, HCN) was 
performed once during each test. An abbreviated form of the analysis (H2S, COS, 
S02) 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 A1007, 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 A1012

Individual specimens were taken during the entire test period.

Taken from: 02 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.
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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 (H2S, COS, SO2) 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 percents

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.
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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 charging 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
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rate of 4800 Nm^/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 
C02 level of the gas. Operating at a predetermined exit temperature and associated 
CO2 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 CO2 level became necessary for a steady temperature and steady operating 
conditions. A CO2 range of 5 to 20 percent in the raw gas was selected for the 
test series. A CO2 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 CO2 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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KOPPERS

BOILER FEED WATER

BOILER FEED WATER

PULVERIZED 
COAL, STEAM 
AND OXYGEN BURNER 

COOLING WATER 
IN

TO
LOW PRESSURE 

STEAM DRUM

Figure 4-1 Two-Headed K-T Gasifier (Modern Design)

4-4



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: 0 to 10% water content 4^ 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 jt 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.
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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.
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Specific Gravity, Pycnometer Method
A weighed-out sample was inserted into a pycnometer having a precise volume of 
50 cm^ and then covered with about 30 cm^ 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 ZnO, CuO, NiO, 
Fe2°3' Mn0» v2°5' Ca0» so3/ Ti°2' si02' an<^ A-*-2°3-

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 E5
Ammonia was analyzed photometrically, as described in the following section on-rgas 
analysis.

*DEV - Deutsche Einheits Vorschrift
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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/1

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.
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GAS ANALYSIS

Gas Analysis with the Orsat Equipment: Ruhrgas Handbuch
The following gases were determined: CO2, cnHm' (->2' (-:0' H2' ('H4' an<^ N2- 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 (COS): 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
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Particle Size Distribution and Ash Composition of Flue Dust and Slag

Table 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 y Weight % 0.4 1.2 0.4 2.0
Microns 63 11 6.4 14.8 9.2 15.2

Sieve analysis < 63 11 93.2 84.0 90.4 82.8
Particle Size: > 125 y II 0.4 2.0
Microns 90 tt 2.3 5.0

According to
Andreasen 63 tl 4.1 10.2

50 • 1 1.7 3.8
40 II 2.5 4.0
30 II 6.0 23.0
20 II 43.0 36.0
10 II 17.0 7.5

< 10 tl 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 y 63 • 1 17.2 21.2 20.8 20.0 14.0

Sieve analysis < 63 it 80.0 76.4 77.6 78.0 84.8
Particle Size: > 125 It 2.0 2.4 1.2
Microns y 90 tt 6.8 8.6 5.8

63 it 10.4 12.6 8.2
According to
Andreasen 50 11 5.0 5.0 6.0

40 tl 8.0 10.0 12.0
30 11 21.0 23.0 41.8
20 II 32.3 27.7 14.0
10 II 8.8 7.1 6.0

< 10 tt 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 ZnO CuO NiO Fe2°3 MnO V2O5 k2o CaO so3* Ti02 Si02 AI2O3

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 ZnO CuO NiO Fe2°3 MnO V2O5 k2o CaO SO3* Ti02 sio2 AI2O3

023/02 <0.1 <0.1 <0.1 30.5 0.1 <0.1 1.8 2.0 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 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 0.3 0.9 44.2 18.6
026/02 <0.1 <0.1 <0.1 31.0 <0.1 <0.1 1.8 2.0 0.3 1.0 42.4 19.0
027/02 <0.1 <0.1 <0.1 30.6 0.1 <0.1 1.8 2.2 0.5 1.0 41.2 19.4

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 Fe2°3 MnO v2°5 k2o CaO S03* Ti02 sio2 ai2o3

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 S03 values are only to be considered as approximate.
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Table 5-6

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

Sample ZnO CuO NiO Fe2°3 MnO v2°5 k2o CaO S03* Ti02 sio2 A12°3
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 0.1 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 0.1 1.6 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 ZnO CuO NiO Fe2°3 MnO v2°5 k2o CaO S03* TiQ2 Si02 AI2O3

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
027/06 <0.1 <0.1 <0.1 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.
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A Probe nozzle 
B Probe
C Shut-off valve, electrically 

operated
D Dust column, electrically heated 
E Cooling column 
F Drying column 
G Flow meter 
H Thermometer 
I U-tube
K Venturi or orifice plate

L Rotameter or micromanometer 
M Shut-off valve, electrically operated 
N By-pass valve, manually operated 
0 Sample suction fan
P Controls for C and M with stop watches 
Q Pitot tube 
R Micromanometer 
S U-tube 
T Thermo element 
U Millivoltmeter

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

Measuring Point * 3

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
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• 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:

vk = /Ap • v^g/Q (m/s) (5-1)* *

where Ap 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:

Qk = A • vk (m3/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.
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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-
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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= 0.471 ' V]c ' (Liters/min) (5-3)

The diameter d^ of the probe was computed from the following expression:

ds = 15.35 i/Vjj • k/vk • 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:

V = [0.3592 V P,/T, - W /0.804] 2.782 T /P (1/min) (5-5)u s k k o u u '

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 
Pu at the gas meter to vary during the course of a dust measurement, the pre­
viously computed volume flow had to be continuously 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
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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 StrOhlein 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 StrOhlein 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.
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• 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 X X

Gas analysis X

Clock time X X 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 Q • P. /T, nf k k (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 1: 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.
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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/m^ 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 associated with the water content
(column 6) is listed.

Column 8: Dust content in g/m^ 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: C>2 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)

5-16



|-17

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 °2 co2 CO H2 n2 DENSITY
NO. DATE CLOCK TIME °C mm WS °C g/m3n1-v REMARKS TYPE m^„¥r/h kq/h m^v/h Vol.% Vol.% Vol.% Vol.% kq/in3

19.1 15.8.75 22.38-22.44 215 140 343 69.3 61.7 WK 4077 221 1797 12.0 68.2 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 _ 239 147 419 72.4 - Not com- WK 4429 497 1914 16.4 60.3 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 PC 13.2 64.8 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 not completed in columns 13, 14 , S 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
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Table 5-9

RESULTS OF THE DUST-CONTENT DETERMINATION EXPERIMENT 026-028

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
DUST MEASUREMENT GAS ANALYSES

DUCT DUCT WATER DEW DUST AVERAGE DUST VOLUME ADDED QUANTITY
TEST TEMP. PRESS. CONTENT POINT CONTENT CONTENT CHAR FLOW STEAM °2 co2 CO H2 N2 DENSITY
NO. DATE CLOCK TIME °C mm WS g/in3n.T- °C q/m3n.^ REMARKS TYPE m3„).Y./h kq/h iri^.^/h Vol.% Vol.% Vol.% Vol.% kq/m3

26.1 21.8.75 13.15-13.18 215 180 370 70.5 116.5 Not com- PC 10.4 65.6 18.4 5.8 1.1151
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 21.8.75 16.30-16.32 215 185 369 70.4 107.7 PC 10.8 66.9 17.1 5.2 1.1302
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 23.8.75 18.30-18.32 228 180 455 73.7 60.6 WK 20.5 58.0 16.1 5.4 1.2123
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.
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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 jt 10 percent.

Formula Symbols and Subscripts. The following symbols, quantities, and subscripts 
are used in this report:

Quantity Units
, 2 A m
P

3 3Q m /s; m /h

Designation
area of cross-section
absolute pressure
volume flow in main gas stream
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Quantity Units Designation
s.1 mass/volume dust content
S kg/h dust discharge
T K absolute temperature
V m3/s; 1/min volume • flow
W 3kg/m water contento n
d mm diameter of suction nozzle
g m/s2 acceleration under gravity
m mg mass of trapped dust
p mmWS(-WC); mm Hg pressure
t °C temperature
V m/s gas velocity
8 - Pitot tube coefficient
P kg/m3 density
T °C dew point

Subscript Designation
B gas under operating conditions
Ges total pressure
N rated gas quantity for the dust-measuring 

apparatus
U gas meter
b atmospheric pressure; barometer
f moist
k main gas duct
n normal state, 0°C, 760 torr, dry
s suction nozzle
st StrOhlein apparatus (15 m3/h apparatus)
stat static (pressure)
tr 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.
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The evaluation is divided into the following operations:

• Computing volume flows from test data
• Computing mass flows from test data
• Computing errors
• Computing mass-flow of elements
• Setting up mass balances
• Setting up heat balances
• 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. As 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 SO^ determined in the wash water is larger than the amount of S02 
present in the raw gas before the washer-cooler inlet. This difference can be 
attributed to the fact that in the SO^ analysis we assumed that the total measured 
sulfur came from S02 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 H2S, HCN, 
SC>2, and COS are analyzed before entry into the washer-cooler. In 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.* *

^WW = f ‘ d•b•h•/2^g^h [m3/s]

*See W. Kalide "Einftihrung in die Technische Strfimungslehre."
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y 0.578 + 0.037- 3-615 - 3(f)2
1000-h + 1.6

]i = contraction coefficient
b = width of rectangular cross-section of weir [m]
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 = 0.300 m 
B = 0.410 m 
H - h = 0.250 m
Head of water in rectangular weir h: 98.2 mm 
Amount of wash water ^ = 61.34 m^/h

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

• 8 a , 2 , 3 , ,
VW,ASA = IF •y‘tan 2 ' h/^ tln /S]

a = angle of triangle 
h = head of water in triangle [m] 
y = contraction coefficient = 0.565 + 0.0087 h 
Head of water in the triangle h: 131.8 mm 
Ash discharge, wash water $ =26.53 m^/h

W / r\oA

Flow Rate of Washer-Cooler Effluent.

^KW ^WW ~ ^W,ASA '■m //h'1

Total wash water, after washer-cooler 
Wash water, after slag discharge 
Wash water in washer-cooler

V : WW
W, ASA
KW

61.34 m3/h 
: 26.53 m3/h 
34.81 m3/h

*See THE COED PROCESS in Section 1.

- Weir.*
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Flow Rate of Quenching Water.

-VQ + [1/h]

Measured Volume Flow
Volume flow of quenching water 1

Volume flow of quenching water 2

V : 891.7 1/h 
yl

: 933.3 1/h
S2

Corrected Volume Flow

V * W [m3/h]

3^ = 1.07 correction factor, 
$2 = 1.024 correction factor, 

Volume flow of quenching water 1 
Volume flow of quenching water 2

rotameter 1 
rotameter 2

= 954.1 1/h
®1 = 955.7 1/h
22

Total volume flow of quenching water VQ 1909.8 1/h

Flow Rate of Cooling Water for the Gasifier Jacket.

V = - VKW,V total RL [m3/h]

= K /Ap [mm Hg] [m /h] total 2
K2 = 16.902 Diaphragm factor

V =3.4 m3h cooling water for cooling the raw gas line RL
Pressure difference at measuring diaphragm Ap: 203.0 mm Hg

3
Total volume flow ^ ^ t = 240.8 m /htotal
Cooling water for raw gas line ^ = 3.4 m /hRL

Volume flow of cooling water for 
gasifier jacket = 237.4 m /hKW, 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.
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All quantities 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.

Symbols and Signs

Physical quantities
m'Vh volume flow

m kg/h mass flow
V vol. % volume fraction
W weight % mass fraction
n mole % mole fraction
p mm Hg, bar pressure
B mm Hg barometric pressure
R kJ/kg°K gas constant
cp kJ/kg°K specific heat
t °C temperature
Ah kJ/kg specific enthalpy
Ah kJ/sec enthalpy
Q kJ/sec total heat
H kJ/sec chemically useful heat
q kJ/Nm^ specific heat loss
kp - equilibrium constant
w’ mg/1 traces in wash water
w" mg/Nm^ traces in raw gas
w mg/1 traces in water
Y kg/m^ specific gravity
T °C dew point
T) - efficiency
£ % extent of steam decomposition
K % volumetric efficiency, packing factor

Material-identification symbols (as subscripts)
K char
RG raw gas
D steam
SD saturated steam
VS combustion oxygen
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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 O^-heater
RK tube boiler
V gasifier

States (as subscripts)
N normal state
tr dry state
f 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 
H2S, S02, and HCN, and the theoretically calculated absorption of CO2 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.
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The amount of SO2 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 SO2 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.

►Raw Gas
Measured Values

Pressure
Temperature
Pressure Drop

Wash Water
Measured Values

Volumetric Flow H2S 
Rate SO2 Washer-

Cooler

Raw Gas
Measured Values
Pressure
Temperati
Humidity

Wash Water
Measured Values

Volumetric Flow 
Rate

Figure 5-2. Analyses Performed for Washer-Cooler
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iPrint Results

Gas Composition 
Before Washer-

Total Mass Flow Rate 
of Absorbed Gas 
Components_______

MassFlow Rate of

Final Cooler
Raw Gas After

Volumetric Flow 
Rate After Final 
Cooler______________

MassFlow Rate of

Washer-Cooler
the Raw Gas Before

Analysis before
Washer-Cooler

Raw Gas

Volumetric Flow Rate 
of the Raw Gas After 
the Final Cooler

Mass Flow Rate of 
Absorbed Gas Com­
ponents (individually)

Is Difference between 
New and Old Volumetric 
Flow Rates < 10~3 m3/h?

