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This handbook has been prepared by the Solar Energy Research Institute under the U.S.
Department of Energy Solar Technical Information Program. It is intended as a guide
to the design, testing, operation, and manufacture of small-scale [less than 200 kW
(270 hp)] gasifiers. A great deal of the information will be useful for all levels of biomass
gasification.

The handbook is meant to be a practical guide to gasifier systems, and a minimum
amount of space is devoted to questions of more theoretical interest.

We apologize in advance for mixing English and Scientifique Internationale (SI) units.
Whenever possible, we have used SI units, with the corresponding English units fol-
lowing in parentheses. Unfortunately, many of the figures use English units, and it
would have been too difficult to convert all of these figures to both units. We have sup-

plied a conversion chart in the Appendix to make these conversions easier for the
reader.

Mr. Bill Nostrand, one of our very helpful reviewers, died in May 1985. Bill was num-
ber one in the ranks of those who became interested in gasification because of its poten-
tial for supplying clean, renewable energy. We all will miss him. The improvement of
gasification systems will be noticeably slowed by his death.

We dedicate this book to the Bill Nostrands of this world who will bring gasifier systems
to the level of safety, cleanliness, and reliability required to realize their full potential.

Thanks, Bill.

T. B. Reed and A. Das
Golden, Colorado
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Chapter 1
Introduction and
Guide to the Literature and Research

1.1 Role of Gasification in Biomass
Conversion

This handbook explains how biomass can be converted
to a gas in a downdraft gasifier and gives details for
designing, testing, operating, and manufacturing
gasifiers and gasifier systems, primarily for shaft power
generation up to 200 kW. It is intended to help convert
gasification from a practical art into a field of en-
gineered design. Although the handbook focuses on
downdraft gasification as the only method suitable for
small-scale power systems, it also gives extensive
detail on biomass fuels, gas testing and cleanup in-
strumentation, and safety considerations that will be of
use to all those who work with gasifiers at whatever
scale.

The combustion of biomass in wood stoves and in-
dustrial boilers has increased dramatically in some
areas, and forest, agricultural, and paper wastes are
being used extensively for fuels by some industries.
However, more extensive biomass use still waits for the
application of improved conversion methods, such as
gasification, that match biomass energy to processes
currently requiring liquid and gaseous fuels. Examples
of such processes include glass, lime, and brick
manufacture; power generation; and transportation.

Biomass, like coal, is a solid fuel and thus is inherent-
ly less convenient to use than the gaseous or liquid
fuels to which we have become accustomed. An over-
view of various processes now in use or under evalua-
tion for converting biomass to more conventional
energy forms such as gas or liquid fuels is shown in
Fig. 1-1 (Reed 1978). The figure shows how sunlight is
converted to biomass through either traditional ac-
tivities (e.g., agriculture and silviculture) or new in-
novative techniques (e.g., as energy plantations,
coppicing, and algaeculture) now being developed.

Biomass resources fall into two categories: wet or wet-
table biomass (molasses, starches, and manures) and
dry biomass (woody and agricultural materials and
residues). Biological processes require wet biomass
and operate at or near room temperature. These proces-
ses, shown on the lower left side of Fig. 1-1, include
fermentation to produce alcohols and digestion to
produce methane.

Thermal processes function best using biomass
feedstocks with less than 50% moisture content and are
shown on the right side of Fig. 1-1. The simplest

thermal process is combustion, which yields only heat.
Pyrolysis uses heat to break down biomass and yields
charcoal, wood-oils, tars, and gases.

Gasification processes convert biomass into combus-
tible gases that ideally contain all the energy original-
ly present in the biomass. In practice, gasification can
convert 60% to 90% of the energy in the biomass into
energy in the gas. Gasification processes can be either
direct (using air or oxygen to generate heat through ex-
othermic reactions) or indirect (transferring heat to the
reactor from the outside). The gas can be burned to
produce industrial or residential heat, to run engines
for mechanical or electrical power, or to make synthetic
fuels.

In one sense, biomass gasification is already a well
proven technology. Approximately one million
downdraft gasifiers were used to operate cars, trucks,
boats, trains, and electric generators in Europe during
World War II (Egloff 1943), and the history of this ex-
perience is outlined in Chapter 2. However, the war’s
end saw this emergency measure abandoned, as
inexpensive gasoline became available (Reed 1985b).

Development of biomass gasification was disrupted in
1946 as the war ended and inexpensive (15¢/gal)
gasoline became available. The magnitude of damage
inflicted on gasifier technology by this disruption can
be seen by the fact that it is difficult for even the “ad-
vanced” technology of the 1980s to achieve on tests
what was routine operation in the 1940s. The design,
research, and manufacturing teams of that decade have
all disbanded. We have from the past only that small
fraction of knowledge that has been published,
whereas the large bulk of firsthand experience in
operation design has been lost and forgotten.

Gasification was rediscovered in an era of fuel
shortages and higher oil prices, and there are gasifier
engine projects under way in more than 20 countries
for producing process heat and electrical and mechani-
cal power (Kjellstrom 1983, 1985). In its rebirth,
however, the existing technology has uncovered major
problems in connection with effluent and gas cleanup
and the fuel supply, which were less important during
the emergency of World War II. Today, these problems
must be solved if biomass gasification is to reemerge as
a fuel source. Apparently, it is going to take a few years
for the technology of the 1980s to be effectively applied
to the accomplishments of the 1940s. Space-age advan-
ces in materials and control systems are available for

Introduction and Guide to the Literature and Research 1



use in today’s process designs, so a continuous
development effort and lively open exchange should
enable us to incorporate latter-day chemical and
chemical engineering techniques to build clean, con-
venient, and reliable systems. A recent workshop on
low-energy gasification tabulates research and
development needs (Easterling 1985).

The accelerated use of gasification technologies ul-
timately depends upon their ability to compete with
fossil fuels, which in turn depends on unknown factors
about resources, economics, and political conditions.
At present (1988), gasification and other alternative
energy processes are being developed slowly in the
United States because of relatively plentiful supplies
of low-cost gaseous and liquid fossil fuels. However,
political changes could rapidly and dramatically alter
this situation, as witnessed during the OPEC oil crises

of the seventies. The U.S. Office of Technology Assess-
ment (OTA) recently has issued a report calling for a
national capability for emergency implementation of
gasifiers (OTA 1984).

1.2 Biomass Energy Potential

Biomass is a renewable fuel that supplies 2% to 3% of
U.S. energy needs and an even larger percentage in
some other countries (OTA 1980; DOE 1982). OTA
projects that biomass could supply from 7% to 20% (6-
17 quads*) annually (OTA 1980) from sources such as
those shown in Table 1-1 (Reed 1981), if it can be made
available in a convenient form and if conversion equip-
ment is accessible. The potential of biomass for world
use is equally great (Bioenergy 1985).

*1 quad = 1015 Btu

Sunlight

BA-GO201701

Carbon dioxide Water Land
Product farming (existing) Energy farming (potential)
Agriculture Silviculture Industry Aquaculture Silviculture Agriculture
Farm and Municipal ' ;
A Residues Biomass for energy
forest products
Maceration Drying and densification
r
L Bioconversion processes (wet) lf
) ) ] Fermentation Thermal conversion processes (dry)
Extraction | IDigestion | | 4 dgistillation I I I
Chemicals Methane Gasification 1 Pyrolysis Liquefaction Combustion
(rubber) ttle Ethanol - .
(resins) (cattle fed) (sugars) Air (3" gasl Oil gas Heat
I Low Btu | Charcoa systems
as
Needs Med.-Btu gas methanol ammonia’
1 N
Chemicals Gaseous fuels Liquid fuels Solid fuels Electricity Heat

Fig. 1-1. Biomass energy paths (Source: Reed 1978)
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Table 1-1. Summary of the Annual Energy
Potential of Existing Sources of
Biomass in the United States

Resource 108 Dry Tons/Year  Quads/Year
Crop residues 278.0 4.15
Animal manures 26.5 0.33
Unused mill residues? 24.1 0.41
Logging residues 83.2 1.41
Municipal solid wastes 130.0 1.63
Standing forests 384.0 6.51
Totals 925.8 14.44

3Does not include unused bark from wood pulp mills.
Source: Reed 1981, p. 39

Biomass is a renewable energy form with many posi-
tive features. The biomass feedstock is often a low-cost
byproduct of agriculture or silviculture; it is low in ash
and sulfur content, and it does not increase the level of
carbon dioxide in the atmosphere and the subsequent
greenhouse effect (provided that consumption does not
exceed annual production). Care must be taken to en-
sure that biomass use as fuel is on a renewable basis
(Lowdermilk 1975; Reed 1978). Today, many countries
{such as China, Korea, Brazil, and South Africa) have
active reforestation programs that are helping to in-
crease the total world forest area. With continued
diligence, the prospects for making biomass truly
renewable will steadily improve.

1.3 Guide to Gasification Literature
1.3.1 Bibliographies

The number of books, articles, and reports on biomass
gasification easily exceeds 10,000 (Reed 1985b), with
many important studies conducted before 1950. One
can easily become discouraged when trying to find the
earlier works. Fortunately, much of this early work has
been collected; some of it has been summarized, and
some of it has been reprinted. We offer here an over-
view of this body of knowledge in order to help the
reader locate required material. In general, the more
recent works are still available.

Two major collections of the older papers have been
made in the past decade. The U.S. National Academy
of Sciences published a bibliography of its extensive
collection of early papers in Producer Gas: Another
Fuel for Motor Transport (NAS 1983). The University
of California at Davis acquired an extensive collection
of papers while preparing State of the Art for Small Gas
Producer Engine Systems (Kaupp 1984a). Most of these
papers are also in the possession of A. Kaupp at GATE
in Germany and also are on file at SERIL. A very recent
publication from India, State of Art Report on Biomass
Gasification, (Parikh 1985) contains more than 1200
abstracts of articles on gasification as well as an assess-
ment of its viability and an excellent list of more than

1000 writers and workers in the field. Unfortunately,
massive bibliographies of undifferentiated material
can confuse the reader or give an impression of a level
of understanding that does not exist for gasification. We
hope this manual will help the reader to put this
material into perspective.

1.3.2 Books

There was a great deal of research and commercializa-
tion directed toward coal and biomass gasification be-
tween 1850 and 1950. However, cheap and plentiful
gas and oil prevented the commercial development of
the technology except in times of emergency. The
reader is referred especially to a number of excellent
historical books. Modern Gas Producers (Rambush
1923) gives an account of experiences with updraft and
coal gasifiers. Generator Gas (Gengas 1950) and its se-
quel, Wood Gas Generator for Vehicles (Nygards 1979),
give the reader a complete coverage of all aspects of
downdraft gasifiers during World War II. Gas Producers
and Blast Furnaces (Gumz 1950) looks at the ther-
modynamics and kinetics of coal and wood gasifica-
tion. The article by Schlapfer and Tobler, “Theoretical
and Practical Studies of Operation of Motorcars on
Wood Gas,” (Schlipfer 1937) is the best practical and
scientific discussion of small gasifiers to appear during
that period.

A more general survey of biomass thermal conversion
was published during 1979-80 in the SERI three-
volume Survey of Biomass Gasification (Reed 1981).
This work subsequently was published commercially
as Principles of Biomass Gasification (Reed 1981). The
work Producer Gas: Another Fuel for Motor Transport
(NAS 1983) contains an excellent historical perspec-
tive as well as a projection of coming developments. A
monumental work, Small-Scale Gas Producer Engine
Systems, is available in the United States and Germany
(Kaupp 1984a). In addition to other considerations, this
work contains an in-depth treatment of the use of forest
and agricultural residues.

Finally, several private groups have published or
republished gasifier plans or gasifier books and
pamphlets (TIPI 1986; Skov 1974; Mother 1982;
Nunnikhoven 1984; Nygards 1979).

1.3.3 Gasification Proceedings

Current gasification work generally is reported at con-
ferences and then appears in the published proceed-
ings. The U.S. Department of Energy (DOE]} (PNL 1982;
Easterling 1985) the U.S. Department of Agriculture
(USDA), the Forest Products Research Society (FPRS
1983), the U.S. Environmental Protection Agency
(EPA), and the Institute of Gas Technology (IGT) all
have had continuing interest in various forms of
gasification and have sponsored conferences dealing
with this field. These publications contain many
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articles of interest, and the proceedings often span
many years of research. The Electric Power Research
Institute (EPRI) has commissioned two studies on the
use of producer gas (Miller 1983; Schroeder 1985).
Government interest in gasification has tended to focus
on large-scale systems.

Biomass gasification is perceived by the foreign aid
agencies of the developed countries (such as the U.S.
Agency for International Development [U.S. AID]) as a
major potential energy source for many parts of the
developing world. The Beijer Institute of Sweden has
organized two international conferences for these
donor agencies and published three volumes of recent
studies of gasification relevant to the problems of
developing countries (Kjellstrom 1983, 1985).

South Africa is uniquely situated relative to producer
gas research because it is highly developed technical-
ly and produces much of its fuel by gasification.
However, it also has a native population of 20 million
whose needs match those of less developed countries.
A major world conference in timber utilization in May
1985 included week-long sessions on both wood
gasification and charcoal manufacture (NTRI 1985).

The European Economic Community (EEC) has shown
a great deal of interest in biomass energy in all forms
and has been very active in gasification during the last
five years (CEC 1980, 1982; Bridgwater 1984; Bioener-
gy 1985). The EEC has focused on the high-tech aspects
of gasification (such as oxygen gasification), but has
also funded work in small-scale gasifiers as part of its
perceived responsibility toward “associated” develop-
ing countries (Beenackers and van Swaaij 1982; Carré
1985; Bridgwater 1984; NTRI 1985; Manurung and
Beenackers 1985).

1.3.4 Commercial Information

Another source of gasifier information is provided by
companies developing commercial gasifier systems.
These groups write advertising brochures as often as
they write scientific articlgs, and it is sometimes
difficult to separate actual from projected performance.
Their publications should be read critically but usually
contain important (if optimistic) information.

1.3.5 Producer Gas Research

Much research into air gasification is being conducted
at various universities around the world. However, it
is difficult to trace this work if it is occurring either un-
funded or on a small scale. The work of Goss and his
students at the University of California at Davis de-
serves special mention because it has spanned a decade
and includes both experimental and theoretical studies
(Goss 1979). Twente University in the Netherlands has
had a large program in gasification for many years
{Groeneveld 1980a,b; Aarsen 1985; Buekens 1985). The
University of Florida at Gainesville has a very active

research group in producer gas (IGT 1984). In addition,
excellent gasification work is proceeding in Canada,
Europe, Brazil, the Philippines, New Zealand, and
other parts of the world, primarily at the university
level.

1.3.6 Producer Gas R&D Funding

U.S. AID has had a strong interest in producer gas tech-
nology because it offers a means for reducing the de-
pendency of developing nations on imported fuels and
has supported a number of projects around the world.
The Producer Gas Roundtable of Stockholm, Sweden,
is an oversight organization supported by various in-
ternational development agencies to promote informa-
tion exchange on gasification, to and between
developing countries. It has sponsored two major in-
ternational conferences (Kjellstrom 1983, 1985).

A moderate level of funding ($2 million to $5 mil-
lion/yr) has been maintained since 1975 by DOE for
“advanced concept” gasification and pyrolysis pro-
cesses. Most of the work is aimed at large industrial
processes and is supported in government laboratories,
industrial firms, and universities. Progress in these
programs is reported at the meetings of DOE’s Ther-
mochemical Conversion Contractors (PNL 1986), as
well as at other meetings. DOE recently sponsored a
meeting to examine the potential and problems of low
energy gasification (Easterling 1985) but is currently
focusing on direct liquefaction of wood. The status of
many of the government research and development
projects and commercial gasifiers projects was sum-
marized in Survey of Biomass Gasification (Reed 1981).

EPRI (Schroeder 1985) has evaluated the potential of
gasifiers for making electricity. The Forest Service of

the USDA holds annual meetings at which gasifiers are
discussed (FPRS 1983).

Reports on government programs are maintained by the
Office of Scientific and Technical Information (OSTI)
where they can be obtained in either microfiche or
printed copies. They are sometimes difficult to obtain
after the original supply of reports is exhausted. Copies
of these reports are also available in GPO depository
libraries. There are at least two such libraries—one
public and one university—in each state.

1.3.7 Federal Emergency Management
Agency (FEMA) Gasifier Work

The downdraft gasifier reached its highest develop-
ment during the emergency of World War II. FEMA has
taken interest in small-scale gasifiers because they
could function during a period of breakdown in our oil
supply due to atomic attack or other disruption of
conventional fuels.
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With this in mind, FEMA contracted with manual” description of gasifier construction and
H. LaFontaine of the Biomass Energy Foundation to operation (LaFontaine 1987). The gasifier has passed
build a prototype gasifier that could be made with the test, and the manual is now in the process of being
readily available parts and to write a “craftsman published by FEMA.
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Chapter 2
History, Current
Developments, and Future Directions

2.1 Historical Development

2.1.1 Early Development of Gasification

Gasification was discovered independently in both
France and England in 1798, and by 1850 the technol-
ogy had been developed to the point that it was pos-
sible to light much of London with manufactured gas
or “town gas” from coal (Singer 1958; Kaupp 1984a).
Manufactured gas soon crossed the Atlantic to the
United States and, by 1920, most American towns and
cities supplied gas to the residents for cooking and
lighting through the local “gasworks.”

In 1930, the first natural gas pipeline was built to
transport natural gas to Denver from the oil fields of
Texas. As pipelines crisscrossed the country, very low-
cost natural gas displaced manufactured gas, and the
once-widespread industry soon was forgotten. “Town
gas” continued to be used in England until the 1970s,
but the plants were dismantled following the discovery
of North Sea oil. Today, a few plants are still operating
in the third world.

2.1.2 Vehicle Gasifiers

Starting about the time of World War I, small gasifiers
were developed around charcoal and biomass
feedstocks to operate vehicles, boats, trains, and small
electric generators (Rambush 1923). Between the two
world wars, development was pursued mostly by
amateur enthusiasts because gasoline was relatively in-
expensive and simpler to use than biomass. In 1939 the
German blockade halted all oil transport to Europe.
Military use of gasoline received top priority, and the
civilian populations had to fend for themselves for
transport fuels. Approximately one million gasifiers
were used to operate vehicles worldwide during the
war years. The subsequent development of wood
producer gas units is a testament to human ingenuity
in the face of adversity. Extended accounts make fas-
cinating reading and inform the reader of both the
promise and difficulties of using producer gas. (Egloff
1941, 1943; Gengas 1950; NAS 1983; Kaupp 1984a).

At the beginning of World War I, there was a great deal
of interest in all forms of alternative fuels (Egloff 1941,
1943). By 1943, 90% of the vehicles in Sweden were
powered by gasifiers. By the end of the war, there were
more than 700,000 wood-gas generators powering

trucks, cars, and buses in Europe and probably more
than a million worldwide (Egloff 1943). However, these
impressive numbers included only six wood-fueled
vehicles in the United States and two in Canada, where
low-cost gasoline continued to be available throughout
the war. Many articles were written on gasification
during that time (see Chapter 1). Some photographs of
gasifiers fitted to vehicles of that era are shown in
Fig. 2-1. Most gasifiers were simply “belted on” and

Fig. 2-1. Vehicle gasifiers before 1950 (Source: NAS 1983)
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regarded as only temporary modifications for wartime
conditions. However, a few car makers went so far as
to modify the body work for gasifier installation. Soon
after the war, low-cost gasoline became available again,
and most users went back to burning gasoline because
of its convenience.

2.2 Current Development Activities

After the OPEC oil embargo of 1973, there was renewed
interest in all forms of alternative energy, including gas
produced from coal and biomass. Most of the early
work supported by the United States and foreign
energy establishments focused on large-scale coal-fed
gasifiers that were intended to produce synthetic
natural gas as a fuel. There was little interest in biomass
or biomass gasification (PNL 1986), except for groups
concerned with uses in less developed countries (NAS
1983; Kjellstrom 1981, 1983, 1985) and private
individuals (Skov 1974; Mother 1982; TIPI 1986).

Recently, there has been increased interest in biomass
as a renewable energy source. In the last few years, a
number of individuals and groups have built versions
of small downdraft gasifiers and have operated them as
demonstration units. A few of the gasifier-powered
vehicles from this effort are shown in Fig. 2-2, and
today one can obtain shop plans for constructing
gasifiers (Nunnikhoven 1984; Mother 1982; Skov
1974). Unfortunately, no body of information is avail-
able to help either the latter-day hobbyists or their
counterparts involved in full-time research to evaluate
critical factors such as gasifier operation, gas quality,
gas-cleanup systems, engine operation, and engine
wear.

Interest in small-scale gasifiers is strong among or-
ganizations that deal with less developed countries
such as the World Bank, the U.S. Agency for Interna-
tional Development, and the equivalent organizations
in European countries. The Producer Gas Roundtable
(of the Beijer Institute in Stockholm) has published a
number of books on gasification and drawn together
technical expertise from around the world. In addition,
this group has hosted several conferences on producer
gas for less developed countries (Kjellstrom 1981,
1983, 1985).

Producer gas from charcoal has been developed com-
mercially in the Philippines (Kjellstrom 1983), where
more than 1000 units have operated. Producer gas is
generated for industrial heat by more than 30 large
units operating in Brazil (Makray 1984).

2.3 Future Development Directions

Predicting the needs and direction of development in
our modern world is very dangerous, because we don’t
know how future conditions will change and what our
response will be. Since the first OPEC embargo in 1973,
we have oscillated between a concern with energy sup-
plies and business as normal. Therefore, we can’t
predict which direction we are likely to go, but we can
at least list the possible options and factors that affect
the choice.

In normal times, development is driven by economic
considerations, and some of the economic factors in-
fluencing use of gasification are listed in Chapter 13. In
times of emergency, our priorities change drastically
and quite different developments occur.

Small gasifiers were developed very rapidly during the
emergency of World War II and just as rapidly disap-
peared when liquid fuels were available. Transporation
is a very high priority, and the U.S. Department of
Defense currently has a program to disseminate infor-
mation on small gasifiers in case of national emergency.
However, for economic reasons, no work on gasifiers
for vehicles is in progress in the United States. During
the late 1970s, we imported more than 40% of our oil.
We reserved much of our liquid fuel for transport, and
there was no government call to develop gasifiersin the
United States. (However, Sweden-Volvo manufactured
and stored 10,000 units for emergency use.)

In the private sector of the United States during the last
10 years, there has been a corresponding development
of biomass gasifiers for heat applications at the scale
found in lumber and paper mills. There has been inter-
est in power generation at a small scale in the United
States stimulated by attractive power buy back rates in
some states under the Public Utilities Regulatory
Policy Act (PURPA) discussed in Chapter 13.

A very active area of development for small gasifiers is
to generate power in developing countries, which have
biomass resources and cannot easily afford liquid fuels.
They do not have an electrical distribution grid so
power systems of 10 to 1000 kW are very attractive.
Thus, the scale of operation has an important influence
on what is developed in this case.

Finally, new developments in gasifiers may extend
their use to other new areas. One of our authors (Das)
has developed a small gasifier suitable for firing a
foundry. The other author (Reed) is developing small
batch-type gasifiers for cooking and lighting applica-
tions in third world countries.

