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This handbook hasbeen prepared by the Solar Energy Research I nstitute under the U.S.
Department of Energy Solar Technical Information Program. It isintended as aguide
to the design, testing, operation, and manufacture of small-scale [less than 200 kW
(270hp)]gasifiers. A great deal of theinformation will be useful for all levelsaof 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 Sl units, with the corresponding English units fol-
lowing in parentheses. Unfortunately, many o the figures use English units, and it
would have beentoo difficult to convert all of thesefiguresto 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 oneintheranks of those who became interested in gasification because of its poten-
tial for supplying clean, renewable energy. We all will miss him. Theimprovement of
gasification systemswill be noticeably slowed by his death.

We dedicatethisbook to the Bill Nostrands of thisworld whowill bring gasifier systems
to thelevel of safety, cleanliness, and reliability required to realizetheir full potential.

Thanks, Bill.

T.B. Reed and A. Das
Golden, Colorado
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Organization and Use

A gasifier converts solid fuel to gaseous fuel. A gasifier system includes the gasification reactor itself, along with
theauxiliary equipment necessary to handle the solids, gases, and effluentsgoing into or coming from the gasifier.
The figure below shows the major components o agasifier system and the chapters in which they are discussed.
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Chapter 1
Introduction and
Guide to the Literature and Research

1.1 Role of Gasification in Biomass
Conversion

Thishandbook explains how biomass can be converted
to a gas in a downdraft gasifier and gives details for
designing, testing, operating, and manufacturing
gasifiersand gasifier systems, primarily for shaft power
generation up to 200 KW. It isintended to help convert
gasification from a practical art into a field o en-
gineered design. Although the handbook focuses on
downdraft gasification asthe only method suitable for
small-scale power systems, it also gives extensive
detail on biomass fuels, gas testing and cleanup in-
strumentation. and safetv 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, moreextensive biomassusestill waitsfor the
application o 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, isasolid fuel and thus isinherent-
ly less convenient to use than the gaseous or liquid
fuels to which we have become accustomed. An over-
view df various processes now in use or under evalua
tion for converting biomass to more conventional
energy forms such as gas or liquid fuelsis 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 devel oped.

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 o Fig. 1-1, include
fermentation to produce alcohols and digestion to
produce methane.

Thermal processes function best using biomass
feedstockswith lessthan 50% moisture contentand are
shown on the right side o Fig. 1-1. The simplest

thermal processiscombustion,whichyieldsonly 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% o the energy in the biomass into
energy in the gas. Gasification processes can be either
direct (usingair or oxygento generate heat through ex-
othermic reactions) or indir ect (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 11 (Egloff 1943), and the history o this ex-
perience is outlined in Chapter 2. However, the war's
end saw this emergency measure abandoned, as
inexpensive gasoline became available (Reed 1985h).

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

Gasification was rediscovered in an era o fuel
shortages and higher oil prices, and there are gasifier
engine projects under way in more than 20 countries
for producing process heat and el ectrical 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 lessimportant during
the emergency of World Wer 11. Today, these problems
must be solved if biomass gasification isto reemerge as
afuel source. Apparently, it isgoing to takeafew years
for thetechnology o the1980sto be effectively applied
to the accomplishments o the 1940s. Space-age advan-
ces in materials and control systems are available for
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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 o gasification technologies ul-
timately depends upon their ability to compete with
fossil fuels, which inturn 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 o relatively plentiful supplies
of low-cost gaseous and liquid fossil fuels. However,
political changes could rapidly and dramatically alter
this situation, as withessed during the OPEC oil crises

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

1.2 Biomass Energy Potential

Biomassisarenewable fud that supplies 2% to 3% o
U.S. energy needs and an even larger percentage in
some other countries (OTA 1980; DOE 1982). OTA
projectsthat biomasscould supply from 7% to 20% (6-
17 quads*)annually (OTA 1980) from sources such as
those shown in Table1-1 (Reed1981), if it can be made
available inaconvenient form and if conversionequip-
ment is accessible. The potential o biomass for world
useis equally great (Bioenergy 1985).

*1 quad = 1015 Btu
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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
Arnimd manures 265 0.33
Unused mill residues? 241 041
Logging residues 83.2 141
Munidpd s0lid wastes 130.0 1.63
Standing forests 384.0 6.51
Totds 925.8 1444

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

Biomass is a renewable energy form with many posi-
tivefeatures. The biomassfeedstock is oftenalow-cost
byproduct o agriculture or silviculture; itislow in ash
and sulfur content, and it does not increase the level of
carbon dioxide in the atmosphere and the subsequent
greenhouseeffect (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 thisearly work has
been collected; some o it has been summarized, and
some of it has been reprinted. We offer here an over-
view o this body o knowledge in order to help the
reader locate required material. In general, the more
recent works are still available.

Two major collections d the older papers have been
made in the past decade. The U.S. National Academy
of Sciences published a bibliography o its extensive
collection of early papers in Producer Gas. Another
Fuel for Motor Transport (NAS1983). The University
of California at Davisacquired an extensive collection
of paperswhilepreparing State o theArtfor Small Gas
Producer Engine Systems(Kaupp 1984a). Mogt of these
papers are also i n the possession of A. Kaupp at GATE
in Germany and also are on file at SERI. A very recent
publication from India, State d Art Report on Biomass
Gasification, (Parikh 1985) contains more than 1200
abstracts d articleson gasification aswell asan assess-
ment of its viability and an excellent list of more than

1000 writers and workers in the field. Unfortunately,
massive bibliographies o undifferentiated material
can confuse the reader or give an impression o alevel
of understandingthat 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 agreat deal of research and commercializa-
tion directed toward coal and biomass gasification be-
tween 1850 and 1950. However, cheap and plentiful
gasand 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) givesan account of experiences with updraft and
coal gasifiers. Generator Gas (Gengas1950) and its se-
quel, Wood Gas Generatorfor Vehicles(Nygards1979),
give the reader a complete coverage of all aspects of
downdraft gasifiersduring World War I1. GasProducers
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 o Operation d Motorcars on
Wood Gas," (Schlapfer 1937) isthe best practical and
scientific discussion of small gasifiersto appear during
that period.

A more general survey of biomass thermal conversion
was published during 1979-80 in the SERI three-
volume Survey d Biomass Gasification (Reed 1981).
This work subsequently was published commercially
as Principles o Biomass Gasification (Reed1981). The
work Producer Gas: Another Fuel for Motor Transport
(NAS1983) contains an excellent historical perspec-
tiveas well asa projection d coming developments. A
monumental work, Small-Scale Gas Producer Engine
Systems, isavailable in the United States and Germany
(Kaupp1984a). Inaddition toother considerations, this
work containsan in-depth treatment o 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; Nygards1979).

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 hastended to focus
on large-scale systems.

Biomass gasification is perceived by the foreign aid
agencies o the developed countries (suchasthe U.S.
Agency for International Development [U.S. AID]) asa
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 o recent
studies of gasification relevant to the problems o
developing countries (Kjellstrom 1983, 1985).

South Africais uniquely situated relative to producer
gas research because it is highly developed technical-
ly and produces much o its fuel by gasification.
However, it aso has a native population o 20 million
whose needs match those o |ess 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
agreat deal o 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 hasfocused on the high-tech aspects
of gasification (such as oxygen gasification), but has
also funded work in small-scale gasifiers as part o its
perceived responsibility toward "associated" devel op-
ing countries (Beenackers and van Swaaij 1982; Carré
1985; Bridgwater 1984; NTRI 1985; Manurung and
Beenackers 1985).

1.3.4 Commercial Information

Another source o 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 beread 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
isdifficulttotracethiswork if it isoccurring either un-
funded or on asmall scale. The work o Gossand his
students at the University of California at Davis de-
serves special mention becauseit hasspanned adecade
and includes both experimental and theoretical studies
(Goss1979). Twente University in the Netherlands has
had a large program in gasification for many years
(Groeneveld 1980a,b; Aarsen 1985; Buekens1985).The
University of Florida at Gainesville has a very active

research group i n producer gas (IGT1984).1n 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 hashad astrong interest in producer gastech-
nology because it offersa means for reducing the de-
pendency of developing nationson imported fuelsand
has supported a number o projects around the world.
The Producer Gas Roundtable of Stockholm, Sweden,
is an oversight organization supported by various in-
ternational development agenciesto 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 o funding ($2 million to $5 mil-
lion/yr) has been maintained since 1975 by DOE for
"advanced concept"” gasification and pyrolysis pro-
cesses. Most o the work is aimed at large industrial
processesand 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 d low
energy gasification (Easterling 1985) but is currently
focusing on direct liquefaction of wood. The status of
many o the government research and development
projects and commercial gasifiers projects was sum-
marized in Survey o BiomassGasification (Reed1981).

EPRI (Schroeder 1985) has evaluated the potential of
gasifiers for making electricity. The Forest Service of
the USDA holdsannual meetingsat which gasifiersare
discussed (FPRS1983).

Reportson 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 theoriginal supply of reportsisexhausted. Copies
d these reports are also available in GPO depository
libraries. There are at least two such libraries--one
public and one university — ineach state.

1.3.7 Federal Emergency Management
Agency (FEMA) Gasifier Work

The downdraft gasifier reached its highest develop-
ment during the emergency o World War II. FEMA has
taken interest in small-scale gasifiers because they
could function during a period o breakdown in our oil
supply due to atomic attack or other disruption o
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 o 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 townsand
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 o
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 plantswere dismantled following thediscovery
of North Seaoil. Today, afew plants are still operating
in the third world.

2.1.2 Vehicle Gasifiers

Starting about the time o World Waer |, 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 enthusiastsbecause gasoline wasrelatively 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 o wood
producer gas units is a testament to human ingenuity
in the face o adversity. Extended accounts make fas-
cinating reading and inform the reader of both the
promise and difficulties o using producer gas. (Egloff
1941,1943; Gengas1950; NAS 1983; Kaupp 1984a).

At the beginning of World War 11, there was agreat deal
o interestin all forms o alternative fuels (Egloff 1941,
1943). By 1943, 90% d the vehicles in Sweden were
powered by gasifiers. By theend of the war, there were
more than 700,000 wood-gas generators powering

trucks, cars, and buses in Europe and probably more
thanamillionworldwide (Egloff1943).However, these
impressive numbers included only six wood-fueled
vehicles in the United Statesand two in Canada, where
low-cost gasoline continued to be available throughout
the war. Many articles were written on gasification
during that time (seeChapter 1). Some photographs of
gasifiers fitted to vehicles o that era are shown in
Fig. 2-1. Most gasifiers were simply "belted on" and

fig.2-1. Vehiclegasifiersbefore1950 (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 avail able 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 inall formsadf 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 gasasafuel. Therewaslittleinterest in biomass
or biomass gasification (PNL 1986), except for groups
concerned with usesin 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
o small downdraft gasifiers and have operated them as
demonstration units. A few o 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 o information is avail-
able to help either the latter-day hobbyists or their
counterpartsinvolved 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 expertisefrom around theworld. In addition,
thisgroup has hosted several conferences on producer
gas for less developed countries (Kjellstrom 1981,
1983,1985).

Producer gas from charcoa has been developed com-
mercially in the Philippines (Kjellstrom 1983), where
more than 1000 units have operated. Producer gasis
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 o development in
our modern world isvery dangerous, because we don't
know how future conditions will change and what our
response will be. Sincethefirst OPEC embargoin1973,
we have oscillated between aconcern 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
consider ations, and some o the economic factors in-
fluencing use o gasification arelisted in Chapter 13.1n
times of emergency, our priorities change drastically
and quite different developments occur.

Small gasifiers were devel oped very rapidly duringthe
emergency o World War 11 and just as rapidly disap-
peared when liquid fuelswere available. Transporation
is a very high priority, and the U.S. Department of
Defense currently has a program to disseminate infor-
mation onsmall gasifiersin case of national emergency.
However, for economic reasons, no work on gasifiers
for vehiclesisin progress in the United States. During
the late 1970s, we imported more than 40% o our oil.
We reserved much o our liquid fuel for transport, and
therewas no government call to developgasifiersinthe
United States. (However, Sweden-Volvo manufactured
and stored 10,000 units for emergency use.)

Inthe private sector of the United States during thelast
10 years, there has been a corresponding devel opment
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 ratesin
some states under the Public Utilities Regulatory
Policy Act (PURPA)discussed in Chapter 13.

A very active area o development for small gasifiersis
togenerate power in developing countries, which have
biomass resourcesand cannot easily affordliquid fuels.
They do not have an electrical distribution grid so
power systems of 10 to 1000 kW are very attractive.
Thus, thescaled operation hasanimportant influence
on what is developed in this case.

Finally, new developments in gasifiers may extend
their use to other new areas. One d 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-
tionsin third world countries.

History, Current Developments, and Future Directions 7



By

PO

Fig. 2.2. Vehicle gasifiers after OPEC (Source: NAS 1983)
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Chapter 3
Gasifier Fuels

3.1 Introduction

Biomass fuels occur in a multitude o physical forms.
The often-heard manufacturer's claim that a particular
gasifier can gasify "any biomassfuel” is a naive state-
ment, and each form can be expected to have unique
problems until proven otherwise. This physical dis
parity accountsin part for the large number of gasifier
designs available today. The gasifiers used widely
during World War 11 used specially prepared 1x2x2 cm3
hardwood blocks. However, such blocks could repre-
sent only atiny fraction of the biomass materialsavail-
able for gasification. Some gasifiers currently are
undergoing design evolutions that will enable them to
useawider ranged fuels; nevertheless, fuel properties
are very important i n determining satisfactory operat-
ing conditions. Therefore, these multifeedstock
gasifiers will be able to use only a limited range of
biomass with controlled specifications, and anyonein-
stalling such agasifier should havetestsrun onthefuel
to be used before deciding upon apurchase. Theability
to specify fuel parameters is very important, and we
discuss them in this chapter. Fortunately, a wide
variety o 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 adry,
ash-free basis) is more constant than that o thevarious
coals (bituminous, anthracite, lignite) as shown in
Fig. 3-1. Furthermore, more than 80% of the biomass
is volatile. Codl is typicaly 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 comesin awide variety
o 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

Twotypesdf analyses, proximateand ultimate,are use-
ful for definingthe physical, chemical, and fuel proper-
ties of a particular biomass feedstock. These analyses
wereinitially developed for coal and are widely avail-
able from commercial |aboratories. They are described

in detail inthe publications o the American Society
for Testing Materials[ASTM),shown in Table 3-1. The
equipment necessary for performing elemental
analysisisshownin Table3-2. Theproximateanalysis

~ Fiytiog g
= Hydrogen =
10,000 c = Carbon 3
g 8000 va'”ec’”hedryfuels
2 3 6000
,o<-<§4ooo \
5 ® 2000
a ©
< 0l A T
100
80
=
- 60
.‘gjni“'
2 40
20
0
() n = D - © [0}
> > 8 = o 5 »
Q @
s 5 ¢
£ E — 3
C = O
a =
() < @ E
&
(o]
)
<
m
76100
[eb]
+< 80
3
© 60
-5)40.‘
) RSO
3 204 - :
o
0+ T 1
e
2 2 9 a ;;g
— q;_: —
_2.‘98 mﬁsggggg_ggfi
saz 8pc 2358 5% B
o w -
35208 968 2ctcSFdoc
O $ 2892 EQS s 595 25 % 3
ST daac20<0 20O <20 » m
(b)

Fig. 3-1. Elemental (ultimate) analysis of (a) coals and wood and (b)
biomass fuels (Sources: Skov 1974, p. 35. (01974. 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 Andlyds
Moigure E871
Vddile matter E872
Ash D1102
Ultimate Andysis
C E777
H E777
0o E870
N E778
S E775
Gross Heding Vdue E711

Table 3-2. Elemental Analyzer EQuipment

Instrument Oxidant  Capability Detection?
Carlo Ba1104  oxygen  CHN,O FID& TC
Chemicd Daa oxygn  CH.N,O,S AD & TC
Systems and functiond

(CD S1200) groups

Hewlett-Packard ~ MnQOs CHN AD & TC
HP-185 added

Perkin Emer 240  oxygen C.HN,0,S TC

aFID—Flame iOnizaion detector
TC—Thermal condLidivity

Source Resd 1981

isrelatively simple and can be performed with adrying
oven, alaboratory furnace, and abalance. Theultimate
analysisinvolvesmoreadvanced 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 afuel, 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
thegasifier isexpected 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 theconditionsof thetest. The proximate
analysisgenerally includes moisturecontent measured
on awet 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)

Vauesgiven 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 = MGD/(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 sincethe heat of vaporization of the
water is not normally recovered during combustion
(seeTable 4-1).

Since biomass varies in its properties from day to day
and from load to load, it iscommon to report analyses
on adry basis, and sometimes on a moisture- and ash-
free (MAF)basis. It isthen asimple matter to calculate
other specific conditions from this value.

The ultimate analysis gives the chemical composition
and the higher heating value d the fuels. The chemi-
cal analysisusually liststhe carbon, hydrogen, oxygen,
nitrogen, sulfur, and ash content o 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 charsin Table 3-7.

Notein Table 3-6 that biomass istypically very low in
both nitrogen and sulfur content relativeto fossil fuels.
However, selected biomass feedstocks may have much
higher values. The sulfur and nitrogen contents of
sel ected biomassfuels areshownin Tables3-8and 3-9.

_—

BA-GO201706

60 / —
40 e

/

% moisture content, wet basis

0 40 80 120 160 200
% moisturecontent, dry basis

Fig. 3-2. Wet basis-dry basis moisture content comparison (Source:
McGowan 1980, Fig. 1-1)
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The ash content of biomassistypically 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
problemsin some gasifiers. A standard ASTM method
isavailable for measuring the slagging temperature for
ash (Table3-1).

The higher heating value of the fuel is determined by
reactingthefuel with oxygeninabomb cal orimeter 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)ismeasuredinthistest, 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 o combustion is determined by the composi-
tion d 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 339 55.8 10.3 N
Wyoming Elkol coal 44.4 51.4 42 M
Lignite 43.0 46.6 10.4 (M
Oven Dry Woods
Western hemlock 84.8 15.0 0.2 2
Douglas fir 86.2 13.7 01 2
White fir 84.4 13.1 05 )
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 1.7 2
Douglas fir 70.6 27.2 2.2 (2)
White fir 73.4 24.0 2.6 2
Ponderosa pine 73.4 25.9 0.7 2)
Redwood 71.3 279 0.8 @)
Cedar 86.7 13.1 0.2 @)
Mill Woodwaste Samples
-4 mesh redwood shavings 76.2 235 0.3 (3)
-4 mesh Alabama oakchips 74.7 21.9 3.3 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 5.4 4)
Magazine paper (6.8%) 69.2 7.3 23.4 (4)
Brown paper (5.6%) 89.1 9.8 11 4)
Pyrolysis Chars
Redwood (790° to 1020°F) 30.0 67.7 23 @
Redwood (800" to 1725°F) 23.9 72.0 41 (2)
Oak (820° to 1135°F) 25.8 59.3 14.9 @)
Oak (1060°F) 27.1 55.6 17.3 (2)

(1) Bituminous Coal Research, Inc. 1974. Gas Generator Research and Development, Phase /. 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 (1)
Straws 15 17 (1)
Stalks, cobs, hulls 15 17 (1)
Bagasse 70 230 (1)
Municipal refuse 35 55 2)
Peat 90 900 @)
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 %) Heat? Efficiency

Dry Basis Wet Basis (Btu/lb) (%)
0.00 0.00 7097 82.5
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. Sivicultural Biomass Farms,
Vol. 5 ConversionProcessesand 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 =[34.1 C+1322H+6.8S
-1.53 A-12.0 (O+N)] kJ/g (3-5)

HHV = [146.6 C*+ 568.8H + 29.4S-6.6 A
- 51.5 (0+N)] x 102 Btu/lb (3-6)

where C, H, S, A, O,and N are the wt % o carbon,
hydrogen, sulfur, ash, oxygen, and nitrogenin thefuel.
The calculated value agrees with the measured value
with an absolute error of 2.1% for a large number of
biomass materials (Reed1981).

3.2.2 Physical Tests

One d 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 o 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 asstirring
and shaking, will be required. The angle ofrepose for
aparticular fuel typeisgenerally measured by fillinga
large tube with the fuel, and then lifting the tube and
allowing the fuel to form a pile. Theangle o reposeis
the angle from the horizontal to the sides of the pile.
Thebasic feed characteristicismoreeasily judged from
the dugout angle of repose, the steepest angle
(measured from the horizontal) formed by the sides of
a pile o fue when material is removed from the bot-
tom of the pile. Angles approaching or exceeding 90"
are a good indication of the tendency o 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 parametersimportant in gasifier design are

e particle size and shape

e particle size distribution

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

» ash content

e moisture content

¢ heating value.

3.3.1 Particle Size and Shape

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

Gasifiers frequently suffer from bridging and channel -
ing of thefuel. Thesizeand 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 C H N S (0] Ash (kd/g) (Btu/lb) Reference
Pittsburgh seam coal 75.5 5.0 1.2 3.1 49 10.3 31.67 13,650 (1)
West Kentucky No. 11 coal 744 5.1 1.5 3.8 7.9 7.3 31.23 13,460 @
Utah coal 77.9 6.0 1.5 0.6 9.9 4.1 32.87 14,170 (1)
Wyoming Elkol coal 71.5 53 1.2 0.9 16.9 42 29.49 12,710 2)
Lignite 64.0 42 0.9 1.3 19.2 10.4 24.85 10,712 (2)
Charcoal 80.3 31 0.2 0.0 1.3 34 3102 13,370 &)
Douglas fir 52.3 6.3 0.1 0.0 405 0.8 21.0 9,050 M
Doublas fir bark 56.2 59 0.0 0.0 36.7 1.2 220 9,500 (1)
Pine bark 52.3 58 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 53.5 59 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 49.7 6.5 0.0 0.0 43.1 0.7 201 8,670 1)
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 1)
Rice straw 39.2 5.1 0.6 041 35.8 19.2 15.8 6,540 (1)
Sawdustpellets 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 495 57 0.2 0.0 413 3.3 19.18 8,266 (5)
Animal waste 427 55 24 0.3 313 17.8 171 7,380 (1)
Municipal solid waste 47.6 6.0 1.2 0.3 329 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 JI. 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 Btu 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 Investigations7282.

(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,cangoalong way togivetrouble-freegasifier
operation and to broaden the range o fuel shapes
suitable for gasification.

At the same time, it isimportant to realize that exces-
sive agitation resultsin excess carbon carryover, which
in turn reduces the efficiency o 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
therate o tar formation.

3.3.2 Charcoal and Char Properties

Carbon is the name applied to achemical element that
occursin dozens of physical forms, both pure (suchas
diamond and graphite) and impure (such ascoke, char-
coal,and soot).Char coal refersto 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 1° 7 mineral matter (Emrich
1985).

Charcoal manufacture datesto prehistoric timesand is
awell-established industry today with standardsfor its
various uses. Charcoal is simpler to gasify, and it is
easier to clean up the gas for engine use than biomass
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Table 3-7. Ultimate Analysis Data for Selected Pyrolysis Chars (Dry Basis, Weight Percent)

Higher Heating Value

Material C H N S (0] Ash (kJ/g) (Btu/lb)  Reference

Fir bark char 49.9 4.0 0.1 0.1 24.5 21.4 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 19.7 243 19.3 8,300 (1)

Animal waste char2 345 2.2 1.9 0.9 7.9 48.8 12.6 5,450 M

Municipal solid waste char 54.9 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 30.4 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 21 04 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 Oil 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 /ndustrial 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

gasisbecause of charcoal'slow volatile content. At the
beginning of World Wer II, most gasifiers used charcoal .
However, charcoal manufacture wastes approximately
50% o the energy of biomass and usually requires
hardwood biomass as astarting material . By theend of
World War 11, most gasifiers used wood instead of char-
coal (Gengas1950). Today, alarge number o 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 devel opment of biomass gasification will ul-
timately use biomass again, rather than charcoal.

Ascharcoal isconverted togasinagasifier, theash con-
tent rises. We use theterm char -ash to describetheend
product from char gasification; although the char-ash
isstill black, it may contain up to 50% ash. Theincom-
ing oxygen/air/steam in updraft gasifiers contacts the
char-ash at the grate and burns out the carbon, leaving
awhiteash. The principal problem in updraft gasifiers
isto 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 slagginginthearea dof thetuyeres, if they
are used.

Thus in combustion and updraft gasifiersthe 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 o the
charcoal to powdering (duffing) during transport or
char gasification. Ideally, the charcoal should maintain
its size until the carbon reaches the end o the reduc-
tion zone. In practice, awide range of char particlesare
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 (Rogers1985; Kaupp
1984b). Figure 3-3 showsthechar ash content asafunc-
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 o Fig. 3-3. Ashis0.5% and carbon conversion
is zero, of course. After flaming pyrolysis haf o 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 thein-
terior of the particle. As interior carbon is consumed
the char shrinks, causing fractures, and the particle
loses mechanical strength, causing crumbling. The
small fragmentsare swept away by gasvel ocity. Return-
ing to Fig. 3-3, we see aplateau 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 o 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 (M
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 1.56-2.0 (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 Ultimate 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 GasificationCharacteristicsof Major Califor-
nia Biomass-Derived Fuels, Ph.D. Thesis, Department of Agricul-
tural Engineering, University of California, Davis, 1980.

Source: Kaupp 1984a

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

Thefinal weight of the char-ash residueis usually 2%
t010% o 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 thisbulky material.

Because charcoal often has a high value, gasifiers are
sometimes operated to produce up to 10% charcoal by
augering out the charcoal at theend o theflaming com-
bustion zone (Pyrenco). This reduces the requirement
for oxygen (air) and increases gas quality to more than
6.8 MJ/Nm3, 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 theworld, and stan-
dards determine the quality and suitability for various
uses{Emrich 1985). Recent testsat the Col orado School
of Mines have tested char pellet strength at various
stages o 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
variouscrop residuesand wood isshown in Table 3-10.

Table 3-9. Nitrogen Content of Biomass Fuels

% Nitrogen Dry

BiomassFuels Weight Basis Reference
Barley straw 0.59 (1)
Corn cobs 0.16-0.56 (M
Corn fodder 0.94 )]
Cotton gin trash 1.34-2.09 (1)
Corn stalks 1.28 (1
Flax straw, pelleted 1.1 (1)
Oat 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 (1)
Walnut shells 0.260-0.4 (1)
Wood, general 0.009-2.0 (1.4)
Coal Fuels

Anthracite <1.5 (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 Ultimate 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
Baley straw mix 10.3 Severe Cubed dfdfaseed srawv 6.0
Bean draw 10.2 Severe Almod shdl 4.8
Com daks 6.4 Moderate Com cobs 1.5
Catton gin trash 17.6 Severe Olive pits 3.2
Cubed cotton stalks 17.2 Severe Peach pits 0.9
RDF pdlets 10.4 Severe Prune pits 0.5
Pelleted rice hulls 14.9 Severe Wanut shell (cracked) 1.1
SAflower sraw 6.0 Minor Douglas Fir wood blocks 0.2
1/4" pelleted wanut shdl mix 5.8 Moderate Munidpd tree prunings 3.0
Whesat sraw and comn staks 7.4 Severe Hogged wood manufacturing residue 0.3
Whale log woad 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 o 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/lb)
for various biomass forms (Domalski 1986). However,
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most of this variation is due to the variability of MAF
content; and if reduced to aMAF basis, thevariation is

much less.

3.4 Beneficiation of Biomass Fuels

Chunky fuels (suchas mill ends, chips, and corn cobs),
which have at least one dimension lareer than a few
millimeters, can be used in fixed-bed gasifiers without
further sizereduction, 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 usein 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 o 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
gasifiersif they arefirst densified to suitably sized pel-
lets or cubes using commercially available equipment

such asthat showninFig. 3-4 (Reed1978b). They make
excellent gasifier fuels and allow the fuel to be stored
at much higher densities. Densification typically con-
sumes only 196to 2% d the energy contained in the
biomass; for someresidues, drying may also requiread-
ditional energy, but drying simultaneously increases
the fuel value of the biomass.

Some biomass forms,with high ashor dirt contents, are
difficult to densify because they cause excessive wear
of thedie. Also, densification isan additional expense,
so its justification will depend on a comparison o the

Table 3-11. Bulk Density of Various Fuels

Fuel Grading Bulk Density kg/m3 Reference
Sawdust loose 177 M
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 ()
mixed 60% hard/40% soft 170-190 (3)
Wood hardwood 330 (3)
softwood 250 (3)
mixed 50150 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 x50 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 M
Coke hard 380-530 M
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

ResearchLaboratory, 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

Gasifier Fuels
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- _ 0.6[2(1) + 16] (100%)
= 12 + 0.2(1) + 0.6[2(1) + 16]
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S & and the total moisture input My is
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Fig. 3-4. Pelleting process (Source: Reed 1978b)

final fuel cost versus other alternatives (such as dif- 10

ferent fuels or other types of gasifiers). t

3.4.2 Drying Biomass Fuels t 6

The moisture content of the biomass fuel affects the % :

quality of thegasthat will be produced. Water requires E 4

about 2300 kJ/kg (1000 Btu/lb) to vaporize and i

1500 kJ/kg to raise to 700°C during pyrolysis/gasifica- Lz

tion. Therefore, thisenergy must besubtracted fromthe

heat budget o thegasifer. Althoughit isphysically pos- 0 9,
sible to gasify moderately high-moisture fuels in some AN

gasifiers, fuel moisturereducesthequality of thegasas
shown in Fig. 3-5. It also reduces the throughput o the
gasifier and increases tar production. On the other
hand, charcoal gasification is just the opposite; inade-

quate moisture input reduces the quality o char gas. (a)
Figure 3-5(b) combines char gasification and wood
gasification datato illustrate the impact o total water e
inputs on gas quality. Total water input includes fuel wor
moisture, chemically bound water, and air blast KB
humidity (i.e., all massinputsintheratioH,0)}. We see 120

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 . e
additional moistureinput.

Sources

dry biomass

3

Biomass can be considered as a source of water and ok . e &
. . . iomass maoisture %
charcoal using the generic formulafor biomass L charcont mostire. 5 wor biomace - wet basis
P 10 20 30 40 50
CHy 40¢.6 = CHg 2 (0.6 H,0) (3-7) “ 20 m = )
) . ) ) ) (b Total moisiure input as percentage of mass input including chemicaily bound water
so the chemical moisture M in bone dry biomassis )
; ; Fig. 3-5. (a) Effect of fuel moisture and oxygen on gas heating value
Mc = Chemica M_OISture Source: Overend 1982, Fig. 5B)
Fuel Wei ght 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 thanis 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 o the drying air istoo 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°Cwould
be moisture saturated, is preferred. The moisturesiows
feedstock drying (aswell asslowing surface pyrolysis).
Thus more air is required, improving the drying
process [Thompson 1981). During operation o 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.

Commercia dryers are available in many forms and
sizes, and it is beyond the scope o this handbook to
recommend such equipment for commercial-scale
operations. A simplebatch dryer for dryingsmall 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 o biomass fuelsis 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 amajor contributionto engine wear. The absence
of sulfur in biomass fuels could allow alonger life for
an engine operating on producer gas rather than on
petroleum fuels, provided that the producer gasisfree
o other contaminants.

The nitrogen content of biomass fuels depends on the
species d biomass used, aswell asthe 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 ahigher nitrogen content. Depending on
the temperature of gasification and combustion, this
may significantly lower the nitrogen oxide emissions

Insulation

Wet
biomass
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Fuel dryness is indicated
by dryer exit
temperature (Tg)

Wet gas 8
1 discharge I
@
Dryer 1
exit
temperature T
sensor \rrrrrrss.
Wet gas
= recycle
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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
systems. However, the final emissions depend specifi-
cally on the properties of the gasifier and the sub-

sequent combustion of the gas, so that it is difficultto
make a general statement about producer gas
emissions.
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Fig. 3-7. Direct-heatrotary dryer (Source: Perry 1973, Figs. 20-35, 20-36)
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Chapter 4
Principles of Gasification

4.1 Introduction

Gasifiers are relatively simple devices. The mechanics
of their operation, such asfeeding and gascleanup, also
are simple. The successful operation of gasifiers,
however, is not so simple. No neat rules exist because
the thermodynamics o gasifier operation are not well
understood. Yet, nontrivial thermodynamic principles
dictate the temperature, air supply, and other operat-
ing variables of the reactors that webuild. It isatribute
to the persistence o 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 asummary o the underly-
ing processes that occur during biomass gasification.
We will attempt to keep the explanation simple be-
cause each fundamental process is basicaly 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 (Reed1982; Kaupp 1984a; Reed
1985b).

4.2 Biomass Thermal Conversion
Processes
421 Introduction

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

Pyrolysis. Biomass+ Heat — Charcoal, oil, gas
Gasdification: 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 o the
components of biomass, usually the cellulose.)