MassFlow Rate of

After Final Cooler
Raw Gas Components

Mass Flow Rate of 
the Gas Components 
Before Washer-
Cooler

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

• C02~ ’ h2s-' s(->2-' an<^ HCN-Absorption

—Measurement Data
Temperature, H2O, washer-cooler inlSt fcH 0,KWfE = 22.5 °C

Temperature, raw gas, washer-cooler outlet tR|_, ^ 33.5 °C
Pressure, raw gas. washer-cooler inlet 185.8 mmWC
Pressure, raw gas. washer-cooler outlet P :RG,KW,A 102.7 mmWC
Barometric pressure B 731.0 mm Hg

C°2 in the gas
VC°2

10.6 vol. %

B^O, washer-cooler VH20,KW 34.81 m3/h

C°2 in H^O before washer-cooler w1
C02

9.2 mg/1

H2S in the wash water, exit w1
H2S

80.90 mg/1

S°2 in wash water. outlet w*50 43.04 mg/1

HCN in wash water. outlet
z

w1HCN 1.38 mg/1
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—CC>2 absorption
Mean washer-cooler temperature

‘m = 1/2(tH20 + V '
Mean washer-cooler gas pressure

P = 1/2(P + P ) = 10.61 mm HG m RG,E RG, A -----------
Absolute pressure 

p = B + pm
Partial pressure CO,

co2 [%]"
co2 100

C02 absorption coefficient
at t and 760 mm Hg m

Absorbed CO,

p = 741.61 mm Hg

78.6 mm Hg

3Nm CO,
a C02 = 0.7026—

H20 • 760 mm Hg

O'1 =01 • ^co2 co2 h2o,kw p V
C°2 C°2

2.53 Nm C02/h

Density of C02 in raw gas

Specific CO2 content 
VI.

1.9768 kg C02/Nmtr

v»2°
W" =143.7 mg/1co2

CO^ dissolved in wash water
2 V

C02V" = ---  • W
C02 WC0. C°2

= 0.16 Nm CO /h 
C°2 1

C02 absorbed in wash water
= V' -co2 co2 co2 = 2.37 Nm CO /h 

C02 2
C02 Absorption mass rate 

Am = ^ • Y „co2 co2 'n,co2
-H2S Absorption

MH2S = WH2S[mg/1] • \0

Am . =4.68 kg/h
C02

[m /h] • 10-3

Am
H2S

N,^3 [Nm tr/h]

Mass flow H2S, absorption

Normal density of H2S in raw gas yn,h2s
H2S volumetric cibsorption rate <1n,h2s

1.82 kg/h
3= 1.5392 kg/Nm tr 

= 1.19 Nm^tr/h
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Absorption

Mso2 = wso2 [mg/1] \o I"3/hl
-3

Am„

N, S0„ YN, S0„
S02 absorption mass rate 

Normal density SO

[Nm tr/h]

Am_

y,

S02 volumetric absorption rate
N, SO,

N, S0„

1.49 kg/h
3= 2.9263 kg/Nm tr

0.51 Nm tr/h

—HCN Absorption
Am = w' [mg/1] HCN HCN * H2°

[m3/h] • ]0 3

AmHCN
N'HCN ^N,HCN 

HCN absorption mass rate

[Nm tr/h]

Normal density HCN

HCN volumetric absorption rate

Mhcn = °-05 kg/h 
yn,hcn = 1-1893 kg/Nm3tr

3V =0.04 Nm tr/hN,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.
^RG f = K^/Ap [mmWC]/pRG f [kg/nY*] [m /h)

= 788.09, diaphragm factor

3RG,f PRG,tr + PSD
D = (P “ P )RG,tr total SD

[kg/m3]
io5/rtotal [kg/m3]

R. . . = R/Ev.M.total i i [J/kg°K]
R = 8314.3 J/k mole, universal gas constant

> , = B + ptotal ^BL [bar]

SD ~ f(tBL) [bar]
2

SD ~ f^tBL^ [kg/m
3

r = (p /p )^HO *30 total RG,f [m /h]
2

r = - VRG,tr RG,f H20 [m3/h]

f ^ ^ • 0.3592(pN,RG,tr RG,f *total - p )/T ^SD [Nm3/h]
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■Raw Gas Analyses, After the Final Cooler. The raw gas analyses
are given in volume-percent from computer calculation.
CC> V : 10.60 Vol. %2 C°2
CO vco : 65.89 Vol. %

V : 16.53 Vol. %2 H2
N_ V : 5.61 Vol. %2 N2
H S V „ : 1.13 Vol. %2 H2S
COS vcos 0.21 Vol. %
S0o : 0.02 Vol. %2 S°2
HCN V : 0.014 Vol. %HCN

Sum : 100.004 Vol. %
■Measuring Data at the Measuring Orifice After the Final Cooler
Temperature at the orifice 23.4°C
Pressure at orifice PBL 1 103.3 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
Total pressure, absolute p , = 0.9847 bartotal
Partial pressure, water vapor in

raw gas p = 0.0288 bar
Density, water vapor in raw gas Psd = 0.0211 kg/m
Gas constant of raw gas R , = 325.72 J/kg°Ktota! 2
Density, raw■ gas, moist p = 1.0106 kg/mKU/ r ^
Volume flow. raw gas, moist ^ = 5840.40 m /hRG, f ^
Volume flow. H^O in raw gas V „ = 170.82 m /hh2o,rg
Volume flow. raw gas, dry V = 5669.59 m3/hRG,tr 3
Normal volume, raw gas, dry ^ = 5071.25 Nm tr/hm pn -hv* '

Flow Rate of Raw Gas to Washer-Cooler
RG, tr 
\otal

RG, tr RRG • T)/105ptotal
£ (R.m./in . ) i i total

H2°

f (T) 
f (T) 

= P,

RG, f

SD

V.

^RG,tr^ ^total " PSD^

+ VRG,tr H20
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-Computer Calculation of Mass Flow of Individual Components to
Washer-Cooler
CC>2 mass flow in raw gas before washer-cooler

CO mass flow in raw gas before washer-cooler 
mass flow in raw gas before washer-cooler

mass flow in raw gas before washer-cooler

H^S mass flow in raw gas before washer-cooler

COS mass flow in raw gas before washer-cooler
S02 mass flow in raw gas before washer-cooler

HCN mass flow in raw gas before washer-cooler

Mass flow, raw gas before washer-cooler

ncos

HCN

1056.94 kg/h

4181.53 kg/h 
75.50 kg/h

356.14 kg/h

87.25 kg/h

28.58 kg/h 
2.90 kg/h

0.86 kg/h

^RG.rf5789-70 ^/h
—Gas Constants in J/kg°K

CN
OPZU = 188.92 = 243'90

a* o
1

= 296.84 R = 138.42COS

“-2
= 4124.40 R = 129.80

S02
= 296.78 R = 307.61HCN

Gas constant, raw gas before 
washer-cooler R = 325.51 J/kg°KRG,KW *

—Measurement Data
Temperature, raw gas, washer-cooler inlet t„
Pressure, raw gas, washer-cooler outlet p^
Barometric height B
Partial pressure, H^O in raw gas p^.

216.3°CRG
: 185.8 mm WCRG
731.0 mm Hg

: 0.3171 barSD
—Calculation Results for Raw Gas to Washer-Cooler 
Volume flow, raw gas, dry
Volume flow, H^O in raw gas

Volume flow, raw gas, moist 
Normal volume flow, raw gas, dry

V : 9291.26 m /h RG,tr
V : 4360.41 m /h h2o,rg
V ^ : 13651.67 m3/hRG, f 3
V : 5080.75 Nm /h N,RG,tr

Volume Flow of Gasifying Oxygen. For the final value after error calculation, see 
page 5-44

V = K • q [%]VS,Z 7 Hz i/kg/pvs,z/10° [ra /h]
68.78 diaphragm constant 
166.5 Apparatus constant

burner subscript
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PVS= PQ2 + PN2 + PSD [kg/m3]
[%] (Ptotal - P_) • 10 /R. T [kg/m ]

i = gas component (O^, N^)

'total B + PBL,Z (bar)

PSD =

PSD = f tV
T = 12°C evaluated saturation temperature of the water vapor in the 

gasifying oxygen

• Gas Analysis, Gasifying Oxygen, Dry
Volume fraction 02 V 93.93 vol. %

Volume fraction N2 V :
N2

6.07 vol. %

Sum 100.00 vol. %

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

Sl ^rh (tErh N/S^Bl/^mL
where £ = average heater-burner tube length

L = 13 meters
and = heater-diaphragm tube length

= 3 meters

[°CJ

Average temperature, heater U = 121Erh °C
Average temperature, gasifier oxygen t = 92. 39°C

Measurement Data
Barometric height B = 731.0 mm Hg
Temperature at orifice

V = 114 . 4°C
Vapor pressure at T = 12°C PSD = 10- 518 mm Hg
Specific weight (density), steam “3

at T = 12°C PSD = 0.0107 kg/m

Calculation of Volume Flow per Burner
Burner Burner Burner Burner

1 2 3 4
Static pressure at diaphragm p 227.5BL f Z 194.17 212.7 230.7 mmHg
Flow-through q 81.3z 79.1 81.2 80.6 %
Density, gasifying oxygen p 1.2572VS 1.2134 1.2378 1.2614 kg/m'
Volume flow 643.5VS, z 637.3 647.8 636.9 m /h

2
Normal volume flow 565.6N,VS,z 540.5 560.5 561.7 Nm tr,/h
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Calculation of Total Volume Flow of Gasifying Oxygen
VS VS,z

^7 = (p /p )H20 ^SD ^total,z VS,z

4 - »„20„
■v = (❖ - ^ ^)V /100
°2 VS H2° °2

V ^ - (^ + 'O'
N2 VS °2 H2°

Volume flow, gasifying oxygen

[m3/h]
fm3/h]

[m3/h]

[m3/h]

[m3/h]

Volume flow, H20 in gasifying oxygen 

Volume flow, 02 in gasifying oxygen 

Volume flow, N2 in gasifying oxygen 

Normal Volume Flow of Gasifying Oxygen

V^ = 2565.50 m /h

\o,vs = 28*49 m3/h
^ = 2383.01 m3/h
.°2Vv, = 154.0 m /h 
N2

Normal volume flow. gasifying oxygen
Normal volume flow, H2°
Normal volume flow. °2
Normal volume flow. No

N, VS 2228.3 Nm /h
$ .= 24.72 Nm /h
n,h20
❖ = 2093.04 Nm3/h

3 3
^ = 135.26 Nm /h
n,n2

Calculation of Mass Flows From the Measurement Data

The following calculation is the preliminary result; the final value is given under 
Corrected Mass Balance, page 5-44.

Mass Flow of Raw Gas.

• Mass Flow of Raw Gas After Final Cooler. The computer calculation 
gives:

Mass flow of C°2 in the raw gas s 1052.26 kg/h

Mass flow of CO in ■the raw gas ^co 4181.47 kg/h
Mass flow of H2 in 'the raw gas 75.50 kg/h

Mass flow of N2 in •the raw cjas m
N2

— 356.14 kg/h

Mass flow of H2S in the raw gas v 84.44 kg/h

Mass flow of COS in the raw gas Acos = 28.58 kg/h
Mass flow of S°2 in the raw gas s 1.41 kg/h

Mass flow of HCN in the raw gas mHCN = 0.81 kg/h

Mass flow,. raw gas, dry *RG zz 5780.61 kg/h
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Mass Flow of Raw Gas to Washer-Cooler
gives: 
Mass flow of c02 ini the: raw gas

Mass flow of CO in the raw gas
Mass flow of H2 in the raw gas

Mass flow of N2 in the raw gas

The computer calculation

i = 1056.94CO_ kg/h
2

i = 4181.53CO kg/h
t = 75.50H _ kg/h
2

t = 356.14N„ kg/h

Mass flow of V in the raw

Mass flow of cos in the raw
Mass flow of so2 in the raw

Mass flow of HCN in the raw

Mass flow. raw gas. dry

gas m =
H2S

87.25 kg/h

gas *cos = 28.58 kg/h
gas *SO = 2

2.90 kg/h

gas m =HCN 0.86 kg/h

m =RG 5789.70 kg/h

Composition of Raw Gas 
Percent by weight of

Percent by weight of 
Percent by weight of

Percent by weight of

Percent by weight of

to Washer-Cooler in 
CO^ in the raw gas

CO in the raw gas 
in the raw gas

in the raw gas

H^S in the raw gas

Weight-Percent
W_= 18.26 wt. %
C°2
W_ = 72.22 wt. %CO
W = 1.30 wt. %
H2

W = 6.15 wt. %
N2
W = 1.51 wt. %H*S

Percent by weight of cos in the
Percent by weight of S°2 in the

Percent by weight of HCN in the

raw gas w =cos 0.494 wt. %
raw gas w

S02
0.050 wt. %

raw gas wHCN 0.015 wt. %

Total 99.999 wt. %
Composition of Raw Gas From Washer-Cooler in Weight-Percent

Percent by weight of c02 in the raw gas w
C02 = 18.20 wt.

Percent by weight oi: CO in the raw gas wco = 72.34 wt.
Percent by weight of H2 in ithe :raw gas w

H2
= 1.31 wt.

Percent by weight of N2 in the :raw gas W
N2

= 6.16 wt.

Percent by weight of H2S in the raw gas W „ 
H2S

= 1.46 wt.

Percent by weight of COS in the raw gas wcos 0.494 wt
Percent by weight of S02 in the raw gas

S02
=: 0.024 wt

Percent by weight of HCN in the raw gas WHCN ss: 0.014 wt

%

%
%

%

%

%
%

%

Total 100.02 wt. %
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Mass Flow of Gasifying Oxygen. The following is a preliminary calculation; for 
final values, see Corrected Mass Balance, page 5-44.

m =0 ■ ^VS,z HVS,z VS,z

VS VS, z
mH20,VS “ PH20 ' \20

°2 °2rn =: ■ — - ■ ■ <02,VS Ev± • Mi • (mVS m _)
H2°

m = m - (m +n2 vs vs o2 m _) 
H2°

Burner Burner Burner Burner
1 2 3 4

Volume flow VVS 634.5 637.3 647.8 636.9 m /h
Density Pvs 1.2572 1.2134 1.2378 1.2614 kg/m
Mass flow m^ 797.69 773.30 801.85 803.39 kg/h

Total mass flow, gasifying oxygen mvs = 3176.23 kg/h
Mass flow H20 in gasifying oxygen mH20,VS 1= 25.85 kg/h

Mass flow, 02 in gasifying oxygen
m°2'VS =

2981.65 kg/h

Mass flow, N2 in gasifying oxygen mN2,VS 168.72 kg/h

Mass Flow of Solids From Washer-Cooler.
m = w [g/1]FST,KW FST h2o,kw [m3/h]

Solids content, washer-cooler effluent 

Flow rate of effluent washer-cooler

Mass flow, solids, from washer-cooler
m = 626.93 kg/hFST,KW ^

wpST : 18.01 [g/1]

V : 34.81 [m /h]h2o,kw /

Mass Flow of Solids From Slag Extractor.