History, Current Developments, and Future Directions 7
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Chapter 3
Gasifier Fuels

3.1 Introduction

Biomass fuels occur in a multitude of physical forms.
The often-heard manufacturer’s claim that a particular
gasifier can gasify “any biomass fuel” is a naive state-
ment, and each form can be expected to have unique
problems until proven otherwise. This physical dis-
parity accounts in part for the large number of gasifier
designs available today. The gasifiers used widely
during World War IT used specially prepared 1x2x2 cm?
hardwood blocks. However, such blocks could repre-
sent only a tiny fraction of the biomass materials avail-
able for gasification. Some gasifiers currently are
undergoing design evolutions that will enable them to
use a wider range of fuels; nevertheless, fuel properties
are very important in determining satisfactory operat-
ing conditions. Therefore, these multifeedstock
gasifiers will be able to use only a limited range of
biomass with controlled specifications, and anyone in-
stalling such a gasifier should have tests run on the fuel
to be used before deciding upon a purchase. The ability
to specify fuel parameters is very important, and we
discuss them in this chapter. Fortunately, a wide
variety of tests are available for biomass and charcoal
gasifiers that can be useful to those interested in
gasification. '

Green wood can contain up to 50% water by weight, so
its properties vary widely with moisture content. The
chemical composition of biomass (expressed on a dry,
ash-free basis) is more constant than that of the various
coals {bituminous, anthracite, lignite) as shown in
Fig. 3-1. Furthermore, more than 80% of the biomass
is volatile. Coal is typically only 20% volatile; the
remaining 80% is unreactive coke, which is more dif-
ficult to gasify than charcoal. Biomass generally has
very low sulfur and ash content compared to coal.
However, unlike coal, biomass comes in a wide variety
of physical forms, making it necessary to tailor the
shapes of the gasifier, fuel-drying equipment, feed sys-
tems, and ash-removal equipment to each form. There-
fore, the resulting gasifier design must be very
fuel-specific.

3.2 Biomass Fuel Analysis

3.2.1 Proximate and Ultimate Analysis

Two types of analyses, proximate and ultimate, are use-
ful for defining the physical, chemical, and fuel proper-
ties of a particular biomass feedstock. These analyses
were initially developed for coal and are widely avail-
able from commercial laboratories. They are described

in detail in the publications of the American Society
for Testing Materials (ASTM), shown in Table 3-1. The
equipment necessary for performing elemental
analysis is shown in Table 3-2. The proximate analysis
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Fig. 3-1. Elemental (ultimate) analysis of (a) coals and wood and (b)
biomass fuels (Sources: Skov 1974, p. 35. (©1974. Used with permis-
sion of Biomass Energy Foundation, Inc.) and Kaupp 1984a, Fig. 96)
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Table 3-1. ASTM Standards Methods for Proximate
and Ultimate Analysis of Wood Feedstocks

Method Test No.
Proximate Analysis
Moisture E871
Volatile matter E872
Ash D1102
Ultimate Analysis
C E777
H E777
0 E870
N E778
S E775
Gross Heating Value E711

Table 3-2. Elemental Analyzer Equipment

Instrument Oxidant Capability Detection?
Carlo Erba 1104 oxygen C,H,N,O FID&TC
Chemical Data oxygen CH.N,O,S FID&TC
Systems and functional

(CDS 1200) groups

Hewlett-Packard MnO» C,HN FID&TC
HP-185 added

Perkin Elmer 240  oxygen C,H.N,O,S TC

aF|D—Flame ionization detector
TC—Thermal conductivity

Source: Reed 1981

is relatively simple and can be performed with a drying
oven, a laboratory furnace, and a balance. The ultimate
analysis involves more advanced chemical techniques.
Both analyses can be performed in commercial
laboratories for $25 to $100.

The proximate analysis determines the moisture (M),
volatile matter (VM), ash (A), and (by difference) fixed
carbon content (C) of a fuel, using standard ASTM tests.
Moisture is analyzed by the weight loss observed at
110°C. The volatile matter is driven off in a closed
crucible by slow heating to 950°C, and the sample is
weighed again. The high heating rates encountered
within an actual gasifier yield a higher volatile content
and a lower fixed carbon content than the slow rate
used in the ASTM measurement, but char yield from
the gasifier is expected to be proportional to char yield
from the ASTM test.

The proximate analyses for selected biomass
feedstocks and other solids are shown in Table 3-3.
Note that more than 70% of most biomass material is
volatile under the conditions of the test. The proximate
analysis generally includes moisture content measured
on a wet basis, MCW, where

MCW = (wet weight - dry weight)/wet weight. (3-1)

Sometimes, moisture content is reported on a dry-
weight basis, MCD, where

MCD = (wet weight - dry weight)/dry weight. (3-2)

Values given in one form can be converted to the other
as shown in Fig. 3-2 according to the relationships:

MCD = MCW/(1 - MCW), and (3-3)
MCW = MCD/(1 + MCD). (3-4)

Moisture contents for typical biomass fuels are shown
in Table 3-4. The effect of moisture content on heat
recovery and combustion efficiency is shown in
Table 3-5. Recoverable heat drops dramatically with
increased moisture since the heat of vaporization of the
water is not normally recovered during combustion
(see Table 4-1).

Since biomass varies in its properties from day to day
and from load to load, it is common to report analyses
on a dry basis, and sometimes on a moisture- and ash-
free (MAF) basis. It is then a simple matter to calculate
other specific conditions from this value.

The ultimate analysis gives the chemical composition
and the higher heating value of the fuels. The chemi-
cal analysis usually lists the carbon, hydrogen, oxygen,
nitrogen, sulfur, and ash content of the dry fuel on a
weight percentage basis. Ultimate analyses for a num-
ber of biomass and other solid fuels are given in
Table 3-6 and for various chars in Table 3-7.

Note in Table 3-6 that biomass is typically very low in
both nitrogen and sulfur content relative to fossil fuels.
However, selected biomass feedstocks may have much
higher values. The sulfur and nitrogen contents of
selected biomass fuels are shown in Tables 3-8 and 3-9.
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Fig. 3-2. Wet basis-dry basis moisture content comparison (Source:
McGowan 1980, Fig. 1-1)
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The ash content of biomass is typically much less than
that of coals, but some forms have a high ash content,
as shown in Table 3-3. This can lead to ash melting
(known as “slagging”), which can cause severe
problems in some gasifiers. A standard ASTM method
is available for measuring the slagging temperature for
ash (Table 3-1).

The higher heating value of the fuel is determined by
reacting the fuel with oxygen in a bomb calorimeter and
measuring the heat released to a known quantity of
water. The heat released during this procedure repre-

sents the maximum amount of energy that can be ob-
tained from combusting the fuel and is a necessary
value for calculating the efficiency of gasification. The
high heating value (HHV) is measured in this test, since
liquid water is produced; however, the low heating
value (LHV) is more relevant to the amount of energy
produced, and this can be calculated from the HHV
value shown in Table 4-1.

The heat of combustion is determined by the composi-
tion of the biomass and in fact can be calculated with
considerable accuracy from

Table 3-3. Proximate Analysis Data for Selected Solid Fuels
and Biomass Materials (Dry Basis, Weight Percent)

Volatile Matter (VM) Fixed Carbon (FC) Ash Reference
Coals
Pittsburgh seam coal 33.9 55.8 10.3 1)
Wyoming Elkol coal 44 4 514 42 (1)
Lignite 43.0 46.6 104 (1)
Oven Dry Woods
Western hemlock 84.8 15.0 0.2 2)
Douglas fir 86.2 13.7 0.1 2)
White fir 84.4 13.1 0.5 @)
Ponderosa pine 87.0 12.8 0.2 2)
Redwood 83.5 16.1 0.4 2)
Cedar 77.0 21.0 2.0 2)
Oven Dry Barks
Western hemlock 74.3 24.0 17 2
Douglas fir 70.6 27.2 22 2)
White fir 73.4 24.0 26 2)
Ponderosa pine 73.4 25.9 0.7 2)
Redwood 71.3 279 0.8 @)
Cedar 86.7 13.1 0.2 (2)
Mill Woodwaste Samples
-4 mesh redwood shavings 76.2 23.5 03 (3)
-4 mesh Alabama oakchips 74.7 21.9 33 (3)
Municipal Refuse and Major Components
National average waste 65.9 9.1 25.0 4)
Newspaper (9.4% of average waste) 86.3 12.2 15 4)
Paper boxes (23.4%) 81.7 12.9 54 4)
Magazine paper (6.8%) 69.2 7.3 234 4)
Brown paper (5.6%) 89.1 9.8 1.1 4)
Pyrolysis Chars
Redwood (790° to 1020°F) 30.0 67.7 2.3 (2)
Redwood (800° to 1725°F) 23.9 72.0 41 @
Oak (820° to 1135°F) 25.8 59.3 14.9 (2)
Oak (1060°F) 2741 55.6 17.3 @)

(1) Bituminous Coal Research, Inc. 1974. Gas Generator Research and Development, Phase Il. Process and Equipment Development. OCR-20-F;

PB-235530/3Gl.

(2) Howlett, K. and Gamache, A. 1977. Forest and Mill Residues as Potential Sources of Biomass. Vol. VI. Final Report. McLean, VA; The Mitre
Corporation/Metrek Division; ERDA Contract No. E (49-18) 2081; MTR 7347.

(3) Boley, C. C. and Landers, W. S. 1969, Entrainment Drying and Carbonization of Wood Waste. Washington, D.C.: Bureau of Mines; Report of

Investigations 7282.

(4) Klass, D. L. and Ghosh, S. 1973. “Fuel from Organic Wastes.” Chemical Technology, p. 689.

Source: Reed 1981
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Table 3-4. Approximate Moisture
Contents of Typical Biomass Fuels

Moisture Content

(wt % Wet (wt % Dry

Biomass Fuel Basis) Basis) Reference
Woody biomass, green  40-60 67-150 (1)
Woody biomass, dried 15 17 N
Straws 15 17 (1)
Stalks, cobs, hulls 15 17 (1)
Bagasse 70 230 (1)
Municipal refuse 35 55 2)
Peat 90 900 (1)
Air dry feedlot waste 11 12 @)
(1) Miles 1982

(2) Reed 1981

Table 3-5. Effect of Moisture Content on
Heat Recovery and Combustion Efficiency?

Moisture Recoverable Combustion
(Wt %) HeatP Efficiency

Dry Basis Wet Basis (Btu/lb} (%)
0.00 0.00 7097 825
4.76 454 7036 81.8
9.09 8.33 6975 81.1
13.04 11.54 6912 80.4
16.67 14.29 6853 79.7
20.00 16.67 6791 78.9
23.08 18.75 6730 78.3
28.57 22.22 6604 76.8
33.33 25.00 6482 75.4
42 86 30.00 6178 71.8
50.00 33.33 5868 68.2
60.00 37.50 5252 61.1
66.67 40.00 4639 53.9
71.43 41.67 4019 46.7

aFrom Bliss, C. and Black, D. O. 1977. Silvicultural Biomass Farms,
Vol. 5, Conversion Processes and Costs. McLean, VA: Mitre Corpora-
tion; ERDA Contract No. EX-76-C-01-2081.

bTheoretical values based on a maximum heating value of 8600 Btu/lb,
an initial wood temperature of 62°F, a flue gas temperature of 450°F,
an initial air temperature of 62°F and 50% excess air.

Source: Reed 1981

HHV =[34.1C+132.2H+6.88
-1.53 A -12.0 (O+N)] kJ/g (3-5)

HHV =[1466 C+ 5688 H+29.45-6.6 A
- 51.5 (O+N)] x 102 Btu/lb (3-6)

where C, H, S, A, O, and N are the wt % of carbon,
hydrogen, sulfur, ash, oxygen, and nitrogen in the fuel.
The calculated value agrees with the measured value
with an absolute error of 2.1% for a large number of
biomass materials (Reed 1981).

3.2.2 Physical Tests

One of the most important physical characteristics of
biomass fuel is the bulk density. The bulk density is
the weight of biomass packed loosely in a container
divided by the volume occupied. Clearly, it is not an
exact number, depending on the exact packing of the
particles.

The fuel shape and feeding characteristics determine
whether it will be feasible to simply use gravity feed-
ing techniques, or whether assistance, such as stirring
and shaking, will be required. The angle of repose for
a particular fuel type is generally measured by filling a
large tube with the fuel, and then lifting the tube and
allowing the fuel to form a pile. The angle of repose is
the angle from the horizontal to the sides of the pile.
The basic feed characteristic is more easily judged from
the dugout angle of repose, the steepest angle
(measured from the horizontal) formed by the sides of
a pile of fuel when material is removed from the bot-
tom of the pile. Angles approaching or exceeding 90°
are a good indication of the tendency of the fuel to
bridge or tunnel in the gasifier.

3.3 Other Fuel Parameters

The tests and analyses just mentioned are in
widespread use because they were developed for use
in other industries. However, many more tests need to
be developed specifically for gasification processes.
This section addresses the effects of other fuel
parameters on biomass gasification, illustrating the
need for more specific testing procedures. The basic
fuel parameters important in gasifier design are

e particle size and shape

e particle size distribution

e char durability and fixed-carbon content
e ash fusion temperature

e ash content

¢ moisture content

e heating value.

3.3.1 Particle Size and Shape

The size and shape of the fuel particles are important
for determining the difficulty of moving and delivering
the fuel, as well as the behavior of the fuel once it is in
the gasifier. Good fuel hopper design calls for a cone
angle that is double the dugout angle of repose. With
an angle of repose over 45°, the fuel may not flow even
in a straight cylinder and will require either an inverted
cone or some agitation (Perry 1973). Smooth hopper
walls are always desirable.

Gasifiers frequently suffer from bridging and channel-
ing of the fuel. The size and size distribution of the fuel
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Table 3-6. Ultimate Analysis Data for Selected Solid Fuels and
Biomass Materials (Dry Basis, Weight Percent)

Higher Heating Value
Material Cc H N S O Ash (kJ/g) (Btu/lb)  Reference
Pittsburgh seam coal 755 5.0 1.2 31 4.9 10.3 31.67 13,650 &)
West Kentucky No. 11 coal 744 5.1 1.5 38 7.9 7.3 31.23 13,460 2)
Utah coall 779 6.0 1.5 0.6 9.9 4.1 32.87 14,170 (1)
Wyoming Elkol coal 715 5.3 1.2 0.9 16.9 42 29.49 12,710 2)
Lignite 64.0 4.2 0.9 1.3 19.2 104 24.85 10,712 (2)
Charcoal 80.3 341 0.2 0.0 1.3 34  31.02 13,370 &)
Douglas fir 52.3 6.3 0.1 0.0 405 0.8 21.0 9,050 (1)
Doublas fir bark 56.2 59 0.0 0.0 36.7 1.2 22.0 9,500 (1)
Pine bark 52.3 5.8 0.2 0.0 38.8 29 20.4 8,780 M
Western hemlock 50.4 5.8 0.1 0.1 41.4 2.2 20.0 8,620 (1)
Redwood 535 5.9 0.1 0.0 40.3 0.2 21.0 9,040 (1)
Beech 51.6 6.3 0.0 0.0 415 0.6 20.3 8,760 (1)
Hickory 497 6.5 0.0 0.0 431 0.7 20.1 8,670 M
Maple 50.6 6.0 0.3 0.0 417 1.4 19.9 8,580 (1)
Poplar 51.6 6.3 0.0 0.0 415 0.6 20.7 8,920 (1)
Rice hulls 38.5 5.7 0.5 0.0 39.8 15.5 15.3 6,610 M
Rice straw 39.2 5.1 0.6 041 35.8 19.2 15.8 6,540 (1)
Sawdust pellets 47.2 6.5 0.0 0.0 454 1.0 20.45 8,814 (3)
Paper 43.4 5.8 0.3 0.2 443 6.0 17.57 7,572 (4)
Redwood wastewood 53.4 6.0 0.1 0.1 399 0.6 21.26 9,163 (5)
Alabama oak woodwaste 49.5 5.7 0.2 0.0 41.3 33 19.18 8,266 (5)
Animal waste 427 55 24 0.3 313 17.8 1741 7,380 (1)
Municipal solid waste 476 6.0 1.2 0.3 32.9 12.0 19.83 8,546 (6)

(1) Tillman, D. A. 1978. Wood as an Energy Resource. New York: Academic Press.
(2) Bituminous Coal Research, Inc. 1974. Gas Generator Research and Development, Phase Il. Process and Equipment Development. OCR-20-F;

PB-235530/3Gl.

(3) Wen, C. Y., Bailie, R. C., Lin, C. Y., and O’Brien, W. S. 1974, “Production of Low Biu Gas Involving Coal Pyrolysis and Gasification.” Advances in
Chemistry Series. Vol. 131. Washington, D.C.: American Chemical Society.

(4) Bowerman, F. R. 1969. Introductory Chapter to Principles and Practices of Incineration. Corey, R. C., editor. New York: John Wiley and Sons.
(5) Boley, C. C. and Landers, W. S. 1969. Entrainment Drying and Carbonization of Wood Waste. Washington, D.C.: U.S. Bureau of Mines; Report

of Investigations 7282.

(6) Sanner, W. S., Ortuglio, C., Walters, J. G., and Wolfson, D. E. 1970. Conversion of Municipal and Industrial Refuse into Useful Materials by

Pyrolysis. U.S. Bureau of Mines; Aug; RI 7428.
Source: Reed 1981

determine the thickness of the gasification zone, the
pressure drop through the bed, and the minimum and
maximum hearth load for satisfactory operation. A
uniform particle size helps overcome some problems.
Improving the grate design, as well as added agitation
or stirring, can go a long way to give trouble-free gasifier
operation and to broaden the range of fuel shapes
suitable far gasification.

At the same time, it is important to realize that exces-
sive agitation results in excess carbon carryover, which
in turn reduces the efficiency of the gasifier. In addi-
tion, carbon carryover reduces the oxygen/fuel ratio,
since the carbon requires more oxygen than the
biomass for gasification. This in turn reduces the
oxygen available for flaming pyrolysis and increases
the rate of tar formation.

3.3.2 Charcoal and Char Properties

Carbon is the name applied to a chemical element that
occurs in dozens of physical forms, both pure (such as
diamond and graphite) and impure (such as coke, char-
coal, and soot). Charcoal refers to the 10% to 30% solid
carbon product from biomass pyrolysis. Its composi-
tion can vary from 50% carbon to more than 80% car-
bon, depending on the temperature and conditions of
pyrolysis (see Table 3-7). Also, since it contains most
of the original ash from the biomass, charcoal typical-
ly contains from 2% to 10% mineral matter (Emrich
1985]).

Charcoal manufacture dates to prehistoric times and is
a well-established industry today with standards for its
various uses. Charcoal is simpler to gasify, and it is
easier to clean up the gas for engine use than biomass

Gasifier Fuels 13



Table 3-7. Ultimate Analysis Data for Selected Pyrolysis Chars (Dry Basis, Weight Percent)

Higher Heating Value

Material C ~ H N ] (o) Ash (kJ/g) (Btu/lb)  Reference

Fir bark char 499 4.0 0.1 0.1 245 214 19.2 8,260 (1)

Rice hull char 36.0 2.6 04 0.1 11.7 49.2 14.2 6,100 (1)

Grass straw char 51.0 3.7 0.5 0.8 19.7 24.3 19.3 8,300 (1)

Animal waste char? 345 2.2 1.9 0.9 7.9 48.8 12.6 5,450 (1)

Municipal solid waste char 549 0.8 1.1 0.2 1.8 41.2 18.6 8,020 2)
(high temperature)

Redwood charcoal 75.6 3.3 0.2 0.2 18.4 2.3 28.8 12,400 (3)
(790° to 1020°F)

Redwood charcoal 78.8 3.5 0.2 0.2 13.2 4.1 304 13,100 (3)
(860° to 1725°F)

Oak charcoal 67.7 2.4 04 0.2 14.4 14.9 24.7 10,660 (3)
{820° to 1185°F)

Oak charcoal (1060°F) 64.6 2.1 0.4 0.1 15.5 17.3 23.0 9,910 (3)

aContains 3.7% chlorine lumped with oxygen

(1) Pober, K. W. and Bauer, H. F. 1977. “The Nature of Pyrolytic Oif from Municipal Solid Waste.” Fuels from Waste. Anderson, L. L. and Tillman,

D. A., Editors. New York: Academic Press, pp. 73-86.

(2) Sanner, W. S., Ortuglio, C., Walters, J. G., and Wolfson, D. E. 1970. Conversion of Municipal and Industrial Refuse into Useful Materials by

Pyrolysis. U.S. Bureau of Mines; Aug; Rl 7428.

(3) Boley, C. C. and Landers, W. S. 1969. Entrainment Drying and Carbonization of Wood Waste. Washington, D.C.: U.S. Bureau of Mines; Report

of Investigations 7282.
Source: Reed 1981

gas is because of charcoal’s low volatile content. At the
beginning of World War II, most gasifiers used charcoal.
However, charcoal manufacture wastes approximately
50% of the energy of biomass and usually requires
hardwood biomass as a starting material. By the end of
World War II, most gasifiers used wood instead of char-
coal (Gengas 1950). Today, a large number of gasifiers
built in the Philippines use charcoal, and charcoal is
used in some other countries as well (Foley 1983;
Kjellstrom 1983). It seems wise and probable that any
long-term development of biomass gasification will ul-
timately use biomass again, rather than charcoal.

As charcoal is converted to gas in a gasifier, the ash con-
tent rises. We use the term char-ash to describe the end
product from char gasification; although the char-ash
is still black, it may contain up to 50% ash. The incom-
ing oxygen/air/steam in updraft gasifiers contacts the
char-ash at the grate and burns out the carbon, leaving
a white ash. The principal problem in updraft gasifiers
is to avoid ash slagging (melting), since it will plug the
grate. In downdraft gasifiers, the char-ash reacts with
CO, and H,0, and is not contacted by oxygen so the
carbon is normally not completely consumed in a
downdraft gasifier. The result is black char-ash with
70% to 80% carbon. This carbon gives a good resis-
tance to slagging. However, fuels with a high ash con-
tent can cause slagging in the area of the tuyeres, if they
are used.

Thus in combustion and updraft gasifiers the fuel pas-
ses through the stages

Biomass — Charcoal — Char-Ash — Ash — Slag

and in downdraft gasifiers this process stops at char-
ash.

Charcoal durability depends on the resistance of the
charcoal to powdering (duffing) during transport or
char gasification. Ideally, the charcoal should maintain
its size until the carbon reaches the end of the reduc-
tion zone. In practice, a wide range of char particles are
produced in the reduction zone, and these can cause a
plugging problem if they are not removed. Stirring and
augering out char and ash are effective techniques for
preventing this plugging problem (Rogers 1985; Kaupp
1984b). Figure 3-3 shows the char ash content as a func-
tion of particle size and the relation between carbon
conversion and char size for a stratified-bed gasifier.
The fuel starts as biomass (1-in. birch dowels) on the
far right of Fig. 3-3. Ash is 0.5% and carbon conversion
is zero, of course. After flaming pyrolysis half of the
carbon has been converted yet the resulting charcoal is
only slightly smaller than its original size (25% - 35%
shrinkage). The char then undergoes gasification reac-
tions with hot pyrolysis combustion products, which
consume the carbon on both the surface and in the in-
terior of the particle. As interior carbon is consumed
the char shrinks, causing fractures, and the particle
loses mechanical strength, causing crumbling. The
small fragments are swept away by gas velocity. Return-
ing to Fig. 3-3, we see a plateau after pyrolysis and that
the char ash remains between 2% and 3% all the way
down to under 1000 um (1 mm) particle size, indicat-
ing that this size particle has not engaged in much char
gasification. Below 500 um (0.5 mm) we see a second
plateau, indicating the end of char gasification, and
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Table 3-8. Sulfur Content of Biomass Fuels

% Sulfur,
Biomass Fuels Dry Weight Basis Reference
Alfalfa seed straw 0.3 (1)
Almond shells <0.02 (1)
Barley straw 0.14 (1)
Coffee hulls 0.2 2)
Corn cobs 0.001-0.007 (1,3)
Corn fodder 0.15 (1,2)
Corn stalks 0.05 (1)
Oat straw 0.23 (2)
Cotton gin trash 0.26-0.31 )
Flax straw, pelleted <0.01 (1)
Furfural residue 0.4 (4)
Olive pits 0.02 (1)
Peach pits 0.04 (1)
Peanut husks 0.1 4)
Peat (Finnish) 0.05-0.2 (5)
Peat, general 1.5-2.0 (6)
Rice hulls 0.16 (1)
Rice straw 0.10 (1)
Walnut shells 0.03-0.09 (1)
Wheat straw 0.17 (2)
Wood, chipped 0.08 (1)
Wood, general 0.02 (1,7)
Wood, pine bark 0.1 (4)
Wood, green fir 0.06 (4)
Wood, kiln dried 1.0 4)
Wood, air dried 0.08 4)

(1) Gasification Project Uftimate Chemical Analysis Log, Agricultural
Engineering Dept., University of California, Davis, 1979.

