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CHAPTER I: INTRODUCTION 

Gasification of coal and biomass can be considered to be a century old technology.
Besides gasoline and diesel oil, producer gas has been used to drive internal 
combustion engines almost since their invention. The generation of producer 
gas from wood and coal has been reliable and inexpensive compared to the use 
of gasoline and diesel oil for a long time but was generally only accepted during
emergencies and war times. Although more than one reason accounts for this 
phenomena, the most significant factor has been the inconvenience and the 
required skill necessary to operate a gas producer-engine system. 

The recent interest in gas producers has somehow diverted the attention away
from the real problem of gasification. A gas producer itself is of little use. 
Gasification must be clearly seen as a whole system consisting of tie gasification 
unit, the purification system and the final energy converter such a,; burner or 
internal combustion engine. The real difficulties are not so much to obtain a 
combustible gas, but to genc.,ate it in a physical and chemical state necessary
for long-term internal combustion engine operation. Gasoline and diesel engines 
draw their fuel from t tank by natural suction or forced injection. These fuels 
are homogenous and do not change composition or physical properties over many 
-ionths. It is therefore sufficient just to turn a key and start the engine. A 

gas producer driven power unit requires much more care and understanding. The 
gas producer grnerates the combustible gases as demanded by the engine with 
no storage container between the engine and the gas producing plant. Physical
and chemical properties of the such 

combustion, distilltion 

gas as energy content, gas composition and 
impurities will vary widely, even within a few minutes or seconds. Their control 
is limited by the vey nature of gasification, a complex sequence of partial 

rtnd reduction of lignocellhosic roiterial under high 
temperatures ai1d close to atnospheric pressure. The gas generated needs to 
be highly purified before it is use( in an engiine. The commerciaily available 
filter, condensing. and cooling components are not specifically designed to 
adequately andling thie wide range of requirement for the marv biomass fuels. 
In sumriimary, a gas producer engine systemi, wirether it is used for generating 
electricity, pa lping water or driving an iautoiobile must be custom tailored 
and the operator trm ined in the peculiarities of the system. No one would ever 
try to r11n a gasoline engile oh diesel or vice versa. The sime restriction 
applies to the gas ifyinrug uinit of tile system. It needs to be designed for a 
specific clniss of fuels. \'i-irtiois in tile puhysicll aid chemical conruposition of'
the fuel are tolerable within limits. For instance, it fixed b J gais producer
designed to gusify wood blocks of i spcifi( size iiunr moisture content will !(.t 
run as well or the same wood blocks with it munch higher roistur'e content and 
will cerse operution nil together if fueled with straw. The cl.irns sometimes 
found in papers 1111 brochures of gasifiers operating on almostarid ffacturers' 
every type of waste product containirg combustible carbon must be taken with 
extreme caution. 

Although a gas producer-engine system is built as a mnit arid fine tuned for a 
successful operartion, it is riot necessary to develop special engines. The existing
internal combustion engines cin be us-d with little modifications. The ,,sually
unavoidable power drop, due to the lower energy density of the producer gas-air 



mixture is not a serious drawback. It can be recovered by turbocharging the
engine or some other modifications described in Chapter VII. Tih most simple
solution to this problem is to use a larger engine. A more serious problem has
been the trend to build high-speed engines which are not as suitable as low-speed
engines for operation with producer gas. 

The design and construction of sma!] units (5-100 hp) for power or electricity
generation is a lost art. There are very few operational automotive units in 
the world today. Before and during tile Second World War, over 1,000,000
portable units were in operation in European countries and their colonies. They
were used in ships, on automobiles, tractors and in trains. An extensive search 
in the non-communist world came up with about a dozen operational units outside 
universities and research institutes and approximately 100 units used for research. 
Although the interest in this form of power generation has increased significantly
and is growing fast there is a lack of functional units and off the shelf equipment.
There are probably four or five companies world wide with enough experience
that could deliver a small gas producer-engine system within a reasonuble time 
span. 

The same applies to published papers about the subject for the last decade. 
There is very little new concerning equipment or experimental results that has 
not been tried and published during the 1900-1950 period. However, the effect
of these publications on the renewed interest in tile subject, in particular,
gasification of not so common fuels such as crop residues should not be 
underestimated. Although science hesitates to look back into the past, we simply 
can not ignore the fact that today's experience with small gas producer engine 
systems is insignificant and the little work that has been dlone in this field was 
closely related to previous experience. Moreover, there has been little concern
about reliability nd economics of the present units, because of their specifictest 
status as learning systems. 

The theoretical understanding of comhUSLon and gasification of carbon fuels has 
made significant progress during the past decades. Its impact on new designs 
or better gas producers is minimal. There are no commercial systerns today
that can match the occasionally reported a mazing reliability and long-term
operation of some of the past systems. On the other hand, papers written about 
portable and stationary units of small and modera te size are in the thousands 
during the 1930-1950 period. \s part of this report, at least 1200 pipers about 
the subject have been loca ted. Some of the information (over 6Il0 raiblications)
have been acquired. reviewed nnd incorporated into this report. Because gasifi
cation is a complex topic involving highly theoretical as well as purey practical 
matters, tile reader will find such diverse topics as mathematical solution to 
the two dimensional heat transfer equation, CO poisoning. and how to start a 
gasifier at -20 C in the reference list. In addition over 410 institutes, companies,
consultants and private persons in 63 countries have -era contacted. Our main 
interest was to receive information of existing units or previous experience
rasification on a broad basis. doing this we have 

with 
In introduced our past and 

ruture projects to 250 of the contacts in form of an information letter. Although
the information exchange resulting from this letter wa. limitcd to 130 responses, 
some conclusions and recommendations can be drawn: 
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1. The scientific and practical data published during the 1930-50 period about 
small-scale, portable stationary should not beand units ignored and classified 
as old fashioned. Gasification is more an art and not so much a science when 
it comes to building and operating a gas producer-engine unit. The past knowledge
documented in thousands of papers is therefore very helpful for the design of 
the gas producer and its auxillary equipment, as well as for its operation. 

2. The fuel situation must be critically examined and related to tile social
economical condition in Developing Countries. There are little waste products 
in most Developing Countries that could be gasified on a large scale. In 
particular in arid zones the use of wood as a fuel even if it replaces much 
more expensive gasoline is out of question. The devastating long-term effects 
on the landscape arid soil tre too serious if wood is used even for a short period.
The deforesting of whole areas for a quick profit or continuous supply of fire 
wood already shows its effects in Africa and nas been a serious problem in 
Afghanistan and Pakistan for decades. On the other hand, in tropical countries 
such as Brasil and tile Ivory Coast with fast renewable forests, the use of wood 
for gasification for small scale units will have very little, if any effect, on the 
overall wood situation. The present knowledge of gasification refers mostly to 
fuels such as wood, coal, charcoal and coke. This does not mean other perhaps 
more readily available biomass fuels such as nutshells, fruit pits or corncobs are 
unsuitable for gasification. Some of them are even superior. Their use as 
gasification fuel:; depends mainly on solving the logi'.tic problems associated with 
their collection and processing. 

3. Any fuel for gRsification Should Ie processed and upgraded as little as 
possible. All biomass fuels need to be air dried before they can be gasified in 
a downd,'aft or crossdr:,t gasifier. Consequently facilities will be needed to 
store a few months suprily of fuel. Besides drying, nay further upgrading of 
the fuel is undesirable. I, particular the charring of biomass is a highly wasteful 
process and (densifying fuel to pellets, cylinders or cubes can be very costly and 
is only recommended for very Irge unit',. A hand operated densification unit 
may be justified under certain eonditions for smaller units. Charring or densifying
biomass fuels for use in gas producers does not always improve the gasification
characteristics of the fuel. Adapting either method requires a careful evaluation 
of why the fuel emi not be gasified in its original form nnd to wtit extent 
charring or densifying the fuel would improve its gasification eharaeteristics. 

4. The introduction of large bionnass gasifieation Units with futoMntic feed and 
ash-remoad systems and units mounted on trucks and should be undertractors 
taker, aIt a later stage in a gasification development program. 

Large units (above 200 hp) are considerably more expensive. Once built there 
is little room for mod;fioations or improvements. The likelihood of failure and 
long-term technical problems are in most easeshigh and underestimated. Running 
a large plant requires skilled operators on a 24-hour shift. The automatic feeding
and ash removal systems for large plants are sometimes more expensive and 
more difficult to control than the rest of the plant. The idea of portable units 
propelling trucks and tractors although rather attractive on first glance, lacks 
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experience and reliability -t this point. These units restrict possible fuels to
wood, charcoal, coke, or anthracite. The necessary sophisticated cleaning
equipment will not be available in most Third World Countries. The system is
by no means fool proof and can he easily danaged through improper handling.
Operating a producer gas driven truck requires considerably more skill than
operating a diesel truciK. There are some questions as to whether at gas producer
has the ability to adjust its output to the need for fast changing engine speed.
In fact the poor load following ability of gas producers has caused most of the
problems in the past such as over heating, freezing of constituent gases, tar
and (]ust burst, mid poor gas quality. Our credibility in Developing Countries
has been seriously undermined by our failure or inability to modify the transferred 
technology to local conditions. 'Ihe usually high expectations of local government
and their desire to set up large prestigious projects is a wide-spread phenomena
in Third World Countries. Our present practical experience with automotive gas
producers is insufficient and confined to a few running units, using a most
suitable fuel such as charcoal or wood. Using Third World Countries as test 
locations to improve our lack of knowledge is not advisable and nmy further
undermine ou, credibility. We do not disregard the sometimes reported amazing
reliability of producer gas powered trucks that have overtravelled 300,01)0 km
without any operational problems, nor reported journeys over thousands of miles 
through the Middle East and desert areas by trlcks run On producer gas. IHowever,
this was done 4( years ago by skilied personnel at a time when the technology 
was well developed and known. only recent iong ristanecwidcly The journey
by a producer gas fueled U.S. automobile known to us, ''us a trip from tile East 
coast to the West coast through the Southern United States and a1 round trip
from Southern U.S. to New York City (Figure 1). It is safe to say that very
few people have the knowledge and theoretical expertise to set up a reliable 
system within a short time. 

5. Our search for manufacturers of small gas producer engine systems in 49 
countries was tnsueesful. There ire no naLnufaeturers known to us which
could sell and install an off slelf unit and guarantee its performance. There 
are however some companies which do have the expertise and facilities to
minurfacture Smlleh inits on request. A potential bayer of small gas producer-engine
systems cainnot expect to get nay guarantees for the satisfnctory operation,
becmuse o the welt-known sensitivity of the gas producer to changes in the 
physical ard leeical proparties of the fuel. Any installment of a gas producerengine systemi in liitd horld countries and elsewhere will therefore he murisk,
and may require additional long-terr testing to adapt the unit to local fuel 
proper't ies. 

6. The intp'odut ion of small scale produeer-engine systems as replacement for'
diesel or gasoline driven power units and generators for small scale industries 
in r.mn areas, as well its on the village level, seems to be highly attractive
and has a very good ctnce to he accepted. Ideal and most promising from an 
ecooornieal and social point of view are crop anld wood processing industries
wit. a need for power rnd ec tricity generation and ia continuous output of
residue products such as wood chips, sa wdust, bark, corneobs, cotton gin trash 
and rice husks. These residues, although most of themn are rather difficult to 
gasify with the present state of knowledge, are either a real waste product such 
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as about 50% of the world rice husk production or their use for gasification
will not seriously interfere with established customs. We emphasize stationary 
or portable units for stationary applications, beew'tse successful application of 
producer gas will greatly depend on tle purification system in tile long run.
There is a signficant difference in the design of a stationary purification system
compared to a fully portable one. The Intter system is much more sophisticated,
expensive and built from material probably not aiilable in most Third World
Countries. We can see a possible use of gas producer units ill tile innumerable 
small rice milling industries around the world, provided tile gasification of rice 
hulls can be satisfactorily done. The most conmmonly used 5-20 hp irrigation
pumps in Third World Countries could be powered by producer gas as fuel for
the existing engines. Most of these engines are old, low-speed engines. The 
low speed is an lidvltage for producer gas. Tie recent interest in the lHumphrey 
pump, a simple device to lift water by combusting gaseous or liquid fuel, couldbe a promising applicution for two reasons. First, the design can handle g,ls
impurities much better tihan interanvi combustion engines and second, the con
struction is po-sible ill Third World Countries. In addition, power units in cotton 
gins and electrical generators in more remote areas are likely applications for
producer gas. Another field for using producer gas which may not be as important
in Developing Countries as it is in tile U.S., is the artificial drying of crops. 

7. Any further effort in gasification of bioniass should therefore he more field
oyporionce in the long-term gasification of wood Ilid eharco:1I wherever this can 
be justified. The gasification charaicteristics of both fuels are well known and
the risk of failure of the system is greatly reduced. Ilowever, very few countries 
do have an excess of wood suitable for gasification or eharcoal production and 
can afford to gasify hirge amounts without serious impacts on natiral resources. 
The successful introduc tion of gas producers in the very short run is therefore 
linited to tile few cotun tries with it Vast supply of wood or other proven gas
producer fuels such as nutshells. In addition atuclh mo'e resenrch is needed onthe gasification of high ash fuels. This type of gas produeie would most likely
have a inuch helter chinee of acceptance becntse the unit couid gasify iany 
crop residues. 

8. It cln not be emphasized eniough tint the suecessful gasifiction of biomass 
can not be simply issessedl ti a global sis. ,- gas pt'u(tct eti ts quite
sensitively to fuel pi'a meters such as ash content, moisture content,tash composi
tion and impurities. For instaice, knowing the elemial rilysis ltnd the heating
Value of cotton gill trash is rtither irrelevinnt in art assesstient as to wlit extent
this residue could )e gaisified. Seeitingly nilimortittant factors such ts elitntte,
htrvest plittern mid furtier processing of cotton gill triishire mituch more 
releviailt. The inethod of hnr'vestmng cotton has ii teosideruble imlpact on tile 
amount of soil in the catton gin trash. Soil content quite clearly d( ermines 
its potential and problems as a fuel for gasifiention. The stime applies to other
fuels in a different context. Wood isuaIlly considered in idell fuel for gasification
cart be surpl risinugly difficult to gasify, ill ease its ash content is high, or it
containt; minernIls in Inrge atniounts which lower tile nttural ash nelting point
cortsider'ably. The first stage of guiisificition development should be seen as a
eareful evillution of the fuel available, and to wlMit extent and foi what periods
it can be used. The fuel ash content arid composition should be known. Based 
on tle above inforinition it conservative decision cati be made as to whether it 
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is ecnialyfeasible to gasify' it and what type of syst em sol be used. h 
exmples he Ifiers hae~ee bul, Wh-feweethsr -'ser ,t esuitable jand 

col,,o be~4~'pu~ o oeainreotae.W thrit is feasible to upgrade 
,, 

deed.on. the secific cease., For 'instance, 6tton''gin~trash"'could be 'screened~ 
and most of the dirt 7removed, or ,sawdufst miay be densified' to cubes or pellets 
and ,therefore essentially,. upgraded to .wood Iblocks.-~ The so-called doping,, of 
unsuitable or less-Suitable fuels' is a we'll-establishied technology and its widespread 
use. is: nylmtdb economic faetors. ' 

~ ~ 

9. The. construction of a small gasifier including the purification system 'does< 
not require sophistcatedequipment or highly skilled mechanics. It can Ibe built; 

~in.workshops ,coii'arable~to the auto repair workshops found in most Third World< 
"Countries. ,The~ understanding and the skill to repair the' innumerable old trucks ,

fjirithose couintries are' on the average' high. In summar'ytle construction of the 
gasifier and 'th'e moiiain n h engine do, not require foreign help. 

" 

-

'However,' the design of' a: prttp n h etn should be done at well
established institutions ith the niecesay equipment; aid, know.ledge,' particualy 
'if problematic ful r lne stefe mtra.Atog ml-a 
produc~er Is a'nmost simple'machie,'ot mch dfferent from a stove, Its sensitivity 

toachange inits design: param'eters 'and; fuel 'properties are, notorious. To fine 
tune a unit so that it ca aiythe deie ulis not an easy. task. It reuie 
a continuous net of temperature and pressure, measurements inside and outside 
the gasiffer. i There Is always the 'danger to seriously damage the gas producer 
or the. internal combustion' engine during thle .testing, period. This is -due to. high 
temperatures in the gas producer' and unknown impurities in the gas. On the 

' 

established, a highly reliable 'operation can be expected. 

- -
'to 

A program set up with prospective collaborators in Third World Countries should 
as a 'first stage include at least' one person from this country at the test site 
during the testing period. Although theoretical knowledge. about gasification Is 
desirable and'helps In understanding the overall process and 'identifying solutions' 
to the sometimes startling'behavior of a, gasifier, it does niot automatically lead 

an ability to design and build a gas producer in a responsible fashion. It is 
therefore' Important to. have collaborators at the eairliest stage of the project. 
Providing collaborators' with plans to build'a well-tested unit or even ship a 
complete commerical unit will require 'ehicladvisorsforaln ie 

10. No attempts 
describe Inadetail 

have 
some 

been made In this report 
of, the hardware such as 

to incorporate 'new 
steam netro 

trends or 
uoai 

tema tre~ oaintl&e s asocated with some plants. In principl'e'it Is quite
qestible atmaeteentire system even on a small scale. It is rather,

quesionblewhether all this Isnecessary 'anid does actually improve the operation
characeristics f the plant. A, classical- example~for,,!"over' designing" gas 
jproduc'ers' wereA th'e 'units''sold ,for: a short period during the '193O0's.' Their, altr 
blast~injectors' we're:'distributed at" the~,wall of -the gas producer as well as in 
the middle" of th'e partil fcombustion zone.~ 'All this' was, done' to ensure 'a 
complete and thorough heat penetration In thle partial combustion 'zone. Later 



it was recognized that a careful design of air blast inlet and partial combustion 
zone could guarantee a homogeneous, hot, partial combustion zone with only 
one set of air injectors (tuyeres). To what extent a small-scale gas producer
with all kinds of technical hardware attached to it such as automatic fuel bed
stirrers, automatic ash removal-fuel feed system and protective layers of high
temperature alloys or refractories; or sim)le devices built out of oil barrels 
or home-made clay bricks are a better solution, is n open question. 

Engineering ingenuity came up with about 4100 granted patents during one single 
year in the later 1930's in England. This n'.v indicate how much space for 
either improvement or freedom in the design of a gas producer is available. In 
any ease one should carefully examine what technical aids are necessary to 
improve operation and which ones are only boosting the convenience of running
the unit. The trend to nuttomation has mainly economical reasons. 24-hour
attention to the plant and the labor involved in feeding the fuel and removing
the ash by hand may be too expensive in the U.S. However, in 'third World 
Countries the situation is totally different and speaks against automation at any 
price. 

11. Our information letter mailed to 250 institutions in 36 countries has revealed 
a considerable interest in the subject and that some amazing units exist, such 
as one on the island of Bora Bora in New Guinea, which is run with coconut 
husks and supplies the electricity for several villages. (as producers on a village
level are operating in Tanzania to provide power for a corn mill. The large
colonial empires of the European countries were equipped with their technically
advanced gasifieation systems from 1900-1945. Consequently, gasification is not 
new to Developing Countrics. However, the information received by us indicates 
that these units have been put out of operation and the knowledge and information 
is mostly lost. 
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Chapter; l: ofemSmall Gas Producer, Engine Systems
: y~.' !i....' 

The istory of gasificationcan be dated back far earlier than, usually stated,
In41669 Thomas :Shirley~, concucted crude experiments,4'with carbureted hydrogen ~ 

............ H.story ofeGas
and 30 years later Dean Clayton obtained 'coal gas from pyrolitic experiments.
The first patents with regard to gasification were issued to Robrt, Gardner and 
John Barber ri hyar 788,and 1791. 4Robert Ga~rdner suggested the application ~ 
of wateheat ,of furnac~es to 'raise 'steam,.by. combusting the" heated products"
in a benentionedtheuse tto :dr.ve'at of producer gas 
an internal combustion engine. However,, the first confirmed use of 'producer 
gas fromicoal ,was reportedIn '1792., In' this 4year 'Murdock generated gas from 
coaltand used it to light a o In his house.: For many years, after IMurdock's 
development, 'coal gas was?'one of the' principal fuels used for lighting, purposes
In' Eenland.i Its use'cdeclined in favor of electricity but the use of producer gas
still ,continued and .became Increasingly Important for cooking and,, heating,
Experimients to gasify woodor ait' least use the gases obtained from charring of 

"I wood started surprisingly. early In the year 1798, when 'Lebon' tried to gasify 
wood and make gas out of lt.In 1801 Latapadius proved the possibility of using
the waste gases escaping. from charring 'of wood. The process of generating 
water gas by reaction of water with a hot carbon bed was' mentioned by Fourroy
in' 1804. It took five more years before It was realized by Aubertot that the 
stack gases of blast furnaces can be. combusted and used to roast ore 'and burn 

~"~'lime. lie received a patent for this process inathe year 1812. The first gas
producer built used. oil as a fuel' and the~patent was given 'to J. Taylor in 1815 
who designed and operated' the unit. Between the years 1815 and '1839 many
patents were' issued 'for utilization 'of,. waste heat and stack gas from blast 
furnaces. YHowever,' the first commercially used gas' producer can be attributed 

'A to Bisehof. who built 'a large 'unit at thle iron works of Audincourt, France In
1840. During the next '20 years matny researchers and engineers tried to Improve ' 

~the technology. They already, used low grade fuel and combusted the gases In 
gas' fired~furnaces. The real breakthrough came In 1861 with the Siemens gas
producer which Is considered to be the first suc'cessful commercial unit. Before 
;the 'turn 'of the nineteenth century there 'are three more important events tomention.: First, the introduction of the 'Dowson gas producer in 1878 which was 
"the starting point of the .modern gas producer - engine system. This was the 
first producer that was successfully used for 'stationary' power engines. Second, 

the Introductionof the Mond by-product process on a large scale in 1889. And 
third, the Introduction of the Blernier suction gas producer in 1895, which wasthe beginning of use of gas producers small, compact units. The Mond 
by-product process proved for the first time that other valuable products such 
as ammonia could be obtained via' gasification, The residualgas from this 
process was low In heating value but. still could bo used for Industrial heating 
purposes. This process was also adapted to gasify high volatile fubls such as 
peat and brown-coal and several plants were In operation In Japan, the United 
States and Europe.''' '. 

As far back as 1819 a portable gas producing apparatus comprising of a gag
producer arnd' a gas 'vacuum engine were. patented In Lngland, record'No 

'8'""'44K! 
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can be found that it was ever fitted oiia vehicle. The task tD actually operate 
a passenger vehicle with producer gas for the first time ever must therefore 
be credited to J. W. Parker who covered over 1000 miles with his 2 - and 25 
lip automotive gas producers in Scotland during 19(11 to IM115. It is interesting 
to note that the inadequatc protection l~errier got for his patented gas producer
engine system, permitted other ente'prising engineers ,.ith the opportunity of 
getting somethiing for nothing. Many coinpetir., designs were put oil the market 
in increaing numbeis for ie next K5 years. One such make is; tue Brush Koela 
plant that was first introcaced as n pupte'd device in 1901Uand was actually
designed for import to lndfin and other Developing Countries. "'henane Koela 
is the Indian word f-)r chaicoal. The oil engines used during this time period 
were actually replaced by pioduvelr gas engines. Some companpies in England
did it brisk business selling produeer-eigine sets to geneiaate electricity throughout
the country for lighting "na sions. The ,,,eessity to stay aheld of competitors
lead some compunies to litizaIion of the waste het md the CO, generated 
inthe process. Ilowever, these early attempts of co-genertion wePe not very 
sucees fl, although te general ilc',s behind it are no different from today's
principles of co-reneration. The fist deeade of the 20th century was also full 
of attempts to spread the new voncept of suction gns producer-engine systems 
to otLer applications. 

The Duke of' Montrose convinced tIle lhi tish Admirality to introduce some of 
the new comieat sueelim plnnts on ships. because similar experimental units 
were already in use oh birges for ehannMel aid river tinsport i& Cic"many and 
France. A simiall gas produeer carried by four ien arid used for disinfection 
purposes was manu faetureda by J. Pintsei. The gis, rich in -carbon monoxide, 
was used for killing mie, rats, or other vermin on farims and ships. The 
technology of gasi ficition of wood nl charcol was stepped up, mostly to 
provide the colonies of the British nl Gernmn Empires with gas producers that 
did not depend oilscare anthr cite coal. I1.A. iumphrey had considerable 
success with operiiting huige pumps on pimcueer gas. Several types of these 
1001 hio waterpumps were built in Alexadria (Egypt), Berlin (West Germany) 
and Chirgford (l'nglnd). Som enthusiasts considered producer gas the future 
fuel for interiial ccbustion engines. On the other hand a talk given by Ade 
Clark for tile Institution Of Meclaniceal Engiieers, Liondon, in which lie discussed 
industrial itppliention. of the diesel engine sigrnaled, in 1904, the increasing 
interest in this new telmology. The nilnufiture iiid ope-ation of producer 
gas plants was in no way restricted to Europen countries and their colonies. 
In fiet the tinited States Geological Survey lid for several years investigated 
tile economicitl vie of coins aid ligHites as gis producer fuel. The early tests 
d]one with a pilot plant erected at the Louiisina Purchase Exposition in 1904 
were very encouragig and demons tr|led tMe use of man iy coals that could not 
be cotnbusted ini the exiting sten inm-pwer plants. The fict that tli technology 
of large updrift gus producers heciate lmore and nmoe reliable encour'aged gas
engiute innuil'ietsurers Io build larger ntrd larger units. Before tile wide spread 
use of producer gas only sumll gas engines up to 75 hp were found economical 
to operate vith town ms. lowever tlc etteitp producer gas led to the operation 
of huge gas engines. The first i00 hp engine was ' hibited in Paris in 19(10. 
Larger engines, up to 540011hIp were put into servi e, ile U.S. shortly thereafter. 
The results of a survey of 7(0 plants out of the ;1Q, existiig pants in the U.S. 
in the yeir 1919 are punlish ed in UnitPd States (4.ological Survey, Bulletin #416. 
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Figure 1. 	 The ECON wood gas producer result
ing from a privately funded develop
ment program started in 1978. The 
compact, modular gas producer 
system weighing 350 pounds is 
conviently mounted in the pick
up bed. 	 Commerical production is 
planned for 1981. Courtesy ECON
 
(The Energy Conservation Company),
 
P.O. Box 828. Alexander City,
 
Alabama 35010.
 

With regard to tile present situation, this report is important because it states 
for the first time the many difficulties caused by lack nf knowledgeable engineers,
lack of knowledge and confidence in the technology on the part of the public,
inexperienced salesmen not familiar with the details of the engine and the gas 
producer concept, lack of types of gas producers that could gasify inferior fuel 
and the large number of unsuccessful or only partly successful installations made 
during the experimentol period of this development. One of the key problems 
with gas producer systems that has persistently remained to the present is quoted 
from the bulletin: 
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"It can not be denied that many of the difficulties 
charged to producer-gas power plants are due entirely to 
incompetent operators. Some plants have been put out of 
commission temporarily by the prejudices or the lack of 
ability and training of the operators or engineers in rarge.
A few of these failures are due to the impossib, y of 
finding men competent to operate the plants, but many
of them have undoubtedly been the result of a short-sighted 
policy on tile part of some manufacturers, who are not 
willing to give proper and i.ecessary information about the 
design, construction, arid operation of the plants made by
them. The possibility of a sale at the time is apparently 
the only interest they keep in mind, and the future is 
allowed to take care of itself." 

Sales brochures from many countries and personal contacts indicate the situation
is very much the same today. The demand for better education of the designers
and builders of gas producer plants and furnaces, drivers of automotive gas
producer vehicles, the existence of special schools teaching gasification and the
demand for higher wages for drivers of automotive gas producer vehicles can 
be found throughout the entire literature covering the 100 years of commercial 
gas producers. 

Further development of the automotive gas producer was done by Porter and
Smith in England during the First World War. The impetus for this work was 
the possibility of disruption of gasoline supplies which had become tile dominant
fuel for motor transport. Although most of the early de~velopment of automotive 
gas producers was done in England, wide spread application during and after the 
First World War was crippled by the British taxation system that assigned taxes 
to cars according to their weight which included the gas producer. The 1919
special report of the Inter-Departmental Committee on the employment of gas 
as a source of power which dealt at considerable length with the automotive 
gas producers arid its advantages was not followed by any government action to 
put tile automotive gas producer in a more favorable tax situation. 

A totally different situation prevailed in France. There the use of wood and
charcoal as a fuel had a long history and the French government was actively
encouraging the development of automotive gas producers after 1919. Further

public awareness 
 of this method to drive an automobile was greatly increased 
through ralleys organized each year since 1926 by the Automobile Club de 
France. The distances that had to be covered were between 1600 and 3000 km.
One of the greatest names in the dcvelopment and manufacture of automotive 
gas producers was the Frencmmen, Imbert. He filed its first patent for a
downdraft gas producer in 19?j and ruany successful designs including the recently
built small automotive gas producers are based on this design. The interest in 
the automotive gas prodrcer faded in France during the 1930s and most of the
development in this fielC continued in Germany. In fact the Inibert Company
is still manufacturing small portable gas producer-engine systems in West 
Germany. Although the automotive gas producer never played any role in the
development of gasification in the U.S., more than 12,000 stationary gas producers
were in operation during the 1920 and 1930 decades in the U.S. and Canada.
In addition, over 150 companies in Europe manufactured small and large gas 
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producers for various applications. The gas producer concept was especially 
appealing for applications in remote areas or Developing Countries which had 
bush or timber. For instance, the British company, Crossly, sold gas producers 
for remote mines in Australia and the Tulloch Reading 50 hp truck developed
in England was mostly purchased by the Empire Cotton Growing Cooperation 
for use in Nigeria. 

Trhe next decade from 1930 to 1940 can clearly be considered as a development
decade for small automotive and portable gas producers that reached its peek
during World War 11. New concepts and designs such as downdraft and crossdraft 
gas producers were develope(d or improved. Efforts were undertaken to build 
the automotive gas producers lighter and improve the gas cleaning system which 
was the vulnerable part of the units. New units, capable of gasifying more 
readily available fuels such as bitum inrous coal, anthracite and wood, were 
developed ana tested in small numbers. The british gasification efforts were 
still more c0 rected to their overseas markets and not so much for domestic use. 
There were signs of an increasing critical view toward the automotive gas
producer in France. It was claimed that at least one new gas producer mounted 
on a truck was more expensive to run and operate than a comparable gasoline
truck despite all government grants and subsidies. It is of interest to recall 
the official postion of the French and 3'itish governments during the early '30s. 
Authorities in both countries felt at that tire that the automotive charcoal gas
producer was more suitable for their colonies where the supply of gasoline was 
scarce, and wood that could be charred to charcoal at ver"y low labor costs was 
readily available. 'Ilhe emerging gas producers using wood and low grade coal 
were not given much of a chance for general use. lfistory has proven that 
assessment to be Correct. 

The first well reported conversion of internal combustion engines, in this case 
tractors, to producer gas drivc under economical pressure happened during the 
1931 to 1934 period in Western Australia. The large quantities of wood available, 
the neglible oil resources at this time and the collapse o the wheat prices
dhring 1930 set the seenario for a rather hasty, uncoordinated conversion of 
kerosene tractors to producer gas drive. Mu"ry farmer's, in order to avoid 
bankruptcy had ti consider all alternatives, including producer gas, although it 
was well known that the power loss of the tractors would be considerable. What 
happened during these years until tthe recoveiy of the whoa prices was just a 
small part of what happened Inter during World War 11 on a much broader basis. 
Mnny gas producers were fMilures from tIe stint. Others deteriorated rapidly
owing to faulty constrction. Several firnis were interested in the inanufacture 
and sale of such units, but lad neither the money nor time to do the necessary 
research and development engineering. As it consequenee. there were often 
totally dissitisfied customers, who after a short trial, resolved they would never 
again have anything to do with gas producers. 

On the other hand, a small numbnr of farmers hving ingenuity and mechanical 
skill, operated their units very satisfaetorily for a number of years. In this 
context it should be mentioned that there hris never been an automotive engine
especially designed and built for p:'oducer ghs, although tire technology was wide 
spread for over 100 years. With plentiful fossil fuels nviilable during peaceful 
and stable economical tires, there wis no need for the producer gas concept. 
During erergencies and war times the conept of producer gas engine systems 
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was always so hastily recalled that there was simply not enough time and money
available to develop a specially designed producer gas, internal combustion engine 
for automotive use. This explains in part the difficulties some farmers had to 
convert their kerosene tractors to producer gas drive. The interest in gas
producers faded quickly after the 1930 depression was over. Only 62 producer 
gas tractors out of 4548 tractors in Western Australia were operating at the 
end of 1937. 

.+
 

Figure 2. 	 UCD laboratory IDowndraft (;its 
Producer. Air blown mid mounted 
on platform ---iles to determine 
fuel rate. The fire box is one foot 
in diameter a nd will produce 
enough gas wheln c] enl, 1i1iii 
cooled to operate a 35 lHp engine 
from about 60 to 65 pounds of 
air-dry wood pcr hour. 