^ASA = WASA [g/1] ' \o,ASA [lt,3/h]

Solids content, slag extractor

Wash water, slag extractor

Mass flow, solids, ash

m =39.80 kg/h 
ASA

“»sa : 1'50 19/11

\0,ASA ■■ 26'53 /hl
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Mass Flow of Flue Dust to Washer-Cooler.

mFLST = 472 *66 k<?/h

Mass Flow of Flue Dust From Tubular Boiler Dust Leg

[%]’FLST [m3]FLST,RK
FLST,RK 100

Total volume, dust bag

Total duration of test 
Filling fraction, dust bag

Density, dust

t [h]

STS

PFLST,RK tkg/m 1

FLST,RK

FLST,RK

- m

- h
- %

3- kg/m

Mass flow, flue dust, tube boiler
m.FLST,RK kg/h

Mass Flow of Slag.

m [kg] /t [h]oJL
Mass, slag, total

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

112.70 kg/h

m = 141.2 kgSL
t = 1.08 h

wh2o,sl = 13-8 wt- %

Mass Flow of Gasifier Residue.
£ [%]^ZV RV [kg]

RV 100 t [h]
Mass or residue corresponding to 100%

Residual contents, gasifier

Duration of test, total 
Mass flow, gasifier residue

RV 51.82 kg/h

m = 950 kg RV ^
5 = 60 % SRV

11 h

Mass Flow of Water From Char Feed Coal.

h2°,k
h2o,k
100 A [kg/h]Jn.
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Mass flow, char feed 

Moisture content, in char 

Mass flow, water in char 

Ah2o,k = 52-18 kg/h

Mass Flow of Water in Gas, Less Quenching Water.
3Volume flow, H20 in gas V - m /h

Dew point, HO in gas T - °C
2 3Density, H20 in gas p' - kg/m

Mass flow, H20 in gas
m = — kg/h

3146.48 kg/h

wh2o,k = 1'63 wt- %

Mass Flow of Water From Gas, Less Quenching Water.

m =m +m +m+m • 8.9365 - mH 0,RG H O,VS H 0,K D H,K H , RG£ £ £
8.

m • 0.5286 - ntH2S,RG HCN,] 0.6666

Water from gasifying oxygen 

Water from char 

Steam addition 

Hydrogen in char 

Hydrogen in raw gas

H2S in raw gas

m „ „ : 25.85 kg/hh2o,vs
m : 52.18 kg/hh2o,k
m : 364.40 kg/hD ^

8.9365 m : 53.49 kg/h 8.9365 H / K
8.9365 m

HCN in raw gas

0.5286 m

0.6666

■h2,rg

H2S,RG

InHCN, RG
Water in raw gas (without quenching water)

: 75.50 kg/h 8.9365 

: 87.25 kg/h 0.5286 

: 0.86 kg/h 0.6666

Xo.RG ‘ 199-°4 ^

Calculation of Steam Addition.

4.137 /O.25 q^/V^D SD [kg/h]

f(pabs)
B + p

9365
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Steam pressure at mixing nozzle PD = 4.9 kg/cm

Barometric pressure B : 731.0 mm Hg
Absolute pressure Pabs : 5.57 bar

Volume of saturated steam VSD :: 0.3385 m3/k<

Flow-through, meter 1 qi = 26.5 %

Flow-through, meter 2 q2 = 25.5 %

Flow-through, meter 3 q3 = 25.0 %

Flow-through, meter 4 q4 = 25.5 %

dVIass flow, steam, mixer 1 mD, 1 : 94.22 kg/h

Mass flow, steam, mixer 2 lnD,2 : 90.66 kg/h

Mass flow, steam, mixer 3 m . D, 4 : 88.88 kg/h

Mass flow, steam, mixer 4

Total mass flow of steam

mD,4 : 90.66 kg/h

= 364.42 kg/h

Mass Flow of Cooling Water for Gasifier Jacket.

\o,v - ph2o,v • \o.v [k9/hl

Volume flow, cooling water, gasifier 

Temperature, cooling water, inlet 

Density, cooling water, gasifier

Mass, flow, cooling water, gasifier jacket
m „ „ = 235421 kg/h h2o,v

o w = 237•4 m /h (Page 5-25) 
H2 '

t =41 52°r
h2o,v c

ph2o,v = 991•66 kg/m

Mass Flow of Char Feed.

m_ = m /w K C,K C,K [kg/h]

mC,K mc,RG + mc,FST,KW + mc,FLST + mc,FLST,RK + mc,ASA + mc,SL + mc,RV
The use of the quantities m and m is dependent on the test pro-C fFST fKW C/FLST rRK
cedure.
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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:
m w : 18.26 wt.%2 C02
CO wco : 72.22 wt.%
cos W :COS 0.494 wt.
HCN w :HCN 0.015 wt.

C-fraction in gas components (see corrected value on page 5-45) 
Mass flow of raw gas to washer-cooler

m = 5789.70 kg/hRG,KW
C-mass flow from raw gas:

C°2 m :
C'C02

288.44 kg/h

CO mc,co 1793.04 kg/h
COS m :C,COS 5.71 kg/h
HCN •

C,HCN : 0.38 kg/h

Raw gas mC,RG 1 2087.57 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.
C-mass fraction in solids w „„„ - wt. %

C,FST
Mass flow, solids m - kg/h

FST
C-mass flow, solids mc fst ^ - kg/h

—Mass Flow of Carbon in Flue Dust.
C-mass fraction in flue dust w „ „„: 51.2 wt. %

C,FLST
Mass flow in flue dust m : 472.66 kg/h

FLST
C-mass flow in flue dust m : 242.0 kg/h

C,FLST
—Mass Flow of Carbon in Flue Dust Boiler Dust Leg. This calcula­

tion is not required.
C-mass fraction, flue dust RK w - wt. %C / RIC
Mass flow, flue dust RK m - kg/h

RK
C-mass flow, flue dust RK m - kg/h

C f FLoT f RK
—Mass Flow of Carbon in Ash Discharge.
C-mass fraction w^ : 72.9 kg/h
Mass flow rate "’aSA : ^9/^
C-mass flow rate m_, : 29.01 kg/h

—Mass Flow Rate of Carbon in Slag.
C-mass fraction, slag vrn ■ 6.7 wt. %

f o Xj

Mass flow, slag m : 112.70 kg/h
SL

C-mass flow, slag m : 7.55 kg/h
C f SL
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-Mass Flow of Carbon in Gasifier Residue 
C-mass fraction
Mass flow rate

WC,RV = 72*9 Wt‘ % 
mRV : 51.82 kg/h

C-mass flow rate m :C, RV
■Mass Flow of Carbon in Char Feed. 
C-mass flow, raw gas

37.78 kg/h

mC,RG 2087.57 kg/h
C-mass flow, solids, from washer- 

cooler mC,FST,KW: - kg/h
C-mass flow, flue dust •

C.FLST : 242.00 kg/h
C-mass flow, flue dust, from tubular 

boiler dust leg mC,FLST, RK kg/h
C-mass flow, ash discharge slag 

extractor m :C,ASA 29.01 kg/h
C-mass flow, slag mc,SL : 7.55 kg/h
C-mass flow, residue, in gasifier 

heel m :C,RV 37.78 kg/h

C-mass flow, in char feed m :C,K 2403.91 kg/h

Mass Flow of Char Feed 
C-mass fraction, in char
C-mass flow, in char
Mass flow, char feed

m = 3146.48 kg/h K

w : 76.4 wt. %C,K
m : 2403.91 kg/h0 f xC

Provisional Mass Balance 
—Mass Flow, Gasifier Inlet
Char, dry Ak : 3146.48 kg/h
Oxygen, pure

V
2981.65 kg/h

Nitrogen
\ ’

162.72 kg/h

Water from gasifier oxygen mH20,VS 1: 25.85 kg/h

Water from char
V'K =

52.18 kg/h

Steam addition m :D 364.40 kg/h

Total, mass flow, inlet m„. :Bin 6733.28 kg/h
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—Mass Flow, Gasifier Outlet
Raw gas before washer-cooler m :RG 5789.70 kg/h
Water in raw gas (excluding quenching water) ItlH20,RG: 199.04 kg/h

Solids, washer-cooler mFST, KW = -
Flue dust m :FLST 472.66 kg/h
Flue dust in tubular boiler dust leg mFLST, RK : -
Ash discharge m :ASA 39.8 kg/h
Slag m :SL 112.70 kg/h
Residue, gasifier m :RV 51.82 kg/h

Total, mass flow outlet mAus 6665.72 kg/h

6 = m . - mBin Aus
(in) (out)

= 67.56 (kg/h]

[kg/h]

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

Oxygen, pure 

Nitrogen

Water from gasifier 0^ 

Water from char 

Steam addition 

Total

m 3146.48 + 0.0 kg/h

m0 2981.65 + 164.0 kg/h

m 162.72 + 9.8 kg/h
N2

AH20,VS 25-85 ± i-6 k9/h

n v 52-18 + 6'3 k<3/hH2°'K
mD 364.4 + 29.2 kg/h

6733.28 kg/h total,m_____________
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Mass Flow, Gasifier Outlet.
Raw gas before washer-cooler

Water in raw gas (without quenching 
water)

Flue dust

Ash discharge

Slag

Gasifier residue 

Total

Difference: m n - mtotal,m total,out =

m 5789.70 +0.0 kg/hRG

Ag 0fRG 199.04 +10.9 kg/h 

"'FLST 472-66 + 0.0 kg/h

ASA 39.80 + 0.0 kg/h

m 112.70 + 0.0 kg/hSXj

m 51.82 + 0.0 kg/h

ni = 6665.72 kg/htotal,out____________

67.56 kg/h

Corrected Mass Balance.

£
1

£
II

<c

1,111 i,out

m. = m. . = s26/Es2i, corrected i,m i i (inlet)

-m. = - *. - s26/Es2i,corrected i,out i i (outlet)

• Corrected Mass Flow, Gasifier Inlet
Char mK 3146.48 kg/h
Oxygen, pure ih^ 2916.77 kg/h

Nitrogen m
N2

162.72 kg/h

Water from gasifier 0 m2 25.84 kg/h

Water from char mh2°,k 52.08 kg/h

Steam addition mD 362.34 kg/h

Mass flow, inlet m, T. , .total,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) mH20,RG 199.33 kg/h

Flue dust "‘flst 472.66 kg/h
Ash discharge mASA 39.80 kg/h
Slag mSL 112.70 kg/h
Gasifier residue *RV 51.82 kg/h

Mass flow, outlet total,out 6666.01 kg/h
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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.

(1/100)w± [%] 

= m^ [kgi/h]
^total

n. . [kg j/k mole.] ' (1/M.) [k mole./kgi] j / 1 1 1 1

where i = gas component
j = element component (C, H, 0, S) 
n = 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

CO^ mass fraction in raw gas before washer-cooler

CO mass fraction in raw gas before washer-cooler
H2 mass fraction in raw gas before washer-cooler

N2 mass fraction in raw gas before washer-cooler

H2S mass fraction in raw gas before washer-cooler

COS mass fraction in raw gas before washer-cooler
S02 mass fraction in raw gas before washer-cooler

HCN mass fraction in raw gas before washer-cooler

Total

Arg 5789.70 kg/h

WC02
18.26 wt. 1

wCO 72.22 wt. 1
w
H2

1.30 wt. '

w
N2

6.15 wt. ■

w
H2S

1.51 wt. ’

wcos 0.494 wt. 1

"S02 0.050 wt. !

WHCN 0.015 wt. ■

W = 99.999 wt. !

C-Mass Flow in Raw Gas Before Washer-Cooler 
—C-Fraction in:

2
CO
COS
HCN

C,m

C,C0
\:,cos
^C,HCN

12.01 kgC/k mole C02

12.01 kgC/k mole CO 
12.01 kgC/k mole COS 
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^ mC02,RG 1057.20 kg/h

Mass flow CO mCO,RG 4181.32 kg/h
Mass flow COS riiCOS,RG 28.60 kg/h
Mass flow HCN

—C-Mass Flow in Raw Gas
mHCN,RG 0.87 kg/h

C-mass flow from C°2 mC'C02
288.62 kg/h

C-mass flow from CO mc,co 1793.79 kg/h
C-mass flow from COS mC,COS 5.72 kg/h
C-mass flow from HCN mC,HCN 0.39 kg/h

C-mass flow, raw gas mC, RG = 2088.51 kg/h

H-Mass Flow in the 
—H-fraction in:

Raw Gas Before Washer-Cooler

H2 nH,H2 2.016 kgH/k mole H2

h2s nH,H2S
2.016 kgH/k mole H2S

HCN
—Mass Flow of Raw

nH,HCN
Gas

1.008 kgH/k mole HCN

Mass flow H„2 m
v RG 75.27 kg/h

Mass flow H2S
V , RG 87.42 kg/h

Mass flow HCN "’hCN
—H-Mass Flow in Raw Gas

, RG 0.87 kg/h

H-mass flow from H2 m
H'H2

75.27 kg/h

H-mass flow from H2S mh,h2s 5.16 kg/h

H-mass flow from HCN •
H, HCN 0.03 kg/h

H-mass flow, raw gas mH,RG 80.46 kg/h

• 0-Mass Flow in the Raw Gas Before Washer-Cooler 
—O-fraction in:
C02 n

°' C°2
32.00 kgO/k mole C02

CO n0,C0 16.00 kgO/k mole CO

S°2 no,so2 32.00 kgO/k mole S02

COS no,cos 16.0 kgO/k mole COS
—Mass Flow in Raw Gas
Mass flow CO„ m? on 1057.20 kg/hC0„,RG
Mass flow CO m 4181.32 kg/hCO / RG
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Mass flow S0„2 S02,RG
Mass flow COS ni „COS,RG

2.89 kg/h 

28.60 kg/h
—O-Mass
O-mass

Flow
flow

in Raw Gas 
from C02

O-mass flow from CO
O-mass flow from S°2
O-mass flow from COS

O-mass flow in raw gas

m
°'C02

768.87 kg/h

m0,C0 2589.33 kg/h
m
°'S02

1.45 kg/h
*
0,003 7.63 kg/h

m0, RG 3167.27 kg/h

S-Mass Flow in the Raw Gas to the 
—S-fraction in:

H2S
COS

S' S02
1S,H2S 

1s,COS 

in

Washer-Cooler 

06 kgS/k mole SO„32.