Cdluloseisalinear polymer of anhydroglucose units;
hemicdlulose is a mixture o 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 o CH,; 4Ogs. (The
ratios will vary slightly with species. Coal istypically
about CHy 4Oy 1 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 o carbon, hydrogen,
and oxygen are plotted for a variety o fuels. Hereit is
seen that the solid fuels, biomass, coal and charcoal,
lieinthe lower left segment of the diagram; liquid and
gaseous hydrocarbon fuelslieinthe upper left section;
COandH, are joined by thebisector of the triangle; and
the combustion products of fuels, CO, and H,0, lieon
avertical line on theright.

Thermal conversion processes for biomass are indi-
cated by the arrows o Fig. 4-1(b). Here it is seen that
the conversion processes move the chemical composi-
tiond biomassto 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 (suchassteam gasification) con-
siderable energy must be expended to cause the
change.

4.2.2 Biomass Pyrolysis

Pyrolysisis the breaking down (lysis) of a material by
heat (pyro). It is the first step in the combustion or
gasification o biomass. When biomassis heated in the
absence of air to about 350°C(pyrolysis),it formschar-
coa (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 pyrolysisbut condenseto form asmoke
composed o 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
inaprocess called flaming combustion. After theflame
passes agiven 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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Fig. 4-1. (a) Phase diagram showing the relative proportions of carbon, hydrogen, and oxygenin solid, liquid, and gaseous fuels

(b) Chemicalchanges during biomass conversion processes (Source: Reed 1981)
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Fig. 4-2. Pyrolysis, gasification,and combustion in the flaming match
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A more quantitative picture of pyrolysis is obtained
through thermogravimetric analysis (TGA). In this
technique, asmall piece of biomassis suspended on a
balance pan in a furnace, and the temperature is in-
creased with time at a known rate. An example o the
residual weight change experienced by asmall sample
o flax shives heated at arate o 40°C/min isshownin
Fig. 4-3. One sees that moisture is released first, at
100°C, followed by thevolatile materialsat 250°-450°C;
these temperatures are important in understanding
pyrolysis, gasification, and combustion. According to
thefigure, afractiond char and ash remainsin theend.
If air isallowed to enter the system after pyrolysis, the
carbon (char) will burn, leaving the ash as the fina
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 resultsshownin Fig. 4-3 are qualitatively similar
to those obtained in a proximate analysis o most
biomass but are not identical because heating rates are
higher and samplesare smaller in TGA (see Chapter 3

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

In Fig. 4-3, more than 80% o the total dry mass o the
sampleisvolatilized below 500°C, leaving an addition-
al 10% to 20% o the original mass of carbon for con-
version to gas. It is now recognized that the volatile
matter is composed o monomers (aswell as other frag-
ments) of the cellulose, hemicellulose, and lignin
polymer that make up biomass (Evans1984). It isalso
recognized that up to 65% o 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 arecorrosiveand high-
ly oxygenated, so that further processing will be re-
quired to makeahigh-gradeliquid fuel (Diebold 1986).
However, they have been burned successfully in in-
dustrial boilers and turbineswith only minor modifica
tions required for the burners (Bowen 1978; Jasas
1982).

100 —~—— T T T T TR I T g
_“@le”_r‘iiL___ Recorder trace 8
pyrolysis of flax shives o
[~ Temperature Heating rate 40° C/min
Sample weight 5812 mg
80 — Recorder speed 4 cm/min
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< proximate analysis (%)
£
o Wet Dry
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c oisture 4.0 —
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Fig. 4-3. Thermogravimetricanalysis 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 biomass must first
pyrolyze, then be partially combusted (gasified) before
it isfully combusted.

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

CH, 40y +1.050, + (3.95N,)
— CO, +0.7H,0 + (3.95N)) (4-1)

where CH, ,0, ¢4 is an average formula for typical
biomass. (Actual composition for specific biomass is
shownin Tables3-3, 3-4, 3-6, and 3-7). Thenitrogen is
shown in parentheses because it is an inert portion of
air and does not take part in the reaction. For oxygen
combustion d biomass it would be omitted.

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

efficiency o stoves; in Europe the LHV is used. As a
result, European wood stoves are typically quoted as
10% moreefficient than comparableU.S. wood stoves.)

4.2.4 Chemistry of Biomass Gasification

The change in composition produced by air or oxygen
gasification isshown in Fig. 4-1(b). Ideally one would
like to add the smallest amount o 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, 404 +0.20,; - CO + 0.7 H, (4-2)

Unfortunately, there is more energy contained in the
COand H, thaniscontained i n thebiomass, so that this
reaction would requirethetransfer of energy fromsome
external source, which would greatly complicate the
process.

I n 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,0 according to
CH; 406+ 0.4 O,
—-0.7CO+0.3CO, +0.6H, +0.1H,0 (4-3)

Typicaly afew percent of methane areformed aswell.
Typica properties o producer gas from biomass are
shown in Table4-2.

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

Gas Dry Gas

Table 4-1. Thermal Properties of Typical Biomass Compound Symbol (vol.%) {vol.%)
Typical dry biomass formula: Carbon monoxide CcoO 21.0 221
(moisture- and ash-free [MAF] basis) CH{ 40g g Carbon dioxide CO, 9.7 10.2
Cc H o Hydrogen Ho 14.5 15.2
Composition (weight %) 52.2 43 41.7 Water (v) H-O 4.8 —
Composition (mole %) 33.3 46.7 20.0 Methane CH, 1.6 1.7
Nitrogen No 48.4 50.8

High Heating Value®
Low Heating Value

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

aThe high heating value (HHV) is the value that is usually measuredin
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 producedas 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), Ais the fractionof ash,

and MAF designates the moisture- and ash-free basis. The
air/biomass ratio requiredfor total combustionis 6.27 kglkg {to/lb).

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

HHV = LHV t 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 Btullb).

Source: Modified from data in Reed 1981.

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

Air Ratio Required for
Gasification:

Air Ratio Required for
Gas Combustion:

5506 kJ/Nm3 (135.4 Btulscf)
5800 kJ/Nm3 (142.5 Btulscf)

2.38 kg wood/kg air (Ib/lb)

1.15 kg woodlkg air (Ib/lb)

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 Hy and CO, and 41,900 kJ/Nm3 (1030Btu/scf) for methane.

bThese are typical values for downdraft air gasifiers, but they can vary
between 4880 and 7320 kJ/Nm3 (120-180 Btulscf), 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 Hy/H,0) is a measure of the
producer gas quality. Approximately 30% of the
biomassisburned to providetheenergy for gasification
of the rest. The exact amount of excess oxygen required
depends on the efficiency o 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 (seebelow).

4.2.5 Thermodynamics of Gasification

Thermodynamics is the bookkeeping o 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 o the principal elements o biomass—
carbon, hydrogen, and oxygen. These are C, CO, CO,,
CH,, H,, and H,0. Therelative concentration o 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 theamount o oxygen added to the system.
The results o calculations o this type are shown in
Figs. 4-4 and 3-5.

The adiabatic reaction temperature o 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. (Thereis 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 o the reaction. The oxygenconsumed
is typically plotted as the equivalence ratio, ¢ - the
oxygen used relativeto that required for complete com-
bustion. (Complete oxidation d biomass with oxygen
requires a weight ratio o 1.476 [massdf oxygen/mass
of biomass]; with air, aratiod 6.36.) A very low or zero
oxygen useisindicatived pyrolysis, shown at theleft
o thefigure; a¢ of about 0.25istypical of thegasifica-
tion region at the middle; and combustion isindicated
by ao>1 at theright.

The composition d the gas produced is shown in
Fig. 4-4(b). Theamount o energy remaining inthechar
and converted from solid to gasisshown in Fig. 4-4(c).
Thelow heating valued thegasisshowninFig. 4-4(d).
From thesefiguresit isseenthat at an equivalenceratio

¢ o about 0.25 all of the char is converted to gas, and
the fraction o energy in the wood converted to gas
reachesa maximum. With less oxygen, some of thechar
is not converted; with more oxygen, some o thegasis
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 isit possibleto operateexactly at thisratiod 0.257
In afixed bed gasifier, operation at lower values d ¢
would cause charcoal to be produced (asshown for low
¢ in Fig. 4-4(c)), and it would build up in the reactor
unlessit is augered or shaken out. Operation at values
o ¢ above 0.25 consumes charcoal and thetemperature
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
o 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 o this process is that a medium-energy gasis
produced without using oxygen. The higher energy
content may be required for long-distance pipeline
delivery. The disadvantageisthat asignificant fraction
of tar may be produced, and indirect heat or masstrans-
fer is required, which complicates the apparatus and
the process. Pyrolytic gasification will not be discussed
further becauseitisonly practical inlargeinstallations
and is not as well-devel oped asdirect 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. Infact, the heat required toaccomplish pyrolysis
and raise the products to 600°Cis about 1.6-2.2 k]/g
(700-800 Btullb), representing 6% to 10% do the heat
of combustion o the dry biomass (Reed 1984). This
heat is supplied directly by partially combusting the
volatiletarsin downdraft gasifiers; in updraft gasifiers,
it comes from the sensible heat o the gases resulting
from charcoal gasification. This combustion then
dilutestheproduct gaswith CO, and H,0, the products
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of combustion with oxygen. If the combustion is ac-
complished with air, the gasis 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 biomassisvery efficient,

and the process islargely self-regulating. If air isused,
the resulting gasis diluted with atmospheric nitrogen
to a producer gas value of 5800-7700 kJ/Nm?3 (150-
200 Btu/scf). When oxygen is used for gasification, a
medium-energy gas containing 11,500 kJ/Nm?3
(300Btu/scf) is obtained (Reed1982). Medium-energy
gas can be distributed economically for short distances

3000
P=1atm
3000 |-
Pyrolysis Combustion
4'_4 - A Oxygen I \
2500 Gasificati Plus Dry
z asificationf g. °° ¢ _
- ] Q
» 2000 s
2 Air Plus 3
S 2000 Biomass — ©
2 20% Water g
£ Air Plus E
3 Dry 2
Biomass
1500
—-1000
1000
1.47 O,/ Biomass
500 |- 6.36Air /Biomass
\{
300 1 1 ! L L
0 0.2 04 06 08 1.0
Equivalence Ratio
(a)
20 -
18 | ) P=1atm
16 Energy in Gas
14
3
°
g 12 -
o
~
210 N
>
o 8
<
&
6
q
2
0 L !
0 0.2 0.4 0.6 0.8 1.0
Equivalence Ratio
(c)

BA-G0O201716

0.70

0.60

0.50

0.40

0.30

Mole Fraction

0.20

0.10

0.00 . | —
0.00 0.20 0.40 0.60 0.80 100 120
Equivalence Ratio

300

200

100

Low Heating ValuelBtu/SCF]

0 ! l I |
0 02 04 06 08 1.0

Equivalence Ratio

(d)
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(upto onemile) in pipelines. It isalso called synthesis
gas, since it can be used as afeedstock for the chemi-
ca synthesis of methanol, ammonia, methane, and
gasoline. The oxygen must be either purchased or
produced on-site, makingit economically prudent only
inlarger installations. It hasbeen reported that pipeline
distribution of low-energy gas is also economically
practical for distances up to one mileif the air used for
gasification is compressed, rather than compressing
thelarger volume of producer gas (McGowan 1984).

There are many types o 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 isto convert the resulting charcoal also
togas.

The most important types of fixed-bed gasifiersfor this
task aretheupdraft and downdr aft gasifierso Fig. 4-5.
These gasifiers will be discussed in greater detail in
Chapter 5, but a brief introduction here will facilitate
understanding o thefundamental principlesinvolved.

The terms "updraft gasifier" and "downdraft gasifier"
may seem like trivial mechanical descriptions of gas
flow patterns. In practice, however, updraft biomass
gasifiers can tol erate high moisturefeedsand 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 196tar-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 arising
stream o 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,O to make QO and H,,.
Finally, below the reduction zone incoming air burns
thecharcoal to produce CO, and heat (Desrosiers1982;
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 conditionsin agasifier,
one can generate awide 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 o
condensiblevaporsin thegasisd littleimportance. 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 o airtight wood
stoves, the piping o gasifiers,and thevalves o engines.
Most of the companies advertising and selling updraft
gasifiers at a1979 conference no longer produce them
(Reed1979).

If thegasisto beconveyed over adistance inapipeline,
burned in any form of engine, or used as a chemical
feedstock, the condensing tars will plug pipes some-
timesin only afew 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
o 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.

Inthe downdr aft gasifier of Fig. 4-5(b), air contacts the
pyrolyzing biomassbeforeit contactsthe char and sup-
ports aflame similar to the flame that is generated by
the match in Fig. 4-2. Asin the case o the match, the
heat from the burningvolatilesmaintainsthepyrolysis.
When this phenomenon occurs within a gasifier, the
limited air supply in thegasifier israpidly consumed,
so that the flame gets richer as pyrolysis proceeds. At
theend o the pyrolysis zone, the gases consist mostly
of about equal parts o CO,, H,0, CO, and H,. We call
thisflamein alimited air supply "flaming pyrolysis,”
thus distinguishingit from open wood flameswith un-
limited access to air (Reed 1983a). Flaming pyrolysis
produces most of the combustible gases generated
during downdraft gasification and simultaneously con-
sumes 99% do the tars. It is the principal mechanism
far gas generation in downdraft gasifiers.

If the formulafor biomass oil istaken as approximate-
ly CH; ,0 5, then partial combustion of these vapors
can be represented approximately by the reaction:

CH, ,045+ 0.6 O,
—0.5CO +0.5C0O, + 0.4 H, +0.2H,0 (4-4)

(Theexact O,-to-vapor-ratio will depend on the exact

vapor composition and gasifier conditions.) Downdraft

gasifiers usually produce vapors that are less than 126
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,,
asinthe following reaction for atypical 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 o the
amount of oxygen fed to the gasifier (Fig. 4-4(a)). The
temperature response, however, changesabruptly at an
equivalence ratio (ER) of approximately 0.25. This
change point, or knee, occurs for temperatures o 600"
to 800°C (900-1100 K), depending on oxygen source.
Gasifier pyrolysis produces oils and tarsthat 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 o tars are emitted with the product gas.

In thegasifier o Fig. 4-5(b), air isinjected 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 afixed flow of oxygen and add biomass faster or
slower tomaintain afixed bed level. Inthe Buck Rogers
gasifier o Fig. 5-11, a fraction o air is introduced
through therotating nozzles and maintainsthe 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 charcoa —a val uable byproduct — andto yield
the higher gas heating value shown at low ¢ in
Fig. 4-4(d). Such operation is not atrue gasification but
might be called “gas/charification.” In entrained or
fluidized bed operation, the ratio d biomassto 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.

45 Charcoal Gasification

The manufacture of charcoal for use as asynthetic fuel
dates back at least 10,000 years and is closely as
sociated with the development o our civilization.
Today, charcoal is used asthe prime source of heat for
cooking in less developed countries and also is used
for the reduction o many oresin smelting processes.
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The charcoal yield from a biomass feedstock is highly
dependent on the rate o heating and the size of the
biomass particles. Industrial charcoal manufacture
uses very slow heating ratesto achieve charcoal yields
d more than 30% d the initial dry weight o 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% o the
initial dry weight o the biomass; larger size feedstocks
produce 15% to 25% charcoal.

During updraft or downdraft gasification, 10% to 20%
o 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, t 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)

Thefirst reactionis called the Boudouard reaction, and
the second is called the water-gas reaction. They have
been studied extensively for the last 100 yearsin con-
nection with coal and biomass gasification, since the

principal product of coal pyrolysis is coke (carbon).

Therate of the reaction hasbeen studied by measuring
the rate of disappearance o 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-
dother mic reactions) and therefore cool the gas about
25°Cfor every 1% d 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 o 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 (noheat input) char
gasification.

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

CO + 3 H, - CH, + H,0 (4-9)

Thisreaction proceedsslowly unlessthereisacatalyst
present; however, it isquite exothermic and can supply
heat if suitably catalyzed.

Concurrent with the emergence o 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) appliesto 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 biomassto gas.

4.6 Summary

In summary, the task of agasifier is threefold:

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

¢ to convert thevolatile 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
pyrolysisin various types of gasifiers.
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Gasifier Designs

5.1 Introduction

Many different designs of gasifiers have been built and
are described in the extensive literature on this subject
(see especialy Gengas 1950; Skov 1974; Foley 1983;
Kjellstrom1983,1985; Kaupp 1984a; NAS1983).Much
of this material has been collected by A. Kaupp o the
University o 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 o 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 o the gasification process.
Consequently, gasifier design is in a state of flux. This
makes’it dlff&I]CUH to organize a "handbook of gasifier
design™ without having it out o date beforetheink is
dry.

To avoid this problem, we will first describe the con-
struction and operation of a number o 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 thegaswill be put. We will then describe
some gasifiers currently under development.

5.2 Basic Gasifier Types

Fixed bed (sometimescalled moving bed) gasifiers use
abed o solid fuel particles through which air and gas
pass either up or down. They are the simplest type o
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 gasifiersin this chapter.

The updraft gasifier (Figs.4-5(a), 5-3, and 5-4) iswide-
ly used for ¢oa] gasificationand nonvolatile fuels such
as charcoal. However, the high rate d tar production
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(5%-20%) (Desrosiers 1982) makes them impractical
for high volatile fuels where a clean gasis 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 afluidized bed, air rises through a
grate a high enough velocity to levitate the particles
abovethegrate, thusforming a"fluidized bed." Above
thebed itself the vessel increasesin diameter, lowering
the gas velocity and causing particles to recirculate
within the bed itself. The recirculation resultsin high
heat and masstransfer between particleand gasstream.

Suspended particle gasifiers move a suspension o
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 o
biomass feedstocks, such as municipal solid wastes
(MSW)and rice hulls.

The manner in which ash is removed determines
whether thegasifier isclassified aseither adry ash (ash
isremoved as a powder) or slagging (ashis removed as
a molten dag) gasifier. Slagging updraft gasifiers for
biomass and coal have been operated at only a very
large scale.

*Theunits J(th) and Btu(th) refer to the thermal or chemical energy
produced. This can be converted to electricity with an efficiency o
10% t040%, sotheelectrical energy content (Jor Btu) will bepropor-
tionally lower.

5.3 Charcoal Gasifiers

Updraft charcoal gasifiers were the first to be
developedfor vehicle operation. They aresuitableonly
for low-tar fuels such as charcoal and coke. Figure 5-4
shows an updraft charcoal gasifier that was used in the
early part o World War I1. Air entersthe updraft gasifier
from below thegrate 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 o thegrate, and often somesteam or CO,
isadded to theinlet air to moderate the grate tempera
ture. Charcoa updraft gasifiers are characterized by
comparatively long starting times and poor response
because of thelargethermal massdf 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 isan attractivefuel for gasifiersbe-
cause producer gasfrom charcoal, which contains very
little tar and condensate, is the simplest gas to clean.
Charcoal gasifierswere restricted over much o Europe
during the later years o World Wer 11 because charcoal
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manufacture wastes half o the energy in the wood
(Gengas1950).0n the other hand, Australia worked al-
most exclusively with charcoal during this period be-
cause o that country's large forest acreage and small
number o vehicles.

Nevertheless, the simplicity o 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 shownin Fig. 5-5isthesimplest
and lightest gasifier. Air enters at high velocity through
a single nozzle, induces substantial circulation, and
flows across the bed o fuel and char. This produces
very high temperatures in a very small volume and
resultsin production d alow-tar gas, permitting rapid
adjustment to engine load changes. The fuel and ash
serve asinsulation for the walls of the gasifier, permit-
ting mild-steel construction for all partsexcept the noz-
Zles and grates, which may require refractory alloysor
some cooling. Air-cooled or water-cooled nozzles are
oftenrequired. The high temperatures reached require
alow-ash fuel to prevent slagging (Kaupp 1984a).

The crossdraft gasifier isgenerally considered suitable
only for low-tar fuels. Some success has been observed
with unpyrolyzed biomass, but the nozzle-to-grate
spacing iscritical (Das1986).Unscreened fuels that do
not feed into the gasifier freely are prone to bridging
and channeling, and the collapse o bridges fills the
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hearth zone with unpyrolyzed biomass, leading to
momentarily high rates df tar production. Thefuel size
also isvery important for proper operation. Crossdraft
gasifiers have the fastest response time and the smal-
lest thermal mass of any gas producers because there
isaminimum inventory o hot charcoal. In one design,
a downdraft gasifier could be operated in a crossdraft
scheme during startup in order to minimize thestartup
time (Kaupp 1984a).

5.6 The Updraft Gasifier

The updraft gasifier hasbeenthe principal gasifier used
for coal for 150 years, and there are dozens in opera
tion around theworld. In fact, World War 11-type L urgi
gasifiers now produce alarge sharedf thegasoline used
in South Africa by oxygen gasification followed by
Fischer-Tropsch catalytic conversion of the gas to
gasoline.

The geometry o the updraft gasifier isshown in Figs.
4-5(a), 5-3, and 5-4. During operation, biomass is fed
into thetop whileair and steam arefed through agrate,
which ofteniscovered with ash. Thegrateisat thebase
o the gasifier, and the air and steam react there with
charcoal from the biomassto producevery hot CO, and
H,0. In turn, the CO, and H,O react endothermically
with the char to form CO and H, accordingto 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
theair.

Theascending, hot, reducing gases pyrolyze theincom-
ing biomassand cool down inthe process. Usually, 5%
to 20% o the tars and oils are produced at tempera-
tures too low for significant cracking and are carried
out in thegas stream (Desrosiers1982). The remaining
heat dries the incoming wet biomass, so that almost
none of the energy islost 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 gasifiersare sometimes operatedin theslagging
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 o the large
thermal mass involved.

5.7 The lmbert Downdraft Gasifier

5.7.1 Introduction

The nozzle (tuyere) and constricted hearth downdraft
gasifier shownin Figs. 4-5(b), 5-4, and 5-5issometimes
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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 1. Approximately one million o these gasifiers
were mass produced during World War 11, at acost of
about $1000 U.S. (1983)each. It isimportant to realize
that the cost o producing such a unit today would
depend primarily on the degree to which it could be
mass produced since none d the components are
inherently expensive.

Air gasifiers can be operated either by forcing air
through the fuel (pressurized) or by drawing the air
through thefuel (suction).In practice, gasifiersthat fuel
enginesgenerally use thesuction of the engineto move
air through thegasifier 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,
gjectors, and compressors).

A large number o descriptive articles on gasifiers ap-
peared during World War 11, but no detailed drawings
have been located from that period. Fortunately, for-
mulas for determining critical dimensionsaregivenin
a number of the older references (Gengas 1950;
Schlapfer 1937).

Renewed interest in biomass gasification has
manifested itself in the fact that a number o in-
dividualsand groups have built modernversions o the
Imbert gasifier. Plans and manuals for constructing
some of these designs are availablefrom several groups
(Mother 1982; Skov 1974; Nunnikhoven 1984; Rissler
1984). Some o these gasifiers have been attached to
cars and trucks that have succeeded i n 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 o fabrication steps. The plans are suffi-
ciently detailed so that a skilled welder can fabricate a
gasifier for arelatively small expense.

IN1978, anumber o testswere performed under aSERI
contract on a 75-hp "Hesselman” (Imbert-type)
downdraft gasifier. Thisgasifier was built in Sweden at
the end of World War 11 and was imported to this
country by Professor Bailie o the University o West
Virginia. Professor Bailie used the gasifier in tests
during which thegasifier 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 o thetest-

ing wasqualitativein nature, theauthors have had con-
siderable experience in running this interesting tech-
nological antique.

5.7.2 Descriptionof the Downdraft (Imbert)
Gasifier

Referringto Figs. 5-1and 5-2,the upper cylindrical part
o theinner chamber issimply amagazine for thewood
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
surein the case of agas explosion, thus functioning as
asafety valve.

About one-third of the way up from the bottom, there
isaset o 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 o 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 o the inner can. This manifold is con-
nected through the outer can to a large air-entry port.
One air nozzle isin 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 o the charcoal that fills the gasifier below
the nozzles. Most df 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 isin many ways self-adjusting. If thereis
insufficient charcoal at the air nozzles, more wood is
burned and pyrolyzed to make more charcoal. If too
much char formsduring high-load conditions, thenthe
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 aclassical Imbert hearth (Fig.5-2)
or in later years, o the "V" hearth (Fig. 5-6). Most
recently, theflat-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 resultsin 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 (seebelow),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, accordingto Egs. (4-7)and (4-8). Thisprocedure
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Fig. 5-6. V-hearth Imbertgasifier (Source:Gengas 1950, Fig. 74)

resultsin a marked cooling o the gas, as sensible-gas
heat is converted into chemical energy. This removes
most o the charcoa and improves the quality o 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 aboveabout 850°C(Kaupp 1984b;
Diebold 1985).

The spaces between the nozzles (shown in Fig. 5-8)
allow some unpyrolyzed biomassto 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 |oss. 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
isto reduce the hearth constriction area until alow-tar
gas is produced. However, one should remember that
hearth dimensions also play a role in the gas
production rate (seebelow).

The fine char-ash dust can eventually clogthe charcoal
bed and will reduce the gas flow unless the dust is
removed. The charcoal issupported by amovable 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 charcod is consumed, it eventually
collapses to form a powdered char-ash that may repre-
sent 2% to 10% o the total biomass, in turn contain-
ing 10% to 50% ash. Ash contents depend on the char
content of the wood and the degree o 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
timeisintermediate between thefast 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 o thefuel can be restricted, thus causing bridging
and channeling followed by high tar output, as un-
pyrolyzed biomass falls into the reaction zone. The

7= Air
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Fig. 5-7. Flat-plate hearth constriction (Source: Gengas 1950,
Fig. 76)
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Fig. 5-8. High temperature zone of a downdraftgas producer with wall
tuyeres (Source: Kaupp 71984a, Fig. 55)

vehicle units o the World War 11 era had ample vibra-
tion to ja the carefully sized wood blocks through. In
fact, an entireindustry emerged for preparing car wood
at that time [Gengas1950).

5.7.3 Superficial Velocity, Hearth Load, and
Gasifier Sizing

An important factor used in choosing dimensions o
any gasifier isthe "superficial velocity, V,,” of the gas
calculated where it passes through the narrowest part
o 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 areatime [m3/m2-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 d the charcoal and
the high temperatures existing at the throat. A closely
related termisthe maximum hearth load, B}, expressed
in gas volume/hearth area-h, expressed in practical

units. This term enables one to compare the perfor-
mance d awidevariety of gasifiersonacommon basis.
The maximum specific hearth loads for a number o
gasifiers are shown in Table 5-1. The table was cal cu-
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 (Bymax) Value for an Imbert-style gasifier is about
0.9 Nm3/h-cm2. In other words, 0.9 m3 o gas is
produced for each square centimeter o 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 o 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/ft2-h). If the gas has a (typical) energy
content of 6.1 MJNm3 (150 Btu/scf), this resultsin a
specific enérgy rate d 54.8 GJ/m?3-h (4.4 MBtu/ft2-h).
The diameter o the pyrolysiszone at the air nozzlesis
typically about twice that at the throat, and Table 5-1
shows the hearth load on thisbasis also. This putsthe
hearth load for the | mbert typegasifier onacomparable
basisto thestratified downdraft gasifier. Knowledge of
maximum hearth load permits oneto calculate thesize
o hearth needed for various engine or burner sizes.
Dimensions for a variety o Imbert-type gasifiers are
shown in Tables5-2 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 o 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, alittle agita:
tion can effectively increase the maximum specific
hearth load.

The heating value o producer gasvarieswith 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.
Thisoccurs becausethe combination of lower tempera-
turesand low flow rate favors methaneand tar produc-
tion. Although the change in efficiency is small, the
benefit of reducing tar production is substantial.

Closely related to hearth area (A}) is the cross-section-
al area d theair 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 Gasifiers2

D¢ By
Diameter Superficial Vel Hearth Load

Gasifier TypeP m ft m/s ft/is m3/cm2-h MBtu/ft2-h Reference
Imbert¢ A 015 05 2.50 8.2 0.90 4.76 (Gengas1950)

I-A 0.30 1.0 0.63 2.1 0.23 1.19 (Gengas1950)
Biomass Corp.© I-A 0.30 1.0 0.95 3.1 0.34 1.81 (Graham 1983)

I-A 0.61 20 0.24 0.8 0.09 0.45 (Graham1983)
SERI Air/ox SA 0.15 05 0.28 0.9 0.10 0.53 (Reed1982)

S-0 0.15 05 0.24 0.8 0.09 0.90 (Reed1982)
Buk Rogers SA 0.61 2.0 0.13 0.4 0.05 0.25 (Waawender1985)

SA 0.61 2.0 0.23 0.7 0.08 0.43 (Chern1985)
Syn-Gas, Inc. SA 0.76 25 1.71 5.6 0.62 3.26 (Graboski 1985)

S-0 0.76 25 1.07 35 0.39 4.07 (Graboski1985)

aData in this table are based on reports on well-tested gasifiers, rather than manufacturers'claims, etc.
by is the Imbert (nozzle and constricted throat) gasifier of WW Ii. § is the Stratified Downdraft Gasifier. Asignifies 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 = length/time = velocity.

€The hearth load, Bh, is a practical measure of gasifier gas volume throughput (SI 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 o either the nozzle or hearth
ring from these dimensions caused a power reduction.
Table 52 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 thecross-sectional aread thenoz-
Zles is too small, there will be an excessive pressure
drop in forming the air jets; if the cross-sectional area
istoo large, theair jetswill havetoo low a velocity and
the air will not penetrate the bed. The velocity o the
air blast isshownin Table5-2.

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 11 gasifiers varied between
3 for Imbert-style gasifiers with uninsulated V-hearth
gasifiersand 18 for highly insulated V-hearth gasifiers.
Vehicle operation reauires turndown ratios o at least
8:1, making the need for insulation and proper sizing
in high-turndown applicationsapparent. 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 islessim-
portant for electric generators and irrigation pumps
that constantly operate at full capacity.

Insummary, the Imbert gasifier design has survived the
test o time and mass production. It isrelatively inex-
pensive, uses simple materials o construction, is easy
to fabricate, and can be operated by motorists with a
minimum of training. It supplieslow-tar gasfrom 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 o
biomass fuel shapes that can be successfully gasified
without expensive cubing or pelletizing pretreatment.
(Thestratified-bed gasifiers currently under develop-
ment at SERI and other facilitiesand discussed in Sec-
tion5.8arefreed constrictions and promisetobroaden
the range o 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
i1, stringent specifications were maintained on fuel
production, which was carried out at a number o
licensed factories.

The Imbert design cannot be scaled-up to larger sizes
because the air enters at the sides and is incapable o
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
dn dy dy h H R A dn Amx100 _de h max. min. vm
dy/dh mm mm mm mm mm mm  No. mm An dn dp Nm3/h Nm3/h kglh m/s
268160 60 268 150 80 256 100 5 7.5 7.8 4.5 1.33 30 4 14 224
268180 80 268 176 95 256 100 5 9.0 6.4 3.3 1.19 44 5 21 23.0
2681100 100 268 202 100 256 100 5 10.5 5.5 27 1.00 63 8 30 24.2
2681120 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 3.0 100 77 10 36 29.4
3001115 115 300 228 105 275 115 5 11.5 5.0 26 0.92 95 12 45 30.3
3001130 130 300 248 110 275 115 5 125 4.6 2.3 0.85 115 15 55 31.5
3001150 150 300 258 120 275 115 5 14.0 4.4 2.0 0.80 140 18 67 30.0
4001130 130 400 258 110 370 155 7 10.5 4.6 3.1 0.85 120 17 57 32.6
4001150 135 400 258 120 370 155 7 12.0 4.5 2.7 0.80 150 21 71 32.6
4001175 175 400 308 130 370 155 7 135 4.2 23 0.74 190 26 90 31.4
4001200 200 400 318 145 370 153 7 16.0 3.9 20 0.73 230 33 110 31.2
Variables not given in figure are defined as follows:
dm = inner diameter of the tuyere. e
A = sum of cross sectional areas of the air jet openings in the tuyeres. &
Ap = cross sectional area of the throat. d, 1 8
A = number of tuyeres. — d, o
Source: Kaupp 1984a, Table 5; Fig. 75. I !ﬂp——'—
H
Y
A .
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Table 5-3. Sizing Data

Engine Maximum Power
Generator with
Number Cylinder Cylinder GasNeeded Gasoline
of Dimensions, Volume, at2300rpm, Operation,
Cylinders mrm L Lls 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 rnrn cross section should be used instead
of 150 mm cross section.

Source: Adapted from Gengas 1950, Table 32.

low (usually 5000 ppm),isstill high enoughto require
extensive scrubbing and disposal procedures.

Groeneveld has studied therecycle of gases at the noz-
zle and developed improved understanding of the tar
combustion and improved mixing methods shown in
Fig. 5-9to permit scaleup (Groeneveld1980a,b}. Unfor-
tunately, thereis no overall theory o 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-
temptsto model the gasifier very difficult tasksindeed.
(Moreinformation is provided in later discussions.)