In late 1930 the effort of Nazi (erinmny to acecelerate the conversion of vehicles 
to producer gas drive was the beginning of a world-wide effort to use the gas
producer concept as part of a plan for national security, independence from 

13 



imported oil and acceleration of the agricultural mechanization. A typical 
example was the Soviet Union. The build-up of the military as well as rapid 
expansion of heavy industry necessitated a major change in tile mechanized 
agricultural units. The change was directed toward the fuel used. It became 
apparent that despite a high priority for the agricultural sector, the transport 
of the fuel was becoming a problem. The big agricultural areas were far from 
the large oilfields and tile distribution of the fuel even when plentiful wps one 
of tile biggest problems. The introduction of gas producer powered tractors and 
trucks to the Rusian farmers can therefore not be viewed as an emergency 
measure to reduce the consumption of gasoline and diesel oil. Instead it was 
viewed as an alternative to use fuels available locally and ease the transportation 
and distribution problem. Almost all early Russian tractors were powered by 
gasoline engines which required extensive rebuilding of the engine to avoid a 
severe power reduction. (A later model tie Stalinez C65 tractor and the Kharkov 
caterpillar tractor were equipped with diesel engines). From tile design of the 
gas producer and its gas cleaning system, it seems most likely that various 
German gas producers were used as tile basic design for this final model. Despite 
some criticism about the gas producer concept, its economics and future, new 
advanced crossdraft gas producers were built in France. In particular the Sabatier 
and Gohin Poulence plant showed an astonishing performance, equal to most 
gasoline powered vehicles. lowever, it became more and more obvious that 
good gas producer ptrformanee was closely connected to the quality of the fuel. 
Plants like Sabatier or later, the Swedish Kalle model were highly reliable and 
worked well only with specially manufactured charcoal having carefully controlled 
quality. In 1938 most European countries stimulated the use of producer gas 
through subsidies for conversion, favorable tax or even edicts such as in France 
that required all puolic transport companies to change at least 10% of their 
vehicles to producer gas. Tile Italian government wats even more strict, requiring 
all buses in public service to use home produced fuel, wood charcoal, alcohol 
or home produced petrol and oil. These various measures led to 4500 gas 
producer vehicles in France. 2200 in Germany and over 2000 in Italy by the 
early part of 1939. England, the country that did most of the pioneer work in 
the beginning, however, saw its producer gas program entangled in politics, 
resulting in very little conversion to producer gas for, vehicles. This situation 
can be read in an article written by the Coal Utilization Council api~cnring in 
the Fuel Economist in ,July 1938. The Director of this organization complained 
bitterly about tie stubborness of tile British government in this matter and his 
arguments for producer gas vehicles in England were sim.'or to what is said 
about today's energy situation in the United States. Nevertheless, some British 
bus com1-nies ran their City buses On producer gais quite successfully and ol 
schedule. 

What happened to the development of the wutomotive gas producer after 1939 
must be seen in the context of tle Worlt VNar II. From the numbers of, articles 
published about gasification in ;ermnun journalIs each year and the work of several 
national committees on tile subject it was obvious that Germany was much 
better prepared to deal with the logistic problems associated with the operation 
of hundreds of thousands of automotive gas producers. lowever, the most 
drastic development took place in Sweden, which experienced a most severe fuel 
shortage. Other Countries delayed the conversion to producer gin, drive, because 
there was simply no need for it. For instance, not too many automotive gas 
producers were seen in Australia in the ear 19,10, compared to a considerable 
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larger number in New Zealand which was much earlier affected by the fuel 
shortage. The United States coped with gasoline shortage by means of rationing
but nevertheless automotive and stationary gas producers were manufactured in 
Michigan. They were not available for domestic use and most of them were 
sold to China under Lend-Lease terms. "Woman Who Fled Nazis Makes Gas 
Producers in Michigan Plant for Export to China" was one of the headlines of 
several articles that appeared in the National Petroleum News and Chicago 
Tribune about this activity. 

The development of the European gasification activities was closely monitored 
by the Forest Service of the United States Department of Agriculture and some 
of the findings hve been published. At tle end of 1944 it was concluded that 
wide spread commercial adoption of gas producers in tile United States would 
not be promoted. On!y under special circumstances in remote areas, gas producer 
operation might be acceptable. 

Even after the outbreak of the war, the British government was in no hurry to 
regulate or require the use of automotive gas producers. One of the reasons 
was the unsuitability of most existing gas producers for the soft and brown coals 
of England which had little anthracite. Nevertheless, a so called government 
emergency crossdraft gas producer was developed especially for tile British coals 
and low temperature coke and it was planned to manufacture 10,000 units. The 
government developed producer worked reasonably well but in 1942 it became 
increasingly difficult to obtain tle necessary low ash coal to run the gas producer
and plans to mass produce tile unit were given up. The conversion of vehicles 
to producer gas drive was therefore mostly restricted to bus companies and 
some private companies that installed the stationary Cowan Mark 2C gas producer 
as an emergency power SU,?IV to factories affected by air" bombing. Therefore, 
large scale conversion of vehicles took place in Sweden and the countries occupied 
by Germany during World War II. 

In December, 1939. about 250,000 vehicle; were registered in Sweden. At the 
beginning of 1942 the totil number of road v'hicles still in service was 80,000. 
About 9, d) of which were converted to producer gas drive within 1 years. In 
addition, almost all of the 20.000 trajetors were also perljted on producer gas.
40% of the fuel used was wood mid the remainder charcoal. Dried peat was 
used to sonie eitent. This fst md almost complete conversion was accompanied
by the drastic decline of imported petroleur from II million barrels in 1939 
to 800,000 in 1942. 

It is far more interesting Lo recall the logistic difficulties associated with the 
conversion of gasoline vehicles on a large scale during World War II, because 
the technical advances made after 1940 were not significant and dealt mostly 
with the improvement of gas cleaning systears all(] better alloys for the gas 
producer shell. 

Schlapfer andlTobler, who conducted extensive tests with variot ; gas producers
during the 1930 t 1939 period in Switzermnd, pointed out the human element 
involved. They argued ",at most of the converted post buses running on producer 
gas in Switzerland did not perform well iuecause drivers had difficulties getting
used to the new driving style and certainly rejected the additional work involved. 
Most troublesome was the required dnrily cleaning of the entire gas-purification 
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to pay their drivers of automotive gas producers higher wages, which improved
the situation. However, uninformed driver remained athe private persistent
problem. At the beginning he was faced with hundreds of makes of gas producers
and no manufacturer's guarentee about the performance. Although one could 
not prove that some ;nanufacturers actually sold equipment they knew would 
not work, it cannot be denied that many of them did not know much about the 
performance of their units or could only prove reliable performance with high
quality fuel having carefully controlled physical and chemical properties. Large
numbers of unsatisfied customers finally led to government action in Germany
and Sweden as well as in the occupied countries. The number of manufacturers 
of gas producers was significantly reduced to about 10 with models that had 
been proven to be successful. However, the fuel supply and the quality of gas
producer fuel was still a problem that actually never solved. Until the endwas 
of 1941, wood and charcoal were the fuels most widely used in Germany. The 
collection and preparation of gas producer fuel was handled by tile Gesellsehaft 
fur ''ankholzgewinrnung und llolzabfa Ilverwertung which kent overa tight control 
the size, shape and moisture content of the fuel. The fuel could be purchased 
at over one thousand official filling statio-is all over tile country. This service 
was more or less operated and organized like today's oil companies and gasoline
stations. It soon became apparcut that at tile prevailing wood consumption rate 
and the tendency of drivers to use charcoal, there would not be much forest 
left within a few years. The construction of charcoal gas-producers was therefore 
forbidden in France and l)enmark after July 1st, 1941 and greatly restricted in 
Glermany and Sweden. The new policy was to encourage the use of brown-coal, 
petit coke, anthracite and low temperature coke made from bituminous coal. 
Problems associated with tile t.e of these fuels will be discussed in subsequent
chapters. It however can be concluded that their use was plagued by problems
with the quality of the fuel, such as high sulfur content, too much volatile 
matter, poor physical shape of the va'ious cokes sold, too expensive production
methods and improper handling of the fuel bags. Most customers did not 
understand the differences among tile various fuels they could buy or their 
influence on the gas producer. The sita tion today is about the same and any
introduction of small stationary or portable gas producers on a broad basis would 
likely lesid to the sane difficulties. Some users of automotive gas producers 
even produced their own fuel out of brush wood collected in tte national forests. 

A slightly different situation prevailed in Sweden with its vst supply of wood. 
At the beginning the unrestricted use of charcoal led to various designs of high
performance gas prolucers, which operated very well as long itsthey were fired 
with the specially prepared charcoal they were designed for. The tar oils from 
wood carbloniza tion were also not wasted and used for heaivy ,ngrine fuels and 
as lubricant. Over :3000 furnaces producing charcoa1l were in operation in 19,14, 
to provide the necessary fuel for rnetalurgical operations and the fleet of gas 
producers. Although the officially produced fuel was strictly classified and
controlled, riot illof the fuel related problems could be solved. For instance 
first grade low volatile fuel of less than 3% volatiles turned out to be medium 
volatile fuel with over 8% volatiles that could not be gasified in most gas
produeers. lbard, high grade charcoal leaving the factories with a low moisture 
content of 1I%and only a 10% fractions of fines, reached the consumer broken 
tip and crumbled with a,moisture content of over 211% and was therefore rendered 
useless. Although tl'e emer'gency Situation was on everybodys mind, tile 
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temptation was high to buy and operate the very convenient, high performance 
gas producers which depended on special fuels. 

Figure 4. 	 Scania Vabis, 6 cylinder, naturally aspirated, 
diesel engine, dual-fueled to operate on wood 
gas with about 10 percent diesel as the pilot 
fuel. Truck is used by a Swedish machinery 
dealer to service his district and has been 
driven nearly 200,000 kilometers. The engine 
has not been overhauled during its service 
life. Development by the National Machinery
 
Testing Institute, Uppsala, Sweden. Photo
graph taken in 1976.
 

It's obvious that an automotive gas producer that can be started within 2 minutes, 
and does not require much cleaning sounded much more appealing for the private 
customer than one with more flexibility with regard to the fuel needed to 
operate the unit. The tendency to modify the fuc: for a gasifier in question 
instead of investing the time and money to design and construct a gas producer 
for a fuel in question can be found 'hroughout the entire history of gasification. 
This approach was not changed during the first 100 years of gasification and 
present signs indicate that there will be slow progress toward designing gas 
producers for specific fuels. 

Although the number of accidents related to the use of automotive gas producers 
was considerably higher than with gasoline vehicles, most accidents were due 
to negligence of the driver. The increasing numbers of accidents caused 
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by operators not familiar with their equipment was of much concern to the 
Swedish government and tile manufacturers. This was reflected in very detailed 
operation manuals and the introduction of a special driver's license for the 
operation of an automotive gas producer. Of concern were simple operational 
mistakes such as not ventilating the unit after a day's use which resulted in a 
gas built up in the gas producer that could exp'ode while the owner was checking 
the fuel level next morning. Other operaters had the opinion that as long as 
the engine was running on the produced gas everything was fine and switched 
too early to producer gas drive during the startup period. In most cases this 
led to totally tarred ip minifold and valves, because the initially produced gas,
although of high heating value was rich in higher hydrocarbons that condensed 
out in the engine. More serious and not so easily controlled is tile danger of 
long term carbon monoxide poisioning which occurred frequently according to 
Swedish reports. The problems in the past with automotive gas producers, should 
be viewed in the light of the enormous task that was undertaken in Europe to 
convert hundreds of thousands of gasoline vehicles to jp.oducer gas drive within 
three years in a difficult time. An automotive gas producer must be also viewed 
as tile most advanced gas producer, much more difficult to design and operate 
than a stationary unit. 

Shortly after World War II, automotive gas producers as well as all the large 
stationary units were put out of service because of abundant, cheap supplies of 
gasoline, diesel oil and natural gas. The change away from producer gas operation 
was also drastically reflected in the research (lone in this field. The number 
of publications listed in major engineering indexes dropped sharply from several 
hundreds a year to less than 10 a year during the 1950 to 1970 period. It can 
be said with one exception, gasification and in pt,ticular small portable gas
producers were a forgotten technology during this time period. The only research 
done in this field which can be called a considerable contribution to the 
advancement of automotive gas producers took place in Sweden during the 1957 
to 1963 period. This research was initiated by the Swedish Defense Department
during the Suez Crisis and undertaken by the National Machinery Testing Institute. 
The research made considerable contributions to the improvement of tile gas
cleaning system and the modifications of diesel engines for gas producer drive. 

The 1970s brought an increasing renewed interest in this forn of power generation 
and a more general look at the complexity of gasification. Some of tile present
work concentrates on the revival of the old ideas and designs and their 
modification and expansion to fuels different from wood ano coal. Our worldwide 
search for small scale gas producers rn operation and researchers working on 
the subject as well as the increasing number of daily inquicries about gasification 
received, show a considerable interest arid demand in small gas producers. 
However it can also be noted that, in the public opinion, gas producers still 
have the image of a simple stove like energy conversiop system easy to design
and operate. The present demand is therefore also stimulated by the belief 
that gasifiers can convert almost any carbonecous material to useful mechanical 
and electrical energy. This image of a gasification system is far rerioved from 
any reality and in particular the history of gasification has shown that a fixed 
bed gasifier providing fuel for an internal combustion engine is a very selective 
energy conversion system with little flexibility with regard to the fuel it was 
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designed foi. A further handicap is the little knowledge we have about tihe 
behavior of various biomass fuels under thermal decomposition. This knowledge
is certainly basic for any further optimization of gas producers rnd cannot be 
obtained within months. On the other han, amazing performances of gas 
p'oduCer-engine systems have been reported and verified throughout the history
of gasification. It is not just an assumption but confirmed reality that trucks 
have been operating on producer gas for over 300,000 km with no major repair
and less engine wear than ,, ained from diesel fuel. Large Italian rice mills 
have gasified their rice husks and used the gas to drive the power units used 
for milling for decades 1--ior to World War II. The number of quite satisfied 
owners of small and large gasifiers is certainly not small and there is lots of 
evidence that it can be done. The history of gasification has also shown that 
it is not one of the most convenient technologies, but in a time with less fossil 
fuel uvailable and costing more each year, convenience will be a luxury that 
cannot be afforded very much longer. 

Figure 5. 100 kW mobile farm power plant. Powered 
with a 8.8 liter, turbo-chorged and inter
cooled diesel engine that has been dual-fueled 
to operate on producer gas generated from 
corn cobs. The unit was designed and 
constructed in 1978 by the Agricultural 
Engineering Department, University of 
California, Davis under contraet for the John 
Deere Iarvester Works, East Moline, Illinois. 
The unit was given 
Deere and Company 

to the 
in 1981. 

I),partment by 
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CHAPTER III: CHEMISTRY OF GASIFICATION 

The essence of gasification is the conversion of solid carbon to combustible 
carbon monoxide by thermochemical rcactions of a fuel. Complete gasification
comprises all the processes which convert the solid fuel into gaseous and liquida 
product leaving only parts of the mineral constitutents of the fuel as a residue. 
Complete combustion takes place with excess air or at least 100% theoretical 
air; whereas, gasification takes place with excess carbon. The gasification of 
solid fuels containing carbon is accomplished in an air sealed, closed chamber 
under slight suction or pressure relative to ambient pressure. The fuel column 
is ignited at one point and exposed to the air blast. The gas is drawn off at 
another location in the fuel column as shown in Figure 6. 

.. .. Gas
 

DistiIllation Zone 

Rediucilon Zone 

Hearth Zone 

Ash Zone 

Figure 6. Updraft Gasijication t16). 

Incomplete combustion of the fuel with air is the initial part of the gasification
of lignocellulose material. The process oxidizes part of the carbon and includes 
distillation and reduction zones, which are separated from the partial combustion 
zone in a physical and chronological sense. 

The research that has been done in this field for the last 140 years can be 
categorized in three major topics: 

1. Design and construction of plants for commercial purposes, utilizing observa
tions and information ootained from existing plants. 

2. Basic research about the energy balance, gas composition and chemical 
reactions in gasification on a macroseale. 

3. Research on a microscale under laboratory conditions. Most of this work 

concentrates on three major questions: 
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a. Where do the basic chemical reactions take place an in what chronological 
order? 

b. What type of model best fits certain chemical reactions and transport 
phenomena observed in the gasification of carbon? 

c. Can gasification be opt: .zed for a particular objective function? 

This chapter will discuss in some detail topics 2. and 3. simultaneously. Topic 
1. is discussed in the remaining chapters. 

The understanding of the chemic A and physical processes in a gasifier is not 
completely known and the gap oetween observed data obtained from practical 
operations and data obtained under controlled laboratory conditions is still being 
investigated, despite the fact that some progress has been made to explain the 
discrepancies (9,10,14,15). 

In discussing the chemical reactions that take place in a gasifier, the reader is 
referred to Figure 6 which shows the geometry of one of several modes in which 
q gasifier can be operated. In this Figure, combustion air is introduced at the 
bottom of the reactor vessel through a flat grate and the generated gas stream 
penetrates through the entire fuel column before leaving the producer at the 
very top. 

The heterogeneous chemical reaction between the oxygen in the combustion air 
and the solid carbonized fuel is best described by the equation: 

=C +02 CO2 + 393,800 kJ (at 250 C', 1 atm). 

In this reaction 12.01 kg of carbon is completely combusted with 22.39 standard 
cubic meters (SCM) of oxygen supplied by the air blast to yield 22.26 SCM of 
earbon dioxide and 393,800 kJ of heat. It is important to observe that the fuel 
reaches the oxidation zone in a carbonized form with all volatile matter driven 
off while passing through the reduction and distillation zones. Therefore. in a 
theoretical sense only carbon and mineral matter are present in the combustion 
zone. If complete gasification takes place all the carbon is either burned or 
reduced to carbon monoxide, a combustible gas, and some mineril matter is 
vaporized. The remains tre mineral nitter (ash) in several foris such as friable 
ash and clinkers. In practice, some chirlr (unburned carbon) will oalwnys he present 
in the ash. The combustion of part of tire cariboi is tile 1in irr driving force of' 
gasification and supplies almost all the heat necessary to sustain tile endotherniC 
reactions that take place in tile reductiron mid distillhition zones. Tie reader is 
cautioned that th above. equation does not describe tire phvsiel aind chemical 
processes on a microscnle. Several authors (,I,7.9,12,13.15,17,18,19,20) have 
put a great deal of effort into exarinirr ing combastion Oir a microscale. The 
results are not presented because of the highly theoretical riture of these 
observations and tile apparent disrgreements. 

The introduced air contains, besides oxygen and water vapor, the inert gases in 
air such as nitrogen and argon. Nitrogen and argon ore for simplicity assumed 
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to be non-reactive with the fuel constituents. However, the water vapor reacts 

with the hot carbon according to the heterogeneous reversible water gas reaction: 

C + H2 0 = H2 + CO - 131,400 kJ (at 250 C, I atm). 

In this reaction 12.01 kg of carbon reacts with 22.40 SCM of water vapor to
yield 22.34 SCM of hydrogen, 22.40 SCM of carbon monoxide and 131,400 kJ of 
heat is absorbed in this chemical reaction. 

A schematic temperature distribution through a vertical cross section of an
updraft gas producer is shown in Figure 7. The highest temperature reached is 
not shown in the diagram and depends on the design, fuel gasified and mode of 
operation. Prevaiting gas temperatures in tire oxidation zone are in the range 
of 10000C to 1600 C. 

In order to understand the sometimes confusing results and observations, the
overall reaction can be divided into two basically different partial processes.
The physical process referred as exchange or whichis to mass mass transport 
transports one reactant to the other. This process is certainly a necessary
condition to trigger the second chemical process, the reaction itself. The mass 
transfer is by diffusion arid convection and therefore, depends mainly upon factors
characteristic of the gas flow arid the such as, fuel particlefuel surface, size 
and bulk density. The overall process described by the chemical equatiors
previously mentioned is limited by either mass transport or chemicalthe the 
reactioni rates. For instance, the combustion of crh'bon to carbon dioxide is a 
very fast chemical reaction aad the process is probably limited by insufficient 
mass transport. The immensely high chemical reaction speed cannot be fully
effective because it is riot possible for tile relatively slow oxygen transport to 
not even roughly keep pace (10). 

Principal reactions that take place in the reduction and distillation zone are: 

a. The Boudouard reaction: CO 2 + C = 2 CO - 172,600 kJ (at 25 0 C, 1 atm). 

This highly endothermic reaction generates 44.80 SCM of combustible CO out
of 12.01 kg of carbon anid 22.26 SCM of noncombustible CO 2 while absorbing 
172,600 kJ of energy. 
b. The water shift reaction: CO 112 + 1120 + 41,200 WJ 

(tit 250C, 1 atnl). 
This reaction relates the water gas reaction arid the BoUdouard reaction and is 
weak exothermic. 

c. The simplified form of methane production: 

C ± 2 1l, = CII 4 4 75,000 kJ (at 250 C, 1 atm). 

This, also weak exothermic reaction generates 22.38 SCM of methane out of 
12.01 kg of carbon and 44.86 SCM of hydrogen while releasing 75,000 kJ of heat. 
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Figure 7. 	 Temperature Distribution in an Updraft Gas Producer (14). 
Oxidation and Pnrtiai Combustion re used as synonornous terms. 

Obviously the dist illation, reduction a1rd partial comu)tstion zones are overlapping 
and not strictly sepirated in a physieill sense. The previous ly deseri)ed five 
equations, although the major ones, do not represent gasifieation as a whole. 
For instance, the minerl maitt-r in hiomass fuels mnd oa reac ts as well. Some 
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of it becomes vapoirized 'and, oxidized,, and"leaves, te gas produc r in gaseous,form.. M~oreover; thie gnseouspr ictsid~vps ' fromn thle .,itilat zone' ares
m.nexrrelycomplex. cbgldmrt fa least 200, constituts xTh wlrii

'frelywih tle ,gseousjproducts 'from the< ther'reaction, zones :and makeaniy'~conparisonIof -actual' :data','l uaiiiate data ~a ratherdrfki'
The steady -,dedcase, in<t peaur thogh, the, vertfea' cr'ss Ketinofa 

-,updrahtgas,,produceriraiises'the question:', lWhy doesn't the, exoth'erm& imethanefform~tion provide".th'e -rduction zon with a t cmperature floo9 oevr at
th p'~viiillep'erahires ,of 200 ~C toI 500 C' inth'aistilation zone,4 ,the ' 

mehane,'eerto is too'slow' to. control the tmprtr lii' In enra, at
lwt peratuIr Ies;of, 50 C: 'the. '6cemical 'reaction"' sed .r insufficifent, fordbCainiig~aw'ejilibrlum under: conditions'present in gas prodcers.F At tempera-.

tUresbove700 Cd1he phiysical reaction resistance'caused'by slow mass. transport
~' ~o~~~dt6th~'icrasgy hi chemical :reaction sped will :con~trol the' 

~process. The,question whether the' five' miiin~reactions listed below will. attainthieuiiu sae'in, a gas producer, has been' the main issue inl attempting
torlteata gasification datalto calculated data.r 

'> 
-

' 

' 

'~ 

" 

. 

(combution)C + 02 CO2 + 393800 k/gml 

Ovo ga)C+H0 CO + H- 131,400 kJ/kg 'mole 
2 2 

(Water shift 'reaction) CO +-H 0 CO+ + 41,200 kJ/kg mole 
B1(oudoua-rd, reaction) C + CO2 2 CO 172,60 0 kJ/kg miole 

(Methane reaction) C +2 H1 CH4 + 75,000, kJ/kg mole 

~In this context, equilibrium may be defined as the limit state toward which the 
-~IIreactionproceeds when given enough time. Tlie nature ,of tile chemical reactions
and the definition- of the equilibriumi state certainly excludes any oscillatorymoemntaround the equilibrium and In-addition',does not imply tile 'existenceSof- such a state 'in all "cas'es o reaching 'it in' finite time.' -This seemingly'
phllosophicaf stateent explains some~of the 'discrepancies reported by several' 

' authors. The :question of' equilibrium Is mno're related to physical properties of
the~fuel 'and 2gasifier' design such as depth of fuel bed, size and grading of thlefeed mate'rial and -gas velocity and not so much 'to the temperature. Estimated 

"data for the depth' of thc 'oxidation zone range from 0.1. cpito 15 cm." 'This
wide range Is easily5 explained, as the depth of' the par'tial -combustion zone
strongly depends on the fuel size. E~xperim'ents have shown that tile depth of 

2" the zone can be predicted as~ being equal to (2.66)(average particle size). (14).
The depth 'of~the reduction zone 4can be assumed to be 80 to 100 cm In laro
plants. The fact 'that fr 'the IBoudoiiard reaction to' reach equilibrium uinder'
laboratory conditions needs hours of. time, whereas," thle residenceetime"of thegas, Inn gas producer Is only 'a fraction of a~ second,-has led' many authiors to" 

Ipremauturely: con'cludeo that an ;approach 'to equilibriumni cannot -be 'cxpe'cted,Figures 8,and It show teorigil 8urves obtained by lBoudouard. The conversionof CO Into CO at,800~C and 650 C~using carbon In the form of wood charcoal
Is niuh faster at 800 C and reaches its equilibrium after on~e hour uinder the 
giyv aoaoy od~n, At 850 C no asymptotic behavior of the curveF 
se9ems to-be aipparent after 12 hours, The degree of ceonversion of CO2 Into4 
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CO is also much lower at 650 0 C. The influence of the fuel on the conversion 
of CO into CO is demonstrated by Boudouard's second set of curves. In the 
case o? wood charcoal with its high porosity and large accessible surface area, 
the equilibrium is obtained much faster than in tile case of high temperature 
coke with few pores and small accessible surface area. With today's knowledge 
of gasification kinetics it is of course easy to verify Boudouard's experimental 
results in much mere detail. 
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Figure 8. Influence of Tempernturc on the Conversion of CO 2 to CO (3). 

The conflicts of opinion or interpretation are mostly based on an uncritical 
application of Inborntory tests to commercial scale gas producers and tie 
misinterpretation of tempera ture mensu'ernents in gias producers, In order to 
have some jim;tifieation a; to why nt ihematicl treatment of gasification is 
highly v1tmb e in lmirerstAMdin, he ieerieml proeesses, it seems worthwhile to 
look into some of lme eomman mistakes made in compiringr (mtt. 

I. Iaw of siamilrity: ((), conversion into (CO tnmader haboratory conditions can 
not he coralpmred to aetual (ata ats long" s the lnw of similinrity is disobeyed 
as it has been (lone quite often illthe past. For instance, reduction of CO 2 
to CO with carhon rpmrtieles of average size 5 ram in t 15 rilintube has no 
relevance whiatsoever to 1etmi1i gias produlcer practice. Such arm experiment would 
roughly represent time f,1asificition of GO in coke nuts in mmglsifier of 2 ra 
dimIn et er. 

2. Nlisiriterpretntion of temperature mesunrennents: 'The remetmts in the gas 
phase ire msslnmled to hmlve mm"f'inite" renmmcion time mind eonsequently require mm 
specific pa th lenlg'th or remietion splice vithiin the fuel Colnrn in order to reach 
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the equilibrium state. Only after passing through the needed reaction space 
can they reach equilibrium. The temperature that corresponds to this state is 
obtained through the energy balance tinder conditions which represent this final 
state. Temperature is clearly a function of time and location and the temperture 
change of the gas phase is much more drastic than those of the solid phase,
due to the endothermic reactions which mainly influence the gas phase. There 
will also be a signifieant temperature chnge at the phase boundaries. This 
phenomena is illustrated on a micosele in a proposed double film model of 
the boundary layer around a carbon particle, as shown in Figure 9. The 
temperature difference between the phases on a nneroseale us a function of 
the location in the fuel column is shown in Figure 10, where the reaction 
temperature, T is arbitrarily defined as the equilibrium temperature at theI ..	 which also is identical with the surfaee temperatureend of the 	 reduction zone
of the fuel particies. 
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Figure 9. 	 Schematic Concentration and Temperature Profiles in the Double 
Filn Model (2). 
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Figure 10. Temperature of Solid and (;as Phase in a Gas Producer (10). 
A - ash zone, 13- purtini combustion zone, C - reduction zone, 
D - distillation zone, TR - reetion temperature, and TE -exit 
gas temperature. 

31 



100 

90 

80 

NJ 70
0 
C-) 

60
iJ
 

: 50

o 40 

30 'Coke 800*C 

Wood 
I0 - charcoal 800 0C 

0 12 3 4 5 6 7 8 9 
HOURS 

Figure 11. Conversion of CO2 to CO With Wood Charcoal and Coke (3). 

The analysis of gas samples taken from a gas producer at various heights andsimultaneous measurements of the temperature Mhen compar-ed to the computed
equilibrium curve at this temperature may or may not agree. The results are;n no way any contributioln to answer the question whether equilibrium is reached.
'lhe gas may have been sampled at points where the chemical reaction is stillin process and not eompleteu. Moreover, even with today's advanced measurement
techniques it is extremely difficult to obtain reliable "true" temperature measuremeits. Temperatures obtained tre those of the gas phase altered by the usual errors caused by radiation, convection mid conduction for the temperature probe. 

Where the assumed equilibrium temperature in heterogeneous reactions occursand how to measure it are Msolved problems. llcterogenous gasification reactionstake place at the :urface or" the carbon particle, or in the vicinity of a very
thin boundary Iver which makes it impossible to mecasure this temperature under 
actual fgrrsification conditions. 

3. Experiments to determine the equilibrirm compcsition under laboratory
conditions are mostly isothermal. This does not represent the conditions in a gas producer. lere the reduction startszone with initial high temperatures and
high coneentr'rrtior 0ftthe reducing agent. 

At the present state of knowledge it seems justified to postulate that theequilibriur state of the tour major chremical reactions in a gas producer are
reached to a high degree. This is particularly true for updr'ft gas producers
that develop a sufficient depth in the reduction zone. Consequently it isbeneficial and illustrative to present a mathematical treatment of gasification 
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based under the assumption of equilibrium of the four major reactions in the 
overlapping reduction rnd partial combustion zone. However, this descriptioti 
can not take into account reactions occurring in the distillation zone which are 
highly unstable and complex and do not tend toward an equilibrium. The reader 
should keep in mind that these products mix with tile products of gasification
and will show up in tile overall gas aria lysis. 

The two most common methods to describe the physical reaction and the 
equilibrium composition of tile four major reactions are: (1) tile equilibrium 
curves calculated tinder the assumption of no dissociation and (2), the use of 
the mass action coefficient curves. The total differential, dG, of the Gibbs 
function G = H - TS equals zero at this state. This also mreans that the graph
of G attnins its minimum at this point as shown in Figure 12. 

IGtotal 

EQUILIBRIUM POINT 

flnmox 	 flmin 

Figure 12. 	 Behavior of Gibbs Function at Equilibrium (11). n -initial 
moles of a reactant ari n . - final rijoles of same reactant. 

Figure 15 shows the Calculated equilibrium eurve for the Bouciouard's reaction 
at I atm. This Figure incicatcs that at a temperature of 6500 C only about 40% 
of the CO,, is converted into CO, a result that agrees with Boudouard's experiment
shown in -Figure 8. The graph also snows that high temperatures favor CO 
generation, but one has to keep in mind that tls highly endotherraic reaction 
is mostly sustained Dy the heat released through combustion of some of the 
carbon. Consequently, the temperature drop of tile gas phase will be considerable 
through he reduction Zone am in practice not all of the CO 2 generated in the 
partial combustion zone will be converted. Large stationary gas producers wich 
usually come reasonably close to an equilibrium state have very little CO., in 
the raw gas (less than I% under favorable conditions) because of their extended 
reduction zone, the long residence time of the gas and the gradual decline of 
temperature, lowever, small, portable units, especially downdrnft gas producers, 
can yield corrsiderable 1mrrounts of noIcombustible CO 2 in the raw gas. This is 
mainly due to the extremely short residence time of the gas, and moderatetemperatures combined with a small redaction zone. 
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The amount of CO 2 in tile raw gas does not represent the fraction that escaped 
the reduction process. The distillation products in the raw gas also contain 
CO 2 and as shown in Tables 40 to 42 this can be considerable. A CO content 
of more than 3% in the raw gas of updraft gas producers has bee?, usually 
attributed to a poorly constructed or carelessly operated producer. It is either 
an indication that CO 2 is not well reduced or CO has been oxidized through air 
leaking into the reactor vessel. Not only is the CO2 a diluent, but the additional 
oxygen required for its formation %ill increase the amount of inert nitrogen in 
the gas and thus further reduce tie heating value per unit volume of producer 
gas. 

Figure 13 shows the calculated composition of gasification of carbon with dry 
air assumed to contain 21% oxygen and 79% niitrogen. The only combustible 
gaseous product is CO. Although this graph is only of theoretical interest since 
there is usually plenty of hydrogen in the fuel as well as in the air blast, it 
shows quite clearly the importance of high temperatures for conversion of carbon 
into CO. As indicated in tihe Figure, not more than 35% CO can be evolved 
and in practice the CO content of the raw gas is well below this figure, due 
to the formation of 112 in the water shift reaction and the water gas reaction. 
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Figure 13. Air-Gas Composition of Gnsification of' Carbon at I atm (10). 

In considering tie hydrocarbon component of producer gas, especially that 
generated from biomass, the notion of cracking these components in the very 
hot carbon bed is introduced. No technil literature was found that substantively 
dealt with this notion. Thus, that it happens will be left as "art" of the 
gasification process. 

Contrary to the CO formation, the exothermic methane formation: 

C + 2If2 = CH4 + 75,010 kJ (at 250 C, I ntm). 
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_____ 

is favored by low ternperatures us shown in Figure 14. The above equation does 
not really describe the i[etu] l formation of methane, beCause methane could be 
as well formed me,'ora rg to tile equations: 

CU , 3 It,1-2('ll + If or CO + 4 1 - + 2 1102 4 2 2 2 4 2 
AltlIougri the IlItt' two r'eretioirs ine less likely to occur at low pressure and
re'q'uire a (aita lvst ii oruer Lu uc rimportait, it is nevertheless wrong to assume 
tlnt (114 is oniva promuct of tile distillation zone. CIt has been found 
parts of gas pOr(Jucers where iro volatile miratter could any longer exist. 

in 
Moreover 

IaUDora tory expeIrIICints slo w evidence that at sufficiently high hydrogen partial
pressure, virtually all o1 tile earooi not evolved during distillation can be gasified
quickly to rietillre. Unfortunately the very low pressure, around I atml ir-Wlowir gas producers, is riot suitale for It high ICitiiaiic yield. 

in 
The present

state ol knowledge does riot provide tiny final answer to where aid how methane 
is lorlned. 