32.

32.06 kgS/k mole COS

.06 kgS/k mole H2S

—Mass Flow in Raw Gas
Mass Flow S°2
Mass flow v
Mass flow COS l

S02,RG

i1h2s,rg

''COS, RG

2.89 kg/h 

87.42 kg/h 

28.60 kg/h
—S-Mass Flow in Raw Gas

S-mass flow from S02 ms,s02 1.45 kg/h

S-mass flow from H2S ms,H2s 82.25 kg/h

S-mass flow from COS ins,cos 15.28 kg/h

S-mass flow. raw gas mS, RG 98.98 kg/h

H, O-Mass Flow From Gasifier Oxygen.
m. . = m, [kgi/h] • n. . [kgj/kgi] • (1/M.) [k mole i/kgi]3»i i 3/i i

where i = gas component
j = component element (H, O)
M = 2.016 kg/k mole 
H2

Mq = 32.00 kg/k mole

O-Mass Flow as 02 
O-fraction in 02

From Gasifier 
n0,0„

Oxygen
32.00 kgO/k mole 02

Mass flow O m
°2

O-mass flow from 0„ m
2 0'°2

2916.77 kg/h

2916.77 kg/h

(Page 5-44)
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• 0-Mass Flow From H^O in Gasifier Oxygen
O-fraction in H^O o,h2o 16.00 kgO/k mole H^O

Mass flow H^O in gasifier
oxygen m 25.84 kg/h (Page 5-44)t^O, VS

O-mass flow from H20 in
gasifier oxygen *n „ ^ 22.95 kg/h

u/n^U/Vo

• H-Mass Flow From H20 in Gasifier Oxygen
H-fraction in H20

H'H2°
2.016 kgH/k mole H20

Mass flow H20 in gasifier
oxygen mH Q vg 25.84 kg/h

H-mass flow from H20 in
gasifier oxygen nt, „ 2.89 kg/h

, Vo

C, H, O, N, S-Mass Flow of Flue Dust at the Dust-Measuring Location.

(1/100)Wj,FLST ‘ *FLST [kg/h]j,FLST
Mass Flow of Dry Flue Dust, Measuring Location

FLST 472.66 kg/h (Page 5-44)

Element Analysis of Flue Dust
H2°

C
H
0
N
S
Ash

C-Mass Flow
mC,FLST

H-Mass Flow
m =H,FLST

O-Mass Flow
m0,FLST

N-Mass Flow
“NjFLST

S-Mass Flow
mS,FLST

H2°

AS

242.00 kg/h 

0.47 kg/h

0.00 kg/h

0.00 kg/h

12.76 kg/h

wt. %

51.2 wt. % wf 
0.1 wt. % wf 
0.0 wt. % wf 
0.0 wt. % wf 
2.7 wt. % wf 

46.1 wt. % wf

Ash Mass Flow
m = 217.90 kg/hAS,FLST
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C, H, O, N, S-Mass Flow of Solids Suspended From the Washer-Cooler Effluent 
(Not Used in This Calculation).

m. = (l/100)w.3,FST ],FST FST [kg/h]

Mass Flow of Dry Solids
nc™ - kg/h FST

Element Analysis of the Solids From the Washer-Cooler* * 
H2°

C 
H 
0 
N 
S
Ash

w ^ 
H2°

wt. %

wc wt. % wf

WH - wt. % wf

wo wt. % wf

WN wt. % wf

ws wt. % wf

WAS wt. % wf

C-Mass Flow
m - kg/hC, FST

H-Mass Flow
m - kg/hH,FST y

0-Mass Flow
lie „„„ - kg/h0, FST

N-Mass Flow
m - kg/hN,FST ^

S-Mass Flow
As,fst - kg/h

Ash Mass Flow
ni - kg/hAS,FST

C, H, 0, N, S Mass Flow of Solids in Slag Extractor Effluent.

Aj,ASA = (1/10°,Wj,ASA ' \SA [kg/h]
• Mass Flow of Dry Solids

"ASA = 39‘80 k9/h (Page 5-44)
• Element Analysis of Solids

wh2o ■ wt* %
w 72.9 wt. % wfC
w 0.2 wt. % wfH

C
H

*Not required because the Dust Analysis from the gas stream is used for the Mass 
Balance.
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0 w0 0.
N wN 0.
S wS 2.
Ash wAS 24.i

• C-Mass Flow
m = 29.1C, ASA kg/h

• H-Mass Flow
Vasa = °-08 kg/h

• 0-Mass Flow
m =0.140,ASA kg/h

• N-Mass Flow
nt = 0.14N,ASA kg/h

• S-Mass Flow
m„ = 0.88S / ASA kg/h

• Ash Mass Flow

wt. 
wt. 
wt. 
wt.

mAS,ASA = 9'55 kg/h

C, H, O, N, S-Mass Flow From the Slag.

/SL = (1/100)wj,SL • ASL
• Mass Flow of Dry Slag

m = 112.70 kg/h (PageoJli
• Element Analysis of Slag

H2°

C
H
0
N
S
Ash

H2°
wt.

6.7 wt. 
0.0 wt. 
0.0 wt. 
0.0 wt. 
1.9 wt. 

91.4 wt.

C-Mass Flow
*C,SL = 7,55 k9/h 

H-Mass Flow
"'h SL = 0'00 kg//h 

0-Mass Flow
Ao,sl = 0-00 kg/h

N-Mass Flow
VSL = 0-°0 kg/h

% wf 
% wf 
% wf 
% wf

[kg/h]

5-44)

%

% wf 
% wf 
% wf 
% wf 
% wf 
% wf
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S-Mass Flow
As,sl = 2-14 kg/h

Ash Mass Flow
*AS,SL = 103•01 kg/h

C, H, 0, N, S-Mass Flow From the Residue in the Gasifier.

j,RV (1/100)wj r RV mRV [kg/h]

Mass Flow of Dry Residue
m = 51.82 kg/h (Page 5-44)

Element Analysis of Residue 
H2°

C
H
0
N
S
Ash

C-Mass Flow

V - wt. %

"c 72.9 wt. % wf
wH 0.2 wt. % wf

wo 0.35 wt. % wf
WN 0.35 wt. % wf

ws 2.2 wt. % wf

WAS 24.0 wt. % wf

C,RV 37.78 kg/h

H-Mass Flow
H, RV 0.10 kg/h

O-Mass Flow
O, RV 0.18 kg/h

N-Mass Flow
N,RV 0.18 kg/h

S-Mass Flow
S, RV 1.14 kg/h

Ash Mass Flow
AS, RV 12.44 kg/h

C, H, 0, N, S-Mass Flow in the Char Feed.

j,K (1/100)wj,K m [kg/h]

C-Mass Flow of the Char Feed
m =m +m_ +m _+m +m +mC,K C,RG C,FLST C,FST C,ASA C,SL C,RV
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C-mass flow, raw gas mC,RG 2088.51 kg/h
C-mass flow, flue dust •

C,FLST 242.00 kg/h
C-mass
C-mas s

flow, solids
flow, ash discharge.

mC,FST kg/h

slag extractor mc,ASA 29.1 kg/h
C-mass flow, slag mc,SL 7.55 kg/h
C-mass flow, residue Ac,rv 37.78 kg/h

C-mass flow of char feed mc,K 2403.91 kg/h

Element: Analysis of Char Feed
H2° w

H2°
1.621 wt. %

C wc 76.4 wt. % wf
H WH 1.7 wt. % wf
0 w0 3.3 wt. % wf
N wN 1.4 wt. % wf
S ws 4.0 wt. % wf
Ash wAS 13.2 wt. % wf

• Mass Flow of the Char Feed
m = 100 m /w [kg/h]K C,K C,K ^

C-wt. fraction of charged-in dry char w 76.4 wt. %C, K
Mass flow of charged-in dry char m 3146.48 kg/hK

• C-Mass Flow,. Char
m = 2403.91 kg/h C / K

• H-Mass Flow, Char
nijj K = 53.49 kg/h

• 0-Mass Flow, Char
m = 103.83 kg/h 0 f K

• N-Mass Flow, Char
\,k = 44-05 kg/h

• S-Mass Flow, Char
m = 125.86 kg/h S ^ K

• Ash Mass Flow, Char
*AS,K = 415'34 kg/h

H, 0-Mass Flow in the Water Content of the Char Feed.

Aj,H20,K = *H20,K [kg/h] • nj,i Ckgi/k m0le i] • [k

where i = component material 
j = component element

(Pages 5-46 
to 5-51)

wf

mole i/kgi]
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n = fraction of element in kg/kmole material component i 
M = molecular weight

H-Mass Flow From H^O of the Char
Mass flow, H^O in char 

H-fraction in the U^O

H-mass flow from H^O in char
m =5.83 kg/hh,h2o,k

O-Mass Flow in H20 in the Char 
Mass flow, H20 in char

O-fraction in the H20

O-mass flow from H20 in char

Vh2o,k = 46-25 kg/h

h2°,k

1h'H2°

h2°,k

Q°'H2°

52.08 kg/h (Page 5-44) 

2.016 kgH/kmole H20

52.08 kg/h (Page 5-44) 

16.00 kgO/kmole H20

H, O-Mass Flow From the Water Content of the Raw Gas to the Washer-Cooler 
(Without Quenching Water.

m. „ = n>’ [kg/h] • n. . [kgj/kmole i] • [1/M.) [kmole i/kgi]

H-Mass Flow From H20 in the Raw Gas 
Mass flow, H20 in the raw gas

H-fraction in H20
"h 0 RG : 199-33 k^/h (Page 5-44)

H,H2° 2.016 kgH/kmole H20

H-mass flow from H20 in the raw gas, without 
quenching water

m' = 22.31 kg/hh,h2o,rg
O-Mass Flow From H20 in the Raw Gas 

Mass flow of H20 in the raw gas

O-fraction H20

m1 : 199.33 kg/h (Page 5-44)H20,RG
n^, o ^ : 16-0 kgO/kmole H O0/h20 2

O-mass flow from H20 in the raw gas, without
quenching water

ml TT ^ = 177.02 kg/ho,h2o,rg

H, O-Mass Flow From Steam Addition. * •
m. = m [kg/h] ' n. . [kgi/kmole i] • (1/M.) [kmole i/kgi]3,H20,D d j,i i

• H-Mass Flow From Steam Addition
Mass flow, steam addition mD : 362.34 kg/h (Page 5-44)
H fraction in the HO n : 2.016 kgH/kmole HO^ iij 2
H-mass flow from steam addition 

m = 40.55 kg/h
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• 0-Mass Flow From Steam Addition
Mass flow, steam addition m^ : 362.34 kg/h (Page 5-44)
O-fraction in H2° n : 16.000,D kgO/kmole
O-mass flow from steam addition

m =0/D 321.79 kg/h

Mass Balance

Mass Flow, Inlet.
Char : 3146.48 kg/h
Oxygen (pure) s : 2916.77 kg/h

Nitrogen m
N2

: 162.72 kg/h

Water from oxygen
\°'°2

: 25.84 kg/h

Water from char \0,K
: 52.08 kg/h

Steam “d : 362.34 kg/h

Total Itl.m : 6666.23 kg/h

Mass Flow, Outlet.
Raw gas before washer-cooler "rg : 5789.70 kg/h
Water in raw gas, without

quenching water mH20,RC : 199.33
3

kg/h

Flue dust mFLST : 472.66 kg/h
Ash discharge Aasa : 39.80 kg/h
Slag ^SL : 112.70 kg/h
Gasifier residue ^RV : 51.82 kg/h

Total mout : 6666.01 kg/h

Carbon Balance

Mass Flow, Carbon, Inlet.
C-char m :C,K 2403.91 kg/h (Page 5-52)

C-total m :C, in 2403.91 kg/h
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Mass Flow, Carbon, Outlet.
C-raw gas before washer-cooler 
C-flue dust 
C-ash discharge 
C-slag
C-gasifier residue 

C-total

m :C,RG 2088.51 kg/h (Page 5-46)

mc,FLST' 242.00 kg/h (Page 5-48)

mC,ASA 29.10 kg/h (Page 5-50)

mC,SL ! 7.55 kg/h (Page 5-50)

mC,RV ! 37.78 kg/h (Page 5-51)

m_ : 2404.94 kg/hC,out

Difference: nt . - niC, in C,out Am., = -1.03 kg/h

Ratio: m_ ^ : ■C,out C,m C,balance 1.000

Hydrogen Balance

Mass Flow, Hydrogen (H), Inlet.
H-char mH,K : 53.49 kg/h (Page 5-52)
H-water in char mH,H20,K : 5.83 kg/h (Page 5-53)

H-water in oxygen ■“h,h2o,vs : 2.89 kg/h (Page 5-48)

H-steam addition m : 40.55 kg/h (Page 5-53)H, D
H-total mH, in : 102.76 kg/h

Mass Flow, Hydrogen (H), Outlet.
H-raw gas before washer-cooler mH,RG : 80.46 kg/h (Page 5-46)
H-water in raw gas, without

quenching water mH,H20,RG : 22.31 kg/h (Page 5-53)

H-flue dust *
H,FLST : 0.47 kg/h (Page 5-48)