(2) Partridge, J. R., “Manitoba Crops as an Energy Source,” Sixth An-
nual Conference, Biomass Energy Institute, Winnipeg, Manitoba,
Canada, Oct. 13, 1977.

(3) Payne, F. A., et al., “Gasification-Combustion of Corncobs and
Analysis of Exhaust,” American Society of Agricultural Engineers
Summer Meeting, San Antonio, TX, Paper #80-3025, 1980.

(4) Bailie, R. C., “Current Developments and Problems in Biomass
Gasification,” Sixth Annual Meeting, Biomass Energy Institute, Win-
nipeg, Manitoba, Canada, Oct. 13, 1977.

(5) Ekman, E. and Asplund, D., A Review of Research of Peat Gasifica-
tion in Finland. Technical Research Centre of Finland, Fuel and
Lubricant Research Laboratory, Espoo, Finland.

(6) Rambush, N. E., Modern Gas Producers, New York: Van Nostrand,
1923.

(7) Jenkins, B., Downdraft Gasification Characteristics of Major Califor-
nia Biomass-Derived Fuels, Ph.D. Thesis, Department of Agricul-
tural Engineering, University of California, Davis, 1980.

Source: Kaupp 1984a

that there is very little additional activity. It is clear that
larger particles carry more unreacted carbon with them
than do smaller particles. Therefore, the conversion ef-
ficiency will be maximized if removal of large char is
kept to a minimum. The balance between conversion
efficiency and ash removal will be fuel-specific.

The final weight of the char-ash residue is usually 2%
to 10% of the biomass weight, depending on the char-
ash removal rate and the char durability. However, the
char-ash residue has a very low density and so may
occupy up to 20% of the volume of the original

biomass, depending on the completeness of char
gasification. Therefore, it is important to provide for
adequate removal of this bulky material.

Because charcoal often has a high value, gasifiers are
sometimes operated to produce up to 10% charcoal by
augering out the charcoal at the end of the flaming com-
bustion zone (Pyrenco). This reduces the requirement
for oxygen (air) and increases gas quality to more than
6.8 MJ/Nm?3, but also increases tar content. However,
no current commercially successful small-scale char-
coal production in gasifiers is known to the authors.

Charcoal is manufactured all over the world, and stan-
dards determine the quality and suitability for various
uses (Emrich 1985). Recent tests at the Colorado School
of Mines have tested char pellet strength at various
stages of gasification (Hubis 1983).

3.3.3 Biomass Ash Content and Effects

Fuels with a high ash content require much greater
attention to grate design, gas disengagement, and
positive char-ash removal. The slagging behavior of
various crop residues and wood is shown in Table 3-10.

Table 3-9. Nitrogen Content of Biomass Fuels

% Nitrogen Dry

Biomass Fuels Weight Basis Reference
Barley straw 0.59 (1)
Corn cobs 0.16-0.56 (1
Corn fodder 0.94 (1)
Cotton gin trash 1.34-2.09 (1)
Corn stalks 1.28 (1)
Flax straw, pelleted 11 (1)
QOat straw 0.66 2)
Olive pits 0.36 (1)
Peach pits 1.74 (1)
Peat 0.5-3.0 (3)
Prune pits 0.32 1)
Rice hulls, pelleted 0.57 (1)
Safflower straw 0.62 (N
Walnut shells 0.260-0.4 (1)
Wood, general 0.009-2.0 (1.4)
Coal Fuels

Anthracite <15 (4)
German and English 0.5-1.9 (4)

bituminous coal

American coal 0.5-2 (4)
Brown coal and lignites 0.5-2 (4)

(1) Gasification Project Uttimate Chemical Analysis Log, Agricultural
Engineering Department, University of California, Davis, 1979.

(2) Partridge, J. R., “Manitoba Crops as an Energy Source,” Sixth An-
nual Conference, Biomass Energy Institute, Winnipeg, Manitoba,
Canada, Oct. 13, 1977.

(3) Ekman, E. and Asplund, D., A Review of Research of Peat Gasifica-
tion in Finland, Technical Research Centre of Finland, Fuel and
Lubricant Research Laboratory, Espoo, Finland.

(4) Rambush, N. E., Modern Gas Producers, New York: Van Nostrand,
1923.

Source: Kaupp 1984a
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Fig. 3-3. Char-ash content and carbon content versus char particle size for a stratified bed gasifier (Source: Das 1985)
Table 3-10. Slagging Behavior of Crop Residues and Wood
Slagging Fuels % Ash Degree of Slagging Non-Slagging Fuels % Ash
Barley straw mix 10.3 Severe Cubed alfalfa seed straw 6.0
Bean straw 10.2 Severe Aimond shell 438
Corn stalks 6.4 Moderate Corn cobs 1.5
Cotton gin trash 17.6 Severe Olive pits 3.2
Cubed cotton stalks 17.2 Severe Peach pits 0.8
RDF pellets 10.4 Severe Prune pits 0.5
Pelleted rice hulls 14.9 Severe Walnut shell (cracked) 1.1
Safflower straw 6.0 Minor Douglas Fir wood blocks 0.2
1/4" pelleted walnut shell mix 5.8 Moderate Municipal tree prunings 3.0
Wheat straw and corn stalks 7.4 Severe Hogged wood manufacturing residue 0.3
Whole log wood chips 0.1

Source: Kaupp 1984a

3.3.4 Biomass Moisture Content and Effects

The fuel moisture content greatly affects both the
operation of the gasifier and the quality of the product
gas. These issues are addressed in the following
sections.

3.3.5 Biomass Heating Value

It can be seen in Table 3-6 that there is a wide range of
heating values for various biomass forms. A larger col-
lection of heating values has recently been published
showing a variation of 5-25 kj/g (2000-10,000 Btu/Ib)
for various biomass forms (Domalski 1986). However,

most of this variation is due to the variability of MAF
content; and if reduced to a MAF basis, the variation is
much less.

3.4 Beneficiation of Biomass Fuels

Chunky fuels (such as mill ends, chips, and corn cobs),
which have at least one dimension larger than a few
millimeters, can be used in fixed-bed gasifiers without
further size reduction, though they may require separa-
tion from fines and dirt. Bulky fuels, such as logs,
branches, and straw, require chipping or chopping and
possibly densification before use in most gasifiers.
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3.4.1 Densifying Biomass Fuels

Biomass fuels usually have bulk densities from one-
half to one-tenth that of coal as shown in Table 3-11,
presenting a drawback for shipping, storage, and
gasification. Biomass fuels also come in a wide range
of sizes, many of which are not suitable for fixed-bed
gasification (such as sawdust, sander dust, shredder
fines, straw, and husks).

However, biomass residues can be used in fixed-bed
gasifiers if they are first densified to suitably sized pel-
lets or cubes using commercially available equipment

such as that shown in Fig. 3-4 (Reed 1978b). They make
excellent gasifier fuels and allow the fuel to be stored
at much higher densities. Densification typically con-
sumes only 1% to 2% of the energy contained in the
biomass; for some residues, drying may alsorequire ad-
ditional energy, but drying simultaneously increases
the fuel value of the biomass.

Some biomass forms, with high ash or dirt contents, are
difficult to densify because they cause excessive wear
of the die. Also, densification is an additional expense,
so its justification will depend on a comparison of the

Table 3-11. Bulk Density of Various Fuels

Fuel Grading Bulk Density kg/m3 Reference
Sawdust loose 177 (1)
Sawdust briquets 100 mm long 75 mm diameter 555 (1)
Peat dust 350-440 (2)
briquets 45 x 65 x 60 mm 350-620 (2)
hand cut 180-400 (2)
Charcoal (10% moisture) beech 210-230 (3)
birch 180-2003
softwood blocks 150-170 (3)
softwood slabs 130-150 (3)
mixed 60% hard/40% soft 170-190 (3)
Wood hardwood 330 (3)
softwood 250 (3)
mixed 50/50 290 (3)
Straw loose 80 —
bales 320 —
Alfalfa seed straw cube 30 x 30 x 50 mm, 7% moisture 298 (4)
Barley straw cube 30 x 30 x 50 mm, 7% moisture 300 4)
Bean straw cube 30 x 30 x 50 mm, 7% moisture 440 4)
Corn cobs 11% moisture 304 (4}
Corn stalks cube 30 x 30 x 50 mm 391 4)
Cotton gin trash 23% moisture 343 (4)
Peach pits 11% moisture 474 (4)
Olive pits 10% moisture 567 4)
Prune pits 8% moisture 514 4)
Rice hulls cube 30 x 30 x 50 mm 679 (4)
Safflower straw cube 30 x 30 x 50 mm 203 (4)
Walnut shells cracked 336 4)
8 mm pellets 559 4)
Wood, blocks 17% moisture 256 4)
chips 10% moisture 167 4)
Coal anthracite 830-900 (M
bituminous 770-930 (1)
Coke hard 380-530 (1)
soft 360-470 (1)
Brown coal air dry lumps 650-670 (1

(1) Rambush, N. E., Modern Gas Producers, New York: Van Nostrand, 1923.

(2) Ekman, E. and Asplund, D., A Review of Research of Peat Gasification in Finland, Technical Research Centre of Finland, Fuel and Lubricant

Research Laboratory, Espoo, Finland.

(3) Generator Gas, The Swedish Experience From 1939-1945, Solar Energy Research Institute, Golden, CO, SERI/SP 33-140, 1979.
(4) Jenkins, B. M., Downdraft Gasification Characteristics of Major California Residue-Derived Fuels, Ph.D. Thesis, Department of Engineering,

University of California, Davis, 1980.
Source: Kaupp 1984a
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Fig. 3-4. Pelleting process (Source: Reed 1978b)

final fuel cost versus other alternatives (such as dif-
ferent fuels or other types of gasifiers).

3.4.2 Drying Biomass Fuels

The moisture content of the biomass fuel affects the
quality of the gas that will be produced. Water requires
about 2300 kJ/kg (1000 Btu/lb) to vaporize and
1500 kJ/kg to raise to 700°C during pyrolysis/gasifica-
tion. Therefore, this energy must be subtracted from the
heat budget of the gasifer. Although it is physically pos-
sible to gasify moderately high-moisture fuels in some
gasifiers, fuel moisture reduces the quality of the gas as
shown in Fig. 3-5. It also reduces the throughput of the
gasifier and increases tar production. On the other
hand, charcoal gasification is just the opposite; inade-
quate moisture input reduces the quality of char gas.
Figure 3-5(b) combines char gasification and wood
gasification data to illustrate the impact of total water
inputs on gas quality. Total water input includes fuel
moisture, chemically bound water, and air blast
humidity (i.e., all mass inputs in the ratio H,0). We see
in Fig. 3-5(b) that starting with dry gasification, gas
heating value increases with increased moisture input
up to a peak between 30% and 40% total moisture
input. The gas heating value then declines with
additional moisture input.

Biomass can be considered as a source of water and
charcoal using the generic formula for biomass

CH, 4045 = CHg 2 (0.6 H,0) (3-7)
so the chemical moisture M in bone dry biomass is

Chemical Moisture
Fuel Weight

Mc =

0.6[2(1) + 16] (100%)
12 + 0.2(1) + 0.6[2(1) + 16]

= 47% (3-8)
and the total moisture input My is

Fuel Moisture + Chemical Moisture

Mp =
T Wet Fuel Weight
(100 - M¢)
¢ 100 T
= 47 + 0.53 My (3-9)
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Fig. 3-5. (a) Effect of fuel moisture and oxygen on gas heating value
(Source: Overend 1982, Fig. 5B)
(b) Effect of total moisture input on gas heating value
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where Mg is the fuel moisture %. We see then in
Fig. 3-5(b) that bone dry biomass corresponds to 47%
total moisture input. The chemical moisture in bone
dry biomass provides more moisture than is needed for
peak heating value, and all fuel moisture reduces gas
heating value.

Biomass can contain more than 50% moisture (wet
basis) when it is cut; it is generally desirable to dry
biomass containing more than 25% moisture (wet
basis) before gasification. Drying often can be ac-
complished using waste heat or solar energy. If the
temperature of the drying air is too high, the outer sur-
faces of the chunk will become dry and begin to
pyrolyze before the heat can reach the center. For effi-
cient drying, hot air, which if cooled to 60°-80°C would
be moisture saturated, is preferred. The moisture slows
feedstock drying (as well as slowing surface pyrolysis).
Thus more air is required, improving the drying
process (Thompson 1981). During operation of a
gasifier and engine combination, 1-in. wood chips can
be dried from 50% to 5% moisture content, with drying
capacity to spare, using a 20-minute residence time
with the hot engine exhaust, tempered with 90%
recycle of dryer gases.

Commercial dryers are available in many forms and
sizes, and it is beyond the scope of this handbook to
recommend such equipment for commercial-scale
operations. A simple batch dryer for drying small quan-
tities in shown in Fig. 3-6 and a commercial dryer is
shown in Fig. 3-7.

3.5 Biomass Fuel Emissions

The sulfur content of biomass fuels is usually very low
compared with fossil fuels, as can be seen from Tables
3-6 and 3-8. Since sulfur oxides are corrosive, they
make a major contribution to engine wear. The absence
of sulfur in biomass fuels could allow a longer life for
an engine operating on producer gas rather than on
petroleum fuels, provided that the producer gas is free
of other contaminants.

The nitrogen content of biomass fuels depends on the
species of biomass used, as well as the harvest time, as
shown in Table 3-9. Wood, dried stalks, hulls, and cobs
have a very low nitrogen content, while leaves, seeds,
and bark have a higher nitrogen content. Depending on
the temperature of gasification and combustion, this
may significantly lower the nitrogen oxide emissions
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Fig. 3-6. Small batch dryer (Source: Das 1985)
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from gasifier systems relative to those from fossil fuel sequent combustion of the gas, so that it is difficult to

systems. However, the final emissions depend specifi- make a general statement about producer gas
cally on the properties of the gasifier and the sub- emissions.
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Chapter 4
Principles of Gasification

4.1 Introduction

Gasifiers are relatively simple devices. The mechanics
of their operation, such as feeding and gas cleanup, also
are simple. The successful operation of gasifiers,
however, is not so simple. No neat rules exist because
the thermodynamics of gasifier operation are not well
understood. Yet, nontrivial thermodynamic principles
dictate the temperature, air supply, and other operat-
ing variables of the reactors that we build. It is a tribute
to the persistence of experimentalists that so much
progress has been made in the face of so little under-
standing. Nevertheless, it has been the experience in
related fields (such as oil, gas, and coal combustion)
that once the mechanisms at work are understood, the
engineer is able to develop cleaner, more efficient
processes. Fortunately, much of the knowledge ac-
quired in these fields can be applied to enhance our
understanding of gasification processes.

In this chapter, we present a summary of the underly-
ing processes that occur during biomass gasification.
We will attempt to keep the explanation simple be-
cause each fundamental process is basically simple.
Chapter 5 gives a more extensive description of the
operation of specific gasifiers. Details are available
from the literature for those interested in a more
thorough explanation (Reed 1982; Kaupp 1984a; Reed
1985b).

4.2 Biomass Thermal Conversion
Processes
4.2.1 Introduction

Thermal conversion processes for biomass involve
some or all of the following processes:

Pyrolysis: Biomass + Heat — Charcoal, oil, gas
Gasification: Biomass + Limited oxygen — Fuel gas

Combustion: Biomass + Stoichiometric* oxygen
— Hot combustion products

Thermal processes typically have high throughputs
and can, in principle, operate on any biomass form.
(Biological processes only operate on some of the
components of biomass, usually the cellulose.)

Cellulose is a linear polymer of anhydroglucose units;
hemicellulose is a mixture of polymers of 5- and

*“stoichiometric,” that quantity required for a complete chemical
reaction

6-carbon anhydrosugars, and lignin is an irregular
polymer of phenyl propane units. In biomass, these
three polymers form an interpenetrating system, or
block copolymer, that varies in composition across the
cell wall. Nevertheless, in large samples, there is a
relatively constant atomic ratio of CH; 4Og. (The
ratios will vary slightly with species. Coal is typically
about CH, g0y ; but varies more widely in composi-
tion.) The relationship between solid, liquid, and
gaseous fuels is easily seen in Fig. 4-1(a) where the
relative atomic concentrations of carbon, hydrogen,
and oxygen are plotted for a variety of fuels. Here it is
seen that the solid fuels, biomass, coal and charcoal,
lie in the lower left segment of the diagram; liquid and
gaseous hydrocarbon fuels lie in the upper left section;
CO and H, are joined by the bisector of the triangle; and
the combustion products of fuels, CO, and H,0, lie on
a vertical line on the right.

Thermal conversion processes for biomass are indi-
cated by the arrows of Fig. 4-1(b). Here it is seen that
the conversion processes move the chemical composi-
tion of biomass to liquid or solid fuel regions, either by
biological or thermal means. In some cases (such as
oxygen/air gasification), the processes are spon-
taneous; in other cases (such as steam gasification) con-
siderable energy must be expended to cause the
change.

4.2.2 Biomass Pyrolysis

Pyrolysis is the breaking down (lysis) of a material by
heat (pyro). It is the first step in the combustion or
gasification of biomass. When biomass is heated in the
absence of air to about 350°C (pyrolysis), it forms char-
coal (chemical symbol: C), gases (CO, CO,, H,, H,0,
CH,), and tar vapors (with an approximate atomic
makeup of CH, ,0 5). The tar vapors are gases at the
temperature of pyrolysis but condense to form a smoke
composed of fine tar droplets as they cool.

All the processes involved in pyrolysis, gasification,
and combustion can be seen in the flaming match of
Fig. 4-2. The flame provides heat for pyrolysis, and the
resulting gases and vapors burn in the luminous flame
in a process called flaming combustion. After the flame
passes a given point, the char may or may not continue
to burn (some matches are chemically treated to
prevent the charcoal from smouldering). When the
match is extinguished, the remaining wood continues
to undergo residual pyrolysis, generating a visible
smoke composed of the condensed tar droplets.
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A more quantitative picture of pyrolysis is obtained
through thermogravimetric analysis (TGA). In this
technique, a small piece of biomass is suspended on a
balance pan in a furnace, and the temperature is in-
creased with time at a known rate. An example of the
residual weight change experienced by a small sample
of flax shives heated at a rate of 40°C/min is shown in
Fig. 4-3. One sees that moisture is released first, at
100°C, followed by the volatile materials at 250°-450°C;
these temperatures are important in understanding
pyrolysis, gasification, and combustion. According to
the figure, a fraction of char and ash remains in the end.
If air is allowed to enter the system after pyrolysis, the
carbon (char) will burn, leaving the ash as the final
product. Each form of biomass produces slightly dif-
ferent quantities of char, volatile material, and ash.
Knowledge of these quantities, as well as the tempera-
ture dependencies of the reaction and associated
weight losses, are useful in understanding gasifier
operation and design.

The results shown in Fig. 4-3 are qualitatively similar
to those obtained in a proximate analysis of most
biomass but are not identical because heating rates are
higher and samples are smaller in TGA (see Chapter 3

and Table 3-3). The curve of Fig. 4-3 represents pure
pyrolysis in an inert gas (such as nitrogen or argon). If
pyrolysis occurs in air, the curve drops more steeply
within the region from 250°-400°C because the char and
products are oxidized also. As the char burns, it even-
tually reaches the ash line between 400" and 500°C.

In Fig. 4-3, more than 80% of the total dry mass of the
sample is volatilized below 500°C, leaving an addition-
al 10% to 20% of the original mass of carbon for con-
version to gas. It is now recognized that the volatile
matter is composed of monomers (as well as other frag-
ments) of the cellulose, hemicellulose, and lignin
polymer that make up biomass (Evans 1984). It is also
recognized that up to 65% of the biomass dry weight
can be converted to this water-soluble “wood oil,”
which potentially may form the basis of new processes
for wood liquefaction (Roy 1983; Scott 1983; Diebold
1984). Unfortunately, these oils are corrosive and high-
ly oxygenated, so that further processing will be re-
quired to make a high-grade liquid fuel (Diebold 1986).
However, they have been burned successfully in in-
dustrial boilers and turbines with only minor modifica-
tions required for the burners (Bowen 1978; Jasas
1982).
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Fig. 4-3. Thermogravimetric analysis of a typical biomass sample heated in the absence of air (Source: Reed 1981, Fig. 5-2)
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4.2.3 Combustion of Biomass

Biomass combustion is more complex than either
pyrolysis or gasification since the biemass must first
pyrolyze, then be partially combusted (gasified) before
it is fully combusted.

However, the overall global reaction of biomass com-
bustion can be represented by

CH, 40y + 1.05 Oy + (3.95 N,)
— CO, +0.7H,0 + (3.95 N,) (4-1)

where CH, ;0,4 is an average formula for typical
biomass. (Actual composition for specific biomass is
shown in Tables 3-3, 3-4, 3-6, and 3-7). The nitrogen is
shown in parentheses because it is an inert portion of
air and does not take part in the reaction. For oxygen
combustion of biomass it would be omitted.

This combustion produces 20.9 kj/g (8990 Btu/Ib)
when the temperature of the combustion products is
low enough for all the liquid to be water, and this is the
value that would be measured in a bomb calorimeter
and reported as the high heat of combustion or HHV as
shown in Tables 3-6 and 4-1. In most practical combus-
tion devices, the water escapes to the atmosphere as a
gas, and the heat of vaporization of the water is not
recovered. In this case, the low heating value, LHV,
20.4 kJ/g (8770 Btu/lb), would be the maximum heat
that could be generated. The difference between LHV
and HHV is small for dry wood but increases rapidly
with moisture content of the wood. (In the United
States the HHV is normally used for rating the

efficiency of stoves; in Europe the LHV is used. As a
result, European wood stoves are typically quoted as
10% more efficient than comparable U.S. wood stoves.)

4.2.4 Chemistry of Biomass Gasification

The change in composition produced by air or oxygen
gasification is shown in Fig. 4-1(b). Ideally one would
like to add the smallest amount of oxygen possible to
carry the solid composition to the composition O in
Fig. 4-1(b), a mixture of CO and H,, according to the
formula

CH, 4044 +0.20,; - CO + 0.7 H, (4-2)

Unfortunately, there is more energy contained in the
CO and H, than is contained in the biomass, so that this
reaction would require the transfer of energy from some
external source, which would greatly complicate the
process.

In practice, some excess oxygen must then be added for
gasification (carrying the reaction to point O in
Fig. 4-1(b)), producing some CO, and H,O according to

CH, 4,046 + 0.4 O,
— 0.7 CO + 0.3 CO, + 0.6 Hy + 0.1 H,0 (4-3)

Typically a few percent of methane are formed as well.
Typical properties of producer gas from biomass are
shown in Table 4-2.