Besides tile usual assumption of (''if formed its a product of distillation simul
timeouslv with tile rest of tire distilirtion products, one could irs well postulate 
a distillation followed a rapid methanestage by rate formationi and a low rate
gasificition. The 'ittt that tile methane formation occurs at a much slower 
rate thl gevolatilization justifies this approach. Ilowever, at temperatures
above 1 (C methnne canot exist. 
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In practice a high CI 4 content in the raw gas is most desirable because of the 
high heating value of methane. From Table 1, which lists the higher heating 
values of the main combustible products in producer gas, it can be seen that 
even small amounts of methane in the gas can considerably raise the heating 
value. 

'Table 1. Higher Heating Values of the Constituents of Producer Gas (11). 

sHigher heating valhe 

Gas kJ/kg neol at 25 C 

Hydrogen, If2 285,840 

Carbon monoxide, CO 282,990 

Methane, CAI 4 890,360 

Ethane, C 2H6 1,559,900 

How well the CH14 formation and the heating value follow the temperature is 
illustrated in Figure 16 which shows the continuous gas analysis of a downdraft 
gas producer fueled with densified waste paper cubes and municipal sludge at 
the University of California, Davis. During start up time when temperatures 
are low throughout the gasifier and during the batch fuel load period when the 
air blast is shut off. the imnethane formation and with it the heating value of 
the gas increased considerably. 
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Figure 16. GChs Composition an( E'nergy Content of Producer Gas as a 

Function of Time. 
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It should not be concluded that low temperature gasification may be a method 
to increase the heating value of the gas. Low temperatures in the partial 
combustion zone prevent a downdraft gasifier from cracking the tarry products 
and therefore generate an unsuitable gas for further use in internal combustion 
engines or burners fed with ambient primary combustion air. In fact to run an 
engine on gas produced during start up time is one of the most serious operational 
mistakes. 

In practical calculations, the amount of noncondensible hydrocarbons in the gas 
is neasured as TIIC (total hydrocarbons) where practice has shown that 95% 
CH 4 and 5%1 2 H6 is i good approximation for total hydrocarbons in the raw 
gas. The amount of TIC in the gas may be as low as 0.1% and occasionally 
above 10% on a dry basis depending on the type of gas producer and its 
thermodynamcal state. Tests at the University of California, Davis with 26 
crop and wood residues in a downdraft gas producer yielsded the lowest THC 
value of 2.9% for peach pits and the highest value of 9% for olive pits (8). 

Although the term dry gasification usually refers to gasification without additional 
steam injection, there will be plenty of moisture in the air and biomass fuel to 
trigger the water gas reaction: 

C + 1120 = CO + II2 131,400 kJ (at 25°C, 1 atm). 

This strong endothermic reaction together with the water shift reaction balances 
the CO and If formation. With respect to the heating value of the gas from 
the reduction zone, only the sum of If and CO in the raw gas is of interest, 
because both contituents have roughly tl1e same heating value as shown in 'Fable 
1. Pure water gas can be practically obtained by alternately blowing with 

50o 
OH' 

I Z- 40-\ 

Z H20~30 -- _ 

0 

020- 111 
CC2 

00 00 00 00 90 00 

00 

0C 

Figure 17. Composition of Water Gas from Carbon at 1 atm (10). 
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air and steam to produce enough heat for the subsequent steam injection. Figure
17 shows the calculated composition of pure water gas from carbon at various 
reaction temperatures on a wet basis. In this context, reaction temperalire
refers to tle equilibrium state where the CO concentration in the gas phase
equals that of the phuse boundary and in addition, no temperature differential 
exists across the phase boundaries. This state may be physicailly realized and 
defined as the end of the reduction zone. 

The graph illustriltus the drnwbaek of gasification with too much Inoistare 
provided either by the fuel or through the air blast. The strongly endothermie 
reaction will quickly lower the fuel bed temperature and consequently a eonsider
able amount of undecomposed steam will be present in the gas which makes it 
hard to ignite and lowers the heating value of the raw gas. 

flow much undecompo5ed steam leaves the gas producer depends on the tempera
ture. Figure 18 shows this dependence ind how mueh 112 is genera ted. 
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Figure 18. Decomposition of Steam in the Presence of lot Carbon (16). 

Combining the water gas, water shift, lHoodouar.d and methane reaction allows 
a precalculation of the expected gas composition from an ultimate chemical 
analysis of the fuel and the composition of the air blast. There are a few 
computer programs available for equilibrium calculations and many researchers 
dealing with gasification have set up their own programs. The programs differ 
in the kind of species considered to be possible products and reactants nnd the
basic equations assumed to describe equilibrium conditions. Although the qmiluti
tive analysis of possible products will surely vary when using different programs,
they all describe the general trend as a function of temperature, or equivalence
ratios of various reactants. It seems of little importance what k~:.d of program
is used in the design of a gas producer and prediction of limits of the various 
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constituents of the raw gas. Particularly, if one keeps in mind the assumption
of equilibrium which is underlaying all programirs known to us. All equilibrium 
curves should be treated with great caution below 500 0 C. In general at lower 
temperatures an effect called "freezing the gas composition" takes place. For 
instance, cooling down the gas from an equilibrium state at 700'C to 500°Cshould result in heavy soot formation according to the reaction: 

2 CO---CO 2 + C 

In practice this soot formation reaction has not been observed to occur to a 
great extent since tile chemical reaction becomes very slow and stops altogether.
Figure 19 shows the calculated gas composition and the cnergy content as a 
function of temperature. Equilibrium is assumed for the water gas, methane 
and water shift reaction in an adiabatic reactor. Computations are carried out 
within the li-C-O-N system disregarding tile chemical composition of tile fuel 
and assuming an H/O ratio of less than two. 

A slightly different approach to equilibrium calculations is the equivalence ratio: 

ER - weight of oxidant/weight of dry fueloxidant/fuel (stochiometric weight ratio) 

This rather arbitrary defhiktion is more significant than the temperature as a 
parameter when evaluatir.g gasification processes. Its usefulness lies in the fact 
that gas composition, heating value, adiabatic flame temperature, "useful" chemi
cal energy and "not so useful" sensible energy in the gas car, be viewed as a 
function of variables such as temperature and air to fuel ratio or ER. When 
expressing the above properties of a gas as a function of the equivlenee ratio, 
which is a normalized, dimensionless pi.,'ameter, one can show tMlt maxima and 
minima as well as inflection points of the wrious curves occu. all at ,bout ER 
= 0.255 in the ease of wood gasification. This establishes tihe I.itas a more 
natural p-trameter. ER = o corresponds to thermal decomposition without external 
oxygen introduction (pyrolisis or distillation). The other extreme of ER = I or 
larger corresponds to complete combustion with 100% theoretical air or excess
air. The ER for gasification processes vs they take place in practice lies 
between those two extrema and within a range of 0.2 to 0.4 for stedy state 
operation. This range refers to the partial combustion zone of the gasification 
process. One should k-'ep in mind that there is also at distillation zone in 
gasifiers which eannot be avoided. Occasionally a high ER, close to 1, is noticed 
in gasifiers which means that the anit is malfunctioning due to bridging of the 
fuel or clinker formation. A sharp increase in temperature in the lower fuel 
zone, indicates complete combustion within parts of the unit. Figure 20 shows 
the various chemical processes and the adiabatic flame temperature as a function 
of the equivalence ratio for wood gasification. 

The total energy in producer gas is the sur of its sensible heat plus tile chemical 
energy. In most applications the sensible heat is lost because tile gas has to 
be cooled clown and water, tar', and oil vapors are condensed out of the gas 
stream. The total energy is therefore no practical indicator to what extent the 
gas if useful in practice. This is shown in Figure 21 for dry gasification of dry
wood at I atm. The chemical energy of tile gas reaches its maximum at anl 
ER = 0.275. 
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Increasing the Ell closer to combustion will cause a rapid decrease in useful 
chemical energy and an increase in temperature and sensible heat of tile gas.
The total energy however will roughly be the same. 

Unfortunately tile E'I is not adjustable to as wide a range as desired. Two 
obvious ways to change the ER are to change the combustion air rate or the 
cross sectional area of the tuyeres. Both methods will physically expand or 
contract the partial combustion zone and also influence the temperature, there
fore, nullify part or aill of the additional oxygen available in this zone. In 
addition, temperature is a function of the Eli and in practice the control of 
the temperature is important for operitional reasons and has priority. 
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Atypical computed composition
It can be seen that the highest CO content and lowest 002 content are obtained 
at an ER of 0.255. 

~>7. X of Wood gas at 1 atm is shown In Figure 22 
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CHAPTER IV: GAS PRODUCERS 

This chapter deals only with small and medium sized fixed bed gas producers
with the oxygen for partial combustion supplied from ambient air. There has 
been no significant development in the design of these gas producers for the 
last 50 years. Today's gas producers are built out of better heat resisting
material such as high temperature alloys and longer lasting refractories but 
the design itself has shown very little change over the past century. The 
dramatic advancement in understanding combustion and transport phenomena in 
gases has certainly not changed the engineering principles of gasification nor 
contributed anything important to the design a plant. However, hasof it 
provided a microscale understanding of the gasification process and its sensitivity 
to minor changes in the gas producer geometry, fuel size and general operation.
Its sensitivity, known quite well during the booming years of gasifica'ion, has 
resulted in detailed operating manuals in particular for large plants, where a 
shut down is much more serious than in smaller or portable plants. The general
rule was that a well-designed gasifier is as good as the man who operates it 
and this principle seems to still be valid. 

A small-sized gas producer is a very simple device, consisting usually of a 
cylindrical container filled with the fuel, an air inlet, gas exit and a grate.
It can be manufactured out of fire bricks and steel or concrete and oil barrels 
(6, 12, 22). If properly designed and operated the plant is highly reliable and 
does not require maintenance other than the periodical removal of ash, char 
and clinkers. The design of a gas producer depends mainly on whether it is 
stationary or portable and the fuel to be gasified. Portable gasifiers mounted 
on trucks and tractors need to operate under a wide range of temperatures
and load conditions, whereas stationary units used for heating, generation of 
electricity or pumping water operate under a steady load in most cases. It is 
in any case highly desirable to g'enerate a clean gas leaving the producer at 
a moderate temperature and containing as little moisture as possible. These 
conditions, which guarantee a high efficiency and reliable operation are difficult 
to achieve. Moreover, the choice of fuel dictates the mode of running the 
gas producer and greatly influences the type of difficulties to be expected.
Gas producers are mainly classified according to how the air blast is introduced 
into the fuel column. Most gas producers have been downdraft or updraft.
Their evolution for the last 140 years has been guided by typical ga, producer
fuels such as coal, wood charcoal and wood and the use of the plant for 
propelling an automobile or generating electricity. Unfortunately b',sic thermo
dynamic laws prevent designing a gas producer that is optimal in all respects. 
In practice a decision has to be made as to what the most desirable property
of the gas and the plant should be. Ihigh efficiency, tar free gas and excellent 
load following capabilities are desirable properties that contradict each other 
thermodynamically and cannot be simultaneously optimized. gasA producer 
mounted on an automobile should have a good load following capability and 
generate a tar free gas which leaves the gas producer as cold as possible.
Producer gas combusted in a burner can have a high temperature and a high
tar content as long as it is burned at a gas-combustion air temperature above 
the condensing point of the tar vapors. 
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The Updraft Gas Producer: An updraft gas producer has clearly defined zones 
for partial combustion, reduction and distillation. The air flow is countercurrent 
to the fuel flow and introduced at the bottom of the gas producer. The gas
is drawn off at a higher location as shown in Figure 23. 
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Figure 23. Diagram of Updraft Gasification (27). 

The updraft gas producer achieves the highest efficiency because the hot gas 
passes through the entire fuel bed and leaves the gas producer at a low 
temperature. The sensible heat given tip by the gas is used to dry and preheat
tile fuel before it reaches the reduction zone ond is therefore not lost. A 
typical temperature profile of a small updraft gais producer which has thu gas
exit at the very top is shown in Figure 24. Products from the distillation and 
drying zone consists mainly of water, tar and oil vapors and are not passed 
through an incandescent hot carbon bed. They therefore leave tl~e gas producer
unerticked and will later condense at temperatures between 125 C -400 C. A 
comfr,on updraft gasifier with the gas outlet el the very top is therefore 
unsuitable for high volatile fuels when tar free gas is required. To overcome 
this handicap updraft gasifiers have been built with funnels to draw off the 
gas at the middle of the gas producer. Other methods like recycling the 
distillation gases through the hot carbon bed at the bottom or burning in an 
external combustor and feeding the products back into the air blast will be 
discussed in Chapter VI. Most updraft gas producers are operated with a wet 
air blast to increase the gas quality and keep thle temperature below the melting
point of the ash. Important points in the design of an updraft gas producer 
are:
 

1. The method of the air feed 
2. The position of the gas exit 
3. The type and size of the grate 
4. Means of vaporizing water for the wet air blast 
5. Fire box lining 
6. The expected specific gasification rate 
7. The height of the fuel bed 
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There have been very few updraft gas producers on the market for propelling 
an automobile because of the excessive amount of tar in the raw gas and the 
poor load following capabiblity. All successful commercial updraft units drew 
off the gas right above tile reduction zone and in most cases were fired with 
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Figure 24. Temperature Profile in an Updraft (;us Producer (27). 
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low volatile fuels such as charcoal and coke. In these units the air blast is 
most commonly introduced through or around the grate as shown in Figures 25 
and 26. 
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Drawing off the gas above the reduction zone has the beneficial effect of 
obtaining a more tar free gas but results in high exit temperature nd decreased 
overall efficiency. To recover some of the sensible heat in the gas, a simple
parallel heat exchanger to heat up the incoming air with the sensible heat of 
the gas was used as shown in Figure 28; or the gas exit funnel was extended 
through the entire fuel column above the reduction zoie and therefore serves 
as a heat exchanger inside the gasif:er, Figure 27. 
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Figure 29. Foster Wheeler Two-Stage, Fixed-lied Gasifier (9). 

A unique design that is used to fire a boiler is shown in Figure 29. The gas
is drawn off above the oxidation zone and at the very top of the gas producer.
The tar-laden top gases are cleaned in an electrostatic precipitator whereas 
the hot tar-free bottom gas is cleaned of coarse particles in a cyclone. Hoth 
gas streams ore reunited and enter the boilers at 400° C. 
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Figure 30 shows a test unit at Mie University, Japan, with the gas exit at the very top. This design guarantees a high overall efficiency, extremely low gas
exit temperature of 20-80 C and a high degree of reaching the desiredequilibrium states in the reduction zone but suffers from heavy tar formation
if unsuitable fuel is used. Tile unit, fired with charcoal or coke, drives a 5 
hp engine. 

Another important point concerning the gas exit is the space between the topof the fuel column and the gas exit. All large updraft gas producers provide
a space free of fuel below the gas exit that allows the gas to expand, cooldown and decrease its velocity before it reaches the outlet pipe. Consequently, 
coarse fuel particles entrained in the gas current are allowed to settle down
and do not reach the gas exit. This should be taken into consideration, in
particular, when fuel with a high content of fine particles is gasified under ahigh specific gasification rate. In such a case the energy loss in particlescarried away by the gas current can be unacceptably high. Moreover, acontinuous high dust content in the gas requires cumbersome cleaning equipment
and frequent maintenance. Figure 31 shows this general principle in the case 
of one of the original gas producers. 

An updraft 0gasifier may be designed and operated under high temperatures
(above 1300 C) to liquify the ash or it may be operated under controlled lowtemperatures below the softening point of the ash. These two modes ofoperating a gasifier require different grate designs. In the slagging type, thehearth zone must be kept continuously above the melting point of the ash and,in order to improve the viscosity of the molten ash some flux such as limestone, 
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Figure 30. Pilkt Gas Producer, Mie University (2b, 27). 

51
 



Figure 31. Bischof's Flat Grate Produer (22). 

sand or iron furnace sl~g ranging from 10-25% of the fuel is sometimes added. 
The molten slig is then tapped off through slag notches as shown in a Lypical 
design in Figure 32 and 33. Due to the intensity of the heat around the tuyeres 
and in the lower part of the gasifier a rapid wearing out of the fire lining 
takes place and in most cases the tuyeres must be water cooled or specifically 
protected by refractories. The amount of flux added to the fuel must be 
determined by experience. The fluxibility of the ash does not increase with 
the amount of limestone or any other flux added because the minerals in the 
ash together with the flux form an eutetic mixture with one or more lowest 
melting points (see Chapter VI). Another method to keep the ash in a liquid 
state is shown in Figure 34. In this case a gas fire was maintained below the 
brick crown at the bottom. 
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Figure 34. Liquid Slag Gas Producer with Heated Bottom Crown (22). 

Obviously, variation of the rate of gasification will seriously interfere with the 
melting and fluidity of tpe ash and slagging medium. Low specific gasification 
rates of 100-150 kg/m -h are undesirable for obtaining a temperature high
enough for melting of the slag. It is therefore unlikely that liquid slag updraft 
gas producers will ever be employed to drive internal combustion engines when 
a frequent change in power output is required. One may conclude that liquid 
type updraft gas producers work at a higher rate of gasification, which has 
the advantage of smaller capital outlay, no mechanical parts required to remove 
the ash and no carbon in the ash. On tho other hand, the high rates of 
gasification limit the grading of fuel that can be employed due to the dust 
which is carried away from the producer in the hot gas. A continuous and 
steady load rate is essential to satisfactory operation. The gas leaves the 
producer at a high temperature, and thermal losses are great when the gas is 
used in its cold state. Upkeep charges become higher due to the repeated
renewals of the necessary special brick lining in the lower part. 

Updraft gasifiers designed to operate under temperatures below the melting 
point of the ash differ from the previously discussed type in that they all have 
a grate at the bottom of the plant. The grate separates the ash bin from 
the partial combustion zone and supports the entire fuel column. It was soon 
recognized that the grate is the most vulnerable part of an updraft gas producer
because of the several functions it performs. Its design must allow for the 
ash to move freely through it into the ash bin and at the same time prevent
carbonized fuel from falling through it. Although the plant is designed to 
operate at temperatures well below tho melting point of the ash, in most 
practical cases the formation of clirkers can not be avoided. This applies in 
particular to plants used for power generation under unsteady conditions and 
fuels with 
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a high ash content as outlined in Chapter V and VI. Therefore, it is desirable 
to construct the grate so that it can crush large clinkers. Another important 
point in the design and operation is the protective layer of ash that should be 
maintained above the grate. Too thick an ash layer seriously interfers with 
the operation due to an increase in the pressure drop across the gas producer 
and a lower gasification rate. If the layer becomes too thin the partial
combustion zone may reach the grate and a melt down of the grate takes 
place when the grate is made out of mild steel or another material with a 
low heat resistance or heat conduction. 

A simple grate does not result in more difficult operation of the plant as long 
as all other parts of the producer are properly designed. Moreover the life 
of a grate depends more on Lho skill of the operator than on the actual design. 
A fixed flat grate with no provisions to turn or shake it is one of the simplest 
designs as shown in Figure 35. 

Figure 35. Flat grate (22). 

It is use~d when very limited clinker formation is expected and no large amounts 
of ash tire produced, which is the case for fuels with an ash content below 
one percent. In most other cases, means must be provided to periodically or 
continuously shake the ash through thle grate and crush tiny clinkers above the 
grate which may obstruct the air flow. Several designs have been proposed
which are working more or less successfully depending onl the particular case. 
Figures 36 and 37 show two representative cases of shanker grates which facilitate 
the detachment and separation of the ash. However, these types of grates are 
ineffective in crushing clinkers. 

For fuels with high ash content nd the tendency for clinker formation, a 
continuously slowly rotating grate that has a milling effect on the clinker is 
usually employed. Two general principles are most common: The star grate
which allows the air to enter through slots as shown in Figure 38 or a rotating
eccentric grate, Figures 76 and 77. The eccentric grate discharges the ash 
through horizontal slots into the ash bin. 
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Figure 36. Shaker Grate (25). Figure 37. Imbert Shaker Grate (24). 

Figure 38. Star Grate (22). 

Besides the flat grate, several different types of inclined step grates have been
built as shown in Figure 39. The advantage of the inclined grate over the flat 
grate is the fuel bed is more accessible and can be stirre6 easier if necessary.
The ash is discharged through the grate into a water sink at the bottom of 
the plant. Some steam is raised in the water by radiation of the grate and 
quenching the hot ashes. 
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Figure 39. Inclined Step Grate Producer (22). 

A well designed grate should distribute the air and steam evenly over tile entiregrate area and at the same time allow for effective alshing and clinkering.
For producers that operate continuously, the grate should be one that allowsfor ashing without causing an interrupt,ion in the man Li: acture of the gas. Inthe ease of a rotating grate tUi' should maitain he lower part of the fuel
bed in a steady and continuous. but slow movement. 

In most updraft gas producers, SeaIM is injected or evaporated into the hotpartial combustion zone. [he procedure has a beneficial ef '-t on the gasquality and prt vents the lower part of the plant from overheating. A verylarge number of various designs of self sten-rising devices have been used in gas producers. Most small al medium-sized phints utilize the sensible heatin the gas or th radiative heut emitted from the gan producer shell to generatethe necessary aniount of steam. The general principle is to build a waterjacket around the plant and conduct the generated stenm through a pipe intothe gas producer below the grate where it is mixed with the incoming air blast. 

Figure 42 shows the l0wson nd Mason Self Vaporizing Suction Gas Plant. Thewater jacket is loeated at the tpper part of the gas producer. The sensiblehent of tile gas together with the hent of radioNto from the reduction andidistillation zone is used to generate the steam. \ slightly different designwith tire water jacket around the partial combustion zone is shown in Figure29. This plant built by Foster ,heeler Energy Corporation has some otherunique features. lere only the radiative heat is used to generate the steam.This design also protects the combustiom zone walls from over heating because
of the large hent sink in the water jacket. 
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Small portable units employ the water jacket principle or inject the vapor
directly into the air stream. Figure 41 shows the C.G.B. Producer where steam 
is generated by the sensible heat of the hot exit gas. Both water and incoming
air surround the gas exit pipe as shown in the sketch. 

A German type vaporizer is shown in Figure 43. The vaporizer and distillation 
zone consists of four concentric shells. The hot gases are passed through the 
central annular space, A', before leaving at B. The air entering at C is passed 
over to the top of the boiling water surface before being admitted to the 
grate. D is a water supply funnel and E the sight gauge glass. This design
differs from the previously described system insofar as the steam or vapor is 
not injected into the air stream but picked up by the air through convective 
transfer. This old system is of interest because the water vapor in saturated 
air at 50 - 70 C should be sufficient to generate a high fraction of hydrogen
in the raw gas. One of the most simple steam introducing devices is a pan
filled with water at the bottom of the gas producer as shown in Figure 39. 

C 0 

C B 

Figure 43. German Type Vaporizer (22). 
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From the previous examples one can see that some systems generate steam 
for the sole purpose of increasing the heating value of the raw gas through
the generation of hydrogen, whereas others use the steam generation for the 
additional purpose of cooling down the fire box walls and grate and quenching 
th( ash. It is questionable whether the injection of steam or water is of any
ad'a-ntage in small portable updraft gas producers. A dry gasification simplifies 
operation and equipment, and no water has to be supplied. If steam is used,
the temperature of the exit gas that generates the steam may drop below the 
dew point of the water and tar vapors contained in the raw gas. These tar" 
and moisture condensates will clog the cleaning equipment. The difference in 
the heating value of the raw gas and efficiency of tile plant are actually very 
slight since the heating value of tile stoichiometric gas-air mixture is the 
important factor in driving an internal combustion engine and not tile gas
heating value. However, in stationary plants with a steady load and controlled 
conditions, the injection of steam can be beneficial as outlined in Chapter II. 

In most updraft gas producers the air blast is distributed over the entire grate 
area and consequently the combustion zone extends to the wall of the fire box. 
For this reason most updraft gas producers have fire brick lining in the 
combustion zone that protects the outer shell of the plant. In tile case of a 
sufficiently large water jacket surrounding the lower' part of the producer a 
fire brick lining is not necessary. In addition, tile air inlet through the grate 
can be confined to a smaller circular area than the grate itself whieh allows 
i protective layer of carbonized fuel between the walls and the fire zone. 

The gas output of at updraft gas producer is limited by the specific gasification 
rate; i.e., the amount of fuel that can be gasified per square meter of grate 
area in one hour. This number should be given on a dry fuel basis, because 
most bionjass fuels contain a considerable amount of moisture which is riven 
off in the di tillation zone. Specific gasification rates from 100 kg/m -hour 
to 300 kg/in -hour are considered normal for coal gasifiers. The specific
gasification rate of a gas producer depends on tile fuel, the design and the 
mode of rurnig. Rotating and fixed grate plants are usually operated from 
100-200 kg/rn -h; whereas slagging type gas producers require a higher rate 
close to 300 kg~m -h in order to keep the temperatures high enough. Rates 
above 300 kg/ni -i have occasionally been reported, but a prolonged operation 
under such high loads results in excessive wear of the fire lining and the 
tuyeres. The considerable loss of fi,?l particles entrained in the gas current 
must al:o be taken into consideration at high specific gasifieation rates. 

Among all types of gas producers for immediate combustion of the producer
gis in i fire box, tile updraft gasifer achieves the highest efficiency. Because 
of tile "natural" upward sequence of partial combustion, reduction and distillation 
zone and the countercurrent flow of air and fuel it is most suitable for high 
moisture or high ash fuels. The limiting factor using high ash fuel is the 
design of the grate and the ash discharge mechanism. However, it must be 
emphasized that updraft gasifiers cannot crack tar and oil vapors generated in
"I'P. distillation zone. Consequently, they are unsuitable for portable units 
mounted on automobiles where the cleaning equipment has to be compact and 
light. In the modified updraft form with the gas taken off above the reduction 
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zone and fired with low volatile fuel such as charcoal or anthracite the tar 
generation is not as severe. 

The Downdraft Gas Producer: Because the tar vapors leaving an updraft gas 
producer in uncracked form seriously interfer with the operation of internal 
combustion engines, the next step in tile evolution of gasifiers was tdken toward 
downdraft gas producers. In this type, the air is introduced into a downward 
flowing packed bed of solid fuel and the gas is drawn off at the bottom as 
shown in Figure 44. 

The general idea hehind this design is that the tarry oils and vapors given off 
in the distillation zone are highly unstable tat high temperatures. In order to 
reach the gas outlet they must pass through the partial combustion zone where 
a high amount will be cracked and reduced to noncondensible gaseous products 
before leaving the gasifier. Although the general principle behind this idea 
seems convincing, in practice it requires some testing and skill to come up 
with a downdraft gas producer capable of generating a tar free gas under 
equilibrium conditions. 

Points of importance in regard to the design of downdraft gas producers include: 

1. The design of the combustion zone 
2. The air feed 
3. Design of grate. 
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Two parameters which determined to a great extent proper tar cracking are 
the methods of air injection and the geometry of the partial combustion zone. 
Downdraft gas producers have a reduced cross-sectional area above which the 
air is introduced. This so-called throat ensures a homogenous layer of hot 
carbon through which the distillation gases must FIss. Figures 45 to 50 show 
some of the mny designs that have been ucees;ii. 
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One of the most successful gasifiers, the Imbert type, had initially a central 
annulus from which the tuyercs were fed with air (Figure 45). It was soon 
recognized that the unavoidable pressure drop between tile tuyeres resulted in 
hot and cold spots in the partial combustion zone because of unequal air' 
distribution. The design was later changed as shown in Figure ,16. Here the 
tuyeres aire individually fed with pipes connected to one central air' inlet port. 
Figure 47 shows a typical design of a downdraft gas producer with a middle 
air inlet and in addition, tuyer'es in the wall of the partial combustion zone. 
It was believed that this design would result in a more equally heated fire zone. llowever, tile same effect can he achieved through a welI-designed 

middle or wall air feed system and a combination of both seems to be an 
unnecessary compliecttion of the air inlet system. Recause of the high 
temperatures around the tuveres or middle air inlet. some models protected 
the air inlet with refractories as shown in Figure 48. Figure 50 shows a model 
with a down %ard pointed middle air inlet. Some units had a built-in heat 
exchanger where the sensible heat of the raw gas preheated the incoming air 
blast as shown in Figure 28. 
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In general, four different types of downdraft gas producers have evolved over 
the past 50 years: 

1. Wall tuyeres and conventional throat (Figure 51)
2. Middle tuyere, pointed 	 downard and conventional throat (Figure 52)
3. Middle tuyere pointed 	 upward, and conventional throat (Figure 53) 
4. Waill tuyeres and choke plate (Figure 54). 

One should not underestimate the problems associated with tile high temperatures
around the tuyeres id throat area. Cracking of the metal or ceramic throats 
as well as melt downs of the tuyeres have been frequently reported. The
choke plate design in tle UCD laboratory gas producer, Figure 54, seems to 
be one solution to the thermal stresses occurring in the throat area. Because 
tile throat and the position of the air inlet determine how well the distillation 
products will be cracked bef re they leave the gas producer, care must be 
taken in their design. Figure 55 shows schematically the oxidation zone formed 
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in front of wall tuyeres. Between the nozzle near the wall and in the center 
are spots which are not reached by oxygen resulting in lower temperatures. 
All distillation products passing through these spots are unburned because no 
oxygen is present. They may be partly cracked in the reduction zone but 
temperatures of 650 0 C are by no means sufficient for complete reforming. 
Consequently, systems with wall tuyeres ure more susceptible to release tar 
vapors than the models with middle tuyeres that achieve a better, more 
homogenous oxidation zone at the throat. However, one has to keop in mind 
that the throat creates a barrier to the downward fuel flow and systems with 
middle tuyeres pointed upward tend to increase the bridging problem and yield 
a too loose bed of incandescent fuel that also hinders the tar conversion. 

Figure 55. Fire Zone in Front of Wall Taycres (13). 
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As already pointed out, slight changes in the dianieter of the throat or choke 
plate and position of the air inlet oan change drastically tile gas composition
and the tar yield. The best confijaration will depend on physical parameters
of the fuel and the load factor and consequently must be found by trial and 
error. Rough gu2"lelines about the relative dimensions tuyeres, ofof diameter 
the throat or choke plate and height of the tuyeres above the throat are given
at the end of this chapter. One of the most extensive tests concerning downdraft 
gas producers with middle air inlet has been presented by Groeneveld in his 
thesis: "The Co-Current Moving Bed Gasifier" (12). Readers interested in the 
modelling of downdraft gas producers as shown in Figure 52 are referred to this 
paper. 

From Figure 44 it can be seen that downdraft gas producers are not well suited 
for high ash fuels, fuels with high moisture content or the tendency to slag.
The fuel moisture, usually driven off by the sensible heat in the hot gas stream 
passing through the distillation zone in an updraft gas producer, will not get
into contact with the not gas in a downdraft unit. A lower overall efficieny
and difficulties in handling moisture contents higher than 20% were common in 
small downdraft gas producers. Any qlag formed in the partial combustion zone 
will flow downward, quickly cool and solidify in the reduction zone and finally
obstruct the gas and fuel flow. A well-designed rotating grate and operation
below the ash melting point are therefore essential if fuels with high ash contents 
are used in a downdraft gasifier. The unit tested with eleven crop residues at 
UCD could not gasify high ash fuels (15% to 20%) such as cubed cotton gin
trash or straw. upper of ash wasrice An limit 5% content established and 
fuels with higher ash contents coulr' not be gasified over a prolonged period. 

Additional steam or water injection is uncommon in downdr, It oroducers. The
combined moisture in the fuel and tile humidity of the air are sufficient for 
the generation of hydrogen. To fire line the partial combustion zone seems 
also unnecessary, since the position of tile tuyeres generates a natural protective
layer of carbonized fuel between tile fre zone and the walls of the gas producer,
except at the throat, where such a layer would be highly undesiraLle. It should 
be mentioned that the throat is one of the most vulnerable spots in a downdraft 
gas producer. The high temperatures in this area lead to metal fatigue, melt 
downs and cracking. Why some units work extremely well and others have 
material problems at the throat and the tuyeres is more or less d,,i to the 
specific gasification rate and the desire to achieve high temperatures for the 
tar cracking purposes. During three ye,)rs -f testing under no slagging conditions,
the UCD laboratory gas producer has never shown any damage to the tuyeres
and the choke plate. The end section of the tuyere was a stainless steel nut 
and the cheofr plate was made from 515 steel. The highest specific gasification 
rate over reported was Z020 kg/h-m . Tile fraction of tar cracked was low at 
low specific gasification rates. 

Downdraft gas producers can be operahed at a considerable higher specific
gasification rate. An upper limit of I Nm' of gas per hour per square centimeter 
throat area has been established for small portable downdraft gasifiers. This 
corresponds to 2900 kg, i-m to 3900 kg/h-m of dry fuel depending on the 
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heating values of fuel and gas. Consequently, the downdraft gas producer can
utilize the available grate area much better than updraft gas producers and this
has been one more reason why they are used in automobiles. The time neededto ignite the fuel and bring the plant to a working temperature with good gas
quality and little tar in the gas is shorter than for the updraft ga producer,but still inconveniently long in the range of 15-30 minutes. Variables such as
weight, start up time as well as load following capability of the plant are
important from a driver's point of view. The load following capability of a gasproducer, in a physica.' sense, is its ability to extend the partial combustion zone to produce more gas per minute without a decrease in the heating value.
This determines the acceleration behavior and the hill climbing capability of the
engine. Consequently, the next step in the evolution of gasifiers was toward
the crossdraft type that could much better meet the desired fast start up time,
high load following capability and compact design. 

The Crossdraft Gas Producer: 

Crossdraft gas producers, although they have certain advantages over updraft
and downdraft types, are not the ideal gasifier. Unsatisfactory performance of 
a unit can be overcome by replacing it with another unit better suited to theparticulars or the situation at hand, Figure 56 shows the schematic design of 
a crossdraft gas producer. It is obvious that certain disadvantages such as highgas exit temperatures, poor CO 2 reduction and high gas velocity with extremely
short gas residence time are the consequence of the design. 