H-ash discharge ”h,asa : 0.08 kg/h (Page 5-50)
H-slag mH,SL : 0.00 kg/h (Page 5-50)
H-gasifier residue mH,RV : 0.10 kg/h (Page 5-51)

H-total "'HjOut : 103.42 kg/h

Difference: m . - i = Am - -0.66 kg/hH,in H,out H
Ratio: H,out H,in H,balance 1.006
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Oxygen Balance

Mass Flow, Oxygen (O), Inlet.
O-char m :0, K 103.83 kg/h (Page 5-52)
O-oxygen m

0'°2 2916.77 kg/h (Page 5-47)

O-water in char m0,H20,K 1 46.25 kg/h (Page 5-53)

O-water in oxygen m0,H20,VS 1 22.95 kg/h (Page 5-48)

O-steam addition m :0,D 321.79 kg/h (Page 5-54)

0-total m„ . :0, m 3411.59 kg/h

Mass Flow Oxygen (O), Outlet.
O-raw gas before washer-cooler m :0,RG 3167.27 kg/h (Page
O-water in raw gas III0,H 0,RG 177.02 kg/h (Page
O-flue dust • ^

m0,FLST 0.00 kg/h (Page
O-ash discharge Itl :0,ASA 0.14 kg/h (Page
O-slag m :O, SL 0.00 kg/h (Page
O-gasifier residue m :O, RV 0.18 kg/h (Page

0-total m :0,out 3344.61 kg/h

Difference: m . - m = Am0,m O,out 0 = 66.98 kg/h

Ratio: fa ^ : ^ ■ = H , = 0.9800,out OtXn 0,balance

Sulfur Balance

Mass Flow, Sulfur (S),Inlet.
S-char m : 125.86S, K kg/h (Page 5 -52)

S-total m . : 125.86S,m kg/h

Mass Flow, Sulfur (S), Outlet.
S-raw gas before washer-cooler m :S, RG 98.98 kg/h (Page 5
S-flue dust m :S,FLST 12.76 kg/h (Page 5
S-ash discharge m :S, ASA 0.88 kg/h (Page 5
S-slag mS, SL 2.14 kg/h (Page 5
S-gasifier residue mS, RV 1.14 kg/h (page 5

S-total m :S,out 115.90 kg/h

5-47)
5-53)
5-48)
5-50)
5-50)
5-51)

-47)
-48)
-50)
-51)
51)
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Difference: 9.96 kg/hm . - m = Am =S,in S,out S
Ratio: itl : A,, . = ri„ , . =0.921S,out S,in S,balance

Heat Balance (For Test Run 027)

The balance limits are illustrated in Figure 5-4.

Raw Gas 
Steam 
Flue Dust

Coal, Water 
Steam, Oxygen

Figure 5-4. Sketch of Balance Limits

Added Enthalpy.
t.i

Ah. = m. -c. (t.-t)i i pi i o
0

i = component
Reference temperature t is 0°C,o

• Enthalpy of Char Feed
Initial temperature of char
Average specific heat of char

Mass flow of char
Enthalpy of charged-in (raw) 

char, inlet

t = 20°C (assumed)K
c = 0.7392 kJ/kg°K (Page 5-58) 
Pm,K
m = 3146.48 kg/h (Page 5-44)K

AH = 12.92 kJ/sec K
AH = 1.11 • 104 kcal/h K
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—Average Specific Heat of Char, Flue Dust, Ash 
t

•J
■m, i

(1/100)w . [%] C + (1/100)w . [%] c [kJ/kg°K]
AS,1 PAS C,! pc

w . = mass fraction of carbon in the material (coke, flue dust, 
C'X etc.)

c = average specific heat of graphite
PC

c =0.80 kJ/kg°K
PC

^ = mass fraction of ash in material (coke, flue dust, etc.)
c = average specific heat of ash = quartz-sand
PAS

c =0.97 kJ/kg°K

—Average Specific Heat of Charged-in Char
Percent mass fraction of carbon in the char vr, ,, = 46.7 wt. %C,K
Percent mass fraction of ash in the char WAS,K = 13*2 Wt* %
Average specific heat of char c = 0.7392 kJ/kg°Kp

—Average Specific Heat of Flue Dust ^in, K
Percent mass fraction of carbon in flue dust w„ = 51.2 wt. %C,FLST
Percent mass fraction of ash in flue dust w„„ „„„ = 46.1 wt. %AS,FLST
Average specific heat of flue dust c = 0.8568 kJ/kg°K

—Average Specific Heat of Ash Pm,FLST
Percent mass fraction of carbon in the ash = 72.9 wt. %C, ASA
Percent mass fraction of ash in ash w„„ = 24.0 wt. %AS,ASA
Average specific heat of ash c = 0.8160 kJ/kg°K

*m,ASA
—Average Specific Heat of Slag

Percent mass fraction of carbon in the slag w „ = 6.7 wt. %C, SL
Percent mass fraction of ash in the slag w „ „ = 91.4 wt. %AS, SL
Average specific heat of the slag c = 0.9402 kJ/kg°KP̂m CT

Enthalpy of Water in Char
Inlet temperature of water in char

Average specific heat of water

Mass flow, water in char

Enthalpy of water from char

Enthalpy of 0^, Inlet

c Ipw0

H2°'K
H2°,K

iH2°'K

= 20°C (assumed)

4.186 kG/kg°K (Steam Tables)

= 52.08 kg/h (Page 5-44)

1.21 kJ/sec 
31.04 • 10 kcal/h

Inlet temperature of 0„

Average specific heat of C>2 c^

114.4°C (Page 5-33)

= 2.710 kJ/kg°K
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Mass flow C>2 

Enthalpy 0^

Enthalpy of Inlet
Inlet temperature

Average specific heat 

Mass flow,

Enthalpy of inlet

= 2916.77 kg/h (Page 5-44) 

Ah = 317.06 kJ/sec 

AHq =2.73 • 10 kcal/h

t = 114.4°C (Page 5-33)
N2 tc I = 1.025 kJ/kg°K
pn2 0
m = 162.72 kg/h (Page 5-44)

2
AH =5.30 kJ/sec

2 3AH =4.56-10 kcal/h
N2

Enthalpy of Water Vapor in Gasifying Oxygen
Inlet temperature

Specific enthalpy of steam 
Mass flow, steam in VS

Enthalpy of steam in VS

h2o,vs

m]
Ah.

Ah.

H20,VS 

h2o,vs 

-*h2o,vs

= 114.4°C (Page 5-33)

2710 kj/kg (Steam Tables) 
25.84 kg/h (Page 5-44)

= 19.45 kJ/sec

=1.67 • 104 kcal/h

Enthalpy of Steam Addition, Inlet 
Pressure of saturated steam
Specific enthalpy of saturated 

steam
Mass flow, steam addition 
Enthalpy of steam addition

p = 5.57 bars

AhD = 2752 kJ/kg (Steam Tables) 
m^ = 364.4 kg/h 
AHd = 278.56 kJ/sec 
AHd =2.4 • 105 kcal/h

Enthalpy of Cooling Water, Inlet
Inlet temperature t = 41.52°C
Specific enthalpy of cooling

water c = 4.186 kJ/kg°K (Steam Tables)
PH 0

Mass flow, cooling water • ^
"Vw = 235421 kg/h (Page 5-40)

Enthalpy of cooling water 4hkw = 11365.78 kJ/sec

4V = 9.77 • 10 kcal/h

Enthalpy Leaving.
• Enthalpy of Raw Gas at Gasifier Exit

Ah = ZAh.RG i 4-
AH. = m.ci i p,i r (ti - v

0
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Because they were present only in small amounts, the gas components 
COS, SO2, and HCN were included in the calculation as C02- Temper­
ature-dependence of the average specific heats:

c [kJ/kg°K] = 0.8557 + 3.4150 • 10-4 - t + 7.8471 • 10-8 • t2 P f co^

cP/CO

CP'H2
cp,n2

cp,h2s

" = 1.0143 + 1.3749 • 10 4 • t - 2.2865 • H O 0
0 2t

II = 14.3670 + 2.2633 • io-4 • t + 19.310 • io"8 • t
II = 1.0117 + 1.2177 • io-4 • t - 1.7183 • io'8 • 2t
tl = 0.9532 + 1.9014 • 10"4 • t - 1.4002 • h-

* O 1 00 t2
Temperature of raw gas
Specific heat C02

Specific heat CO

Specific heat H2

Specific heat N2

Specific heat H2S

C02 mass flow in the raw gas 
before washer-cooler

CO mass flow in the raw gas 
before washer-cooler
mass flow in the raw gas 
before washer-cooler

N2 mass flow in the raw gas 
before washer-cooler

H2S mass flow in the raw gas 
before washer-cooler

Enthalpy of the C02 in raw gas

Enthalpy of the CO in raw gas
Enthalpy of the H2 in raw gas

Enthaply of the N2 in raw gas

Enthalpy of the H2S in raw gas

Enthalpy of raw gas, gasifier 
exit

P,C02 0 t
'p,co 1

>'H2 i
p,N2 0^

'P'H2S i

1503.2°C
= 1.5463 kJ/kg°K 

= 1.1693 kJ/kg°K 

= 15.1435 kJ/kg°K 

= 1.559 kJ/kg°K 

= 1.2074 kJ/kg°K

mC02,RG = 1057.20 kg/h (Page 5-46)

mCO,RG = 4181.32 kg/h (Page 5-46)

mH2,RG = 75.27 kg/h (Page 5-46)

mN2,RG = 356.07 kg/h

mH2S,RG = 87.42 kg/h (Page 5-46)

Ah
C02

= 682.60 kJ/sec

AHco = 2041.52 kJ/sec
Ah
H2

= 475.95 kJ/sec

4h»2
= 171.86 kJ/sec

iHH.S = 44.07 kj/sec

3416.0 kj/sec

Ah„ = 2.94 • 106 kcal/h RG
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Enthalpy of Water Vapor in Raw Gas
Temperature, steam, exit ^ChRG = 1503.2°C (Dust measurement)

Partial pressure of steam D̂SD = - bar
Specific enthalpy at (t, p) c = 2.3025 kJ/kg (Steam Tables)

PRG
Mass flow, steam, without

quenching water mH20,RG = 199.33 kg/h (Page 5-44)

Enthalpy of steam in raw gas Ahh2o,rg = 191.6 kJ/sec
5

Ahh2o,rg = 1.65 • 10 kcal/h

Enthalpy of Flue Dust, Exit
Temperature, flue dust tFLST 1503.2°C (Dust measurement)
Specific heat, flue dust c

PFLST
0.8568 kJ/kg°K (Page 5-58)

Mass flow, flue dust mFLST = 472.66 kg/h (Page 5-44)
Enthalpy of flue dust.

exit Ahflst — 169.1 kJ/sec
C

Ahflst
Enthalpy of Ash at Ash Discharge

— 1.45 • 10 kcal/h

Temperature, ash tASA = 1503.2°C (Assumed)
Specific heat, ash c

PASA
= 0.8160 kJ/kg°K (Page 5-58)

Mass flow, ash mASA = 39.80 kg/h (Page 5-44)
Enthalpy of ash in ash

discharge 4hasa = 13.6 kJ/sec
A

“asa = 1.17 * 10 kcal/h

Enthalpy of Slag, Exit
Temperature, slag in slag leg
Specific heat, slag

Mass flow, slag 
Enthalpy of slag, exit

t = 1300°C (Melting point)SL
c = 0.9402 kJ/kg°K (Page 5-58) 
PSL
m = 112.70 kg/h (Page 5-44)SL
Ah =38.3 kJ/sec

SL 4AH =3.29-10 kcal/h SL
Enthalpy of Cooling Water, Gasifier Exit

Temperature, cooling water, exit 
Specific enthalpy H20

t
\o

= 51.24°C 
= 4.186 kJ/kg°K (Steam Tables)

Mass flow, cooling water "kw = 235,421 kg/h (Page 5-40)
Enthalpy of cooling water, 

exit

“KW

= 14026.6
= 1.206 •

kj/sec
107 kcal/h
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Chemically Bound Heat.