Some efforts to scale the Imbert gasifier to larger sizes
have realized a disastrous increase in tar production
(G0oss1979; Graham 1983). However, researchers have
met with more success when the fuel size has been in-
creased with the gasifier size. Billets that were8cm 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,” (alsocalled "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 o the Imbert gasifier and may
ultimately be the basis for improved gasifier designs.
However, it hasnot been widely commercialized at this
point; the reader must balance the proven reliability of
the gasifiers discussed above against the promises o
the stratified downdraft gasifier.

BA-GO201728

Fig. 5-9. Downdraftcenter nozzlegas producer (Source: Groeneveld
1980a)

5.8.2 Description of the Stratified Downdraft
Gasifier

Thestratified downdraft gasifier consistsof acylindri-
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.” Theopen top ensuresuniform access of air
or oxygen to the flaming pyrolysis zone, as opposed to
the Imbert gasifier. The uppermost layer is composed
o 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 istoo cool to causefurther 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 o 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 o the available
fuel.

During oxygen operation, the advancing pyrolysisfront
moves much faster and is stabilized at the top o the
second zone so there is no first zone of fuel storage.
Biomass must then be fed regularly onto the top o 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 reactswith 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 o 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 intheearlier stagesof 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 inthethird, 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 thereaction, sensible heat dof 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 thegas

must pass before it reaches the grate. Thislast zone has
the disadvantage that char and ash from the char
gasification zone also must passthrough 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 o
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 o air and fuel down the
gasifier keeps local temperatures from becoming too
high or too low while the average temperatureis 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 devel oped 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 thestratified
downdraft gasifier to supplant the Imbert and other ear-
lier gasifiers, and that a number o 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 commercia 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. Asthe
charcoal reacts with the gasesin the char gasification
zone, it eventually reaches a very low density and
breaks up into adust containing all d the ash as well
as a percentage o 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.) Ye, it is
desirable to gasify as much o the char as possible
beforeits packing increasesthe 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 morethan
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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,.thetemperatures
of flaming combustion decrease, and the resulting gas
has both a higher energy content and a higher tar con-
tent. This added control o 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 (suchasstringy
chips, sawdust, and rice hulls) can form a bridge,
preventing continuousflow and givingrisetovery high
temperatures. Obvioudly, it is desirable to use these
widely available biomass residues. Bridging can be
prevented by stirring, shaking, or agitating thebed and,
sincethetemperatures inthegasifier arerelatively low,
itis possibleto useastainless steel central stirring arm
such as the one shown in the Buck Rogers gasifier of
Fig. 5-11.

A fourthissueto beaddressed inthedesign o stratified
downdraft gasifiers is bed stabilization. When the
gasifier operates at stable steady state, the flaming
pyrolysis zone advances into thebiomass at the same
rate that the char isconsumed. resultine in astationarv
reaction zone at afixed level in the aasifier. However.
thiszone can move upinvery dry fuels, consuming the
fuel reservoir and emerging at the top o the gasifier.
Since no morefuel isavailable, thegasifier will operate
in this"top-stabilized" mode, but there isasubstantial
heat loss through the open top. This resultsin 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 steadv rate to prevent alternate
pyrolysis and char gasifier operation, which can
generate high tar levels. (Wehave observed higher tar
levels from this pulsing pyrolysis process when using
oxygen than when using air.)

Veay wet fuelsinhibit 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 continueto moveto the grate and be extinguished.

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

In summary, both understanding and commercializa
tion o the stratified downdraft gasifier have made
remarkable progressin only afew years of work, but a
great deal of effort still isin 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 o 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
propertiesd the biomassfuelsand thegasifier through-
put. The zone lengths predicted for various sizes of
biomass fuels are given in Table 5-4, and a diagram of
thegasifier, dimensioned for dry wood chips,isshown
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 o the gas cleanup system needed for engine
use generally exceeds the cost o 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 o the major
areas for futuregasifier development will bethe design

3
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Fig. 5-13. Stratified downdraft gasifier design (Source: Reed 1984,
Fig. 6)
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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 Fw .20 027 .05 .25
Fuel Properties:
Density p g/lcm3 40 .40 1.00 1.10
Bulk Density g/lem3 .20 15 50 45
Void Fraction Fv .50 .63 .50 .59
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 to s 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 le cm 7.90 10.50 3.10 3.50

Notes: Calculationsbased on the following equations and assumptions:

Time of pyrolysis: tg = (hp + Fy)h
Fuel velocity: v¢ = m/Dgp (1-Fv)
Flaming pyrolysis zone length: I = vi t,
Temperature of pyrolysis = 600°C

Heat of pyrolysis: hy, = 2081 J/g

Heat to vaporize water to 600°C: hy, = 3654 Jig
Char reactiontime: t =100 s

Char zone length:] = {tc){v})

Source: Reed 1984

pVIA q

of gasifiersthat convert the maximum quantity o tar to
gas during gasification.

5.9.2 Combustion of Tars

The tar levels from a number o gasifiersare shownin
Table 5-5. (One cubic meter o producer gas weighs
about 1 kg at NTP; therefore atar level of 1.g/m3 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 isimportant to
note that updraft gasifiers generate 5% to 20% tar
(50,000-200,000 ppm!) (Desrosiers 1982). The
downdraft gasifiersof Table5-5 producetar in amounts
at least an order of magnitude lower than the updraft
gasifiers, and new devel opments are now reducing tars
into the 100 to 1000 ppm level.

In histhesis, Groeneveld used cold flow modelsto 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 (acentral
air nozzle promotes recirculation and combustion o
the volatiles produced in pyrolysis) was designed and
marketed in the Netherlands.

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

temperatureintheabsence o solids. (Combustionwith
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 o the gas rises through the
upper chamber to assure pyrolysis of the biomassfuel.
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 thetars; in any case, thisgasifier claims
to produce very low tar levels.

Table 5-5. Tar Contentin
Product Gas from Downdraft Gasifiers

Throat Specific Tar
Capacity Diameter Load  Content

Gasifier kglh m kglhm2  g/Nm3
Kromag KS-12 15.0 0.12 1330 0.62
Kromag K-4 7.5 0.09 1180 1.90
Semmler 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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Fig. 5-15. DelLaCotte tar recycling gasifier (Source: Kaupp 7984a,
Fig. 133)
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Susanto and Beenackers have developed agasifier that
recycles tars internally in a similar manner, as shown
in Fig. 5-16. In this case, the combustor is contained
centrally inthelower (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 agas/air recycle ratio
of 0.85, the tars were reduced to the very low level of
48 ppm o tar asshownin Fig. 5-17.

The high degree d tar destruction in these two unitsis
due to the high tar combustion temperature promoted
by the positive circulation o tars upward away from
the reduction zone and also to the more complete
combustion that takes placein the absence of solids.

N
==
—J+ C
n [
Legend:
A = wood input
B = airinlet
D C = product gas outlet
/ '\ D = recycle gas
E L E = injector

BA-GO2017 6

"

v
L X"}
[¥3

+¥ *i
P, F = combustor

-

G = combustor outlet
H = stirrer
| = ash grate

¢+
{ J = ash bunker

U
L I
/ .. 2 f"'ﬂ o5m
oA £
PALS
* ‘.'J'_'-\-.w
+* “ ;o

+x

Fig. 5-16. Gasifier with internal tar recycle (Source: Suysanto 1983,
Fig. 3.2. © 1983. Used with permission of the Beijer Institute)
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Fig. 5-17. Water and tar content in producer gas (dry basis) versus
recycle ratio (Source: Susanto 1983, Fig. 2.7. @ 1983. Used with
permission of the Beijjer Institute)

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 o
oxygen to make polynuclear aromatic compounds
(PNAs) and eventually soot. While high temperatures
(above800°C)can destroy tarsrapidly, these same high
temperatures also promote reaction with char, which
in turn rapidly quenches the gas to 800°C. Therefore,
the time availablefor tar cracking in abed of hot char-
coal isvery short. For thisreason, abed o hot char may
not be very effective in tar cracking as was originally
believed (Reed 1982; Chittick 1983). The French
Croisot Loire process allows atarry gasfromafluidized
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, amodification o 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 beadded to crack thefinal
trace quantities o gasfrom the gasifier, in the absence
o the quenching action o the charcoal. We have
measured tar concentrations o 50-500 ppm at the exit
from the cracking chamber. However, the difficulty o
maintaining alarge chamber at temperatures in excess
of 900°Ccaused considerable lossin gasquality 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 o tar (Strom 1985).

D’Eglise has studied the kinetics of cracking of
pyrolysis oils generated at lower temperatures and
found that morethan 99.9% of theseoils can becracked
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 thetarsformed 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 o
tar cracking with anumber o catalystsintheapparatus

shown in Fig. 5-19. The results for three catalysts are
shown in Table5-6. Thevariation o cracking ratewith
temperature is shown in Fig. 5-20 for a dolomite lime
catalyst, a refinery silicaalumina cracking catalyst,
and a silicalite molecular sieve type catalyst.

5.10 Summary

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

Wearein anew period, during which the principles of
combustion science are being applied to develop a
better understanding o gasification. New gasifiers,
snch n< the cfra};lﬁpd downdraft oacifier 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

°ca kg/h Time(t), s g/g-h mg/Nm3 mg/Nm3 L/sb
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 0.51 154 2.02 18082 4654 0.88
432 0.51 154 2.02 22070 1313 183
552 0.56 1.20 1.57 5929 333 240
415 0.48 1.68 2.19 4863 695 1.16
343 0.49 1.84 2.40 4654 847 0.93
287 0.51 1.94 2.54 5605 780 1.02
Catalyst: Crystalline Silica $-155®
416 0.59 0.91 1.68 8280 790 258
406 0.39 1.40 2.57 15237 2303 135
469 0.34 1.47 2.70 15189 3359 1.03
505 0.48 0.99 1.83 11725 3131 133
613 0.47 0.89 1.64 25305 3930 210
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 mrn.

dgi-al cracking catalyst (Davison Chemicals, Gr 980-13) 510 g sample, bulk density = 7655 kg/m3; void volume = 0.85 cm3/g. Particle size 1mm 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 constructionisarelatively simpletask 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 gasifiersin just afew yearsin spite of wartime
shortages (Egloff 1943; Gengas 1950). Nevertheless. a
number d new materials and fabrication techniques
have become available since World War I1, and weshal |
call attentiontotheseimprovementsinthisdiscussion.

According to Kaupp (1984a), "the construction o a
small gasifier, including the purification system, does
not require sophisticated equipment or highly skilled
mechanics. It can bebuilt in workshops comparableto
the auto repair shops found in most third world
countries."

Fabrication refers to the construction of a single
gasifier for useor for an experiment. M anufacturecom-
mences when one undertakes the construction o a
number of identical units.

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

6.2 Materials of Construction

Gasifiers are usually constructed from commercially
available material s such as steel pipe, sheet, and plate.
When choosing material's, one should (wherepossible)
select those that are readily available and use off-the-
shelf equipment and materialsthat areavailablein bulk
quantities. One should avoid exotic alloys, special
shapes, and custom fabrication techniquesthat require
large initial setup and tooling costs, except in cases
wheretheir useis justified.

Smaller, atmospheric-pressure gasifiers require a min-
imum metal thickness of 20-gauge, with double-thick-
nessreinforcements extending afew centimeters (1in.)
around all fittings and fastenings (Freeth 1939). The
maximum mild-steel service temperature is 480°C
(900°FXMASEC) 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 asthegrate,
hearth, or nozzles.

Some o the mild-steel components may suffer chemi-
cal corrosion in certain parts. Corrosion is likely to
occur in areas where water condenses or collectssince
gasifier water often contains organic acids. Water col-
lection is especialy a problem in regions such as the
upper magazine d Imbert gasifiers, aswell asin 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
threetimesas much as mild steel and requiresinert 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 acetylenetorch. Aluminumis
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 capabled withstanding temperatures upto 1500°C,
far beyond the requirements of gasifiers. The alumino-
silicateinsulation al so offersmany timesthedurability
and heat-flow resistance of firebrick, at afraction of the
weight (Perry1973). It isrelatively inexpensive and is
available in a wide variety o 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
comeasawet putty can be shaped to cornersand 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 oxyacetylenetorchisvaluablefor 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) wel ding 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 isappropriateat temperatures below 300°Cand
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
(10in.) of water with ablower. A thick soap solution is
applied to all fittings and joints, and they are checked
for emerging soap bubbles. L eak-testing should also be
performedasastandard test in theregular 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 o pipesisshowninFig. 6-1 (Perry
1973). Engineering and plumbing handbooks also list
the pressure drops associated with pipefittingssuch as
elbows and couplings.

On the other hand, gas velocities within the pipes
should be adequate so that entrained solidswill becon-
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 agasifier system,
it isimportantto allow accessto various partsthat may
require cleaning or adjustment. Itisrecommended that
new systems be assembled with alarge number of pipe
unions to facilitate cleaning out the pipes, as well as
future design modifications. In generdl, 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
Requirementsfor Conveying Solids

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

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

Source: Kaupp 1984a

alater time. After aunit hasbeenthoroughly tested and
isin production, such provisions can be omitted.

6.5 Instruments and Controls

The gasifiers o the past were crude, inconvenient
devices. Today's gasifiers are evolving toward safer,
automated processes that make use of awide range o
present-day instruments and controls. An extended
discussion d the system instrumentation and control
requirements isfound 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
switchesthat 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 (thoughthis has not yet
been done).

6.5.4 Automatic Controls

Thefact that an operator will berequired for both large-
and small-scale gasifiersisafixed-cost scalefactor 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.

Gasifier Fabrication and Manufacture 49



Finally, we can look forward to gasifier systems o the automati c and unattended operation of highly efficient

future that will use inexpensive microprocessorstoin- gasifiers, making gasifiers as simple to use asa car or
tegrate the signals from these sensors into the home furnace.
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Chapter 7
Gas Testing

7.1 Introduction

Itisrelatively simpleto build agasifier and operate an
engine for a short time. However, the commercial suc-
cess o gasification ultimately depends on long-term,
reliable operation of gasifier systems. Many gasifier
systems have failed after less than 100 h o operation
because o tar buildup in either the system or the en-
gine. Destroying an engineisacostly method for deter-
mining whether a gas is sufficiently clean for engine
operation. A quantitative knowledge of gasquality 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 o
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.

e Gasenergy content: Can becal culated from gascom-
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/Nm3
(100 Btu/scf) for most applications. (See Appendix
for definition of scf and Nm3))

e Quantity o tars: The quantity of condensible or-
ganicsinraw gasisameasure of gasifier performance
and determines whether the gas can be cleaned.
Above 5000 mg/Nm3 tars, the gasis difficult to clean
up and issuitable 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 o char-ash and soot entrained in the gas
stream can help to design filters. Particleslarger than
10 pum must be removed to alevel below 10 mg/Nm3
for engine applications.

e Water content of gas. The water content of the gas
helpsto 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 isgivenin Table7-1. Thisanalysis
includes volume concentrations o each major chemi-
cal constituent, aswell asthe physical contaminantsdf
thegas. The energy content o thegascan be calculated
from the energy content o 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 fromFig. 7-1.

7.3.2 Particulates

Some particulate levelsreported for wood and charcoal
gasifiersarelisted in Figs. 7-2 and 7-3.

Inorder toremove particleswith theappropriateequip-
ment, it is necessary to know their nature and size dis-
tribution. Particle size distributionsshown 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 d analysis,
displaying the distinctive slope common to most fine
powders produced by fragmentation.

The potential particle-size range o a wide variety o
particlesand their characteristics areshowninFig. 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
H20 71 wt% 71,000 ppm

Chemical Composition

CoO 19 Vol % x 322 Btu/scf = 61

CO2 14Vol%x O©

Ho 17 Vol % x 325 Btu/scf = 55

CHa 2 Vol % x 1031 Btu/scf = 20

No 48 Vol % x 0 L
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 pprn

bThe gas heating value may be calculated from the gas analysis using
Table 7-2.

Gas Testing 51



along with the equipment appropriatefor separation of
each size range.

Itisimportant to distinguish between thevariousforms
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 atracer 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, jugt after it has finished flaming
pyrolysis,isonly 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 gagifier
when gasification isas complete asit will go. Char-ash
is produced during thefinal breakdown o the charcoal
mechanical structure as the charcoal reacts with
pyrolysis gases. Char-ash from downdraft gasifiersstill
contains 50% to 80% carbon (Fig. 3-3), which is
enough carbon to give char-ash ablack color. Char-ash
usually is collected below the grate or in the cyclone
separators.
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If the fine char-ash from downdraft gasifiers is about
20% ash, then this represents a 95% mass conversion
o thefuel sincewestarted with 0.5% ash biomass. We
can also seefrom Fig. 3-3 that it isdesirable to keep the

char larger than 500 H™ (9.5mm) in the gasifier to boost

efficiFn(: . Also, particles under 500 pum 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.
Thefinal ash from combustion islessthan1 um insize
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 dlagging is much harder and more abrasive
than nonslagging ash, which crumbles easily.

All biomass contains some ash (typically @ 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 Components2

Component Symbol HHVP (MJ/Nm3) HHVC (Btu/scf) LHVP (MJ/Nm3) LHVC (Btu/scf)
Hydrogen Ha 13.2 325 11.2 275
Carbon monoxide CO 13.1 322 13.1 322
Methane CH4 41.2 1013 37.1 913

a1 Btulscf = 8.26 kcal/Nm3 = 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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Table 7-3. Analysis of Wood Gas Dust

% Ash
Over 1000 um (1 mm screen) 1.7
1000 - 250 um 247
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 10.6
Loss due to burning, dry sample 15.7
Content of Fe2O3 in the ashes 11.0
Content of SiO2 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 avery finely divided soot (carbon black),
such asthat seenin oil or candleflames. Soot particles
are much smaller than char-ash particles (ordinarily
less than 1 um). The soot is so fine that it can be ex-
pected to pass harmlessly with the gasand burn in the
engine without harm.

Carbon monoxide is unstable below 700°C and, given
enough time, will decompose inthe presence d 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 o its high mineral content and
abrasive potential, isthe main cause o enginewear in
engine systems and understandably isamain focusin
gascleanup. 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 asignificant 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 particlesisthe principal problem in
gas cleanup. The particulates in Table 7-1 were
collected after the cyclone separator, which caught
50% of 50-pm particles. These smaller particles are
composed o 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 isimportant to determine the particle-size

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

7.3.3 Tars

Initial biomass pyrolysiscan produce up to60% "wood
oil," composed o the monomers, oligomers, and frag-
ments o the biomass polymers cellulose, hemicel-
lulose, and lignin. Subsequent high-temperature
cracking (over 700°C)d these large molecules results
mostly in gas, but also polymerization to form 5% to
10% of heavier polynuclear aromatic molecules that
aresimilar to coal tars. Up to 20% of these tarsand 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 thetars 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 o fine
droplets that may be less than 1 yum 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 agasifier isconsidered suitable for operating an
engine, it is imperative that one test the producer gas
for tars and particul ates.

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 stagealongthegascleanup trainwhenit isdesired
to determine the effectiveness of each system
component. It is important that the gas sample is
representative o thegasat 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 o the material being
sampled will deposit within the twisted passages of
these types o valves.
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Fig. 7-7. Static tap sampling port (Source: ASME 1969, Fig. 1)

Thetemperature, pressure, and moisture content o 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 belong enough to average the reading
over at least one cycle d 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 samplesshould
be used.

Hot, raw gas emerging from any gasifier will contain
tar, char-ash, soot, and water vapor, and it isrelatively
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 gassamplesin order to accumul ate
ameasurable-sized sample. The principles of measure-
ment remain the same, but the measurements require
more time to accomplish.

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

Approximate results can be obtained by comparingthe
volume of sample required for a particular depth d
color deposit such as50% grey measured on astandard
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 (Das1985). A quantity o gasfor chemi-
cal analysis can be collected at the same time as the
sampl e 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 i sokinetic conditions; that
is, the streamlines are equally spaced within the duct
and tube. In"b," sampling-tube velocity islessthanin
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 particlesimpedestheir being carried by thegas
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 morelarge particlesexist inthetube 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.

Nonisokineticsamplingerrorisplotted inFig. 7-11.We
can see that for under 10 pm-particles, the concentra-
tionerror iswithin+10% over awide rangedf sampling
velocity from half to double the gas velocity for a
velocity ratio u,/u, between 1/2 and 2.

In practice, the high efficiency cyclone separator o a
gasifier system will remove most particles larger than
10 pm, so for the smaller particles remaining inthe 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 o Fig. 7-7 can
serve as a convenient 10-um coarse inertial prefilter.
The particle-sample probe of Fig. 7-9tends 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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Theisokinetic flow rate can be calculated as

Q, =Q, (D,?/Dy?) (7-2)
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Notes:
1. Thearea upstream o this 90° sector shdl be
freed obstructions between planesA-A ad
B-B.

2. No portion d probeshal project upstream d
nozzle entrance within a distance from nozzle
centerlined 15 an or 5 nozzlediameters,
whichever is greater.

D - NozZlediameter Y = 4 x D (minimum)

R =2 x D (minimum) X = 6 x D (minimum)

where

Q= flow rate,
D = diameter.

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

The flow rate of adirty-gas stream can be measured ir-
respective o temperature and molecular weight o the
gas by using a balanced-tube, null-type apparatus.
Such asystem in effect measures chamber flow by col-
lecting a portion o 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.
M easurements are made once the velocity in the sam-
pling tube has been adjusted (viaa vacuum pump in
the system) to be equal to that in the flow chamber.
Vel ocitieswithin thetubeand chamber areequilibrated
by using adifferential manometer to balance the static
pressures for thetubeand 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. Balancetube,
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 o
levelsd tar, char-ash, and water areshowninFig. 7-12,
and gasifier test-train component options are presented
in Tables7-4, 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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e The gas, being noxious, should be either burned off
or returned to the pipe downstream from the sam-

pling point.
® The gas shouldbe cleaned.
e The gas should be dried.

Figure 7-12(a) shows asetup formeasuringparticulates
and tar, or moisture, or gas composition, or gas
production rate.

Figure 7-12(b) is a setup for continuously measuring
change in water content and change in heat content. It
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(a) Isokinetic sampling

Extra }
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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 measurementspermit 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 holder
Polycarbonate 1
Aluminum 2
Stainless 3
Filter Discs Glass fibers 99.9% efficiency at 0.3 pm —
Gas Sample Pump Hand operated rubber bulb 1
Plastic piston pumps (36 cm/stroke) 3
Water-poweredaspirator 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 1
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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 tarsand particul ates.

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 (¢) must be maintained, by electric
heating or locating closeto the hot gas pipeto 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)). (Drieriteis a commercial form o
anhydrous CaSOy containing cobalt sulfate, which
changes from blue to pink when it becomes hydrated.)
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Fig. 7-11. Errors in concentrationsof 5 and 10 wm particles (Source:
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Table 7-5. Additional Components for Continuous Gas Quality Test Train

Function Specifications Manufacturer
Sample Port 1/4in. FPT Fitting Common compressionfittings
1/4in. 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 silicagel 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
Iltem 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
(c)),means must be provided to pull aknown quantity
o gasthrough this train. Hand-held positive displace-
ment vacuum pumps are made by a number o 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 (0.1ft3). We
also have used aDwyer smoketest pump. Thegas meter
is required only for initially calibrating the sampling
train and pump, since counting strokes yields adequate
precision for measuring thetest-gasvolume. A decision
on theamount of gasto 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 gasis 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 thegasreturn if thesystem pressure is close
to atmospheric pressure. It isimperative to protect the
pumpand meter with alargeabsol utefilter 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 gasis analyzed, it
must be drawn from the system and cleansed of tar and
particulate contaminants, as described previously.

Batch-sampling requires collecting a sample d gasin
asuitable container (e.g., glasscylinder, metal cylinder,
Tedlar gassample bag or syringe),asshowninFig. 7-13.
The subsequent analysisisonly asgood asthe sample,
and it iseasy for gasleaksto spoil a sample after it has
been taken. Therefore, it isimportant to use extra care
to avoid leaks either into the sampling train while the
sampleis being taken or out of the sample bulb before
the analysis is made.

Med gas sample container

( =

Type C

UL

Type F
Glass gas sample containers

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. Thecylinder should befilled to at |east asmall
positive pressure from the pump (Fig. 7-14),so that air
cannot leak in before analysis. A positive pressure
sampl e can be collected without a pump by chilling the
cylinder beforethe gasistaken, so that a positive pres-
sure develops as the gasin the cylinder warmsto room
temperature. Gas samples should be drawn from a
point asclose as practical to thegasifier outlet, in order
to avoid errors dueto air leaks in the gasifier piping.

Usually, any oxygen found i n the gas can be attributed
to air leaks, since oxygen iscompletely removed inthe
gasifier. When oxygenisfound in thegas, the composi-
tion can be converted to an "air-free" basis by subtract-
ing the oxygen and the corresponding ratio of nitrogen
(theN,/O, ratioinairis 79/21).

Some gas sample containersare shown in Fig. 7-13. A
rubber septum isadesirablefeature that permits oneto
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. Vaved syringes are available
as accessories from gas chromatograph manufacturers.
The metal cylinder of Fig. 7-13 can contain gas a a
much higher pressure than the glass system. It isim-
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 glassbottlesby water displacement,insert-
ing astopper whilethe bottleissubmerged 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 afew hours.

7.6.2 Methods of Analysis
7.6.2.1 Gas Chromatography

Gas chromatography (GC) is the most widely used
method of gasanalysis. It depends on theability 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-operafed piston vacuum;)ump; (¢) motor-
driven rotary vacuum pump; (d) rubber bulb hand aspirator; (€) Chapman filter pump  (Source: (a, d, e) ASME 1969, Figs. 6 and 7)
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slowed to a greater extent, and water and CO, are
slowed to the greatest degree. The gassampleis mixed
with a carrier gas; usualy, helium is used because it
does not occur naturaly in the sample. A detector,
which isinserted into the gas stream at the end o the
column, records on a chart recorder both the time of
passage and the quantity of each component. The
presence o a particular gas component isindicated by

apeak. The quantity o that gasis then determined by
integrating the area under the peak in the curve and
compared with that in acalibration gas o known com-
position. More advanced recorders include automati-
caly controlled valving, integration o the response
curves, calculation o gasquantity from calibration fac-
tors, and a printout of the composition results. Such a
printout is shownin Fig. 7-15.
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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.

Theflame-ioni zation detector (FID)measures the num-
ber of ions produced inaflameand is particularly use-
ful for detecting hydrocarbon species. The HD 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 o
hydrogen in theinert carrier gasis nonlinear, and this
leads to ambiguous results. There are two effective
solutions to this problem. A heated palladium tube at
theinlet can be used toselectively diffusethe 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 apeak on thetime scale o the recorder
chart indicatesthetime o retention and is characteris-
tic o each particular gas component. The area under
the peak, obtained by analog or digital integration, in-
dicates thevolume o each gaspresent. Although reten-
tiontimesand sensitivitiesarelisted for each adsorbent
material, aging and drift are common to column pack-
ings, soitisnecessary to calibratetheinstrument daily
to obtain an accuracy on the order o 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 samplesare usually collected as needed, it is
possibleto use automatic samplingwith the GCtogive
ameasurement of gascomposition at regular intervals.
The GC analysis cycle time depends on both the reten-
tion time of the columns used and the number o
speciesanalyzed. Thistimeistypically 30 minutes, but
note that the warmup time for the GC is one day.

A number o 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 CHy. It wasthe
principal measurement method used beforethe GC was
developed in the 1950s and is more reliable and less
costly than GC; however, it requires more time (typi-
cally 30 minutes d full operator attention per analysis)
and more skill.

The Orsat analysis depends on the ability of certain
chemical sto react sel ectively with each gascomponent
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 o each
component directly.

Orsat analysis equipment is portable, does not require
AC power, has ho 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 isconvenient to have continuous"on-line" measure-
ment o 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 gasisa measure o agasifier'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 agas chromatograph, so that normal-
ly a value is available only after a considerable time
delay (10-30min]. It is desirable to have a continuous
indication of gas quality.

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

Thecalorimeter showninFig. 7-16isa precise primary
standard for measuring HHV of the gas. Combustion
air, fuel rates, delivery temperatures, and pressures are
carefully measured. Heat-transfer air i salso meteredfor
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 aliquid. The temperature rise of
theheat-transfer air isdirectly proportional tothe HHV
of thefuel gas. Theequipment 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 aHHV o 150 Btu/scf.

Other simpler, morerelative methodsareavailableand
may be sufficient for many applications. It isinforma-
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 dea on the
functioning or malfunctioning system.

One author (Das) has used a small burner/thermo-
couple monitor shownin Fig. 7-12(b), which produces
atemperature 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 thewet-
and dry-bulb temperature of thegasasin 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)

We bulb

T—~@Gas outlet

BA-GO2017: 8

Dry bulb
T— :

w—
Gas inlet—""_ TWater replenish

TT——Water reservoir

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 o gas through a preweighed dryer
assembly containing desiccant. Moisture can be
calculated as

100 x Weight gain

Moisturewt % = zriTevol, 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 agiven time.
Since the law o conservation d mass requires that
mass be conserved in any process, the total massinput
must equal the total mass output. Any deviation from
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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 (inthis 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 quantitiesthat cannot
be measured directly.
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Table 7-7. Mass Balance

Inputs (kg/h) Outputs (kglh)

Run Wet Chips Dry Air H,0 Total Dry Gas Char Tar HO Total Closure (%)
98 32.0 431 0.5 75.6 66.3 0.9 0.09 7.4 74.7 98.9
910 32.0 45.2 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 89.1 112.1 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 22.9 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 o 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 a major research laboratories, and only
afew 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

Thevariation of gasquality o agasifier with flow rate
hel ps determine optimum sizing parameters. Notethat
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 rateload to provide maximum heat-
ing value. Heating applications that need maximum
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Fig. 7-20. Tar versus flow for rice hufl gasifier (Source: Kaupp 1984b,
Fig. 10-88)

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

7.8 Particle-Size Measurement

Knowledge o the size distribution and other charac-
teristics d gas contaminants is helpful for cleanup
design. Table 7-9 presents particle-size analysis
methods and examples o 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 gasifiersis
caused by the grate design. Gasfrom the lmbert gasifier
exits upward through asettling spacethat retainslarger
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 o large solid particles greater than
40 um may be determined usingsieves. Table 7-10lists
actual sieve sizefor 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 pm aredifficult to see under alight microscope,
and liquid-droplet sizes cannot be determined by this
method because droplets, once captured, coalesce,
leaving no evidence o 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 yi:?'d 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 161 0.277 11.82 315 87.7 70.2
910 26.7 16.52 98.3 5.18 2.28 3.21 459 2003 1.69 0.277 11.82 315 875 70.2
920 33.6 6.01 96.6 5.33 2.48 4,06 271 977 1.85 0.212 13.14 441 94.7 78.1
927 41.2 811 854 5.63 254 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 46.1
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 72.5
929 48.8 7.41 99.5 5.63 2.10 3.72 2.79 1205 152 0.250 11.82 576 88.5 70.2

1011 49.5 7.31 91.6 5.44 2.55 3.94 459 1607 1.88 0.321 13.84 685 96.1 82.2
1015 52.3 7.95 88.8 5.33 2.73 4.69 521 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 9.1 490 80.9 54.2
106 54.3 6.67 95.4 5.48 195 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 2.61 271 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 2.11 3.96 3.65 1567 150 0.264 12.08 901 86.0 71.8
1117 854 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 1255 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 2.92 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 — 2.1 4.5

4DC = 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 separatedby
size, there is no need to prevent the droplets from
coalescing. Quantities, andtherefore distributions, are
subsequently determined by the relative masses
represented in each size grade.

7.8.5 Graphic Analysis of Size Distribution

The cumulative artiCle-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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Fig. 7-21. Flow rate effects on efficiency, heating value, and gas composition for rice hulls  (Source: Compiled from Kaupp 1984b data)

Table 7-9. Examples of Size-Analysis Methods and Equipment

Particle Size, um  General Method

Examples of Specificinstruments*

37 and larger Dry-sieve analysis
10 and larger

1-100

Wet-sieve analysis

Optical microscope

Microscope with scanner and counter
Dry gravity sedimentation

Wet gravity sedimentation
Electrolyteresistivitychange

0.2-20 Light scattering
Cascade impactor

Wet centrifugal sedimentation

0.01-10 Ultracentrifuge

Transmission electron microscope

Scanning electron microscope

Tyler Ro-Tap, Alpine Jet sieve
Buckbee-Mears sieves

Zeiss, Bausch & Lomb, Nikon microscopes
Millipore lIMC system

Roller analyzer, SharplesMicromerograph
Andreasen pipet

Coulter counter

Royco
Brink, Anderson, Casella, Lundgrenimpactors
M.S.A.-Whitby analyzer

Goetz aerosol spectrometer

Phillips, RCA, Hitachi, Zeiss, Metropolitan-Vickers,
Siemens microscopes

Reist & Burgess system

*This table gives examples of specific equipment. It is not intended to be a complete listing, nor is it intended to be an endorsementof any instrument.