In almost all cases the ash bin, fire and reduction zones are not separated by
a grate as in updraft or downdraft gas producers, which limits the type of fuel
suitable for operation to low ash fuels suc., as wood, wood charcoal, anth.'acite
and coke. The load follwing ability of a crossdraft unit is quite good due tothe concentrated partial combustion zone which operates at temperatures up to2000 C. Start up time is in general much faster than those of downdraft and
updraft ,!nits (5-10 minutes). Tie desired concentrated combustion zone is best
achieved by one single tuyere thich is in most cases water cooled and onlyrarely air cooled. The shape of the air jet exit and the air jet velocity determine
the extent of the combustion zone. Although there have been a few crossdraft 
gaq produeprs with fire lining, most units operate without it and confine thepartial combustion zone to the center of the bottom part. However the danger
of quickly burning out the vertical grate in front of the gas exit is always
present, since an extension of the partial combustion zone can be iuch faster
and is easily achieved by increasing the air velocity and amount of air blown
into the oxidation zone. Of specific interest are the various tuyeres, their
shape, cooling systems and in some cases built-in steam injection devices. Figure
57 shows one design v.iich has a flat rectangular orifice. This design is believed 
to avoid turbulence and unnecessary eddies and the wide flat stream of air does 
not diffuse as quickly, thus causing a comparatively small oxidation zone at 
very high temperatures (1). 

Figure 58 shows the water cooled tuyere of the South African High Speed GasProducer (H.S.G. Plant). In addition, this design had a steam injection channel 
to boost hydrogen production and cool down the partial combustion zone if 
necessary. 
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Figure 56. Crossdraft Gas Producer (25). 

Figure 57. Watercooled Rectangular Tuyere for Crossdraft Gas Producer (25). 
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Figure 58. Tuyere of iI.S.G. Plant (3). 
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Another design is shown in Figure 59. This tuyere is air cooled and was originallyused in the French Sabatier crossdraft gas producer. It consists of threeconcentric tubes arranged in such a manner that the entering air is the coolingagent. The increased air resistance is one argument against this design. Itsadvantages are no breakdowns through blockage of the cooling water and thedegree of cooling is directly related to the temperature in the fire zone. 

Figure 59. Sabatier Air Cooled Tuyere (31). 

At the prevailing temperatures of above 15000C in a crossdraft gas producer,
the ash will fuse most likely into one single piece of clinker which will bedeposited at the bottom of the fire box or cling to the tuyere and walls as 
shown in Figure 60. 

Clinker 

Partial combustion zoneAir Distillation zone 

Air 
Reduction zone 

3-- Gos 

Figure 60. Diagram of Fire, Reduction and Distillation Zone in f Crossdraft 
Gasifier (14). 

Crossdraft gas producers without any grate are therefore not suitable for highash fuels. For low ash fuels, the formlrtion of clinker is insignificant within areasonable time period ani does not obstruct the gasification process. Somegasifiers such as the British Emergency Producer featured inclined tuyeres to
prevent molten slag from clinging to the outer surface, (Figure 61). 
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Figure 61. Gas Producer with Inclined Tuyere (1). 

Crossdraft gas producers are very sensitive to changes in the fire length, transittime of the gas and amoun: of water injected. In this context the fire lengthis defined as the distance from the tip of the tuyere to the exit grate in front
of the outlet pipe. Transit time of the gas is by definition the fire lengthdivided by the air velocity at tuyere exit. Although both definitions do nothave any real physical meaning, in a crossdraft gas producer their usefulness isestablished through experimental results presented in Figures 63 to 65. Thetest unit used was a Wishart crossdraft gas producer with an adjustable exitgrate and provisions for water injection as shown in Figure 62. 
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Figure 62. Wishart Crossdraft with Adjustable Grate (2). 
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Figure 63 shows the lower heating value of tile gas as a function of the fire 
length. The test was conducted with chascoal. Water admitted to the partial 
combustion zone amounted to 53 g pet in of gas generated. As expected the 
curve attains a maxirnum within the possible range of 63 mm- 180 mm for the 
fire length. 
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Figure 63. Lower Heating Value of the Gas Versus Fire Length (2). 

It is interesting to note that increasing the fire length to the practical largest 
value and consequently expanding tile reduction zone dia not yield a better gas. 

The considerably higher temperature in crossdraft gas producers has an obvious 
effect on tile gas composition such as high CO content and low hydrogen content 
when dry fuel such us charcoal is used. The CHl4 generated is also negligible. 
This is shown in Figure 64. It can be observed that the injection of water into 
the air blast has some effect on the heating value of the gas and a considerably 
greater effect on the composition of the gus. One should note the increase in 
the heating Value of the gas of 12% at optimal vater injection of 10 g per 
minute, which amounts to an increase in engine power of at most 6%. Crossdraft 
gas producers operating on less dry fuel :uch us wood do not show this pronounced 
increase in heating value when water is injected. This is due to the already 
high If2 generation front the combine,] moisture ill tile fuel. 

Finally the transit time combines the effects of' fire length aold air velo.ity and 
its influence on the gas quality is shown in Figure 65. This curve repres'ents 
various combinations of air blast velocity and fire length. It can be seen that 
at 0.009 seconds a maximal heating value of tile raw gas is obtained. The air 
velocity in these experiments vvied from 2.7 to 12.5 m/s which is rather low 
for erossu, ,ft gas producers. Most crossdrnft gas producers for cats and trucks 
op,-'ated on considerably higher air blast velocities of up o 100 m/s. 

Extensive tests of the same type as just described with ,'.v- diffment crossdraft 
gas producers and dry air blast are published in Reference (16). In addition to 
guidelines on how to size the tuyeres, tile tests revealed that seemingly un
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Figure 64. 	 Gas Composition Versus Water Injected in a Crossdraft Gas Producer 
(2). 
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Figure 65. 	 Heating Value of the Gas Versus Transit rime in a Crossdrnft Gas 
Producer (2). 

important design differences such as refractory lined tuyeres versus water cooled 
tuyeres flake a difference in the performance of crossdraft gas producers.
Figure 66 shows ilme temperature of the partial combustion zone in front of the 
tuyere for vrious tuyere diameters as a function of the air blast velocity. 

It can be observed that at air blast 
high enough to induce slagging and 
of biomass or coal ash. 

Crossdraft ga., prouuce,':- oI(.',ltri onproduce very little el1t and 112. It 

velocities of 30 m/s, the temperatures are 
evaporation of mineral vapors in any kind 

dry air blast and dry fuel such as charcoali, therefore convenient to express the gas 
quality in terms of the conversiorn ratio CO/(CO + CO 2). A conversion ratio 
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Figure 66. Fire Zone Temperature Versus Air Blast Velocity at Tuyere (16). 
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of 0.9 which corresponds to about 30% CO and 2% - 3% CO 2 represents a good
quality gas in terms of the heating value. However, wh(n talking about the 
quality of the gas one should keep in mind the final use of the producer gas.
In most cases it is even more important to achieve a specific and constant 
amount of hydrogen in the gas. Internal combustion engines require a certain 
minimal amount of hydrogen in the gas necessary to achieve an appropriate
flame speed during combustion in the engine cylinders. On the other hand too 
much hydrogen increases the chance of knocking and large fluctations in the 
hydrogen content lead to unsteady running conditions, since the advancement of 
the ignition or pilot oil injection depends on the hydrogen content of the gas. 

Figure 67 shows the effect of the tuyere diameter and the air blast rate on 
the conversion ratio for charcoal. With regard to these experimentls two important
conclusions can be drawn: At air rates higher than 30 Nm /11, the tuyere
diameter does not influence the conversion ratio and higher air blast velocities 
produce a better gas. 

1.0 _ Tuyare diometer 
73m.9 mm 

2 5 
C% . M _ _ _-1 .4mm 

08+ 12.7 mm 
-. I 

o 
i 0.7

ino 0.6 

U,Z 

.> 0.5 
z
 
0
 
C-)
 

0.4 

0.3 
0 10 20 30 40 50 60 70 80 

AIR RATE Nm3 /hr 

Figure 67. Conversion Ratio Versus Air Rate for Various ''uyere Diameters 
(I ). 

In partiCular the last statement contradicts the usual belief and results of 
previous experiments that crossdraft gas producers generate a poor gas because
of the short residence time of the gas and the small reduction zone. In this 
context, the reported data about the gas composition as a function of the air 
blast for a :3.2 ram tuyere (Table 2) is of interest. 
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Table 2. Gas Composition Versus Air Blast Velocity at Tuyere (16). 

Air Blast Tuyere Fire Gas Composition* Conversion
 
Velocity Temperature Ratio
 

m/s CO 1-I Ci
oC CO 2 	 2 4 

22.6 980 17.7 8.5 1.3 0.9 0.325 

44.8 1300 1.1 20.3 4.2 1.1 0.693 

72.3 1420 6.0 24.9 4.2 1.1 0.807 

90.0 1400 5.6 27.5 4.3 1.2 0.832 

115.0 1420 4.2 28.4 5.6 1.3 0.877 

218.6 1520 2.6 30.1 6.5 1.3 0.922 

*N 2 = 100 .(% CO 2 + % CO + % 1H + % ell 4 )2 

The extraordinarily high air blast velocity of 218 m/s combined with high 
temperatures at the exit grate, as shown in Figure 68, yielded the gas with the 
highest chemical energy or, in other words, the best conversion ratio. Such 
conditions are not favorable for the formation of a reduction zone as in updraft 
and downdraft gas producers to convert COI into CO. In addition, all the 
reported data indicates that as long as the temeratures are high enough (1500 0 C 
and higher) in the partial con-busti.on /one, a good quality gas can be expected. 
The tested unit with a fire length of 33 cm was quite flexible in its actual 
power output by just changing the tuyere diqrmeter as given in Table 3. 

Table 3. 	 Tu'yere Diameter Versus Useful Range of Air Rate, Gas Rate and 
Engine Power (16). 

Tuyere Diameter 
mm 7.9 t2.7 19 25.4 

Useful Ragge Air 
Rate m /h 6.3-11.9 7.6-27.2 12.4-47.6 13.9-64.6 

Useful Rlage Ga,-
Rate m' /h 8.1-15.6 9.9-35.7 16.1-61.2 17.5-85 

Useful Range, 
Engine Power 

hp 2.5-6 4-14 5-22 6-32 

Finally, Table 4 shows the recommended minimum air velocity, air rate and gas 
rate for various tuyere diameters, to obtain a good conversion ratio of 0.9. 
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Table 4. Recommended Minimum Air Velocities, Gas and Air Rates, frr Various 
Tuyere Diameters (16). 

Tuyere Diameter 
mm 3.2 7.9 12.7 19 25.4 

Air Blast Velocity m/s 146.0 35.0 17.0 12.0 7.5 

Air Rate m3/ 	 4.2 6.3 7.7 12.4 14.0 

Gas Rate m 3/h 	 8.2 16.25.3 10.0 17.5 

1200-	 Fire Length 152 mm 

0 

1000-	 241 mm 

I

a: 	 330rm 
CD 800-
I-

w 600

0: 
I

a: 400
w 
a. 

w 200 

0 	 I I I 
0 20 40 60 80 100 120 
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Figure 68. 	 Exit Grate Temperature Versus Air Rate for Various Fire Lengths 
(16). 

Historically, there has been a considerable controversy among engineers and
researchers in gasification as to what 	 extent the partial combustion zone and
the reduction zone can be treated as two distinct zoner existing independently.
Although refined methods revealed some of the past 	 mysteries on a microscale,
this controversy still exists. The controversy centers around the question whether 
a con,,iJerable amount of CO could be generated directly through the 	reaction: 
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C + 1 02 = CO + 121,000 kJ/kg-mole at the earbon surface and tile CO so 
produced may burn with excess oxygen in the void spaces of the bed. The 
arguments for the above reaction to occur and the CO to not burn is the high 
CO content of gas from erossdraft gas producers where there is not a distinct 
reduction zone, see Figure 9. In addition the reaction: C + 02 = CO2 + 393,800 
<J/kg-mole, if predominnnt at the tuyere, should yield a much higher temperature 
even if one accounts for the heat transfer and the incompleteness of the reaction. 
This question has been pursued by several authors and it summary of the results 
is given in Reference 5 and 19. 

The gas exit of erossdraft gas producers looks much different than those of 
downdraft or updraft gas producers, where a funnel or a plain hole in the 
producer wall suffices in most cases. In general, it is important to design the 
exit grate in such a way that the considerable amount of coarse and fine particles 
entrained in the high speed gas stream are not carried out of the producer. 
This is accomplished by perforated grates and by taking off the gas vertical to 
the horizontal air blast (Figure 61). In addition, one could locate the gas exit 
port above or below the air blast level as done in the Bellay or Hamilton Motors 
Gas Producer. If carried out to the extreme, one ends up with a combination 
of updraft, downdraft an. crossdraft gas producers as shown in Figure 69. 

Although updraft, downdraft and erossdraft gas producers have been the types 
mostly built, there is a variety, of gasifiers which do not really fit into 

Air, 

I . Gas 

Figure 69. Combination of Downdraft and Crossdraft Gas Producer (25). 

these categories. For instance, gasifiers with exit and inlet ports as shown in 
Figure 69. These units were built in an effort to combine the advantages of 
erossdraft with updraft or downdrnft gas producers. Others like the Brush Koela 
Duo Draught plant could be operated either on updraft or some modified form 
of cros.sdraft. The erossdraft tuyere was usually used to quickly start tip the 
plnnt and then operation switched to updraft which yielded a more regular gas 
composition and higher efficiency. 

Another interesting design is shown in Figure 70. The Brandt Double Zone 
Producer works on the downdraft principle with the gas drawn off at the very 
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top. The inner column was filled with high grade charcoal, whereas the outerannulus contained wood blocks. In a later design, tile inside downdraft tuyereswere replaced by wall tuyeres at various heights in the lower part of the gasproducer. The sole purpose of this unusual design is to get a very clean gas.This is achieved by passing all distillation gases through tile partial combustion 
zone and then up through the entire charcoal column together with the productsof ie gasification process. This process was claimed to obtain a totally tar 
free gas. 
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GRATE
 

Figure 70. Brandt Double Zone Gas Producer (10). 

Small portable or stationary gas producers have been built in all kinds of shapes.Figure 71 shows an early Volvo design in form of an egshaped crossdraft gasproducer for passenger cars. The unit was on a trailer which was hitched to 
the car and fueled with charcoal. 

Gas producers can be built out of clay bricks as shown in Figure 72. This
design by Groeneveld, et al. is being tested in Tanzania (12). 

A downdraft gas producer applying tile same middle tuvere principle has beenbuilt out of an oil barrel with a fire lining made of concrete and clay, Figure73. The unit was used to drive a 4 cylinder Willis jeep engine connected to a5 kW generator. The only cleaning equipmcnt between tine gas producer and 
engine was a cyclone. The gas producer fuel was charcoal. 
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Figure 71. Volvo Crossdraft Gas Producer (28). 
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Figure 72. Gasifier Appropriate for Developing Countries (12). 
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Figure 73. Design of a Simple Downdraft Gas Producer (6). 
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The history of gas producers reveals amazing designs and applications as well 
as hundreds of patents for gas producers during tile booming years of gasification.
References (10, 22, 24, 25) give a selected overview of tile major designs of 
small, medium and large gasifiers. 

When discussing an energy conversion system such as a gas producer, the
efficiency of the unit will be the decisive factor with the present situation of
tight uel supplies. Reported efficiencies of gas producers should be takon with
caution as long as it is not stated under what assumptions the numbers havebeen derivod. The definition of the thermal efficiency of an energy conversion
device is simply the ratio: (Useful energy output)/(total energy input). However.
because of this simple definition there seems to be a wide range of opinions
about the useful effect or' a gas producer and tile energy that has actually 
entered the system. 

The energy contained in one kg of fuel is in most cases determined in a bomb
calorimeter which measures the higher heating value. (The higher heating value
includes the heat released by the water produced in the total combustion of thefuel when it condenses to liquid). This value is certainly not the energy going
into the gas producer. The energy available in a gas producer is given by the 
net heating value of the fuel derived under constant pressure conditions and not 
constant volume conditions as given in a bomb calorimeter. This will be explained
in more detail in Chapter V. The useful effect of a gas producer is a matter
of opinion and certainly depends on the condition of the gas before it is usedin a burner or internal combustion engine. When used as a fuel to drive an 
internal combustion engine, the gas temperature should be as close as possible
to normal ambient conditions. Consequently, all condensable products such as 
tar. oils and water are condensed out of th, gas stream to a saturation leveldetermined with respect to the final temperature and the respective partial
pressure of the constituents. What is left is a saturated gas consisting ofcombustible products such CO,as 112 and CHl. as well as traces of non-condensable 
higher hydrocarbons and non-combusti)le prolhucts such as CO and large amounts
of N The quantities of these gases are volumetrically etermined and the
avila~ble heat of the gas edleulated with the help of well established data about
the heating value of tie various constitutents. When fueling an engine, the
thermal effieency of a gas producer is around 70% under the most favorable
conditions and can drop sharply to any lower level depending on how and with
what fuel the plant is operated. The losses accounted for are due to radiation
and corvection from the producer body, solid earbcn discharged withthe ash,
condensed products of distilation such as tars and oils aid the considerable 
energy needed to evaporate the fuel moisture and heat it up to the prevailing
,'quilibritrm temperatures. In general these losses can be controlled to a certain 
extent through constructive measures such as preheating the air blast with thesensible heat of the outgoing gas stream and insulating tile entire producer and 
parts of the piping system. In extreme cases such as portable units in subfreezing
weather or high moisture content of the fuel, this is not only recommended but 
a necessity to obtain tire required temperatures for tihe generation of a high
quality gas. On the other harnd, tile allowable amount of sensible heat in the 
raw gus depends solely on the design of the puritieation system which, in most 
cases, operates within a narrow temperature range. 
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'['he useful energy from a gas producer when the Zt s is used to fire a burner 
is significantly higher. In practice the gas should enter the burner at a 
temperature as close as possible to the exit temperature of the gas producer.
This will leave the tars and oils in vapor form, suitable for combustion in the 
burner. They will not be condensed out of the gas stream if the primary 
combustion air is above the lowest vapor dew point and are not consi,'"red a 
loss. In addition, almost no sensible heat is lost. This so-called hot gas efficiency 
can be as high as 95% under the most favorable conditions. Both the cold and 
hot gas efficieny of a gas droducer are relatively high if compared to other 
energy conversion devices such as steani plants. In particular for small scale 
units, the advantage lies clearly with the gas producer system. 

In a broad sense biomass gas producers use solar energy as a fuel and fall 
therefore within the category of new sources of energy called "appropriate 
energy" now being suggested as substitutes for oil. The discussion about how 
efficient appropriate energy generating devices are is fundamentally based on 
tile net energy question: llo" efficient is air energy generating system in 
recovering the energy from no'i-renewable resources that have been used to 
build it? Although this nuestion does not apply to gas producers as well as it 
does to other energy convers'on devices, such as solai cells wh~ch in some cases 
can not recover the energy that has been used to build them, it is worthwhile 
to contemplate the position of a gas producer-engine system in thfis broader 
context (4). 

The dimensioning of a gas producer is sometimes a difficult task, in particular 
when the unit is used for unsteady conditions or fired with fuels whose thermal 
behavior is not well known. The major part of the gasifier is used as fuela 
storage space and its size depends on the bulk density of the feed material and 
the desired period for refueling the plant. 

For instance, the average available net energy from one kg of wood with 10% 
moisture equals 16.4 MJ. This is considerably lower than the higher heating 
value of 20 MJ/kg. When the gas is used to drive a spark ignition engine, a 
cold gas efficiency of 70% and an engine efficiency of 18% may be reasonable. 
Consequently 1.3 kg of feed material (wood with 10,6 moisture) must be gasified 
each hour to run a I hp engine. In this context it is interesting to compare 
this calculated number with approximate fuel consumption per hp-hour as given 
by the manufacturer of Various past systems. The actual fuel consumption 
depends heavily on where ard how the vehicle is driven. 

The load oi a gasifier is most commonly expressed in terms of tile specific 
gasification rate, the amount of dry fuel in 2 kg that can be gasified per square 
meter of the "grate area" in one hour (kg/m -h). This definition can not readily
be applied to crossdraft gas producers because the partial combustion zone can 
expand in all three dimensions very easily. The reader is referred to References 
(2) and (16) for sizing a crossdraft gas producer. In downdraft gas producers 
tile "grate area" refers to the narrowest section of the throat. In updraft gas 
producers the section of the grate within the fire lining should be Used as tile 
relevant grate area. Gas producers, depending on the mode of running (my0, down 
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Heating Value Consumpi 

Trade Name Fuel 
(base not specified) 

MJ/kg kg/hp-hc 

Malbay Charcoal - 0.5 
Low Temperature Coke 29.5 0.51 
Anthracite 32.4 0.41 

Wisco Charcoal -- 0.41 
Low Temperature Coke 33.7 0.4! 

Imbert Air dry wood 0.8-1.1 

Humboltz Deutz Anthracite 32.6 -

Gohin Poulence Low temperature coke - 0.4, 

Koela Charcoal 32.2 0.41 
Low temperature Coke 30.7 0.45-0.4, 
Anthracite 34.5 0.45-0.4k 

Swedish WW i1 model Wood at 20% moisture 14.7 1 Avg. 

Swedish Model Birch wood 12% moisture -- 0.75-1., 
(I57-63) 

or crossdraft), can work only within certain limits of their specific gasification 
rate. For instance, a downdraft gas producer generates a highly tar laden gas
when operated below a certain specific gasification rate. In addition, the CO
and H., fractions in the producer gas are greatly favored by high temperatures
and wi therefore decrease at lower gasification rates and reach a point where 
the g, iz not any longer suitable for combustion. Consequently a minimum 
specific gasification rate is required to maintain temperatures high enough for
efficient tar cracking and good gus quality. On the other hand. too high a 
specific gasification rate leads to an excessive anount of unburned carbon in 
the ash and, in general, decreases the efficiency and increases tire pressure drop
and the temperature to a ,oint where either the gas producer' or" the cleaning
equipment are suspeetible to damage. This latter case was well known to 
marnufaeturers of portable units that were Isually sold with one or two sets of 
spare tuyeres, grates arid even throats because overheating the plait was quite 
common on long uphiNl d'ives with truck engines. To wht extent J1e allowable 
specific gasification rate varies with the fuel and whether the dependence is 
significant enough to shift the range established for coal and charcoal is difficult 
to answer. At the throat area in a gas proflucer all feedstock is present in a 
highly carbonized form ard the allowable highest specific gasification rat2 depends
heavily on physical and chernicaI properties of tre fuel such Is surface area 
and ash content. Intuitively, a higirly rerctive porous wood charcoal exposes a 
much larger arid easily accessible surface to the reac tant oxygen than densified
coke. Charcoal can therefore be gasified faster per unit grate area than coke,
provided the throat area can handle the high teinperutures involved. 

P2 
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Extensive tests during the Second World War and the 1957 to 1963 period in 
Sweden established recommended dimensions and ranges of operation for down
draft gas producers. The numbers in Table 5 are derived from the experimental
bench tests and road trails conducted in Sweden over several years. The gas
producer tested is shown in Figure 74. The dimensions of tile firebox, tuyeres,
throat and grate as well as placement relative to each other 'ire given in Figure 
75.
 

Figure 74. Swedish Downdraft Gas Producer (20). 

dr 

d 

Figure 75. Dimensions for Downdraft Gas Producer with Wall Tuyeres (20). 
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able 5. Dimensions for Swedish Downdraft Gas Producers (20). 

Range of Maximum Air 
gas output wood blast 

consumption velocity 
dr/d h dh d r d'r h H R A dm m x100 r h max. min. V 

rh d d 3 3mm mm mm mm mm mm no. mm Ah h h Nm3/h Nm/h kg/h m/s 

268/60 60 268 150 80 256 100 5 7.5 7.8 4.5 1.33 30 4 14 22.4 

268/80 80 268 176 95 256 100 5 9 6.4 3.3 1.19 44 5 21 23.0 
268/100 100 268 202 100 256 100 5 10.5 5.5 2.7 1.00 63 8 30 24.2 

268/120 120 268 216 110 256 100 5 12 5.0 2.2 0.92 90 12 26.042 


300/100 100 300 208 100 275 115 5 10.5 5.5 3.0 1.00 77 10 36 29.4 

300/115 115 500 228 105 275 115 5 11.5 5.0 2.6 0.92 j5 12 45 30.3 
300/130 130 300 248 110 275 115 5 12.5 4.6 2.3 0.85 115 15 55 31.5 

300/150 150 300 258 120 275 115 5 14 4.4 2.0 0.80 140 18 
 67 30.0 
400/130 130 400 258 110 370 155 7 10.5 4.6 3.1 0.85 120 17 57 32.6 

400/150 135 400 258 120 370 155 7 12 4.5 2.7 0.80 150 21 71 32.6 

400/175 175 400 308 130 370 155 7 13.5 4.2 2.3 0.74 190 26 90 31.4 

400/200 200 400 318 145 370 153 7 16 3.9 2.0 0.73 230 33 110 31.2 

Variables not given in Figure 75 are defined as foliows for Table 5: 

d = inner diameter of the tuyere 

A m sum of cross sectional areas of the air jet openings in the tuyeres 

A = cross sectional area of the throat 

A - number of tuyeres. 



On the average one cubic meter of producer gl,s before it is mixed with air in 
the carburetor contains the energy equivalent of 2 hp-hours. Assuming an engine
efficiency of 0.20, the smallest model in Table 5 could provide satisfactory gas
for an engine with a.power range of 1.6 to 12 hp whereas the largest unit would 
perform well over a range from 14 to 92 hp. 

For automobile, truck or bus applications, it is important to keep in mind that 
the gas producer should provide tile engine with good gas under idling conditions 
as well as under full load. The turn-down ratio of a gas producer is expressed 
as the ratio: 

max. permissible specific gasification rate 
min. permissible specific gasification rate 

The maximum permissible gasification 3 ratc. for downdraft units is a well 
established number and given as 1 Nm /cm-h in gs ,3 out~lut for wood. X 
minimal permissible specific gasification rate of 0.3 Nm /cm -Ii has been found 
suitable for mnbert type gas producers. lowever, the lower limit depends heavily 
on the shape of the throat and how well the plant is insulated as well as the 
number of tuyeres. Obviously, five or more tuyeres give a much better oxygen
distribution and therefore a more homogenous firebed. In fact three tuyercs

have been shown to be insufficient even under normal loads. A turn-down ratio
 
of 4 to 6 for most gas producers seems to bo sufficient for operation of an 
automobile because the ratio uf highest to smallest number of cr'ankshaft 
revolutions, which is directly correlated to the gas production, rarely exceeds 
6 in normal operation. It is interesting to compare the limits of the specific 
gas production rate with the more practical quantity, the specific fuel 
oorjumption rate. For' instance the 300/150 model with a throat area of 176.71 
cm ,an gasify at most 67 kg of wood pet, our. This corresponds to 3,791 
kg/rn -h. The lower litlit equals 509 kg./m -i, based oil the minimal gas
production rate of 18 Nm /. One can see that these specific gasification rates 
are much higher than what is usually found for updraft gas producers. Fuel 
consumption below these established limits for the Swedish downdraft gas producer 
design does not me'n n lower gas heating value. To the contrary the heating
value of the gas will slay the same or become even higher, since Cul4 production
will increase at lower' temper'atures. lowever, the gas will become unsuitable 
for internal combustion engineos. 

The U'D iabvratorv gns prodlicer shiown in Figure 76 is a modified form of the 
Swedish design, except for Lhe castable throat that - as relh,ced by a simple
choke pl, te which is easier to build and not as susceptible to thermal stress. 
With this unit the 5ecific gasific'atiop rates for crop residues were within tile 
range of 225 kg/m -h to 5020 kg/m -h. Despite the great range in specific
gasification rates, heiting values of 6 to 8 MJ/rn' were obtained. The gas was 
never used to run an internal combustion engine over a prolonged period since 
priority was given to evaluating the gasifieation characteristics of crop residues, 
in particular the tereney for slagging. Do,vndraft gas producers, from what 
is known so far' about their performance, seem to operate best at a medium 
specific gasification rate. Units with more than 300 lip capacity, which 
correr)ocnds to a fuel (wood) consumption of 250-300 kg/h, seem to be difficult 
to operate with small size or high ash fuels (12). 
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Figure 76. UCD Laboratory Gas Produccr (11). 

Specific gasification rates for updraft gasifiers are within the range 100 kg/m -h 
to 300 kg/m -h. The higher rates apply to slagging gasifiers whereas the lower 
rates prevent the ash from slagging in most low ash fuels. There is little 
concern about a lower limit in updraft gas producers because the tar production 
of an updraft gasifier takes place in the upper parts and the distillation products 
are drawn off without passing through an incandescent carbon bed. The lower 
limit of the specific gasification rate is therefore determined by the amount 
the temperature in the partial combustion zone drops below the limit where the 
gas generated becomes too wet and too difficult to ignite or sustain a flame. 

It is not possible to compare the various gas producers and fuels and decide 
which combination would give an optimal performance. Heating values of 
producer gas are .,,;ually given on a dry basis. This value tells very little about 
the actual condit of the gas and its usefulness as a fuel for internal combustion 
engines. For instance, the gas might be too wet to ignite or loaded with tar 
and still have a high heating value, which may lead to premature conclusions 
about. thr ,ltability of the gas. 
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Figure 77. Rotating Eccentric Grate (11). 



Comparison of updraft, downdraft and "rossdraft gas producers is usually based 
on theoretical calculations of efficiencies and gas composition assuming 
equilibrium conditions and seldom on comparable experimental data. Using 
theoretical calculations for comparison, the updrnift gas produer is most efficient 
and the crossdraft gas producer is least efficient. This result is mostly due to 
the higher gas exit temperature in downdraft and crossdV.aft gas producers. 
Neither theoretical calculations nor the existing experimental data are con
sistently specific on what base the data were derived. For instance, the common 
practice to report gas heating values per unit volume does not allow comparing 
data unless it is clearly stated what temperature and pressure tile volume refers 
to. Gas heating values are usually calculated with the help of enthalpy tables. 
Since all these tables are in reference to some base, most commonly 0, 15 or 
25 C and I atm, and the physical state of the water can be either steam or 
liquid vapor, it is rather moot to compare heating values of 3 producer gas It 
is not uncommon to come across heating Values from 4 MJ/m to 6 MJ/m for 
the same 	 gas, depending on how the value was obtained. 

Quite frequently the gas heating values for crossdraft and downdraft producers 
are less than the heating values of updraft units. For instance, an older report 
of the U.S. BuSeiiu of Mines gives the avirage heating value of downdraft gas 
at 4.85 MJ/Nm compared to 5.95 MJ/Nm for updraft. Others lave compared 
gas composition and heating value of various systems and some examples of 
their findings are given in Tables 6 and 7. Discusson about tle heating content 
of tile raw gas obtained from various systems are inconclusive and giving 
preference to an updraft gas producer based on the better heating value and 
efficiency is not always possible. Illfact the heating value of the raw gas 
should receive tile least conside ,n since differences in heating values of 
magnitude 20% have little effect oi, the power output of the engine and are in 
the range of what can be gained through improved piping connections or intake 
manifold. 

Table 6. 	 Gas Quality Versus Downdraft and Updraft Gas Producer for Char'coal 
and Anthracite Fuels (10). 

CO H2 C1H4 CO 2 0 2 N2 

Char'coal 
Updraft 30.8 12 0 3.6 0.4 53.5 
Downdraft 23 14 0.9 7.0 0.2 54.9 

Anthracite 
Updraft 29.3 6.8 1.6 1.4 0.3 60.6 
Downdraft 22 12.0 1.1 6.0 1.0 57.9 

Correlations between fuel, gas producer and gas composition are impossible to 
make since the process denends on too many variables which vary with the 
design of the gas producer. Reported gas crniposition data represents only the 
condition over a very small time interval. Tests conducted with the UCD 
laboratory gas producer and the UCD Civil Engineering gasifier revealed a rather 
unstable gas oomposition even over a short time period (see Figure 16). Tables 
8-13 list various fuels gasified in various gas producers with and without steam 
injection to show that generalized correlations would be misleading. 
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Table 7. 	 Gas Quality Versus Updraft and Crossdraft Gas 
Different Coal Fuels (17). 

No. I - Updraft producer dry gasification 

No. 2 - Updraft producer wet gasification 

No. 3 - Crossdraft producer dry gasification 

No. 4 - Crossdraft producer dry gasification 

Fuel Analysis, Percent Weight 

No. 1. No. 2. No. 3. 

Moisture 2.1 5.0 2.67 
Ash 7.9 3.5 6.31 
Volatile matter 9.6 5.5 6.25 
Carbon 80.4 86.5 84.77 
Sulphur -

Water to coal ratio 15-40 % weight
 
Water decomposed 80-85 % weight
 

Gas Analysis, Percent Volume 

No. 1 No. 2 No. 3 

CO 2 0.6 1.6 1.7 

CO 24.4 29.0 29.3 

iH2 + CH 4 13.1 15.0 9.2 

0 2 0.6 0.5 -

N2 61.3 48.5 59.8 

l-leating value 5.95.3 5.2 
MJ/Nm 

Percent combustible 37.5 44.0 38.5 
gas 

Producers for Four 

No. 4. 

4 
4 
6 

86.2 
0.5-0.8 

No. 4 

1.0 

30.5 

8.0 

0.5 

59.0 

5.2 

38.5 
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Table 8. Gas Composition Versus Fuel. University of California, Davis 

Laboratory Downdraft Gas Producer (15). 