Table 4-2. Typical Properties of
Producer Gas from Biomass?2

Gas Dry Gas

Table 4-1. Thermal Properties of Typical Biomass Compound Symbol (vol.%) {vol.%)
Typical dry biomass formula: Carbon monoxide CO 21.0 22.1
(moisture- and ash-free [MAF] basis) CH{ 4Og g Carbon dioxide CO, 9.7 10.2
c H ®) Hydrogen Ho 14.5 15.2
Composition (weight %) 52.2 4.3 417 Water (v) H,O 48 —
Composition (mole %) 33.3 46.7 20.0 Methane CH, 1.6 1.7
Nitrogen N> 48.4 50.8

High Heating Value?
Low Heating Value

20.9kJ/g (8990 Biu/lb)
20.4 kJ/ig (8770 Btu/lb)

aThe high heating value (HHV) is the value that is usually measured in
the laboratory and would be obtained during combustion if liquid water
was allowed to condense out as a liquid. The low heating value (LHV)
is obtained when water is produced as a vapor. The high heating value
of typical biomass fuels will be decreased in proportion to the water
and ash content, according to the relation:

LHV(Net) = HHV(MAF)/(1 + M + A)
where M is the fraction of moisture (wet basis), A is the fraction of ash,

and MAF designates the moisture- and ash-free basis. The
air/biomass ratio required for total combustion is 6.27 kg/kg (lb/lb).

The LHV can be related to the HHV and an analysis of the combus-
tion products as:

HHV = LHV + Fp hy,
where Fm is the weight fraction of moisture produced in the combus-

tion gases, and hw is the heat of vaporization of water, 2283 J/g
(980 Btuw/lb).

Source: Modified from data in Reed 1981.

Gas High Heating Value:
Generator gas (wet basis)P
Generator gas (dry basis)?

Air Ratio Required for
Gasification:

Air Ratio Required for
Gas Combustion:

5506 kJ/NmS3 (135.4 Btu/scf)
5800 kJ/Nm3 (142.5 Btu/scf)

2.38 kg wood/kg air (Ib/lb)

1.15 kg wood/kg air (Ib/Ib)

aThese values are based on ash- and moisture-free bicmass with the
composition given in Table 4-1. The wet-gas composition is the most
important property of the gas for mass and energy balances, but the
dry-gas composition is usually reported because of the difficulty in
measuring moisture. The heating value of the gas is usually calculated
from the gas composition, using a value of 13,400 kJ/Nm3 (330
Btu/scf) for Hp and CO, and 41,900 kJ/Nm3 (1030 Btu/scf) for methane.

bThese are typical values for downdraft air gasifiers, but they can vary
between 4880 and 7320 kJ/Nm3 (120-180 Btu/scf), depending on vari-
ables such as gasifier heat loss, biomass moisture content, and char
removal at the grate.

Source: Modified from data in Reed 1981.
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The ratio CO/CO, (or H,/H,0) is a measure of the
producer gas quality. Approximately 30% of the
biomass is burned to provide the energy for gasification
of the rest. The exact amount of excess oxygen required
depends on the efficiency of the process. It can be im-
proved in practice with insulation, by drying, or by
preheating the reactants. A fascinating question in
gasification is how the reacting products “know” how
much oxygen to use (see below).

4.2.5 Thermodynamics of Gasification

Thermodynamics is the bookkeeping of energy. Al-
though thermodynamics cannot always predict what
will happen for a particular process, it can rule out
many things that cannot happen. It was mentioned
above that Eq. (4-2) is thermodynamically impossible
in the absence of added heat and that Eq. (4-3) actual-
ly governs the reaction. How is this determined?

At the high temperature where gasification takes place
(typically 700°-1000°C), there are only a few stable
combinations of the principal elements of biomass—
carbon, hydrogen, and oxygen. These are C, CO, CO,,
CH,, H,, and H,0. The relative concentration of these
species that will be reached at equilibrium can be
predicted from the pressure, the amount of each ele-
ment, and the equilibrium constant determined from
the thermodynamic properties and temperature, sub-
ject to an energy balance. It is then possible to deter-
mine the species that would form at equilibrium as a
function of the amount of oxygen added to the system.
The results of calculations of this type are shown in
Figs. 4-4 and 3-5.

The adiabatic reaction temperature of biomass with
air or oxygen, determined in this manner, is shown in
Fig. 4-4(a). This is the temperature that would be
reached if biomass came to equilibrium with the
specified amount of air or oxygen. (There is no guaran-
tee that equilibrium will be reached in any given
gasifier, but downdraft gasifiers approach equilibrium
quite closely - see below.)

The oxygen used in a process determines the products
and temperature of the reaction. The oxygen consumed
is typically plotted as the equivalence ratio, ¢ - the
oxygen used relative to that required for complete com-
bustion. (Complete oxidation of biomass with oxygen
requires a weight ratio of 1.476 [mass of oxygen/mass
of biomass]; with air, a ratio of 6.36.) A very low or zero
oxygen use is indicative of pyrolysis, shown at the left
of the figure; a ¢ of about 0.25 is typical of the gasifica-
tion region at the middle; and combustion is indicated
by a ¢ > 1 at the right.

The composition of the gas produced is shown in
Fig. 4-4(b). The amount of energy remaining in the char
and converted from solid to gas is shown in Fig. 4-4(c).
The low heating value of the gas is shown in Fig. 4-4(d).
From these figures it is seen that at an equivalence ratio

¢ of about 0.25 all of the char is converted to gas, and
the fraction of energy in the wood converted to gas
reaches a maximum. With less oxygen, some of the char
is not converted; with more oxygen, some of the gas is
burned and the temperature rises very rapidly as
shown in Fig. 4-4(a). Thus, it is desirable to operate as
close to an equivalence ratio of 0.25 as possible.

How is it possible to operate exactly at this ratio of 0.257
In a fixed bed gasifier, operation at lower values of ¢
would cause charcoal to be produced (as shown for low
¢ in Fig. 4-4(c)), and it would build up in the reactor
unless it is augered or shaken out. Operation at values
of ¢ above 0.25 consumes charcoal and the temperature
goes up rapidly. Hence, maintaining the bed at a con-
stant level automatically ensures the correct oxygen
input.

4.3 Indirect and Direct Gasification
Processes

4.3.1 Indirect (Pyrolitic) Gasification

It is now recognized that wood-oil vapor is unstable at
temperatures above 600°C and cracks rapidly at 700° to
800°C to form hydrocarbon gases (such as methane,
ethane, and ethylene), H,, CO, and CO,. In addition,
one obtains a 1% to 5% yield of a tar composed of
polynuclear aromatics and phenols similar to those
found in coal tar (Antal 1979; Diebold 1984; Diebold
1985).

Pyrolytic gasification is accomplished when a portion
of the fuel or char is burned in an external vessel with
air, and the resulting heat is used to supply the energy
necessary to pyrolyze the biomass. The principal ad-
vantage of this process is that a medium-energy gas is
produced without using oxygen. The higher energy
content may be required for long-distance pipeline
delivery. The disadvantage is that a significant fraction
of tar may be produced, and indirect heat or mass trans-
fer is required, which complicates the apparatus and
the process. Pyrolytic gasification will not be discussed
further because it is only practical in large installations
and is not as well-developed as direct gasification with
oxygen or air.

4.3.2 Direct Gasification

Pyrolysis and gasification processes are endothermic,
so heat must be supplied in order for the processes to
occur. In fact, the heat required to accomplish pyrolysis
and raise the products to 600°C is about 1.6-2.2 kJ/g
(700-800 Btu/lb), representing 6% to 10% of the heat
of combustion of the dry biomass (Reed 1984). This
heat is supplied directly by partially combusting the
volatile tars in downdraft gasifiers; in updraft gasifiers,
it comes from the sensible heat of the gases resulting
from charcoal gasification. This combustion then
dilutes the product gas with CO, and H,0, the products
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of combustion with oxygen. If the combustion is ac-
complished with air, the gas is also diluted with about
50% nitrogen from the air.

The principal advantages of direct gasification are that
the one-stage process is very simple, the direct heat
transfer from the gases to the biomass is very efficient,

and the process is largely self-regulating. If air is used,
the resulting gas is diluted with atmospheric nitrogen
to a producer gas value of 5800-7700 kJ/Nm3 (150-
200 Btu/scf). When oxygen is used for gasification, a
medium-energy gas containing 11,500 kJ/Nm?
(300 Btu/scf) is obtained (Reed 1982). Medium-energy
gas can be distributed economically for short distances
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(up to one mile) in pipelines. It is also called synthesis
gas, since it can be used as a feedstock for the chemi-
cal synthesis of methanol, ammonia, methane, and
gasoline. The oxygen must be either purchased or
produced on-site, making it economically prudent only
in larger installations. It has been reported that pipeline
distribution of low-energy gas is also economically
practical for distances up to one mile if the air used for
gasification is compressed, rather than compressing
the larger volume of producer gas (McGowan 1984).

There are many types of direct gasifiers, each with its
special virtues and defects. They will be discussed in
Chapter 5.

4.4 Principles of Operation of Direct
Gasifiers

4.4.1 Introduction

Since volatile organic molecules make up ap-
proximately 80% of the products from biomass
pyrolysis (Diebold 1985b), the principal task in
biomass (but not coal) gasification is to convert this
condensible volatile matter to permanent gases. A
secondary task is to convert the resulting charcoal also
to gas.

The most important types of fixed-bed gasifiers for this
task are the updraft and downdraft gasifiers of Fig. 4-5.
These gasifiers will be discussed in greater detail in
Chapter 5, but a brief introduction here will facilitate
understanding of the fundamental principles involved.

The terms “updraft gasifier” and “downdraft gasifier”
may seem like trivial mechanical descriptions of gas
flow patterns. In practice, however, updraft biomass
gasifiers can tolerate high moisture feeds and thus have
some advantages for producing gas for combustion in
a burner. However, updraft gasifiers produce 5% to
20% volatile tar-oils and so are unsuitable for opera-
tion of engines. Downdraft gasifiers produce typically
less than 1% tar-oils and so are used widely for engine
operation. The reasons for this difference are given
below.

4.4.2 Operation of the Updraft Gasifier

The updraft gasifier is shown schematically in
Fig. 4-5(a). Biomass enters through an air seal (lock
hopper) at the top and travels downward into a rising
stream of hot gas. In the pyrolysis section, the hot gas
pyrolyzes the biomass to tar-oil, charcoal, and some
gases. In the reduction zone the charcoal thus formed
reacts with rising CO, and H,0 to make CO and H,.
Finally, below the reduction zone incoming air burns
the charcoal to produce CO, and heat (Desrosiers 1982;
Reed 1985b). Note that the combustion to CO, is
exothermic, and the heat produced in the gas here is
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Fig. 4-5. Schematic diagram of (a) updraft and (b) downdraft gasifier
showing reactions occurring in each zone (Source: Reed 1981, Figs.
8-6, 8-7)

absorbed in the endothermic reduction and pyrolysis
reactions above.

Depending upon the pyrolysis conditions in a gasifier,
one can generate a wide range of vapors (wood oil and
wood tar) in the hot gas. If the pyrolysis products are
to be burned immediately for heat in a boiler or for
drying (close-coupled operation), then the presence of
condensible vapors in the gas is of little importance. In
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fact, the condensible tars represent a high-energy fuel
and greatly enhance the energy obtained from each unit
volume of biomass.

If the volatile materials are condensed, they produce
tars and oils known commonly as creosote. These
materials collect in the chimneys of airtight wood
stoves, the piping of gasifiers, and the valves of engines.
Most of the companies advertising and selling updraft
gasifiers at a 1979 conference no longer produce them
(Reed 1979).

Ifthe gas is to be conveyed over a distance in a pipeline,
burned in any form of engine, or used as a chemical
feedstock, the condensing tars will plug pipes some-
times in only a few minutes. In these cases, it is neces-
sary to use a mode of gasification that succeeds in
converting the tars to gas. This can be accomplished
either by cracking (secondary pyrolysis) or by partial
oxidation in flaming pyrolysis.

4.4.3 Operation of the Downdraft Gasifier

Downdraft gasifiers have been very successful for
operating engines because of the low tar content. Most
of the work reported in this book was performed on
downdraft systems, and they will be the principal
gasifier discussed in the balance of this book.

In the downdraft gasifier of Fig. 4-5(b), air contacts the
pyrolyzing biomass before it contacts the char and sup-
ports a flame similar to the flame that is generated by
the match in Fig. 4-2. As in the case of the match, the
heat from the burning volatiles maintains the pyrolysis.
When this phenomenon occurs within a gasifier, the
limited air supply in the gasifier is rapidly consumed,
so that the flame gets richer as pyrolysis proceeds. At
the end of the pyrolysis zone, the gases consist mostly
of about equal parts of CO,, H,0, CO, and H,. We call
this flame in a limited air supply “flaming pyrolysis,”
thus distinguishing it from open wood flames with un-
limited access to air (Reed 1983a). Flaming pyrolysis
produces most of the combustible gases generated
during downdraft gasification and simultaneously con-
sumes 99% of the tars. It is the principal mechanism
for gas generation in downdraft gasifiers.

If the formula for biomass oil is taken as approximate-
ly CH, ,0y 5, then partial combustion of these vapors
can be represented approximately by the reaction:

CH, ,045+ 0.6 O,
—0.5CO+0.5C0, + 0.4 H,+0.2H,0 (4-4)

(The exact O,-to-vapor-ratio will depend on the exact
vapor composition and gasifier conditions.) Downdraft
gasifiers usually produce vapors that are less than 1%
condensible oil/tar, the reason behind the almost ex-
clusive use of downdraft gasifiers as an energy source
for operating engines.

Although flaming pyrolysis is a new concept in ex-
plaining biomass gasification, partial oxidation of
small and large hydrocarbon molecules to CO and H,
is a standard industrial process. Texaco has used an
oxygen gasifier to oxidize hydrocarbons to CO and H,,
as in the following reaction for a typical oil:

CyoHy, +50,—>10CO+ 11 H, (4-5)

The resulting gas, called synthesis gas, can be used to
manufacture methanol, hydrogen, or ammonia. There
is some interest in using the Texaco system to gasify
biomass (Stevenson 1982).

4.4.4 Factors Controlling Stability of Gasifier
Operation

Gasifer operating temperature is a function of the
amount of oxygen fed to the gasifier (Fig. 4-4(a)). The
temperature response, however, changes abruptly at an
equivalence ratio (ER) of approximately 0.25. This
change point, or knee, occurs for temperatures of 600°
to 800°C (900-1100 K), depending on oxygen source.
Gasifier pyrolysis produces oils and tars that are stable
for periods of 1 second or more at temperatures below
600°C. Since updraft gasifiers operate below an ER of
0.25 (temperatures less than 600°C), considerable
quantities of tars are emitted with the product gas.

In the gasifier of Fig. 4-5(b), air is injected at the inter-
face between the incoming biomass and the char. If too
much char is produced, the air consumes the excess
char rather than biomass; if the char is consumed too
fast, more biomass is consumed. Thus, the Imbert
gasifier is self regulating. At SERI we have built the
oxygen gasifier shown in Fig. 5-12. We operate this
with a fixed flow of oxygen and add biomass faster or
slower to maintain a fixed bed level. In the Buck Rogers
gasifier of Fig. 5-11, a fraction of air is introduced
through the rotating nozzles and maintains the zone at
that level (Walawender 1985).

Some gasifiers operate at lower values of ¢ on purpose
by augering charcoal out of the char zone in order to
produce charcoal—a valuable byproduct—and to yield
the higher gas heating value shown at low ¢ in
Fig. 4-4(d). Such operation is not a true gasification but
might be called “gas/charification.” In entrained or
fluidized bed operation, the ratio of biomass to oxygen
can be varied independently. In this case ¢ must be set,
typically by fixing oxidant flow and varying fuel flow
to maintain a constant temperature.

4.5 Charcoal Gasification

The manufacture of charcoal for use as a synthetic fuel
dates back at least 10,000 years and is closely as-
sociated with the development of our civilization.
Today, charcoal is used as the prime source of heat for
cooking in less developed countries and also is used
for the reduction of many ores in smelting processes.
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The charcoal yield from a biomass feedstock is highly
dependent on the rate of heating and the size of the
biomass particles. Industrial charcoal manufacture
uses very slow heating rates to achieve charcoal yields
of more than 30% of the initial dry weight of the
biomass. The intermediate heating rates used in
proximate analysis usually produce charcoal yields of
15% to 20%. The very rapid heating rates encountered
when small biomass particles are gasified and com-
busted realize charcoal yields of less than 15% of the
initial dry weight of the biomass; larger size feedstocks
produce 15% to 25% charcoal.

During updraft or downdraft gasification, 10% to 20%
of the biomass will remain as charcoal after pyrolysis
is complete. In an updraft gasifier, air entering at the
grate initially burns this char to liberate heat and CO,
according to the reaction:

C+ 0O, — CO, + heat (4-6)

Almost immediately, or even simultaneously, the CO,
and any H,O present in the gasifier react with the char
to produce the fuel gases CO and H, according to the
following reactions:

C+C0O,—>2CO (4-7)
C+H,0-»CO+H, (4-8)

The first reaction is called the Boudouard reaction, and
the second is called the water-gas reaction. They have
been studied extensively for the last 100 years in con-
nection with coal and biomass gasification, since the
principal product of coal pyrolysis is coke (carbon).
The rate of the reaction has been studied by measuring
the rate of disappearance of carbon, coal, or charcoal
while passing H,O or CO, over the solid (Nandi 1985;
Edrich 1985).

Both of these reactions require heat (i.e., they are en-
dothermic reactions) and therefore cool the gas about
25°C for every 1% of CO, that reacts. These reactions
occur very rapidly at temperatures over 900°C, and

their cooling effect helps to keep the gas temperature
from rising above this temperature. Below 800°C, the
reactions become sluggish and very little product
forms. We have modeled the reactions of downdraft
char gasification using known kinetic values and find
that the temperatures measured in char gasification
correspond to those observed in the gasifier (Reed
1983a; Reed 1984). We refer to the process observed in
an actual bed of char as adiabatic (no heat input) char
gasification.

The CO and H, formed in the hot char zone can react
below 900°C to form methane according to the reaction:

CO + 3 H, —» CH, + H,0 (4-9)

This reaction proceeds slowly unless there is a catalyst
present; however, it is quite exothermic and can supply
heat if suitably catalyzed.

Concurrent with the emergence of biomass as an im-
portant energy source, it was natural that coal gasifica-
tion interpretations would be carried over to explain
biomass gasification. Even today, most articles on
biomass gasification use only Egs. (4-7) and (4-8) to ex-
plain biomass gasification and ignore Eq. (4-4), even
though Eq. (4-4) applies to the 80% biomass volatiles.
Biomass pyrolysis produces only 10% to 20% char-
coal, and the charcoal is very reactive. Therefore, this
cannot be the primary explanation for the conversion
of biomass to gas.

4.6 Summary

In summary, the task of a gasifier is threefold:

 to pyrolyze biomass to produce volatile matter, gas,
and carbon

» to convert the volatile matter to the permanent gases,
CO, H,, and CH,

e to convert the carbon to CO and H,.

These tasks are accomplished by partial oxidation or
pyrolysis in various types of gasifiers.
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Chapter 5
Gasifier Designs

5.1 Introduction

Many different designs of gasifiers have been built and
are described in the extensive literature on this subject
(see especially Gengas 1950; Skov 1974; Foley 1983;
Kjellstrom 1983, 1985; Kaupp 1984a; NAS 1983). Much
of this material has been collected by A. Kaupp of the
University of California at Davis. (Copies of these
papers are also at SERI and the German Appropriate
Technology Exchange [GATE] in Eschborn, West Ger-
many.) Anyone interested in design modification and
improvement would be well-advised to become ac-
quainted with this material before repeating tried and
tested techniques. However, many of the documented
design variations are minor.

We believe that future improvements to gasifiers will
be based on a better understanding of the basic proces-
ses, combined with improved measurements of gasifier
behavior and better regulation of fuel properties. Work
is under way at various private and public centers to
increase our understanding of the gasification process.
Consequently, gasifier design is in a state of flux. This
makes it difficult to organize a “handbook of gasifier
design” without having it out of date before the ink is
dry.

To avoid this problem, we will first describe the con-
struction and operation of a number of historical
gasifiers described in the literature to aid in under-
standing various tradeoffs still under development.
The reader must remember that the choice of gasifier
is dictated both by the fuels that will be used and the
use to which the gas will be put. We will then describe
some gasifiers currently under development.

5.2 Basic Gasifier Types

Fixed bed (sometimes called moving bed) gasifiers use
a bed of solid fuel particles through which air and gas
pass either up or down. They are the simplest type of
gasifiers and are the only ones suitable for small-scale
application.

The downdraft gasifier (Figs. 4-5(b), 5-1, and 5-2) was
developed to convert high volatile fuels (wood,
biomass) to low tar gas and therefore has proven to be
the most successful design for power generation. We
concern ourselves primarily with several forms of
downdraft gasifiers in this chapter.

The updraft gasifier (Figs. 4-5(a), 5-3, and 5-4) is wide-
ly used for coal gasification and nonvolatile fuels such
as charcoal. However, the high rate of tar production
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Fig. 5-1. Diagram of downdraft gasification (Source: Skov 1974,
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Fig. 5-3. Diagram of updraft gasification (Source: Skov 1974 Fig. 9.
© 1974. Used with permission of Biomass Energy Foundation, Inc.)

(5%-20%) (Desrosiers 1982) makes them impractical
for high volatile fuels where a clean gas is required.

Fluidized beds are favored by many designers for
gasifiers producing more than 40 GJ(th)/h*
[40 MBtu(th)/h] and for gasifiers using smaller particle
feedstock sizes. In a fluidized bed, air rises through a
grate at high enough velocity to levitate the particles
above the grate, thus forming a “fluidized bed.” Above
the bed itself the vessel increases in diameter, lowering
the gas velocity and causing particles to recirculate
within the bed itself. The recirculation results in high
heat and mass transfer between particle and gas stream.

Suspended particle gasifiers move a suspension of
biomass particles through a hot furnace, causing
pyrolysis, combustion, and reduction to give producer
gas. Neither fluidized bed nor suspended particle
gasifiers have been developed for small-scale engine
use.

We have already mentioned that gasifier designs will
differ for different feedstocks, and special gasifiers
have been developed to handle specific forms of
biomass feedstocks, such as municipal solid wastes
(MSW) and rice hulls.

The manner in which ash is removed determines
whether the gasifier is classified as either a dry ash (ash
is removed as a powder) or slagging (ash is removed as
a molten slag) gasifier. Slagging updraft gasifiers for
biomass and coal have been operated at only a very
large scale.

*The units J(th) and Btu(th) refer to the thermal or chemical energy
produced. This can be converted to electricity with an efficiency of
10% to 40%, so the electrical energy content (] or Btu) will be propor-
tionally lower.

5.3 Charcoal Gasifiers

Updraft charcoal gasifiers were the first to be
developed for vehicle operation. They are suitable only
for low-tar fuels such as charcoal and coke. Figure 5-4
shows an updraft charcoal gasifier that was used in the
early part of World Warll. Air enters the updraft gasifier
from below the grate and flows upward through the bed
to produce a combustible gas (Kaupp 1984a). High
temperatures at the air inlet can easily cause slagging
or destruction of the grate, and often some steam or CO,
is added to the inlet air to moderate the grate tempera-
ture. Charcoal updraft gasifiers are characterized by
comparatively long starting times and poor response
because of the large thermal mass of the hearth and fuel
zone.

Charcoal manufacture is relatively simple and is car-
ried on in most countries. However, it requires tight
controls on manufacturing conditions to produce a
charcoal low in volatile content that is suitable for use
in charcoal gasifiers.

5.4 Charcoal versus Biomass Fuels

High-grade charcoal is an attractive fuel for gasifiers be-
cause producer gas from charcoal, which contains very
little tar and condensate, is the simplest gas to clean.
Charcoal gasifiers were restricted over much of Europe
during the later years of World War II because charcoal

]
Q
Water &
Hopper Blower
Air /
intake
Hot jacket
ﬂ
Gas
Refractory :m A
lining 'r
\ Gas ‘
\\h
Outlet
Fire
U

Fig. 5-4. Updraftcoke and charcoal gasifier, early World War Il (Source:
Kaupp 1984a, Fig. 27)
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manufacture wastes half of the energy in the wood
(Gengas 1950). On the other hand, Australia worked al-
most exclusively with charcoal during this period be-
cause of that country’s large forest acreage and small
number of vehicles.