H. = m. • H . i i 0,1

Chemically Bound Heat of Char Feed, 
Upper heating value, char H

Inlet
o,K

Mass flow, charged-in char
28210.66 kJ/kg
3146.48 kg/h (Page 5-44)

Chemically bound heat,
charged-in char H = 24656.74 kj/secK 7

H = 2.1201 * 10 kcal/h K
Chemically Bound Heat, Raw Gas, 

Upper heating value, CO
Exit

o,C0 = 10.09 • 103 kJ/kg
Mass flow, CO *co 4181.32 kg/h (Page 5-46)
Chemically bound heat, CO Hco — _ 11719. 3 kJ/sec

HCO = 1.01 • 10 kcal/h

Upper heating value, H^ Ho,H2 = 142.00 • 103 kJ/kg

Mass flow, H2
"“2

— 75.27 kg/h (Page 5-46)

Chemically bound heat, H2 H
H2

2968.9 kj/sec

HH2 2.55 • 106 kcal/h

Upper heating value H2S H
o,h2s 16.547 • 103 kJ/kg

Mass flow, H^S V = 87.42 kg/h (Page 5-46)
5Chemically bound heat, H2S V =r 3.45 • 10 kcal/h

RG
— 15090. 0 kJ/h

Chemically Bound Heat, Flue Dust, Exit
Heating value of carbon o n

C-fraction, flue dust wC,FLST
~

Mass flow, flue dust mFLST
Chemically bound heat.

flue dust FLST =
HFLST

=

33.87 • 103 kJ/kg 
51.2 wt. %
472.66 kg/h (Page 5-44)

2274.8 kj/sec 
1.96 • 106 kcal/h

Chemically Bound Heat, Ash in 
Heating value of carbon
C-fraction, ash discharge
Mass flow, ash discharge
Chemically bound heat

Slag Extractor, Exit_
0,C

rfC,ASA
nASA
3asa
3 ASA

33.87 • IO-3 kJ/kg 
72.9 wt. %
39.8 kg/h (Page 5-44) 
372.7 kJ/sec 
2.34 • 105 kcal/h
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• Chemically Bound Heat, Slag, Exit
Heating value of carbon Ho,c = 33.87 • io3 kJ/kg
C-fraction, slag WC,SL = 6.7 wt. %
Mass flow, slag *SL = 112.70 kg/h (Page 5
Chemically bound heat, slag hsl = 71.0 kj/sec

A

hsl = 6.10 • 10 kcal/h

Heat Balance, Total Heat.
Q = £ (AH + HJ

• Heat Flow, Inlet
Total heat. in char feed Q = 24669.66 kj/sec
Total heat. H^O from char Q*H 0,K 1.21 kJ/sec

Total heat. °2 s - 317.06 kJ/sec

Total heat. N2 2N2
5.30 kJ/sec

Total heat, H^O in oxygen feed 0 = *H20,VS 19.45 kJ/sec

Total heat. steam addition Q = 278.56 kJ/sec
Total heat. cooling water ^KW 11365.78 kJ/sec

Total heat, inlet 2in 36657.02 kJ/sec

Heat Flow, Exit
Total heat, raw gas ®RG = 18506.02! kj/sec
Total heat. H^O in raw gas Q*H 0,RG = 191.6 kj/sec

Total heat, flue dust QrLST = 2443.9 kJ/sec
Total heat, ash discharge Q̂ASA — 286.3 kJ/sec
Total heat. slag QXSL = 109.2 kJ/sec
Total heat, cooling water Q̂KW “ 14026.6 kJ/sec
Total heat. losses QvL = 1093.4 kj/sec

Total heat, exit Qyout = 36657.02: kj/sec

Ratio: QvL : Q. = H = 0.0298 m Q

Gasification Results

Degree of C-Gasification.
nc 100 m /mC,RG C,K [%]

C-mass flow, raw gas 
C-mass flow, char 

0C = 86.88 [%]

AC,RG = 2088•51 k9/h 
m = 2403.91 kg/h

(Page 5-46) 
(Page 5-52)

-44)
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Degree of Steam Decomposition.
£ = 100(1 - m

H2
/ • \

OjOUt^ H20,in [%]

Mass Flow, H^O, Inlet
H20-char mH2°,K 52.08 kg/h (Page 5-44)

H20-oxygen m
H20'°2 = 25.84 kg/h (Page 5-44)

H20-steam *D 362.34 kg/h (Page 5-44)

Total H 02 *H 0,in 440.26 kg/h

• Mass Flow, H^O, Exit
H O-raw gas (without quenching water) nt, = 199-33 kg/h (Page 5-44)2. H _ 0 / RG

Total. H20 *H20,out= 199-33 ^

E = 54.72 [%]

Degree of Hydrogen Decomposition.
r) = 100 m /m . [%]H H,RG H,in

H-mass flow, raw gas, exit 
(from H , H2S, and HCN) mH,RG = 80.46 kg/h

H-mass flow, inlet AH,in = 102.76 kg/h

EU

1! 78.30%

Degree of Hydrogen Formation.
q' = 100 m /m [%]'h h,rg h,k

H-mass flow, raw gas, exit mH,RG = 80.46 kg/h
(from H2, H2S and HCN)

H-mass flow, char ^HjK = 53.49 kg/h

nH = 150.42%

Efficiency of Thermal Gasification (Cold Gas Efficiency).

^tl^V ^jgas^OjK
Chemically bound heat, char o « ii 24656.7 kj/sec

Chemically bound heat, raw gas 0,gas 15090.0 kJ/sec

Thermal gasification
efficiency nth,V _ 0.6120
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Specific Heat Loss of Gasifier.
q = AO /ty■KT N, (CO + H )

Enthalpy, cooling water, gasifier inlet ^

Enthalpy, cooling water, gasifier exit

= 11365.8 kJ/sec

= 14026.6 kJ/sec

Increase in enthalpy, cooling water 
gasifier = 2660.0 kJ/sec

= 2.288 • 106 kcal/h

Volume percent CO + vCO + H 82.42 vol. %
2

Normal volume flow, raw gas from 
washer-cooler N, RG 3080.57 Nm3/h

Normal volume flow CO + before 
washer-cooler (CO + H )

3= 4198 Nm /h

Specific heat loss, gasifier 3q = 2287.2 kJ/Nm
3q = 546.4 kcal/Nm

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 H^S and SO^, 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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Pittsburgh Char
Tables 5-16 to 5-21 summarize the data and results for the Pittsburgh 
char in the same order as the Western Kentucky char.
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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

Analyses
Vol.
Flow

Mass
Flow

Heating
Value Specific Mass Flow

H2° C02 CO H2 N2 H2S COS s°2 HCN VN,RG inRG ho,rg wv
w'COS wso2 WHCN ws

Vol.% Vol.% Vol.% Vol.% Vol.% Vol.% Vol.% Vol.% Vol.% Nm3/h kg/h kcal/kg uig/Nm mg/Nm3 tr mg/Nin3^^ , 3mg/Nm fcr mg/Nin3tr

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

Analysis, Dry
Mass
Flow Analysis, Dry

Mass
Flow Analysis Dry

Mass
Flow Analysis Dry

Mass
Flow

wc ws wAS mFLST Wc ws wAS mASA "c ws wAS ^SL wc ws WAS *RV
Wt. % Wt.% Wt.% kg/h Wt.% Wt.% Wt.% kg/h Wt.% 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

Specific Mass Flow Specific Mass Flow
Volume
Flow

w°h2s
W°HCN
free

W°HCN
fixed W°S02 W"H S2

WHCN
free

WHCN
fixed W"SO„2 tfH20,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 1.68 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

Gasi­
fier

Volume
Flow

Speci­
fic

Heat
Loss

Crude / 
Gas/ °2 / Steam / CO /

+ 7
Carbon
Gasifi­
cation

Thermal
Gasify­
ing

Effi­
ciency

HO, RG /

tv CO + H, q / Char / Char / Char / Char / Char

°C 3Nm /h
kcal/
Nm3CO
+ h2 kg/kg kg/kg kg/kg 3 ,Nm /kg % % kJ/kg

W. Kentucky 019 1590 3290 770.3 1.9602 0.9854 0.0930 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 16091
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 0.8864 0.1242 1.2576 84.07 58.22 16237
W. Kentucky 028 1490 3222 962.2 2.0798 1.0913 0.2719 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 Q, /Q.loss in 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

COAL
TEST
NO.

DURA­
TION
OF

TEST CHAR GASIFYING OXYGEN STEAM

ANALYSES
MASS
FLOW

HEAT
VALUE ANALYSES

VOL.
FLOW

MASS
FLOW

MASS
FLOW

w
H2° wc wH wo wN wS wAS mK H0, K °2 N2 N'°2

A * 
°2

mD

h Wt.% Wt.% wt.% Wt.% wt.% wt.% wt.% kg/h
kcal/
kg Vol.% Vol.% Nm3/h kg/h kg/h

Pittsburgh 023 2.00 1.80 75.0 1.9 2.3 1.4 4.1 15.3 2495 6723 92.60 7.40 1860 2498 697
Pittsburgh 024 2.00 1.80 75.0 1.9 2.3 1.4 4.1 15.3 3009 6723 93.65 6.35 1922 2714 428
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
Pittsburgh 026 2.50 1.63 76.4 1.7 3.3 1.4 4.0 13.2 3244 6738 93.70 6.30 1964 2778 374
Pittsburgh 027 2.50 1.63 76.4 1.7 3.3 1.4 4.0 13.2 3146 6738 93.93 6.07 2093 2917 362

*Pure oxygen
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Table 5-17

ANALYSES AND COMPUTED RESULTS RAW GAS FROM GASIFICATION, PITTSBURGH CHAR

CHAR
TEST
NO. RAW GAS BEFORE WASHER-COOLER TRACES IN RAW GAS

Analysis
Vol.
Flow

Mass
Flow

Heating
Value Specific Mass Flow

H2° C02 CO H2 N2 H2S COS S°2 HCN VN,RG mRG ho,rg wv wcos w'
S02

w'HCN w-

Vol.% Vol.% Vol.% Vol.% Vol.% Vol.% Vol.% Vol.% Vol.% Nm’Vh kg/h
kcal/
kg mg/Nm^tr mg/Nm^tr mg/Nm^tr mg/Nm^, mg/Nm^

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 5150 2220.7 17589 4362 1020 100.7 2327
Pittsburgh 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 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

in

Table 5-18

ANALYSES AND COMPUTED RESULTS SOLIDS FROM GASIFICATION, PITTSBURGH CHAR

COAL
TEST
NO. FLUE DUST ASH DISCHARGE SLAG GASIFIER RESIDUE

Analysis, Dry
Mass
Flow Analysis, Dry

Mass
Flow Analysis, Dry

Mass
Flow Analysis, Dry

Mass
Flow

wc Ws WAS mFLST wc ws wAS i’asa wc ws wAS inSL wc ws WAS inRV

Wt. % Wt. % Wt. % kg/h Wt. % Wt. % Wt. % kg/h Wt. % Wt. % 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

Specific Mass Flow
Volume

Specific Mass Flow Flow

W°H S
W°HCN
free

W°HCN
fixed w°so W"H S

WHCN
free

WHCN
fixed wso2 H?0,KW

mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 m^/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
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Table 5-20

COMPUTED RESULTS-PITTSBURGH CHAR

CHAR TEST NO. TEMP. USEFUL
GAS

RESULTS

Gasi­
fier

Vol.
Flow

Speci­
fic

Heat
Loss

Crude/
G3.£^r °2 / Steam/ CO + / Carbon

Gasifi­
cation

Thermal 
Gasify­
ing Ef- 
ficency

HO,RG /

tv CO + h2 q / Char / Char / Char / Char / Char
kcal/

°C Nm'Vh
Nm3CO 
+ H2 kg/kg kg/kg kg/kg Nm3/kg % % kJ/kg

Pittsburgh 023 1439 3018 900.7 1.9363 1.0012 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 Preliminary 

Mass Balance
H 0 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 02/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 O^CHAR RATIO

Figures 6-1 and 6-2 show the composition of the raw gas as a function of the O^/char 
ratio. The C02 percentage of the raw gas increases with increasing 02/char ratio, 
while the CO percentage decreases in the same proportion. The fraction remains 
almost constant.

GASIFIER TEMPERATURE AS A FUNCTION OF THE O^CHAR RATIO

Figures 6-3 and 6-4 show the dependence of the gasification temperature on the 02/char 
ratio, with the steam/char ratio as a parameter. An increased addition of steam 
at the same 02/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 O^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
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creasing O^/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^ with increasing O^/char ratio (see Figures 
6-1 and 6-2).

The mass flow of useful gas produced, CO + H^, per kg of char clearly has a maxi­
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 O^CHAR RATIO

Figures 6-7 and 6-8 illustrate the volume of gas produced per kg of char as a func­
tion of the 02/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 + H2, this index is also a measure of the calorific 
yield per kg of char.

GASIFICATION OF C AS A FUNCTION OF THE O^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 02/char ratio in Figures 6-9 and 6-10. The C-con- 
version increases with increasing O^ supply, but increasing amounts of C02 are also 
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 Nm^ of CO + H2 per kg of char can be ex­
pected in a large modern Koppers-Totzek gasifier.
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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
quired to handle the quantity of char produced from this much coal. At present,
although no limit on size has been set, the largest proposed gasifier by Krupp-

3Koppers, a four-headed gasifier, could produce 55,000 Nm /h total gas (about 35,000 
s.c.f .iti. [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 
Vol. %

CO

H2
H2S
COS

N2
Gas/Char Thermal 
Efficiency %

Puentes Gasifier 
(Test 27)____
10.59 
65.83
16.59 
1.13 
0.21 
5.61

Simulated Large 
Commercial Gasifier

12.39
62.19
22.36
1.49
0.17
1.40

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
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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:
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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 %

co2
CO
h2
h9s
cos
N2

Gas/Char Thermal Efficiency

Pittsburgh Char

Operating Temp.
Carbon Conversion 
Oxygen Purity 
Char Feed (tons/h)
Gas Make* (mscf/ton char) 
Oxygen (tons/ton char) 
Steam (tons/ton char)

Puentes
Gasifier 
(Test 19)

Simulated Large 
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 
(Test 27)

Simulated Large 
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)

The following computer-simulated data for large-scale operation are intended only 
as a guide and imply no guarantee.

*C0 + H2 only
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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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COMPUTER SIMULATION RUN NO. 1 (continued)
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COMPUTER SIMULATION RUN NO 1 (continued)

kOp^ers- company#- Inc*------------ cngikeeping-Awn -cqn*-i*uction division  ------- —**-confioential-

------------------------------------ KOPPEPS-fOE-t-OASlF-KAT-ION-PROCCSS----------------------------
MP-615

----------- ----commepciai-gasification-of-coeo cmar-western Kentucky one-* meaoeo gasifier— -
------- ------------------------------ ------ ----MEAT-BALANCE--------------- —----- ------------

HEAT IN HEAT OUT

-----RAGE- «______ ___________ -—
-----RUN-NO -04-------------------

HINTREU
— 07/21/74-------------------

I

-----  ----GASIFIER------------ AS-REcfIVEO FllEL-------- --- ---- --— --GASIFIER------------ -AS- RFCF I VEO--FUEL-
........ BTU/NT ........ RTIJ/NT

SENSIBLE MEAT IN COA| • 10A5A. SENSIBLE HEAT IN FLUXED ASH ' ?2?747.
------ Sf-N-S iRte—wf AT-IM-QX Y«EN-------------- ----- 57fiOO»---------------- SENSIBLE-HEAT- IN UNPURN T--C ARflON-------■--- 1P6S5B-*------------

SENSIBLE ♦ LATENT HE * T IN STFAM « 705?05* SENSIBLE ♦ LATENT HEAT IK EXIT GAS ■ 4134481.
----- CA»ROW-OX[f)AT!ON TO CAPflON-MnN0Xlt)E--*--5l 775«8*— ---- ---------HEAT FOR 0 ISSOC IA T I ON OF LIMESTONE----*........ 0,-----------

CA«RCn OX 10 A TI ON TO CARPON OIOXinE ■ 31660 30* HEAT TO DISSOCIATE STEAM ■ ?3S5095.
-----HYOeOGEN TO HtOPOGEN SULPHlOE------ ■--- 14616*-------------- HEAT TO STEAM FROM G A S IF IER - J AC«E T -• »-l76H06i--------- -

ELEMENT BREAKDOWN «- 441176. hEAT LOSS THROUGH GASIFIER JACKET#ETC» 92690.
TOTAL HEAT INTO GASIFIER ■ 8692676 TOTAL HEAT OUT OF GASIFIER ■ 8692676.