Hogged Wood Manufacturing Residue
 

% by weight
 

% fuel moisture vontent (wet basis) 
 10.8 

Gas Composition 
% by volume 

CO 2 in dry gas 6.6
 

CO in dry gas 
 29.0
 

H 2 in dry gas 
 13.6
 

02 in dry gas 
 0
 

CH 4 in dry gas 
 6.3 

in dry gasC 2 H6 0.3 

Cracked Walnut Shell 

% by weight 

% fuel moisture content (wet basis) 8.0 

Gas Composition 
% by volume 

CO 2 in dry gas 8.7
 

CO in dry gas 
 20.1
 

in dry gas
H2 18.4
 

02 in dry gas 
 0
 

C1 4 in dry gas 4.845
 

C 2 H6 in dry gas 
 0.255 
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Prune Pits 

% by weight 

% fuel moisture content (wet basis) 8.24 

Gas Composition 
% by volume 

CO 2 in dry gas 9.7 

CO in dry gas 23.9 

H 2 in dry gas 16.3 

02 in dry gas 0 

CH 4 in dry gas 8.17 

C 2 H6 in dry gas 0.43 

Corn Cobs 

% by weight 

% fuel moisture content (wet basis) 11.0 

Gas Composition 

% by volume 

CO 2 in dry gas 10.2 

CO in dry gas 21.7 

H2 in dry gas 16.9 

0 2 in dry gas 0 

CH 4 in dry gas 4.465 

C2116 in dry gas 0.235 
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75% Barley Straw, 25% Corn Stover (Cubed) 

% by eight 

% fuel moisture content (wet basis) 6.9 

Gas Composition 
% by volume 

CO 2 in dry gas 10.9 

CO in dry gas 20.9 

H 2 in dry gas 13.4 

02 in dry gas 0 

CH 4 in dry gas 4.94 

C2H 6 in dry gas 0.26 

Chipped Municipal Tree Prunings 

% by weight 

% fuel moisture content (wet basis) 17.29 

% by voldme 

Gas Composition 
CO 2 in dry gas 13.7 

CO in dry gas 18.8 

H2 in dry gas 16.4 

0 2 in dry gas 0 

CH 4 in dry gas 4.75 

C 2116 in dry gas 0.25 
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1/4" Pellets: 75% Walnut Shell, 15% Rice Straw, 
10% SBw Dust 

% by weight 

% fuel moisture content 	 (wet basis) 7.1 

Gas 	 Composition 
.96 by volume 

CO 2 in dry gas 8.4
 

CO in dry gas 
 26.1
 

H2 in dry gas 
 12.4
 

0 2 in dry gas 
 0
 

CH 4 in dry gas 
 7.79 

in dry gasC 2 H6 	 0.41 

Experiments in Finland with peat as a fuel in a downdraft gas producer yielded
the gas composition shown in Table 9. The experiments also indicated that peat
as moist as 50% and with a high fraction of fine material (30%) could still be 
gasified in this downdraft gasifier. 

Table 9. Gas Composition for Peat in Modified Imbert Gas Producer (7). 

% by volume 

H 2 10.7 - 13.9 

CO 11.0 - 21.3 

CO 2 8.8 - 21.8 

CH 4 0.5 - 1.0 

Ebe]men's liquid slag gas producer fueled with charcoal and operated with dry 
air blast yielded the following gas composition: 
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Table 10. Gas Composition Obtained From One of tie Earliest Updraft Gas 

Producers (22). 

% by volume 

0.5CO 2 

CO 33.3 

2.8H2 

CH 4 None 

N2 63.4 

An automotive crossdraft gas producer (6 hp) fueled with charcoal at 14.5% 
moisture content yielded the following gas composition: 

Table 11. 	 Gas Composition from a Wishart-H.S.G. Gas Producer Fueled with 
Charcoal (1). 

% by volume 

wet blast
 
gas dry blast 9g H2 0 per minute
 

CO 2 1.4 1.6
 

02 0 0.2
 

CO 31.9 33
 

CH 4 0.6 0.4
 

4.1 	 8.3H2 


N2 62.0 56.4
 

The Heller stationary updraft gas producer was one of the simplest gas producers 
ever built. Fuel gasified was coal with 29.3% moisture and 5.93% ash. With 
a dry air blast the following range in gas composition was obtained: 

94 



Table 12. Gas Composition of a Large Updraft Gas Producer (22). 

% by volume 

CO 2 4.6 -7.8
 

CO 24.3 -29.4
 

CH 4 1.5 -3.6 

H2 16.8 -19.8 

N2 44.4.48.3 

Gas composition is shown in the following table for the Gohin-Poulenc GasProducer fueled with semi-coke of 2.5% ash content and a d,-y air blast. The gas heating value deteriorates with distance traveled which occurs because ofinsufficient moisture inside the gas producer after a long journey without 
refueling. 

Table 13. Gas Composition of an Automotive Crossdraft Gas Producer. 

Change of Gas Composition during Use (3). 

% by volume
 

After a journey of CO 2 CO 
 H2 CH4 N2 

10 kilometers 1.7 24.9 15.9 2.1 55.4 

54 kilometers 2.8 26.4 11.8 2.3 56.5 

198 kilometers 2.7 27.8 7.4 1.8 60.2 

218 kilometers 2.4 29.1 7.1 0.8 60.8 

246 kilometers 3.1 30.5 4.1 0.5 61.8 

250 kilometers 2.7 29.9 3.2 0.3 63.8 

When comparing gas compositions the main interest lies in the amount of CO 
and H2 . Both gases have about the samemajor heating value, Table 1, and are theproducts of gasification. Methane production is low after the plant hasbeen brought up to normal running temperatures. However, even small quantitiesof methane can cont,'ibute significantly to the heating value of the Thisis shown in the nomogram below. The lower heating value of 

gas. 
the producer gascan be determined provided the volume percentage of H2, CO, CH 4 and higher

hydrocarbons in the gas are known. 
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refers to a gas with 17% H29 20% CO, 0.25% CnHm and 1.5% CH 4 .
 

The initial development of small portable gns producers was mostly based on 
experience with large updrafl coal gasifiers. In such plants it was quite common 
to inject stearn with the air blast into the partial combustion zone which leads 
to increased hydrogen production by decomposing water at high temperatures, 
Figure 17. Whether this practice is of any use in small portable or stationary 
gas producers is highly questionable. 

All tests done with biomass fuels at UCD indicate that there is enough moisture 
in the fuel to generate a sufficient amount of hydrogen. These tests were 
conducted under mostly dry, hot climatic conditions with fuel moisture contents 
as low as 5%. There does not seei,i to be a downdraft gas producer designed 
for steam or water injection. To the contrary, too wet gas and too much 
moisture in the fuel were the most reported difficulties with downdraft gas 
producers. One has to keep in mind that the moisture content of air dried 
biomass fuels will rarely be below 15% in non-arid zones with high air humidity 
all year around. There have been a few small portable updraft and crossdraft 
gas producers on the market during the 1940-i950 period with steam or water 
injection. In case the fuel is extremely dry, steam injection will certainly have 
a beneficial effect on the heating value of the gas. However, the gain in 
heating value may not justify the additional complications for such a system. 
The amount of steam injected must follow the load on the gas producer, otherwise 
the partial combustion zone will be cooled down too much when idling the 
engine. In future research with high ash fuels having a tendency for severe 
slagging in any gas producer, steam or water injection may be the only practical 
solution to keep the temperature in the partial combustion zone below the ash 
fusion point. This method, however, will require sophisticated temperature 
sensing and a steam injection device capable of partially smoothing out the 
fluctations in gas composition thai are unavoidable with alternate cooling and 
heating of the partial combustion zone. 
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CHAPTER V: FUEL 

During 140 years of commercial gasifiration almost every possible lignocellulosic 
or carbonaceous fuel has been more or less successfully gasified. However, the 
development work was done with the most common fuels such as coal, wood 
and charcoal. The normal approach was to build a ,asifier and then search for 
a fuel that could be gasified in the unit. This practice has led to a misleading 
classification of fuels into suitable and unsuitable for gasification. There are 
fuels which have a long history of gasification such as coal and wood. From 
gasification of both these fuels three typical modes of gas producers evolved: 
updraft, downdraft and crossdraft. However the increasing use of producer gas 
for internal combustion engines made it necessary to obtain producer gas that 
was clean and cool. It was recognized that less obvious fuel properties such 
as surface, size distribution and shape have an important role in gasification as 
well as moisture, volatile matter and carbon content. 

The most common classification of fuels is with regard to their gasification 
suitability in updraft, downdraft and crossdraft plants. Fuels with a high ash 
content and low ash melting point are troublesome when gasified in a downdraft 
or crossdraft gas producer. Fuels with tile tendency to generate a considerable 
amount of tar when carbonized are less suitable for updraft gasification. Such 
a classification should serve only as a rough guideline. They have led in many 
cases tu false expectations. The key to a successful design of a gasifier is to 
understand the properties and thermal behavior of the fuel as fed to the gasifier. 

An attempt to classify potential fuels for gasification according to their 
parameters which have the greatest influence on gasification follows: 

1. Eniergy content of fuel 
2. Fuel moisture content 
3. Size and form in which the fuel is gasified 
4. Size distribution of tile fuel 
5. Bulk density of the fuel 
6. Volatile matter content of the fuel 
7. Ash content and ash chemical composition 
8. Ultimate analysis of the fuel. 

Energy content of fuel: The energy content of solid fuels is, in most cases, 
obtained in an adiabatic, constant volume bomb calorimeter. The values obtained 
are the higher heating values which include the heat of condensation from the 
water formed in the combustion of the fuel. The fuel heating value is also 
reported on a moisture and ash free basis, or on a moisture free basis only. In 
all cases these data do not represent the amount of energy available to the 
gasifier. The chemical process in a g;;sifier is most suitably described t y a 
constant pressure process. In addition, much energy is needed to vaporize water 
and this energy is usually not recovered. Therefore, the energy that can be 
extracted from the fuel is less than most reported heating value data. 

In order to avoid serious errors in the dimensioning of a gasifier and its economic 
assessment, the net heating Value of the fuel should be assumed to be the 
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energy available to the gasifier per kg fuel as fed to the plant. The higher
heating values for 19 major crop residues as obtained from bomb calorimeter 
tests can be estimated by the formula (21):


Heating value in kJ per kg 
oven dry matter = -8419.7 + 479.3 C + 667.6 H+ 58.8 0 - 1207.7 S where C, H, 0 and S are carbon, hydrogen, oxygen and
sulfur, respectively. This correlation has been obtained through a multiple
regression analysis and is quite accurate the residues listed infor crop Table 
15. 

The computation of the net heating value is presented for cellulose (C6 H1 0 0).
Cellulose contains 44.496 carbon, 6.2% hydrogen and 49.4% oxygen by weigA~t.Assuming all hydrogen the fuel withthe in reacts oxygen to form water, 0.558
kg of water are formed when combusting one kg of cellulose. In ah air blown gas producer, one cannot assume that all the reacts withhydrogen oxygen to
form water. However, the loss due to evaporation of the water is considerable
and amounts to 1,365 kJ per kg of dry cellulose. Combined with the loss dueto reaction at constant pressure, the net heating value of oven dry cellulose is18.4 MJ/kg compared to 19.9 MJ/kg as obtained from bomb calorimeter tests.In all practical cases the fuel is fed into the gasifier with a certain moisture 
content, which is defined as the water driven of by heating at 105 °C leavingoven dry cellulose as the final product. Figure 78 shows the considerable loss
in fuel energy with moisture content in the case of cellulose. Consequently,
the net heating value should be used when assessing the energy a potentialbiomass fuel can supply to the gasifier. Higher heating values of a select group
of fossil and biomass fuels are given in Tables 14 and 15. 
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Table 14. Moisture Content and Heating Values of Fossil 	Fuels 

Average Higher
Moisture Content Heating ValueFuel % Wet Weight MJ/kg Dry Basis Reference 

Coal, air dried 
Lignite 45 	 19.7 20
Subbituminous C 30 	 22.1 20Subbituminous B 25 	 25.6 29
Subbituminous A 17 	 30.2 20High Volatile C bituminous 17 	 30.2 20High Volatile B bituminous 10 32.6 20
High Volatile A bituminous 4 	 33.7 20Medium Volatile bituminous 5 	 34.8 20Low Volatile bituminous 4 	 36 20Semi Anthracite 3 	 34.9 20Anthracite 3 	 33.7 20M eta Anthracite 5 	 31.4 20

Bituminous Coal Char -	 28.1 27Peat (Finland), average 40-70 22.5 
Milled Peat, 40%-50% moisture, dry basis 

13 
- 7.5-12* 13

Sod Peat 30%-40% moisture, dry basis -	 11-14* 13Peat briquettes 10%-15% moisture, dry basis 	  17-18.5* 	 13Peat pellets 10%-20% moisture, dry basis 	  16.8-18.9* 13 
30%-40% moisture, dry basis  12.6-14.7* 13Gasoline -	 43.6 24Diesel Oil 45 24 

*Wet basis, Net Heating Value. 



Table 15. Moisture Content and Heating Values of Non Fossil Fuels 

Moisture ContentFuel % Wet Weight 

Alfalfa seed straw, air dried 8Almond shell, air dried 7Barley straw 8-20Bean straw 8-20
Beef cattle manure 
Coffee hulls 70Corn cobs 8-20Corn stalks 8-20Cotton gin trash 20
Cotton stalks 25-45
Flax straw, collected off ground -Furfural Residue 50Olive pits, air dried 10
Peanut husks, air dried -Peach pits, air dried 11
Prune pits, air dried 8
Rice hulls 

-Sunflower hulls, oil type -Sunflower stalks, grown in greenhouse -Screened composted sewage sludge, 22% inorganic -Sewage sludge and wood chips, composted, 14% inorganic -
Sa.'lower straw cubes 9
Walnut shell (cracked) 7-10Walnut shell (6 mm pellet) 7-10 
Walnut hull 25-45Wheat straw with 50% corn stalks 8-20Wheat straw, collected behind a combine -

Average Higher
Heating Value

MJ/kg Dry Basis 

18.4 
19.4 
17.3 
16.8 
14.6 
28.8 
18.9 
18.3 
16.4 
15.8 
20 
20 
21.4 
19.7 
23 
23.3 
15 
20 
21 

9.9 
15.2 
19.5 
21.1 
20.4 
-

16.9 
18.9 

Reference 

21 
21 
21 
21 
24 

4 
21 
21 
21 
24 
24 

4 
21 

4 
21 
21 
21 
24 
24 
24 
24 
21 
21 
21 
18 
21 

4 
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Table 15 continued 

Fuel 

Wood average 
Pine bark 
Pine, freshly felled 
Fir, freshly felled 
Fir, seasoned 
F;r, kiln dried 
Beech, freshly felled 
Birch, freshly felled 
Oak, freshly felled 

Wood Charcoal - mixed forest wooC,
Keyna native burned 
Yarura wood British Guiana 
English mixed hard wood, stationary 
Japanese hard wood
Japanese Palm nutWood charcoal, average 

*Wet basis, Net heating value 

retort 

Moisture Content% Wet Weight 

40-60 
40 
37 

15-20 
8 

40 
31 
35 

-
-

-
2-10 

Average Higher 
Heating ValueMJ/kg Dry Basis 

20 
21 

19.9 
11.49 
14.9* 
17.8* 

19 
19 

18.3 

31.3 
30.1 
32.2 

32 
29 

Reference 

12 
4 
4 
4 
4 
4 

12 
12 
12 

17 
17 
17 

33
17 



Fuel moisture content: In most cases there is very little choice of the fuel
moisture content which may be desired for ease of operation, efficiency, optimalgas yield and heating value of the raw gas. The moisture content of mostbiomass fuels is determined by the type of fuel, its origin, and treatment beforeit is used as a fuel for gasification. Moisture in biomass can be fundamentally
subdivided into three categories: 

1. Inherent moisture is the moisture a fuel can hold when it is in equilibrium
with ambient atmosphere at 96-97 percent relative humidity. Inherent moisture 
is held in capillary openings in tile biomass.
2. Surface moisture is tile moisture which occurs on the surface and is in 
excess of inherent moisture. 
3. Decomposition moisture is moisturetile formed from organic compounds ofthe fuel as they are decomposed by heating. Generally temperatures in the range of 200 0 C to 225 0 C are required, which is well above the temperatures
required for expelling surface and inherent moisture. 

The moisture content of fuels cited in tile literature usually refers to inherent 
moisture plus surface rnoisturu. Tables 14 and 15 list the average moisturecontent of the most common fuels under various conditions. Values in Tables
14 and 15 should only serve as an indication of the wide range of fuels with
various moisture contents have been gasified in the past. These numbers arecertainly not representative, since location arid processing methods influence the
moisture content of a fuel strongly. For instance, in most humid zones the airdried biomass fuel will seldom have a moisture content below 20%. Whereas,
moisture contents below 10% are not rare in arid zones for air dried biomass 
fuels. 

It is desirable to use fuel with low moisture content, because the loss duc toevaporation of the fuel moisture is considerable end in most practical cases 
nevcr recovered. Any fuel moisture will be heated up and evaporated from theheat supplied to the gas producer from partial combustion of the fuel. For the
 
ease of 25 C fuel temperature md 300 C raw gas exit temperature, 2875 kJ
 
per kg moisture Must be sup)plied by the fuel to heat and evaporate the moisture.
This heat will riot be recovered in most practical eases. The 
 'asses associated
with the evaporation of the fuel moisture are given in Figure 79. The reader
is caitioned that this heat loss represents only the heat of evaporation ofinherent and surface moisture, not the heat loss caused by the decomposition
 
Moisture.
 

The theoretical limit of 88% moisture content for cellulose at which the fuelcombustion is riot any longer self-sustaining is indicated in Figure 78. In practice
the moisture content at which fuel combustion can be sustained is much lower.For example, the point of highest moisture content for lignocelluosic material
such us wood and crop residues at which combustion remains self-sustaining isabout 70% for fuel with ai higher heating value of 18.6 MJ/kg on a dry basis(22). Ftuels with moisture contents as high as 50% have been gasifiud in downdraft
gasifiers (13,21). The economics of gasifying fuel with such a high moisture 
content is questionable. Igniting the fuel becomes increasingly more difficult 
annd the gas quality and yield are very poor. 
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Figure 79. 	 Moisture Content Versus llent Loss for Fuels with Various 
Higher Heating Valucs (27). 

Sehl~ipfer and robler have computed the gas composition md other properties
of the raw gas for various moisture contents (Figures 80 and 81). Although
these figures do not resemble the exact composition and properties of the raw 
gas obtained from gasification and residues with variousof wood crop 	 moisture
'ontents, they show clearly the general trend of decreasing gus yield, heating
value and power output of the internal combustion engine with incrensing moisture 
content of the fuel. Experiments carried out at the University of California,
Davis, confirm this. The results are given in Figure 82. 
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The assumptions made are for usual running conditions of a portable wood gas

producer and are given as follows:
 
Utlimate a 'isizof wood: 
 50% C, 6% H, 44% 0 
Heating vajue: 18,834 kJ/kg dry basis 
The watershift reaction: 

if20 + CO = CO 2 + 1120 + 41,854 kJ is in equilibrium at 700 0 C 
Loss through convection and radiation: 15% of net heating value of the fuel 
Exit gas temperature: 350°C 
CH, production: 0.040 Nm /kg dry wood. 
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Figure 81. 	 Properties of Wood Gas as a Function of Moisture Content 
(30). 

A Gas yield, Nm3/kg wet basis 
B Theoretical reaction temperatre, °C 
C Lower heating value, kcal/Nin 3 
D Theoretical air/gas ratio, m of air/m of gas 
E Maximum flame speed, em/sec 
F Theoretical power loss in engine, % 0 
G Heating value of gas-air mixture at 0 and I atm, kcal/Nm 

Of importance is also the hydroscopic behavior of the fuel. For instance al 

biomass fuels will adjust their moisture content according to tile relative humiditl 
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of the air. In case of charcoal which is notorious for its aility to store water,the moisture content will quickly go up with the humidity of the surrounding
air as shown in Figure 83. 
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Figure 82. 	 Heating Value of the Gas as a Function of the Moisture Content 
of the Fuel 	 on a Wet Basis (29). 

The vast majority of reports and government regulations conclude that a moisture 
content below 15% by weight is desirable for trouble free, economical operation
of a plant. In rare cases, the fuel may be even too dry and cause overheating
of the refctor vessel, but such a situation is corrected with a wet air blast. 

Fuel size: 	 The fuel size influences the pressure drop across the gasifier 	 and
therefore the power that must be supplied to draw the air and gas through
plant. in the case of engine operation, the natural suction of the inta<e 

the 
manifold

has to overcome the pressure drop across the e,,tire system. In theory it wouldbe desirable to offer the incoming air as much fuel surface as possible to obtain 
a favorable gasification rate and high phys-cal reaction speed. In the case of
fine, mulled fuel the gasification could alo be completed within a smaller fuel
column. However, practical experience in portable gas producers has shown that
there are certain limits to this. Experinents with the small laboratory gas 
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Figure 83. 	 Variation in Moisture Content of Charcoal with Relative 
Humidity of the Air (2). 

producer at the University of California, Davis, .ave shown pressure drops across 
the gas producer from 4 cm H 0 in the case of gasification of densified cotton 
stalk cubes (3 cm x 3 cm xS em) to 453 cm H 2O for cracked walnut shells. 
The air input rates of 20 m /h and 28 m hwro clsetoete inore 
to contribute much to thle observed difference in the pressure drop. The fuel 
size has, therefore, a considerable impact on the pressure dro[: across the gas 
producer and oxygen penetration depth. More data on how thle air input rate 
influences the pressure drop across a plant for a given fuel and pressure drop 
observed in commercial portable systems are given in Chapter VII. 

Bridging of large fuel particles has often been a problem in small, stationary 
gas producers. It is the main cause of slag formation, because the fuel stops 
flowing at an unchanged air inpu% rate. The air-fuel ratio increases locally arid 
the temperatur'e can reach 2000 C. This temperature is high enough to induce 
slagging in all fuels. It has been established and experimentally confirmed (21), 
that the ratio of fuel size (largest dimension) to smallest cross section -usually
the throat or choke plate of a gasifier - should be at least 6.8 in order to 
avoid bridging. 

The vast experience with portable units (20-100 hp) fed mostiy with wood, wood 
charcoal and various coals have established recommended fuel sizes. The 
recommended fuel size is related to the gas produ.cer or source whenever possible 
in Table 16. 

In general, undersized particles increase the pressure drop through the fuel bed, 
oversized particles cause bridging and incomplete carbonization because of the 
short fuel residence time in the carbonization zone and too much void space. 

Because larger pieces require a longer time for complete gasification than smaller 
pieces, the depth of the fuel bed is related to the fuel grading. Table 17 lists 
rough guidelines that have been established for medium and large-size gas 
producers. 
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Table 16. Recommended Fuel Size for Small Gas Producers (20-100 hp). 

SizePlant 	 Fuel mm Reference 
Malbay 	 low temperature coke,
 

anthracite 
 10-25 	 17 

Wisco charcoal, peat coke 20-40 17 
low temperature coke 15 17 

Gohin Poulence 	 charcoal 15-22 17 
anthracite 5-15 

Brandt 
 wood 
 80x40x40 
 17
 

Koela 	 charcoal 10-20 17
 
low temperature coke 10-15 
 17 
anthracite 5-10 	 17 

UCD Laboratory 	 wood 20-40 cubes 21 
Gas Producer 	 hard durable cubes of 

corn stalks, alfalfa and 
cereal straw 30x30x60 21 
hard durable rice hull 
pellets larger 10 21 
hammermilled corn cobs 40 	 21 
fruit pits 	 15-30 21 

Imbert wood, birch 60-80 length 17 
50-60 diameter 

oak 	 20x40x60 
 17
 

Swedish Gas Producers 
1939-45 sawed and split fire 

wood, 2 
thick blocks 8 cm x 25 cm 2 2 
thin blocks 6 cmx 20 cm 2
cylinders 8-9 25-75 2cm, dia. 
sticks 6 cm, 25-50 dia. 2 
charcoal, coarse grade 10-60 2 
charcoal, fine grade 10-30 moreno than 2 

10%, may be 
of 10-20 2
 

British Government 	 fine grade wood length 20-50 
Regulations largest2 cross section, 

25 cm 
coarse grade wood 	 length 30-80, 

largest cross section, 
30 cm 
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Table 17. Fuel Size and Depth of Fuel Bed (27). 

Grading Smallest Economical Depth 
Fuel mm cm 

Anthracite 10-20 beans 30-60
"1 25-40 nuts 75-90
 
Coke 20-30 cubes 75
 

" 
 30-50 cubes 115 
" 50-75 cubes 180
 

Coal 15-20 nuts 55
 
" As mined 
 145-200
 

Wood Large blocks 150-210
 
i Sawdust and shavings 120-150
 

Grading: Tihe size distribution of the fuel should be as small as possible. Trouble 
free, reliable gasification is best accomplished through a fuel bed of uniform 
size. If the size range is too large the air blast and gas are forced through 
an uneven fuel bed caused by separation of the fine and coarse particles. Hot 
spots and cold spots which leaa to channeling and clinkor formation are the 
final result. Undersize and oversize not exceeding + 10% was the general rule 
adapted during the 1930--1950 period (17). Successful gasification of peat 
containing 30% fine material has been reported (13). Apart from the effect of 
the grading upon the fuel bed depth, the quantity of fine particles will influence 
the specific gasification rate. A high fraction of fine particles decreases the 
specific gasification rate as shown in Table 18. 

Table 18. Fine Particle Fraction and Specific Gasification Rate (27). 

Grading Specific gasifiation rates
 
Fuel m m 
 kg/m -h 

Bituminous 
coal, Washed nuts 25-50 126 

Rough slack under 40 with 
20% under 6 106 

Rough slack under 20 with 
50% under 6 87 

Coke Nuts 20-40 145 
Coke under 20 with 

50% under 6 72 

Figure 84 illustrates in a simple sketch, the appearance of a potential fuel for 
gasification. In particular, charcoal, peat and brown coal briquettes have the 
tendency to crumble in the fuel hopper and are only suitable for gasification if 
the fraction of fine pairts can be controlled within limits. 

Fuel Form: The form in which the fuel will be gasified has some economical 
impact on the system. For instance, a 30 tip engine with an overall efficiency 
of 15% requires 500 MJ/h of cold, clean gas. Assuming a gasification efficiency 
of 70% for the gas producer-purification system and a heating value of 18 MJ/kg 
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Figure 84. Desired Grading Of Gas Producer Fuel (2). 

for the feed material, 28 kg/h must be supplied to the gasifier. For this smallscale a batch feed operation is appropriate. On the average, the hopper sizefor an automotive gas producer should handle 56-112 kg, the amount necessary
to run the plant for 2-4 hours without refilling. From the calculation, it isobvious that the bulk density which depends on the size of the fuel plays animportant role. For instance, gasifiers have been successfully operated withloose shredded cereal traw and rice hulls. However, this requires a continuousfeed or a suitable large container above the gasifer from which the feed casbe fed into the gasifier in short intervals and a large ash container. 

Densifying biomass has been a development in the U.S. for the past 25 years.Cubers andpelletizers densify biomas kinds ofand all municipal and industrialwaste into "energy cubes." The energy cubes are in casesmost delivered icylindrical or cubic form and ahave high density of 600 to 1300 kg per mTheir specific volumetric energy content in MJ/m is consequently much higherthan the raw material they are made from. The uniform size is very desirable as already pointed out. case fuelIn the of biomass from saw mill residues andlogging activities which generate a fuel that tends to form a packed, highlyresistent bed in a gasifier, densification may be the only way to make these
residues available for fixed bed gasification. 
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The densifiers manufactured in the U.S. are in most cases large (at least 5 t/
output) and expensive ($80,000-$200,000). For small-scale units which requir
about 200-500 kg of fuel a day based on 10 hours of operation, the developmen
of a hand-operated cuber may be feasible and economical under certain circum 
stances. 

Table 19. A Selection of Cubers and Their Specific Properties (24). 

Energy Briquet
required Densijy
 

Name Method Materials kWH/kr . k/n
 

John Deere Ring & 
Cuber Die Grasses 5 769-881 

Prestolog Die Wood Chip,

ai'A
 

Sunflower
 
Hulls 31 1200
 

Citrus Pulp Screw Citrus
 
Pelleter Extrusion Wastes 2.7 
 640 

American Roll Type Charcoal
 
Roll Type Briquetting and -
Coal 1200 

Japanese Roller Ex-

Roll Type trusion Type Sawdust - 993
 

NDSU Test Press Organic
 
Apparatus Wastes 
 - 1200 

A worldwide survey of densification systems is given in Reference (34). 

Bulk density: As far as the storage capacity of the charging hopper is concerned
the bulk density of the fuel is significant. The volume occupied by a stored
fuel depends not only on the specific density of the single fuel particles and 
the moisture content but also upon the grading and whether the fuel is piled
loosely or compacted. The storage capacity of a biomass gas producer will be
only one fifth of that of a comparable coal gasifier when the biomass is not in
densified form. Table 20 lists the average bulk density of the most common 
fuels used in gasification. 

In general, biomass fuel used for gasifiers occupies about 20-75% of the container 
volume. Fruit pits occupy about 65% of the container volume. The bulk density
has a considerable impact on the gas quality because it influences fuelthe 
residence time in the fire box, the fuel velocity, the fuel bed density and the 
gas flow rate. 



Table 20. Bulk Density of Various Fuels. 

Fuel Grading Bulk Density kg/m3 Reference 

Saw dust loose 177 27

Saw dost briquets 100 mm long
 

75 mm diameter 555 27Peat dust 350-440 . 13 
briquets 45x65x60 mm 550-620 13

hand cut 
 180-400 13
 

Charcoal
 
(10% moisture) beech 
 210-230 2 

birch 180-200 2 
softwood blocks 150-170 2 
softwood slabs 130-150 2
 
mixed 60% hard/40% soft 170-190 2
Wood sizes as in Table 16
 
hardwood 
 330 2 
softwood 250 2 
mixed 50/50 290 2Straw loose 80 

bales 
 320
 

Alfalfa seed straw cube 30x30x50 mm, 7% moisture 298 21Barley straw cube 30x30x50 mm, 7% moisture 300 21
Bean straw cube 30x30x50 mm, 7% moisture 440 
 21
Corn cobs 11% moisture 304 21Corn stalks cube 30x30x50 mm 391 21

Cotton gin trash 23% moisture 343 21
Peach pits 11% moisture 474 21

Olive pits 10% moisture 
 567 21Prune pits 8% moisture 514 21

Rice hulls cube 30x30x50 mm 679 
 21Safflower straw cube 30x30x50 mm 203 21Walnut shells cracked 336 21
 

8 mm pellets 599 21
W'ood, blocks 17% moisture 
 256 21
chips 10% moisture 167 21Coal anthracite 830-900 27 

bituminous 770-930 27Coke hard 380-530 27
 
soft 360-470 27Brown coal air dry lumps 650-780 27 

The fuel residence time determines to what extent the partial combustion andreduction reactions take place. This is given by the degree to which theequilibrium state is reached at a given temperature. Too short a residence time causes incomplete conversion of CO into CO, poor gas quality and too muchunburned carbon in the ash. Too aiong residence time increasemay slag
formation (21). Figure 85 relates the fuel residence time to the fuel consumptionrate for various bulk dersities. This data was obtained with the University of
California, Davis, Laboratory gas producer. 
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Figure 85. Fuel Consumption Rate Versus Fuel Residence Time for Vnrious Bulk 
Densities (21). 

Volatile matter: Volatile matter, fixed carbon, moisture and ash are ti's products
obtained from a proximate analysis of solid fuels. In this analysis the moisture,
fixed carbon, ash and volatile matter are determined by specific procedures.
The amount of fixed carbon in a fuel is defined by difference as follows: 

FC (% weight) = 100 - (% moisture + % ash + % volatile matter) 

The proximate analysis provides information on the combustion characteristics 
of the fuel. Table 21 lists the volatile matter of common fuels used in 
gasification on a dry weight basis. 

The volatile matter plus the inherent and chemically bound water in the fuel 
are given up in the distillation zone at moderate temperatures of 100-500 °C 
and form a vapor consisting of water, tar, oils and gases. On first glance it 
seems obvious that fuels high in volatiles have greater problems from tars and 
oils that condense at about 120-150 °C and, as mentioned in Chapter VI, must
be removed before the gas is used in an internal combustion engine. However,
how much tar and vapor leaves the gas producer depends mostly on the design
of the plant. I, has been reported that a high volatile fuel such as peat can 
be gasified with no tar in the raw gas (13). Successful gasification of high
voutile 'uel into mostly tar-free gas can be accomplished by careful control of 
the firebox temperature and the physical properties of the fuel. 
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Table 21. Volatile Matter of Fuels for Gasification. 

Fuel Volatile Matter % Weight Reference 

Crop residues 63-80 21Wood 72-78 
 21

Peat 
 70 
 13
 
Coal
 

lignite 
 40 20
subbituminous A,B,C 45 20high volatile bituminous 40-45 20
low volatile bituminous 20-30 20
semiaithracite 8 20
anthracite 5 20 
meta anthracite 1-3 20Charcoal 3-30 and over, 

depends strongly 
on manufacture 17
 

The common practice of using anthracite, coke and charcoal in portable gasproducers during the 1930-1950 period avoided the tar problem. in portableunits us-cd to drive internal combustion engines, the continuous change in theoutput from the gas producer favored the tar generation, even in downdraft gasproducers, becaise the gasifier was never in an equilibrium state at constant 
temperature. It was therefore necessary to use specially prepared fuel that haslittle volatile ash such as anthracite, coke or high-quality charcoal with volatile 
matter [elow 5%. 

Ash: The mineral content in the fuel that remains in oxidized form aftercomplete combustion is usually called ash. In practice the ash produced in agasifier also contains incompletely burned fuel in the form of car. The ash 
content of t fuel i id the ash composition have a major impact on the trouble-freeoperation of a gasifier. It is obvious that a high ash content of the feed lowersthe amount of energy available from the gas producer and more space must beprovided where the ash can be discharged. If conditions in fireboxthe areconducive to melting of the ash, then the degree of slogging will, of course, be more severe for the higher ash content fuels. For instance, cotton gin trashproduces about 20% ash whereas wood chips only 0.1%. In the case of cottongin trash, 2,000 grams of mineral matter need to be passed through the generatoreach hour, whereas wood chips would yield only 10 grams. This calculation hasbeen bnsed on the fuel consumption for a 7-10 hp engine and shows clearly that
the ash content is the major limiting factor for a successful operation of a gasproducer. In the case of wood chips only 10 grams of ash an hour could possiblyfuse together and form clinkers which inhibit fuel flow and finally stop operation
altogether. 