Nevertheless, the simplicity of charcoal gasification
has attracted many investigators, and more than 2000
charcoal systems have been manufactured in the
Philippines. A large number are not currently working
(Kadyszewski 1986).

5.5 The Crossdraft Gasifier

The crossdraft gasifier shown in Fig. 5-5 is the simplest
and lightest gasifier. Air enters at high velocity through
a single nozzle, induces substantial circulation, and
flows across the bed of fuel and char. This produces
very high temperatures in a very small volume and
results in production of a low-tar gas, permitting rapid
adjustment to engine load changes. The fuel and ash
serve as insulation for the walls of the gasifier, permit-
ting mild-steel construction for all parts except the noz-
zles and grates, which may require refractory alloys or
some cooling. Air-cooled or water-cooled nozzles are
often required. The high temperatures reached require
a low-ash fuel to prevent slagging (Kaupp 1984a).

The crossdraft gasifier is generally considered suitable
only for low-tar fuels. Some success has been observed
with unpyrolyzed biomass, but the nozzle-to-grate
spacing is critical (Das 1986). Unscreened fuels that do
not feed into the gasifier freely are prone to bridging
and channeling, and the collapse of bridges fills the
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Fig. 5-5. Diagram of crossdraft gasification (Source: Skov 1974,
Fig. 18.© 1974. Used with permission of Biomass Energy Foundation,

hearth zone with unpyrolyzed biomass, leading to
momentarily high rates of tar production. The fuel size
also is very important for proper operation. Crossdraft
gasifiers have the fastest response time and the smal-
lest thermal mass of any gas producers because there
is a minimum inventory of hot charcoal. In one design,
a downdraft gasifier could be operated in a crossdraft
scheme during startup in order to minimize the startup
time (Kaupp 1984a).

5.6 The Updraft Gasifier

The updraft gasifier has been the principal gasifier used
for coal for 150 years, and there are dozens in opera-
tion around the world. In fact, World War II-type Lurgi
gasifiers now produce a large share of the gasoline used
in South Africa by oxygen gasification followed by
Fischer-Tropsch catalytic conversion of the gas to
gasoline.

The geometry of the updraft gasifier is shown in Figs.
4-5(a), 5-3, and 5-4. During operation, biomass is fed
into the top while air and steam are fed through a grate,
which often is covered with ash. The grate is at the base
of the gasifier, and the air and steam react there with
charcoal from the biomass to produce very hot CO, and
H,0. In turn, the CO, and H,0 react endothermically
with the char to form CO and H, according to Egs. (4-6)
through (4-8). The temperatures at the grate must be
limited by adding either steam or recycled exhaust gas
to prevent damage to the grate and slagging from the
high temperatures generated when carbon reacts with
the air.

The ascending, hot, reducing gases pyrolyze the incom-
ing biomass and cool down in the process. Usually, 5%
to 20% of the tars and oils are produced at tempera-
tures too low for significant cracking and are carried
out in the gas stream (Desrosiers 1982). The remaining
heat dries the incoming wet biomass, so that almost
none of the energy is lost as sensible heat in the gas.

The updraft gasifier throughput is limited to about
10 GJ/h-m? (10 Btu/h-ft?) either by bed stability or by
incipient fluidization, slagging, and overheating. Large
updraft gasifiers are sometimes operated in the slagging
mode, in which all the ash is melted on a hearth. This
is particularly useful for high-ash fuels such as MSW;
both the Purox and Andco Torax processes operate in
the slagging mode (Masuda 1980; Davidson 1978).
Slagging updraft gasifiers have both a slow response
time and a long startup period because of the large
thermal mass involved.

5.7 The Imbert Downdraft Gasifier

5.7.1 Introduction

The nozzle (tuyere) and constricted hearth downdraft
gasifier shown in Figs. 4-5(b), 5-4, and 5-5 is sometimes
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called the “Imbert” gasifier (after its entreprenurial in-
ventor, Jacques Imbert) although it was produced by
dozens of companies under other names during World
War II. Approximately one million of these gasifiers
were mass produced during World War 11, at a cost of
about $1000 U.S. (1983) each. It is important to realize
that the cost of producing such a unit today would
depend primarily on the degree to which it could be
mass produced since none of the components are
inherently expensive.

Alr gasifiers can be operated either by forcing air
through the fuel (pressurized) or by drawing the air
through the fuel (suction). In practice, gasifiers that fuel
engines generally use the suction of the engine to move
air through the gasifier and cleanup train, and these are
called “suction gasifiers.” We will describe only suc-
tion gasifiers here; however, only minor modifications
are required to build pressurized gasifiers. (See Chap-
ter 8, which deals with the topics of blowers, fans,
ejectors, and compressors).

A large number of descriptive articles on gasifiers ap-
peared during World War II, but no detailed drawings
have been located from that period. Fortunately, for-
mulas for determining critical dimensions are given in
a number of the older references (Gengas 1950;
Schldpfer 1937).

Renewed interest in biomass gasification has
manifested itself in the fact that a number of in-
dividuals and groups have built modern versions of the
Imbert gasifier. Plans and manuals for constructing
some of these designs are available from several groups
(Mother 1982; Skov 1974; Nunnikhoven 1984; Rissler
1984). Some of these gasifiers have been attached to
cars and trucks that have succeeded in traversing the
country on several occasions. In particular, Mother
Earth News and its subsidiary, Experimental Vehicle
News, have performed extensive tests on gasifiers and
have published informative articles and plans with
photographs of fabrication steps. The plans are suffi-
ciently detailed so that a skilled welder can fabricate a
gasifier for a relatively small expense.

In 1978, a number of tests were performed under a SERI
contract on a 75-hp “Hesselman” (Imbert-type)
downdraft gasifier. This gasifier was built in Sweden at
the end of World War Il and was imported to this
country by Professor Bailie of the University of West
Virginia. Professor Bailie used the gasifier in tests
during which the gasifier operated on wood, wood pel-
lets, and oxygen (Bailie 1979). Subsequently, the
gasifier was sent to SERI in Colorado for further testing
with a 15-kW Onan electric generator. More recently,
the gasifier has been used to gasify peat by Professor
Goldhammer of Lowell University. The gasifier is now
being used by Syngas Systems, Inc., to generate
producer gas to test gas cleanup systems for use with
its 750-kW power generator. Although much of the test-

ing was qualitative in nature, the authors have had con-
siderable experience in running this interesting tech-
nological antique.

5.7.2 Description of the Downdraft (Imbert)
Gasifier

Referring to Figs. 5-1 and 5-2, the upper cylindrical part
of the inner chamber is simply a magazine for the wood
chips or other biomass fuel. During operation, this
chamber is filled every few hours as required. The
spring-loaded cover is opened to charge the gasifier,
and then it is closed during gasifier operation. The
spring permits the cover to pop open to relieve pres-
sure in the case of a gas explosion, thus functioning as
a safety valve.

About one-third of the way up from the bottom, there
is a set of radially directed air nozzles that permit air
to be drawn into the chips as they move down to be
gasified. Typically, there are an odd number of nozzles
so that the hot gases from one nozzle do not impinge
on the opposite nozzle. The nozzles are attached to a
distribution manifold that in turn is attached to the
outer surface of the inner can. This manifold is con-
nected through the outer can to a large air-entry port.
One air nozzle is in line with this port, allowing the
operator to ignite the charcoal bed through this nozzle.

During operation, the incoming air burns and
pyrolyzes some of the wood, most of the tars and oils,
and some of the charcoal that fills the gasifier below
the nozzles. Most of the mass of biomass is converted
to gas within this flaming combustion zone since
biomass contains more than 80% volatile matter (Reed
1983a).

The gasifier is in many ways self-adjusting. If there is
insufficient charcoal at the air nozzles, more wood is
burned and pyrolyzed to make more charcoal. If too
much char forms during high-load conditions, then the
char level rises above the nozzles so that incoming air
burns the char to reduce the char level. Thus, the
reaction zone is maintained at the nozzles.

Below the air nozzle zone lies the gas-reduction zone,
usually consisting of a classical Imbert hearth (Fig. 5-2)
or in later years, of the “V” hearth (Fig. 5-6). Most
recently, the flat-plate hearth constriction (Fig. 5-7) has
been introduced. The latter two hearth designs
accumulate a layer of retained ash to form a
high-quality, self-repairing insulation.

Improved insulation in the hearth results in lower tar
production and a higher efficiency over a wider range
of operating conditions.

After the combustion/pyrolysis of wood and hot char
at the nozzle level (see below), the resulting hot com-
bustion gases (CO, and H,0) pass into this hot char
where they are partially reduced to the fuel gases CO
and H, according to Egs. (4-7) and (4-8). This procedure
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Fig. 5-6. V-hearth Imbent gasifier (Source: Gengas 1950, Fig. 74)

results in a marked cooling of the gas, as sensible-gas
heat is converted into chemical energy. This removes
most of the charcoal and improves the quality of the
gas. Eventually, the charcoal is “dissolved” by these
gases and disintegrates to smaller chunks and a fine
powder that either is swept out with the gases to the
cyclone separator or falls through the grate. Tars that
have escaped combustion at the nozzle may crack fur-
ther in the hot char although tar cracking is now
thought to occur only above about 850°C (Kaupp 1984b;
Diebold 1985).

The spaces between the nozzles (shown in Fig. 5-8)
allow some unpyrolyzed biomass to pass through. The
hearth constriction then causes all gases to pass
through the hot zone at the constriction, thus giving
maximum mixing and minimum heat loss. The highest
temperatures are reached in this section so the hearth
constriction should be replaceable. If tarry gas is
produced from this type of gasifier, common practice
is to reduce the hearth constriction area until a low-tar
gas is produced. However, one should remember that
hearth dimensions also play a role in the gas
production rate (see below).

The fine char-ash dust can eventually clog the charcoal
bed and will reduce the gas flow unless the dust is
removed. The charcoal is supported by a movable grate
that can be shaken at intervals. Ash builds up below
the grate and can be removed during cleaning opera-

tions. Usually, wood contains less than 1% ash.
However, as the charcoal is consumed, it eventually
collapses to form a powdered char-ash that may repre-
sent 2% to 10% of the total biomass, in turn contain-
ing 10% to 50% ash. Ash contents depend on the char
content of the wood and the degree of agitation. The
greater the degree of char reduction, the smaller the
resulting particles and the higher the ash, as shown in
Fig. 3-3. The downdraft gasifier startup and response
time is intermediate between the fast crossdraft gasifier
and the slow updraft gasifier.

The Imbert gasifier requires a low-moisture (<20%
moisture) and uniformly blocky fuel in order to allow
easy gravity feeding through the constricted hearth.
Twigs, sticks, and bark shreds must be completely
removed. The reduction in area at the hearth and the
protruding nozzles present hazards at which the pas-
sage of the fuel can be restricted, thus causing bridging
and channeling followed by high tar output, as un-
pyrolyzed biomass falls into the reaction zone. The
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Fig. 5-8. High temperature zone of a downdraft gas producer with wall
tuyeres (Source: Kaupp 1984a, Fig. 55)

vehicle units of the World War II era had ample vibra-
tion to jar the carefully sized wood blocks through. In
fact, an entire industry emerged for preparing car wood
at that time (Gengas 1950).

5.7.3 Superficial Velocity, Hearth Load, and
Gasifier Sizing

An important factor used in choosing dimensions of
any gasifier is the “superficial velocity, V,,” of the gas
calculated where it passes through the narrowest part
of the gasification zone. Although the units of V are
length/time (e.g., m/s}), one should think of the super-
ficial velocity as gas production expressed in terms of
gas volume/cross-sectional area-time (m3/m?2-s), a
specific gas production rate. It is called a superficial
velocity since actual velocities will be three to six
times higher due to the presence of the charcoal and
the high temperatures existing at the throat. A closely
related term is the maximum hearth load, By, expressed
in gas volume/hearth area-h, expressed in practical

units. This term enables one to compare the perfor-
mance of a wide variety of gasifiers on a common basis.
The maximum specific hearth loads for a number of
gasifiers are shown in Table 5-1. The table was calcu-
lated from data available on gasifiers that have been
thoroughly tested and lists the maximum superficial
velocity and heating load reported. Note that in
European literature, hearth load is reported in gas
volume units; in the United States, it is reported in
energy units.

In Generator Gas (Gengas 1950} a maximum hearth
load (By,hax) value for an Imbert-style gasifier is about
0.9 Nm3/h-cm2. In other words, 0.9 m3 of gas is
produced for each square centimeter of cross-sectional
area at the constriction. This corresponds to a
superficial gas velocity V, of 2.5 m/s (8.2 ft/s)
calculated at NTP* from the throat diameter and
ignoring the presence of fuel. This corresponds to a
specific gas production rate of 9000 m3 of gas per
square meter of cross-sectional area per hour
(29,500 scf/ft?-h). If the gas has a (typical) energy
content of 6.1 MJ/Nm?3 (150 Btu/scf), this results in a
specific enérgy rate of 54.8 GJ/m2-h (4.4 MBtu/ft2-h).
The diameter of the pyrolysis zone at the air nozzles is
typically about twice that at the throat, and Table 5-1
shows the hearth load on this basis also. This puts the
hearth load for the Imbert type gasifier on a comparable
basis to the stratified downdraft gasifier. Knowledge of
maximum hearth load permits one to calculate the size
of hearth needed for various engine or burner sizes.
Dimensions for a variety of Imbert-type gasifiers are
shown in Tables 5-2 and 5-3.

The maximum hearth load is limited by many factors,
such as the mechanical integrity of the char bed struc-
ture within the gasifier, degree of agitation, and the
time available for conversion. High velocities can dis-
turb the char and fuel bed, causing instability. If char
fragments become dislodged and airborne, they may
plug the bed or form channels. Therefore, a little agita-
tion can effectively increase the maximum specific
hearth load.

The heating value of producer gas varies with flow rate,
as shown in Fig. 7-20. Notice that the maximum ef-
ficiency for rice hulls occurs at twice the flow rate that
produces the maximum heating value from rice hulls.
This occurs because the combination of lower tempera-
tures and low flow rate favors methane and tar produc-
tion. Although the change in efficiency is small, the
benefit of reducing tar production is substantial.

Closely related to hearth area (Ay) is the cross-section-
al area of the air nozzles (tuyeres) (A,). Early workers

*NTP refers to the European practice of correcting gas volume
measurements to a “normal temperature and pressure” of 0°C and
1 atmosphere. In the United States it is conventional to correct
measured volumes to STP, “standard temperature and pressure,”
77°F (or 25°C) and 1 atmosphere.
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Table 5-1. Maximum Reported Superficial Velocity and Hearth Load of Various Gasifiers?

D¢ Bh
Diameter Superficial Vel Hearth Load

Gasifier TypeP m ft m/s ft/s m3cm2-h  MBtu/ft?-h Reference
Imbert€ I-A 0.15 0.5 2.50 8.2 0.90 476 (Gengas 1950)

I-A 0.30 1.0 0.63 2.1 0.23 1.19 (Gengas 1950)
Biomass Corp.© I-A 0.30 1.0 0.95 3.1 0.34 1.81 (Graham 1983)

I-A 0.61 2.0 0.24 0.8 0.09 0.45 {Graham 1983)
SERI Air/ox S-A 0.15 0.5 0.28 0.9 0.10 0.53 (Reed 1982)

S-0 0.15 0.5 0.24 0.8 0.09 0.90 (Reed 1982)
Buck Rogers S-A 0.61 20 0.13 0.4 0.05 0.25 (Walawender 1985)

S-A 0.61 2.0 0.23 0.7 0.08 0.43 (Chern 1985)
Syn-Gas, Inc. S-A 0.76 25 1.71 5.6 0.62 3.26 (Graboski 1985)

S-O0 0.76 25 1.07 3.5 0.39 4.07 (Graboski 1985)

@Data in this table are based on reports on well-tested gasifiers, rather than manufacturers’ claims, etc.
b is the Imbert (nozzle and constricted throat) gasifier of WW II. S is the Stratified Downdraft Gasifier. A signifies operation on air, O on oxygen.
CFor Imbert type gasifiers (1}, the diameter is measured at the throat (upper value) or at the air entry level {lower value). For Stratified Downdraft

Gasifiers (S), the diameter is constant at all levels.

dThe superficial velocity is calculated as the volume of gas (taken at room temperature) passing through the area without regard to the presence of

fuel. It has units of vol/area-time = lengthtime = velocity.

€The hearth load, B, is a practical measure of gasifier gas volume throughput (Sl units) or energy throughput (English units).

observed an optimum relationship between the hearth
and nozzle areas. For instance, maximum power was
obtained from 130-mm hearths that had five 12-mm
nozzles. Any variation of either the nozzle or hearth
ring from these dimensions caused a power reduction.
Table 5-2 shows successful nozzle sizes for wood-
fueled Imbert gas producers and the wider variation for
nozzles used in successful Imbert and SGB gasifiers.
(SGB units were used for 2-cycle pulsating flow
engines.)

A larger hearth diameter requires either a higher noz-
zle velocity or some other means to penetrate the
deeper fuel bed. This leads to a higher pressure drop
for larger hearths, placing an upper size limit on noz-
zle-fed downdraft gasifiers when gas flow is provided
by engine vacuum. If the cross-sectional area of the noz-
zles is too small, there will be an excessive pressure
drop in forming the air jets; if the cross-sectional area
is too large, the air jets will have too low a velocity and
the air will not penetrate the bed. The velocity of the
air blast is shown in Table 5-2.

5.7.4 Turndown Ratio

Another important concept in sizing gasifiers is the
“turndown ratio,” the ratio of the highest practical gas
generation rate to the lowest practical rate. The
turndown ratio of World War Il gasifiers varied between
3 for Imbert-style gasifiers with uninsulated V-hearth
gasifiers and 18 for highly insulated V-hearth gasifiers.
Vehicle operation requires turndown ratios of at least
8:1, making the need for insulation and proper sizing
in high-turndown applications apparent. Although en-
gineers often oversize equipment, this can be fatal in
gasifier design. Heat losses tend to be independent of

throughput and at low loads become disproportionate-
ly high. A low specific hearth load may also cause tar
formation problems. A high turndown ratio is less im-
portant for electric generators and irrigation pumps
that constantly operate at full capacity.

In summary, the Imbert gasifier design has survived the
test of time and mass production. It is relatively inex-
pensive, uses simple materials of construction, is easy
to fabricate, and can be operated by motorists with a
minimum of training. It supplies low-tar gas from high-
ly volatile fuels with a high turndown ratio.

5.7.5 Disadvantages of the Imbert Design

Although the Imbert gasifier has been the prototype
downdraft gasifier, it has a number of disadvantages.
The hearth constriction seriously limits the range of
biomass fuel shapes that can be successfully gasified
without expensive cubing or pelletizing pretreatment.
(The stratified-bed gasifiers currently under develop-
ment at SERI and other facilities and discussed in Sec-
tion 5.8 are free of constrictions and promise to broaden
the range of fuels that can be gasified.) The Imbert
gasifier requires a high-grade, usually hardwood, fuel,
generally at least 2 cm along the smallest dimension
with no more than 20% moisture. During World War
1I, stringent specifications were maintained on fuel
production, which was carried out at a number of
licensed factories.

The Imbert design cannot be scaled-up to larger sizes
because the air enters at the sides and is incapable of
penetrating a large-diameter fuel bed unless the fuel
size is increased proportionally. The tar level, while
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Table 5-2. Imbert Nozzle and Hearth Diameters

Maximum Air
Range of Wood Blast
Gas Output Consumption Velocity
dh d; dy h H R A dn Amx100 dr h max. min. Vm
dy/dn mm mm mm mm mm mm No. mm An dn dn Nm3/h Nm3/h kg/h m/s
268/60 60 268 150 80 256 100 5 7.5 7.8 45 1.33 30 4 14 22.4
268/80 80 268 176 95 256 100 5 9.0 6.4 3.3 1.19 44 5 21 23.0
268/100 100 268 202 100 256 100 5 10.5 5.5 2.7 1.00 63 8 30 242
268/120 120 268 216 110 256 100 5 12.0 5.0 2.2 0.92 90 12 42 26.0
300/100 100 300 208 100 275 115 5 10.5 55 3.0 1.00 77 10 36 29.4
300/115 115 300 228 105 275 115 5 11.5 5.0 26 0.92 95 12 45 30.3
300/130 130 300 248 110 275 115 5 12.5 4.6 2.3 0.85 115 15 55 315
300/150 150 300 258 120 275 115 5 14.0 4.4 2.0 0.80 140 18 67 30.0
400/130 130 400 258 110 370 155 7 10.5 4.6 3.1 0.85 120 17 57 326
400/150 135 400 258 120 370 155 7 12.0 4.5 2.7 0.80 150 21 71 32.6
400/175 175 400 308 130 370 155 7 13.5 4.2 2.3 0.74 190 26 90 314
400/200 200 400 318 145 370 153 7 16.0 3.9 2.0 0.73 230 33 110 31.2
Variables not given in figure are defined as follows:
dm = inner diameter of the tuyere. g
Ap, = sum of cross sectional areas of the air jet openings in the tuyeres. 3
A = cross sectional area of the throat. d, 8
A = number of tuyeres. } : 1 :

Source: Kaupp 1984a, Table 5; Fig. 75.




Table 5-3. Sizing Data

Engine Maximum Power

Generator with
Number Cylinder Cylinder Gas Needed Gasoline
of Dimensions, Volume, at2300rpm, Operation,

Cylinders mm L L/s hp

4 110 x 136 517 50 80

6 110 x 136 7.75 75 130

8 110 x 136 10.34 100 180

Note: At a heavy load, 170 mm cross section should be used instead
of 150 mm cross section.

Source: Adapted from Gengas 1950, Table 32.

low (usually 5000 ppm), is still high enough to require
extensive scrubbing and disposal procedures.

Groeneveld has studied the recycle of gases at the noz-
zle and developed improved understanding of the tar
combustion and improved mixing methods shown in
Fig. 5-9 to permit scaleup (Groeneveld 1980a,b). Unfor-
tunately, there is no overall theory of operation for Im-
bert gasifiers that would permit sizing the gasifier for
fuels other than hardwood blocks. The geometry and
flow of fuel and air are quite complex, making any at-
tempts to model the gasifier very difficult tasks indeed.
(More information is provided in later discussions.)

Some efforts to scale the Imbert gasifier to larger sizes
have realized a disastrous increase in tar production
(Goss 1979; Graham 1983). However, researchers have
met with more success when the fuel size has been in-
creased with the gasifier size. Billets that were 8 cm in
diameter and 15 cm long have operated well in large
Imbert-style gasifiers used for heating applications
(Makray 1984).

5.8 The Stratified Downdraft Gasifier

5.8.1 Introduction

A new type of gasifier, which we have named the
“stratified downdraft gasifier,” (also called “open-top”
or “topless” gasifier) has been developed during the
last few years through cooperative efforts among re-
searchers at SERI (Reed 1982; 1983a,b; 1984), the
University of California in Davis (Kaupp 1984a), the
Open University in London (Reines 1983), the Buck
Rogers Co. (Walawender 1985; Chern 1985) in Kansas,
and in Florida {(LaFontaine 1984). It is also related to
the Chinese rice hull gasifier (Kaupp 1984b; Cruz
1984). The stratified downdraft gasifier overcomes
many of the difficulties of the Imbert gasifier and may
ultimately be the basis for improved gasifier designs.
However, it has not been widely commercialized at this
point; the reader must balance the proven reliability of
the gasifiers discussed above against the promises of
the stratified downdraft gasifier.