SPRAY CHtwpER SPRAY CHAMBER

------SE*3l8t-e-» ' L~ft~TENT~HE A T—IN—£NTRY~G A S ■ «tt4TJPl-«-----------------SttYS'rtfe ♦ L A TEHT—OF EXIT flAt--- ■ *23«R?-«t
SENSlfiLE MEAT IN FLUxEO A$H * 1 33648* SENSIBLE HEAT IN FLUXED ASH s P9821 .

----SENSIBLE MEAT IN UNRiiRNT CARPON- -----»---1265SB*------------- -• SENS IBLE HE AT IN UNBURST CARBON....— ■--•--86071 .
SENSIBLE HEAT In $P»AY WATER « 20160*

TOTAL HEAT INTO SPRAY CHAMBER ■ 4414867. TOTAL HEAT OUT OF SPRAY CHAMBER * 4414867.

HASTE HFAT BOlLFR WASTF HEAT BOILER

----- SENSIBLE-*- LATENT-HEAT OF- ENTRY-GAS* •—4238974 .------- ------—— SENSlBl £• +-L A TENT - HE A T OF -EXIT-GAS---• -! 32-1 7?Sr-
SENSIBLE hEAT IN FLiJXFO ASH ■ 6982 1 ' SENSIBLE HEaT IN FLUXED ASH ■ 75 35 ,

------ rt'NS^CtrE—h£'A“T—Ifr—UNBUBNf--C A RPQ-N-----■----- 8 60-H-*---------------- S£NSf PLE—HE* T -I N-UK'PuRN-T-^ARPON------- ------ 6?44-»-
SENSIBLE ♦ LATENT HEAT IK STEAm > 2925371.

----- ------------------------------------------------------------------- HEAT LOSG-FROM KASTE HEAT BOILER—*---•----153947-^

-------TOT*L'"HEA T—TNT &—H A$T£--HE-AT--ftO H-F-R—-•—4+14867'----------------- T-0 T A t—HE A T— OU-T -QF—H AST £-M E-+T—fiG-I L€-fl—•—+4|46^*-

-------------------- StTtG-StffWCN-.r+NK----------------------------------------------- SL-Afl—OUENOH—f+NK-------------------------

SENSIBLE HEAT IN SLAfi ■ 89099* SENSIBLE HEAT IN SLAG * 768*
SENSIBLE * LATENT HEAT IN FLASH STEAM* 0.

TOTAL HFAT INTO SLAB OUEnCH TANKS ■ 96668* TOTAL HEAT OUT OF SLAG CLENCH TANKS 96229.
PROCESS HEAT INPUT PROCESS HiLAT OUTPUT (AVAILABLE)

SENSIBLE ♦ LATENT HEAT INPUTS ■ 773658. CALORIFIC VALUE OF EXIT GAS 15485227.
TOTAL heat ENERGY SUPPLIED ■ 24661306* TOTAL HEAT ENERGY AVAILABLE ■ 20171705,



COMPUTER SIMULATION RUN NO 1 (continued)

-----<Of»Pe»$-CO*PAKY/-lNC«------------ENGINEERING ~ANf)-CONSTfi DC TlGN DIVISION- —--------**—CONFIDE*. T-I AL—**--------PAGE--5 
------------------------- (fOPPERi-fOE-b-O-ASIF^C-A-T-MN-RDOCESS------------------------ au*>-N0-O4-

HP-615 NINTRELL
----—------ ---— CO*M£ffeiAt--6*MHCAT!ON OP--Cn£0--CNAR-#£S7ERN KENTUCKY-ONE- 4-HEAOEO-G AS If !ER----------- -——07/21/-?*-

-SUP-n-E^E-N-T-Aff Y-C-OAL-G AS If-10 * 7 I ON—1-NFOfiNA T I ON-

coal GASiriCATiow raw material costs ADDITIONAL COAL GASIFICATION DATA

ICD

DOLLARS/DAY---- CTtT^or-roet:--------- —— ---- o—
Cost or injected steaw b o.-- -—__(.n5T. or flXY$£N---- ------------- ,------0 V"
COST Cf fLUXES * 0.

----- COST r:r -ROILER 'FEEn WATER--------»•------ 0.‘
C05T rn» RAW WATER ■ 0.
GtSlfltO SHELL STEAK (CREDIT). 0.

-------WASTE- HfAT -BOILER - STEAM-tCREDlT Tsr------ tr“-

'S Cf-OP-OXYGEN-SUPPL I EO-RER-tB-Of—C AR&GN-*-1 3-,-R------
SCf pr OXYGEN TOTAL per LB Of CARBON » U.4

-LB CP STEAK TO GASIFIER PER LS Of C ARSON* 0» 41R.. .. ...
DUST CONTENT Of EXIT BORER GAS#GR/ACf « 18.7
....... OULONGS- FORMULA... " ---------------------------
8TUS/NT Cf COAL AS RECEIVED (HCV) ■2389762?1*
-C^A L-/G-A-S-' £ f f ! CIE NCT—--- - - - - - - - - - - - - - *-6 Nv W5- P E R C ENT-

CnST'OE GAS-----------—----0.-----
COST PER MILLION STUS *0.0000000 DOLI.ARS



COMPUTER SIMULATION RUN NO. 2
Commercial Gasification of COED Char One 4 Headed Gasifier

Pittsburgh Char

'jikO

-KOPPEBS-COHPANY*- enginsfrins and ccnstructiqk division
-KDPP£R5-EUCF-«ASIFICAT-I0N-Pfl-0CESS--

-CONEIOENTIAL-

1........... 1
7-—-13~*“““ 15 SUPERhEATEO STEAM-1 —

1 76721. LR/KR1-1-...— — —--
------- 1

7........... 71 TO eiOwCOhN TANK 1
-------------j- . ~ - 3836 * - LR/HR 1 -1........... t
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COMPUTER SIMULATION RUN NO. 2 (continued)

----- tf.OpP£«S-eO>*PA»»y->—INC*----------- CnCINCCR INS-. ANft-CONSTRUCTION DIVISION----------- tfc-CCKFICCNT-UL-^*------- PAGE— 2_______________
—---------------------------------------- K <W» PER S-E-U K—S ASIM C-AT-I-ON—PRGCES 5-------------------------------------- « U N-NO- C 2-------------

MP-615 WIMRELL
--------------------COMMERCfAt-OASirlCATION-Or-CftEO CmA«- —PITTSau«GH- ONE-A-HE AOEO-fl AS If IEP----------------------07/21/-76-------------
----------------------------------------------coal OAsification-paterial-analvsis------------------------------- ----------------- ----

MATERIAL CHARGED
FijEL AS RECEIi/rO FUEL ASH PERCENT OXYGEN SUPPLY STEAM SUPPLY

------- ------- PERCENT--------- - - PERCENT—— IRON OxIOE------ • 0«00 --------------- ----- ------ ---  ------ ----------
ClRRON * 74.A5 SILICA ■ 44.65 SILICA • 0.00 OXYGEN CPCT>« 98.CO PRESSURE * 15. PSIG---HTOrOgEN—■ t-»8fr—AftJM-jN-A-- ------- ALOnlffi---------—0.00------------------------------
NITROGEN » 1.39 LIME • ?.03 LIME ■ 0.00 NITROGEN<PC I )• 2.00 TEMPERATURE* 250. OEG-F

--------~SUt**u*-----* 3i9«—MAGNESIA---- •—OlOO---------- M AGNES IA------------------------•—OiOO*-------------------------- ---- ------------------------------------------ --------------------------
OXYGEN « 2.77 IRON OXIDE ■ 31.69 CALClUu CARBONATE • 0.00 TEMPERATURE * 220.F ENTHALPY *1164. BTu/lR

-----ASM------ 14 f73-----—-------------------- MAGkES TUM -CARBONATE- *- 0.00--------------------------------------------------
MOISTURE ■ 1.00 SULPHUR > 0.00

----- CNCHRIVE--*--OVOO------------------------- MA|«TtfRe----------- »--0x00--------------------------------------------------
COST* O.CO OLS/nT COST » 0.00 OLS/NT COST* 0.00 CLS/NT COST. 0.00 CLS/NT

GASIFIER opcravion
- FUEL-PATA------------------ ----------------------- GASIFIER SHELL...-STEAM-fjATA

PRFMEAT -■»-lOOr-OrG-P----
MOISTURE ■ 1. PfHCEnTtarpon gasified—•—9o»oo percent—
ASH TO GAS • 60.00 PFRCEnT

--O^GTRfER---------------
-EtAME TCmPfRATttRE-"*— 27S0x-0fG“f----
GAS PRESSURE • 15.30 PSIA
-HEA-T -LOSS-------•-----60r-MM8TU8/MR
--- E 0 UIL T 9 IHl Hn—RAf+O----------------

<PC02HPH?) ■ 0.383--..........._(pRACTIC.Al>------
(PCQ)(PH20)

—TEEO-NATER- TEMP-1----•—230xO-0E«*F---------------
steam temperature ■ 27o.o ceg-f
-steam PRESSURE--— •---29.7 PSIG - -- ----------
ENTHALPY ■ 1172,0 BTOS/LR

-SHELL- HEAT-LOSS—-—X--95.00 PERCENT------------
STEAM CREOIT * 0.00 OLS/NT

WASTE HEAT BOILER
FEED WATER TEMP. • 230»0 OEfi-F
STEAm TEMPERATURE-- *—900.0 OEfl*f--
STEAM PRESSURE * 910.0 PSIG•ENTHALPY-------*—MSOTO-THttS/t*
BOILER FFFICIENCY « 66.13 PERCENT
CAS EXIT TEMPERATURE* —•300.-OEG-F — 
steam credit ■ o.oo ols/nt

SPRAY WATER SLAG CODLING water
TNLE> TEMPERATURE ■ 110. OFG-F TEMPERATURE rise • 35. OEr.-F
GAS-PRESSURE----- •--15* 30-PS1A----—------------INLET-TEMPER A TORE-- ■-- «<h. OEft-F-
RAS TEMPERATURE ■ 2011. OfG-F
------------------------------haTERIaL-PBQOUCEO--------------------—----—-------

----StAG ANALYSfS--
PERCENT-STtlC*--*—44.65—

ALUMINA • 21-63 
LTME-----*—2-.0*-

-fiUST-*N*tYS-!-S--
PERCENT • 25

MAGNESIA 
•TRON

0.00
ALUMINA- LIme - —
MAGNESIA

» -f 4.2 
* 11.75 
»--trio—

UN u*
stcit

—gas—* m tH—e o tt er-c x i -t---
-CARftON-MONOXIDE 
CARBON OIOXIOE 

- HYDROGEN—
HTDrOGEn sulphide 

—#! TiyOGEn- MOISTURE

-gas-cor+i—aoit£R-e«f-
PERCEnT

—CARBON MONOXIDE---*-62.12-
CARflON OIOXIOE * 12.39

- MYOROGEN----------«-22»35-
WYOROGEN SULPHIDE * 1.49
NITROGEN----------■—t.4<t-
CAR80NYL SULPHIDE ■ 0.170

--CALORIFI^-VAtUE- -•—261t6-8TU/SCF- 
NET ORY



COMPUTER SIMULATION RUN NO 2 (continued)

iH

----- KOpPEBS -COMP-ANV#—INC♦------------EKGINECRInG *Nf> CO^GMUcTION OIVISIOW-----------COKPIOENTIAL **---------- PAGE 3 ----- ----
------------------------------------------ KOPPEP-$-f UCt—G-ASJP-Ifi-A TI ON-PBOC E S$------------------------------------- BUN -NO 02---------

PP-61 WINTRELL
------ -------- ----COMHEPCIAL-GAS!FKAT!ON-Or COtO ChAR ---PITTSBURGH ONE 4 HEAOEO GASIEIER - - ... ......... 07/21/7$ --------

---- *1. . < ** )--- - j *-..... ..•2---------------- -3----------------4------5*------------- - ■6» ....—
GASIEIEr FLUX STEAm TO OXYGEN TO SLAG QUENCH GAS CUT OF

----- -F-tE-0- - - - - - - - - - - - - - 6 A siti EH- - - - - - - - frA Si f IE R- - - - - - - - - - - - - - - HA T EH- - - - - - - - G AS! F-IE-B- - - - - - -
LBS/HR XTfO L8S/HR IBS/HR MOL/HR IBS/HR MOL/HR VOK*) LBS/HR LBS/HR LBS/HR Ppl/HR VCK*)

CARrHs “OkOXIOE
-----CARBON -OIOXIOE------------------

HVCROGEN 1119. 1.68
-----   T » o -j-f %------------<j 2 ?-»--- 1 i 3 9

K?$ » cos
---- myOrOGEN-CHLORIOE---------------

HPO 666* 1.00
-----*5H------------ -- 9A20. — 1 4 »75

CARBON 4956 7 . 74.45

8679?. 3099. 55.92
-------- —— -------------- ----------  2710?. —816.-11.11——------------- -

2?2 3» 1103, 19.90
iO 2 5-.----36r6---2 vO-------------------- 1 9 501----- 7 0.---  1.2 fr-----------------

2802. 82. 1.48------------ -------- ------ o.--- Q» — 0.00----------
393. 85411. 10310. 572. 10.33

----------------------  3928*----------- 5892.--------------------------------
4957. 413.