Source: Perry 1973, Table 20-33
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Table 7-10. Sieve Number Versus Mesh Size

Sieve Number Mesh Size, um

80 180
100 150
120 125
140 106
170 90
200 75
230 63
270 53
325 45
400 38

standard deviation ¢ as indicated by the slope. Note
that both distributionsshown in Fig. 7-4 have the same
overall slope. This slope is typical o large materials
that have been broken up into a wide range of smaller
particles. It will be helpful for usto express this slope

as the geometric standard deviation, Oy

6, = dpaa/dyso = dpso/dpie (7-5)

where d ;5 is the diameter for which 50% of the total
particles are captured. The other subscripts denote
similar cumulative percentages of particles smaller
than the respective particle diameter d.

The solid particles that pass through acyclone can be
expected to have a mean particle diameter near the

cyclone cut diameter, d 54, with a standard deviation,
o, equal to 2.5, which is characteristic dof cyclones,
gravity separators, and all Stokes' law particle
movement.

7.8.6 Physical Size Analysis

The major methods for particle-size measurement are
shown inTable7-9. Screening and microscopy are used
to determine linear dimensions. The Stokes' radius, r,,
isthe radius of a hypothetical spherical particle wit
the same falling velocity and bulk density as the
particle. The aerodynamic diameter, d,, is the
diameter of a hypothetical sphere o density 1 g/cm3
that will attain the same falling velocity asthe particle
in question.

The number mass and area distributions all have the

same geometric standard deviation, G

Scrubber performance can be characterized similarly
by the size particle diameter which iscaptured at 50%.
The preciseness o thesize cutoff point ischaracterized
by thevalue d . Variousscrubbersand separators are
compared in Table 8-1 for cut diameter and sharpness.
Note how many have a standard deviation near 2.5.
Consider thosethat haveasharper or broader deviation
and why.
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Chapter 8
Gas Cleaning and Conditioning

8.1 Introduction

If the gas is to be used in a burner application, an
updraft gasifier can be used, and no clg nun&/\/{'ll be
needed. However, if the f,0] gas )] ¢ ted to an

engine. then a downdraft or other tar cracking gasifier
must be used; and the gas must be cleaned and

conditioned before it isfed to the engine.

The gas emerging from a downdraft gasifier is usually
hot and laden with dust, containing up to 1% tars and
particul ates. If these materials are not removed proper-
ly, they can cause maintenance, repair, and reliability
problems much more costly and troublesome than
operation of the gasifier itself. In fact, it islikely that
moregasifier engine systems have failed because of im-
proper cleanup systems than for any other cause. In
particular, the gas is very dirty during startup and
should beburned at the gasifier until thesystemisfully
operational. (See Sections 9.3.3, 9.34 and 9.4.1 for
blowers, gjectors, and flares.)

In 1983, the Minneapolis Moline Engine Company be-
came the first contemporary engine manufacturer to
offer a 5000-h warranty on its engine— based on a fuel
gasat theengine containing lessthan 5 mg/Nm? o total
combined tars and particulates (Mahin, June 1983).
This amounts to 99% removal o all dust particles.

Prior to 1950, manufactured gaswaswidely distributed
to homes, and the technology for gas cleanup was used
extensively and well understood at that time. The
chemical and energy industries o today routinely use
the methods that will be described in this chapter.

In order to design effective gas cleanup systems, one
must determine the magnitude, size, and nature o the
contaminants, and then couple that information with
knowledged methodsavailablefor their removal. This
chapter presents the principles of gas cleanup, the
available types of separation equipment and their

respective capabilities and suitability, and some
approaches for overall cleanup systems.

The basic cleanup system design strategy should be
based on therequired cleanliness goals (determinedby
the application), the order of removal, temperature,
and theintended deposit site for collected materials. In
addition, size, weight, cost, reliability, the need for ex-
otic materials. water consumption, effluents disposal.,
the time between cleaning cycles, and the ease of
equipment servicing must be considered.

Thefirst step toward producing clean gas isto choose
agasifier design that minimizes production of tars and
particulates to be removed, such as a downdraft or

e eaviigap i MR has s fatiiiee
production by proper sizing (see Chapter 5). Develop-
ment of cleaner gasifiers is proceeding in the United

States and Europe at a good pace (see Chapter 5).

The next step, which simplifies the handling o cap-
tured contaminants, isto remove particul ates, tars, and
water in the proper order and at the right temperature.
If the gasisimmediately cooled and quenched in one
operation, then char, tars, and water all are removed at
onelocation to form asticky, tarry mess. If particul ates
areremoved first at atemperature above the dewpoint
o the tars (~300°C), tars are removed next at inter-
mediate temperatures (above 100°C), and water is
removed last at 30°-60°C, then each separated con-
taminant can be handled much more easily. The rela-
tion between gas temperature and each operation is
shownin Fig. 8-1.

The final step of effective gas cleanup is to wisely
choose a site for depositing the collected materials.
Devices can be classified as either "in-line" or "off-
line." In-line devices, such as fabric bags and packed-
fiber filters, cut off the gas flow as they becomefilled
with the tar or particulate material that they have

o
T>700°C T >300°C T>80°C 2
2
startup 8
. burner a
Gasifier m
Particle Tar Water Engine
l separator Cooler separator ?"! Cooler |" separator Reheater ngi
Grate Y ¥ [7
large particles Small Engine exhaust
particles heat r

L

Fig. 8-1. Schematic relationship of gas temperature to contaminant removal
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captured. The pressure drop across the cleanup system
steadily rises with the accumulation of captured
materials, requiring frequent or automatic cleaning or
replacement. Collection efficiency is low for a clean,
in-line filter but climbs steadily with the increasing
pressure drop asthefilter becomes plugged. Collection
efficiency measurements o in-linefilters should clear-
ly indicate loading effects or be averaged over a full
cleaning cyclein order to be meaningful.

Off-linedevices, such as cycloneseparators, wet scrub-
bers, and electrostatic precipitators, deposit captured
materials outside of the flow path. These devices
separate the contaminantsinto one stream and the gas
into another stream. The pressure drops and efficien-
cies associated with these devices are predictable and
independent of the amount of captured materials,
eliminating the slow buildup o pressure drop with
use. Off-line methods are preferable in applications
where they can be used.

8.2 The Power Theory of Gas Cleanup

According to the contact-power theory of gascleanup
(Perry 1973), for a given power consumption, as
measured by the gas pressure drop or water flow rate,
all cleaning devicesgivesubstantially the same collec-
tion efficiency, and the collection efficiency increases
with increasing power. Some improvement over con-
tact-power theory limitations can be gained by using
designs for reduced power consumption that usesmall
parallel streams, multiple stages in series, diffusion,
mass transfer, or condensation.

The performance and sharpness of size separation of
variouscleanup componentsarecomparedin Tahle8-1
and Fig. 8-2. Particle cut diameter (aswritten d. or
d50) is the particle diameter at which 50% of particles
are captured. A capture rate other than 50% may be
noted as a different subscript. A convenient
relationship exists for particle collectors with standard
deviation 2.5. Particleswith diameters that are double

99.9
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5
99
98 I 3
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Fig. 8-2. Scrubber performanceand sharpness comparison (Source:See reference in Table 8-1)
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Table8-1. Sharpness of Particle Collection Methods

Cut Diameter

Sharpness of
Size Separation
Standard Deviation

Scrubber Type (dpsg) pm og = dpsa/dpso Reference
Gravity Settling Chamber 50 25 Perry 1973
Single Cyclone 1 25 Kaupp 1984a
Cascade Cyclones Das 1986
n in seriesidentical
n=2 0.67* 1.8
n=3 0.53" 0.65
n=4 0.48" 0.55
Disintegrator 0.6 25 Perry 1973
Karbate 1 in. Ap 5 1.3 Perry 1973
Wire Mesh 2 layers 24 25 Perry 1973
(0.011in. wire) 3 layers 1.5 25
Packed Bed 6 in. deep Perry 1973
1/2 Spheres + Saddles
Velocity 5 fps 23 1.65
Velocity 30 fps 0.95 1.8
Venturi Scrubber 40 in. ApWG 0.3 18 Perry 1973
Sieve Plate 1.5 in. ApWG Calvert 1972
Hole Velocity Vi = 75 fps 0.625 2
ImpingementScrubber Kaupp 1984a
4 mbar/Stage
1 Stage 15 6.7
2 Stage 0.076 8.5
3 Stage 0.015 20
Fabric Filter i 1.8 Peterson 1965
Spray Cyclone Dia. 24 in. 2 3 Perry 1973
Ap =2-10 in. HoO V; = 57 fps
Droplet 40-200 um
Spray Tower 2-4 fps 5 2.5 Perry 1973
Droplet500-1000 um
53 ft high
Wave Plate 90° Perry 1973
7 waves 7/16 in. radius 5 11

0.15 in. spacing

'Cyclone cut diameteris determined by design, down to 1 um.
" "Fabric filter collection efficiency is above 90% for all particle sizes.

the d,. value are captured with 80% efficiency, and
those with diameters triplethe d . value are captured
with 90% efficiency. In other words,

dpgo = 2 dpsgs (8-1)
and
dygo = 3 dygg - (8-2)

For example, acyclonerated atd ,;, = 10 um can be ex-
pected to capture 50% of par}t)icles having 10 pm

aerodynamic diameter, 80% of particles d, = 20 pm,
and 90% d particles d, = 30 pm.

Note that gravity settling chamber, cyclone, disin-
tegrator, wire mesh separator, and spray tower all have
the same standard deviation— characteristic of inertial
and gravitational separation mechanisms. Sharper par-
ticleseparationasindicated by smaller standard devia-
tion involvesthe benefit o other or additional capture
mechanisms such as condensation, cascading dif-
fusion, or mass transfer. Similarly, poorer separation
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sharpness indicates that particle separation is
degraded by some mechanism such as reentrainment
or fragmentation.

The minimum particle size and typical pressure drops
are shown for various scrubbers in Table 8-2. The
scrubber selection parametersarethe particlesizetobe
removed, the desired collection efficiency, and the
maximum pressure drop.

8.3 Gas Cleanup Goals

8.3.1 Gas Contaminant Characteristics

Gascleanup goalsshould be based on thedegree o con-
tamination, the size, distribution, and nature of the
contaminants, as well as the degree o cleanliness re-
quired by the equipment. Both solid and liquid con-
taminants are present in producer gas. The solids are
char,ash, and soot, and they cover awideranged sizes.
The liquid is initially a fine mist or fog composed of
droplets smaller than 1 pm, but the droplets
agglomerate to increase in size as the gas cools.

8.3.2 Typical Dirty Gas

A typical specification for dirty gas might be
100 mg/Nm3 d particulates with mean diameter d p50 =
100 pm, a geometric standard deviation ¢, = 3. 5 and
tar contamination of 1000 mg/Nm3,

8.3.3 Gas Cleanup Goals

The solids can be quite abrasive, and the tar mist can
cause the inlet valves, rings, throttle shafts, and other
moving parts to stick. Therefore, both contaminants
must be thoroughly removed for reliable engine opera-
tion (Gengas1950; Freeth 1939; Goldman 1939; Kaupp
1984a; Kjellstrom 1981). Successful gasifier-engine
systems have required gas cleanliness standards from
10 mg/Nm3 to less than 1. mg/Nm3.

Many gasifiers can produce very clean tar-free gas
under certain conditions. However, it is best to design
thegascleanup system with adequate capability for the
very dirty gas that is occasionally produced by every

Table 8-2. Minimum Particle Size
for Various Types of Scrubbers

PressureDrop, Minimum Particle

in. water Size,um

Spray towers 0.5-1.5 10
Cyclone spray scrubbers 2-10 2-10
Impingementscrubbers 2-50 1-5
Packed- and fluidized-bed

scrubbers 2-50 1-10
Orifice scrubbers 5-100 1
Venturi scrubbers 5-100 0.8
Fibrous-bed scrubbers 5-110 05

Source: Perry 1973, Table 20-41.

gasifier, especially during startup, idling, and when
wet fuel is used.

8.3.4 Cleanup Design Target

Requirements for solid-particle removal may be deter-
mined from knowledge o averageparticlediameter d.,
and the worst-case char-ash dust content (cg). Thisin-
formation can be gathered using isokinetic sampling
techniquesto collect arepresentative sasmple o al par-
ticle sizes. If ¢y, represents the maximum permis-
sible dust level for engine use, then the maximum
permissible dust penetration aisgiven by:

& = Cgmax X 1()()(%)/Cdmeasured (8-3)

On aprobability plot o thesize distribution o the dust
shown, for example in Fig. 7-4, we then find the par-
ticle size d, where cumulative mass % less than d
equals a. Tlfus d,50 is then the cyclone cut diameter
required for solids cleanup.

A useful rule of thumb is that the cut diameter (dps)
required for a cyclone or scrubber will be about the
same as the diameter at the cumulative fraction cor-
responding to the maximum permissible penetration
(Cavert1972).

8.4 Classification of Particles

Solid particles with diameters greater than 1 um are
called dust, and those with diameters below 1 um are
referred to as fume. Liquid droplets over 10 um in
diameter are called spray, and droplets with diameters
below 10 um are called mist. Aerosols are solids or
liquids suspended in agas (Calvert1972).

Dispersion aerosols are materials that begin as large
particles and subsequently are broken into smaller
sizes. They tend to be coarse with a wide size-range,
composed o irregular particles and aggregates (i.e.,
char-ash dust).Condensation aer osols are formed from
supersaturated vapors, such astar and water mist from
chemical reactions, and soot formed from cracked
hydrocarbon molecules. They tend to be very fine and
o uniform size.

8.5 Particle Movement and Capture
Mechanisms

Methods for separating particulatesfromthegasstream
usually depend on the mass dof the particles. The
simplest method allowsthe particlesto settleunder the
influence of gravity, with the gas stream flowing verti-
cally upward or horizontally. For horizontal separa-
tion, the process can be accelerated by providing
multiple horizontal plates. Particles also can be
separated from the gas on the basis of their mass by
using the centripetal force provided by a centrifugal
separator.
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The details, including the mathematics, of separation
can befound in Strauss (1975). However, it is interest-
ing to note that the relation between any separator's
50% capture cut-particle diameter and the capturerate
for other sized particlesis:

dpso = (1/2) dpgg = (1/3) dpgg = (1/4) dygs (84)

All collectors using the same capture mechanism will
be characterized by the same slope (Fig. 8-2) and
standard deviation (Table8-1).

8.6 Dry Collectors

8.6.1 Gravity Settling Chambers

Aslong as unlimited spaceand materials are provided,
agravity settling chamber theoretically can achieveany
level of particle separation down to the Stokes' limit of
about 1 um. Infact, many of the earliest gasworks used
gigantic settling chambers. However, even though it is
effective,this method tends to be a bit cumbersome.

8.6.2 Cyclone Separators

Cyclones are simple and inexpensive dust and dropl et
separators; they are widely used on gasifiers and will
be discussed in extra detail in this section.

Hot gas cyclone separators are well suited to remove
solid particles larger than 10 um as a prefilter for the
gas cooler and fine particle removal, as shown in
Fig. 8-3, for avehicle gasifier of the 1939-1945 era.

Cyclone separators are also used widely in industrial
processes. The principles are well-developed, and
designs are easily scaled to the necessary size.
High-efficiency cyclone separators can be fabricated
readily by a sheet-metal or welding shop. Cyclone
design parameters are presented in this section and a*
greater length in Perry (1973), Calvert (1972), and
Strauss (1975). Unfortunately, the small cyclones
required for small gasifiers are not available
commercially, so they must be custom designed and
fabricated.
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Fig. 8-3. Typical vehicle gasifier system showing cyclone and gas cooler (Source: Adapted from Skov 1974)
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8.6.2.1 Cyclone Operating Principles

A cyclone separator imparts a rotary motion to the
gases and thereby enhances the settling rate to many
times that induced by gravity alone. A cyclone
separator is essentially a gravitational separator that
has been enhanced by a centrifugal force component.
The cyclone separator grade efficiency curve, Fig. 8-4,
applies to all cyclone separators, as well astoinertial
and gravitational collectors.

Cyclone performance is rated in terms of particle cut
diameter or cut size. The cut size, d,5q, is the particle
size which is captured 50%.

The relationship between particle cut diameters for
thistype separator isgiven by Eq. (8-4), whered isthe
particle diameter and the numerical subscript denotes
the collection efficiency o that size particle.

8.6.2.2 Cyclone Design Principles

The proportions for high-efficiency cyclone separators
areshown in Fig. 8-5.

The particle size that can be separated with 50% ef-
ficiency is predicted for general cyclones and for the
high-efficiency cyclone proportions o Fig. 8-6 by

dyo = V9 ug b/l2n N, V; (p, - p)l (8-5)

From Eg. (8-5) we can derive the relationship between
the cyclone separator's particle cut size dp50 and the
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cyclone inlet width b for a given pressure drop as
shown in Fig. 8-6. Noticethat the effect of temperature
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Fig. 8-4. Cyclone grade efficiency curve (Source: Kaupp 1984a,
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Fig. 8-5. High-efficiency cyclone proportions (Source: Perry 1973,
Fig. 20-96. ® 1973. Used with permission of McGraw Hill Book Co.;
Kaupp 1984a, Fig. 134)
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on cyclone cut size is minimal. This is due to the
counterbalancing variations of density and viscosity
with temperature.

If coarse particles are introduced into a fine-particle
cyclone separator, then two detrimental effects may
occur. First, the large particles may block the small
inlet. Second, the high velocities within the separator
may break up the coarse particles by erosion, impact,
and attrition. This latter effect can generate fine
particles that may be harder to capture than anything
previously present in the gas (Perry 1973). For this
reason it is preferable to provide a gas-disengagement
space for gravity settling within thegasifier rather than
two stages o cyclones. This will allow the coarser
particles to settle out prior to the cyclone separator.
Settling velocities arerelated to particle size as shown
inFigs. 7-6 and 8-7.

8.6.2.3 CycloneDesign Strategy

In our experience, the cyclones fitted to gasifiers are
too large for optimum particle removal. Therefore, we
present here an example of detailed cyclone design.

The diameter of pipe leading from the gasifier outlet to
the cyclone inlet should be selected to allow an ade-

quate solids-conveying velocity within the pipe. Typi-
cal solids-conveying velocitiesfor light materialsrange
from 10 to 15 m/s (30-50 ft/s), as shown in Table 6-1.
One should select the cyclone inlet pipe width (b)
equal to the gasifier outlet pipe diameter or set the
cyclone inlet velocity equal to the pipe velocity and
design the cyclone according to the proportions in
Fig. 8-5. The equations that appeared previously then
can be used to predict particle cut size and pressure
drop.

8.6.2.4 Cyclone Design Example

For example, let us design a high efficiency cyclonefor
al0 kW (13.4 hp) gasifier engine system.

First we must determine the gas flow rate for atypical
22% engine efficiency and an assumed heating value
of 1300 kcal/Nm3 (5.44 MJNm3, 157 Btu/scf). Then
specific gas consumption is 2.2 Nm3/hp-h
(1.43 scfm/hp) per horsepower or 3 Nm3kWh
(25cfm/kW) (Gengas1950).

A 10 kW engine will require 30 Nm3/h (20 scfm) of
producer gas, which correspondsto a gas energy out-
put of 163 MJ/h (188kBtu/h). The volume of gas at the
cycloneinlet temperature of 300°Cwill be
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573.16 K

3
30Nm /b oo 6 Kk

- 63m%Mh (37ft3/min) (3-6)

We wish to reduce solid particulates to 10 mg/Nm3
from raw gas that exits the gasifier at 700°C. The gas
coolswithin afew feet of pipe to 300°C, which wewill
consider as the cyclone inlet temperature. Screening
analysis of airborne char (Fig. 7-4) shows a mass mean
particle diameter d, = 100 um with a geometric
standard deviation 5, = 2.5. Particulate sampling
indicates that total dust load at peak flow is
5000 mg/Nm3. For aturndown ratio requirement of 4:1,
the maximum dust penetration at peak flow rate is
P’y = 100 x [(10 mg/Nm3)/(5000 mg/Nm?3)] = 0.2%.
Derating by square root o turndown, the maximum
penetration for turndown is Pp, = 0.2%/va = 0.1%.

On Fig. 7-4 wefollow the particlesize distributionline
for an Imbert gasifier to the data point where the
cumulative fraction equals the maximum penetration
allowing for turndown P (0.1%). The corresponding
particle diameter d_ = 3 um is the cut point we will
require. d,5, = 3 pm, asshown by the dotted line.

The recommended minimum gas velocity for convey-
ing medium density dust is 15 m/s, and for heavy dust
(metal turnings) is 25 m/s.

A pipe 2.5¢m (1 in.) inside diameter should providea

gas velocity of
v = 2Q
nD?
4(63 m3/h)

i

35 m/s (7000fpm) (8-7)

which is well above the minimum.

Selecting the cycloneinlet width equal to the gas pipe
diameter, the cyclone is designed by the proportions
from Fig. 8-5. For inlet width 2.5 cm (1 in.) and inlet
height 5 cm (2 in.) then the cycloneinlet velocity will
be

V =

>0

~ (2.5 cm)(5 cm)(3600 s/h)

14 m/s (2755 fpm) (8-8)

Cyclone cut size is the size particle that will be col-
lected with 50% efficiency. Then we calculate, using
the viscosity and density of producer gasfrom Fig. 8-8
and assuming ash density 2.0 (2000 kg/m?) and char
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density 0.2 (200 kg/m3), that the cyclone cut size will
be

d. = A ’ 9 ub
pe 2NV (pp - pe) ™

_ «/__9(255 x 10" kg/m-5)(0.025 m)
- 2(5)(14 m/s)(2000 - 0.489 kg/m3) (3.14)

= 2.5um (8-9)
for ash, and

4 - ,\/ 9(259 x 10" kg/m-s)(0.025 m)
pc 2(5)(14 m/s)(200 - 0.489 kg/m?) (3.14)

(8-10)

= §um
for char.
The cyclone pressure drop will be

(.065)(pc)(Vi®)Aq
De?

Ap =

(.065)(0.489 kg/m?3)(14 m/s)?(0.025 m)(0.05 m)
(0.05 m)?

= 31 mm (1.22 in.) H,0 (8-11)

We can seethat this cycloneshould achievethedesired
particul ate removal without excessive pressure drop.

However, there is still afinite possibility o large par-
ticles passing through a cyclone, so it is not advisable
to use a cyclone as the sole method o particulate

removal. Also, any tars in the gas stream must still be
removed by other means.

8.6.2.5 Other Factors in Cyclone Performance

The most common errors encountered in cyclone
designarealow intake velocity caused by an oversized
cyclone, and reentrainment of solid particlescaused by
improper cone design or faulty design of the discharge
receiver.

Reducing theflow rate decreases the separator's perfor-
mance, but it has only aslight effect on gas cleanliness
because the dust load entrained in the inlet gasto the
separator is also lower at the reduced flow rate. The
resulting effect is that this outlet dust load slowly in-
creases with adecreased flow rate by theinverse square
root of gasflow rate (Gengas1950; Calvert 1972; Perry
1973).

It istempting to reducethecycloneinlet width with an
inlet vane; however, the upset cyclone proportions
have been found to reduce the effective number of gas
rotations N, to aslow as two and to increase reentrain-
ment (Perry1973). Therefore, to remove finer particles
using cyclonesat alower pressure drop,itis preferable
to reduce the individual cyclone diameter using
multiple parallel cyclones (multi-clones) if necessary.

Air leaking into the char-ash hopper at the bottom o a
cyclone separator deteriorates performance substan-
tially. Similarly, removing the gas through the bottom
improves the efficiency o the cyclone separator.
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Fig. 8-9. Wetcyclone (Source: Calvert 1972, Fig. 3.1-6)

Collecting entrained droplets from wet scrubbers with
a cyclone separator requires an outlet skirt to prevent
reentrainment o liquids that have impinged on the
outlet tube, as shown in Fig. 8-9.

8.6.2.6 Recent Cyclone Development

Recent work has been done on cyclone design specifi-
cally applied to gasifiers by LePori (1983).

8.6.3 Baghouse Filter

8.6.3.1 Principle of Baghouse Filters

Baghouse filters (such as shown in Fig. 8-10) are used
widely today to capture fine dust particles and to
separate flyash from combustion gases. A baghouse fil-
ter consists of oneor morefibrousfilter bagssupported
on metal cages enclosed in a chamber through which
the gases must pass. A deposit of the separated par-
ticles soon builds up on the bag and establishes a dust
cake dof appropriate pore size through which addition-
al particles cannot pass. As more dust is accumulated,
the pressure drop increases. When the cake is an op-
timal thickness for removal, the bag is agitated either
by gas pressure or by mechanical means, causing the
excess caketo drop to the bottom of the housing where
it iseventually removed.

8.6.3.2 Action of the Filter Cake in the Operation of
Fabric Filters

Fibrous bag filters have been found to be outstanding
intheremoval of particles down to submicron sizes, as
shown in the grade efficiency curve o Figs. 8-2 and
8-11. High-efficiency capture of small particles is
surprisingly independent of the size of gpenings in the
filter weave. The reason for this is that the primary

capture element is the dynamic cake that forms on the
filter surface. This cake, which consists o captured
particles, presents a circuitous path that effectively
captures fine particles, while coarser captured
particles maintain an open cake structure to promote
high gas permeability. When a new filter fabric is
inserted, the main mechanism o particle collectionis
physical sizing as determined by the openings in the
weave. At first, small particles may pass uncaptured
until some buildup accumulates on thefilter. Fromthis
point on, thegasmust effectively passthrough apacked
bed of micrometer-sized particles. Interception and
impaction then emerge as significant collection
mechanisms.

8.6.3.3 Application of Baghouse Filters

Baghouse filters have been used with good success in
many of the more successful and reliable engine
gasifier systems (Breag1982; Kjellstrom 1981). The use
o fabric filters has virtually eliminated the corrosive
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Fig. 8-10. Cloth bag filter with intermittent reverse pulse cleaning
(Source: Work 1955, p. 483)

80 Handbook of Biomass Downdraft Gasifier Engine Systems



ash that otherwise was present in condensate or scrub
water. The fabric filter is no doubt the most efficient
device for fine cleaning; but for wood gas, extensive
precautions against condensation o tar or water are
necessary (Gengas1950).

Note in Table 8-3 that the cylinder wear is less for
producer gas with a fabric filter than for diesel oil
alone.

During operation, the previously described filter cake
grows steadily in thickness, collection efficiency
climbs, and the pressure drop across the filter rises.
When the filter cake hasreached optimal thicknessfor
removal, the filter cake must be removed by one of the
following methods: momentary flow reversal to
collapse the bag and dislodge the cake as shown in
Fig. 8-10, a pulse jet of compressed gas or air to create
the momentary bag collapse, or dismantling and
manually shaking the bag (Breag1982).

After cleaning, thefilter efficiency islower until thefil-
ter cake reforms. It is wise to use a conservatively
designed fabric filter (5-10 cfm/ft2), or even larger bag
area, to maximize the interval between bag cleanings
so asto maintain clean gas flow.

Bag filters are suitable only for removing dry particu-
lates; sticky or tacky materials do not release from fil-
ter bags. Therefore, special provisionsand precautions
are required to maintain the bag filter temperature in
order to prevent water vapor or tars from condensing
on the filter bag. In particular, since tar-laden start-up
gas should not be drawn through a cold bag filter, the
design should locate the flare outlet upstream from the
bag filter and provide means for preheating the bag
filter assembly.

Materials that have been used for bag filters include
natural and synthetic organic fiber,glass fiber, ceramic
fiber, and stainless steel. The properties of these
materials are outlined in Table 8-4. Organic-fiber bag
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Fig. 8-11. Fractional efficiency curves of cyclone-alone and cyclone-
cloth collectors  (Source: Peterson 1965, p. 48)

filters are limited to low-temperature operations re-
quiring accurately controlled gascooling. Variouscloth
filters were used on gasifiers between 1939 and 1945,
but these proved to be a continual source d difficulty
because they could catch fireif they becametoo hot, or
would get wet (from condensate) if they became too
cold. Polyester felt bags, the most widely available, are
rated for 135°Ccontinuous service temperature. Stain-
less steel, glass-fiber, and ceramic-fiber bag filters have
been used successfully at higher temperatures and
show good promise (Johansson1980). Unfortunately,
theabrasion and flexing resistance of glassand ceramic
fibers can below; after installation, and especially once
they have been heated, these materials should be han-
dled as little as possible. High-temperature bag
materials are not aswidely available as other materials.

Table 8-3. Cylinder Wear for Gas Cleaned with Wet Cleaning and Fabrics Filters

Dual Fuel — Diesel Qil/Producer Gas

Diesel Oil Wet Cleaning System Fabric Filter
Cylinder wear
1000 h

Tractor 01 0.015 mm 0.05

02 0.028 0.05

03 0.031 0.06 0.007

06 0.005-0.010 0.019

08 0.020 0.011
Oil contamination expressed 0.2% - 0.3% 0.54% - 1.97% 0.12% - 0.25%
as amount of insoluble products average 0.75% (2tests)
in benzene after 100 h (9tests)

Source: Kjellstrom 1981, Table 2.4.
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Table 8-4. Filter Fabric Characteristics

Operating Air
Exposure (°F) Supports  Permeability® Resistance® to
Fiber Long Short  Combustion (cfm/ft2) Composition Abrasion  Mineral Acids  Organic Acids  Alkali Cost RankC®
Cotton 180 225 Yes 10-20 Cellulose G P G G 1
Wool 200 250 No 20-60 Protein G F F P 7
Nylond 200 250 Yes 15-30 Polyarnide E P F G 2
Orlon 240 275 Yes 20-45 Polyacrylonitrile G G G F 3
Dacrond 275 325 Yes 10-60 Polyester E G G G 4
Polypro(;:)ylene 200 250 Yes 7-30 Olefin E E E E 6
Nornex 425 500 No 25-54 Polyamide E F E G 8
Fiberglass 550 600 No 10-70 Glass P-F E E P 5
Teflond 450 500 No 15-65 Polyfluoroethylene F E E E 9

acim#t2 at 05 in. water gauge

bP = poor, F = fair, G = good, E = excellent.
CCost rank, 1 = lowest cost, 9 = highest cost.
dpu Pont registeredtrademark.

Source: After Kaupp 19844, Table 51.



8.6.3.4 Safety Filter

If the filter bag ruptures, contaminants harmful to the
engine will be released. Therefore, a safety filter or
other effective warning means should always be used
in conjunction with bag filters. The safety filter actsby
plugging quickly and shutting down the system in the
event o an upstream equipment failure. A 200-mesh
screen is suitable for a safety filter, as shown in
Fig. 8-12.

8.6.4 Electrostatic (Cottrell) Precipitators

Electrostatic precipitators have a long history o in-
dustrial useto produce exceptionally clean gas. During
operation, thegas passes through a chamber (asshown
in Fig. 8-13) containing a central high-voltage (10-
30 kV) negative electrode. A corona discharge forms
around the central electrode, which imparts a negative
charge to all particles and droplets. The negatively
charged particles then migratetothepositive el ectrode,
which may be washed by acontinuous water stream to
remove these particles. The electrostatic precipitator is
effectivefor all drop and particle sizes.

A small precipitator (20 cm in diameter and 1 m in
length) was operated at SERI to clean gas produced by
a 75-hp Hesselman gas generator powering a 15-kW
electric generator. The initial results were very

Wire netting
Supporting

filter

Fom the cloth cleaner

Fig. 8-12. Flame arrestor and safety filter (Source: Gengas 1950,
Fig. 166)

dramatic, and the tar mist at the flare could be seen to
disappear instantaneously when the voltage was
applied. However, the electrodes and insulators soon
became coated with soot and tar, and formed a
short-circuit path that supported an arc. A means for
cleaning the electrodes must be provided, along with a
means to warm the insulators to prevent a
water-condensation short-circuit. These problems are
being investigated.

For tar-mist removal, wire and tube electrostatic
precipitators are preferred over the plate-type electro-
static precipitator (Strauss1975). Typical performance
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Fig. 8-13. Electrostatic precipitatorexamples (Source: Strauss 1975, Figs. 10-19, 10-20. ® 1975. Used with permission of Pergamon Press)
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Table 8-5. Typical Performance Data for Electrostatic Precipitators

Dust Concentrations

g/m3 at Operating Temp. Collecting Power Consumption
Type of Plant Inlet Outlet Efficiency (%) W/1000 m3/h
Coal Gas Industry
Peat gas producer 5.34 0.008 99.85 702
Cracking plant for natural gas 0.224 0.002 99.20 1204
Producer gas from lignite briquettes 37.7 0.20 99.47 652
Producer gas from sembituminouslignite 28.7 0.10 99.7 602
Shale-gas cleaning plant 40.0 0.006 99.9 903
Coke oven town gas cleaning 2415 0.010 99.9 903
Coke oven town gas cleaning 17.0 0.003 99.9 1605
Coke oven gas cleaning 28.0 0.078 99.8 752
Oil carburetted water gas cleaning 4.73 0.039 99.2 1404
Tar carburetted water gas cleaning 10.0 0.050 995 1805

Source: Perry 1973, Table 20-45.

characteristics for el ectrostatic precipitators are shown
in Table 8-5, indicating high capture efficiency.