BA-GO201728

Fig. 5-9. Downdraft center nozzle gas producer (Source: Groeneveld
1980a)

5.8.2 Description of the Stratified Downdraft
Gasifier

The stratified downdraft gasifier consists of a cylindri-
cal vessel with a hearth on the bottom as shown in
Figs. 5-10 to 5-12. During operation of the stratified
downdraft gasifier, air and biomass pass uniformly
downward through four zones, hence the name
“stratified.” The open top ensures uniform access of air
or oxygen to the flaming pyrolysis zone, as opposed to
the Imbert gasifier. The uppermost layer is composed
of unreacted biomass fuel through which air enters. In
the second layer, biomass reacts with air in flaming
pyrolysis. The third layer, which is made up of char
from the second layer, reduces the pyrolysis gases.
Inert char, which constitutes the fourth layer, normal-
ly is too cool to cause further reactions. However, since
the fourth layer is available to absorb heat or oxygen if
conditions change, it serves both as a buffer and as a
charcoal storage zone. The temperatures and chemical
compositions in each zone are shown schematically in
Fig. 5-10.

The top zone of the stratified downdraft gasifier may
be adjusted to any depth during air operation and
serves the same function as the fuel magazine in the
Imbert gasifier. Fuel is added through the open top of
the gasifier and should be replenished before the ad-
vancing pyrolysis front consumes all of the available
fuel.

During oxygen operation, the advancing pyrolysis front
moves much faster and is stabilized at the top of the
second zone so there is no first zone of fuel storage.
Biomass must then be fed regularly onto the top of the
flaming pyrolysis zone, and the second zone must be
closed and insulated above, forming a burner section.
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Fig. 5-10. Schematic of stratified downdraft gasifier showing (a) chemical reaction, (b) temperature profiles, and (c) composition Source: Reed

1984, p. 226)

Air reacts with pyrolyzing biomass in the second zone,
and most of the volatile wood oil is burned to supply
heat for this pyrolysis as explained in Chapter 4. We
have called this process “flaming pyrolysis,” and dis-
tinguish it from “flaming combustion,” which occurs
in the absence of solids with excess air or oxygen. At
the bottom of the second zone, the biomass has been
converted to charcoal, and all of the oxygen from the
air has reacted. The final gas leaving the second zone
contains CO and H,, as well as the CO, and H,0
produced in the earlier stages of combustion, as shown
in Fig. 5-10. The CO and H, mixture already is suffi-
ciently concentrated to be a combustible gas at this
point.

The hot gases produced in the flaming pyrolysis zone
react with the charcoal in the third, or char gasification,
zone to convert more of the CO, and H,0 to CO and
H,, through the Boudouard and water-gas reactions
(Egs. 4-7 and 4-8). We call this process adiabatic char
gasification (adiabatic means no heat flows into or out
of the section). During the reaction, sensible heat of the
gas is converted into chemical energy of the fuel gas.
This results in cooling the gas to about 800°C, a
temperature at which no further reaction is possible.

Finally, there may be a zone of unreacted charcoal
below the char gasification zone through which the gas

must pass before it reaches the grate. This last zone has
the disadvantage that char and ash from the char
gasification zone also must pass through it to reach the
grate. However, as we mentioned before, it provides a
“buffer” or reservoir of charcoal that is available to
accommodate changes in the power level, which
otherwise might cause the grate to heat excessively.

The stratified downdraft design has a number of
advantages over the Imbert gasifier. The open top
permits fuel to be fed more easily and allows easy
access for instruments to measure conditions within
the bed. The uniform passage of air and fuel down the
gasifier keeps local temperatures from becoming too
high or too low while the average temperature is high.
The cylindrical construction is easy to fabricate and
permits continuous flow for otherwise troublesome
fuels without causing bridging or channeling. Finally,
the various strata are more accessible for measuring
compositions and temperatures within the bed so that
it is possible to compare modeling results with
empirical observations.

The stratified downdraft gasifier is both conceptually
and mathematically easier to comprehend.
Quantitative descriptions and mathematical models of
gas flows through the bed are thus facilitated.
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Fig. 5-11. Buck Rogers gasifier (Source: Walawender 1985, p. 913. © 1985. Used with permission of Elsevier Science Publishing Co., Inc.)

In principle, the gasifier can be scaled to large
diameters because it operates as a plug-flow reactor,
and the air and fuel are uniformly mixed. A 0.6 m
(24 in.) internal diameter gasifier has been operated
successfully by the Buck Rogers Co. of Kansas
(Walawender 1985; Chern 1985). A 0.77 m (30 in.)
internal diameter gasifier to produce 750 kW of power
has been developed by Syngas Systems, Inc., (Graboski
1985) and is being operated extensively on air and
oxygen {Graboski 1986).

We believe that these advantages, coupled with the
design’s simplicity, may ultimately allow the stratified
downdraft gasifier to supplant the Imbert and other ear-
lier gasifiers, and that a number of design variations
will grow from the basic stratified downdraft gasifier
described here. Nevertheless, several years of ex-

perience with these gasifiers (using both oxygen and
air) have uncovered questions that must be understood
and resolved in any commercial design.

5.8.3 Unanswered Questions About the
Stratified Downdraft Gasifier

The foremost question about the stratified downdraft
gasifier design concerns char and ash removal. As the
charcoal reacts with the gases in the char gasification
zone, it eventually reaches a very low density and
breaks up into a dust containing all of the ash as well
as a percentage of the original carbon. This dust may
be carried away partially by the gas. However, sooner
or later it will begin to plug the gasifier so it must be
removed by shaking or stirring. (Imbert gasifiers have
a provision for shaking the grate and, when used to
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power vehicles, are largely self-purging.) Yet, it is
desirable to gasify as much of the char as possible
before its packing increases the pressure drop. Minimal
char-ash removal can be accomplished automatically
by using pressure-sensing switches that activate the
removal mechanism only when pressure begins to

build. It is desirable to gasify more than 95% of the
biomass, leaving only 5% char-ash.

The ability to remove variable amounts of char with a
moving grate adds a second design issue to the
stratified downdraft gasifier. Char consumes more than
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Fig. 5-12. SERI oxygen gasifier (Source: Reed 1985b, Fig. 3.4. © 1985. Used with permission of Plenum Publishing Corporation)
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twice the mass of oxygen required for biomass
pyrolysis, and hence high char conversion increases
the overall oxygen/biomass ratio. If up to 10% of the
biomass is removed as char-ash at the grate, then the
oxygen/fuel ratio decreases; in turn, the temperatures
of flaming combustion decrease, and the resulting gas
has both a higher energy content and a higher tar con-
tent. This added control of the oxygen/biomass ratio
has not been well-defined.

A third issue in the design of the stratified downdraft
gasifier is the prevention of bridging and channeling.
High-grade biomass fuels such as wood blocks or pel-
lets will flow down through the gasifier under the in-
fluence of gravity. However, other fuels (such as stringy
chips, sawdust, and rice hulls) can form a bridge,
preventing continuous flow and giving rise to very high
temperatures. Obviously, it is desirable to use these
widely available biomass residues. Bridging can be
prevented by stirring, shaking, or agitating the bed and,
since the temperatures in the gasifier are relatively low,
itis possible to use a stainless steel central stirring arm
such as the one shown in the Buck Rogers gasifier of
Fig. 5-11.

A fourth issue to be addressed in the design of stratified
downdraft gasifiers is bed stabilization. When the
gasifier operates at stable steady state, the flaming
pyrolysis zone advances into the biomass at the same
rate that the char is consumed, resulting in a stationary
reaction zone at a fixed level in the gasifier. However,
this zone can move up in very dry fuels, consuming the
fuel reservoir and emerging at the top of the gasifier.
Since no more fuel is available, the gasitier will operate
in this “top-stabilized” mode, but there is a substantial
heat loss through the open top. This results in lower
conversion efficiency and could create a fire hazard.
(The SERI and SGI gasifiers operate regularly in this
top-stabilized mode with oxygen but have closed
refractory tops and pressure-feeding apparatus.) Fuel
must be added at a steady rate to prevent alternate
pyrolysis and char gasifier operation, which can
generate high tar levels. (We have observed higher tar
levels from this pulsing pyrolysis process when using
oxygen than when using air.)

Very wet fuels inhibit the flaming pyrolysis zone from
advancing fast enough to keep up with the incoming
fuel, and the zone subsequently moves toward the
grate, consuming the dead char zone at the bottom. The
zone may become “grate-stabilized” at this point, or it
may continue to move to the grate and be extinguished.

Thus, control of the reaction zone position is very im-
portant in the stratified downdraft gasifier. A number
of mechanisms seem to be effective in stabilizing this
position and they are discussed in a recent paper (Reed
1985a).

In summary, both understanding and commercializa-
tion of the stratified downdraft gasifier have made
remarkable progress in only a few years of work, but a
great deal of effort still is in progress. It is not clear
whether this design ultimately will displace conven-
tional Imbert and other gasifiers.

5.8.4 Modeling the Stratified Downdraft
Gasifier

A mathematical model has been developed at SERI to
predict the behavior and dimensions of the stratified
downdraft gasifier (Reed 1983a, 1984, 1985a). The
model is based upon predicting the length of both the
flaming pyrolysis and char reaction zones from the
properties of the biomass fuels and the gasifier through-
put. The zone lengths predicted for various sizes of
biomass fuels are given in Table 5-4, and a diagram of
the gasifier, dimensioned for dry wood chips, is shown
in Fig. 5-13. The predicted pyrolysis and char bed
temperatures and chemical composition measured in
the char bed are shown in Fig. 5-14. The interested
reader is referred to the papers for further details,
which are beyond the scope of this handbook.

5.9 Tar-Cracking Gasifiers

5.9.1 Introduction

The cost of the gas cleanup system needed for engine
use generally exceeds the cost of the gasifier. Further-
more, even if tar impurities are removed in filters and
scrubbers (see Chapter 8), they still must undergo the
difficult task of disposal. Therefore, one of the major
areas for future gasifier development will be the design
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Table 5-4. Prediction of Zone Length for Different Fuel Sizes

Parameters Small Chips Inch Chips Sawdust Cubes  Peat Pellets
Gasifier Inputs
Proximate Analysis: (Dry Basis)
Volatile .90 .803 .90 65
Char 10 .188 10 .35
Ash .01 .009 .01 .05
Water Fu .20 027 .05 .25
Fuel Properties:
Density p g/cm3 40 .40 1.00 1.10
Bulk Density g/cm3 20 15 50 45
Void Fraction Fy 50 .63 50 .58
Length cm 1.00 2.00 5.00 1.00
Width cm 1.00 2.00 3.00 .30
Height cm .20 50 3.00 .30
Average Equivalent Diameter cm 4.41 1.56 4.41 .51
Volume v cm3 .20 2.00 45.00 .07
Area A cm? 2.80 12.00 78.00 1.38
Gasifier Conditions:
Diameter Dg m .15 .15 15 15
Heat Transfer q Wicm? 2.00 2.00 2.00 2.00
Feed Rate M kg/h 10 10 10 10
Specific Feed Rate m kg/m2h 566 566 566 566
Gasifier Parameters
Pyrolysis Zone:
Reaction Time tp ] 43 73 656 93
Fuel Velocity Vi cm/s .079 105 031 .035
Pyrolysis Length Ip cm 3.38 7.64 20.33 3.26
Char Zone:
Reaction Time te s 100 100 100 100
Char Zone e cm 7.90 10.50 3.10 3.50

Notes: Calculations based on the following equations and assumptions:

Time of pyrolysis: ty = (hp + Fy ) p VIAq
Fuel velocity: v¢ = m/Dgp (1-Fv)

Flaming pyrolysis zone length: |p = v; to
Temperature of pyrolysis = 600°C

Heat of pyrolysis: hy, = 2081 J/g

Heat to vaporize water to 600°C: hy, = 3654 J/g
Char reaction time: t, = 100 s

Char zone length: I = {tc}(vs)

Source: Reed 1984

of gasifiers that convert the maximum quantity of tar to
gas during gasification.

5.9.2 Combustion of Tars

The tar levels from a number of gasifiers are shown in
Table 5-5. (One cubic meter of producer gas weighs
about 1 kg at NTP; therefore a tar level of 1 g/m? cor-
responds to a concentration of 1000 ppm or 0.1%;
1 mg/m3 is 1 ppm by weight, and we shall use this
equivalence in discussing tar levels.) It is important to
note that updraft gasifiers generate 5% to 20% tar
(50,000-200,000 ppm!) (Desrosiers 1982). The
downdraft gasifiers of Table 5-5 produce tar in amounts
at least an order of magnitude lower than the updraft
gasifiers, and new developments are now reducing tars
into the 100 to 1000 ppm level.

In his thesis, Groeneveld used cold flow models to in-
vestigate the flow of gases around a nozzle. He found
that the incoming air stream entrains and burns tar-
laden gas as shown in Fig. 5-9 if the gasifier is proper-
ly designed (Groeneveld 1980a,b). After publication of
these results, a gasifier using this principle (a central
air nozzle promotes recirculation and combustion of
the volatiles produced in pyrolysis) was designed and
marketed in the Netherlands.

The DeLaCotte tar-recycling gasifier (Fig. 5-15) was the
first tar-burning gasifier. It has two solid-fuel chambers
and a gas-combustion chamber on the side. Fuel is
pyrolyzed in the upper part of the fuel chamber.
Pyrolysis products are aspirated out the top to the side
combustion chamber using the flow of combustion air
in an ejector, where they burn completely at high
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Fig. 5-14. Observed and calculated temperature and composition in abiabatic char conversion zone (Source Reed 1984, Fig. 5)

temperature in the absence of solids. (Combustion with
air generates producer gas; combustion with oxygen
could generate synthesis gas.) The hot combustion
products (1000°-1100°C) are reinjected at the center of
the gasifier. One-fourth of the gas rises through the
upper chamber to assure pyrolysis of the biomass fuel.
The remaining three-fourths travel down through the
lower chamber containing the char produced from the
biomass in the upper chamber. The char is gasified by
reacting with the CO, and H,O produced by combus-
tion, as in other gasifiers. The high-temperature com-
bustion chamber may permit more thorough
destruction of the tars; in any case, this gasifier claims
to produce very low tar levels.

Table 5-5. Tar Content in
Product Gas from Downdraft Gasifiers

Throat Specific  Tar
Capacity Diameter Load Content

Gasifier kg/h m kg/hm2  g/Nm3
Kromag KS-12 15.0 0.12 1330 0.62
Kromag K-4 7.5 0.09 1180 1.90
Semmier 12.0 0.15 680 0.88
Danneberg 19.0 0.15 1075 0.70
Leobersdorfer 36.0 0.42 260 1.20
TH. Twente 20.0 0.20 640 0.50
Forintek Canada 50.0 ? ? 3.00
Mini Gasifier 0.2 0.01 2550 3.00

Source: Susanto 1983
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Susanto and Beenackers have developed a gasifier that
recycles tars internally in a similar manner, as shown
in Fig. 5-16. In this case, the combustor is contained
centrally in the lower (char) section of the gasifier and,
therefore, has very little heat loss (Susanto 1983).
Without recycle, this gasifier produced 1400 mg/Nm?
(approximately 1400 ppm). With a gas/air recycle ratio
of 0.85, the tars were reduced to the very low level of
48 ppm of tar as shown in Fig. 5-17.

The high degree of tar destruction in these two units is
due to the high tar combustion temperature promoted
by the positive circulation of tars upward away from
the reduction zone and also to the more complete
combustion that takes place in the absence of solids.
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Fig. 5-16. Gasifier with internal tar recycle (Source: Susanto 1983,
Fig. 3.2. © 1983. Used with permission of the Beijer Institute)
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5.9.3 Thermal Tar Cracking

Temperatures above 800°C rapidly crack the primary
pyrolysis oils to olefins and aromatic compounds.
These compounds continue to react in the absence of
oxygen to make polynuclear aromatic compounds
(PNAs) and eventually soot. While high temperatures
(above 800°C) can destroy tars rapidly, these same high
temperatures also promote reaction with char, which
in turn rapidly quenches the gas to 800°C. Therefore,
the time available for tar cracking in a bed of hot char-
coal is very short. For this reason, a bed of hot char may
not be very effective in tar cracking as was originally
believed (Reed 1982; Chittick 1983). The French
Croisot Loire process allows a tarry gas from a fluidized
bed to be burned further in a separate chamber at
1300°C (Bioenergy 1985), resulting in a final gas that
has a very low tar content (Chrysostome 1985).

A laboratory transparent gasifier, a modification of the
SERI stratified downdraft gasifier, shown in Fig. 5-18,
has added a tar-cracking chamber in which small
amounts of oxygen or air can be added to crack the final
trace quantities of gas from the gasifier, in the absence
of the quenching action of the charcoal. We have
measured tar concentrations of 50-500 ppm at the exit
from the cracking chamber. However, the difficulty of
maintaining a large chamber at temperatures in excess
of 900°C caused considerable loss in gas quality at this
scale. Perhaps thermal cracking alone is practical in
much larger gasifiers (Reed 1985c).
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5.9.4 Catalytic Tar Cracking

Recent work in Europe has focused on producing
synthesis gas for making methanol using oxygen and
several schemes for eliminating tars and methane. In
the Swedish MINO process, the tarry gas from an
oxygen fluidized-bed is passed through a bed of
hydrocarbon cracking catalyst at temperatures between
950° and 1040°C, resulting in a gas containing
10-100 ppm of tar (Strém 1985).

D’Eglise has studied the kinetics of cracking of
pyrolysis oils generated at lower temperatures and
found that more than 99.9% of these oils can be cracked
by dolomite lime at temperatures as low as 500°C
(Donnot 1985). However, these low temperature
compounds are cracked and rearranged much more
easily than the tars formed at high temperatures so the
results may not be representative of the difficulty of
gasifier tar cracking.

We used the laboratory sized transparent gasifier to
generate typical gasifier tars for testing the kinetics of
tar cracking with a number of catalysts in the apparatus

shown in Fig. 5-19. The results for three catalysts are
shown in Table 5-6. The variation of cracking rate with
temperature is shown in Fig. 5-20 for a dolomite lime
catalyst, a refinery silica-alumina cracking catalyst,
and a silicalite molecular sieve type catalyst.

5.10 Summary

A large number of gasifiers have been developed over
the last century using both experience and intuition.
The most successful of these has been the Imbert
downdraft gasifier, which produces relatively low
levels of tar gas from uniformly high-grade fuels.

We are in a new period, during which the principles of
combustion science are being applied to develop a
better understanding of gasification. New gasifiers,
such as the stratified downdraft gasifier and the
tar-reburning gasifier, promise to expand the range of
usable fuels and to produce an even cleaner product
gas. Only time will tell whether this increased
understanding will result in cleaner, more versatile
gasifiers at an acceptable cost.

Table 5-6. Catalytic Cracking of Gasifier Tars by Several Catalysts

Run Conditions

Tar Concentration

Temp. Flow Rate Residence Space Vel Before(C1) After{C2) Rate-k

oca kg/h Time(t), s g/g-h mg/Nm3 mg/Nm3 L/st
Catalyst: Dolomite®
600 0.73 0.34 0.33 9574 3597 2.84
750 0.73 0.29 0.29 3169 1294 3.05
820 0.73 0.28 0.27 18082 2674 6.95
960 0.73 0.24 0.24 8346 1113 8.26
750 0.20 1.07 1.04 3169 200 2.58
750 0.40 0.54 0.52 7537 2408 2.13
Catalyst: Si-Al Catalystd
432 0.51 1.54 2.02 18082 4654 0.88
432 0.51 1.54 2.02 22070 1313 1.83
552 0.56 1.20 1.57 5929 333 2.40
415 0.48 1.68 2.19 4863 695 1.16
343 0.49 1.84 240 4654 847 0.93
287 0.51 1.94 2.54 5605 780 1.02
Catalyst: Crystalline Silica S-155°
416 0.59 0.91 1.68 8280 790 2.58
406 0.39 1.40 2.57 15237 2303 1.35
469 0.34 1.47 2.70 15189 3359 1.03
505 0.48 0.99 1.83 11725 3131 1.33
613 0.47 0.89 1.64 25305 3930 2.10
812 0.42 0.81 1.50 9184 1075 2.64

aAverage temperature over a 20 cm length of furnace.

bRate calculated from k = -In(C1/C2)#t

€1.03 kg of dolomite lime contained in 20 cm length of 5 cm i.d. stainless pipe. Bulk density = 3346 kg/m3; void volume = 0.25 cm3/g. Dolomite lime- -
stone decomposes to dolomite lime in the range 600-1000°C. Particle size 5 mm.

dsi-Al cracking catalyst (Davison Chemicals, Gr 980-13) 510 g sample, bulk density = 7655 kg/m3; void volume = 0.85 cm3/g. Particle size Tmm d

x 5 mm long cylinders.

eCrystalline silica catalyst S-155 (Union Carbide) 543 g charge; bulk density = 0.76 g/cm3; void volume = 0.80 cm3/g

Source: Reed 1986b
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Chapter 6
Gasifier Fabrication and Manufacture

6.1 Introduction

Gasifier construction is arelatively simple task and can
be accomplished in any well-equipped shop using
basic sheet metal and welding assembly techniques. In-
deed, the task is so simple that it was possible for the
countries of wartime Europe to construct almost one
million gasifiers in just a few years in spite of wartime
shortages (Egloff 1943; Gengas 1950). Nevertheless. a
number of new materials and fabrication techniques
have become available since World War II, and we shall
call attention to these improvements in this discussion.

According to Kaupp (1984a), “the construction of a
small gasifier, including the purification system, does
not require sophisticated equipment or highly skilled
mechanics. It can be built in workshops comparable to
the auto repair shops found in most third world
countries.”

Fabrication refers to the construction of a single
gasifier for use or for an experiment. Manufacture com-
mences when one undertakes the construction of a
number of identical units.

A general discussion of drilling, welding, and assem-
bly procedures pertinent to gasifier fabrication and
manufacture is beyond the scope of this manual. In-
stead, we shall comment upon specific techniques of
fabrication, as well as the wide range of materials
specifically applicable to gasifiers.

6.2 Materials of Construction

Gasifiers are usually constructed from commercially
available materials such as steel pipe, sheet, and plate.
When choosing materials, one should (where possible)
select those that are readily available and use off-the-
shelf equipment and materials that are available in bulk
quantities. One should avoid exotic alloys, special
shapes, and custom fabrication techniques that require
large initial setup and tooling costs, except in cases
where their use is justified.

Smaller, atmospheric-pressure gasifiers require a min-
imum metal thickness of 20-gauge, with double-thick-
ness reinforcements extending a few centimeters (1 in.)
around all fittings and fastenings (Freeth 1939). The
maximum mild-steel service temperature is 480°C
(900°F} (MASEC). Although the metal temperatures en-
countered in well-designed air gasifiers do not usually
exceed the softening point of mild steel, certain stain-
less steels or inconel may give the extra temperature
resistance necessary for critical areas such as the grate,
hearth, or nozzles.

Some of the mild-steel components may suffer chemi-
cal corrosion in certain parts. Corrosion is likely to
occur in areas where water condenses or collects since
gasifier water often contains organic acids. Water col-
lection is especially a problem in regions such as the
upper magazine of Imbert gasifiers, as well as in some
wet-scrubber systems. In these instances, the steel
should be replaced by corrosion-resistant materials
such as copper, brass, epoxy lined steel, or stainless
steel as required. Stainless steel usually costs two to
three times as much as mild steel and requires inert gas
welding techniques. Copper and brass cost five times
as much as mild steel but can be joined by brazing or
hard-soldering using an acetylene torch. Aluminum is
particularly vulnerable to corrosion in alkaline
environments, and its use should be avoided there.

Some wartime gasifiers, particularly the stationary
ones, contained massive but fragile firebrick insula-
tion. We are fortunate today to have lightweight in-
sulating materials based on spun alumino-silicate that
are capable of withstanding temperatures up to 1500°C,
far beyond the requirements of gasifiers. The alumino-
silicate insulation also offers many times the durability
and heat-flow resistance of firebrick, at a fraction of the
weight (Perry 1973). It is relatively inexpensive and is
available in a wide variety of forms. The 2- to 5-cm-
thick felt blankets and vacuum preformed cylinders (or
“risa sleeves”) are particularly recommended for in-
sulating the reaction zone. “Moldable ceramics” that
come as a wet putty can be shaped to corners and edges,
and thus are also very useful.