----- STrf®*UR------------2R-36-*---3 f 96----------------------------------------------------------------------------------------
CHLORINE 0. 0.000

---- nYVfjEf; ------------1844 .-— 2.77---------------------------5736W-- I 793 r-"9fl»0------------------------------------------
STEAH 20994. 1165.
TOT iL 66578. 100.00 0> 20994. 1 165. 58385 * 1 8?9. 100.0 3928. 6541 1 . 1 31180. 5541 . 100*00--------------------------------------------------------- <-***-*•---{** *) —---------
TEHPERATIIRE(DEG-F) 250. 80. 2730.

— --PRESSUREi R51 A )------------------------------- 29.70.......... ............ .....- -------------------------  15. 30-------
VflliJME (SCf *0 11554. 35001 . (NF)

---- VBU|Hg( ACFM)---------------------------------4974*---------------------- ----- --- ---------- ---- ------ 20624 2*-------
GPM 1?1 •

— ---------— 7  ------ -fl *--------9*-------------- -10---------------------- -It----------------1 2  ----- - 1-3  ---- -14   
BFW TO STEAH SPRAY BFW TO STEAM SLAG CCCl

—-----GASlFTER-OASlFIFR- COOLING—....  GAS TO HASTE - - -----  • GAS OUT HASTE.......W.HtAr —Vt.HEAT---HATER —
JACKETS JACKETS WATER hEAT BOILERS HEAT BOILERS BOILER ROUER RETURN

---------LBS/hR— LBS/HR--- LBS/HR-- tflS/MR - mOL/MR - VOL(*>-•-• LBS/HR - hOL/HR V0l(«> - -LBS/MR- —IBS/HR----tBS/Hft-
------- CSR*ON -m^nOX roe------------------------------------------86792-*---- 309 9t---4615A-------86792-*--- 3099 .— 4 8*^4--------------------------------------

CaRVn OIOXIOE 27102. 616. 9.25 27102. 616. 9.25
------HYpROOFN -------------------------------------------- ---- 22?3 .--- 1 103. 16,56 ...... ?2? 3 . 1 103 . - -16.56 ------------------------------------

NITROGEN 1950. 7 0 • 1.05 1950. 70. 1 .05
---   H?5 ♦ COS- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -2802*——-82.•—-1.235- - - - - - 2802*- - - - - 82-.—1*235- - - - - - - - - -_——— ------

HfCoOGEN CHLORIDE
------------ H70--------------------------------8t-«-#8t------------------------- 2Ci-?Q-i------------30* TO.--------t9St*-----23Tt?------------304 30-*------ -1-689.- - 25.37-------80557r-------------------------- 8504-8t

4 S H 5892. 5892.
---- CARBON----------------------------------------4 957.--- 41 >.---------—-4957-.---- 413.----------------------------------

SULPHUR
---- chlorine----------------------------------------------- -——— --------------------------------------------

oxygen
-------s T£a u---------------------------5 eo-tfr.------------------------ =---------------------------------------------------------------------------- ? 6-724-.-------------

FLUX
-----TOTaL---------------- 61448.---^9522. —4?0120-^-—-1-5-1 3ftO*  66 58*—100.00------151300.----6658.-1-00.00----80557.---- 767-24♦---- 850-1 Or-

(***) (*•*) (*** > (*** )
-----TFUbCRAT*,RE*OFG*F-- 2 30,----274.----- MO.------------ - 201 1*------------------- 300*------------- 230.-----900.------M5«-

PRESSURE(PSIA) 44. 15.30 15.20 925.
------- '/OtrUMeCS-O^M-)------------------ 2-0548 *------------------------------ 4 20 5 6~*—(-NF-)------------------62056-r—C4.-P-)--------------------------------------------

VOLIJMECACFM) 9587 . 191 955 . 59428* 1 1 1 8.
-------CRH----------------------1?3 «----------------- —40-,------------------------------------------- ------------------------------------ 161»------------------- 1-70 r-

(•) PERCENTAGES* (*•) REF. .CIRCLED NUMBERS On SCHEMATIC ORAwlNC.PACE 1* (•••) GAS ONLY* (NF) NOT FEASIBLE*
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COMPUTER SIMULATION RUN NO. 2 (continued)

-KOpPEfrS—lN£»—————— EM&INE-ERJ WG-AWf>—CONST fiUCTlOW-0 J VISION-----------*-•—C-QKP-I&E-Ht-I-AL—*■*--------P-ACE- - 4--
------------------------------------ IfOPRERS FUCL CA^-f-l-C^THKlW'PftOCE45-------------------------------------- R(|*_nG-C2-

MP-615 HJNTREIL-------- COMMCRC.jAt_aAMf.{e.ATjON-or_eO£O_CMAfi_^.pjT.TS0uR0M..eNE_4_HEA()ED.. IEr------------- 0^/21/?«—
------------------------------herf-sai-ance------ —— ---—--------------------

HEAT IN ---- ------- HEAT OUT

---- GASIFIER------------ AS" RECEIVED FtlEL------------------------ GASIFIER - ------------- A$- RECE IVEO - FUEL
....... BTU/NT ....... BTU/NT

SENSIBLE HEAT IN COAL * 10515* SENSIBLE HEAT IN FLUXEO ASH • 226504.
----- sE^sfBtE-Nm-r-ftr-oxvrreN------------- ■----5e?6 6-*-------------- sensifttf—heat-in- unburnt—carb-on..—«—isssss-*-

SENSlBLE ♦ LATENT heat In steam * 705069* SENSIBLE ♦ LATENT HEAT IN EXIT GAS ■ 4050918.
------ CARRON OXIDATION'TO CARBON MONOXIDE"*—4959457*--------------------HEAT FOR • 01 SSOC I AT I ON OF L IMESTOnE----»--- ------ Or-

CARBON OXIDATION TO CARBON OIOXIOE • 3236606* HEAT TO DISSOCIATE STEAM s 2327175.
-----HYDROGEN TO HYDROGEN SULPHIDE-----*---- 21®33«--------------HE AT • TO - STE A m FROM G AS IF IER-JACKET-- »---17!2?8*i

•sj element breakdown ■- 4258C4* heat loss through gasifier jacket*etc» 9012c.
TOTAL HEAT INTO gasifier • 8563542 TOTAL hEAT OUT OF GASIFIER ■ 85635«2.

SPRAY CHAMBER SPRAY chamber

“ST^S ITJCE 4 fATTNT'HE AT“tN-' ENTRT-CT5—■---- 40509t8»-
SEN SI RLE hEAT IN FLUXED ASH ■ 135902*

"SENS ISLE-ME AT IN UNRiiRNT-CARBON—- «-156536*
SENSIBLE hEAT IN SPRAY WATER * 19945*

total heat into sppay chamber • 4363302*

---- SENS ! BL'E—t—L aTEnT‘_mE"AT_ Cf-~EXi'T—DAS---■—frl 6558»* 
SENSIBLE HEAT IN FLUXED ASH a 91?54«

----SENS IBtC-HEAT- IN UNBURST CARBON---- ----- 106460»--

TOTAL HEAT OUT OF SPRAY CHAMBER a 4363302.

HASTE HEAT BOlLFR HASTE HEAT BOILER

-----S€NSlBL€--*-tATfNT-HEAT- OF—ENTRY-GAS-»--4165589*---------------SENSIBLE -LATENT MEAT CF EXIT G-AS---a—1310530.--
SENSIBLE HEAT IN FLUXED ASH a 91254* SENSIBLE HEAT IN FLUXED ASH • 7647,

----- REN'S {gtE~"wr*T“i N—UNBUKHT—C"* RfrON-----»--- r06»60«---------------SENSIBLE-HE-A T- In-UNBuRN-T-CARRGN------ a-----7-7-53.--
SENSIBLE ♦ LATENT HEAT IN STEAM a J885504,

---------------------------------------------------- ^--------------HEAT LOSS FROM HASTE HEAT BOILER----- *--- 15188’.- —
------TOTAL—HE-AT—I NTO_-HASTF—HE AT—POTtf-R—»—4-3-6330-2-*--------------- TOT AL-HE A T-OUT OF- HA $ TE- R£ AT—ftO IL ER—*•—4-363 302. 
------------------ StrAS-OUENC*—T-ANK1 ------------------------- ---- ----- SL AO-DUEnCM—TANK------------------------

SENSIBLE HEAT IN SLAG -SENSIBLE- KEAT-fN-HATER- 90602* 
—7697t

SENSIBLE HEAT IN SLAG a
-SENSIBLE HEAT-IN HATER------------ -—»~
SENSIBLE ♦ LATENT HEAT IN FLASH STEAMa

600, 
-97051.

TOTAL HFAT INTO SLAfi OUENCH TANKS
PROCESS MEAT INPUT

TOTAL HEAT OUT OF SLAG OUENCH TANKS
PROCESS HEAT OUTPUT (AVAILABLE)

-w£*T~PtfT£*m-At.~I N—COAtr*-(-N£T-)--------»-2^6T9l?8 *---------------fflTAL-H£ AT—IN—STE AM-G EVE R ATt&--------a 4 59 779 2*-
SENSlBLE ♦ LATENT HEAT INPUTS ■ 771850* CALORIFIC VALUE OF EXIT GAS * 14800032.
TOTAL HEAT ENERGY SUPPLIED « 24390978* TOTAL HEAT ENERGY AVAILABLE * 19397824.



COMPUTER SIMULATION RUN NO. 2 (continued)

—--- *O*»E»fr-C0»‘P»NY#- INC*- - - - - - - -  ENGINEERING *Nn CONSTRUCTION DIVISION. . . . .  - CCNPIOENTIAI ** - - - - - - PAGE 5

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - KOPPERS -FUEi^GASl-f 1C AT ION-PROCESS- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - RUN- NO-02----
HP-615 KINTREIL

- - - - - - - - - - - - - - -—CONMERCJAL-GASIf ICaTTON OF COEO CkAR •PITTS8URGM ONE 4 HEADED OASIEIER------ ---- - - ---07/21/76- --

■SUPPt EmEnT AifY—COAt-GASIF IC* T-iON—INF-OfiNA-T IQN-

CQAL GASIFICATION RAN MATERIAL COSTS ADDITIONAL COAL GASIFICATION 0*TA

—c ns-f - -of -r u € t-------------
COST OF INJECTED STEAM

— COST CF OXTOEN--------------
Cost of flu<Es

- CrtST OF -POILER FFEft-NATER----
COST Fri» RAH WATER

DOlLARS/OAY

GaSIFIFs SHELL STEA*- CCREnIT).
• MSfC'HEAT BOILER' STEAM tCPEOlT)*-

-scf-of oxygen-suppl-ieo-per-ls-of--c*ReeH-«
SCF OF OXYGEN TOTAL PEP L0 OF CARrQN «

-13.
14.

* L6 OF STEAm Tfl GASIFIER PER LB Cf'CARSON* 0•42« “... ...
DUST CONTENT OF EXIT BOILER GAS.GR/ACF • 21*3

-..... -- OULONSS FORMULA ...........  ........ ...
BTUS/NT OF COAL AS RECEIVED (HCV) =23631373.

—tOALVO«~€fMClENCY--------------------- ^"6 2T66t-PFRCE-NT'

-COST'-QF -GAS- - - - - - - - - -
COST PFR MILLION 8TUS ■0*0000000 DOLLARS



Section 8

CONVERSION FACTORS

To Convert Into

Pressures:
atu (std. atmosphere) Pounds/sq in (psia)
bar Pounds/sq in

2kg/cm Pounds/sq in

Lengths:
m (meters) Feet
m Inches
cm Inches
mm Inches
y (microns) Inches

Weights:
Ton (metric) Tons (short)
Ton (metric) Pounds
kg Pounds
g (grams) Grains
mg Grains

Areas:
2cm Sq inches

2m Sq feet
2m Sq inches

Velocities:
m/s Ft/min
m/s Ft/sec
m/s2 2Ft/sec

Multiply by

14.696
14.50
14.223

3.2808 
39.3708 
0.393708 
0.0393708 
0.0393708 x lo'

1.1023
2205.0

2.20462
15.432
0.015432

0.1550
10.7639

1550.15

196.8503
3.2808
3.2808

8-1



To Convert Into Multiply by

Volumes and Flow Rates:
1 (liters) Gallons 0.26417
1 Cu ft 3.53146 x 10-2
1/min Cu ft/sec 5.8858 x 10-4
1/min Gallons/sec 4.4028 x 10-3
1/h Cu ft/sec 9.8096 x.10-6
1/h Gallons/sec 7.3381 x 10-5
m3/s Cu ft/sec 35.3145
m3/s Gallons/sec 264.1720
m3/h Cu ft/hr 35.3147
m3/h Gallons/hr 264.1720
m3/h Acre-feet/hr 0.8107 x 10-4
Nm3/h SCF/hr 37.2281
(0°C, 760 mm Hg, dry) (60oF, 30 in Hg, dry)
kg/h Pounds/hr 2.20462

Weights of Volumes:
3kg/m Pounds/cu ft 6.24278 x 10-2
3kg/Nm Pounds/SCF 5.92187 x 10-2

(0°C, 760 mm Hg, dry) (60°F, 30 in Hg, dry)
mg/1 Pounds/cu ft 6.2447 x 10~6
mg/1 Parts/million 1.00
mg/Nm3 (dry) Pounds/SCF (dry) 5.920 x lO”8
mg/Nm3 (dry) Grains/SCF (dry) 4.14539 x 10-4

Heat Quantities:

Real Btu 3.96832
[one cal = 4.1868 joules
Real

(J)]
RJ 4.1868

RJ Btu 0.947817
Rcal/h Btu/hr 3.9683
Rcal/h RJ/s 1.1629 x 10-3
RJ/s Btu/hr 3.4121 x 10-3
RJ/kg Btu/pound 0.42992

3RJ/Nm (dry) Btu/SCF (dry) 2.5459 x 10~2
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