It is well known thnt the mineral content in the fuel has a catalytic effect onthe reaction in the oxidation zone and can increase the reactivity of the fuel. 

Figures 86 and 87 present tests conducted at Battelle Laboratories in Col-imbus,
Ohio. It was shown that the treatment of wood with a 1.5% ash slurry had a 
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considerable effect on the 112 /CO mole ratio and the reactivity. When wooc 
was heated with its own ash in form of a slurry sprayed on it, tile reactivit 
and 112 /CO ratio increased two fold (14). 
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Figure 86. Time Required to Convert 5 , f tile Wood at 750 0 C (14). 
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Figure 87. Effect of Gasification Temperature and Catalyst on Product Gasand 12/CO Ratio (14). 
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The average ash content of major fuels for gasification are listed in 'fableThe numbers are derived on a dry fuel 
22. 

basis obtained from a proximate analysis
of the fuel. 

The common belief that all wood is low in ash is incorrect. There are severaltropical species which have an ash content that exceeds those of coal, such asStrychnos Ignatii 7.5-.8.3%, and Picrasma Excelsa 7.8% (35). Several attemptshave been iau;e to differentiate between the ash content of softwood andhmrdwood, or between the ali content of sapwood and heartwood. No
genernalntion 	 has been found. 

Table 22. Ash Content of Major Fuels (20,21,24). 

% weight ash, % weight ash, 
.d basis Fue__l dry basis 

Alfalfa seed straw, cubed 5.0 Municipal tree prunings 3.0 

Almurnd shell 4.8 Olive pits 3.2 

Barley straw mix 10.3 Peach pits 	 0.9 

Bean straw 1.0.2 Peanut husks 1.5 

Charcoal 2--5 Peat (average) 1.6 

Coffee hulls 1.3 Douglas fir wood blocks 0.2 

Coal 	 5-17 Prune pits 0.5 

Corn cobs 1.5 Refuse derived fuel 10.4 

Corn stalks 6.4 Rice hulls 	 16-23 

Cotton gin trash 17.6 	 Safflower straw 6.0 

Cubed cotton 	 stalks 17.2 	 1/4" pelleted walnut 
shell mix 5.8 

Peileted rice hulls 14.9 	 Walnut shell (cracked) 1.1 

lurfural residue 12 Wheat straw and corn 
stalks 

Hogged wood manufac- 7.4 
turing residue 0.3 Whole log wood chips 0.1 

The "nciting temperature of ash has been the topic of several papers and books(7,21,25,27,31). The individual melting point of the minerals gives some indicationof how the mixture will behave under high temperatures. However, the ashminerals form 	an eutectic mixture which will start melting at the lowest possible 
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melting point, dependent of the fractions of the individual species. The most 
common base to determine the composition of the ash of biomass and coal is 
the SiO -Al 20 3-re 0 -''iO -CaO-MgO-NaO-K2O-SO3 system because the oxides 
of these minerals amount to aL least 95% of all minerals found in the ash. 
More than 22 trace elements have been identified that are different from those 
listed above. Unfortunately, the variations in the coal and biomass ash are 
large and depend too much oin location arid history of the fuel in order to give 
a narrow range o1 the fiactions found. Figures for American coal are given in 
Table 24. The U.S. Bur-eau of' Mines gives the average analysis for SiO A] 0 
and Fe2 0 of ash from coal as 45.7%, 269u, and 18.1%, respect2vely. ese 
three constituents generally make up about 90% of the ash from bituminous
coals. 

If the temperature in the firebox rises above the melting point, tle mixture 
will melt and the molten material will flow together and forms large clinkers, 
clinging to internal surfaces, tuyeres and grates. The fuel flow finally will be 
obstructed which will increase the air fuel ratio and the temperature. The gas 
then will become so poor, that it cannot be combusted. In case the air-fuel 
ratio reaches the stochiometric vnlue for combustion, serious damage to the 
plant may occur. 

The complexity involved in the determination of a possible slagging temperature 
of ash based on its mineral compoients has been thoroughly examined by several 
authois. The results are not conclusive and only general rruidelines of the 
slagging potential of a fuel can be given. 
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Figure 88. Viscosity of Various Coal Ashes Versus lemperature (7). 

120 



In practice, the ash of a fuel to be gasified should be tested under laboratory
conditions before any decisions are made as to type of gasifier bewhat should 
used. The fusion characteristics of ash depends greatly on the state of oxidation 
of the iron contained in it. In general, it could occur as Fe 2O3 FeO and Fe.
The degree of oxidation of the iron in slag has a marked effect o)n its viscosity
between 50 and 100 poises. For compnrison, water at 25 °C has a viscosity of 
0.01 poise wherets light motor oil at the same temperatur? has a viscosity of
I poise. In general, the viscosity of slags decreases rapidly at first and then 
more gradually as the flow temperature is approached. This is illustrated in
Figure 88 which shows the viscosity of various ashes as a function of temperature.
Flow is depicted to be where the slag could easily be tapped (7).
 
Penetration is tile viscosity at which 
 a rod could be poked into a slag without 
too much effort. Figure 88 illustrates .that some ashes have a very narrow 
temperature range between softening and liquid 3tate, while others show large2
differences between the penetration and flow temperatuie. A small change in 
composition may require a large change of temperature to produce softening,
but the more complex the compos;ition the less the effect some changes exert. 
'lre difficulties in controlling slagging can be overcome by two totally different 

types of operation of a gasifier. 

1. Low temperature operation that keeps tile temperature well below the flow 
tenr1pCrature of the ash. 

2. High temperature operation that keeps the temperature auove the melting
point of the ash and in addition fluxes are added to lower the flow temperature 
even more. 

The first method is usually accomplished by steam or water injection or the
natural moisture in tile fuel. It has been suggested that slag formation can be
controlled completely saturating with water toby air vapor a wet-bulb 
temperature of 500 to 55 0 C for slag melting temperatures of approximately
1,200 °C (19). The latter method requires provisions for tapping the molten
slag out of the oxidation zone. Either method has its advantages and 
disadvantages. Deciding what method should be used depends the specificon 

ease.
 

'ests have been conducted tc determine the influence of adding fluxes such as

iron ore, feldspar, fluorspar, z&it cake, limestone and dolomite to the fuel to

obtain a desire(] flow temperature suitable for tile specif'ic application of the
 
gas producer. Figure 89 shows the influence on Na 0 on the flow temperature

of ash. It has been generally accepted that alkrli s its usually given as 
Na 2SO 4
lower the flow temperlture. Tids hlas 
 been a ser'ous problem in the gasification
of certaain Gerrman eoon because flow of ashbrown li the temperature the was

below 901 0C. Some crop residues contain a considerable amount of Na which
 

ill be oxidized to Na 20 and lower tile flow temperature to a point where
 
gisifiotion below the melting point of the ash will not be practical. 
i3w;ed on experimental data, tire melting temperature of coal ash may be predicted
within i SiO. - Fe2 0 - CaO - MgO system. Figure 90 describes such a 
nomograr, whTch permits the Jetermination of tile viscosity of coal ash slag as
i fire'lon of composition and temperature in the SiO 2 - Fe20 3 - CaO - MgO 
systeni. 
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Whereas for coal a SiO 2 - le 20 - CaO - MgO system is sufficient to determine 
the slagging potential of its asb, this system is inadequate for biomass fuels. 
As listed in Table 24, the bulk of the minerals in biomass lies within the 
SiO 2 - K2 0 - Na 2 0 - CaO system for most fuels tested. 

2,500 

o. 2,400 1*d 2 NozKj 	 -- .-

2.00ii 

0 0 20 30 40 

504 ADDED AS PERCENT OF ORIGINAL A SHN0 2 

Figure 89. 	 Effect of Na 2SO 4 on the Flow Temperature oi Ash (7). 
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Figure 90. 	 Viscosity of Coal Ash Slag as a Function of Temperature and Ash 
Composition (7). 
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METHOD OF USING NOMOCiRAM: Scale Coshows relationship directly betweenpercent SiO 2 and liquid visisty at 2,600 F. To find viscosity at any othertemperature: 1 Connect 2,600 0 F point on scale A with desired composition orviscosity on scale C. 2 Note pivot point on line B. 3 Draw line through desiredtemperature on scale A through pivot point; intersection on scale C is liquidviscosity at new temperature. Example: At 50 percent SiO 2, liquid viscosityis 10 poises. Line P has pivot point at R, and line Q shows that liquid viscosity
at 2,300 0 F is 40 poises. 

The flow temperatures and thermal behavior of two component and threecomponent mixtures have been extensively studied and their phase diagrams areknown (25). Figures 91 to 94 list those which are relevant for ash obtained 
from gasification of biomass. 
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Figure 91. Syscem CaO- MgO (25). 

Although it would be desirable to have a four-dimensional outlay of the 
SiOl -K0 - Na 20 - CaO system, which is not available because of the complexityigures identify clearly the components (such as K20, Na 0) thathave a fluxing influence and lower the melting point temperature of ?he ash. 

It has also long been recognized that the most troublesome components of theash.are SiO 2 and the alkalies, Na 2 0 and K20. In many biomass fuels and coals,the SiO 2 content makes up 50% of the ash and can reach extreme values upto 97% in case of rice hulls. Na 2 0 and Ka 20 are also relatively high in somebiomass fuels. The danger lies not only in their influence to lower the flowtemperature but in their tendency to vaporize at temperatures easily obtained
in a gas producer. This is particularly 
 true if the alkalies are in the form ofchlorides and sulfides. Consequently, a small amount of sulfur and chlorine inthe fuel makes things even worse. 

Although the silicon oxides have a fairly high melting goint, it has been shownthat considerable amounts of SiO eva ,orate at 1550 C despite the fact thattile boiling point of SiO lies much higher at 2230 0 C. SiO vapor then reactswith oxygen from an oxygen carrier in the gas stream such as water vapor andsometimes reaches the filter and engine in an extremely fine (0.1 micron) andhighly abrasive, glassy state. Evaporation of silicon can be easily recognized 
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as a white coating inside the connecting pipes to the internal combustion engine. 
A similar reaction takes. place in case the silicon can react with sulfur. The 
SiS and SiS2 vapors react with oxygen and reach the engine and filter in form 
of very fine fly ash. All three products cannot be removed efficiently from 
tile gas stream with conventional mechanical filters and are not water soluble. 
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'Tests with a portable gas producer 
 have shown that the evaporation of SiO2 
was particularly high in dry gasification and surprisingly low with wet gasification
(10). The flow temperatures of the most constituents and their productscommon 

in coal and biomass ash are listed in Table 23.
 

Table 23. Flow and Boiling Point Temperatures of Common Ash Constituents. 

Flow teryerature Boiling temperature

Mineral 
 C C 

SiO 2 1460-1723 2230 

CaO 
 2570 2850 

Fe 203 1560 -

Metallic Fe 1535 

FeO 1420 -

MgO 2800 3600 

Al20 3 2050 2210* 

MgO * A] 2 03 2135 -

MgO a Fe 2 0 3, forms above 700 0C 1750 

CaO * Fe 203 forms above 600 0C 1250 

3 Al 2 0 3 * 2 SiO 2 1930 
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Table 23 continued 

Flow terr0perature Boiling temperaturi 
Mineral C °C 

Al2 03 %SiO 2 , converts into
 

3 Al2 0 3 * 2 SiO 2 above 1550 0 C 1930
 

NaCI 
 800 1465
 

Na 2SO 4 884 -


Na2S20 401
7 


NaS 2 920 -


KCI 790 1405 (1500) 

K2so4 1096 (588 transition) -

K2 207 larger 300 

K2S5 206
 

CaCl 2 765 1600 

CaSO4 1450 -

MgSO 4 1127 -

Fe 2 (SO4 )3 480 -

FeS 1195 -

FeS 2 1171 -

SiS - 940 

SiS 2 1090 -

Al 2(SO4)3 770 

Al 2S3 1100 -

P4S10 290 514
 

14S3 172 407
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Table 24. Mineral Oxides in Coal and Bionass Ash (20,21,35). 

Coal % SiO AI2 %F23 3 TiO % CaO "0 goO Na0 K2O 'b So % CL 
Ant hracite 48-68 25-44 2-10 1.0- 2 0.2- 4 0.2- 1 - 0.1- 1 -
Bituminous 7-68 4-39 2-44 0.5- 4 0.7-36 0.1- 4 0.2- 3 0.2- 4 0.1-32 -
Subbituminous 17-58 4-35 3-19 0.6- 2 2.2-52 0.5- 8  - 3.0-16 

l.ignite 6-40 4-26 1-34 0.0-08 12.4-52 2.8-14 0.2-28 0.1-1.3 8.3-32 -

Biomass 

Wheat straw 56.8 - 0.5 - 5.8 2.0 6.0 14.8 7.6 5.0 
Corn stover 18.6  1.5 - 13.5 2.9 13.3 26.4 8.8 0.9 
Rice straw 78.46 1.38 0.14 0.1 2.2 3.03 1.79 9.93 0.34 -

Residue derived
fuel 31 27 4 6.0 6 1 7 6 - -

Rice hulls 90-97 - 0.4 - 0.2-1.5 0.1-2 0-1.75 0.6-1.6 0.1-1.13 0.15-0.4 
Wood 0.09-? 1-75 0.5-3.3  10-60 1.4-17 under 10 1.5-41  -

The list indicates the wide range of possible ash compositions for various coal and biomass fuels.is especially important Knowing the ash compositionfor high ash fuels, since any clinker formation will quickly obstructoperation. High ash fuels combined with low ash 
the gas and fuel flow and stopmglting point are the most difficult to gasify,one obtains due to the poor gas qualityat fire zone temperatures below 1,000 C. 

http:0.1-1.13


A realistic picture of the slagging potential of biomass fuels can, of course,
only be obtained through actual trials with a gas producer. 'rests conducted at 
the University of California, Davis, with the small laboratory gas producer
specifically for slagging resulted in the following classification: 

Tabe 25. Slagging Behavior of Crop Residues and Wood (21). 

Degree of
 
Slgging Fuels % Asi 
 S in Non-Slagging Fuels % Ash 

Barley straw mix 10.3 Severe Cubed alfalfa seed 6.0 
straw

Bean straw 10.2 Severe Almond shell 4.8 
Corn stalks 6.4 Moderate Corn cobs 1.5
 
Cotton gin trash 17.6 Severe Olive pits 3.2

Cubed cotton stalks 17.2 Severe Peach pits 
 0.9 
RDF pellets 10.4 Severe Prune pits 0.5
 
Pelleted rice 14.9 Severe 
 Walnut shell 1.1 

hulls (cracked)
Safflower straw 6.0 	 Minor Douglas Fir wood 0.2 

blocks
1/4" pelleted walnut 5.8 Moderate Municipal tree 3.0 

shell mix prunings
Wheat straw and 7.4 Severe Hogged wood manu- 0.3 

corn stalks facturing residue 
Whole log wood chips 0.1 

It was observed that independent of the chemical composition of the ash, slagging
occurred with most fuels having an ash eontent of more than 5%. However, 
one has to keep in mind that no attempts were made to keep the temperature
of the fire zone below the melting point of the ash. The official British
Government regulations for portable gas producer units requiring no more than
4% ash in natural fuels and smaller than 5% in carbonized fuels reflects this 
general trend. 

It cannot be emphasized enough that eommercial gasification as practiced for 
the last 1.10 years Ies avoided proble.matic fuels, those high in ash or with a
tendency for slugging, because of the difficulties involved in achieving reliable 
opera tion over a continuous period without too rf uch attention to the gasifier. 

Ultimateanalysis: The ultimate anmlysis of coal and biomass fuels, although it
does not reveal the suitability of a fuel for gaisification, is the main tool for 
predicting gas colnpositicrus and te ripera tUre limits through t andanvss energy
balnce of th, gasification process. Hxisting data is usually given on a C-li-0 
or C-I1-0-N hisis. Since the nitrogen content of most fuels is below 3%, there
is not niuclt difference between the two systems. Fuels high in total carbon 
as given by the ulti inate nml[/sis tend to yield less ti' in the raw gas because 
of the srri1111 frnction of volatile:,. In order to a1void confusion, it is best to 
split the total carbon in the fuel in to ba-re carbon and volatile carbon. Base
carbon represents the 	er-bon tlit remnins a fter devolatilization, whereas volatile
carbon is defined as the difference between total carbon and base eurb )i. Base 
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Figure 95. Ultimate Analysis of Wood and Coal (32). 
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carbon does not equal the fixed carbon as given by the proximate analysis,
because the fixed carbon fraction includes in addition to carbon other organic
components which have not been evolved during standard devolatilization. 

The higher heating value of the fuel is directly related to the total carbon inthe fuel. It is of interest to notice the similar C-11-O fractions for all biomass
fuels tested at the University of California, Davis (Figure 96). The selection
of a biomass fuel for gasification is consequently highly influenced by other fuel
properties such as ash content, ash chemical composition and available fuel size. 

100-

X 60

oT 

o0 , " i" : 'I777 

- ( - s 
Caliform a Z 0i 

< M 0 S~4 4U 

Figure 96. Ultimate 
wa

Analysis of' Bionass Fuel Tested theoosialefes It sonrcgie ht prdcin 4 at University ofti prcesig sornCalifornia, Davis. 

It is illustrative to recall tile logistic dJifficultics Denmnark, Get-many anid Swedenhad hefor e and during thle Second World War to guarantee a sufficient supplyOf Suitable fuels. It was soon recognized that thle production, processing, storing
and distribution of suitable wood and charcoal presented thle main problem.Strict government regulatiois were put into effect to control fuel properties
for gas producers. Nevertheless, many people lost their money or became deeply
discouraged about gas producers because the available fuel did not meet the gas
producers capability. Regulations became more strict, even governini with whatkind of tool and in what direction tile wood should be cut. Buying gas producer
charcoal became almost as difficult as buying a precious stone, because thequality of the charcoal \':iried so much md could not be determined by itsphysical appearmce. In addition, many gis producer manufacturers built arid
sold gas producers without being conieered how sensitive the unit was to changesin the fuel chracteristics. The public dend for convenience and fast starting
properties of the automobile led to designs such theas Kalle gas producer whichbecame more mid more sensitive to even tile smallest changes in the fuel
properties. The proper functioning of the unit only guaranteed ifwas a specially
prepared fuel wajs used. Currently, the situation may not be much different if a large demand were to develop for gas producers. The logistic problem. 
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associated with the proper fuel supply will outweigh the technical problems in
Third World Countries. In addition, there is serious doubt that current
manufacturers of small gas producer units could 	 successfully guarantee the
fiquently made claims that their units can be operated on all kinds of biomass.
A selection 	 of fuels that have been gasified at tile University of California,
Davis, is shown in Figures 97 to 104 together with some qualitative explanations
about how physical properties of the fuel influence the gasification process. It
should be rnentiuncd that, although these fuels have been gasified in the UCD
Laboratory 	 Downdraft Gasifier, not all of them resulted in reliable continuous 
gasification. 

3 

6 

;,7 	 8t 

Figure 97. 	 Various Undensified Crop Residue Gas Producer Fuels and Shredded 
Tires. All arc excellent fuels as evidenced by continuous 6-h 
gasification 	 tests at specific fuel rates of 48 	 to 81 kg/h. 

1. flard-Shell Almond Shell 
2. Soft-Shell Almond Shell 
3. Cracked tXa lnut Shell 
,4. Olive Pits 
5. Peach Pits 
6. Prune Pits7. Broken 	 Corn Cobs (average size 30 - 40 mm long, 20 mm diameter). 
8. Shredded Tires (up to 25% by weight added to wood blocks). 
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p l1. 	 i >.,>. . 

V ,~,. ',. .. 

'.F(igu re 98. Various Loose and Densified G'asPr-oduce Fuels. Only tile' Eucalypu 
: ~, ~. ~, ningfitel. cubes wer;e satisfactorily gasified in t)he UCD Laboraory 

:': ' ' Downdra'ft: Gas Producer. Cubes made with a standard Jo6hn D eere 
"i..:i, :;" stationary ihay C-uber. !:Peflets maide with a Californhia Pelliet Mill'( i::, 
".:.- i tapered .:i .i ,i? ::,,1l,:-. ) 	 round -hole -rin~g die.'::):, 

/ 1;,.". Loose Rice Hulls (average:size 8x2 mm ),'.- ". ! :.:;.,":ii) 'i " ".;: ! 
-
size mlong2. Pelleted. Rice Hulls (averag 20' ram. 10]mm diameter)i.i:,-.,. -]-i!

ei ze , 20<m in l]on
S" 3.; Pelleted Sawdust, (average si ;-E gl,!6 mmdimetr) 

132)
4. 	 Mixture of 90 kg Newspaper, ; - 
.' '" •10 kg, Sewage ,Sludge (cubes 3{x30x5O mm')."i' "
 

5. Refuse .Derived Fuel (RDF)I Pellets (a!verage size)!, millng,:i!13 mm ::::,::/.' 
- ~d . - , :ia meter) > 


6.' Eucalyptus Young ;Growth (sml brnhscmleewt evs)).!" i
 
'""- 7.: Lignite Cubes (30x30xS0 rm);: . ! ,, ::i :, > :i i:i
 

8.M llealnut, Shiell (average siechps4x mm.....
 
'::: 9. Mixture: of: 75 kg Hammer Mille~d"Walnut Shell

: 	 '15 kg Hammer Milled Rice Straw'
 

~ ~~~~1 kg Sa wdus t ' : , ' : , ," .:
 Pellets 	10m
.... on,5mmdam 

i.i' ,--i::\::".!. ,sawdust :served s naturalH" binders p leta- - --- to du e a' f m 
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Figur 99. 	 Cube densified griIultural residues made with a standard John Deere 
Stationary (Cuber except the vice straw which was cubed 	 with a 
special dic 	in the )eere cuber. The average size of the 	cubes is 
30x3(OxSO mm. 

I. Alfalfa Seed Straw 
2, Mixture of 75 kg Barley Strnw 

25 kg (ori 	 Fodder 
2.7 kg Binder (Orzan)


Corn fodder needed nlong with Orzan 
 (50% by weight in water), a ligno
sulfmate from pmper pulping liquor to make a stable cube from barley
Stl11W.
 

4. Corn IFodder 
5. Saflfower Strllw 
6. Mixture ,)' 50 kg Whent Straw 

5 Ikg OrI'Fodder
 
COrn fodder used tisa ntural binder.
 

7. Rice Siraw 
8. Coarse 	 Screen Ilaririer Milled Rice Straw 
9. Clenn Cotton Gin Trash 
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Figure 100. Wood Fuels for Gnsfieution. 

1. 	 White Fir Wood Blocks (avornge size, 50x,l0x30 mm). 
2. 	 Whole Log Chips (for pnp .r pulping) 
3. 	 Douglas Fir Wood 3loeks (average size, 50x-0x30 mm). 
4. 	 Chipped Tree Prunings 
5. 	 Douglas Fir Cones (Overage size, 60 mm long, 40 mm diameter). 
6. 	 Prune Tree C:hips 
7. 	 3ark (must not he from skidded logs which have P lurge soil fraction in the 

bark). 
8. 	 Ilogged Wood Waste (kiln-dried trim md waste lumber from a wood products 

mainufacturing plant). 
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Figure 101. Rice Hulls Three Different Stages. 

The left pile shows natural rice hulls as received fromrepresents rice mills in the Sacramento Valley.the hulls after gasification. The right pileThe middle pile is the gasification residues totally strippedby heating in a muffle of carbonfurnace at 1,250 °C.contained in the ash. It The pure white color is due to thecan be seen that the size reduction 90 to 97% silicon dioidephysical shape and appearance of a single 
of rice hulls during gasification is small and therice hullskeleton. is not altered significantly due toThis unusual behavior of rice hulls combined th, remaining siliconwith theirgas producers capable of handling 

low bulk density of 95 kg/m requires differenta large volumetric throughput of feed material with a short residence time. 
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Figure 102. Clinker Formation (1) on the Choke Plate in a Downdraft Gas 
Producer Fueled with Pelletized Rice llulls and a Sample (2) of 
the Pelleted Fuel Used During the Test. 

Pelletized rice hulls have a much higher bulk density (700 kg/m 3 ) compared to 

loose rice hulls. They enn. the'efore, be gasified in hntch red gas producers 
with n considerab!y smaller fuel hopper. On the other land, the densification 
of rice hulls does not necessarily improve the gasifieation eharacteristics of rice 
hulls. '1he total surface exposed to the air stream and the void space will be 
signficantHy reduced. This leads to a deerensed reaclivity, sensitivity to locally 
overheating the fuel bea ard clinker formation. Tests en(ndueted at tile University 
of Cnlifornin, I )vis, demonstrnted tint it is possible to increase the nir blast 
raite fonr fold within 3 minutes in an updrl'ift gas pioducer without much 
niternntion of the gas produced from n loose rice hull bed. 'he 2 m high 30 
em di Ameter rice Ill columnmrected very flexibly to niy increase of oxygen 
spply and expanned rapidly from nn inemdesecent bed of heiglht 31 em to over 
80 ea. It is not possible to say wlht caused the clinker formation att the choke 
plate of the dowdrn ft gas produeer as shown in picture above. The usual 
explunation of temperntures above the melting point of the ash describe only 
the secondnry enuse of this phenomena. 'leAmperatures nbove the melting point 
of the ash globrlHy or lncIdly eon fined may Irve imany causes. Most of them 
em be controllecd as soon irs they are identified. 
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Figure 103. 	 Two Stages of Rice Hulls Produced in an Updraft Gas Producer 
Blown at a Very High Air Rate. 

This picture shows the two phases of thermal decomposition of loose rice hulls 
in a gas producer operated at a very high air rate but with little change in the
combustible properties of the hot gas. The white coating of molten silicon 
dioxide is due to locally confined excess of oxygen supply to tile loose rice hull 
bed. The characteristic caves obtained from this test may be explained as
follows: The locally crcted oversupply of oxygen when blowing a gas producer
too hard generates open flame conditions which cause melting of tile considerable 
amount of ash (90 to 97% silicon). However, any further clinker formation is 
restricted by the protective layer of molten silicon that greatly restricts the 
oxygen tramsport to the lower carbon-rich layers. This leads to characteristic 
caves in the otherwise homogeneous fuel bed which are covered inside with 
molten silicon dioxide. It should be cleprlv pointed out that this type of clinker 
formation is not duc to operating the plant at a temperature above the melting
point of the ash. The clinker formation is aiso not due to bridging of the fuel 
which stops the downward flow of the feedstock at an unchanged air rate and
consequently leads to open combustion at 'this point in the fuel bed. So far tile 
literature about gasification has not distinguished between clinker formation due 
to physical insufficiencies of the fuel, chemical composition, plain operational
mistakes, or operating a gas producer outside the range it was designed for. 
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Figurc 104. 	 Size Reduction of Pelletized Itice tlulls Under Thermal De
composition. 

The minimal size reduction of pelletized rice hulls when stripped of atl carbon 
isshown in Figure 104. The pure white ash residues aidjacent to the scale 
represent abiout lti% of tile uncrarred rice pellets, by weight. As can be seen 
from the figure, the size reduction is only abhout 10-20% in each direction. It 
should be clearly emphasized thit the decay of pelletized rice hulls strongly
depends on the time rate of hearting tire sample. The above residues were 
obtained thr'ough fast heamting up to 1,200 C over itperiod of one hour, starting 
at 500 0C. Slow heating of rice pellets showed a eomplete deecy of tire structure 
of tire pellets. 
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CHAPTER VI: CONDITIONING OF PRODUCER GAS
 

The gas leaves the producer as a mixture of N2 (nitrogen), 112 thydrogen), CO2 
(carbon dioxide), CO (carbon monoxide), CI1 (methane), small amounts of C I1 
(acetylene), C 2 t1A (ethylene), C 11 (ethan), tar vapor, mineral vapor, wrte 
vapor, dust (m i y carbon and sh, sulfur and nitrogen compounds. The only 
constituents which are combustible are 11, CO, CII., C1t 2 , C H, C 11 and 
the tur vapor. All the others, including &,,,are co~rosi:'e, prouSe pihlAants 
or may seriously interfere with the operation of burners or internal combustion 
engines. It is therefore essential to clean tile gas to a certain extent. The 
degree of purifieation of the gas depernds on the use of the producer gas. 

A. Sulfur compounds in the producer gas t24,41): They are undesirable because 
their condensates are corrosive and are pollutants in the exhaust gases. The 
sulfur compounds occurring in the crude gas are If S (hydrogen sulfide) CS 
(carbon disulfide), COS (carbonyl sulfide), SO (sulfu dioxide), S (sulfur as
gas) and traces of ( I S (thiophene), CII C .i S (methyl-thiophele), C9. HS 

(acetyl-iner aptan), I" . IIS (methmnethiol), c I -S. CII 3 (methyl-disulfiddi. The 
bulk of the sulfur' contned in fuel gasified in It gas producer will exist in the 
raw gas ns hydrogen sulfide (II S) (94% to 97%). Carbon disulfide (CS) and 
sulfur as gas occur only in 'dry" [1;sification at high temperatures and no mnsture 
in the air blast. 'l'his i.- unlikely to happen in practice. The SOz. generated in 
the partial combustion zone will be converted into II S and COS. he complete
ness of this conversion dcpends on the temperature of the fuel bed and the 
moisture content of the air blast. Any SO in the raw gas results from 
insufficient steran addition to the air blast or is a product of the distillation 
zon e. 

S-, CS? 

100 

80 - 0 

co 
60 ±iII[E I 

40 - I
 

'I Iq 

Figure 105. (n scous Sfl fur ami (;a~seous Sulfur C7ommpoulds In Raw Producer 

Gas a.s a F unction o[f Woter Va lor i a tihe Air Blast (24). 
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The distribution of the sulfur compounds inas a function of the water content 
the air blast is shown in Figure 105. 
A typical analysis of the fuel, gas and sulfur compound composition of an
anthracit 2 coal gasifier is given in Table 26. The specific gasification rate was 
150 kg/in -11. 

Table 26. Typical Analysis for a Gas Producer Fueled With 

Anthracite Coal (9). 

Approximate Analysis of the Fuet Gas Composition 

(% weight, dry basis) (% volume, dry basis) 

120 5.2 CO 2 3.8 

Volatile Matter 33.1 02 0.3 

Fixed Carbon 53.7 CO 29.3 

Ash 8.0 CH 4 3.3 

H2 7.9 

N2 55.4 

Ultimate Analysis of the Fuel Distribution of Sulfur in the Fuel 

(% weight, dry basis) (% weight, dry basis) 

C 84.0 pyrite sulfur 56 

1f2 5.1 sulphate sulfur 43 

S 1.1 organic sulfur I 

0)+N2 9.8 

Distribution of Sulphur Compounds in the Products of Gasification (% weight). 

Sulfur in the char 7.5 

Sulfur in the s,3-)t and dust 5.6 

Sulfur in the tar 0.9 

Sulfur in tle gas: as If2S 66.3 

IS SO 2 13.3 

as COS 6.4 
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The amount of sulfur compounds in the raw gas depends primarily on the sulfur 
content of the fuel as given in the ultimate analysis. The sulfur content of 
biomass fuels has been investigated by several authors during the past 60 years. 
Their results are given in Table 27. 

Table 27. Sulfur Content of Biomass Fuels 

Biomass % sulfur, dry weight basis References 

Alfalfa Seed Straw 0.3 5 
Almond Shells less than 0.02 5 

Barley Straw 0.14 5 

Coffee Hulls 0.2 37 

Corn Cobs 0.001-0.007 5,39 

Corn Fodder 0.15 5,37 

Corn Stalks 0.05 5 

Oat Striw 0.23 37 
Cotton Gin Trash 0.26-0.31 5 

Flax Straw, Pelleted less than 0.01 5 

Furfural Residue 0.4 8 

Olive Pits 0.02 5 
Peach Pits 0.04 5 

Peanut Hlusk 0.1 8 

Pent (Finnish) 0.05-0.2 19 

Peat, General 1.5-2.0 41 

Rice Ilulls 0.16 5 
Rice Straw 0.10 5 

Walnut Shells 0.03-.09 5 

Wheat Straw 0.17 37 

Wood, Chipped 0.08 5 
Wood, General 0.02 5,30 

Wood, Pine Bark 0.1 8 

Wood, Green Fir' 0.06 8 
Wood, Kiln Dried 1.0 8 

Wood, Air Dried 0.08 

Not all of the data in Table 27 were derived on an elemental basis for H, C, 
N, 0, S and ash. The list shows clearly that biomass residues contain very 

8 
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little sulfur. Consequently, the generation of I12S is of little importance in the 
gasification of biomass, as long as the sulfur content does not exceed 0.5%. 
However, the introduction of steam or water to the air blast increases the H S 
content considerably as s own in Figure 105. At normal loads the Lotal sulfur 
in the gas is about I g,/m for a crossdraft unit mounted on a truck fueled with 
anthracite coal (29). 

The sulfur content of coal fuels such as anthracite, bituminous and lignite, are 
in general much higher than biomass-fuels. The sulfur content of coal also 
depends strongly on the origin of the coal. Some typical values are given in 
Table 28. 

Table 28. Sulfur Content of Coal (19,41) 

Source % sulfur, dry weight basis 

Welsh anthracite 0.5 

German anthracite 1.7 

Bituminous coal 1-2 (generally) 

Scotch bituminous coal 4 

German Etuminous coal 3 

American coal 0.13-6.8 

"ignite 1.5-2 (generally) 

Spanish lignite 6 

Finnish peat 0.05-0.2 

B. Nitrogen compounds in the producer gas: Under the working conditions of 
a gas producer at atmospheric pressure and moderate temperatures between 1000 
and 2000 °C, Nil 3 (ammonia) and IHCN (hydrocyanic acid) can be found in the 
raw gas. Several 'authors (24,41) agree that the bulk of the generation of NH
and IICN comes from the nitrogen found ia the fuel and tmit the amount d 
NIl ind IICN form ed by the reaction with the nitrogen in the air-blast is 
insi?,iifieant. 2'onsequently tile higher the nitrogen content of the fuel, the 
higiher is the amoml.nt of NIl and HCN in the raw gas.