The precipitator tube diameter should besmall enough
to alow the corona discharge to be established at a
reasonable voltage and large enough so that its volume
will provide the necessary residence time with a
reasonable length. Low flow rates result in a higher
residence time and higher collection efficiencv.

Multiple parallel precipitator tubes, as shown in
Fig. 8-13, permit a more compact precipitator design
and use a lower voltage than a single larger tube. The
sparking voltage for tube precipitators is shown in
Table 8-6. In practice, precipitators are operated at the
highest operating voltage without excessive sparking
[Perry 1973). One-second delays between sparks have
been found to result in effective precipitator operation.

Application of a negative (rather than positive) voltage
onthe center electrode isfavored because thisarrange-
ment resultsin a more stable coronaand less sparking.

Thetypical current through the electrodeislow: 0.1to
0.5 mA/m2 o collecting surface [Perry 1973). Half-
wave rectification of a 50 to 60 Hz electric supply
provides adequate time for extinguishing sparks.

The power consumed by an el ectrostatic precipitator is
very low, typically 1.5 W/hp (Strauss 1975), and the
pressure drop alsoisvery low, at considerably lessthan
1 in. o water. High-voltage equipment requires
rigorous safety measures. In addition, unforeseen
power failures may cause a loss o the electrostatic
precipitator's cleaning ability, with a subsequent
release of tarsto the engine.

8.7 Wet Scrubbers
8.7.1 Principles of Wet Scrubbers

As we have previously stated, particles with diameters

larger than 1 pum settle by gravity and inertia. They fol-
low Stokes law and can be captured by impaction,

gravitational, or centrifugal means. For particles
smaller than 0.1 pm, motion isdominated by molecular
collisions. They follow Brownian motion principles,
behave more like a gas, and may be collected by dif-
fusion ontoaliquid surface. Inthissection we will look
at the basic mechanisms o particle movement and
capture for wet scrubber systems.

Particles with diameters between 0.1 and 1 um fall
within the so-called " open window." They arethe most
difficult particles to capture, either by diffusion or in-
ertial mechanisms. They are too large to diffuse well
but too small to settle. However, they can be made to
grow insize, since small particlescollide naturally and
agglomerate into larger particles that are easier to
capture.

One method of high-efficiency collection uses primary
collection o large particles by inertia and diffusion,
followed by an increase in fine particle size by ag-
glomeration, and finally by collection and entrai nment
separation. Therate of agglomeration is proportional to
the total number o particles present. Agglomerationis
also assisted by the presence of droplets that act as
nuclei.

Particles tend to move toward a surface on which con-
densationistaking place. This phenomenonisreferred
to as "Stefan motion." Particles tend to migrate away

Table 8-6. Electrostatic Precipitator
Sparking Potentials

Sparking Potential,@ volts

Pipe Diameter,in. Peak Root Mean Square
4 59,000 45,000
6 76,000 58,000
9 90,000 69,000
12 100,000 77,000

aFor gases at atmospheric pressure, 100°F, containing water vapor, air,
€02 and mist, and negative-discharge-electrode polarity.

Source: Perry 1973, Table 20-43.
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from a hot surface and toward a cold surface. This
phenomenon is called ""thermophoresis.”

Wetted particlestend to stick together better when they
collide, thereby assi sting agglomeration. Wet scrubbers
have been used widely, especially in stationary ap-
plications for cleaning and cooling thegas. A scrubber
operates by creating conditions for maximum contact
between the gas to be cleaned and a scrubbing liquid
medium.

Basic scrubber types and performance characteristics
are summarized in Tables8-1, 8-2, and 8-7, and grade
efficiency curves are shown in Fig. 8-2. Scrubbers can
be divided into impingement-plate, packed-bed, sieve-
plate, spray tower, and Venturi scrubbers.

Small, difficult-to-capture droplets may be made to
grow in sizewith time until they arelarge enough to be
captured by simply providing adequate residence time
in the scrubber volume. Particles grow in size by ag-
glomeration and condensation. Agglomeration is par-
ticle growth through particle collision. Almost all
high-concentration clouds tend to have the same
particle concentration within 1 min after formation.

A novel method to capture 0.2-um mist isto provide
water fog nuclei and ample residence time. Water fog

is introduced at a concentration of 0.25 L/Nm3, at
30 psig spray pressure, and in a high intensity sonic
field of frequency 600 to 800 Hz. A 12-s residence time

FBHGR Bt W RO RSN B SR
cyclone (Calvert 1972).

If a condensation nucleus is absent, but the degree of
supersaturation (S) exceeds 200% to 400%, then
homogeneous self-nucleation occurs. Self-nucleation
produces extremely small droplet sizes. The droplet
growth rate is inversely proportional to the droplet
radius, so it proceeds slowly at first, accelerating with
droplet size.

Nucleated condensation dominates over homogeneous
self-nucleation when nucleation sites are present.
Vapor condenses more readily within concave sur-
faces, filling thevoid fraction of solid particles. Soluble
aerosol particles nucleate even more readily by boiling
point depression in solution. A small droplet grows
slowly by chance agglomeration until it reaches its
critical size; after that, it grows rapidly by acting as a
nucleation site. Soluble particles behave as nucleation
sites without having to achieve critical size. The char-
ash dust particles present inthe producer gasstream at
temperatures below thetar dew point will act as nuclei

Table 8-7. Scrubber Types and Performance

Size Limit Particle Pressure Drop

Cut Dia. (dpsg) Water Column

Method um cm (in.) Comments

Gravity Settling >30 Low Coarse separator; very
large and bulky

Massive Packing >5 1 em/10am of Free draining coarse demister

column height

Fiber Packing 10cm Viscous materials can cause
plugging

Preformed Spray >5 Low High water consumption

Gas Atomized Spray >5 0.002 (0.001) Good for sticky materials

Venturi and Sieve >2 5.7 (2.2)
Plate Scrubbers >1 22.6 (8.9)
Submicron 91 (35.9)

Centrifugal 1-2 7.5-20 (3-8} Compact; good for preliminary
cleanup

Baffle Plate 20 (solids) 2.5-7.5(1-3) Large coarse collector

5 (mist)

Impingement 2-3 10-50 (4-20) Recoil bounce; can reentrain

Entrainment Separator 5 32 (5) Can be clogged

Mechanically Aided 1-2 Acts as a blower High power and maintenance

Moving Bed 1 7.5-15 (3-6) Good mass transfer

Fabric Filter 0.3 13 (5) Excellent; can be clogged

Source: Compiled from data in Calvert 1972.
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for tar condensation, thereby reducing the amount of
very fineand persistent self-nucleated tar mist (Calvert
1972).

The design of agood scrubber must maximize the gas-
liquid contact areawhile minimizing the pressure drop
through the scrubber. For instance, the gas-liquid con-
tact area for a foam is much greater than for a spray,
given equal energy inputs.

If a gas stream enters a liquid-filled chamber at high
velocity through asmall holeat thebottom o the cham-
ber, then all of the entering gas must experience the
subsequent impaction and diffusion environments.
When water enters the gas stream as a high pressure
spray, only a small fraction of the gasis close enough
to the nozzle to receive the benefit o impaction with
the high-velocity droplets. Spray droplet agglomera
tion proceeds rapidly, causing the gas-liquid contact
area to drop off sharply within a short distance from
the nozzle. This effect seriously limits the collection
ability of spray scrubbers.

8.7.2 Scrubber Equipment

8.7.2.1 Spray Towers

Thesimplest typed scrubber isthespray tower (shown
in Fig. 8-14), which iscomposed o an empty cylinder
with spray nozzles. The optimum spray droplet sizeis
500 to 1000 pm. Typical upward superficial gas
velocity for agravity spray tower is 2 to 4 ft/s, and par-
ticle collection is accomplished when particles rising
with the gas stream impact with droplets falling
through the chamber at their terminal settling velocity.
The spray tower is especially well-suited as a prefilter
for extremely heavy dust loads (over 50 g/Nms3),which
would plug other less-open types o scrubbers. Full-
cone spray nozzles produce 500 to 1000 um droplets,
which fall with asettling velocity of 13 ft/s. For aspray
tower 53 ft high, thevalue o d 5, is 5 pm.

8.7.2.2 Cyclone Spray Scrubbers

The cyclone spray scrubber combinesthe virtues o the
spray tower and dry cyclone separator. It improvesthe
particle-capture efficiency o the spray droplets in
ordinary spray scrubbers by increasing spray-droplet
impact. The cyclone spray scrubber also has the
advantage, compared with the spray scrubber, of being
self cleaning, o collecting more particles regardless o
size, and operating at smaller pressure drops. A basic
design is shown in Fig. 8-9; others are described in
Strauss (1975). Commercial cyclone scrubbers are
better than 97% efficient at removing particles with
diameters greater than 1 um. The cut diameter for a
cyclone spray scrubber isabout an order of magnitude
lessthan that for either adry cycloneor spray scrubber.
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Fig. 8-14. Spray tower scrubber (Source: Calvert 1972, Fig. 3.1-4)

8.7.2.3 Sieve-Plate Scrubbers

A sieve-plate scrubber (Fig. 8-15) consists o avertical
tower with a series of horizontal perforated sieve
plates. The scrubbing liquid is fed into the top o the
column and flows downward via downcomers from
plate to plate; the gas to be scrubbed is introduced at
the bottom o the column and passes upward through
the sieve holes counter to the liquid. Contact between
the liquid and gas is enhanced by using plates with
bubble caps, impingement plates, or sieve plates.

Thesieve-plate scrubber captureslargeparticlesby im-
pingement and impaction, and small particles by dif-
fusion. Gas passes upward into thewater layer through
holes in the sieve plate. The high gas velocity through
the sieve holes atomizes the scrubber liquid into fine
droplets, and most inertial particle collection takes
place just as the bubble is being formed, by impaction
on the inner surface o the bubble. Diffusive particle
collection dominatesasthe bubblerises. Here, surface-
active agents can reduce the collection efficiency be-
cause of Stefan motion, but a cold water scrubbing
liquid receiving a hot aerosol increases the collection
efficiency. A deeper foam reduces inertia effects and
increases collection by diffusion. Inertial collectionis
only slightly increased by adding plates or increasing
the pressure drop.
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Fig. 8-15. Sieve plate scrubber (Source: Kaupp 1984a, Figs. 141,

146)

A typical sieve-plate scrubber can attain 90% efficien-
cy for 1-um particles using 3116-in. sieve holes, a a
specific velocity o 15 m/s (50 ft/s). Typical perfor-
mance characteristics of sieve-plate scrubbers are
discussed in Kaupp (1984a).

8.7.2.4 Impingement Plate Scrubbers

The impingement-plate scrubber shown in Fig. 8-16 is
similar to a sieve-plate scrubber, except impingement
plates are arranged so that each hole has an impinge-
ment target one hole diameter away from the hole. Gas
flow past the edge of the orifice produces spray
droplets that, when formed, are at rest, resulting in a
largerelative velocity between dust particles and these
droplets. The gas velocity usually is above 15 mls
(50 ft/s), and the typical operating pressure drop is
1.5 in. water gauge (4 mbar) per plate. An increased
pressure drop raises the collection efficiency. The re-
quired water flow rateis1to 2 gpm per 1000 cfm of gas
flow.

8.7.2.5 Venturi Scrubbers

TheVenturi scrubber (Fig.8-17) captureslarge particles
by impaction and impingement, and also rinses away
any deposits that might otherwise form. Somefine par-
ticlesarealso captured hereby diffusion. High-vel ocity
flow through thelow-pressurethroat areaatomizesthe
droplets. Thelow pressureat thethroat causes conden-
sation, and the high relative velocity of the droplets
with respect tothe gas captures most larger particlesby
impaction.

The atomized droplets present a considerable surface
areafor fine particles to be captured by diffusion. Fur-
thermore, condensation in thethroat improves capture
through diffusion because o the phenomenon of Stefan
motion. The atomized dropletsrapidly agglomeratein
thediffuser section, wherecollection through diffusion
continues. Entrained droplets containing captured
contaminants are separated inertially from the cleaned
gas. Liquid recycle requires cooling and remova o
captured materials, or disposal and replenishment.

The collection efficiency and droplet size are deter-
mined by the pressure drop: efficiencies may be in-
creased by reducing thethroat areato raisethe pressure
drop. The efficiencies of Venturi scrubbers are
discussed in Calvert (1972).

8.7.2.6 Ejector Venturi Scrubbers

The velocity o the contacting liquid both pumps and
scrubsthe entrained gasin an gjector Venturi scrubber,
asshowninFig.8-18. Spiral spray nozzlesimpart axial
and tangential velocitiesto theliquid jet. The contact-
ing ligquid must be removed after the scrubber by a
suitable entrainment separator. Compared to a Venturi
scrubber, the gector Venturi scrubber requires both
more liquid and more power to achieve the same par-
ticle collection and gas movement. Ejector Venturi
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Fig. 8-16. Impingement plate scrubber (Source: Kaupp 1984a, Figs. 142, 143)

scrubbers have no moving parts and are especially
well-suited for very dirty, corrosive, or abrasive
materials that might otherwise damage a blower
impeller (Calvert 1972).

8.7.2.7 Packed-Bed Scrubbers

The packed-bed scrubber (Fig.8-19) issimpleand open
in design, and uses spheres, rings, or saddles as ran-
dom packings to enhance the gas-liquid contact area.
Packed beds are more effective for both gas absorption
and liquid-gas heat exchange than they arefor particle
collection. However, packed beds are excellent for cap-
turing entrained liquids. For entrainment separation,
the optimum superficial gas velocity for packed-bed
scrubbers using 112-in. spheresis 10 to 12 ft/s. Flood-
ing and reentrainment occur above a gas velocity of
12 ft/s. The pressure drop is 7.5t0 8.5 in. water gauge
for a 6-in.-degp bed. Performance characteristics of
packed beds are shown in Fig. 8-20. Packed beds are
free-draining; they may be irrigated to remove
accumulations with awater flow (Calvert1972).

8.7.2.8 Entrainment Separators
Entrained liquids from the wet scrubber must be

thoroughly removed from the gas stream because they

carry a slurry of captured materials. Entrainment
droplets are typically greater than 10 pm and may be
captured using a variety o techniques, including a
packed bed, apacked fiber bed, acyclone separator, an
impingement separator, a spray tower, or a settling
chamber. Poor entrainment separation has been acom-

mon problem for wet scrubbersin gasifier systems. Gas
contaminant testing is advisable for all unproven
designs.

8.7.3 Auxiliary Equipment

8.7.3.1 Gas Cooling

Water vapor acts as an inert dilutent of producer gas,
initially lowering the gas heating value and ultimately
lowering engine power or burner rating, as shown in
Fig. 8-21. Much d this water vapor can be removed by
cooling the producer gasand subsequently condensing
out the water.

The amount of water vapor remaining after the cooling
and condensati on steps can be determined readily from
the lowest temperature to which the gas has been
cooled. If condensation has occurred, then the lowest
gas temperature is of course the dew point o the gas
mixture. The water vapor content of the gas may be
determined from Fig. 8-22, or the psychrometric chart
o Fig. 7-19. Note that the moisture fraction roughly
doubles with each 10°C increase in the dew point
temperature. We can calculate that at the 70°C dew
point, water vapor represents 25% of the gas volume.
Cooling the gas to 40°C reduces the water content to
less than 8%, resulting in a substantial improvement

in gas quality.

Water vapor dilution will be minimized by using fuels
that are as dry as possible and then condensing water
vapor to remove it from the gas.
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to 70% o the total energy contained within theinitial
fuel.

The heat losses from surfaces vary from 1 to
5 Btu/ft2-h-"F, depending on the geometry of the gas
cooler and the temperatures involved. Thus, a great
deal o the cooling at higher temperatures can be
accomplished in the pipes and at the surfaces d the
gasifier itself, as well as in the cyclone separators or
other cleaning equipment. However, as the gas
approaches ambient temperature, additional cooling
surface through some form o gascooler is required.

Gas coolers exchange heat between thegasand the sur-
rounding air, or between the gas and aliquid. A typi-
cal radiator used in vehicle applicationsis shown in
Fig. 8-3. Here, the motion o the vehicle increases air
flow around a gas cooler, so that more cooling air is
available at the higher speeds when the heat load is
greatest. In stationary applications, forced ventilation
isrequired to move air through the gas cooler.

Asthegascools, tarsbegin to condenseat temperatures
below 350°C. Asthe temperature passes below the dew
point of the gas (typically 40°-60°C), water also will
condense. Water condensation hel psto removetar par-
ticles but yields a contaminated water condensate in
the process. If tars and particulates are removed from
thegasbeforeit enters thegascooler, thenthegascooler
will be able to operate longer between cleanings. All
heat-exchange and gas-cooling surfacesin contact with

Fig. 8-17. Venturi scrubber with centrifugal entrainment separator
(Source: Calvert 1972, Fig. 5.3.6-1)

When the gasleaves the char gasification zone at about
800°C, the sensible heat o the gas accounts for about
15% o the initial energy in the wood. If the gas is
burned whileit isstill hot, then the sensible heat can
be utilized. However, if the gas is to be used in an
internal-combustion engine, it must be cooled to
prevent preignition, to improve the engine volumetric
efficiency, and to facilitate gas cleanup.

The thermal energy in the raw gas may be either dis
sipated, used for low-temperature applications such as
drying, or recycled into the gasifier by using the ener-
gy to preheat the incoming air. Each method has been
used on gasifiers. Airblast preheating was used exten-
sively in European vehicle gasifierstoimprove thegas
and to permit wetter fuels to be gasified (Schlapfer
1937; Egloff 1941; Lutz 1940).

Using sensible heat to do morethan preheat theair blast
or heat the fuel hopper is hardly justified because the
gasisdirty and only asmall quantity of heat (15%) is
involved. If usable heat is desired, then the engine ex-
haust gas and engine coolant fluid are much cleaner
and more abundant sources d heat, representing 60%
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Fig.8-78. Ejector Venturiscrubber (Source:Calvert1972, Fig. 3.7-4)
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theraw gasare subject to ash and tar buildup, so ample
cleanout ports should be provided to clean these
surfaces without requiring extensive disassembly.

8.7.3.2 Gas Drying
The diluting effect of water vapor on the wet gas heat-

value o the dry gas (HV,) and the moisture fraction
(F,,) from Fig. 8-22, where F,, = water vapor partia
pressure/total (absolute) gas pressure.

Then, HV, isfound from

ing value (HV,,) may be determined from the heating HV,, =HV4(1-F,) (8-12)
Gas out
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Fig. 8-19. Packed tower and packings (Source: Kaupp 1984a, Fig. 151)
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Fig. 8-20. Performance of packedbed

Fig. 8-21. Power loss due to moisture saturated producer gas for
150 Btu/scf dry basis gas
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Fig. 8-22. Water content of saturated producer gas (Source:Gengas
1950, Fig. 82)

[The moisture fraction F_ is approximately the same
value for either mass fraction or volume fraction of
water, since 1 Nm3of water and 1 Nm3 of producer gas
each weighsapproximately 1 kg.) The effect that water-
vapor dilution hason the heating val ue of a150-Btu gas
isshownin Fig. 8-21.

Methods of measuring gas moisture are presented in
Chapter 7. To minimize the power loss from water-
vapor dilution, the necessary cooling surface can be
roughly determined from Fig. 8-23. Ample ventilation
must be provided to cool and condense the gas with a
60°Cdew point from 700°Cdown to 40°C.

8.7.3.3 Demisting/Entrainment Separation

A common problem with otherwise adequate gas
cleanup systems is inadequate remova of entrained
scrubber liquids.

The gas emerging from the gas cooler and from wet
scrubbers contains droplets d dirty water entrained in
the gas stream. Most engine trouble is caused when
these entrainment-borne contaminants form deposits
on the engine parts. Therefore, they must be removed
to finish the job of gas purification.

Wée cyclone separ ator s (shownin Fig. 8-9), with amax-
imum spray velocity of 45 ft/s (15 m/s), are good for
removing large mechanical entrainment drops more
than 100 um in diameter but have low efficiency for
fine mist particles less than 10 um in diameter.

Packed bed separators are good for finer droplet
removal. For example, Fig. 8-24 illustratesthat a 6-in.-
deep bed packed with 112-in.-diameter spheres will
capture 50% o 2.5-um diameter droplets from asuper-
ficial gas velocity at 1.5 m/s (5ftls). Deeper beds and
finer packings will increase collection performance;
however, excessive gas velocity may cause reentrain-
ment, deteriorating overall performance. The mini-
mum packing size is limited by the fact that smaller
packings more rapidly become plugged by viscous tar
deposits. In these casesflow can be restored by stirring
or replacing the packing.

It was common practice during World Wer 11 to pass
the gas through wood chips, cork, or other fibrous
materials to remove tars. Some of these materials
subsequently can be used asfuel inthegasifier andthus
dispose o the pollutants. Fiberglass filters have been
used to clean gas [Johansson 1985) as has char
(Humphries1985).

Fiber-type demisters have limited applications be-
cause viscous tar deposits on fine wire mesh do not
drain freely and are prone to plugging.

An electrostatic precipitator may be useful for entrain-
ment separation. However, these units have not yet
been proven reliable for continuous operation with
producer gas.

8.7.3.4 Preventing Further Condensation

The scrubbed gas may have a very high humidity (from
80% humidity to the saturation point). Further
condensation can be expected to occur either as the
pressure drops or when the producer gasis mixed with
combustion air.

To prevent further unwanted condensation, one may
heat thegasor secondary air (theengineintakeair) with
engine exhaust heat as shown in Fig. 8-25.
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Fig. 8-23. Gas cooler surface requirements for various outputs at
700°C (Source: Gengas 1950, Fig. 99)
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8.8 Disposal of Captured
Contaminants

8.8.1 Char-Ash

The char-ash removed from producer gas is free o
dangerous materials and can be burned or safely
disposed o in alandfill. When burned to white ash,
char-ash contains valuable minerals that may be
beneficially returned to the soil. Charcoal isavaluable,
clean-burning fuel, worth several times the value of
wood. Alternate uses and possible markets definitely
should be examined.

Larger char material may be saleable for further
charcoal gasification, combustion, or briquetting.

Inadditionto valuablesoil minerals, charcoal hasbeen
successfully used asasoil conditioner in Japan, result-
ing in improved crop yields (Kishimoto1985). It also
has been used asalivestock feed supplement to reduce
digestive problems and meat hormone levels (Taylor
1986). Charcoal has long been considered a premium
cooking fuel in many devel oping countries.

8.8.2 Tar

A gasifier that producesmorethan 0.5g/Nm3 d tar can-
not be suitably cleaned for engine applications due to
the largeamounts o tar that must be captured and dis-
posed of. For a worst-case tar production scenario of
2 g/Nm3(0.2%), up to 2g o tar per hp-h may arisewith
each horsepower. Thus, a 100-hp engine would
produce upto 4.8 kg d tarin 24 hours, or about 5 L. At
room temperature, tar is a viscous, slow-flowing,
molasses-like fluid. It may contain carcinogenic sub-

stances and should be treated with due caution. Col-
lected tars that cannot be recycled to the gasifier or
burned on site may need to be treated as hazardous
wastes. They should not be dumped on the ground or
released into waterways. Prevention through low-tar
gasifier designsis the best cure for tar (see Chapters 4
and 5).

8.8.3 Condensate

The liquid condensate from producer gas may contain
substantial amounts o tars and phenols. Phenols are
well-known germicides and will kill soil bacteria if
spread on the ground. If released into waterways, the
condensate could damagelifeforms supported by those
waterways.

For condensate water, as with tars, prevention is the
best cure. Methods of minimizing condensate forma-
tion should be considered fully early inthe design and
selection of the system (see Chapter 5). Gas moisture
content may be minimized by using dry fuel (thedrier,
the better) and by recycling heat back into the gasifier
through an air-blast preheater. Condensation from the
gas may be minimized by limiting the amount of gas
cooling so as to use the gas above its water dew point
(40°-60°C). The loss in engine power or the costs o
larger engines may be more than offset by the savings
in the cost of condensate disposal.
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Fig.8-25. Heating of secondaryair by exhaustgas heat from the engine
(Source: Gengas 1950, Fig. 85)
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_ (_Zhapter 9
Gasifier Systems

9.1 The Complete Gasifier System

The previous chaptershave discussed the major opera-
tional components of a gasifier-engine system.
However, no system is stronger than its weakest link.
A complete system requires means to store and possi-
bly dry the biomass, to feed the biomass, to remove
char-ash, to push or pull thegasthroughthe system,to
clean the gas, and to burn the gas during startup, as
shown in the front o this book and in Fig. 9-1.

A complete system also requires instruments to
measure pressure, flow rates, and temperatures at cru-
cial points, and controls to establish the required con-
ditions. Instruments and controls will be discussed in
Chapter 10.

9.2 Storing, Feeding, and Sealing
Solids
9.2.1 Characteristics of Solids

Solids are many times more difficult to feed and seal
against gas flow than liquids and gases. Because they

can support a shear stress, solids can bridge and arch
in cylindrical channels. An important measure o the
difficulty o feeding a particular solid, the angle o
repose, isthe average angle from a horizontal planeas-
sumed by individual biomass pieceswhen they areran-
domly piled up. For liquids, thisangleis zero; for some
solids, it can be greater than 90°! For this reason,
vibrators, shakers, rakes and chains, live bottoms (on
trucks),and ahost o ingenious devicesare used wide-
ly inindustrial and agricultural solid-feeding applica-
tions. Much time and money can bewasted reinventing
these devices, so the designer is advised to contact
others with experience in feeding the particular form
o biomass being used.

9.2.2 Storage

A closed bin, silo, or hopper must be supplied to hold
the biomass feedstock (chips, cobs, pellets, etc.), to
prevent it from getting wet. In many cases, industrial
or agricultural containers are available in appropriate
sizes at low cost.

@—'— Flare %
a
Feeder
Gas
o=
Biomass | | Cyclone cooler
storage I @
4__ | Gasifier | I Filter
-L'V | Char/ash Engine
I_ ] reservoir
; R Condensate
Gas flows E = gjector
Solid/liquid floyvs S L = levd control
Measuring devices —()— T = thermocouple
A P= differential pressure gauge or control
m = feed mass flow measurement device

Fig. 9-1. Gasifier system showing means of moving solids and gases and positions for various instruments and controls
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9.2.3 Feeding Solids

During testing, fuel can be fed manually to small
gasifiers. However, there is the danger of running out
of fuel, which in turn overheats the gasifier as the
remaining charcoal burns. Level alarms or other con-
trols are strongly recommended for gasifier systems
intended for continuous operation (see Chapter 10).

Biomass fuels are only partially free flowing from a
hopper by gravity alone so bin stirrers, vibrators, or
shakersmay berequired for even fuel delivery. Biomass
canbemoved laterally and vertically by conveyor belts,
chain drags, bucket elevators, augers, pneumatic
blowers, and vibratory feeders (e.g., Syntron type),
widely available in agricultural handling equipment.
Again, those with experience with the particular
biomass form should be contacted for feeding and
equipment suggestions.

The flow o solids in the gasifier is also subject to ir-
regularity and interruption and can cause great dif-
ficulty during gasification, resulting in such problems
as bridging, caking, channelling, and rat-holing. The
importance of uniform feeding cannot be overem-
phasized and experts in the field should be consulted
(Guzdar 1982, Miles 1982).

Char-ash must be removed from thegasifier and stored
asit is produced. An air-tight char-ash receiver should
be provided, since this char material is combustible
and may reignite spontaneously. In addition, it may be
necessary to cool the receiver. Although the weight of
the char-ash may beonly 2% to 5% of theweight of the
biomass fed to the gasifier, its volume may represent a
larger fraction of the volumedf the original biomass be-
cause o its lower density. The required receiver
volume must therefore be calculated from measured
char-ash bulk densities, which may range from 0.064
to 0.4 g/cm3 (4-26 1b/ft3).

It should be mentioned herethat ash receiverscan con-
tain explosive gas even when cold. They have been
known to ignite on startup, and precautions should be
taken against this.

9.2.4 Sealing Solid Flows

Gasifiers may operate at pressures up to 20 in. water
gauge above or below atmospheric pressure, which
makes it necessary to provideaseal through which the
biomass can pass without leaking air or gas. Proper
sealsare very important, to ensure both gas quality and
safe operation (seeChapter 12).

Gadifiers from the World War 1I era were batch-fed
through alid that could be sealed tightly, as shown in
Fig. 9-2. The spring-loaded lid would pop open in the
event of an internal gas explosion. As long as the
gasifier was filled quickly, the expelled smoke could
be tolerated as a nuisance.

4 Fi
Fig. 8-2. Batch fed gasifier with lid (Source:NAS 1983, p. 68)

There are two basic types of solids feeding and sealing
dcvices— mechanical seal type where the seal
mechanically prevents gas passage, and plug seal
where the fuel acts as its own plug and seal such that
fuel velocity intothegasifier isgreater than gasvelocity
out through thefuel plug. It should be noted that rotary
valves and gate valves are also good firestops for flash-
back or explosion prevention. Inert or air purge gas
should be used in pressurized gasifiers to offset |eakage
through rotary valves. Additionally, there is the
stratified charge gasifier where air enters through the
top a atmospheric pressure such that for operation
above a minimum gasification rate, all smokeisdrawn
down into the fuel bed, and a lid is unnecessary. In
many cases, the biomass feed can help to act as a seal
in along auger or vertical pipe. However, the pressure
drop through the fuel is small, and the technique will
not work if the gasifier fuel inlet is under a positive
pressure of morethan 25 cm (1 in.) water gauge.

Various solids feeding devices are shown in Fig. 9-3.
Star valves, which rotate to feed the fuel, are avail able
commercialy.

If agasifier isto beoperated at high pressure, it becomes
exceedingly difficult to feed biomass through asingle
seal. Lock hoppers that use two slide or bell valves
supplying a metering feeder as shown in Fig. 9-4 have
been used with biomass at pressures up to 30
atmospheres for making medium-energy gas for
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Fig. 9-3. Solids feeding devices (Source: Perry 1973, Fig. 20- 79. © 1973. Used with permission of McGraw Hill Book Co.)

pipeline distribution or syngas for chemical synthesis
(Reed 1982).

9.3 Fans, Blowers, Ejectors, and
Compressors

9.3.1 Importance of Gas-Moving System
Design

It isimportant to provide a suitable method for pulling
or pushing the gas through the gasifier, and since the
mass of gas and air being moved is much larger than
the mass of fuel being fed, considerable power may be
required. The engine being fueled can serve this
purpose.

Every internal-combustion engine is a compressor,
since it compresses the intake air and fuel to 10 to 30
times atmospheric pressure before igniting the fuel.
When an engine operates on producer gas, it can also
provide suction and compression for the gasifier.
However, an engineisavery expensive compressor for
testing new gasifiers (Arthayukti 1984; Breag 1982). It
is desirable to use some other method for moving the
gas that is less sensitive to tar, char, and soot during
testing. Full engine power also may require some type
of compressor (see Chapter 10).

The question o whether the gas should be pulled (suc-
tion operation) or pushed (pressurized operation)
through the gasifier isimportant, and one finds strong
advocates of each method. Gas leaks from gasifiers
operating above atmospheric pressure can be
dangerous because of the possibility of leaking carbon
monoxide out o the gasifier; air leaking into gasifiers
operating below atmospheric pressure can cause
explosions.

9.3.2 Fans

Propeller-type fan blades usually generate under
1.25cm (0.5in.) o water gauge pressure and are used
in gasifiers only to move air through heat exchangers
and radiators. They are not suitable for moving gas
against any resistance.
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Fig. 9-4. Lock hopper for high-pressure fuel feeding (Source: Miles
1982)
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9.3.3 Blowers

Centrifugal blowers (Fig.9-5) can generate pressureson
theorder of 100 cm (40in.) of water gauge pressureand
are quite suitable for gasifier testing. To generate these
pressures, the blowers must either rotate very fast or
have a large diameter, since it is the centrifugal force
that createsthe pressure. The blower can tolerate, and
infact will remove, acertain amount of tar and particu-
lates, but ameans for draining and cleaning the blower
should be provided. Blowers can be used either to push
the air into the gasifier or to pull the hot gas through
the system at negative pressure. Considerably more
power is required to pull the gas through the system
than to push air because thereisnecessarily more mass
to manipulate and the gas is less dense. In addition,
suction fans must be capable of handling a higher
temperature than fans pushing air into the gasifier.
Most blower breakdownsoccur dueto depositson shaft
seal and impeller or erosion of the case. Reliability is
limited by deposits.

9.3.4 Ejectors

Ejectors are a very convenient and simple means for
moving dirty gas. No moving parts are exposed to gas
contaminants. Ejectors (Fig. 9-6) use the motion of a
small amount of one gasto move larger quantitiesof a
second gas, often at negative pressures. During startup,
the gas produced initially is very tarry and may quick-
ly clog cleanup and engine. Therefore, one should use
a fan or gector during startup to send this gas to a
product-gas burner until low-tar operation is reached.
Compressed air, nitrogen, or steam can be used to drive
the gector. Water jets can also be used to move, cool,
and clean the gas.