Finally, plastics can be used in certain applications.
Some plastic pipe will perform acceptably up to the
boiling point of water, is more flexible than metal pipe,
and will not corrode. Plastic liners, such as epoxy
paints, can sometimes provide the corrosion resistance
needed in critical areas, provided temperatures are not
greater than 120°C.

6.3 Methods of Construction

A gasifier is built much like a water heater, and the
same methods of construction are used. The workshop
should be equipped with tools for performing tasks
such as shearing sheet metal, rolling cylinders and
cones, drilling, riveting, grinding, painting, sawing,
tube cutting, and pipe threading.

An oxyacetylene torch is valuable for cutting and weld-
ing tasks, but an arc welder is preferred for mild-steel
welding. When aluminum, stainless steel, or inconel is
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used, it will be necessary to use either TIG (tungsten-
inert gas) or MIG (metal-inert gas) welding techniques.

All seals must be made gas-tight; threaded and welded
fittings are preferred at all points, and
exhaust-pipe-type gaskets can be used if necessary.
High-temperature, anti-sieze pipe dope should be used
on all pipe joints. High-temperature applications will
require ceramic fiber or asbestos gaskets. Silicone
sealant is appropriate at temperatures below 300°C and
rubber or Viton “O” rings and gaskets will perform
excellently at room temperature. The system should be
leak-tested before the initial startup, as well as after
modifications. Leak-testing is accomplished by
plugging the system and pressurizing it to 25 cm
(10 in.) of water with a blower. A thick soap solution is
applied to all fittings and joints, and they are checked
for emerging soap bubbles. Leak-testing should also be
performed as a standard test in the regular maintenance
schedule.

6.4 Sizing and Laying out the Pipes

When designing a gasifier, it is important to keep the
pressure drop in the system as small as possible.
Because there are unavoidable pressure drops
associated with the gasifier, the cyclone separator, and
the cleanup system, it is very important to use
adequately sized pipe. The pressure drop associated
with standard runs of pipes is shown in Fig. 6-1 (Perry
1973). Engineering and plumbing handbooks also list
the pressure drops associated with pipe fittings such as
elbows and couplings.

On the other hand, gas velocities within the pipes
should be adequate so that entrained solids will be con-
veyed to their proper point of removal, as shown in
Table 6-1 rather than deposited inside the pipe.

When laying out pipe connections for a gasifier system,
it is important to allow access to various parts that may
require cleaning or adjustment. It is recommended that
new systems be assembled with a large number of pipe
unions to facilitate cleaning out the pipes, as well as
future design modifications. In general, it is better to
use a pipe “T” with a plug rather than an elbow, to
allow for instrument mounting and other additions at

Table 6-1. Gas Velocity
Requirements for Conveying Solids

The conveying velocities in pipes are dependent upon the na-
ture of the contaminant. Recommended minimum gas velocities
are:

Contaminant Velocity
Smoke, fumes, very light dust 10 m/s
Dry medium density dust (sawdust, grain) 15m/s
Heavy dust (metal turnings) 25m/s

Source: Kaupp 1984a

alater time. After a unit has been thoroughly tested and
is in production, such provisions can be omitted.

6.5 Instruments and Controls

The gasifiers of the past were crude, inconvenient
devices. Today’s gasifiers are evolving toward safer,
automated processes that make use of a wide range of
present-day instruments and controls. An extended
discussion of the system instrumentation and control
requirements is found in Chapter 10.

6.5.1 Temperature

Thermocouples (such as chromel-alumel type K]
should be used to measure various gasifier tempera-
tures, especially below the grate, as a check for normal
or abnormal operation. Temperatures at the grate
should not exceed 800°C; higher temperatures indicate
abnormal function. Consequently, the signal from the
thermocouple can be used by a control system or an
alarm system.

6.5.2 Pressure

Manometers are required to measure pressure drops
across the bed, cyclone, filters, and other components.
(Usually, these pressure drops amount to only a few
centimeters of water pressure.) The manometers are
available as tubes filled with colored liquid or, more
conveniently, bellows manometers (such as a Dwyer
Magnehelic gauge). Both types give a direct reading of
the pressure drop and can be equipped with limit
switches that will sound an alarm to warn when preset
flow levels have been violated, and/or activate control
valves to regulate those flows. Also, electrical
transducers are available that convert pressure dif-
ference into an electrical signal suitable for readout or
control processing.

6.5.3 Gas Mixture

Oxygen sensors have been developed by the automo-
tive industry to measure the small changes in oxygen
concentration required to control the air/fuel ratio for
clean, efficient combustion. They are relatively inex-
pensive and, in principle, can be adapted to gasifier
systems for similar functions (though this has not yet
been done).

6.5.4 Automatic Controls

The fact that an operator will be required for both large-
and small-scale gasifiers is a fixed-cost scale factor that
naturally causes larger systems to be favored.
Automatic unattended operation is therefore essential
to the economic viability of small gasifier systems.
Automatic fuel feed and char-ash removal equipment
are already well-developed for stoker-fed boilers and
could be adapted to automatic gasifier operation.
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Finally, we can look forward to gasifier systems of the
future that will use inexpensive microprocessors to in-
tegrate the signals from these sensors into the

automatic and unattended operation of highly efficient
gasifiers, making gasifiers as simple to use as a car or
home furnace.
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Chapter 7
Gas Testing

7.1 Introduction

It is relatively simple to build a gasifier and operate an
engine for a short time. However, the commercial suc-
cess of gasification ultimately depends on long-term,
reliable operation of gasifier systems. Many gasifier
systems have failed after less than 100 h of operation
because of tar buildup in either the system or the en-
gine. Destroying an engine is a costly method for deter-
mining whether a gas is sufficiently clean for engine
operation. A quantitative knowledge of gas quality and
cleanliness is necessary for the designer, developer,
buyer, and user of gasifier equipment.

This chapter will describe simple and inexpensive
tests of the physical and chemical properties of
producer gas. Using these tests will allow one to
determine whether the gas is suitable for its intended
purpose.

7.2 Gas-Quality Measurements and
Requirements

During gasifier system development, one may need to
be able to measure:

¢ Gas composition: The volume percent of CO, CO,,
H,, H,0, CH,, C, and higher hydrocarbons, and N,
to calculate the gas energy content or to analyze
gasifier operation.

» Gas energy content: Can be calculated from gas com-
position, or it can also be measured calorimetrically
without the need to know composition. The gas must
have an energy content greater than 4 MJ/Nm?3
{100 Btu/scf) for most applications. (See Appendix
for definition of scf and Nm3.)

¢ Quantity of tars: The quantity of condensible or-
ganics in raw gas is a measure of gasifier performance
and determines whether the gas can be cleaned.
Above 5000 mg/Nm3 tars, the gas is difficult to clean
up and is suitable only for close coupled direct com-
bustion. Gas cleanup equipment should reduce the
tar level to below 10 mg/Nm3.

e Quantity and size of particulates: The nature and
quantity of char-ash and soot entrained in the gas
stream can help to design filters. Particles larger than
10 um must be removed to a level below 10 mg/Nm?
for engine applications.

e Water content of gas: The water content of the gas
helps to calculate cooling requirements.

7.3 Description of Producer Gas and
Its Contaminants

7.3.1 The Gas Analysis

A typical raw gas analysis from a recent SERI test of
corncob gasification is given in Table 7-1. This analysis
includes volume concentrations of each major chemi-
cal constituent, as well as the physical contaminants of
the gas. The energy content of the gas can be calculated
from the energy content of the components using the
high or low heating values (HHV or LHV) for each gas,
as shown in Tables 7-1 and 7-2. The LHV also can be
determined graphically from Fig. 7-1.

7.3.2 Particulates

Some particulate levels reported for wood and charcoal
gasifiers are listed in Figs. 7-2 and 7-3.

In order to remove particles with the appropriate equip-
ment, it is necessary to know their nature and size dis-
tribution. Particle size distributions shown in Fig. 7-4,
Table 7-3, and Fig. 7-5 were obtained by mechanical
screen separation of the cyclone contents for SERI and
Imbert tests. The results of both tests are plotted in
Fig. 7-4 on log probability paper for ease of analysis,
displaying the distinctive slope common to most fine
powders produced by fragmentation.

The potential particle-size range of a wide variety of
particles and their characteristics are shown in Fig. 7-6,

Table 7-1. Composition of Producer Gas from
Corn Cobs after Cyclone Separation

Physical Composition

Tar content 1300 mg/m3 1300 ppm?@
Particulate 330 mg/m3 330 ppm
Ash content of particulate 30 mg/m3 30 ppm
H0 71 wt % 71,000 ppm

Chemical Composition

CcO 19 Vol % x 322 Btu/scf = 61

CO» 14 Vol%x O

Ho 17 Vol % x 325 Btu/scf = 55

CHg 2 Vol % x 1031 Btu/scf = 20

N> 48 Vol % x 0 o
136

Dry Gas (HHV)P 136 Btu/scf (60°F, 30 in. Hg Dry)

a1 Nm3 of gas weighs about 1 kg, so that 1 mg/Nm3 = 1 ppm

bThe gas heating value may be calculated from the gas analysis using
Table 7-2.
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along with the equipment appropriate for separation of
each size range.

It is important to distinguish between the various forms
of particulates that result from biomass combustion
and gasification. Starting with full-sized biomass fuel
and 0.5% ash, we can use this ash as a tracer to follow
conversion in the gasification process.

Although combustion and updraft gasifiers leave a
white ash, downdraft gasifiers do not produce this
white mineral ash because there is no oxygen present
when the final charcoal breakup occurs. Freshly
produced charcoal, just after it has finished flaming
pyrolysis, is only slightly smaller than it started out and
should not be able to pass through the grate. As
gasification of the charcoal proceeds, carbon is
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Fig. 7-3. Dust concentration related to the load in wood and charcoal
gas generators (Source: Gengas 1950, Fig. 86)
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removed from both the surface and interior of the char
particle by motion of the hot gases. The char particle
cracks and crumbles as carbon is converted to ash.

The term char-ash refers to the black dust that falls
naturally through the grate in a downdraft gasifier
when gasification is as complete as it will go. Char-ash
is produced during the final breakdown of the charcoal
mechanical structure as the charcoal reacts with
pyrolysis gases. Char-ash from downdraft gasifiers still
contains 50% to 80% carbon (Fig. 3-3), which is
enough carbon to give char-ash a black color. Char-ash
usually is collected below the grate or in the cyclone
separators.
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Fig. 7-4. Imbert and SERI downdraft particle size distribution of
producer gas char dusts

If the fine char-ash from downdraft gasifiers is about
20% ash, then this represents a 95% mass conversion
of the fuel since we started with 0.5% ash biomass. We
can also see from Fig. 3-3 that it is desirable to keep the
char larger than 500 pm (0.5mm) in the gasifier to boost
efficiency. Also, particles under 500 pm have
completed their task and should be removed as
thoroughly as possible.
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Fig. 7-5. Residue curve for the screening of Imbert generator gas
(Source: Gengas 1950, Fig. 88}

Although the unconverted carbon found in char-ash
represents an energy loss, it also has several benefits.
The final ash from combustion is less than 1 pm in size
and can be captured only in expensive bag house
filters. The char-ash holds the ash in a 10 pm matrix
which is captured by cyclones. The char-ash may have
considerable value as a charcoal or as a soil
conditioner.

Char-ash particles smaller than the cyclone separator’s
cut-point pass through the cyclone separator. Smaller
particles normally are higher in ash content, as shown
by Fig. 3-3. Higher ash content is more abrasive;
however, solids smaller than the oil film thickness do
not cause major engine wear. Ash that has been sub-
jected to slagging is much harder and more abrasive
than nonslagging ash, which crumbles easily.

All biomass contains some ash (typically a few per-
cent), but some fuels, such as rice hulls or MSW, can

Table 7-2. High Heating Value and Low
Heating Value of Gas Components?

Component Symbol HHVP (MJ/Nm3) HHVE (Btu/scf) LHVP (MJ/Nm3) LHVC (Btu/scf)
Hydrogen Hp 13.2 325 1.2 275
Carbon monoxide CcO 13.1 322 13.1 322
Methane CH4 41.2 1013 37.1 913

a1 Btu/scf = 8.26 kcal/Nm?3 = 40.672 kJ/Nm3
bStandard conditions, 0°C and 760 mm Hg Dry
CStandard conditions, 60°F and 30 in. Hg Dry
Source: Adapted from Perry 1973, Table 9-18.
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Fig. 7-6. Characteristics of particles and particle dispersoids ~(Source: Adapted from Perry 1973, Fig. 20-92)
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Table 7-3. Analysis of Wood Gas Dust

% Ash
Over 1000 um (1 mm screen) 1.7
1000 - 250 um 24.7
250 - 102 um 23.7
102 - 75 um 71
75 - 60 um 8.3
Under 60 um 30.3
Losses 4.2

100.0
Water content 3.2
Ash content, dry sample 106
Loss due to burning, dry sample 15.7
Content of Fe2O3 in the ashes 11.0
Content of SiO» in the ashes 7.7

Source: Gengas 1950, Table 2-9

contain 20% ash or more. During flaming pyrolysis of
the original biomass, the organic molecules break
down to form a very finely divided soot (carbon black]),
such as that seen in oil or candle flames. Soot particles
are much smaller than char-ash particles (ordinarily
less than 1 pm]). The soot is so fine that it can be ex-
pected to pass harmlessly with the gas and burn in the
engine without harm.

Carbon monoxide is unstable below 700°C and, given
enough time, will decompose in the presence of certain
catalytic metal surfaces to form carbon and carbon
dioxide, according to the reaction

2CO0 - C+CO,. (7-1)

This carbon, known as Boudouard carbon, is slippery
to the touch and nonabrasive. Below about 500°C, the
reaction is very slow. Normally, Boudouard carbon
does not form in gasifiers because the gas cools quickly
through this temperature range.

Char-ash, because of its high mineral content and
abrasive potential, is the main cause of engine wear in
engine systems and understandably is a main focus in
gas cleanup. Similarly, soot and Boudouard carbon are
inherently ash free, nonabrasive, and possibly lubricat-
ing. Despite their small size and difficulty of capture,
they are not seen as a significant factor in engine wear.

Typically, the largest particles that pass through the
grate can be extracted mechanically, for instance, with
an auger. Subsequent to that step, removing the
suspended small particles is the principal problem in
gas cleanup. The particulates in Table 7-1 were
collected after the cyclone separator, which caught
50% of 50-um particles. These smaller particles are
composed of very fine char-ash, soot, and tar mists.

The type of gas cleanup equipment required is deter-
mined by the particle sizes that must be removed, and
therefore it is important to determine the particle-size

distribution as well as the total quantity of particles.
Relatively little information is available in the litera-
ture (Gengas 1950), so complete gas cleanup design
necessitates measurement or knowledge of particle-
size distribution. Particle-size measurement is
discussed further in Section 7.8.

7.3.3 Tars

Initial biomass pyrolysis can produce up to 60% “wood
o0il,” composed of the monomers, oligomers, and frag-
ments of the biomass polymers cellulose, hemicel-
lulose, and lignin. Subsequent high-temperature
cracking (over 700°C) of these large molecules results
mostly in gas, but also polymerization to form 5% to
10% of heavier polynuclear aromatic molecules that
are similar to coal tars. Up to 20% of these tars and oils
can be carried through with the gas from updraft
gasifiers.

In downdraft gasification, oxygen is available to burn
these oils during pyrolysis. Although flaming pyrolysis
burns most of the tars and oils, 0.1% to 1% (depending
on the gasifier design) can be expected to survive.
These tars and oils are troublesome in the
gas-processing system and the engine, so they must be
thoroughly removed by scrubbing.

Tars occur mostly as a mist or fog composed of fine
droplets that may be less than 1 pm in diameter (see
Fig. 7-6). Tar mists continually agglomerate into larger
droplets and tend to saturate and coat solid particles.
If not removed, tar mist forms deposits that cause en-
gine intake valves and other moving parts to stick.
Before a gasifier is considered suitable for operating an
engine, it is imperative that one test the producer gas
for tars and particulates.

7.4 Gas Sampling
7.4.1 Sample Ports

A temporary or permanent port must be provided at
each point on the gasifier where samples are desired,
as shown in Fig. 7-7, such as downstream from the
cyclone and before the burner or engine, as well as at
each stage along the gas cleanup train when it is desired
to determine the effectiveness of each system
component. It is important that the gas sample is
representative of the gas at each point. The port and tap
may need to be heat traced to prevent premature
condensation (see below).

Permanent sampling ports should be closed off with
gate or ball valves, which provide a straight through
passage. Needle valves and sill cock type water valves
should be avoided, since much of the material being
sampled will deposit within the twisted passages of
these types of valves.

Gas Testing 55



BA-G0201750

N W W O, W W . W\ §

Fig. 7-7. Static tap sampling port (Source: ASME 1969, Fig. 1)

The temperature, pressure, and moisture content of gas
at the nozzle must be accounted for when designing a
sampling train, and measurements should be reduced
to standard conditions. For average samples, the test
duration should be long enough to average the reading
over at least one cycle of the equipment being tested—
for instance, the fuel-feed cycle, the scrubber service
cycle, or the shaking cycle. For snap samples or where
a transient phenomenon is being observed, then the
most rapid sampling method and small samples should
be used.

Hot, raw gas emerging from any gasifier will contain
tar, char-ash, soot, and water vapor, and it is relatively
simple to measure these quantities in a small sample
of raw gas. After the gas has been cleaned and condi-
tioned, the measurements become more difficult. Im-
purity levels are much lower, so it is necessary to
handle much larger gas samples in order to accumulate
a measurable-sized sample. The principles of measure-
ment remain the same, but the measurements require
more time to accomplish.

The physical analysis of producer gas is based on the
weight of tar, particulates, and water in a measured
quantity of gas. Therefore, a positive-displacement gas-
testing meter (such as those made by Singer, Rockwell,
and the American Gas Association) should be available
for calibrating flowmeters, pumps, and similar com-
ponents. An analytical balance capable of weighing to
0.1 mg is also required for accurate measurement of tars
and particulates.

Approximate results can be obtained by comparing the
volume of sample required for a particular depth of
color deposit such as 50% grey measured on a standard
grey scale such as that used for smoke testing (Dwyer
1960). Tests at SERI found that a color of 50% grey on
a 47-mm filter disc, taken from a standard grey scale,
represented approximately 0.12 to 0.5 mg of collected
contaminants (Das 1985). A quantity of gas for chemi-
cal analysis can be collected at the same time as the
sample to be used for physical analysis.

7.4.2 Isokinetic Sampling

Isokinetic (equal gas-velocity) conditions in the flow
chamber and the sampling tube should be ensured
where particle sizes exceed 10 um. Otherwise particle-
size distribution will not be the same in the chamber
and sampling tube. The design of sampling-tube parts
and their placement within the gas stream are shown
in Figs. 7-8 and 7-9, respectively. Figure 7-10 shows
velocity streamlines for a sampling tube in a flow
chamber. Part “a” illustrates isokinetic conditions; that
is, the streamlines are equally spaced within the duct
and tube. In “b,” sampling-tube velocity is less than in
the duct (indicated by the wider streamline spacing in
the tube), and proportionately more gas must flow
around the tube than through it. However, the inertia
of large particles impedes their being carried by the gas
that deflects around the tube. Large particles in line
with and immediately upstream of the sampling tube
continue their flight into the tube. Hence, propor-
tionately more large particles exist in the tube than flow
in the chamber. The opposite holds true where tube
velocity is greater than the velocity in the chamber
(Fig. 7-10(c)); i.e., large particles are underrepresented
in the tube.

Nonisokinetic sampling erroris plotted in Fig. 7-11. We
can see that for under 10 pm-particles, the concentra-
tion error is within £10% over a wide range of sampling
velocity from half to double the gas velocity for a
velocity ratio us/u, between 1/2 and 2.

In practice, the high efficiency cyclone separator of a
gasifier system will remove most particles larger than
10 pm, so for the smaller particles remaining in the gas
stream, the error due to nonisokinetic sampling can be
ignored.

The sampling error for nonisokinetic sampling condi-
tions also can be neglected for tar mists and other very
fine aerosols. In fact, the sampling port of Fig. 7-7 can
serve as a convenient 10-um coarse inertial prefilter.
The particle-sample probe of Fig. 7-9 tends to accumu-
late impacted large-particle deposits and eventually
clogs, so it should be adjusted to face downstream
during periods that it is not in use.
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The isokinetic flow rate can be calculated as

Q, = Q, (DD, (7-2)
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where

Q = flow rate,
D = diameter.

The subscripts n and p refer to nozzle and pipe,
respectively.

The flow rate of a dirty-gas stream can be measured ir-
respective of temperature and molecular weight of the
gas by using a balanced-tube, null-type apparatus.
Such a system in effect measures chamber flow by col-
lecting a portion of the gas flow through a sampling
tube, cleaning it, and measuring it. The mass flow
through the entire chamber is then calculated, using
the ratio of chamber area to sampling tube area.
Measurements are made once the velocity in the sam-
pling tube has been adjusted (via a vacuum pump in
the system) to be equal to that in the flow chamber.
Velocities within the tube and chamber are equilibrated
by using a differential manometer to balance the static
pressures for the tube and chamber. The best placement
for the probe within the chamber can be checked by
testing the flow profile across the chamber. The probe
should be located where the flow is average for the
chamber. Where necessary, flow straighteners should
be used to ensure accurate readings. Balance-tube,
null-type sampling, without gas-cleanup equipment,
can be used for clean gas.

7.5 Physical Gas-Composition Testing
7.5.1 Raw Gas

Sampling train options for measuring the range of
levels of tar, char-ash, and water are shown in Fig. 7-12,
and gasifier test-train component options are presented
in Tables 7-4, 7-5, and 7-6.

Certain basic procedures must be followed whenever
sampling producer gas—be it for tar, particulates, heat
content, etc.:
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Fig. 7-8. (a) Typical holder for flat round filters and (b) recommended
design for sampling nozzle tip (Source: ASME 1980)

Fig. 7-9. Large particle sampling probe (Source: Strauss 1975,
Fig. 2.9. © 1975. Used with permission of Pergamon Press)
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¢ The gas, being noxious, should be either burned off Figure 7-12(a) shows a setup for measuring particulates

or returned to the pipe downstream from the sam- and tar, or moisture, or gas composition, or gas
pling point. production rate.
* The gas should be cleaned. Figure 7-12(b) is a setup for continuously measuring
¢ The gas should be dried. change in water content and change in heat content. It
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Fig. 7-10. Gas stream lines at the entrance to sampling probes (Source: Adapted from Strauss 1975, Fig. 2.12. © 1975. Used with permission of
Pergamon Press)

Table 7-4. Components for Raw Gas Contaminant Test Train

ltem Requirements Price Rank (1=Lowest)
Sample Probe Tar-only measurements permit any suitable fitting with pipe thread access 1
Tar and particulates require tubing with 90° bend facing the gas stream 2
Shut Off Valve Ball Valve 1/4 in. —
Filter Holder 47 mm reusable hoider
Polycarbonate 1
Aluminum 2
Stainless 3
Filter Discs Glass fibers 99.9% efficiency at 0.3 um —
Gas Sample Pump Hand operated rubber bulb 1
Plastic piston pumps (36 cm/stroke) 3
Water-powered aspirator pump 2
Motor driven vacuum pump 4
Gas Sample Flow Flow meter, 2 in. scale, 4% full scale 2
Gas flow indicator 1

—_

Gas Test Meter Positive displacement meter to indicate accumulated sample volume
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also can be used to measure gas flow and to collect
moisture and tars and particulates over a measured
time.

Figure 7-12(c) shows a system train for measuring gas
flow and tars and particulates.