.30 
Table 29 indicates that it is safe to assuine a nitrogen content of less than 2% 
for gas producer fuels. Figure 106 shows the amount of Ni i and ItCN obtained 
when mthraeite with a nitrogen content of 1.1% is gasified. The activated 
anthracite was treated with a 1% solution of sodium silicate. The eperiment 
was performed in a small gasifier with a hot gas output of 62.3 Nm /h. The 
effect of the injection of preheated air and up to 0.45 kg of steam per kg of 
fuel consumed on the yields of NIl 3 and HCN was negligible. 

Portable wood gas generators usually yield 2-6 grams of NH in each liter of 
water condensed out of the gas stream (43). 
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Table 29. Nitrogen Content of Gas Producer Fuels. 

Biomass Fuels % nitrogen dry weight basis References 

Barley, Straw 0.59 5
 

Corn Cobs 0.16-0.56 5
 

Corn Fodder 0.94 5
 

Cotton Gin Trash 1.34-2.09 5
 

Corn, Stalks 1.28 5
 

Flax Straw, Pelleted 1.1 5
 

Oat Straw 0.66 37
 

Olive Pits 0.36 5
 

Peach Pits 1.74 5
 

Peat 0.5-3.0 19
 

Prune Pits 0.32 5
 

Rice Hulls, Pelleted 0.57 5
 

Safflower, Straw 0.62 5
 

Walnut Shells 0.260-0.4 5
 

Wood (General) 0.009-2.0 5,41
 

Coal Fuels 

Anthracite less than 1.5 41 

German and English 
bituminous coal 0.5-1.9 41 

American coal 0.5-2 41 

Brown coal and ligites 0.5-2 41 
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Figure 106. 	 Ammonia and Hydrogen Cyanide Distribution in Producer Gas Made 
With Preheated Air and Steam (31). 

C. Dust in the producer gas: It is of greatest importance that the gas deliveredto an engine 	 be free from dust of an abrasive nature and that it should contain
the absolute minimum of corrosive constituents. The full development of power,
freedom from excessive cylinder wear and conservation of lubrication oil depends
on these conditions. The amount 	 of dust entrained in the raw gas depends on 
many factors such as: type of gas producer, type of fuel and the specific
gasification rate and the temperature of the partial combustion zone. The type
of dust carried by the gas seems to play an even more important role than the
quantity. Dust loads in the raw gas from mobile units which operate with a highspecific gasification rat( were found to contain approximately 5096 of the total
solid particulates in the raw gas in the forni of ash which had been fused into 
a hard granular material of abrasivevery nature, resembling quartz sand (52).
This material was insoluble in dilute acids. On the other hand, the dust from
stationary plants (operated at a much lower specific gasification rate) was 90%soluble in water and the remainder in weak acid. The abrasive nature of the
dust is determined by the temperature in the partial combustion zone and the
chemical composition of the ash. The SiO 2 (silicon oxide) and Fe 0 (iron oxide)
contents arc especially important because of their abrasive nature. In addition,
the gas generated by mobile units was found to contain an appreciable quantity
of soot (carbon (Just). The soot in the raw gas, which deposits in the connecting
pipes and coolers, is partly caused by the renction 2CO CO + C that takes 
place to a certain extent after the gas leaves the gas produceF. 

Figure 107 shows the variation of the dust concentration in producer gas with 
t h inonp find t- n1'pnr tn n ,f, - ...-....---. - -.... 



It will be observed that, although the didst concentrations were of the same 
order with the dry air blast, 180 mg/in of the dust3was below 5 microns 
diameter, whereas with the wet air blast only 14 mg/m was below 5 microns 
diameter. This is an important difference because particles below 5 micron are 
considerably more difficult to remove from the gas stream. In addition, wet 
scrubbers are not very effective in removing particles of this small size. 
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Figure 107. 	 Variation of Dust Concentration in Producer Gas With thle Method 
of Operating thle Producer (32). 

The shaded area represents the concentration of particles smaller than 5 microns 
in diameter. The dotted line represents the (Just concentration at thle outlet 
of thle wet scrubber. A. An'hracite, dry air blast. B. Anthraite, wet air blast. 
C. Activated 	 anthracite, wet air blast. 

The amount of dust that can be tolerated in the gas entering an internal 
combustion engine hats been thle subject of numerous papers (29,32,52) and 
extensive testing during the 19JO-1950 period. It was found that with a dust 
concentraltion uip to 1 0 mng/Nmn the engine wear wits the same order ats that 
obtained with gasoline, bull beyond thalt am-ount it increased rapiU y, being up 
to five times as great when the concentration reached 5(11mlg/Nm 

The dust content also dlepends strongly on thle specific gasification 3rate at which 
thle gasifier is opcrfyed. The lower average of 200-600 rug/Nm may be well 
above 2000 mig/N af when the gasifier is run onl overload. The rating of the 
gasifier also hals anl effect Onl the size distribution of the dust. At normal load 
only at small quntity, about 4 '), Of' thle (Just reaching tho filters conisists of 
corsme p)articles, mainly pairtly burned fuel (616 to 1000 microns). The bulk of 
tile remainder is extremecly fine, be.ing only 3 to .3 microns in diameter. At 
high specific gasification rates, which implies at higher gais strearm velocity, the 
proportion of coarse material is grpeatly increased aind may tQkial about 25%. 
Othler authors (35,43) report som ewhat lighrer numbers, 1-3 g/Nm , tinder normial 
load conditiots in wood gais generators. This amount of dust in thle raw gas 
corresponds to about 2-6 grants of' duist per kg wood gasified. 

Figuire 108 showvs the gas velocity in the annular space inside an Inibert downdraft 
galSifier' as a func1tionl Of the load on the gas producer. 
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Figure 109. A Cross Section of the Imbert Gas Producer, Circa WW 11 (21). 

On first glance it seems to be attractive to separate the coarse material in the 
gas producer by gravitational settling in the annular space (see A, Figure 109).
However, tests showed 2% of the dust carried out couldthat only be separated 
at a as production rate of 60 Nin /h. The amount of dust separated at thelowest permissible rate of 5-10 Nm' /h was slightly higher, being 10% (35). Other 
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Figure 110. Particle Size Distribution (6). 
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test reports with the Imbert type gas pruoucer give the particle size distribution 
of the dust in the raw gas as shown ir Figure 110 and Table 30. 

Table 30. Partiele Size Distribution (6). 

Particle size, micron % 

Over 1000 (1 mm screen) ... ....... 1.7
 
1000 - 250 ....... 24.7
 

250 - 102 ....... 23.7
 
102 - 75 ....... 7.1
 

75 - 60 8.3
Under 60 30.3 
Losses ....... 4.2
 

100.0 
The same source reports the dust concentration in the raw gas for wood gas
generators of varioys makes as a function of the gas production rate. A gas
out[ . of 100 Nm /h was considered the maimum for most automotive gas
producers (Figure 111). 

Figure 112 shows the dependence of the dust concentration in the raw gas on
the type of fuel3 used. For this type of gas producer with a maximum gas
output of 80 /h amount in raw gas lowerNm the of dust the was considerably
when wood was used as a fuel instead of charcoal. 
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Figure 111. Dust Concentration in the Raw Gas for Commercial Automotive 
Gas Producers (6). 
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Figure 112. Dust Concentration as a Function of the Fuel (6). 

Road tests conducted in Sweden with modified Imbert downdraft gas produces 
mounted on tractors and trucks yielded about 2.1-3 grains of dust per FNm 
The dust content was obtained undeS normal driving conditions (47-58 km/h) and 
a gas consumption between 40 Nm /h and 68 Nm /h. 

The dust concentration in raw gas obtained from crossdraft gas producers is in 
general high, due to the high gas velocity, and varies considerably with the 
specific gasification rate. Table 31 lists values obtained in road tests at different 
speeds. 

Table 31. Dust 	 Concentration in the Raw Gas for a Crossdraft Gas Producer 

(1). 

Gas Output 	 Speed Dust Content 

m 3 /hr km/h g/Nm 3 kg/1000 km 

59 56 0.65 0.7 
85 80 6 6.3 

Table 32 gives the results obtained from field tests in Western Australia. The 

downdraft gas producers were mounted on kerosene tractors (20 hp at 1050 rpm). 

Table 32. Quantity of Dust Collected in Dry Cleaners (11). 

Powell Plant: 	 0.13 kg per hour for light loads, increasing to 0.6 kg per hour 
for heavy loads. 

Herbert Plant: 	 0.3 kg per hour for light loads, increasing to 0.9 kg per hour 
for heavy loads. 

The dust carried over by the raw gas is considerable with fuels containing an 
excessive quantity of fine particles or the tendency to break up in the gas 
producer, such as lignites, brown coal, peat and soft charcoal. Since the dust

152 



carrying capacity of a 7as varies with the sixth power of the velocity, it isobvious that the best means to prevent dust from leaving the gas producer isto keep the exit temperature as low as possible. This can be dor,e by an empty
space above the fuel bed in an updraft gas producer, where the velocity of the 
gas stream will decrease and the dust can settle down. 

It is also often overlooked that air blast drawn suction gasthe 	 into a producercan 	 contain a considerable amount as shown inof 	dust Table 33. 

Table 33. Dust Content of Air (6). 

Air 	 in mg/im3 

Rural areas and suburbs .............. 0.5 - 1
 
Cities ........ ..................... 
 2
Industrial centers ....... 
 .............. 4

Streets with heaivy traffic .... ......... 20
Dusty highways, excavation and gravel
ing work, farm work with tractors, etc. . over 200 

In summary, 3 the dust content 3 n the raw gas varies considerably from as little as 0.2 g/Nm to over 6 g/Nni . Its composition and chemical nature also gives
rise to large changes from highly water soluble, soft ash to insoluble, veryabrasive sintered material which is highly damaging to any internal combustion
engine. The bulk of the dust in the raw gas consists of ash carried out by thehigh gas velocity in the fuel bed. Consequently a chemical analysis of the ash
gives a good indication of how abrasive the dust actually is. 
D. Moisture in the raw gas: Moisture leaving the 	 gas producer in the form 
of 	 steam as part of the raw gas, has in general several sources: 

1. 	 Moisture in the 	 air in the form of water vapor. 

2. 	 Moisture injected into the combustion air in the form of water vapor or
 
steam.
 

3. 	 Moisture in the fuel in the form of: 

a) Inherent moisture held in the capillary openings.

b) Surface moisture which occurs 
 on fuel surface and is in excess of the 

inherent moisture. 
c) 	 Decomposition moisture as released from organic compounds in the 

200-225 0C range. 

4. 	 The water generated by chemical recctions within the H-C-O system. 

The amount of water leaving the gas producer as steam depends on the exit 
temperature, the moisture input, and 	the chemical processes in the gas producer. 
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The amount can be predicted by thermodynamical considerations and calculatior 
as listed in Table 34. The results are based on a moisture content of 0%, 16.7! 
and 28.6% of the wood fuel, an equilibrium temperature of the watershift reactio 
CO + H 0 = CO + H2 + 41,200 kJ/kg-mole at 700 °C, a loss through radiatio 
and con~ection f 15 , a heating value of the dry wood of 18.8 MJ/kg and a 
ultimate chemical composition of the wood of 50% C, 6% H, and 44% 0 on 
H-C-O basis. 

Table 34. Moisture Content of the Raw Gas (43). 

Exit Temperature Moisture Content Water in the raw gas 
of the raw gas of the wood kg/kg wood 

°C
 

0 0.0 0.063 
150 0.0 0.075 
350 0.0 0.093 
500 0.0 0.109 

0 16.7 0.140 
150 16.7 0.155 
350 16.7 0.178 
500 16.7 0.199 

0 28.6 0.217 
150 28.6 0.235 
350 28.6 0.262 
500 28.6 0.286 

The assumption of a higher equilibrium temperature of 900 °C increases thi 
amount of water in the raw gas about 25%, everything else being constant 

The black condensat generated in most gas producers is on the average i 
mixture of 80-95% water and 5-20% tars and cil. Consequently, the gasificatiol 
of wet fuel or steam injection in updraft gas producers increases tile amoun 
of condensates drastically. This is by no means an indication that tar generatiol 
has been greatly increased but merely a sign of too much moisture escaping thl 
decomposition process. In updraft gas producers not much can be done to curtai 
the amount of moisture in the gas as outlined in Chapter III and V. But, higi 
moisture fuels also do not influence the updraft gasification process very much 
because the fuel moisture can not be decomposed in the partial combustioi 
zone. In downdraft gas producers any moisture released by the fuel will hav 
to pass through the throat area and should be decomposed. However, this highl 
endothermic reaction cools down the partial combustion zone and therefor; 
generates favorable conditions for am; increased amount of uncracked tar an( 
moisture in the raw gas. 
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Extensive tests with gasification of biomass done at the University of California,
Davis gave the following results: 

Table 35. Amount of Water Condensed Out of the Raw Gas of a Downdraft 
Gas Producer (30,42). 

Moisture Gas Water 
Content Temperature Condensed

Fuel % Weight at Exit of Out of the 
Wet Basis Producer Hot Gas

0°C kg/kg 
Wet Fuel 

Cubed Alfalfa Straw 7.9 288 0.165 

75% Barley Straw* 6.9 231 0.092 
25% Corn Stover 

Cubcd Bean Straw* 13.0 329 0.202 

Corn Cobs 1J.0 327 0.225 

Cubed Corn Stalks* 11.9 355 0.368 

Cubed Cotton Gin Trash* 23.5 260 0.477 

Cubed Cotton Stalks* 20.6 260 0.475 

Rice Ilulls, Pelleted* 8.6 214 0.182 

50% Wheat Stav* 
50% Corn Stayer 15.0 311 0.55 

Wood Blocks, Douglas Fir 5.4 315 0.40 

Chipped Municipal 
Tree Prunings 17.3 221 0.35 

flogged Wood, Manufacturing
Rliducs 10.8 260 0.37 

Wood 18.0Whole Log Chips unknown 0.37 

Whole Log Wood Chip 32.0 287 0.67 

Whole Log 'hipWood 51.7 326 1.04 

*'rhese fuIls are not acceptable sustained downdraftfor gas producer 
operntion because of slag formation in the partial combustion zone. 
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The fuel was gasified in a downdraft gasifier, with a hearth zone diameter of 
30.5 cm and a capacity of 360 MJ/h of clean cold gas, corresponding to the 
energy requirement to drive a 30 hp engine. The raw gas was cooled to ambient 
temperature of 30-35 0 C and left the condenser in saturated condition. 

For dry gasification the moisture content of the raw gas can be predicted from 
the fuel moisture content by the equation: 

Gas Moisture Content (% by volume) = 3.6686 + 0.59216 x Fuel Moisture Content, 
where the fuel moisture content is given in % by weight, wet basis (30,42).' 

Figure 113 shows the condensed water collected as a function of the fuel 
consumption rate. Tests were performed with the UCD Laboratory Gas Producer 
on 11 major 	 California crop residues as listed in Table 29. In general it can 
be said that about 0.2 to 0.7 kg of water per kg of wet fuel gasified must be 
removed from the raw gas before it is used as fuel for an internal combustion 
engine. 
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Figure 113. 	 L~inenr Riegre-ssion Model to Predict A.\mount of Water Collected in 
Condensers fromi the Fuel Consumption Rate Multiplied by the Fuel 
Moisture Content (Wet Weight Basis) (30,42). 
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E. Temperature of the raw gas leaving the producer: The exit temperature 
of the raw gas has a considerable impact on the choice of the cleaning equipment 
and its arrangement. For instance tc exit gas temperature determines the 
dimension of the condenser and the choice of the filter media for dry filtration 
of the gas. The temperature itself depends on so many variables which in turn 
are not independent of each other, that a quantitative analysis is not given. 
lowever, much can be said about how different designs and modes of operation 
as well as choice of fuel influences the exit gas temperature. Actual measured 
temperatures for different types of gas produces are given in Table 36. 

Table 36. Gas Temperature at Outlet 

Malbay updraft 

Malbay updraft 

Malbay updraft 

Wisco updraft 

Humboldt Deutz updraft 

Koelh 

Mie University 
updraft gas 
producer 

Modified Imbert downdraft 
(Swedish design) 

Gohin Poulence 
crossdraft 

University of Kentucky 
updraft gnsifier 

Purdue University 
modified Imbert type 

UC-Davis Laboratory Down
draft Gas Producer 
360,000 kJ/h 

UC-Davis Civil Engineering 
downdraft gas producer 
600,000 kJ/h 

UC-lDavis Downdraft 
Pilot Plant 
5,000 AIJ/h 

Temperature 
at Producer 

Outlet in 0 C 
180-220 

150-160 

160-175 

400 

280-300 

180-230 

20-80 

200-580 
depending on 

specific gasifi
cation rate 

400-500 

160-380 
depending on 
depth of fuel
 
bed and fuel 

275 

220-360 

300 

240-454 
depending on 

moisture content 
of the fuel 

for Various Gas Producers 

Fuel Used Reference 

charcoal 21 

low temperature coke 21 

anthracite 21 

charcoal 21 

anthracite, charcoal 21 

anthracite, charcoal 21 

wood charcoal, palm nut 
charcoal, anthracite 50 

peat briquettes, wood 
chips, charcoal 35 

charcoal, low temperature 
coke, anthracite 21 

corncobs 39 

corncobs 40 

crop residues (see Table 29)30 

paper cubes, solid waste 
cubes, wood chips 56 

wood chips 
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The exit temperature changes significantly with the specific gasification rate 
as demonstrated in Figure 114. The test units were two modified Imbert 
downdraft gas producers (Swedish design) with a hearth zone liameter of 26 cm 
and throat diameters of 12.4 cm and 8.7 cm, respectively. 

In general updraft gas producers have a lower exit gas temperature than downdraft 
and crossdraft gas producers because the upward moving gas releases its heat 
o the downward moving fuel. In most cases an exit temperature of 150-600 
C can be expected for small-sized gas producer plants (400 MJ/h of cold clean 

gas, equivalent to the energy required to drive a 30 lip engine). 
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Figure 114. Exit Gas Temperature Versus Specific Gasification Rate (35). 

Portable crossdraft gas producers, due to the very short chemical reaction zone 
of 15-25 cm and the insignificant reduction and distillation zone the gas passes
through, generate unusually high exit temperatures as given in Figure 115. 

The height of the fuel bed also influences the exit temperature as shown in 
Figure 116. This data was obtained from a corn cob-fueled, updraft gasifier 9 f 

20.155 m 
2 

cross-sectional area and a specific gasification rate of 256 kg/h-m 
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Figure 115. 	 Gas Exit Temperature as a Function of Air Velocity Through the 
Tuyere for British Emergency Gas Producer (1). 
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Figure 116. 	 Temperature of the Gas Exiting the Gasification Chamber as a 
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Gasification is not a very stable process and changes in the exit gas temperature 
occur within limits. Figure 118 shows the temperature profile of the raw gas
during a start-up time of 16-32 minutes for a portable Deutz and Kromag gas 
generator mounted on a truck. The temperature profile of the raw gas of the 
UC-Davis Civil Engineering gas producer over a time period of 5 hours is shown 
in Figure 117. 
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Figure 1.17. 	 Gas Exit Temperature Versus Time for a 40 hp Sludge Waste Gas 
Producer (56). 
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Figure 119. Influence of the Fuel Aloisture Content on the Gas Exit Temperature 
Over a 48-hour Period (23). 

The moisture content of the fuel also influences the exit temperature of the 
gas. Fi[,re 119 shows the temperature profile of a continuous run over 48
hours with the UC-Davis Pilot Plant. Curve A represents the temperature
profile for wood chips with a moisture content of 11% whereas Curve B describes
the temperature profile for wood chips with n moisture content of 25% (23). 

In dry gasification a low exit temperature is desirable for two reasons. First,
all the sensible heait in the hot gas is lost to the cooler when the gas is used 
to drive an internal combustion engine which requires cool gas. Secondly, a
low terperature gives some indication of how well the reduction of CO into
CO has taken place in the reduction zone. The governing endotherrnic re.etion
is CO., + C = 2 CO - 172,600 k (at 25 °C, 1 atm). This reaction consumes
heat As can he seen from the equation. Figure 120 shows the considerable 
amount of sensibl, heat that is lost when cooling the exit gas. The gas mixture 
is split tp into its moisture, CO2 and CH 4 components for simplicity. 

The exit temperatuire of an updraft gas producer is in general low; beeause the 
gas has to puss through the entire fuel column above the partial combustion
Zone. Updraft gas producers are therefore very efficient and produce a
with a high heating value if it is combusted in a furnace 

gas 
immediately upon

leaving the gas producer. Crossdraft gas producers are at the opposite end of 
the scale with high gas exit temperature and low heating value of the raw gas. 
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Figure 120. -;ensible Ile.t in the Exit (ILs (41). 

F. Distillation products in the raw gas: The very nature of gasification generates 
a gas that is actually a mixture of three gas streams obtained from the partial 
combustion zone, reduction zone and distillation zone. The extent of these 
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zones depends on the type of gas producer. The distillation products are the
least understood and consists mainly of tar, light and heavy oils, noneondunsable 
V-ses and water vapor. Ir order to understand the mechanismi of distillation in 
the theriad decomposition of biomnass ard coal, needsone to rely on experiments
carried out under laboratory conditions. The results'obtained do not represent
the situation in a gas producer with regard to the quantitative yield of the
various distillation products. However, the mechanism of thermal decomposition
is the same in b0th Cases and Must be well understood before any decision can 
bL made on how to reduce the tar in the raw ,i's by cracking inside the gasifier. 

The removal of tar fromr the p.'-ducer gas is one of' the more difficult problems
in gas cleaning. The difficulties that can arise in using tat laden gas range
from inconvenient ald expensive cleaning equipment to serious failure of the 
entire system. Tar laden gas in engines will quickly guru tile valves and
necessitate a stoppage of the producer and engine. It can be so severe that 
the entire engine has to be pulled apart and be cleaned. Tar is a very complex
subst;iee and is one of the products of destructive distillation of biomass and 
coal. The exact composition will depend on a large number of factors, the 
mus t importart of which is the tenperature at which it is formed. Beeause 
tar removal outside the gas producer is troublesome, expensive and insufficient 
with lledinlf technology devices, every effort must be undertaken to generate 
a [gas as tar free as possible if the gas is used in al internal combustion engine. 

As mentioned, tar is one of' the products cf thermal decomposition of solid fuels. 
The tar vield is therefore related to the aniou,t of volatile matter in a fuel. 
HIowever. it is not tri'e that i fuel with a high percentage of volatile matter 
necessar'ily results in more tar in the rnw gas than a low volatile matter fiet. 
The percent age of volatile matter in a frel and the tar' vield depends on the
niethod rilmirlied in the laboratory and tie reported results are difficult to compare.
'T',sts condiuct(l at the Fiel Research Station, London showed no correlation of 
potential tii nnd volatile matter of' different kinds of treated and untreated
coals (Table 37 arid :38). In this context potential tar' is defined as the nmaximum 
yield of' tar- from coal. The nrethod applied was to heat the test fuel to a 
temperature o' 6011 ( , keep the temperature constant for' one hour' and collect
the distillation products ini asbestos wool. Separation of the distillation products
froi the wirter formied was iccomplished by maintnining the asbestos wool at 
ft ternpOi'Utui'e slightly higher than 10ll o(C. 

Table 37. Potential Tar Ver'sus Volatile Matter in Untreated Coal. Results 
Ol irlcd Under ILbxratory C onditions (18). 

Voa tile Matter Potential Tar 
Percent Weight gram/ton

Coal Dry Basis Dry Basis 

l 4.8 223 
2 5.5 251 
3 6.5 84 

6.9 l'tO 
5 7.0 538 
6 7.0 22:3 
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Table 38. 	 Potential Tar Versus Volatile Matter in Treated Coal. Results 
Obtain.,d Under Laboratory Conditions (18). 

Volatile Matter Potential Tar 
Percent Weight gram/ton

Coal 	 Dry Basis Dry Basis 
1 2.9 139 
2 3.4 	 5078
3 4.2 	 1172 
4 5.1 112 
5 5.6 	 1032 
6 7.1 	 112 
7 	 8.0 28 
8 	 10.0 698 
9 10.2 56 

20 42.0 66 

These findings do not agree with laboratory and road tests when South Walesanthracite was used as fuel (29). The results are given in Figure 121 in grams
of potential tar evolved per ton of dry coal. 
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Figure 121. Potential Tar Versus Volatile Matter (29). 

The points plotted for different samples of anthracite fall into a narrow bandabout a smooth curve becoming very steep when about 9% of volatile matter
is exceeded. Road tests confirmed the general trend of the curve. 

The American ASTM Designati-n D-271-70 defines volatile maLter as thoseproducts (exclusive of moisture) which are given off as vapor when the coal 
is heated to 950 C and this temperature is maintained for seven minutes.The loss of weight, minus the moisture content, is considered the volatile
matter of 	 the coal. 
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In general, coal is classified according to its fixed carbon, moisture and volatile
 
matter content as given in Figure 122.
 

The Fischer assay is an arbitrary but precise analytical method for determining
the yield of products obtoined from the distillation of organic substances in 
coal. The conditions consist of heating a known weight of sample, undee' a 
8 ontrolled rate of heating and in the absence of air, to a temperature of 500 

C then collecting and weighing the produr~s obtained. 
Table 39 lists the amount of tar, oils, gasL- and water vapor that can be 

expected when heating various ranks o," coal to 500 0 C. 

Table 39. Distillation PR.'oducts of the Fischer Assay (27). 

A.S.T.M. CLASSIFICATION BY RANK 
Light 

Coke Tat, Oil gas Water 
CLASS GROUP Wt. % /ton /ton m /ton Wt. 96 

1. Meta-anthracite
 
I Anthracite 2. Anthracite
 

3. Semianthracite 

1. Low volatile bituminous 90 32.0 3.7 49 3 
2. Medium vol. bituminous 83 70.4 6.3 54 4 

II Bituminous 3. High vol. A bituminous 76 115.1 8.6 55 6 
4. High vol. B bituminous 70 112.S 8.2 56 11 
5. High vol. C bituminous 67 100.6 7.1 50 16 

1. Subbitumninous A 59 76.4 6.3 74 23 
III SubbituminouLs 2. Subbituminous B 58 57.4 4.8 63 28 

3. Subbituminous C 

IV Lignite 1. LigniteA 

IV Lignite 2. Lignite A 37 56.6 4.5 59 44 

Tables 40, 41 and 42 list the carbonization yields of various kinds of coal when 
heated to various temperatures. 

'Table 43 shows the amount of tar and its specific gravity obtained from 
anthracite at various temperatures. It clearly indicates the consideraole amount 
of tarry matter giver, up by a low volatile fuel such as anthracite. The table 
also shows that a considerable amount of tar (mostly the light oils) generated
in the distillation zone of a gas producer is already converted at lower 
temperatures into noncondensable gises. 
Figure 123 shows the effect of varying distillation temperature upon the ta" 
yield fro... a bituminous coal. The enclosed part covers on an average, the 
distillation teat results. 
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Table 40. Assay Yields from Carbonization of Dried Subbituminous Coal 

at Various Temperatures (27). 

Temperature of Distillation, 0 C 

300 400 500 600 700 800 900 1,000
Carbonization yields,
 
moisture and ash free
 
(weight %)


C har 98.2 85.7 70.4 
 63.0 60.9 60.3 59.5 59.0
Water formed 0.9 '1.6 9.1 10.3 10.9 10.5 10.5 10.5
Tar, dry 4.90 9.1 9.5 9.3 9.29.2 8.9Light oil 0.7 1.0 1.4 1.6 1.6 1.3 1.4 1.7G as 0.i 3.5 9.1 15.1 16.8 18.3 18.8 19.3 
1Hydrogen sulfide 0 0.4 0.8 0.8 0.5 0.5 0.4 0.5 

Tozal 99.9 10-0.0 99.9 100.3 T00.0 100.1 99.8 99.9 

Composition of -say grs,
 
0 2-and N 2-free (volume %)
 

Cubon dioxide 50.0 57.6 20.2 18.7 15.7 12.0 10.9 10.0 
Illuminants 0 0.3 1.3 0.4 0.2 0.4 0.4 0.3Carbon monoxide 43.3 21.3 19.0 19.8 17.7 17.3 17.1 17.3
Hydrogen 1.7 12.4 33.63.5 20.8 43.6 48.6 52.0 
MenanC 3.3 16.4 41.4 39.8 32.4 26.5 22.8 19.9 
E-thnne 1.7 5.70.9 0.5 0.4 0.3 0.2 0.5Total I00.0 100b.0o--0-.o 100.0 100.0 100.0 100.0 100.0 

Table 41. Lo~v Tenperature Disillation of Raw Texas Lignite (27). 

Temperature of Distillntion, °C 150 200 250 400300 500 
Assay yields, moisture and ash free
 
(weight %)
 

C lar 
 99.5 99.2 98.0 93.8 74.6 62.5
Wuter 0 0 0 1.8 6.8 8.3
Tar 0 0 0 0.2 7.3 10.7
Light oil 0 0.2 0.7 1.4 1.6 1.9
Gas 0.5 0.7 1.4 3.0 9.4 16.0
Hydrogen sulfide 0 0 0 0.1 0.6 0.9

Total T00.0 TO i00.TO 100.3 100.3 100.3 

Composition of nssay gas, 

2-and N,-free (volume %)
Carbon~dioxide 95.9 90.3 88.7 78.2 67.6 45.9
Illuminants 0 0.3 0.4 0.8 1.0 1.1
Carbon monoxide 0 6.5 8.8 12.7 13.3 10.3
Hlydrogen 0 0 0 0.8 0.8 15.3
Methane 4.1 2.9 2.1 7.3 16.9 25.1
Ethane 0 0 0 0.2 0.4 2.3

Total 100.0 100.0 100.0 100.0 100.0 100.0 
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Table 42. Low, Medium and High Temperature Carbonization of Dried Texas 

Lignite (27). 

Temperature of Distillation, °C 

300 400 500 600 700 800 900 I 000 
Assay yields, 
moisture and ash free 
(weight %) 

Char 96.2 84.8 66.5 58.7 53.5 52.1 51.0 50.6 
Water 1.0 4.1 8.0 10.0 10.3 10.3 10.5 10.4 
Tar 0 3.9 10.5 10.8 10.9 10.8 10.9 11.0 
Light oil 0.9 0.9 1.4 1.4 1.5 1.5 1.5 1.7 
Gas 1.8 5.8 12.7 18.3 22.6 24.0 25.1 25.2 
Hydrogen sulfide 0 0.4 1.0 1.0 1.2 1.2 1.2 1.2 

Total 99.9 99.9 100.1 100.2 100.0 99.9 100.2 100.1 

Composition of assay gas,
02-and N 2-free (volume%) 

Carbon dioxide 79.0 72.3 44.5 33.2 25.0 22.0 19.7 18.3 
Illuminants 0.4 1.0 1.4 1.1 0.7 0.5 0.4 0.4 
Carbon monoxide 14.3 13.7 10.8 12.4 16.3 16.8 16.8 17.0 
Hydrogen 0.8 1.0 14.9 22.9 32.2 38.2 42.6 45.8 
Methane 5.3 11.9 26.7 28.4 24.9 21.6 19.8 17.9 
Ethane 0.2 0.1 1.7 2.0 0.9 0.9 0.7 0.6 
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Figure 123. Total Tar and Oil in the Distillation Gas (41). 
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Table 43. Tar Yield Versus Temperature (41). 
Temperature 

0I 

Degrees 0C Tar, liter/ton Specific Gravity of Tar 

900 34.6 1.200 
800 46.1 1.170 
700 57.7 1.140 
600 69.2 1.115 
500 80.8 1.087 
400 88.5 1.020
 

Working with samples 
 from 222 different coals, Landers determined their 
proximate and ultimate analysis from the yields of low temperature (500 °C)carbonization and the proximate and ultimate analysis of the char. Based onthis work, equations were made which predict the amount of distillation products
such as tar, light oils, char and gas as well as the heating value of the
distillation gases and its volume per pound of carbonized coal. The results are 
given in Table 44. 

'Fable 44. Prediction Equations for 500 0 C Coal Carbonization Yields (27). 

Tar plus light oil yield, maf, wt % = -20.8954 + 0.00333 (Btu) -0.4624 (FC) + 
2.6836 (i12) 

Char yield, mat, wt % = 32.1310 + 0.7815 (FC) + 0.2318 (02 

Gas yield, maf, wt % = 53.9549 - 0.00340 (Btu) 

lealing value of gas, Btu/scf = -1395.94 + 0.1529 (Btu) -2.4101 H2 0 (AR) 

Gas volume, sef/Ib, maf = 6.9377 - 0.000216 (Btu) -0.2849 (12) - 0.0884 (C/H2) 

1itu Maf heating value, of fuel sample
FC Fixed carbon, mat, weight percent
02 Oxygen content, mat, weight percent
11 Hydrogen content, maf, weight percent
chi 2 Carbon to hydrogen ratio, maf, wet basis 
If 0 (AR) As-received moisture content, weight percent 
m1f Moisture-ash free basis 

The decomposition of peat takes place as follows (19):
At 120 0 C peat material begins to decompose with the formation of CO 
.\t 200 0 C decomposition process is fairly significant.
250-506 0C maximum yield of tarry and gaseous substances 
Above 850 OC distillation products are mainly and C114.H 2 

The final products of distillation are within the following range: 

coke 30-40%
 
tar 
 10-15%
 
gas 
 30-35%
 
water 
 20-25% 
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The distillation or carbonization of wood has been extensively examined because 
the process yields valuable products for the chemical industry such as phenols, 
light oils and charcoal (12,26,44,54,57,58). 