Ejector design is based on the principle o the conser-
vation of momentum of the driver gas as it aspirates
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Fig. 9-5. Centrifugal blowers (Source: Perry 1973, Figs. 6-37, 6-38,
6-39, 6-41. ® 1973. Used with permission of McGraw Hill Book Co.)

Fig. 9-6. Ejector pumpfor movinggas (Source:Perry 1973, Fig.6-73.
© 1973. Used with permission of McGraw Hill Book Co.)
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and mixes with the driven gas. Optimum egjector
dimensions are discussed in Perry (1973).

9.3.5 Turbochargersand Superchargers

The power output o internal-combustion spark and
diesel engines is directly proportiona to the energy
content o the intake fuel-air mixture. A mixture of
producer gas and air has 30% less energy than a
gasolineand air mixture, resulting in aminimum 30%
power loss at any given rpm. Intake pressure can bein-
creased to overcome this power loss by aturbocharger
using engine exhaust pressure to run aturbine, or asu-
percharger operating from the engine shaft power. This
pressure boost is widely used in diesel engines and
racing cars, and is coming into wider use even for
spark-ignition engines.

Positive displacement rotary blowers (Fig.9-7) and su-
perchargers can achieve any pressure required, but
they do so at higher capital, operating, maintenance,
and energy costs. Thisincreased cost must be weighed
against the lower cost of using alarger engine.

9.4 Flares and Product-Gas Burners

9.4.1 Flares

Flares sometimes may be seen at oil wellsor refineries
in which excess gas burns with a luminous flame. In
order to produce a nonluminous flame, it is hecessary
to provide enough air and residence time to burn the
soot i nahotter, nonluminousflame. Thisiscalled agas
incinerator.

Raw producer gas contains up to 40% carbon
monoxide and up to 20% volatile tars, making it
absolutely essential that a reliable incinerator be
availableduring testing to burn thegas. Theincinerator
must be sized to fit the gasifier. Most of the principles
discussed below for incinerators also apply to
developing burners for producer gas.

The three essential elements necessary to combust any
gas are residence time, temperature, and turbulence
(thethree"T's" o gas combustion). Residencetime re-
quires a sufficently large chamber for combustion to
proceed to completion. High temperature is achieved
by using a refractory lining on the burner. Turbulence
can be generated by high-velocity mixing of the com-
bustion air or fuel (forinstance, by passing it through
anozzle) or by tangentially mixingair with thegas. The
reader is referred to books on combustion and burners
for a more complete discussion (e.g., Perry 1973).

Incinerators for toxic chemicals and gases require a
pilot flame to assure combustion operated on methane
or propane, an ignitor to start the flame, a flame sensor
to shut gown the burner if the flame is gxtinguished,
and a control system to regulate the air mixture and
stack temperature.
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Fig. 9-8. Product-gasburner for testing small gasifiers

A small flare, suitable for burning up to 200,000 Btu/h
of producer gas, isshown in Fig. 9-8. It is made from a
5-gd can lined with an 8-in.-ID ceramic fiber risa
sleeve. (Risasleevesare used in metal foundries, high-
temperature flue lines, and oil-burning furnaces.) A
propane torch or suitable pilot flame injected tangen-
tially at the bottom maintains a high temperature on
thewall. Producer gasisinjected tangentially upstream
from the propane flame and mixes with the propane
flame as a source o ignition. Air is drawn through the
bottom port to permit complete combustion. Smaller
or larger flares can be built on this principle, or com-
mercially available burners and gasincinerators can be
used.

9.4.2 Burners

Close coupled gasifier burners offer improved clean,
high efficiency burning of solid fuels compared with
conventional solid burners. Gas-air mixture and
mixing are more easily controlled than are convention-
al solid fuel burners, resulting in more complete com-
bustion. Equipment costsfor retrofitting an existinggas
or oil unit for close coupled gasifying aregenerally less

than the costs o replacing the unit with a solid fuel
burner.

Close coupled gasifier burner systems are able to meet
emission requirements with no expensive pollution
abatement equipment.

Updraft producer gas is an excellent fuel for high-
quality heat applications. The hightar content doesnot
need to beremoved, and addsto the heating value. Fur-
thermore, the sensible heat of the gasaddsto theflame
temperature and overall heat output. TIPI workshop
(Das1986) has been using updraft producer gas from
wood chips to fuel a melting furnace, melting copper
and bronze at high efficiency using 2 to 3 Ibwood chips
per pound of bronze poured and arapid heat cycle (20
to 30 min) to reach pouring temperature.

The flame inside the forge is very different from any
other kind of wood burner. It hastheintensity and fury
o a jet engine and the clean invisible flame of a high-
quality fuel. Direct combustion of producer gas lends
itself to a wide range o applications (e.g., ceramics,
glass, steam, drying, blacksmithing, and process heat).
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Chapter 10
Instrumentation and Control

10.1 The Need for Instrumentation and
Control

The gasifiers o World War 1T were batch-fed, and gas
flowedtotheengineinresponse to the vacuum created
in the engine. As aresult, usually there were no con-
trols or instruments other than those o the engine and
vehicle. The corresponding tradeoff was that a great
deal of operator expertise was required in order to
know when to shake the grate, stir the fuel bed, fill the
fuel hopper, and clean the system, as well as how to
operate the vehicle on hills and in traffic.

Just as the modern automobile has a number o instru-
ments, sensors, warning lights, and controls, gasifiers
built today should incorporate instruments and con-
trolstoimprove performance, convenience, and saf ety.

During research and development, many measure-
ments are required to determine operating parameters
and to determine where controls should be applied.
However, a production gasifier system (likea produc-
tion car) should require relatively few key instruments
and controls.

Ideally, gasifiers of the futurewill operate automatical-
ly and unattended. A working gasifier system requires
the integrated operation o a number of components. It
is desirable to have automatic controls and warning
systems on production gasifiers in order to keep the
system i n balance and to warn the operator when a par-
ticular component needs attention. Although such a
degree of automation would have been impossible to
implement on thegasifiersdf World Wer 11, reliabl e, in-
expensive sensors, instruments, and controlsarewide-
ly availabletoday in much o theworld, due largely to
the development of the modern automobile and solid-
state technology.

This chapter deals with the methods and equipment
that have been used to measure each physical quantity
critical to optimal gasifier gp€ralion Since these
measurements are commonly used by chemical
engineers, the reader is referred to chemical
engineering texts, and especially to handbooks such as
the Chemical Engineers’ Handbook (Perry 1973).

10.2 Gasifier Instruments

10.2.1 Pressure Measurement

In experimental work, p'€SSUré drops may be measured
routinely across the gasifier bed, the orifice plate flow

meters (see below), the gas cleanup system and com-
ponents, and any components that are prone to plug-
ging, as shown in Fig. 9-1. The total pressure with
respect to atmospheric pressure (known as "gauge"
pressure) may also be measured at the gasifier outlet,
the cleanup outlet, and (if the gasifier is operated at a
pressure above atmospheric pressure) the air inlet. In
locations where occasional measurements are suffi-
cient, connections should be capable of being closed
off when they are not in use.

The pressures within the gasifier will be close to atmo-
spheric pressure (except for high-pressure gas
producers) and generally will be measured in cen-
timeters (inches)df water column.™ Pressure drops and
differential pressures can be measured by a U-tube
manometer filled with colored liquid. Liquid-filled
manometers are simple devices that use a fluid-filled
(usually colored water or light oil) tube to measure
pressure. For convenience and portability, they can be
made from flexible, transparent plastic tubing and a
meter stick. Commercial units are available in awide
range of accuracies, from 0.25% to 3% of thefull-scale
reading.

For more sensitive measurements, an inclined-tube
manometer may be used (Dwyer 1960). Typical
inclined-tube scales can beread to 0.1in. water gauge,
and curved-tube manometers (e.g., the Dwyer Mark II)
provide high resolution over awide range o readings.
Commercial unitsare availablefor aslow as$10, dual-
range vertical inclined manometers start at $30, and
stationary high-resolution manometers can cost as
much as $400. Specia handling is required to avoid
losing or blowing out gauge fluid because of excessive
pressure. Accurate leveling is important for all
manometers.

Diaphragm-type differential pressure gauges give a

needle-pointer reading of the differential Pressure.
They are available in full-scale 3CCUTacies of 2% and

1l-scal f .25 to 150 in, Waler gauge(eg ,
t ossecarr?afqalﬂli’%\c(as'turr%lctjl %y Dwyer)l.nThese gauges( égre
rugged and can be used in all positions with positive
and negative pressures.
For nondifferential pressuresinexcessd afew pounds

per square inch, the well known Bourdon gauges
should be used.

*1029 cm water = 1atm; 406.8 in. water gauge= 1atm; 26.4 in. water
=1 psi.
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10.2.2 Gas Flow Measurement

10.2.2.1 Floating Ball Rotometers

Clean gasflow can be measured using arotometer (ball
and tube) flowmeter, which comes in. a wide range of
sizes up to 100 scfm. The gas must be clean at the
rotometer, and therefore rotometers usually can be
used only on air or oxygen streams at thegasifier inlet.
In addition, rotometers must be calibrated for the
specific gas to be used, and the reading also depends
on the absolute gas pressure. Nevertheless, they are
very convenient flow measurement devices.

10.2.2.2 Gas Flow by Differential Pressure
Measurement

Gasflow may be measured by anumber of methodsthat
produce a differential pressure signal. Pitot tubes,
orifice meters, Venturi meters, and flow-restriction
meters all are based on measuring the pressure drop
produced by gasflow acrossor through the device. For
each technique, the velocity is proportional to the
square-root of the pressure drop [Ap).

Pitot Tubes. The standard Pitot tube shown in
Fig. 10-1 is recognized as a primary standard for
velocity measurements. When properly designed, it
has a unit calibration factor, K = 1. For pipes under
10 cm (4in.) in diameter, the average velocity is 90%
o the center-stream velocity, £5%. For air, the gas
velocity (ft/min) isgiven by the equation:

V =1096.7 K [Ap Tyest Psta/ (PG Tetd Prest)]V? (10-1)
where:
pg = gasdensity at standard conditions
Ap = the differential pressure ininches of water
P = gas pressure absolute (atmospheres)
T = gastemperature [Kelvin)
K = calibration constant

The subscriptsstd and test refer to standard conditions
and actual test conditions, respectively.

The standard Pitot tube shown in Fig. 10-1 introduces
thesmallest pressure drop o any pressure-sensing flow
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Fig. 10-1. Standard Pjtot tube (Source: ASME 1980, Fig. 1-1)
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method. However, the small openings are easily
clogged by dirty gas. The"s" type Pitot tube shown in
Fig. 10-2 is more suitable for dirty gas. Its calibration
factor is approximately K = 0.83 for velocities up to
50 ft/s. For more accurate work, the individual probe
should be calibrated against a primary standard.

The low pressure signal characteristic of Pitot
measurements requires a sensitive and delicate
readout. A typical gasifier pipe velocity o 20 ft/s will
show a pressure drop of 0.09 in. water gauge. This
pressure drop can be measured by a Dwyer
Magnehelic® 0-0.25 in. water gauge pressure gauge,
which has a resolution of 0.005 in. water gauge, a
pressure readability of 5%, and a velocity readability
o 2.7%.

The velocity of agasin apipeis highest at the center
and zero at the wall. The gas velocity can be used to
measure flow by traversing the velocity profile and in-
tegrating the result.

Orifice Meters. The orifice meter shown in Fig. 10-3
givesamuch higher pressure reading than aPitot tube,
but it does so at theexpense of creating aslightly higher

|

]
2

g
Fig. 10-2. “S™type Pitot tube for dirty gas (Source: ASME 1980,
Fig. 1-1)
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Fig. 70-3. Orifice meter (Source: Haaland 1968)

pressuredrop inthesystem. If theadded pressure drop
can be tolerated, then the orifice meter is usually
preferred over the other alternatives because it islow
incost, can use morerugged, lesssensitive readout, and
is not sensitive to small amounts o tars and particu-
lates. An orifice meter consists of a washer-shaped
plate with a hole diameter d that is placed in the gas
line, with a plate thickness at the orifice edge of no
more than 3% o the pipe diameter, D. If the orificeis
an accurately centered, round opening o diameter d,
the diameter ratio, d/D, should be between 0.3and 0.6.
A means for measuring the differential pressure drop
across the plate, as shown in Fig. 10-3, must be
provided.

The calibration can be predicted from the gas proper-
ties and dimensions o the pipe and orifice using for-
mulas given here and in more detail in chemical
engineering texts and handbooks, such as the Chemi-
cal Engineers' Handbook (Perry 1973). The location of
pressure taps on an orifice meter will significantly af-
fect the calibration. For an accurate measurement, the
orifice meter should be calibrated against a primary
standard such as a Pitot tube or dry gas test meter. Al-
though small deposits of tars will not plug the meter,
they may alter the calibration; frequent cleaning or
recalibration may be required. To prevent fouling from
char or condensate, the orifice opening may be moved
to thebottom o the pi peto permit free passage dof solids
and liquids. Calibration is advisable against a standard
orifice meter or other known standard. If the gasifier
usesacyclone, thenit can be used asaconvenient flow
meter by locating temperatureand pressure taps at the
cyclone inlet and outlet. Calibration again may be
predicted from gas properties and cyclone dimensions
or calculated against a known standard.

Flow isrelated to pressure by the equation

— APTO — 2 _ApTo
Q=K7Y g, =aD*N—r

(10-2)
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where:

T, = calibration temperature
T = operating gas inlet temperature
Q=flow rate
K = overall calibration for specific flow meter

a= general constant for ratio d/D and geometry
(from Fig. 10-4)

Ap = pressure drop across flow meter
D = pipeinside diameter
d = orifice diameter

It is convenient to plot Q versus Ap for a handy
reference. Dimensions and calibration constants are
shown for several orifice meter sizesin Fig. 10-5.

Rotational flow caused by pipe fittings can cause
serious metering errors. It is good practice to provide
at least eight pipe diameters upstream and three pipe
diameters downstream o the orifice to minimize
rotational errors.

Venturi Meters. The Herschel-type Venturi flow meter
shown in Fig. 10-6 provides a higher pressure signal
with a minimum pressure drop across the meter, be-
cause the divergent downstream section of the meter
conserves gas momentum by converting velocity back
into pressure. In addition, the Venturi meter does not
present abrupt surfaces that otherwise would be sub-
ject to impact by tars and particles, so contaminant
buildup isminimal and the maintenancerequired fora
permanent installation is reduced. The cost of a Ven-
turi meter isthehighest of any o the differential pres
suremethods of velocity measurements presented here

11 o
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Fig. 10-4. Orifice meter disc factor (Source: Haaland 1968)
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Pipe ID  Orifice K*
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5/8 5/16 1.75 4.47
1-1/2 3/4 8.53 3.79
2 1 13.65 3.41

“K and a are the calibration factors in Eq. (10-2)

Fig. 10-5. Orifice meter calibration factors

because of the amount of precise machining required
for its production.

10.2.2.3 Positive-DisplacementMeters

The positive-displacement dry gas meter is a primary
gasvolumestandard. It measurestheaccumul ated total
flow of agasand isvery accurate over avery wide range
o flows. It isrelatively inexpensive because o its use
by the gas industry. Numerous moving parts are ex-
posed to the gas, so the gas must be clean and dry. Its
main applicationsarein measuring sampled dry gasin
acontaminant sampling and for calibrating other flow
meters.

10.2.2.4 Tracer-Gas Flow Measurement

Tota gasflow can be measured by injecting asmall, ac-
curately measured flow of tracer gasinto either theair
or producer gasstream. The tracer gas must be one not
normally present in producer gas, such as helium or n-
butane, and capable of being measured with high
precision. Alternatively, agasthat is normally present,
such asnitrogen, can beinjected intermittently into the
stream, and the flow can be calculated from the chan-
ges of concentration in the product gas. Both o these
techniques o tracer-gas flow measurement require ac-
curate gas chromatographic analysis of the sample to
determine the flow rate.
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Fig. 10-6. Herschel-type Venturi flowmeter (Source: Perry 1973,
Fig.5-13. © 1973. Used with permission of McGraw Hlll Book Co.)

10.2.3 Solid Flow Measurement

Most World War 11 gasifiers were batch-fed, so it was
very easy to weigh the biomass fuel as it was fed in
order to record biomass consumption. However, this
technique results in only a long time average
measurement o the actual feed rate.

Many gasifier systems will be fed automatically, using
level controls to determine the feed rate, as shown in
Fig. 9-1. If the change in weight between levels is
calibrated, then recording the number of feed cyclesal-
lows one to estimatebiomass consumption. A more ac-
curate technique involves a weighing means that is
inserted along the feed train to measure the amount of
feed delivered to the gasifier.

Alternatively, the gasifier itself may be weighed to
record both the entry and consumption rates of fuel.
Flexible connectionsonthegasifier are needed, so that
thegasifier can beweighed freefrom the variable forces
o the connections.

10.2.4 Temperature Measurements

Low temperatures (up to 300°C, 572°F)can be visually
indicated with mercury thermometers or bimetallic-
stem dial thermometers. Alternatively, thermistor sen-
sors can be used in this temperature range to provide
an electrical signal that can be used for automatic
recordkeeping and/or control purposes.

Chromel-alumel (type K) thermocouples can be used
continuously to 1000°C (1800°F)and intermittently to
1200°C, and they provide an almost linear electrical
signal of 40 uV/°C. Sheathed thermocouples should al-
ways be used i n connection with producer gasapplica-
tions, because thermocounle allovs will react with hot
reducing gases, H, and CO, changing the output volt-
age calibration. Thermocouples are used widely inin-
dustry for temperature measurements and are available
from a number of sources.

Optical pyrometers can be used from about 300°C(in-
frared) or 700°C (visible) to 4000°C. They require a
viewport and are generally hand-operated. They are
useful for spot-checking surface temperatures.

Of these methods, thermocouples are best suited to
most gasifier measurements. Thermocouples are avail-
able with either analog or digital readouts, and the sig-
nal can be recorded electronically. Analog
thermocouple meters may cost aslittle as$50, but they
requireafixed lead resistance. They are used widely in
pottery and foundry trades. Digital pyrometer readouts
start at $200. They read to greater precision than
analog, and due to their high input impedance, lead
length is not critical.

10.3 Controls

For commercial application, gasifiers must be safe, de-
pendable, and convenient. Automatic and unattended
operation, an eventual necessity, will require suitable
control and warning sensors and mechanisms.

10.3.1 Fuel-Level Controls

If agasifier continues to operate after the biomass has
been consumed, thereisadanger of damagingthehigh-
temperature region d the gasifier because o the ex-
traordinarily high temperatures generated during char
gasification and combustion. Therefore, level controls
should beinstalled i nthe various fuel hoppersand the
gasifier itsdlf to warn when the biomasslevel isgetting
low.

A number of level indicators are available on the
market for signaling the level of solids and liquidsin
containers. These operate onthebasisd light or sound
signals, bin wall pressure, resistance to vibration or
rotation, and absorption of radiation. Suitability
dependsonvulnerahility tofailurefrom cloggingor tar-
ring the device. After installation, the control should
be repeatedly tested to ensure that it is functioning,
since we have seen these devices clog or not function
for many reasons not anticipated by either the user or
manufacturer.

10.3.2 Pressure Controls

Simple electromechanical switches that sense absolute
or differential pressure are available. These switches
provide on/off switch closure signal. An especiadly at-
tractive, inexpensive, low pressure differential switch
isthe Dwyer Minitactor®.

Special pressure or differential pressure transducers
are needed to produce analog electrical signals for an
analog programmable controller, a control console, or
data acquisition.
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10.3.3 Temperature Controls

Thermistor, bimetallic, and thermocouple switches
and controllers activate aswitch closurein response to
high- or low-temperature conditions to either take
corrective action or give warning signals.

Additionally, thermocouples and thermistors generate
analog electrical signal's, which can be used by suitable
proportional controllers.

10.4 Computer Data Logging and
Control

Today, low-cost computers can exercise very sophisti-
cated control over most processes in response to
suitable signals, as can be seen under the hood o any
modern car. Computer data recording and control
should be consideredin any research and devel opment
program and for any commercial gasifier.
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Chapter 11
Engine Adaptation and Operation

11.1 Introduction

Producer gas technology is useful to provide clean
combustion heat, shaft power, and electricity from
widely available biomass fuels. Historically, engine
shaft power generation has been the major application
of small gas producers. Large producers, on the other
hand, made "town gas," which was piped for cooking,
lighting, and heating.

The major use o small producers during World War 11
was for transportation, especially trucks and buses. Al-
though vehicles could become amajor use d producer
gas again, especially during a liquid fuel emergency,
the added difficulty o using solid fuels for transporta-
tion does not make producer gas competitive with
gasolinetoday. If programs for making syntheticliquid
fuels (methanol, gasoline, or diesel) from biomass or
coal aresuccessful, producer gas may never be needed
for transportation applications.

11.2 Producer Gas for Transportation

Transportation applications place a very heavy
demand on producer gas systems: the system must be
small, lightweight, and compact; operate at widely
varying load conditions; have fast response times; be
low in tar; below in cost; be safe; and be convenient to
use and service.

Currently, some vehicles are being powered regularly
by gasifiersin Brazil and the Philippines (Mahin,June
1983). Sweden has maintained a stockpile o vehicle-
ready gasifiers as part o its national preparedness
strategy since the Suez oil crisis. A handful of groups
offersplansfor vehiclegasifiers (Mother 1982; Nunnik-
hoven 1984; Skov 1974). Various American vehicles
have been converted and operated for demonstration
purposes; however, regular use o thesevehiclesisrare
(NAS1983).

11.3 Producer Gas for Electric Power
and Irrigation

Compactness and low weight are not as important for
power and irrigation purposes as they arefor transpor-
tation. Electric power production and irrigation place
minimal requirements on turndown and responsetime
of gas producers. The gas flow required for a
synchronous generator varies over only a 3:1 ratio as
the electric output goes from full load to no load.

11.4 Gasifier Types Suitable for
Shaft-Power Generation

Updraft and fluidized-bed gasifiers have the slowest
response times o the gasifier types and cannot be ex-
pected to follow changing loads with favorableresults.
The gas from both updraft and fluidized-bed gasifiers
also contains large quantities of tars, making these
gasifier types unsuitable for engine applications.

The fastest response time is obtained from crossdraft
gas producers, but they are suitable only for low-tar
fuels such as charcoal. Although low-tar operation has
been observed in crossdraft gasifiers, nozzlespacing is
very critical and load variations can cause tarring.

Downdraft gas producers provide alow-tar gas product
from biomass and also have a rapid response time, so
they are suited for powering engines with either
varying or fixed loads. Low-tar gasifiers now under
development incorporate design changes that recycle
some of the gas with additional air to give even lower
tar values (on the order of 50 mg/Nm3) than
conventional downdraft gasifiers (see Chapter 5 and
especially Section 5.9).

11.5 Sizing the Gas Producer to the
Engine

A common problem among gasifiers is the use of an
oversized gasifier. An oversized gasifier produces ex-
cessive tars because lower flow rates do not develop
the high temperatures necessary for good tar destruc-
tion. An undersized gasifier has excessive pressure
drop, weak gas, and excessiveraw gastemperature,and
may be prone to burning out the grate. (See Sections
5.7.3and 5.7.4.)

Begin sizing by evaluating the actual horsepower
needed. For the task at hand, do not be misled by en-
gine specifications. Vehicle applications seldom use
full power output. A better indication of operating
horsepower is the vehicle's measured fuel economy.

The average vehicle engine power required from a
gasifier may be figured from the gasoline mileage at
cruising speeds:

Power (hp) = (a1
Cruising speed (mph) x Conversion (hp-h/gal)
Gasoline mileage at cruising speed (mpg)
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For a 55-mph cruising speed and afuel-conversion fac-
tor of 10 hp-h/gal (atypical value for spark engines),
the fuel consumption rates for various sizes of liquid-
fueled engines are shown in Table11-1.

Gasifiers typically require about 10 kg (22 Ib) of wood
or 5 kg (11 Ib) of charcoal to replace one gallon of
gasoline. Thus, it is possible to calculate wood con-
sumption ratesfromthedatain Table11-1. In addition,
the maximum gas production from Imbert gasifiersis
determined by the maximum hearth load—typically
0.9 Nm3/h o gasis produced per square centimeter of
hearth area (seeSection 5.8).n this way, the power re-
quirements given above determine the hearth size, as
shown in Table 11-2. See Table 5-1 for sizing o other
gasifier types.

Retaining the liquid-fuel carburetor in conjunction
with a gas mixer for dual-fuel operation realizes the
best advantages of both fuels, saving liquid fuel for
occasional full-power bursts while making economical
use of producer gas during normal operation. A gas
producer sized to provide cruising power as shown in
Table 11-2 should cover a least 90% o expected
driving conditions.

11.6 Engine Selection

Because engines are mass produced for vehicles, the
vehicle engine is the most likely candidate for build-
ing small systems. Larger systems can use natural-gas
engines, whichin many waysare moresuitablebut also
are more expensive.

11.6.1 Large-VehicleEngines — Truck
Engines up to 50 kW

The largest widely available spark-ignition vehicle en-
gines are Big Lung V8 460-in.3 engines. The Ford truck
enginedf thissizeis used industrially for stationary ap-
plications and is highly regarded because its extra-
heavy block readily and repeatedly can berebuilt toits
full original specifications. Lighter weight engines of
this displacement from passenger vehicles (e.g., Pon-
tiac and Buick engines) havelighter blocks. Inaddition
to a shorter service life for these lighter engines, the
rebuilding costsand overhaul parts can be more expen-
sive than for the heavy-block engine. Also, the

Table 11-1. Fuel Consumption of
Liquid-Fueled Engines

Fuel Economy Fuel Use Rate

Engine Output

(mpg) (gal/h) (hp)?
5.5 100 100
11.0 5.0 50
220 25 25
55.0 1.0 10

aFor fuel consumption 10 hp-h/gal gasoline.

cylinder-wall thicknessis inadequate to accommodate
cylinder-wall sleeves, limiting the number of timesthat
the light-block engines can be rebuilt.

11.6.2 Small Engines

Engines suitable for long-life operation (2000 to
20,000 h) must havean air cleaner, oil-pump pressure-
lubrication, an oil filter, and thermostatic engine-
temperature regulation. Smaller engines of the
air-cooled splash-lubrication types (e.g., many engines
manufactured by firms such as Wisconsin, Briggs,
Honda, Tecumseh, and Kohler) have very short service
periods between oil changes (one small-engine
mechanic recommends an oil change every 8 h o
operation). These engines are designed for total life
spansdf around 1000 h (Onan 1981).Some df theabove
manufacturers have certain models that do meet long
life requirements.

11.6.3 Natural-Gas Engines

Larger displacement spark-ignition engines (larger
than 460 in.3) are used for natural-gas-fueled station-
ary engines, many of which are used for irrigation ap-
plications. Like producer gas, natural gas has a low
flame-velocity and a relatively high octane rating.
These engines operate at alow rpm. The engines also
operateat ahigh compression ratio and have arelative-
ly high thermal efficiency. Inaddition, they haveavery
long service life and are particularly suited to large
(greater than 250 kW) installations.

Natural-gas engines are built by Caterpillar, Waukesha,
Minneapolis Moline, and others. These engines are
available with standard options for industrial opera-
tion on gaseous fuel. An optional top-oiler is recom-
mended, which supplies oil mist with the fuel to
lubricate the piston rings. The top-oiler may greatly
reduce the wear experienced with dry-gas fuels, and
may be helpful with producer gas on smaller engines
as well.

Large, natural-gas, industrial engines exhibit a quan-
tum leap i n equipment and overhaul costsover the cost
o vehicular engines. Service parts are often available
only through the manufacturer and may involve long
downtimes as well as high costs.

11.6.4 Diesel Engines

Diesdl engines also are suitable for large installations
but have specia problems, discussed in Section 11.10.

11.7 Cogeneration

Cogeneration involves using part of the greater than
70% o fuel energy that isotherwisel ost asexhaust heat
and engine heat during engine operation. If one has a
use for this heat, then a water-cooled engine is both
convenient and safe. The hot air from air-cooled
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Table 11-2. Gasifier Size versus Engine Output

Wood Fuel? Hearth Capacity  Imbert Throat Diametert Stratified Hearth Diameter®
Power P (hp)  Consumption (Ib/h) Q (kBtu/h) (cm) (in.) (cm) (in.)
100 200 1400 16 6.3 40.5 ' 16.0
50 100 700 11.3 4.5 29 114
25 50 350 8 3 20.5 8.0
10 20 140 5 2.0 13 5.1
5 10 70 3.6 1.5 9 3.6

a1 kg( 2. 21b) of wood is required per hp-h for a 7000-Btu/lb average fuel heating value (Gengas 1950).

bImbert throat constriction diameter is given by D = 1.6 VP cm.

CA maximum stratified bed hearth load of hmax = 1 MBtu/h-ft2 is typical for wood chips. Stratified hearth diameteris givenby D = 1. 6 VP in

enginesrequires safety precautions for heating because
it may contain dangerously high levels of carbon
monoxide so it should bevented. Heat from theexhaust
gas can berecovered with acompact water-cooled heat
exchanger or put to direct contact uses.

A particularly attractive application for the waste heat
from enginesisthe drying of biomass feedstock before
using it in the gasifier. The 50% moisture contained in
fresh wood chips can beremoved effectively by drying
thechipswith theengine'sexhaust gas. Thereisdrying
capacity to spareif high-efficiency drying methods are
used.

Because the engine's exhaust gas is hot enough (600°-
700°C) to decompose biomass, it must be tempered
(substantially diluted with cooler gases) before being
used. One of thebest waysto diluteistotakethewarm,
humid gasleaving the outlet o the biomass dryer, add
about 10% by volume o engine exhaust gas, and
recycle the mixture to the gas entry port of the dryer.
Reusing the outlet gas from the dryer instead o using
ambient air to temper engine exhaust gasofferssevera
advantages: (1)Because the gas coming from the dryer
isaready warm, more o it must be used to dilute (and
cool) the engine exhaust gas to a given tempered
temperature. Therefore, moregasisavailablefor drying
the feedstock; more gas increases the capacity o the
feedstock drying process. (2) The humidity inthedryer
flume gas reduces the chance for pyrolysis d the
feedstock when the gas recycles to the dryer. (3) Last-
ly, thegas from the dryer isessentially engine exhaust
gas, assuch, itisnonoxidizing and tendsto quench any
incipient firesin the dryer.

11.8 Spark-Ignition Engine Conversion

11.8.1 Engine System

A typical producer gas system fgp spark-ignition en-
ginesisshown in Fig. 11-1. The system consists of a
gas producer (described in Chapter 5), a gas cleanup
and cooling system (described in Chapter 8),a starting
blower (described in Chapter 9), a carburetor (gas
mixer), and an engine. During operation, suction from
the engine drawsair into thegas producer, through the

cleaning system, and into the gas mixer where air is
mixed with the gas.

11.8.2 Gas Mixers

Maximum power is achieved with a producer gas air
mixture just slightly lean of the stoichiometric combus-
tion ratio," as shown in Fig. 11-2. On the other hand,
gasoline delivers maximum power with mixtures sig-
nificantly rich over its stoichiometric combustion
ratio.

A gas mixer behaves in some ways like a liquid-fuel
carburetor, but in reality it is much simpler. A car-
buretor must mix the correct weight o air with thelig-
uid fuel (normally a air-fuel ratio o about 15 for
gasoline and about 6.5 for methanol). When the throt-
tleisopened suddenly, this mixtureismomentarily en-
riched over the normal idling mixture by the
accelerator pump, which supplies asquirt o fuel. This
mixture is additionally enriched at high loads by the
power circuit in order to boost power and to protect the
engine from excessive temperatures. Themixtureisen-
riched for starting by thechokewhentheengineiscold.

The producer gas mixer must mix a proper ratio of air
with the producer gzs, approximately a1:1 ratio of fuel
to air by volume. Variationsin the producer gas mix-
ture cause sharper changes in engine power than do
similar variations in a gasoline mixture, as shown in
Fig.11-2. For thisreason, the gas mixture must be con-
trolled by the operator during producer gas operation.
The gas quality can vary during operation and needs
periodic adjustment; the gas mixer must allow for in-
dependent control of the gas, air, and mixed-gas flow
to accommodate such adjustment.

A number of mixers used in the past are shown in
Figs. 11-3 and 11-4. Note that, just like a carburetor,
each mixer has one control (thethrottle) to meter the
total flow and another control (the choke) to adjust the

ratio of gas to air.

*The stoichiometric combustion ratio is that fuel-air mixture that a-
lows the gas to burn completely, with no surplusair remaining after
the fuel supply has been exhausted.
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The butterfly valve often used in throttles and chokes
has been found to respond to adjustment very
nonlinearly and, therefore, can be a troublesome
method for controlling thegas-air mixture. A gatevalve
provides much finer control o the air inlet than does
a butterfly valve, so the narrow power peak is
broadened out over one-half to one turn o the gate
valve. Conversely, the entire range from too rich to too
lean occupies only afew degrees o arc on a butterfly
valve and is easily missed altogether. However, a
butterfly valve can be used satisfactorily for throttle
and gas-inlet control.