The ball valve at the sample port (Fig. 7-12(a) and (c))
permits changing the filter disc without danger of
releasing gas or admitting air. The filter holder in
Fig. 7-12(a) and (c) must be maintained, by electric
heating or locating close to the hot gas pipe to keep the
filter hot enough, above the water dew point, typically
80°C, to avoid water condensation in the filter disc.

The desiccant-drying section (Fig. 7-12(a)-(c)) should
be constructed so that it can be disconnected for weigh-
ing. We have found that an indicating desiccant as-
sembly can be fabricated by containing the desiccant
between two glass-wool plugs in Tygon or glass “U”-
tubes (Fig. 7-12(b)). (Drierite is a commercial form of
anhydrous CaSO, containing cobalt sulfate, which
changes from blue to pink when it becomes hydrated.)
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Fig. 7-11. Errors in concentrations of 5 and 10 um particles (Source:
Strauss 1975, Fig. 2.13. ® 1975. Used with permission of Pergamon
Press)

Table 7-5. Additional Components for Continuous Gas Quality Test Train

Function Specifications Manufacturer
Sample Port 1/4 in. FPT Fitting Common compression fittings
1/4 in. MPT —1/4 in. tube compression (e.g., Swagelock)
Hygrometer Cross fitting bushed down to accept 1/4 in. tubing User fabricated
Dry Bulb Water reservoir in bottom
Wet Bulb 2 hole stopper with thermometers
Dry bulb bare
Wet bulb wrapped with wicking that dips into water reservoir
Dryer Indicating desiccant Drierite or silica gel in a container large User fabricated
enough for several hours sample time 1.5 cm dia x 40 cm
U-tube
Pump Aquarium pump modified for suction and pressure service Whisper (User modified)
capable of 50 in. WG, 0.01 scfm
Flow Meter Floating ball rotameter—RMA Dwyer
Burner Diffusion flame non-mixed See Fig. 7-16 or user fabricated
1/4 in. tubing with 1/8 in. ID opening
Readout Chromel-alumel thermocouple Omega, etc.
Table 7-6. Additional Components for Condensible Collection Test Train
ltem Purpose Price Rank
Gas Dryer For small sample moisture determination 1
8 in. length of 3/8 in. tubing with fittings filled with indicating desiccant weighed
before and after each test 2
For large sample pump protection
250 ml flask filled with indicating desiccant or ice bath, bubbler, impinger, condenser 3

Filter Heater

To prevent condensation at probe

Heater tape around sample lines and filter holder heated chamber
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Fig. 7-12. Sampling train configurations
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The desiccant container should be sealed for transport
and weighing. Raw-gas moisture measurement is
essential to mass balance calculations.

Finally, where volume is measured (Fig. 7-12(a) and
(¢)), means must be provided to pull a known quantity
of gas through this train. Hand-held positive displace-
ment vacuum pumps are made by a number of sup-
pliers (e.g., Mine Safety, Draeger, and Gelman). We
have also used a hand-held rubber aspirator bulb and
found that 70 strokes collected 3 L of gas (0.1 ft3). We
also have used a Dwyer smoke test pump. The gas meter
is required only for initially calibrating the sampling
train and pump, since counting strokes yields adequate
precision for measuring the test-gas volume. A decision
on the amount of gas to be sampled should be based on
the anticipated impurities in the gas and the con-
taminant sample quantity required for the specific
analysis methods available. For instance, 50% grey
scale analysis requires a 0.5 mg sample on a 47 mm
filter disc.

Weighed samples require a 5 to 30 mg sample size for
analytical balances with 0.1 mg readability.

7.5.2 Cleaned Gas

If the gas is cleaned sufficiently for engine use, it will
be necessary to pass a much larger sample (usually
1 m3) through the filter. A mechanical pump capable
of pulling a moderate vacuum, such as a motor-driven
vacuum pump or a calibrated air-sample pump, is
recommended. The positive-displacement meter can
also be located in the collection train between the
pump and the gas return if the system pressure is close
to atmospheric pressure. It is imperative to protect the
pump and meter with a large absolute filter because any
tar or particulates entering the pump or meter will
rapidly affect their performance.

7.6 Chemical Gas Composition

7.6.1 Gas Samples for Chemical Analysis

The gas composition can be measured either con-
tinuously (on-line) or through discrete samples taken
periodically from the gas stream. These methods will
be discussed separately. Before the gas is analyzed, it
must be drawn from the system and cleansed of tar and
particulate contaminants, as described previously.

Batch-sampling requires collecting a sample of gas in
a suitable container {e.g., glass cylinder, metal cylinder,
Tedlar gas sample bag or syringe), as shown in Fig. 7-13.
The subsequent analysis is only as good as the sample,
and it is easy for gas leaks to spoil a sample after it has
been taken. Therefore, it is important to use extra care
to avoid leaks either into the sampling train while the
sample is being taken or out of the sample bulb before
the analysis is made.
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Fig. 7-13. Gas sample containers (Source: Strauss 1975, p. 13.
© 1975. Used with permission of Pergamon Press)

When possible, the sample cylinder should be
evacuated or, alternatively, should be very thoroughly
flushed. The cylinder should be filled to at least a small
positive pressure from the pump (Fig. 7-14), so that air
cannot leak in before analysis. A positive pressure
sample can be collected without a pump by chilling the
cylinder before the gas is taken, so that a positive pres-
sure develops as the gas in the cylinder warms to room
temperature. Gas samples should be drawn from a
point as close as practical to the gasifier outlet, in order
to avoid errors due to air leaks in the gasifier piping.

Usually, any oxygen found in the gas can be attributed
to air leaks, since oxygen is completely removed in the
gasifier. When oxygen is found in the gas, the composi-
tion can be converted to an “air-free” basis by subtract-
ing the oxygen and the corresponding ratio of nitrogen
(the N,/O, ratio in air is 79/21).

Some gas sample containers are shown in Fig. 7-13. A
rubber septum is a desirable feature that permits one to
extract the gas sample with a hypodermic syringe for
injection into a gas-chromatograph without opening
the stopcocks. The hypodermic syringe for injecting
samples into the gas chromatograph should have a
valve at the needle that can be closed between filling
the syringe and analysis. Valved syringes are available
as accessories from gas chromatograph manufacturers.
The metal cylinder of Fig. 7-13 can contain gas at a
much higher pressure than the glass system. It is im-
portant to use leak-proof valves rather than needle
valves on this container and to avoid stopcock grease,
which has a high hydrogen solubility. A syringe also
can be used to collect a gas sample. If standard gas
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sample containers are unavailable, gas samples can be
collected in glass bottles by water displacement, insert-
ing a stopper while the bottle is submerged and sealing
by dipping the stoppered opening in paraffin.
Whichever container is used, the samples should be
tested as soon as possible, since hydrogen can rapidly
diffuse through rubber seals and stopcocks, thereby
changing the gas composition in a few hours.

7.6.2 Methods of Analysis

7.6.2.1 Gas Chromatography

Gas chromatography (GC) is the most widely used
method of gas analysis. It depends on the ability of cer-
tain adsorbent materials to selectively slow the rate of
gas passage through a column packed with the adsor-
bent. Hydrogen is slowed least, CO, N,, and O, are

(b)

BA-GO201755

Fig. 7-14. Apparatus for drawing gas samples: (a) Filling sample containers by liquid displacement; (b) hand-operated piston vacuum pump; (c) motor-
driven rotary vacuum pump; (d) rubber bulb hand aspirator; (e) Chapman filter pump ~ (Source: (a, d, &) ASME 19689, Figs. 6 and 7)

62 Handbook of Biomass Downdraft Gasifier Engine Systems



slowed to a greater extent, and water and CO, are
slowed to the greatest degree. The gas sample is mixed
with a carrier gas; usually, helium is used because it
does not occur naturally in the sample. A detector,
which is inserted into the gas stream at the end of the
column, records on a chart recorder both the time of
passage and the quantity of each component. The
presence of a particular gas component is indicated by

a peak. The quantity of that gas is then determined by
integrating the area under the peak in the curve and
compared with that in a calibration gas of known com-
position. More advanced recorders include automati-
cally controlled valving, integration of the response
curves, calculation of gas quantity from calibration fac-
tors, and a printout of the composition results. Such a
printout is shown in Fig. 7-15.
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[HP] 27: MANUAL INJECTION AT 15:49 FEB 7, 1984
RUN E7 SAMPLE W6
RUN TIME AMOUNT NAME
2.87 25.723 HYDROGEN
4.25 0.15 PROPYLENE
9.46 0.08219 TRANSBUTENE
15.26 14.592 CO2
15.84 1.318 ETHYLENE
16.37 0.136 ETHANE
17.09 0.367 ACETYLENE
18.41 0.49 OXYGEN
18.76 1.949 NITROGEN
19.58 3.9303 METHANE
23.92 0.002827 BACKFLUSH

Sum

Fig. 7-15. Typical gas chromatography printout
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The most common GC detector performs analyses by
measuring the thermal conductivity of the gas (TC
detector) and is the most suitable for producer gas
measurement. With this type of detector, helium (or a
hydrogen-helium mixture, see below) is often used
because of its abnormally high thermal conductivity
relative to other gases.

The flame-ionization detector (FID) measures the num-
ber of ions produced in a flame and is particularly use-
ful for detecting hydrocarbon species. The FID is not
particularly useful for producer gas, since producer gas
contains few hydrocarbons other than methane.

The response of the TC detector to low levels of
hydrogen in the inert carrier gas is nonlinear, and this
leads to ambiguous results. There are two effective
solutions to this problem. A heated palladium tube at
the inlet can be used to selectively diffuse the hydrogen
out of the sample into a separate nitrogen gas stream;
in this secondary stream, hydrogen yields a linear
response (Carle method). Alternatively, adding
hydrogen to the helium carrier gas will move the
baseline onto the linear region of the TC-detector
response curve.

The position of a peak on the time scale of the recorder
chart indicates the time of retention and is characteris-
tic of each particular gas component. The area under
the peak, obtained by analog or digital integration, in-
dicates the volume of each gas present. Although reten-
tion times and sensitivities are listed for each adsorbent
material, aging and drift are common to column pack-
ings, so it is necessary to calibrate the instrument daily
to obtain an accuracy on the order of 1%. For this pur-
pose, it is necessary to have a cylinder of previously
analyzed standard gas. These cylinders are available
from GC equipment manufacturers.

Although samples are usually collected as needed, it is
possible to use automatic sampling with the GC to give
a measurement of gas composition at regular intervals.
The GC analysis cycle time depends on both the reten-
tion time of the columns used and the number of
species analyzed. This time is typically 30 minutes, but
note that the warmup time for the GC is one day.

A number of companies, including Carle, Hewlett-
Packard, and Perkin-Elmer, manufacture satisfactory
units for $3000 to $30,000 and provide excellent
instruction and service.

7.6.2.2 Orsat Gas Analysis

The Orsat gas analysis system was developed to
measure the gases CO,, CO, O,, H,, and CH,. It was the
principal measurement method used before the GC was
developed in the 1950s and is more reliable and less
costly than GC; however, it requires more time (typi-
cally 30 minutes of full operator attention per analysis)
and more skill.

The Orsat analysis depends on the ability of certain
chemicals to react selectively with each gas component
of the producer gas mixture. The components are ab-
sorbed in the order of CO,, O,, CO, then H, and CH,,
and the analysis reports the volume percent of each
component directly.

Orsat analysis equipment is portable, does not require
AC power, has no warmup time, and can be purchased
(along with the required chemicals) from scientific
supply houses for $500 to $1000.

7.6.2.3 On-Line Gas Measurement

It is convenient to have continuous “on-line” measure-
ment of all the gas components to show instantaneous
changes in composition that otherwise would not be
shown by batch sampling. Methods for on-line gas
analysis include flame observation, combustion
calorimetry, infrared absorption, thermal conductivity,
and mass spectrometry.

The heat content of the gas is a measure of a gasifier’s
performance and can be calculated from the gas com-
position (see Fig. 7-1 and Table 7-2). Most gasifier
facilities, if they have gas analysis equipment, use an
Orsat analyzer or a gas chromatograph, so that normal-
ly a value is available only after a considerable time
delay (10-30 min). It is desirable to have a continuous
indication of gas quality.

Continuous immediate readout of producer gas com-
position, however, has been achieved in two ways. One
method, used at U. C. Davis, uses infrared (IR) absorp-
tion for continuous CO, CO,, and CH, analysis with a
thermal conductivity detector for continuous H, deter-
mination. The second method uses a mass spectrom-
eter to give immediate on-line digital readout of all
gases present, CO, CO,, H,, O,, H,0, CH,, and high
hydrocarbons (Graboski 1986).

The calorimeter shown in Fig. 7-16 is a precise primary
standard for measuring HHV of the gas. Combustion
air, fuel rates, delivery temperatures, and pressures are
carefully measured. Heat-transfer air is also metered for
inlet flow, temperature, and pressure. A counterflow
heat exchanger cools the combustion products to the
air inlet temperature (60°F) and simultaneously con-
denses water vapor to a liquid. The temperature rise of
the heat-transfer air is directly proportional to the HHV
of the fuel gas. The equipment pictured in Fig. 7-16 was
designed for gas with a HHV of 1000 Btu/scf and may
require modification of the burner to use producer gas
with a HHV of 150 Btu/scf.

Other simpler, more relative methods are available and
may be sufficient for many applications. It is informa-
tive simply to observe the gas flame during operation.

Flame length tends to increase with the gas heating
value; flame luminance increases with hydrocarbon
and tar content. After the operator has gained
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Fig. 7-16. Gas calorimeter combustion chamber (Source: Adapted
from ASTM 1977)

experience, the flame can reveal a good deal on the
functioning or malfunctioning system.

One author (Das) has used a small burner/thermo-
couple monitor shown in Fig. 7-12(b), which produces
a temperature signal roughly proportional to the heat
content of the clean gas.

The accuracy of continuous sampling equipment is
subject to accumulation of gas contaminants, so
prefiltration should be used as in Fig. 7-12(b) of

adequate capacity for prolonged use and adequate
efficiency for equipment protection.

7.6.3 Water Vapor Analysis

Water vapor can be determined by many methods. The
three most suited to producer gas are psychrometry,
condenser outlet temperature, and gravimetric
methods.

7.6.3.1 Psychrometry

Water content can be determined by measuring the wet-
and dry-bulb temperature of the gas as in Fig. 7-17. The
moisture content is then calculated from a
psychrometric chart (Fig. 7-18 or 7-19, depending on
gas temperature) to find the moisture as absolute
humidity.

Moisture wt % = Absolute humidity x 100 (7-3)

Wet bulb
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Dry bulb @
— :
‘\
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Fig. 7-17. Gas stream hygrometer (Source: RAC, p. 7)
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Fig. 7-18. Psychrometric chart for medium temperatures ({Source:
Adapted from ASHRAE 1981)
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7.6.3.2 Gravimetric

Gas moisture also can be determined by passing a
measured volume of gas through a preweighed dryer
assembly containing desiccant. Moisture can be
calculated as

100 x Weight gain

- 0, —_
Moisture wt % = Sample vol. x Gas density

(7-4)

7.7 Analysis of Test Data

7.7.1 Mass Balances and Energy Balances

A typical gasifier mass balance, shown in Table 7-7, is
an accounting of all mass inputs to the gasifier (or
gasifier system) and all mass ouputs over a given time.
Since the law of conservation of mass requires that
mass be conserved in any process, the total mass input
must equal the total mass output. Any deviation from

an exact balance indicates either an error in measure-
ment, or that some important flow has been
overlooked.

The total inlet and outlet mass flows must not only
balance each other, but also the inlet and outlet mass
flows of each element (in this case, carbon, hydrogen,
and oxygen) must balance. This elemental mass
balance is a more rigorous test of measurement
procedure; the sources of error in the global (overall
inlet and outlet) mass balance may be pinpointed by
the elemental mass balance.

Table 7-8 shows an energy balance, which is obtained
by tabulating the energy associated with all input and
output streams. The law of conservation of energy,
which requires that energy be conserved, therefore
provides a means for evaluating efficiency, finding in-
strumental errors, or calculating quantities that cannot
be measured directly.
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Table 7-7. Mass Balance

Inputs (kg/h) Outputs (kg/h)

Run Wet Chips Dry Air H,0 Total Dry Gas Char Tar H,0 Total Closure (%)
98 32.0 43.1 0.5 75.6 66.3 0.9 0.09 7.4 74.7 98.9
910 32.0 452 0.5 77.7 68.0 0.9 0.14 7.4 76.4 98.3
920 35.7 62.1 0.4 98.2 92.9 1.4 0.09 71 101.5 96.6
101 52.4 76.9 0.8 130.1 116.9 1.7 0.09 13.3 132.0 98.6
929 52.7 74.0 1.0 127.7 113.0 1.8 0.14 12.2 127.1 99.5
106 58.1 76.8 0.5 135.4 117.0 1.2 0.09 10.8 129.1 95.4
1119 89.1 1121 1.0 202.2 173.8 3.0 0.27 19.7 196.8 97.3
1117 96.2 140.4 0.7 237.3 218.9 25 0.18 229 2445 97.0
1221 140.5 202.1 1.1 343.7 302.1 41 0.54 43.3 350.0 98.2

Source: Walawender 1985, p. 918.

Mass and energy balances have only been applied oc-
casionally to gasifier development because of the dif-
ficulty and expense of measuring all flow streams.
Detailed mass and energy balances usually can be per-
formed at universities in chemical engineering
laboratories or at major research laboratories, and only
a few have been performed on air gasifiers. If gasifica-
tion is to become a developed field, it is necessary to
perform mass and energy balances.

7.7.2 Flow Rate Characterization

The variation of gas quality of a gasifier with flow rate
helps determine optimum sizing parameters. Note that
in Fig. 7-20 total hydrocarbons and tars steadily
decrease with increased flow. In Fig. 7-21 we see that
maximum heating value, peak CO and H,, and maxi-
mum efficiency do not coincide. Peak efficiency occurs
at more than twice the flow rate for maximum heating
value.

Actual hearth load (see Section 5.7.3) for sizing
depends on the application. Heating applications that
need maximum flame temperature should be sized
with lower hearth rate load to provide maximum heat-
ing value. Heating applications that need maximum
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Fig. 7-20. Tar versus flow for rice hull gasifier (Source: Kaupp 1984b,
Fig. 10-88)

fuel economy should be sized with higher hearth load
to coincide with the peak efficiency curve. Engine ap-
plications should be sized for maximum hearth load to
coincide with peak of the efficiency curve in order to
allow maximum room for turndown.

7.8 Particle-Size Measurement

Knowledge of the size distribution and other charac-
teristics of gas contaminants is helpful for cleanup
design. Table 7-9 presents particle-size analysis
methods and examples of equipment available for
characterizing particle size.

7.8.1 Typical Particle-Size Distributions

The particle-size distribution of solid char and ash for
raw gas shown in Fig. 7-12 was produced by mechani-
cal screen separation for both the Imbert (tuyere and
hearth constriction) and the SERI unconstricted gas
producers. The difference between the two gasifiers is
caused by the grate design. Gas from the Imbert gasifier
exits upward through a settling space that retains larger
particles. On the other hand, the SERI oxygen gasifier
passes all solids through the gas outlet. Note that the
overall slope is the same for both size distributions.

7.8.2 Sieve Analysis

The distribution of large solid particles greater than
40 um may be determined using sieves. Table 7-10 lists
actual sieve size for various mesh size.

7.8.3 Microscopic Size Analysis

Particles captured on a filter disc can be counted by
microscopic examination. However, particles smaller
than 10 um are difficult to see under a light microscope,
and liquid-droplet sizes cannot be determined by this
method because droplets, once captured, coalesce,
leaving no evidence of their original size.

7.8.4 Aerodynamic Size Analysis

Aerodynamic sizing can be accomplished with either
a cascade impactor or a cascade cyclone. Particles and
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Table 7-8. Energy Balance

Dry Chip Matl. Dry Gas Char Tar Tar Dry HO Energy Total Mass con- Cold gas
chip moisture balance gas yield yield yield in air in out yield energy version effici-
rate (%> wet  closure HHV (m¥kg  (Kg/100 (kg/1000 dry gas (kg/ (kg/ (MJ/kg out effici- encyP
Run (kg/h) basis) (%) (MJ/m3) DC?) kg DC) kg DC) (ppm) kg DC) kg DC) DC) (MJ/h) ency (%) (%)
98 26.7 16.52 98.9 5.33 2.22 3.28 2.55 1370 1.61 0.277 11.82 315 87.7 70.2
910 26.7 16.52 98.3 5.18 2.28 3.21 4.59 2003 1.69 0.277 11.82 315 87.5 70.2
920 33.6 6.01 96.6 5.33 2.48 4.06 2.7 977 1.85 0.212 13.14 441 94.7 781
927 41.2 8.11 85.4 5.63 2.54 3.08 3.30 1180 1.75 0.438 14.31 590 98.1 85.0
922 47.8 5.75 85.1 5.44 1.43 2.76 1.90 1199 1.05 0.186 7.76 370 74.9 461
101 48.7 6.99 98.6 5.59 2.18 3.45 1.86 777 1.56 0.273 12.19 594 89.8 725
929 48.8 7.41 99.5 5.63 2.10 3.72 2.79 1205 1.52 0.250 11.82 576 88.5 70.2
1011 49.5 7.31 91.6 5.44 2.55 3.94 4.59 1607 1.88 0.321 13.84 685 96.1 82.2
1015 52.3 7.95 88.8 5.33 2.73 4.69 5.21 1679 2.08 0.381 14.52 759 97.5 86.3
924 53.7 5.50 91.8 5.66 1.62 2.79 2.54 1426 1.13 0.209 9.11 490 80.9 54.2
106 543 6.67 954 5.48 1.85 2.18 1.67 776 1.42 0.199 10.68 579 86.5 63.5
123 54.3 14.61 94.2 5.51 1.90 4.27 3.35 1594 1.35 0.236 10.44 567 83.0 62.1
104 63.7 7.72 92.6 5.55 2.61 2.71 2.85 989 1.90 0.307 14.50 924 96.2 86.2
1129 68.9 14.27 91.9 5.59 2.85 3.82 3.96 1254 2.04 0.281 15.89 1094 98.1 94 .4
121 72.5 15.07 80.4 5.63 1.39 3.57 3.76 2445 0.99 0.169 7.81 567 70.8 46.5
1119 74.6 16.32 97.3 5.74 2.1 3.96 3.65 1567 1.50 0.264 12.08 901 86.0 71.8
1117 85.4 11.26 97.0 5.78 2.30 2.92 2.13 830 1.64 0.268 13.31 1136 92.2 79.1
1110 119.7 11.56 91.0 5.74 1.79 1.67 3.03 1544 1.27 0.206 10.23 1224 81.6 60.8
1221 125.5 10.67 98.2 5.44 2.10 3.25 4.34 1803 1.61 0.345 11.42 1434 87.9 67.9
all — — — 5.51 217 3.33 3.20 1380 1.57 0.268 11.93 — 88.3 70.9
mean — — — 0.15 0.41 0.72 0.99 424 0.31 0.067 2.25 _— 7.5 13.0
data
<95% — — _— 5.51 219 3.34 292 1256 1.60 0.263 12.03 —_ 87.9 71.5
mean — — — 0.19 0.14 0.54 0.99 433 0.12 0.039 0.76 — 21 4.5
aDC = dry chips

BEnergy in gas/energy in wood
Source: Walawender 1985, p. 917



droplets are collected inertially as a function of their
aerodynamic size. Once they have been separated by
size, there is no need to prevent the droplets from
coalescing. Quantities, and therefore distributions, are
subsequently determined by the relative masses
represented in each size grade.

7.8.5 Graphic Analysis of Size Distribution

The cumulative particle-size distribution shown in
Fig. 7-4 plots as a straight line on probability paper,
thereby indicating log normal distribution about a
mean particle diameter, dp at 50%, with a geometric
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