If itisessential to prevent gasfrom being released into
the engine compartment after shutdown, then an addi-
tional gate valve should be used for positivegas shutoff.
If idling is desired, a metering idle valve leading from
thegasinlet around thethrottle may be used to enrich
the mixture during idle, without changing the running
mixture, asshown in Fig. 11-4.

11.8.3 Power Time Lag

Lean gas-air ratios are normally produced for a short
time after the throttle is opened, and richer gas is
produced just after the throttle is closed. This change
in gas quality alters the gas mixture and weakens en-
gine output to a point at which the engine may even
stall. The magnitude of this momentary power losscan

be reduced by adjusting the fuel-air ratio to maintain a
peak-power mixture, but this requires operator ex-
perience. One improvement that today's technology
might bring to gasifier designs is automatic mixture
control, employing a feedback signal from the engine
exhaust. This type of control is already in use on feed-
back fuel-injection systems, and it should be adaptable
to producer gas systems.

Gasfueled buses, which necessarily make frequent
stops, overcome the fuel-air problem with a bag in-
flated with gas by a blower, which maintains gas flow
during stops. The surge of power needed for accelera-
tion is then provided mostly by gas from the bag.
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Fig. 11-3. Gas air mixers (Source: Adapted from Cash 1942 and Anon 1943)

Driving through hilly country in a producer-gas-fueled
vehicle requires special skills. Often the driver races
the engine while going downhill in order to build up
the gas quality, so that high-quality gas is available
when climbingis resumed. Traffic accidentsincreased
in Sweden during World War 11 because drivers o
producer-gas-fueled vehicles operated those vehicles
at high speeds while running at hills (Gengas1950).

11.8.4 Engine Startup

If liquid fuel is available, the engine can be started on
fossil fuel (gasolineor propane),and the gasifier started
separately with afan or blower (which may be hand-
or battery-operated) while flaring the gas. The blower
outlet and flare arelocated upstream from thecleanup
system to keep tars out of the cleanup stream during

starting procedures. When thegasislesstarry and can
support combustion on its own, the blower is turned
off,and thegasvalveisopened. Then, the producer gas
air/throttle is slowly opened; simultaneously, the gas-
air mixture is adjusted to obtain maximum power out-
put. At the same time, the fossil fuel throttle is slowly
closed until the changeover iscomplete. Oncethe mix-
ture has been initially adjusted, repeated changeovers
can be made quickly. The liquid fuel supply should
then be securely closed to prevent liquid-fuel con-
sumption. This type of dual-fuel capability permits
rapid changeover between solid and liquid fuels.

One novel and simple alternative to arotary blower for
startup is to use the engine exhaust gas as the propel-
ling gas for an aspirator gjector, as shown in Fig. 11-5.
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This technique allows a considerabl e saving in battery
power at the expense o only alittle extra liquid fuel.

11.8.5 Ignition Timing

Producer gas burns slowly, as shown in Fig. 11-6,
giving it a high octane rating. It is usually found that
optimum engine operation is obtained by advancing
the ignition timing 5 to 15 degrees more than the
advance used with gasoline, as shown in Fig. 11-7.

The "ping-sensor” and "electronic ignition” timing
controls used in many late-model automobiles may be
helpful in automatically providing the ideal spark
advance for producer gas, while permitting dual-fuel
operation.

11.8.6 Spark Plugs

The porcelain insulator of aspark plug may be glazed
with feldspar or quartz for generator gas operation, to
permit easier deposit removal. Spark plugs for gasoline
engines are normally not glazed because lead anti-
knock compounds form a conductive glass with the
glaze. Therefore, lead-free gas should always be used
for start-up procedures with glazed plugs. The heat
range o the spark plug should be high enough to per-
mit the plugs to self-clean, but not so high as to cause
preignition. If fouling isencountered, use alower heat
number (hotter electrode).

11.9 Two-Cycle Engine Conversion

Two-cycle engines present aspecial challengefor con-
version to producer gas. The crankcase must be lubri-
cated and protected from contact with gas impurities.
A number o the most novel innovations from the en-
tire World War II era appeared on the two-stroke

engines o that time.

In the Bolinder Munktell system shown in Fig. 11-8,
the lower crankcase served as an air pump to supply
air to pressurize the gasifier and supply pressurized air
tothegasmixer. In thetwo-cycle conversion, either the
head must be fitted with both intake and exhaust
valves, or the piston-porting system must be isolated
from the crankcase to prevent gas deposits from
interfering with lubrication.

Similarly, the Pulsator prevents producer gas from
passing through the crankcase. A side-chamber is
provided, as shown in Fig. 11-9, and connected to the
crankcase through a butterfly valve and to the gas sup-
ply and intake manifold through check valves. The pul -
sating movement o air in the crankcase alternately
sucks in and mixes air and gas, and then delivers the
mixture to the combustion chamber. A check valve
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Fig. 11-5. Exhaust pipe ejector for start-up fanning (Source: Gengas
1950, Fig. 151)

110 Handbook of Biomass Downdraft Gasifier Engine Systems



leading from the air control into the crankcase permits
air flow through theengine. The volume o the pulsator
mixing chamber necessarily prevents gas from being
sucked all the wav into the crankcase.

The third method of two-cycle conversion, the two-
cycle crank case system shown in Fig. 11-10 is the
simplest. Mixedgas isdrawn through check valvesinto
the crankcase, where the gas enters the combustion
chamber through the piston ports. Engines popular for
use on today's motorcycles use this same principle.

11.10 Diesel Engine Conversion

11.10.1 Diesel Operation with Producer Gas

Diesel engines are operated on producer gas in the
"aspirated” mode. The producer gasismixed with the
intake air stream. A small quantity o diesel fuel isin-
troduced continuously through regular injectorsto ig-
nite the gas mixture and provide timing. Thisso-called
pilot-injection mode or diesel dual-fuel mode is also
used occasionally with natural gas or alcohol fuels.
Direct-injectiondiesel enginesare better suited for con-
version to producer gas than antechamber diesel
engines.
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The power lost when diesel engines are converted to
operate on producer gasislessthan that lost by spark-
ignition engines for three reasons. First, some diesel
fuel isintroduced; second, diesel engines operate at a
higher compression ratio; and third, diesel engines

operate with a large excess of air, so the energy per
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Fig. 17-7. Ignitionadvance forproducer gas operation. Shaded areais
range of producergas operation; solid line is typical operatingcondition
(Source: Gengas 1950, Fig. 198)
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strokeisvery closetothe heating valued producer gas-
air mixtures. Furthermore, full diesel operation can be
achieved readily by simply increasing the quantity of
diesel fuel to normal levelswhen needed. This can be
accomplished easily by using the existing governor on
many diesel engines. The brake thermal efficiency is
higher for dual-fuel operation than it is for straight
diesel fuel operation, as shown in Fig. 11-11.

Standard diesel engines inject the liquid fuel into the
compressed-air charge in order to start combustion at
atime preset relative to thecrank position. When using
producer gas, it is necessary to advance the injection
timing angle with engine speed especially at high rpm.
The optimum injection timing for one engineisshown
inFig.11-12. An engine with an improperly set timing
angle will run roughly at low speed and expel smoky
exhaust at high speeds.

It has been reported that when operating conditions al-
lowed producer gas-air mixtures to self-ignite without

engine knock, asingle-cylinder, direct-injection, slow-
speed (1000-1500 rpm) diesel engine was able to run
on 100% producer gas for extended periods (Cruz
1984).

Ignition reliability is better with pilot injection than
with spark ignition. The minimum injector quantity for
stable pilot ignition and efficient combustion is given
by adiesel fuel-mixed gasratio o 10 mglkg. Increasing
this ratio will boost power output, up to a ratio d
20 mg/kg; above thisinjection rate, thermal efficiency
falls with no significant power increase. Partial load
operation is complicated by the fact that a full inlet
charge is required to develop ignition temperature.
Throttling for no-load operation must lean out the gas
mixture and reduce the injection quantity to aslow as
5 mg/kg (Anon1944).

Diesel engines also can be converted completely to
producer gas by reducing the compression ratio, add-
ing aspark-ignition system, and replacing theinjectors
with spark plugs. The modification expense is hardly
justified, considering the successes o pilot injection,
except in situations where complete replacement o
diesel fuel is required. The compression ratio should
bereduced t09.5-10:1. For antechamber diesel engines,
the heads must be replaced.

Pilot injection helps the producer gas-air mixturetoig-
nite. Very stable and reliable ignition has been ob-
served using pilot injection; in fact, it has been shown
to perform better than spark ignition. The power out-
put from weak gas (e.g., 118 Btu/scf) can be 90% of that
from straight diesel fuel with 40% excess air (Anon
1944). Minimum pilot injection islimited by itsability
to provide stable ignition at roughly 10% to 20% o the
regular idle injection.

11.10.2 Starting Diesel Engines

Diesel engines are started by first igniting and fanning
thegasifier with the blower until clean, burnablegasis
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Fig. 11-10. Two-cycle crankcase system (Source: Gengas 1950, Fig. 185)
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produced. The engine itself is started and warmed up
on diesel fuel. As the producer gas-air mixture is ad-
mitted, the governor automatically reduces the liquid-
fuel feed. Fuel savings up to 90% over straight diesel
operation have been reported (Kjellstrom 1983). The
governor can automatically boost the injection rate in
the event of anincreased power demand or avariation
in the quality o the producer gas.

11.10.3 Throttling at Partial Load

High compression isessential for ignition, so throttling
should be applied only at thegasinlet. Throttling at the
air inlet results in excessive suction, which can cause
bad combustion and smoky exhaust. However, at
medium-to-high loads, where the gas-inlet throttle is
fully open, theair inlet throttle may be partially closed
to increase gas suction.

11.11 Increasing Power from
Producer-Gas-Fueled Engines

11.11.1 Mechanisms of Power Loss

A given volume d producer gas, when mixed with the
correct quantity of air for combustion, contains 70% of
the energy of an equal volume of gasoline or propane
mixed with air. The relative power at any given low
rpm is proportional to the mixed gas energy, as shown
in Fig. 11-13. Full-throttle power increases in direct
proportion to the rpm rate, up to the point where pres-
sure drops in the intake and exhaust valves limit the
power. Beyondthat point, power drops off rapidly with
an increasing rpm rate.

The volume of intake gases for producer gas use is
roughly doubled over gasoline or propane use, and in-
creasing pressure drops reduce the peak-power rpm by
up to 30%. The combined effects of areduced mixed-
gas heating valueand areduced peak-power rpm result
inan overall reduction in the maximum engine power
up to 50%.

11.11.2 Engine Breathing

A producer gas engine must handle roughly twice the
volume of intake gases as gasoline engines. The
engine's breathing ability therefore begins to limit en-
gine power at lower rpm. The peak power output,
shownin Fig. 11-14, operating on producer gas, occurs
at roughly two-thirds of the rpm for gasoline fuel. Im-
provements in the intake induction system can both
raise the speed attained during the peak-power output
and decrease the overall power loss at each rpm rate.

One might ask how producer gas containing
150 Btu/scf can produce more than 150/1000ths o the
power d methane containing 1000 Btu/scf. Thereason
is that engine power depends on the mixed-gadair
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Fig. 11-11. Diesel dual-fuel efficiencyand fuel savings (Source: Cruz
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Fig. 11-13. Power versus rpm compared with gasoline (Source: Kaupp 719844, Figs. 186, 187, 188)

heating value, not on the pure-gas heating value. The
mixed-gas heating values are shown in Fig. 11-15.

11.11.3 Efficiency and Power Loss

The spark engine operating on gasoline achievesather-
mal efficiency o 25%-30%. The same engine operat-
ing on producer gas may achieve 15%-25% thermal
efficiency, depending on how well the engine is con-
verted to producer gas. A diesel engine using diesel
typically achieves 30%-35% thermal efficiency.
Operating on 90% producer gas, it can be expected to
give 25%-30% thermal efficiency. The overall efficien-
cy of the system must be computed from engine
efficiency and gasifier efficiency.

Enginefrictionlossesare primarily afunction of engine
speed. Partial-throttle operation increases the fraction
of fuel consumption devoted to fixed engine losses.
The highest shaft efficiency for any speed occurs with
the highest power consistent with complete combus-
tion. Therefore, it is primarily for the benefit of fuel
economy that various techniques are used to increase
the power output obtained from producer gas.

11.11.4 Blowers and Superchargers

The power from producer gas can be increased to that
available from naturally aspirated gasoline or propane
(oreven higher) in several ways.

A Roots-type blower or turbosupercharger can be used
to increase the pressure in the cylinders above atmo-
spheric pressure, and thus to increase the air-fuel
charge. A positive pressure o 6 psig at the intake
manifold can recover full gasoline power.

114

The Rootsblower uses engineshaft power for compres-
sion and necessarily reducesengineefficiency. Thetur-
bosupercharger uses the pressure o the exhaust gases
to operate a turbine compressor, thereby recovering
most o thislost energy.

Since engines are designed to withstand a particular
combustion pressure (BMEP, or brake-mean-engine-
pressure), power increases must be limited to restoring
the original peak-combustion pressure.
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Fig. 11-14. Power output as a function of engine speed (Source:
Kaupp 7984a, Fig. 199)
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11.11.5 Other Methods for Increasing
Producer Gas Power

A portion of the power loss can be recovered even for
anaturally aspirated engineby increasing thecompres-
sion ratio, asshownin Fig. 11-16, advancing the spark,
and improving the intake systems. Producer gas has a
higher octane rating than gasoline, so the power can be
increased by increasing the compression ratio to be-
tween 11:1 and 14:1. Increasing the compression ratio,
however, may prevent dual-fuel operation on lower
octanefuel sbecause of excessive knockingand detona
tion. One method for adapting high-compression-ratio-
modified engines to operate at a partial load on lower
octane fuels isto recycle some exhaust gas back to the
intake manifold. The mixture of gasoline, air, and ex-
haust gas burns more slowly, minimizing knock and
permitting partial power operation.

Cam shaft design may be optimized for producer gas by
faster valve opening, higher lift, and no overlap, with
valve timing-duration optimized for producer gas.
Synchronousgenerators require engine speeds of 1800,
1200, or 3600 rpm. Cam shaft design has been
overlooked so far in the lower rpm region.

Power levels also have been increased to near-super-
charged performance by improving the intake system
through installing larger inlet valves, or especially by
using tuned ram induction and larger intake manifolds.
Additionally, intake manifolds may beimproved with
flow straighteners after each bend, shell-casting tech-
niques to give smoother inlet surfaces, and carefully
tuned long ram intake manifolds to givea sharper peak
pressure at the optimum rpm rate.

The decrease i n power can be made more acceptabl e if
one increases the engine speed by lowering the final
drive-gear ratio. Full power cannot be recovered com-
pletely by increasing the rpm rate alone. Many inter-
esting details for converting piston engines to operate

on generator gas during World War 1I are given in
Generator Gas (Gengas1950).

Further work i n engine adaptation would bebeneficial .
In particular, combustion chamber designforimproved
swirl and squish can lead to better combustion efficien-
cies, and microprocessor controls using signals from
pressure, temperature, ping, and oxygensensors can be
applied to provide continuously optimized, unat-
tended engine operation, tofollow changing gasquality
and variationsin solid fuels.

11.12 Engine Life and Engine Wear

11.12.1 Engine Life Expectancy

There are reports from Sweden during the late World
War I era (undocumented) and also from recent inves-
tigations (Kjellstrom 1981), of longer engine life ex-
perienced with producer-gas-fueled engines than with
gasoline-fueled engines. Notein Table 8-3 that cylinder
wear islesson producer gaswith fabricfilter than wear
on straight diesel fuel for two out of three tractors
tested, and that oil contaminantswere alsolesson well-
cleaned producer gas than on diesel ail.

Discussion with rebuilders of industrial engines indi-
cates that life expectancy for fossil industrial engines
is related to engine speed. High-speed, 3600-rpm
operation is discouraged because it may cause prema-
turefailure. Lower speedsgive commensurately longer
engine life expectancies (e.g., engines operated at
1800 rpm may last 1-1/2 years, 1200-rpm-operation
may alow 3-year lifetimes, and 900-rpm-operation
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Fig. 11-16. Combustion pressure versus compressionratio for various
fuels (Source: Gengas 1950, Fig. 174)
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may allow 5 years of engine life). No known property
of clean producer gas should shorten engine life. One
truck, which has been driven 100,000 km on producer
gas without any unusual maintenance problems, is
shownin Fig. 11-17.

Many d the clean-up mechanisms outlined in Chapter
8 have yet to be applied to producer gas cleanup, and
thegasin the bulk of today's test and production sys-
tems is far from clean enough for reliable operation,
much less long-life operation. We will discuss the ef-
fects of dirty gas on engine life in the following
sections.

11.12.2 Sticking Intake Valves

Tar mists and dusts form an asphalt-like deposit
around the intake valve stems. Vave-sticking is more
aproblem d accumulated deposits than of enginewear.
Sluggish valve closing decreases power until cylinder
compression islost. The valves may be reconditioned
and cleaned, and the engine returned to service
without serious damage to the rings and bearings.
Intake valve sticking can be corrected without a
complete engine overhaul. However, sticking valves
clearly indicate the need for a more efficient cleanup
system (Chapter 8) and possibly redesign of thegasifier
for a higher hearth load to reduce tar production. [See
Chapter 5 for information on gasifier sizing and
design.)

Based on cylinder, bearing, and cam wear, alife-expec-
tancy o 5000 hours was estimated for an engine after
extended testswith gasso dirty that the valvesrequired
cleaning eight times in the first 1000 hours (Breag
1982).

11.12.3 Oil Thickening and Contamination

In gasoline engines, gasoline vapors from blowby tend
to thin oil with time. With clean producer gas, the
volatile motor oil fractions evaporate, causing the oil
to thicken naturally. Thickening improves the ail's
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Fig. 11-17. Swedish logging truck that operated 100,000 km on
producer gas without any unusual maintenance (Source: NAS 1983,
p. 46)

lubricating ability, but it also increases cranking
requirements.

Dirty gas can introduce tar particulates and corrosives
intotheoil through cylinder blowby. Particulatesinthe
oil, and ash and char accumulationin crankcaseoil can
increase engine wear. Particles larger than the oil-film
thickness may scratch bearing surfaces; however, char
and ash tend to be easily crushed to smaller particles,
minimizing this problem. If ash slaggingoccurs, harder
abrasive particles are produced that could cause severe
wear. Small amounts o sodium from ash in either the
lubricating oil or the fuel gas can lead to engine valve
corrosion. It becomes obvious that particul ate removal
is very important to engine lifeat many levels.

11.12.4 Tar/Oil Accumulations

Tar/oil mists occur as very finely divided droplets
much smaller than char and ash. Therefore, they are
much more difficult to remove from the gas and are
more likely to cause engine problems. Tar accumula-
tion does not cause wear; rather, it causes moving parts
to stick, and plugs passages, intake valves, throttle
valves, and piston rings. Tar deposits becomeaviscous
fluid a engine operating temperature; on cooling and
drying, they can become a hard varnish that will
prevent or hinder engine startup, or bend a pushrod in
theevent o full valveseizure. Thebest cureis preven-
tion through the cleaning methods o Chapter 8 and
verification of gascleanlinessregularly, using the tests
o Chapter 7.

Mild valve-sticking can sometimes be reduced or
prevented by operating the engine on liquid fuels
(especially methanol) for ashort time beforeshutdown.
This tends to rinse tar accumulations into the
crankcase oil, where they do less damage. This tech-
nique may merely prolong the timelag between repair,
and delay use o proper cleanup techniques.

Oil should be changed when it isvisibly dirty or exces-
sively thick. Crankcase oil analyses are more widely
available today than in the past and can help diagnose
causes d engine wear.

11.12.5 Engine Corrosion

Corrosive engine cyclinder wear increases with low
operating temperatures as shown in Fig. 11-18. Below
120°F, bearing corrosion, cylinder wear, and ring wear
rise rapidly with increased water condensation and
corrosive hydrolysis products due to carbonic acid.
Below 185°F, cylinder and ring wear depends on oil
consumption and oil-film thickness. Above 185°F,
wear iISminimal and independent of oil-film thickness
(Mahin, June 1983). Wear is maximum after a
cold-engine startup; preheating the engine block to
120°F before startup can minimize this wear for
maximum engine life.
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Fig. 11-18. Engine life versus cylinder wall temperature (Source:
Kaupp 1984a, Fig. 211)

11.12.6 Engine Warranty

Reputable sellers o gasifier engine systems should
offer an engine warranty, backed up with service con-
tracts, operator and maintenance training, and con-
tinuous monitoring o the performance o installed
units. In this way the maker will bethefirst to know of
the need for design improvements. Minneapolis
Moline has written a 6000-h warranty on a producer-
gas-powered engine (Mahin,Junel983).

11.13 Exhaust Emissions

Carbon monoxide exhaust emissions from a properly
running producer-gas-fueled engine can beexpected to
be inherently lower than emissions from gasoline-
fueled engines because maximum power is achieved
from a mixture that is lean of the stoichiometric com-
bustion mixture, whereas the maximum power from
gasoline is achieved by burning a rich mixture.
Hydrocarbon emissions also can be expected to be
lower than those from gasoline because of the relative
absence d hydrocarbons in the producer gas. The
lower flame temperature o the producer gas, along
with the excellent antiknock characteristics and low
prompt nitrogen content of producer gas, suggests that
NO, emissions should be lower aswell.

The major pollutant source from producer gas is the
necessary disposal o cleaning condensate, which may
be high intars, especially phenols. This source can be
minimized by using the driest fuels possible and using
the best low tar gasifier design available to prevent tar
and condensate production. If thefuel isdry enough to
render condensate removal unnecessary, then the gas
can be used above its dew point, eliminating conden-
sate collection atogether. This scheme has been used
in afew recent designs. Another approach to conden-
sate removal isevaporation, coupled with recycling the
residue to the gasifier. Still another approach applied
toan especially tarry system isincineration of the con-
densatetars outside o the gas producer. However, this
approach consumes additional fuel. Prevention

remains the most attractive cure. (See the discussion
on low tar designs and drying in Chapter 5.)

11.14 Other Devices for Producer-Gas
Power Generation

11.14.1 Gas Turbines

Historically, producer gas has been used in internal-
combustion piston engines of both the spark-ignition
and diesel-powered types. Accordingly, these engines
remain the mgjor area of interest at present. However,
the gas turbine may be an attractive application for
producer gasfor electric generation, sinceit operates at
arelatively high efficiency (25%-35%) inintermediate
sized units (200-10,000 kW). Gas turbines can be
started and stopped in a short time, so they are
especially useful for producing peaking power.

Gas turbines were developed after producer gas use
was abandoned, and turbines still have not been
operated on producer gas. Producer gas could eventual -
ly become a magjor turbine fuel for electric power
generation. Turbines offer simplicity, long life, and
reliability. The simplicity of one moving part is un-
matched. Long bearing life with minimal wear is
achieved through an even, nonimpulsive bearing load
rotating at high speeds to establish a stable and
continuous lubricant film.

Turbines now in use operate with intake gas pressures
of 75 to 150 psi. Converting existing turbines to
producer-gas use would require operating the gas
producer at pressures up to 150 psi in order to avoid
compressing the gas for the turbine combustor.

Gas must be exceptionally clean and particularly free
from alkali metal content for turbine operation, be-
cause the blades operate at high temperatures and
velocities, and are easily eroded and coated. Based on
tests d a 4250-hp turbine fired with powdered coal,
erosion and blade depositswereeliminated using high-
temperaturecyclonicinertial cleanup, which captured
99% of 20-um and 92% d 10-um particles (Ydlott
1955). The Aerospace Corporation has developed a
wood-fired turbine system operating at 5 MW under a
DOE contract. Initial results show that ash from the
wood, though relatively bulky, has not presented
problems that were expected (PNL 1985).

11.14.2 Fuel Cells

Another potentially interesting use of producer gasis
to generate electric power using fuel cells. A fuel cell
is an electrochemical device that converts chemical
energy into electricity directly without moving parts.
Fuel cell development is very active at present, and
some fuel cells may soon be available for use with
producer gas.
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11.14.3 External-Combustion Devices

A variety o external-combustion devices can produce
power from producer gas. The Stirling-cycle engine
uses an external heat exchanger and external combus-
tion. The main drawback is the lack o widespread
availability o inexpensive Stirling-cycle engines. The

steam engine al so uses external combustion in aboiler
to produce high-pressure steam for use in piston or
turbine steam engines.

When clean producer gas is available, external-
combustion devices are not necessary.
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Chapter 12
Safety and Environmental Considerations

12.1 Introduction

During the emergency development o gasifiers during
World War 11, various dangers were discovered in con-
junction with gasifier operation. These dangerousareas
were divided into toxic hazards, and fireand skin burn
hazards. In addition, we have since recognized the
potentially damaging effects that our activities can
have on the environment, and we shall point out areas
that may be affected by widespread gasifier use.

12.2 Toxic Hazards

12.2.1 Carbon Monoxide

The principal fuel component o generator gasis car-
bon monoxide (CO), a deadly poison that ties up
hemoglobin in the blood and prevents the transport of
oxygen to the tissues. Death from CO is death by suf-
focation. Lesser exposures cause headaches, nausea,
dizziness, and irritability. CO is an insidious poison
becauseit is odorless and tasteless.

Exposure during pregnancy, even at levels too low to
show symptomsinthemother, may affect development
o thefetus, lower itsbirth weight, and increasetherisk
of abortion and stillbirth. There are no indicationsthat
CO causes mutations or cancer (Kjellstrom 1981).

Seventeen people were killed in Sweden between
December 1939 and March 1941 because o careless
gasifier operation (Foley 1983). More recently, two re-
searchers at a Midwestern university died from COin-
hal ation when they climbed insided agasifier fuel bin.

COoccurswidely inour industrial civilizationinsmall
quantities. Smokerstypically inhale concentrations of
several thousand parts per million, and some smokers
can have as high as 20% hemoglobin blood saturation
(Kjellstrom 1981). Gasoline-fueled automobile ex-
hausts used to contain as much as 5% CO, and after a
decade o improved pollution controls on cars, CO is
still a magor contributor to pollution in our cities.
However, until the advent of natural-gas pipelines, CO
was the primary fuel component of manufactured city
gas, coal, and blue water gas. These were widely dis
tributed and used around the world and are still used
in many countries, evidence that CO can be handled
safely when proper procedures are followed.

12.2.1.1 Acute Carbon Monoxide Poisoning

The symptoms of carbon monoxide poisoning are
shown in Table 12-1.
First aid treatments for CO poisoning follow.

e Movethe poisoned person to the open air or a room
free d CO. Prevent the victim from exerting himself.

Table 12-1. Symptoms of Carbon Monoxide Poisoning

% Saturation of the Blood Symptoms
with Carbon Monoxide At Rest During Physical Exertion

0-10 None None

10-20 None During exertion, dizziness, heart
pounding, and difficulty in breathing
may occur.

20-30 Headache may occur In case of exertion, pressure at the
forehead. Mild headache.

30-40 Headache in the forehead or back of the head, In case of exertion, dizziness,fainting,

pulse increase, heartbeat, nausea.

possibly unconsciousness are added.

40-50 All symptoms more pronounced, nausea, vomiting,
dizziness,increased tendency for unconsciousness.

50-60 Deep unconsciousness with increased breathing

and pulse rate.

60-70 Deep unconsciousness with slow pulse and low

breathing rate; possible death.

70-80 Respiratory failure and death.

Source: Gengas 1950.
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Loosen clothing around the neck and throat, and
check for the presence of an adequate airway in the
throat.

e If the person is unconscious, administer artificial
respiration immediately.

e Administer oxygen or mixed resuscitation gas (7%
CO, in oxygen) as soon as possible; see Fig. 12-1.

¢ Summon medical aid but not at the expense o leav-
ing the victim unattended.

e Keep the victim warm.

o Keep the victim under surveillance, as rel apses often
occur.

Exertion presents two profoundly dangerous effectson
CO poisoning victims. First, increased exertion in-
creases the speed d CO absorption into the blood
stream, as shown in Fig. 12-2. Second, physical exer-
tion increases the impact of CO that has already been
absorbed, as shown in Table 12-1. Removing a person
suffering from CO poisoningtofresh air should bedone
as quickly as possible, but preferably without the
victim's active participation. if possible, the person
should be carried. Over-exertion on the part o the
rescuers should also be avoided.

Every second is valuable, and the difference may have
a life-saving effect. Any producer gas installation
should includetwo bottlesof mixed resuscitation (Kar-
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Fig. 12-1. Treatmentof carbon monoxidepoisoning (Source:Gengas
1950, Fig. 265)

bogen) gas(O, + 7% CO,) or pure oxygen, with two face
masks and shoulder harnesses to freethe hands o the
rescuers. The Karbogen gas removes CO as much as
three times as fast as pure oxygen alone since the CO,
in Karbogen gas stimulates the vagus nerve, causing
more rapid breathing and, hence, faster CO removal.

Chronic CO poisoning symptoms, which often " sneak
up" on thevictim, cause him to becometired, uncom-
fortable, and irritable, and also induce sleeping dif-
ficulty. Sex drivevirtually disappears, and urinary and
heart problems have been common. Memory and
eyesight may betemporarily impaired. More extensive
mental symptoms may occur, including impaired
memory, reduced concentration and perseverance, and
possibly brain damage. The effects of chronic CO
poi soning may go undiagnosed or beattributed to other
causes by the uninformed victim.

12.2.1.2 Carbon Monoxide Exposure Standards

It is curious that no safe threshold CO exposure limit
was recognized during the development and use d
Swedish World War 11-era gasifiers. Such a threshold
limit would recognize CO levels below which one
could expect to be free from the effects of chronic CO
poisoning. The current threshold limit value (TLV) in
the United Statesis 50 ppm CO in thework placetime
weighted average for an 8-h work day. Short-term ex-
posure limit (STEL) is 400 ppm (MSA and ACGIH
[OSHA 19821). The international standards are shown
in Table 12-2. Atmospheric concentrations above 1%
(10,000 ppm) CO may cause unconsciousnessin only
afew minutes.

12.2.1.3 Safe Operating Procedures

From a safety standpoint, the best gasifier systems
operate at negative pressure (suction gasifiers),so that
leaksresultinair beingdrawn intothesystem (possibly
causing gas explosions, which the equipment should
be designed to handle without harm) rather than CO
being expelled into the workshop. If the gasifier is
pressurized or if thereisan outlet blower, then thegas
will be under positive pressure and leaks will release
CO. The importance of achieving a leak-tight system
cannot be overemphasized.

The entire system should be leak-tested upon installa-
tion and regularly with engine service thereafter. The
pipes carrying producer gas should be provided with
fittings to close off and pressurize the system to 4 in.
water gauge, and the entire system should be checked
with soap bubbles, especidly at fittings, valves, welds,
lids, and seals.

Where possible, generators should be used outside,
with adequate ventilation. Indoor installations should
provide adequate ventilation that effectively changes
theinside air supply every 1 to 2 minutes. Alarms are
available for measuring and signaling excessive CO
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Fig. 12-2. Absorption of carbon monoxide in the blood (Source: Gengas 1950, Fig. 264)

levelsinambient air. Mini (Peeper)CO models|, 11, and
III (MSA catalog nos. 465398, 465530, and 466523,
with rangesd 0-100, 0-500, and 0-250 ppm, respective-
ly) indicate CO levels, while model IV (MSA catalog
no. 468572) indicatesthe CO level and soundsan alarm
(MSA). These precautions should be observed and en-
forced for the protection o all who run the risk of
inhaling gas.

12.2.1.4 Startup and Shutdown

Carbon monoxide gas release also occurs during start-
up and shutdown. Gas s released when the gasifier is
fanned or when the engine is started on producer gas.
These two CO releases can be eliminated by installing
apropane-enrichedburner at thefan outlet and by start-
ing the engine on liquid fuel.

When a gas generator is shut off, CO continues to be
evolved, sometimes for hours. In this case, it is par-
ticularly important to have adequate ventilation. Since
suction is no longer present within the gasifier, pres-
sure builds up, and CO and smoke can leak out. Under
no circumstances should a generator mounted on a
vehicle be driven into a closed garage and shut off.

These concerns were the impetus for vehicle gasifier
regulations between 1939 and 1946 that required the
gas-mixer air inlet to be extended out of the engine
compartment. In thisway, the opening was a safe dis-
tance downwind from doors and windows. Similar
regulations applied to the gasifier air inlet.

12.2.2 Creosote

Although downdraft gasifiers usually convert lessthan
0.1% df the input into tars and oils, these heavy
products still must be scrubbed from the gas and dis-
posed of. In earlier days, they were probably flushed
down the sewer or buried. Today, such practices have
come under close scrutiny, and neither can nor should
be tolerated.

Man has always lived with the smoke and tars from
fires, and we know that these materials can betol erated
in reasonable quantities. We also know now that the
smoke fromwood cooking can cause cataractsand that
some tars contain dangerous carcinogens, so they
should be handled with care.

Furthermore, the tars contain phenols that are potent
bacteriocides. Relatively small amounts can interfere
with the proper operation of septic tanks and
municipal sewage systems. In Sweden during World
War 11, the maximum permissible phenol content of
water released to sewers was 10 g/m3 (10 mg/L), ap-
proximately 10 ppm. The phenol content of typical
gasifier or gas-cooler condensate is from 1500 to
3000 mg/L.. Dumping these condensates onto the
ground or into the sewers or waterways is not accept-
able. It should be mandatory that we determine safe
disposal for these materials.

The best way to solve this disposal problem is preven-
tion at the source; in other words, gasifiers must be
designed to convert the maxi mum amount of tarstogas.
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Table 12-2. Maximum Carbon Monoxide Concentrationsin Work Places — International Standards

Fraction of

Country mg/m3 Ppm Year Hemoglobin (%)
Australia 55 50 1973 8
Belgium 55 50 1974 8
Bulgaria 20 17 1971 3
BRD 55 50 1978 8
Czechoslovakia 30 26 1976 45
Denmark 40 35 1978 55
DDR 55 50 1978 8
Finland 55 50 1972 8
Hungary 30 26 1974 45
Italy 55 50 1975 8
Japan 55 50 1975 8
Netherlands 55 50 1973 8
Norway 40 35 1978 55
Poland 30 26 1976 4.5
Romania 30 26 1976 4.5
Soviet Union 20 17 1977 3
Sweden 40 35 1978 55
USA 55 50 1979 8
Yugoslavia 58 51 1971 8

Source: Kjellstrom 1981

(See Section 5.9.) Some gasifiers now incorporate
catalysts that claim to eliminate the problem entirely
(Ekstrom 1985). Others employ a high degree o tar
recycle to eventually crack the tar thermally (Susanto
1983; Groeneveld 1980b; Kaupp 1984a).

Other methodsfor disposing of these materials depend
on the method o gas cleanup. In some cases, wood
chips or burnable filter materials are used to filter the
tars. Thechipsused inthistype of process can bedried
and used as afuel; if thetar is collected on solid filters,
thefilters can beincinerated. If thetarsare collected in
water, waste heat can be used to concentrate the tars
and they can then be gasified with the gasifier fuel.
Well-dried biomass fuel minimizes condensate
production and eliminates the need for condensate
removal for the purpose of improving gas quality. In
this case, the gas can be used aboveits dew point, thus
largely eliminating condensate collection.

Finally, it should be noted that there are neither ac-
counts nor any evidence d damage occurring from
draining the nearly one million vehicle gasifiers that
were in operation worldwide between 1939 and 1945
(Kjellstrom 1983).

12.3 Fire Hazards

In the early days o gas generators, there were a large
number d garage fires. These hazards were reduced
through education and regul ation to discourageindoor
gasifier filling. Gasesinsidethe hopper can flash when
thelidisopened duringfilling, whichin turn canignite
nearby flammable materials.

Flammable and explosive gas mixtures are usually
present inside a cold gasifier. When a flame is intro-
duced to start the gasifier, care should be exercised to
prevent explosions. Proper precautions include the
following:

e Always fan a cold gasifier before igniting it, to
remove residual producer gas; in this way, one
ensures that the gasifier contains only fresh air.

¢ Always stand to one side when igniting the gasifier;
never look into the ignition opening while applying
aflame.

¢ If the gasifier has a tight-fitting lid, it should be
equipped with a safety release valve that will harm-
lessly lower the pressure resulting from a gas
explosion.

e A flame arrestor, as shown in Fig. 8-12, should be
placed a the gas mixer to prevent explosions. The
flame arrestor can also serve as asafety filter, since it
will plug rapidly when the cleanup system fails.

Openings through which fuel is loaded should be
designed to provide spill shields that will prevent
spilled fuel from falling onto hot surfaces and possibly
causing a fire. During installation, one should install
insulation, heat shields, or warning signalsfor workers
around the hot surfaces of agasifier. Hot metal surfaces
can cause nasty skin burns at temperatures well below
those that will cause the metal to glow.

Widespread gasifier use would require insurance and
local fireinspectors to advise users on proper precau-
tions that might not be evident to the inexperienced.
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12.4 Environmental Hazards

The environmental problems of gasifier tars have been
discussed in previous sections. As gasifiers come into
wide use again, there will be an increased demand for
wood and agricultural residue fuels. This can have
either negative or positive environmental effects,
depending upon the approach to the problem. Selec-
tive wood cutting and use of some residues can im-
prove theforests and fields, I ndiscriminate cutting and
use o all residues can lead to poor wood lot stands,
erosion, and soil depletion.

"Itisessential that acareful survey of available sources
of biomass fuel, and analysis d alternative uses and
existing competing markets o these fuels, be carried
out prior to large-scale introduction of producer gas
plants.” (Kjellstrom 1983). Permanent deforestation
and desertification, which already threaten much o
our planet, can be initiated by indiscriminate use of
producer gas (Giono1976). The use of wood for gasifier
fuel should be introduced only in regions of

fast-growing vegetation, accompanied by effective
programs of forest management and reforestation
(Kaupp 1984a).

Removing excessive quantities of biomass from
agricultural land depletes the soil, removing not only
nutrients but also reducing tilth, water permeability,
and storage ability, and leaving the bare soil exposed
to erosion by wind and water. Good soil conservation
practice requires careful regional determination o
maximum acceptable biomass removal rates, coupled
with cultivation methods that make best use o the
biomass left on the field (Lowdermilk 1975).

Erosion is more destructive than drought because
erosion destroysthe soil's water permeability. Typical-
ly, 99% o rainfall soaksinto healthy soil, but only 50%
of rainfall may soak into deteriorated soil. The other
50% becomes runoff, thus making the soil twiceasarid
with the same rainfall and simultaneously accelerating
the erosion process (Carter 1974).
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Chapter 13
Decision Making

13.1 Introduction

Gasifiersare technically practicable. But other criteria
also factor into decisions about their use. These criteria
includegasifier application, theavailability of suitable
equipment, biomass fuel availability and fuel-source
reliability, regulations, operator availability, and o
course cost and financing.

13.2 Logistics Assessment

The decision to install, invest in, or finance a gasifier
electric project in a particular location requires a
favorable assessment of the factorsthat affect the prac-
ticability of the concept over the operational life of the
project.

13.2.1 Gasifier Application

Gasifier system application can range from a fuel or
chemical source for in-house or external use to a vast
complex that produces heat and el ectric energy aswell
as inert byproducts. Generally, the system becomes
more cost-effective as the range of products increases.
Gasifier system planning at least should consider sys-
tems that are larger than needed for internal use (with
sell off of surplus product) and systems providing
cogeneration.

13.2.2 Equipment Selection Factors

Equipment needs vary with application (e.g., heat only,
fuel only) aswell asthegasand location o thegasifier.
All gasifier installations, however, require control sys
tems (however rudimentary), feedstock storage,
feedstock feeding mechanisms, and, obviously, a
gasifier. Devices for making use o the gas are also
needed. Combined with internal-combustion engines,
for example, equipment add ons for gasifiers are en-
gines and gas-cleanup equipment. In addition, electric
generators and electric power conditioners will be
needed where electricity isto be produced.

The larger issues in equipment selection are project
scope (i.e., number ofuses), size, and composition (i.e.,
equipment origins and mix). Decisions depend on
available financing, on whether the equipment even-
tually will be used for purposes exceeding immediate
needs, and on the talent d available labor.

Various factors control gasifier system size. Since this
document covers only small gasifiers, the largest
project size of interest to readers o thistext islimited
to a few gasifiers, each producing a maximum of
20 MBtu/day—sufficient to meet the needs of asmall

housing development (fewer than 20 homes), a
moderately sized industrial complex, or a good-sized
farm.

The equipment may consist of all "home-made” com-
ponents, all individual purchases o manufactured
parts, a combination of "build and buy," or aturnkey
purchase. Money, the availability of suitable equip-
ment, use of the equipment, and local talent enter into
decisions affecting equi pment makeup and mix. Where
there's need for an uninterrupted gas supply, choices
may include multiple small gasifiers or fewer large
ones with attendant gas storage.

13.2.3 Feedstock Supply

More than price is involved in assessing biofuels
availability. Adequate resources should be available
within a 50-mile radius to minimize concerns for an
uninterrupted supply. The types of biofuels available
are also important, and there should be alternates com-
patiblewith thegasifier design. Sincetheresource may
ultimately attract other customers, one or more long-
term contracts guaranteeing a supply is prerequisite.
Also the reputation of the suppliers to meet commit-
ments should be thoroughly verified. (Asthereliability
o the supply diminishes, the size o the biofuels
storageincreases.)

13.2.4 Regulations

Local and federal regulations may influence decisions
regarding the type, form, and size of agasifier installa-
tion. The federal government's PURPA legislation
should cause plannersto recognize the potential to be
earned by selling energy to utilities and then balance
advantages against liabilities. Other regulations (e.g.,
environmental) may mandate use of particular (e.g.,
ash-disposal) equipment.

13.2.5 Labor Needs

Most individuals, given minimal training, can operate
a batch-fed gasifier that is not tied into other equip-
ment. Mechanically or electrically competent labor is
required where the gas is used to produce electric
power. Whereautomatic control isextensive,therewill
beadditional need for competence with controllersand
computers.

13.2.6 Final Logistics Considerations

Before the first piece of equipment is ordered or
financed, the success d the project should be secured
by the following:
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¢ All equipment should be checked asbeing of proven
design, which can be underwritten by long-term ser-
vice contracts and warranties for prime power
application.

e Systems engineering should be certified by a
reputabl e engineer.

¢ A long-term fuel purchase agreement at afirm price
with assured supply (multiplesourcing is preferred)
should be secured as critical to the project's success.

e All zoning questions should be resolved, and all
permits, licenses, and approvals acquired.

e Liability insurance should be available and assured.

e A long-term power sales contract should bein place,
with alevelized power-price or fuel-cost escal ator, if
the project includes utility buyback.

13.3 Economics

Logisticsis only part o the equation determining the
practicality of gasifier implementation. The other part
IS economics.

Determining the economic feasibility of a gasifier
project in a specific situation involves redlistic and
site-specific estimates o capital, feedstock, labor, and
mai ntenance costs; thevalue o theelectricity and heat
produced; net fossil-fuel and energy savings; and ex-
perience with similar systems. Naturally, costs can be
measured by using low-cost and no-cost burnable
wastes (provided they areavailableon areliablebasis),
low-cost equipment options, renewable energy tax
credits, reduced-rate financing, automatic operation,
and reduced maintenance and longer overhaul cycles.

Theintent of theinformation that followsisto provide
abasisfor understanding the elementsentering into an
economic decision about investing in gasification
facilities. Potential users of gasifiers are referred to a
number of excellent references for economic assess-
ment of gasifiers (Hodam 1983; NYSERDA 1980; EIA
1983a; EIA 1983b). The circumstances affecting
economics, however, are in constant flux, and only
general rules are noted here.

13.3.1 Costs

An assessment of the overall economic feasibility of
using biomass to generate electric power should con-
sider thefollowing factors when considering a specific
project:

e the cost of biomass fuel

e the cost of thegasifier system, including fuel storage
bins, fuel feeding devices, gas cleanup systems, a
utility connection, switchgear, and installation costs

e the cost o money at prevailing interest rates
e the cost o operating labor
e overhaul and replacement costs

e design life of the equipment between overhauls or
replacement

¢ the value of the power produced

e the cost o ash and tar disposal after cleanup
o retail cost of buying electricity

¢ benefits o using renewable energy.

13.3.2 Calculating Energy Costs

The cost o energy from biomass should be compared
with the costs for all other fuels with which it might
compete. The convenient fuels (el ectricity,gas, and oil)
are more expensive than the solid fuels (coal and
biomass). Furthermore, a reliable infrastructure is
available for transport and delivery o electricity, gas,
and oil, and reliable, inexpensive equipment is
availablefor their use. Biomass usein the absence of a
well-developed infrastructure is highly dependent on
the specific situation. The fact that biomass use has
doubled inthe past 10 years, however, suggeststhat the
infrastructure and equipment for biomass use are
growing steadily.

The cost o various forms of biomass should be com-
pared using acommonbase. Since neither moisture nor
ash contributes to fuel value, biomass cost is mostly
quoted in dollars per ton MAF ($/ton MAF), where
MAF denotes moisture-and ash-free basis (i.e., ASIF
the biomass had its moisture and ash removed).

Actual Cost

Biomass Cost ($3/MAF ton) =
@aMmM-A)

(13-1)

whereM isthefraction of moistureand A isthefraction
of ash in the biomass. Freshly harvested biomass often
contains a moisture fraction o 0.5. The internal ash
content of most wood is less than 0.01 (1%), but
as-delivered it may contain extraneous matter in
fractions upto 0.05 (5%).Agricultural residues contain
0.05 to 0.20 ash fractions, so the normalization
equation clearly is important in calculating biomass
costs.

The actual costsd various forms o biomass, shownin
Table 13-1, vary from a negative $20/dry ton (depend-
ing on landfill tipping fees) for landfilled burnable
residues and municipal waste to more than $100/ton
for firewood delivered in acity. Costs, in fact, depend
on many factors, which include

e quantitiesavailable

e whether the biomass is a byproduct or principal
product

e distance that the biomass must be hauled

e amount of pretreatment, sizing, drying, and storage
needed

e tax benefits for biomass use.
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Table 13-1. Typical Fuel Costs for Various Forms of Biomass (1986 $)

Cost Cost

Form Shape ($/ton) ($/MBtu)
Wet chips from tree service Chips with twigs and bark $0-20 $0-1.25
Demolition hammer milled dry Chips with slivers 10-20
Dry chips - whole tree Chips, uniform size, no twigs or slivers 20-40 1.25-2.50
Densified biomass (pellets, cubes) Uniform cubes 40-60 2.50-3.75
Cord wood Large 2 ft long irregular diameter 100-150 6.25-10.00
Municipal solid waste Very irregular shape with high-ash, Credit Credit

mixed composition -(0-20) -(0-1.25)
Refuse-derivedfuel Irregular shape, composition more 0-20 (0-1.25)

more predictable than MSW

MSW or refuse-derived fuels (RDF) appear to be the
most inexpensive biomass fuels. However, they are
technically the most difficult fuels to gasify (or burn)
because of their high ash, heavy metal, and plastic
content.

13.3.3 Equipment Cost

A gasifier isbasically only an empty can, so thegasifier
by itself can be a very low-capital-cost device, ranging
from $2000 to $10,000/MBtu ($40-$200/kWh). On the
other hand, a gasifier system for generating process
heat or power may cost two to eight timesthisamount,
depending on the auxiliary equipment required,
including

o fuel storage bins

e fuel drying, screening, and pretreatment systems

¢ devicesto deliver and meter fuel fed to the gasifier
o the gasifier itself

e ash removal

e agas cleanup system

e gasifier operational controls.

These factors are specific to the application, and thev
must be gygluated economically and technically '©°
each application.

In many cases, a gasifier might be considered simply
as a retrofit to provide low-cost gas in place of more

expensive fossil fuels because a boiler or other
fuel-requiring device already exists. In these cases, the
economic analysis is greatly simplified because the
operation and economics o existing equipment are
already well understood.

If thegasis to be burned directly, then an equipment
comparison should be based onthecost per million Btu
per hour. A compilation of local energy costssimilar to
thosein Table 13-2 gives a good idea of the economic
attractiveness of agasifier-for-heat project. Many o the
factors discussed for power generation will also apply
to heat generation.

The cost of agas producer and the cleanup portion of
the gasifier system primarily should be the cost o
fabricating these units from sheet, plate, bar, and tube
stock. Asthe production volumefor a particular design
increases, there may be some benefit from using cus-
tom stampings, spun domes and cones, and custom
castings. However, tooling costs are significant for spe-
cialized, single-purpose components, so the effect of
mass production methods can be considered minor.

Fabrication costs can be estimated by tabulating the
costsof material (e.g., pounds o sheet metal, aswell as
accessory hardware and fittings), fabrication (basedon
factorssuch as thelength of cuts, number o weldsand
bending operations, and amount of assembly), and
overhead expenses (Perry 1973). In addition, there will
be extra costsfor completely automatic systemsand for

Table 13-2. Typical Costs of Various Fuels in Colorado (1983)

Energy Typical Cost

Fuel Equivalence Typical Cost ($/MBtu)
Natural Gas 0.1 MBtu/therm $0.50/therm $5.00
oil 6.2 MBtu/bbl $30/bbl 4.80
Electricity 3412 Btu/kWh $0.05/kWh 14.60
Coal 24 MBtu/ton $40/ton 1.66
Biomass 16 MBtu/ton $32/ton 2.00
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the engineering and development costs d the initial
design.

13.3.4 Conversion Efficiency and Fuel
Consumption

The efficiency with which the gasifier converts
biomass fuel to afinal product is an important factor
for calculating operating costs. Overall efficiency isthe
product o a several efficiencies, including those for
drying the biomass, operating the gasifier, and use of
the product gas.

Drying efficiency varies widely, depending on the
equipment design and heat source (seeChapters 3 and
8). A typical fuel consumption for wood with 20%
moisture is roughly 2 Iblhp-h (3 1b/kWh) (Gengas
1950).

13.3.5 The Cost of Operating Labor

Batch-fed gasifiers can be used in the lowest cost
system designs. Batch-fed gasifiers are suitable for
many situations, especially in the context of the
workplace where change of shifts, lunch, and breaks
serve as natural intervals for fueling and ash removal.
The cost of operator labor for refueling can be
determined from the equation in Table 13-3 or fromthe

graph in Fg. 13-1. If the gasifier requires continual
monitoring by a skilled attendant, this cost introduces
asignificant economy-of-scal efactor against very small
systems.

It should be possible in many situations to operate
batch-fed gasifierswith minimal attention. However, if
round-the-clock operation or minimal attendant |abor
is desired, then automatic operation may be more
suitable.

Automatic fuel feeding and ash removal require addi-
tional equipment. The necessary materials and equip-
ment and reliable controls can add to the equipment
costs on a one-time basis. The costs of automatic
material handling can be compared with the expected
savings in operator labor costs using Fig. 13-1 to
evaluate whether to install the automatic equipment.

13.3.6 Maintenance Costs

Maintenance costs (as well as original-equipment
costs) increase rapidly as engine size increases. For
instance, a major overhaul on Caterpillar and Onan
100-kW natural-gas engines costsfrom $6000 to $9000,
representing more than athreefold increase in overall
cost per kilowatt hour over a 50-kW system.

Table 13-3. Sample Calculation of Electric Production Costs

For example at $1,000/kW equipment cost, 15% interest,operating at 80% duty cycle

Interest = C

Equipment Cost $/kW)(Loan Interest %/yr)

(1000)(15)

int = " (Duty Cycle %)(365 days/yr)(24 h/day)

(80)(365)(24) = 2.14¢/kWh

For wood chips at $24/ton, 10% H20 + Specific Fuel Consumption of 3 Ib/kWh, we get Fuel Cost

(Fuel Price $/ton){Specific Fuel Consumption lb/kWh)

C =
fuel (2000 Io/ton)[1-(moisture %/100)]

(43 _
(E000) 1. 0700y ~ +0%KWh

The cost of engine wear for a 50 kW engine with 2000 h engine life and $1000 rebuild cost

Rebuild Cost $
Cwear = tkWitenginetite) _ 5329&90) - 1.0¢/kWh
Labor Cost for 1/2 h per 8 h shift at $5/h wage rate

(Wage Rate $/h)(Attention Hours/Shift)  (5)(0.5)

Ciabor = (Capacity kW)(Hours/Shift) T (50)(8) ~

0.625¢/kWh

Normal Maintenance $6.25 for 5 qt oil capacity, $15 oil analysis, $15 plugs, $8 points, 1 h labor, 200 h maintenance

interval

Parts + Labor + Oil Analysis
(kW)(maintenance interval)

Crmaint = (50)(200)

(6.25+ 15 + 8) + (5) + (15)

= 0.5¢/kWh

Total Cost of Electric Generationis the sum of the above components of production cost.

Ciotal = Cint * Ctuel + Cwear * Clabor + Crmaint

Crotal = 2.14+ 40 + 1.0+ 0.625 + 0.5 = 8.525 /kWh
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Furthermore, the supply of parts and service is more
limited, usually only through dealers.

13.4 Cost Benefits

Usingagasifier may bejustified onthe basisd asingle-
purpose, in-house need. If, additional uses can be
found, the gasifier may be more attractive. Some fac-
tors to consider are sale of excess electricity and
cogeneration.

13.4.1 Value of Power Produced

PURPA requires utilities to buy back power generated
from biomass at a price equal to the utility's full,
avoided cust for generating power. Plants with excess
capacity may beworth considering if the extracapacity
can besold at aprofit. Unfortunately, theelectric utility
climate for PURPA buyback isone d confusion, misin-
formation, and frequent changes. The PURPA law does
not clearly define avoided costs and leavesinterpreta
tion to the individual states, with consequent
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Fig. 13-1. Electricity generation costs: graphic calculators for interest, wear, maintenance, fuel, and labor
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disparities between states. It is prudent to seek long-
term power purchaseagreements only when and where
buyback rates are favorable.

If sale d power to utilitiesisbeing considered,itisim-
portant to determine the optimum size for a gasifier
electric-generation project. If the buyback rate is low
and the retail rate is high, then a prospective gasifier
should be downsized. If, however, the buyback rate is
high enough, the decision may be to choose a much
larger project with expectations of making money by
selling power. Certain system sizes may be allowed
more favorable buyback rates; this therefore should be
explored. For instance, some states offer full retail
value to renewable electricity projects under certain
sizes.

Thus, it is necessary to investigate thoroughly the
PURPA and state power-generation structure before
making binding decisions on an electric power project.
The state utility commissions are listed in Table 13-4.

Optimum-size considerations for a biomass gasifier
electric project also should include available fuel sup-
ply, fuel transport equipment, and the PURPA climate.

13.4.2 Cogeneration Possibilities

The "waste" engine heat in the exhaust gases and en-
gine block coolant represents from 213 to 3/4 o the
energy supplied by thefuel. Using this waste heat from
an engine (cogeneration) allows a much higher degree
of energy utilization and is sometimes eligible for
additional tax credits.

The size o a cogeneration system depends, d course,
on thesize d the heat load. Each kilowatt from an en-
ginegenerator yieldsarund 15,000BtG/h in waste heat.
This heat can be applied for such applicationsas space
heating, greenhouse heating, grain drying, and absorp-
tion cycle refrigeration. Figure 13-2 indicates a heat
budget for cogeneration heat recovery.

13.5 Financing

Several potential funding sources exist for implement-
ing a gasifier project.

13.5.1 Government Subsidiesin the Form of
Tax Incentives

The U.S. government in the past has provided tax in-
centives for using renewable-energy power. So have
some states. The situationisin flux and existing situa-
tions should be checked with an accountant or lawyer
specializing inenergy issues. Moregeneral (energy)tax
breaks (e.g., accelerated depreciation) may exist even
where no special tax privileges exist for renewable-
energy projects, and these possibilities, too, should be
explored.

13.5.2 Financial Institutions

If a gasifier/generator system is being financed, inves-
tors and the financial community will require a com-
plete assessment o the project with performance
guarantees and benefits and risks clearly identified.

Interest rates in the 8% to 20% range place a high
demand on the economic yield d an installation. For
instance, 15% interest on a$1000/kW installation costs
2.5¢/kWh in interest for continuous operation. Actual
interest costs can be determined from either the equa
tionsin Table13-3 or the graphsin Fig. 13-1. The sen-
sitivity of the generating cost to engine life, fuel cost,
and labor isindicated in graphic formin Fig. 13-1.

13.6 Other Considerations

The factors considered in this chapter directly
influence the viability o the project. Other factors,
although peripheral, are worth noting because such
important considerations as bank-loan approvals can
hinge on their perceived value. These factors include
job creation and economic benefit to the community.
New jobs can be expected because of abiomassgasifier
electric project. Also most d the operating expenses of
biomass gasifier electricity generation involve
payment directly to individuals in the local
community through fuel purchases (including
collection, preparation, handling, and transport) and

Recoverable energy
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eguipment operation and maintenance. Engine wages and income to the benefit of the local economy.

overhaul and investment earningsal so may beretained From 30% t070% of thevalued electricity sales could
insomelocal economies. In such cases, virtually all the result in local wages in addition to earning a 15%
expenses of electricity generation may generate local return on equipment investment.

Table 13-4. State Utility Commissions

State Agency Phone Contact
Alabama PSC 205-832-3421 Wallace Tidmore
Alaska PUC 907-276-6222 Judy White
Arizona ACC 602-255-4251 Jim Apperson
Arkansas PSC 501-371-1792 Dana Nixon
California PUC 415-557-1159 John Quinley
Colorado PUC 303-866-4300 Mike Homeac
Connecticut DPUC 203-827-1553 Research Division
Delaware PSC 302-736-3233 Leon Ryan
District of Columbia PSC 202-727-3062

Florida PSC 904-487-2740 Bonnie Davis
Georgia PSC 404-656-4141 Sam Weaver
Hawaii PSC 808-548-3990 Leroy Yuen
Idaho PUC 208-343-3456 William Drummond
lllinois ICC 217-785-0326 Joseph Gillan
Indiana PSC 317-232-2711 William Boyd
lowa ISSC 515-281-5701 Robert Latham
Kansas KCC 913-296-5468 Eva Powers
Kentucky KURC 502-564-3940 Richard Heman
Louisiana PSC 504-342-1403 Arnold Chauviere
Maine PUC 207-289-3831

Maryland PSC 301-659-6021 Paul Daniel
Massachusetts DPU 617-727-9748 Fuel Charge Div.
Michigan PSC 517-373-8171 Donald Johns
Minnesota PSC 612-296-8662 Stuart Mitchell
Mississippi PSC 601-354-7265 Keith Howle
Missouri PSC 314-751-3234

Montana PSC 406-449-2649 Ted Otis
Nebraska No Authority

Nevada PSC 702-885-3409

New Hampshire PUC 603-271-2437 Sarah Voll

New Jersey BPU 201-648-3448 Steve Gable
New Mexico PSC 505-827-3361 Tom Halpin

New York PSC 518-474-6515 Craig Indyke
North Carolina uc 919-733-2267 Tim Carrere
North Dakota PSC 701-224-4078 Steven Kahl
Ohio PUC 614-466-7750 Alan Pound
Oklahoma ocCcC 405-521-2335 Jim Winters
Oregon PUC 503-378-7998 Leon Hagen
Pennsylvania PUC 717-783-1373 Tim Clift

Rhode Island PUC 401-277-3500 Doug Hartley
South Carolina PSC 803-758-5632 Randy Watts
South Dakota PUC 605-773-3201 Walter Washington
Tennessee PSC 615-741-2125

Texas PUC 512-458-0202 Mike Williams
Utah PSC 801-533-3247 Douglas Kirk
Vermont PSB 802-828-2880 Perer Zamore
Virginia SCC 804-786-4932 Bill Stevens
Washington uTC 206-753-1096 Dick Bostwick
West Virginia PSC 304-348-2174 Rich Hitt
Wisconsin PSC 606-266-5620 Jennifer Fagen
Wyoming PSC 307-777-7472 Dave Walker
Institute for Local Self Reliance 202-232-4108 David Morris
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Appendix
Units and Conversions

Although it was our intention to present the collected
data within a consistent framework of acceptable
metric units, thisgoal could beonly partially achieved.
Thestill widespread use of English unitsdid notinall
casesallow transfer of thereported datato metric units.
The internationally established gram (g), meter (m),
second (s), and joule (J) system (Sl) is therefore oc-
casionally replaced by units that may be more familiar
and more convenient to thereader. Conversion factors
arefrom the Handbook o Chemistryand Physics, 67th
edition, CRC Press.

Weight

1 kg= 2.2041b = 15,432 grains= 32.105 oz (troy)
= 0.984 x 1073 ton (long)=1.1023x 1073 ton (short)

Pressure

1 atm = 1.0133 bar = 101.33 kPa = 14.7 psia
=29.921in. Hg = 1419 in. H,0 = 760 mm Hg

Velocity
1 m/s = 3.281 ft/s = 3.6 km/h = 2.237 mph

Energy

1 Btu=1.055k] = 252 Cal = 778.2 foot-pound-force
1 kWh = 3.6 MJ= 3413 Btu

1Cal =4.187]

Density
1.g/cm3 = 1000 kg/m® = 62.43 |b/ft3
1 1b/ft3 = 0.01602 g/cm?3 = 16.02 kg/m3

Power

1 watt =1]/s = 3.43 Btu/h = 0.2389 Cal/s = 3.6 k]/h
=1.341x 103 hp

Temperature
K="C+273.15

"R ="°F+459.67=1.80K
‘F=18C*+32

Concentration
1 grain/ft® = 2.571 g/m?3

Length
1lin.=254cm

1 micron (micrometer) = 1 ym = 106 m

Volume compressible gas (1 atm dry)
1 Nm3 (0°C)= 38.55 scf (77°F)= 37.32 scf (60°F)
= 37.90 scf (68°F)
Volume noncompressible
1 m3 = 35.315 ft3 = 1000 liters
1ft3=0.02831 m3=7.48¢gd
1gal (U.S.)=13.785 liters = 0.1336 ft3 = 231 in.3
1liter = 0.353ft3=0.2642 gal = 33.82fl 0z = 61.02in.3

Flow gas
1 Nm3h = 0.632 scfrn (68°F)

Area
1m?2 =10.76 ft? = 1550 in.2 = 1.30 yd?

Hearth Load (for 130 Btu/scf gas)

0.9 Nm3/h-cm? = 537 scfm/ft? = 3.73 scfm/in.2
= 4.2 MBtuw/h-ft3

Gas Energy Content

1 Btu/scf (68°F) = 9.549 kCal/Nm? (0°C)
= 39.98 kJ/Nm3 (0°C)

Fuel Energy

1 Btu/lb = 0.5555 Cal/g = 2.326 J/g

1 Cal/g =1.8Btu/lb =4.187]/g

Gasification Rules of Thumb — approximately true
Fuel Consumption

1 hp-h = 2 Ib biomass = 2 scfm gas

1 kWh = 3 Ib biomass

1 ppm =1 mg/m3
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Standard conditions for gas measurements vary wide-
Iy depending on the organization setting the standards.
Since gas properties can be measured to a precision
considerably finer than the error introduced by a
misunderstanding i n standard conditions, expressions
of gas volume and heating value must specify the
measurement conditions.

Two often-used references (Kaupp1984a; Gengas1950)
use gas measurement conventions different from com-
mon gas practice. The following table is provided to

indicate the sources of gas measurement conventions.
However, the reader should exercise extreme caution
in all conversions using the term "scf." If the gas
measurement conditions are not specified or cannot be
safely presumed, then gas heating value is subject to
3% uncertainty.

We have used 1 atrn =101.32 kPa = 760 mm = 29.92in.
Hg for astandard pressure and atemperature of 20°C=
68°Fin our data reporting.

Standard Measuring Conditions for Gases

Standard Conditions

Unit Where Used Pressure Temperature Reference
scm/scf EPA Method 5 Dry gas 760 mm = 1 atm 68°F = 20°C (1)
scf American Gas Association 762 mm =30 in. Hg dry gas 60°F =15 519°C (2)
scf Compressed Gas Institute 760 mm - 1 atm 29.92 in. Hg 68°F = 20°C
Nm3 NTP = STP 760 mm = 1 atm dry gas 0°C
Nm3 Standards Council of Canada 1 atm dry 15°C (3.4)
ft3 Environment Canada Air 29.92 in. Hg 537°R (5)
Pollution Control 78°F
Directorate
scf ANSI Standard Z132.1 Saturated with water 14.73 psia 60°F (6)
for gas calorific value
Molecular weight standard 29.92in. Hg = 101.325 kPa 0°C = 32°F (7)
conditions 760 mm =1 atm dry gas
scf Kaupp and Goss 1 atm 77°F = 25°C (8)
Nm3 Generator Gas 1 atm dry 0°C dry (9)
scf 1 atm dry 70°F = 21.11°C

(1) Environmental Protection Agency, "Determination of Particulate Emissionsfrom Stationary Sources," Codified Federal Register 40, Pt. 60, Appendix

A,Method 5.

(2) Dictionary of Scientificand Technical Terms. 3rd Ed. New York: McGraw-Hill, 1984.
(3) International Standards Organization, MeasurementConditions for GaseousFuels, ISO STD 5024-TC28, 1979.

(4) ENFOR Project C172, DDS File No. 41SS, KL229-1-4117, 1979.

(5) Environment Canada Air Pollution Directorate, EPS 1 AP.74-1, 1974.

(6) Calorific Value of Gases in Natural Gas Range by Continuous RecordingCalorimeter. ASTM D 1826, 1977.

(7) Determining the Properties of Fine Particulate Matter, ASME PTC-28, 1965.

(8)Kaupp, A. and Goss, J.R. State-of-the-Art for Small (2-50 kW) Gas Producer-Engine Systems. Final Report to USDA, Forest Service, 1981.
(9) Generator Gas: The Swedish Experiencefrom 1939-1945. SERI/SP-33-140, 1979 (Solar Energy Research Institute, Golden. Colo).
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