Table 45 shows the chemical composition of wood divided into softwood and 
hardwood. The softwoods are: Pines, Firs and Redwood. The hardwoods are: 
Oak, Elm, Hickory, Walnut and Beech. 

Table 45. Average Percent Chemical Composition of Soft Woods and Hardwoods 

(22). 

Softwoods Hardwoods 

Cellulose 42 + 2 45 + 2 

HeImicellulose (xylan) 27 + 2 30 + 5 

Lignin 28 + 3 20 + 4 

Extractives 3 + 2 5 + 3 

Lignin, cellulose and xylan act differently under themal decomposition. Figure 
124 shows the weight loss; i.e., the distillation Products given up from lignin,
xylan, cellulose and wood when heated to 500 C. 
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Figure 124. Thermogravimetry of Cottonwood and Its Components (44). 

The carbonization products of wood can be grouped into four categories: tar, 
gases, pyroligenous acid and char. Upon further heating tile tar is finally 
converted into nonconiensable combustible gases and char. This last stage of 
the tar, usually called thermal cracking is not accomplished at all in an updraft 
gas producer because the tar vapors leave the gas producer without coming 
into contact with the hot partial combustion zone. The composition of the 
tar from wood as well as any fuel containing organic matter is extremely 
complex and not fully understood. 'T'here have been at least 200 major 
components identified, some of which are listed in Table 46. 
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Table 46. Constituents of Pyrolisis (Distillation) of Wood (12). 

Carbon monoxide 

Carbon dioxide 

llydrogen 


Water 

Tiglie
A'-Pentenoic acid 
y-Valerolactone 
n-Vilerie acid 
Methylethylaeetic acid 
n-Caproic aoid 

Isocaproic acid 

n-Ileptoic acid 

Lignoceri c acid 

Furoic acid 


Methyl alcohol 
Ethyl alcohol 

Afly! alcohol 

Propyl alcohol 

Methylvi nyltarbi nol 

Isobtit y alcohol 

Isoamyl alcohol 

Formaldehyde 

Acetaldehyde 

Propionikaehyde 

Valeraldehyde 

lsovler'aldehlyde 

'Fri methylait.etaldehyde 

Furfural 

5-:Met hy Iurafural 

1iy'drox lthlvlfar rural 

lethyll 
Dimethylmcettll 

Acet one 

Methh.y l ketone 
Dinetyl
M,'lethyl propyl ketone 
Methyl isopropyl ketone 
Diethyl ketone 
Ethyl propyl ketone 

Formic acid 

Acetic acid 

Propionic acid 

Crotonic acid 

iso-Crotonic acid 

A -ccid-_exenone-2 
Methyl n-butyl ketone 
3,6-Oetanedione 
2-A cetylfurane 
Cyclopentan T e 
2-Methyl -A cyclopen-

tenone 
Methylcyelopent enolone 
Cyclohexanone 
Methylcyclohexenone 
Dimnethylcyclollexenone 

Phenol 
o-, m, and p-Crsol 

o-Ethylphenol 

2,4-Dimethylphenol 

3,5-Dimethylphenol 

Catechol 

Guaiacol 

2- Methoxy-4-m ethylphe

nol 

2-M ethoxy-4-vinylphenol 

2-M ethoxy-4-et hylphenol 

2-Methoxy-4-propylphe-


nol 
1,2-Dimethoxy-4-mrethyl-

benzene 
,6-Dimethoxyphenol 

2,6-Dimethoxy-4-methyl-
phenol 

2,6-Dimethoxy-4-propyl-

phenol 
Propylpyrogallol mono-

methyl ether 
Coerolignol (or -on)
Euppittonic acid (or eupit-

ton) 

Methacrylic acid
 
y-Butyrolactone
 
n-Butyric acid
 
iso-Butyric acid
 
Angelic acid 

2-Methylfuranc 
3-Methylfurane 
Dimethylfurane 
2,5-Dimethyltetrahydro

furane 
Trimethylfurane 
5-Ethyl-2-methyl--4,5-di

hydrofurane 
Coumarone 
Pyroxanthone 
Benzene 

Toluene 
lsopropylbenzene
 
m-Xylene
 
Cym ene
 
Naphthnlene
 
1,2,4,5-Tetramethyl

benzene
 
Chrysene
 

Ammonia
 
Methylamine
 
Dimethylamine
 
Trimethylamine
 
Pyridine
 
3-Methylpyridine
 
Dimethylpyridine
 

Methane
 
lleptadecane
 
Octadecane 

Eicosane 

Ileneicosane 
Docosane 
Tricosane 
Furane 
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It should be noted that the pyroligneous acid contains the water volatile 
constituencies given up by the fuel when heated. Since the pyroligneous acid 
and the tar form two liquid layers, there is a solubility equilibrium between 
them. Pyroligneous acid contains from 80% to 90% water. Table 47 lists 
products mostly found in the pyroligneous acid. It is worthwhile to mention 
that the pyroligneous acid also contains 7 to 12% soluble tar, made up mostly 
of constituents the same as those occurring in settled tar. 

Table 47. Products Identified in the Pyroligneous Acid of Wood (26). 

Formic acid Pyromucic acid Methyl ethyl ketone 
Acetic acid Methyl alcohol Ethyl propyl ketone 
Propionic acid Allyl alcohol Dimethyl acetal 
Butyric acid Acetaldehyde Methylal 
Valerie acid Furfural Valero lactone 
Caproic acid Methylfurfural Methyl acetate 
Crotonic acid Acetone Pyrocatechin 
Angelic acid Pyroxanthen Ammonia 
Methylamine Methyl formate Isobutyl alcohol 
Isoamyl alcohol Methyl propyl ketone Keto-pentatmethylene 
a-Methyl 6-keto-penta- Pyridine Methyl pyridine 

methylene 

The gas given up when heating wood consists mainly of the noncondensable 
constituents but is also saturated with vapors of the more volatile liquids of 
the pyroligneous acid and carries a small amount of the less volatile constituents. 
The amount of each product varies depending on the species of wood and the 
conditions of distillation. However a rough estimate for the average yields 
from wood when heated to 350-400 C are 38% charcoal, 9% total tar, 33% 
pyroligneous acid (without dissolved tar) and 20% gas (26). A more refined 
analysis is given in Table 48 which lists the products obtained from heating 
birch wood and birch bark up to 500 0 C under atmospheric pressure within 4 
hours. 
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Figure 125. 	 Differential Thermal Analysis of Cotton Wond and Its Components 

(44). 
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Table 48. Products of Carbonization of Birch Wood and Bark at Atmosphe}'ic 
Pressure up to 500 0 C for Four Hours (% oven dry weight) (26). 

Product of 
Carbonization 

Charcoal 

Ash 

Tar, 

waterfree 


Tar water, exclud-
ing moisture of 
charring materi-
al, including wa-
tel' of tar 

Gases 

Total 

Element, Substance, or Outer Inner 
Group of Substances Bark Bark Wood 

C 
1H 

0 


Total 

Neutral oil 
Acids 
Phenolic compounds 
Insoluble in ether 
Precipitate on soda 
Water soluble tar 
Error in analysis 
Total 

Water soluble tar 
Acids calculated as 

acid 
Methyl alcohol 
Water-soluble 

pounds b.p., 
Water, formed 

tions 
Total 

CO 

neutral 
950 C. 

C 2f12n (as C 2114 ) 
26 

CH. 
II Iremaining) 
T~tal 

Accounted for 
Unaccounted for 

12.4 29.5 23.9 
0.4 1.0 0.8 
0.6 2.1 1.6 
0.4 2.1 0.2 

13.8 34.7 26.5 

45.6 2.5 1.4 
0.8 0.4 0.4 
7.5 2.1 1.6 
1.1 0.4 0.2 

treatment 1.8 0.3 0.1 
0.7 0.8 0.9 
0.2 0.9 0.0 

57.7 7.4 4.6 

0.3 2.8 11.1 
acetic 

1.2 5.8 9.7 
0.2 1.0 1.3 

com
0.4 1.1 1.6 

in the reac
8.3 22.2 25.2 

10.4 32.9 48.9 

5.5 16.9 11.8 
1.1 0.3 0.5 
2.0 4.5 5.1 
2.7 2.1 1.8 
0.1 0.2 0.1. 

11.4 24.0 19.3 

93.3 99.0 99.3 
6.7 1.0 0.7 

100.0 100.0 100.0
"The temperature at which the carbonization of wood is exothermic or endothermic
is also of interest. Figure 125 shows the differential thermal analysis of woodand its components. In this test the wood sample and an inert substance whichdoes not undergo any thermal reaction, are simultaneously and uniformly heated.From this test, the time function of the temperature difference between the wood
sample and the control substance is determined. 
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The rate of combustible volatiles can be obtained through a thermal evolution 
analysis, This test utilizes a temperature programmed furnace combined with 
a flame ionization detector which responds in a predictable manner to the 
evolved gases. Figure 1.26 gives the results for carbonization of cottonwood. 
The graph shows that the maximum production of combustible volatiles is reached 
at 355 0 C and ceases dramatically beyond this temperature. 
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Figure 126. 	 Rate of Formation of Combustible Volatiles from Cottonwood Versus 
Temperature (44). 

The outlined distillation of coal and wood helps to understand the complications 
involved in surpressing the tar production in a gas producer. Almost all known 
successful producers, portable or stationary, which have been used to drive an 
internal combiLstion engine used anthracite, charcoal or low volatile fuels which, 
under normal running conditions have little tendency to generate tar when 
gasified. The long history of gas producer practice, originally in large stationary 
units and later in portable units (for the sole purpose of driving a vehicle) has 
produced data and regulations about the tolerance level of tar in the raw gas. 
Terms such as tar free fuel, tar free gas or reports about gasifiers generating 
tar free gus are mostly misleading. Any gasifier fueled with a substance 
containing organic matter will generate tarry products. The best that can be 
achieved is 	 a ga, producer that, when brovght up to its proper running 

temperature, generat( an almost tar free raw gas. This gas can be used for 
driving an internal combustion engine with maintenance comparable to gasoline 
driven engine;. The design of a gas producer requiring extensive cleaning of 
tar vapor from the raw gas is an unacceptable solution for two reasons. First, 
the extraction of tar vapor from gLs is difficult and expensive. Second, the 
tar hals by far the highest heating value of all combustible products obtained 
from gasification of organic matter including tile fuel itself. 
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The heating value of the tar generally varies from 34 to 37 MJ/kg. The lossin energy through tar formation in the distillation zone is therefore considerable.
Figure 127 shows the heat loss in percent versus tar content of the fuel inpercent weight. The heating value of the tar was assumed to be 36 MJ/kg.The different lines on the graph represent various fuels with different heating
values on a dry basis. 

It is well known that even under favorable conditions the quality of the gas canchange rapidly although the operation may be carefully controlled. This isespecially true for the tar generation in a gas producer which depends on thetemperature. Results of tests conducted on two large, stationary updraft gasifiers
of 3.25 i and .6 m diameter are represented here. The tar content was foundto vary ait ranuonm between 5.72 and 27 g/m of hot gas during a 90 hour period.Figure 128 shows the frequency of occurrence. The coal gasified had 30% 
volatile matter. 

The earbonization of biomass under partial vacuum or with an inert carrier gassuch as nitrogen is different firom the process that takes place in the distillation 
zone of a gasifier. Although the mechanism is the same, the yield and composition 
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Figure 127. lleiit Loss Thr~ough Tar Formation (41). 
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of the tar will be different. At least one author claims that under very 
unfavorable conditions the tar yield will be about 80% of what had been obtained 
under laboratory conditions (41). Data about the correlation between the tar 
content of the gas and fuel parameters such as ash content, size distribution 
and volatile matter are scarce and unreliable because they are difficult to obtain. 

,II 

5 1... 1i19. 7-

TARIN RAOjGAS, 1,3 

Figure 128. 	 Frequency of Tar Concentration in Raw Gas Over a 90 h Time 
Period. The Coal Gasified had 30% Volatile Matter (16). 

No correlation was found between the tar content and the ash content of coal. 
A correlation was found between3tar content and volatile matter in the coal. 
An average variation of 0.9 g/m , per 1% volatile matter, has been reported.
This agrees roughly with the results in Figure 123. The most important correlation 
was the effect on tar content of the percentage of fine material in the coal 
Figure 129 shows the decrease in tar yield with increasing amounts of fine 
parti cles. 
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Figure 129. 	 Tar Yield as a Function of Fine Particle Content in the Fuel (16). 
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It was found that the superficial velocity of the stream carrying away the tar
had a strong influence on the tar production. A ten fold decrease of the
superficial velocity decreases the tar production to about half the original figure. 
It is also well known from low temperature carbonization that a slower rate of 
heating the fuel increases the tar yield. 

,lost conditions favorable for a high tar yield are satisfied in an updraft
producer. This type of gasifier is an ideal tar generator because 

gas 
the gas stream

from the oxidation zone passes through a long column of partly carbonized and 
green fuel at a continuously decreasing temperature. However, updraft gasifiers
cal handle high slagging and high ash fuel much better than downdraft and
crossdraft gasificrs. They also have the most favorable efficiency and yield a 
gas with a high heating value. 'Fo overcome the serious tar generation in updraft
gasifiers three methods have been proposed and tested. 

In order to avoid the distillation products in the raw gas the French C.G.B.
Producer (Figure 130) draws off the gas above the reduction zone through a
funnel. liowever, this type of arrangement is suspectible to disturbances in the 
downward flow of the fuel. 

ACCESS DOOR
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HOPPER-,
 

DIP FEED 

FAN
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FIREBOX ASH PAN
 

Figure 130. French C. (;.13. Updraft Gas Producer (21). 
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The American Suction Gas Producer (Figure 131) draws off the gas through a 
ring shaped gas cnrlection chamber. The fuel column is therefore pinched at c 
height above the reduction zone. This design dating from 1902 is still appliec 
in large modern gas producers (F.igure 29). 

A different approach is followed by the Duff Whitfield Gas Producer, Figure 
132. The blast is introduced under the grate A. The gas exit is at D. E is 
a small steam blower which draws the gases given off from the surface of the 
fuel at F and delivers them at the lower part of the fuel bed through opening 
G. The same procedure is applied at points 1, H and J. In each case, the 
distillation gases are taken from the distillation zone and forced up through the 
incandescent oxidation zone. This design utilizes the we!!-known fact of cracking 
the tar into noncondensable gases at high temperatures. The degree of 
decomposition into noncondensable gases is questionable. There does not appear 
to be any research on the question of how well the tarry vapors obtained from 
gasification of coal and biomass are cracked under tl e moderate conditions of 
1 atm pressure and temperatures around 1,000-1,200 C. 

j't
!: ,,..{,,
 

Migioil 

Figure 131. American Suction Gas Producers. (34). 

One rather interesting solution to the cracking of tar is applied in a large gas
producer referred to as a 2-stage or dual mode gas producer. The particular 
gas producer, its schematic design given in Figure 133, has been operating for 
30 years with no major repairs and is used to drive a 1,000 kW dual fueled-diesel 
engine. Its unique characteristic is that it can produce a completely tar-free 
gas. This unit was mainly used to produce charcoal and the producer gas was 
considered a byproduct. 
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Figure 132. Duff Whitfield Gas Producer (34). 

The flow from the top gas burner is split in such a way that approximately 1/3
of the gas moves up countercurrent to the fuel flow and 2/3 of the gas moves
downward. The movement of the hot gas upward countercurrent to the fuel
flow pyrolizes the wood and moves the volatile products upward. Thesu volatile
products are then mixed with incoming air and burned in excess air under
controlled conditions such that all the heavier hydrocarbons are destroyed. Theresulting noncondensable gas then enters the main body of the gas producer and
the 2/3 that moves down undergoes reduction, thus producing the carbon monoxide. 
The offgas temperature is indicationan of the progress of the endothermic
reactions. The 1,000 kW, dual-fueled, diesel engine was manufactured by Societe 
Alsacienne de Constructions Mecaniques. 

Because tar cannot be avoided in most cases, it is of interest to know how
much tar will be carried out by the raw gas. This will determine the method 
of tar removal and the dimensioning of the scrubber or cyclone. 

For instance, tar production in a Davy, single stage, fixed bed, updraft gas
producer has been 0.065 kg/kg feed for bituminous coal and 0.081 kg/kg feed 
for venteak wood. 
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Figure 133. 	 Dual Flow Gas Producer for Producing Charcoal and Powering 9 

1,000 kW Dual Fueled I:esel Engine (Delacott System, Distibois). 
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It has been shown that the raw gas needs to be cleaned and the degree of 
purification depends on the final use o, the raw gas. The decision as to what
kind of cleaning equipment should be installed between the gas producer and
the burner or internal combustion engine should take into consideration the 
following: 

I. Maintenance of the cleaning equipment, burner and I.C. engine. 

2. 	 Wear and corrosion on the I.C. engine, burner and purification system. 

3. 	 Pressure drop across the purification system and power input if 
purification is mechanically aided. 

4. 	 Air pollution. 

5'. 	 Type of producer-engi ne system (portable, stationary, size). 

6. 	 Casts. 

7. 	 Availability rf water. 

8. 	 Disposal of tar laden waste water. 

Purification systems and the required condition of the raw gas for use in an 
internal combustion engine or burner differ considerably and will therefore be 
treated separately. 

A. 	 Purification of the raw gas for use in internal combustion engines: 

Ideally only the combustible constituents CO, 1-1 , CH 4 and at anbient conditions 
noncondenmable, higher hydrocarbons such as C^3 Y,C2 I- and 	C H. should reach
the engine. In practice this goal is not attaiied . Fn order t extract the
harmful and operational problem causing constituents such as water vapor,
condensible higher hydrocarfons (tar, pitch, oils), mineral vapors in oxidized form
and 	the corrosive agents Nil H2S and HCN, a combination of different cleaning
equipment in seric- or parailel are necessary. To what degree the ga.; should
be purified is a difficult question and is almost always underestimated. The 
recent expcrience with producer gas driven, internal combustion engines is 
insignificant and ha,; be.n mostly done on test units where the 	long term effects 
of impurities in the raw gis reaching the engine and economical considerations 
are of little coecern. An exception re the extensive tests with producer gas
driven truc:s and tractors in Sweden since 1957. The vast European experience
and elsewhere before and during World War 11 is mostly based on a narrow range
of fuels such a.S wood, wood charcoal, anthracite and coke. The reported data
bised on low speed engines which are not any longer available to any extent,
col not be readily transferred to high speed engines which are not as suitable
for 	 producer gas operation. Because the use of wood or charcoal for gas
producers is rather questionable in Developing Countries and should be avoided 
in most cases, fuels that are more difficult to gasify and result in higher
impurities need to be gasified. However, from tht technical literature and
personal contacts, there are reports of internal combustion engines running on 
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producer gas for decades without any major repairs or considerable wear (60). 
The purification of the raw gas for stationary units is greatly simplified for a 
gas producer-engine water pump system where water is available. Weight and 
dimensions of the cleaning equipment are not so restrictive and simple inexpensive 
cleaning units can be built. For portable units mounted on automobiles, trucks 
or tractors the purification of the gas is not an easy task becatse of the specific 
requirements such as compactness and light weight. The available cleaning 
equipment can be classified into two categories: 

I. Units not mechanically or electrically aided. 

I. Mechanically or electrically aided units. 

For small scale units the first type suffices, in particular with respect to 
Developing Countries where in most cases an external power source is not 
available. In some special cases such as gasification of high bituminous coal, 
rice htsks and cereal straw in updraft gas producers, an electrostatic precipitator 
is an excellent solu' n to the tar problem and justifies the investment and 
additional power input. This judgment is based on very favorable results obtained 
during the 1930-1950 period in Italy and Germany with gasification of these 
problematic fuels in large updraft gas producers (60). 

Non-mechanically aided units are: cyclones, fabric filters and scrubbers. All 
of them, although commercially available, can be designed and home made with 
the usual equipment necessary to build a gasifier. The common oil or fabric 
filter systems used in gasoline and diesel powered mobile equipment are by no 
means sufficient to clean the raw gas to the desired degree. Very few operational 
gas producer-engine systems around the world today display new concepts 
concerning the purification systems, except for units tested by the Swedish 
National Machinery Testing Institute which use fiberglass fabric filters for dry 
purification of the raw gas. 

The remaining part of this chapter will deal entirely with the most common 
designs for cyclones, fabric filters and scrubbers. Some of the past gas cleaning 
systems will also be covered. 

A cyclone is by definition a dust collector without moving parts in which the 
velocity of an inlet gas stream is trunformed into a-confined vortex. The dust 
separation from the gas stream takes place through centrifugal forcus. The 
suspended particles tend to be driven to the wall of the cyclone and are collected 
in an ash bin at the bottom. In almost all cases the cyclone is the first stage 
of cleaning the raw gas. It is usually located right after tile gas exit. Cyclones 
are easy to build and inexpensive. They separate only coarse particles from 
the gas stream. One distinguishes between high efficiency and medium efficiency 
cyclones depending on the dimensions of the cyclone body. Ranges of efficiency 
for both types are given in Table 49. 
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Table 49. Efficiency Range of Medium and High Efficiency Cyclones (47). 

Particle size 
(micron) 

Medium 
(collection efficiency 

High 
in %) 

Less than 5 Less than 50 50-80 
5-20 50-80 80-95 
15-40 80-95 95-99 

Greater than 40 95-99 95-99 

There are some general recommended design criteria for the cyclones given in
Figure 134. The height Ifof the main vortex should be at least 5.5 times the 
gas outlet dinmcter preferabl] up to 12 time.;. The cone serves the practical
function of delivering the dust to a central point. The diameter of the apex
of thc cone should be greater than 11of the gas outlet diameter. The approach
duct is usually round, therefore the round duct must be transformed to a
rectangular inlet. The maximum included angle between the round and rectangular
sections should not exceed 15 degrees. The optimum length of the gas outlet
extension has been determined to be about one gas outlet diameter. This
extension should terminnte slightly below ths' hottom of lhe gas inlet (47,48). 

0 7'iD 

0.50 

00c 

0.2D 0.3750 

0t10°l


COLLECTING 
,- HOPPERS 

(A) (81 

Figure 134. High (A) and ledium (B)Efficiency Cyclone (46,48). 

The efficiency of a cyclone is highly depr-ident on the intake gas velocity. It
is therefore advisible to locate the cyclone rifht after the gas exit, where the 
gas has its highest velocity because of the reduced area at and after the exit. 
This location of the cyclone also has the advantage of cooling down the gasthrough expapsion Defore it reaches the subsequent purification units such as
fabric filters and wet scrubbers which are more sensitive to high temperatures.
There are several rules of thumb for both types of cyclones. 
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Cyclone efficiency increases with an increase in (14,15,47,48): 

1. 	 Density of the particle matter 

2. 	 Inlet velocity into the cyclone 

3. 	 Cyclone body length 

4. 	 Number of gas revolutions inside the cyclone (2-10 are normal for a 
high efficiency cyclone) 

5. 	 Particle diameter 

6. 	 Amount of dust, mg/m 3 (milligram/cubic meter of gas) 

7. Smoothness of the cyclone wall 

Cyclone efficiency decreases with an increase in: 

1. 	 Carrier gas viscosity 

2. 	 Cyclone dinnieter 

3. 	 Gas outlet diameter and gas inlet duct width 

4. 	 Inlet area 

5. 	 Gas density 

There are standard designs for cyclones given by Stairmand (Figure 134) which 
are outlined here for the case of a 200 m9 diameter, high qpd nedium efficiency 
cyclone with a flow rate of 500 D (m /h) and 1,500 D Cn /h) respectively. 
At these flows the entrance velocity is approximately 15.2 m/s for both types. 
The fractional efficiency curves (Figure 135) were obtained for gas streams at 
20 °C und solid particles of density 2,000 kg/m in the gas stream. 

The 	cyclone efficiency and the pressure drop across a cyclone may be predicted 
without reference to a known fractional efficiency curve. The solution for the 
case of a high efficiency cyclone for a 10 kW (13.4 hp) gas producer engine 
system with an overall thermal efficiencv of 14% is as follows: 

Producer gas energy that needs to be provided by the gas producer: 

(10,000 J/s) (3,600 s/h) 257 MJ/h 
0.14 

where a cool gas efficiency of 70% for the gas producer and an efficiency of 
20% for the internal combustion engine or the generator are assumed. 

184 



--

100 

80 1
 
60
 

40
 

620 -o - 0 5 

U100- -

wO -i- ---


0
 

Fiur 
40 -

171(8) 

20 - - 

0 i J 
0 	 20 30 40 50 60 70 

PARTICLE SIZE , aim 

Figure 135. Stairmand's Fractional Efficiency Curve f~r Cyclone A and B in 
Figure 134 (48). 

Gas volniy flow rate at cyclone inlet: Assumed heaing value of the gas is
5.5 	 MJ/m at inlet conditions to the engine of 25 C and I atm pressure. 

Gas volume flov' rate at engine manifold: 257 MJ/h/5.5 MJ/m 3 = 46.7 m3/h. 

Gas 	volume flow rate at cyclone inlet: (46.7) (573.16/298.16) = 89.8 m3/h wherethe inlet temperature of the raw gas into the cyclone is assumed to be 300 °C.The geometric proportions of the cyclone are the recommended ones as given
in Figure 136. 

The parameter that is chosen first is the diameter of the pipe between the gasproducer and the cyclone. All other dimensions of a cyclone are based on this 
chosen diameter. 
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Figure 136. Recommended Dimensions for a High Efficiency Cyclone (15). 

Choice of pipe diameter between gas producer exit and inlet cyclone: 

The conveying velocities in pipes are depe,, 1,,,,t upon the nature, of the con
taminant. Recommended minimum gas velocities are (15): 

Contaminant 	 Velocity 

Smoke, fumes, very light dust 	 10 m/s 

Dry medium density dust (saw dust, grain) 	 15 m/s 

Heavy dust (metal turnings) 	 25 m/s 

A pipe of,3 cm inner diameter therefore allows a velocity of 

m3/h = 35.3 m/s.
2 

(3,600 s/h)(3.14)(0.015m) 

The round pipe must be transformed to a rectangular inlet of width 3 cm and 

height 6 cm. Consequently the gas velocity at cyclone inlet will be: 
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89.8 m 3/h = 13.85 m/s,,-00 s/h x 0.03 m x 0.06 m 

The final dimensions of the cyclone are given in Figure 137. 
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Figure 137. Dimensions of a High Efficiency Cyclone for a 10 kW Gas Producer. 

Prediction of the cyclone efficiency: 

D is called the particle cut size and defined as the diameter of those particles
efheeted with 50% efficiency. D may be predicted by the following equation:

PC 

9 p b (15,48).
PC 2 N vi (pp - pg)e 


b = cyclone inlet width, m 

p dynamic gns viscosity, kg/m-s 

Nc effective number of turns in a cyclone. Assume 5 for a high 

efficiency cyclone. 

v.13 inlet gas velocity, m/s
 

pp baetual particle density, kg/md
 

pg = ga density, kg/m 3 at inlet
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Tle gas composition is assumed to be a typical volumetric analysis obtained 
from a downdraft gas producer fueled with wood chips: 

CO = 28.7%, 

l) = 13.8%, 

CH = 6.46%, 

C 2H = 0.34%, 

N2 + Argon = 44% 

CO 2 = 6.7% 

The gas viscosity at 300 °C computed with respect to the various mole7fractions 
and different viscosities as given in 'fable 49 equals 255.434 	 x 10 kg/m-s.
The molecular weight, M, of the mixture is 24.79 which is the sum of the molar 
fractions of the molecular weight of each constituent as given in Table 50. 

Assug ing ideal gas behavior the density of the gas at atmospheric pressure and 
300 °C is: 

24.79 	kg/mol x 1.01325 x 105 N/m2 3 
N/i 0.527 kg/in 

573.16 K x 8314.41 J/kg mol K 

Particle density depends on the type of dust in the gas. It will be assumed as 
2,100 kg/mn (20). CuTisequently tile particle cut size is: 

-
Di 2 (9) (255.434) (lo 7 ) (0.03) 
pe " )(5)(13.85)(2,100 - 0.52 7)(3 .14 )-2.75nmicron 

Knowing the particle cut size, D , one can now predict the fractional efficiency 
curve for this particular cyclonPCwith the help of. Figure 138. 

Example: The collection efficiency for 5 micron diameter particles is obtained 
as follows: 

5 

Dp/Dpc = 5 = 1.82. 

The efficiency with which 5 micron diameter particles are collected is now 
obtained from 138 75%. completeFigure as The fractional efficiency curve is 
given in Figure 139. 
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Table 49. Dynamic Viscosity of Producer Gas Constituents at Various 
Temperatures. -1 -xkgni s 7xlO0 

Temperature
0°C Air N2 02 CO2 CO H2 CH 4 C 2 H4 C 2H 6 

Water 
Vapor 

0 172 166 192 137 166 84.1 102 94 86 -
20 181 175 203 146 175 88.2 109 101 92 95.6 
40 191 184 213 156 185 92.2 115 108 98 103 
60 200 193 223 165 194 96.1 121 115 104 110 
80 209 201 233 173 202 100.0 127 122 109 117 

100 217 209 243 182 211 104 133 128 115 125 
150 238 229 266 203 231 113 147 142 129 143 
200 257 247 288 222 251 122 160 156 142 161 
250 275 265 309 241 269 130 173 169 155 179 
300 293 282 329 259 287 139 184 181 166 197 
350 309 298 348 276 304 147 196 192 176 215 
400 325 313 367 293 320 154 207 202 184 233 
450 340 328 385 309 336 162 217 212 195 251 
500 355 342 402 324 352 169 227 222 204 269 
550 369 355 419 339 367 177 237 -- - 287 
600 383 368 436 354 382 184 246 - 230 306 
650 396 381 452 368 396 191 256 .. .. 327 
700 409 393 468 382 410 198 265 - 249 348 
800 433 417 500 408 437 211 283 - 269 387 
900 457 440 536 434 464 223 300 - 283 424 

1000 479 461 559 459 490 235 316 - 299 456 

Table 50. Molecular Weight of Producer Gas Constituents. 

A 39.944 

CO 2 44.011 

CO 28.011 

C 2 
1 b 30.070 

CH 4 16.043 

N2 28.016 

I120 18.016 

02 32.000 

H2S 34.082 

so 2 64.066 

112 2.016 

Inert 28.164 (Molecular weight of constit
uents of air treated as inert) 
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Figure 139. Fractional Efficiency Curve for Cyclone in Fig-ure 1317. 

The outlined method was devised by Lapple. Its accuracy has been compared
 
with tidditional experimental data and manufacturer's efficiency curves for
 
cyclones. All results compared favorably' with the original cu-t've of Lapple.
 
The maximum deviation rioted was 596.
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Because the natural suction of an internal combustion engine has to overcome 
the pressure drop in the entire system, it is important to keep the pressure
drop across the cyclone as small as possible. The pressure drop may be 
approximated by (33): 

2
 

e 

Ui = Gas inl' velocity, m/s
I 2 

Ad = Inlet duet area, m 

De = Diameter of the cyclone exit duct, mpg = Gas density, kg/m 3 

In this example: 

AP = (6.5) (0.527) (13.852) (0.06) (0.03) = 328.54 Nn-2 = 33rrmH 2 0 

(0.06)2
 

The equation shows that the pressure drop depends on the square of the velocity.
Consequently, there will be a four fold increase in the pressure drop if the inlet 
velocity is doubled. The largest pressure drop that is allowable at maximum 
engine load should be used to dimension the cyclone. Maximum efficiency should 
not be aimed at when dimensioning a cyclone. The task of a cyclone is to 
separate the coarse particles in the ga!; stream and prevent sparks from entering 
any cloth filter that may be part of flie cleaning system. It should be noted 
that the pressure drop in tie cyclone is only a small fraction of the total 
pressure drp through the enti-e gas producer-engine system. The main con
tributors to te total pressure drop are tile tuyeres, the fuel bed and the scrubber 
and fabric filters. 

The wall friction in tile cyclone is a negligible portion of the overall pressure
drop. The pressure drop is entirely due to the vortex and design of the gas
inlet and outlet. From tile equation for AP it is obvious that the collection 
efficiency of a cyclone strongly depends on the inlet velocity of the gas. The 
gas velocity at full engine load can be about ten times as high as at idling
engine speed. It is therefore inevitable that the cyclone will work with a 
relatively unfavorable inleL velo(ity at a low engine load. This is demonstrated 
in Figure 140. The gas producer and cyclone were mounted on a diesel tractor 
(40 hp at 1,500 rpm). 
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Figure 140. Gas Output Versus Exit Velocity at Two Different Gas Exit 
Tumperatures (35). 

Actual dynamometer and road tests with a diesel tractor and truck respectively 

gave the following performance of a cyclone: 

Diesel tractor: Dynamometer (35)
 

Total test time: 4 h
 

rpm: 1,625
 

Wood consumption: 21 kg/h
 

Amount of gas: 40.3 Nm 3/h
 
2.3 g/Nm 3 

Dust content of raw gas: 


Degree of separation in (.vclone: 67%
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Truck: Road Test (35). Test # 

1 2 3 
Distance covered: km 342 479 305 
Average speed: km/h 57 47 57 

Gas consumption: Nm3 /h 57 63 68 
Cyclone inlet velocity: m/s 10.6 11.5 12.5 
Separation: % 53 63 54 

Dust content of raw gas: g/Nm 3 2.1 2.9 2.4 

Wet Scrubbers: 

Wet serubbers have been widely used for many decades in stationary as well as
portable units. They can be built in a bewildering array and their design,
dimensioning and construction is outlined thoroughly in Reference 14. In almost 
all cases the wetting agent is water and/or oil. Scrubbers have the ability to 
remove gseous pollutants and solid particles while cooling the gas at the same 
time which makes them ideal for stationary units where the degree of removal 
is only limited by the pressure drop throughout tie system. During the 1930 
to 1950 oeriod, engineers put a great deal of effort into the design of compact,
efficient wet seruiober sys'eans for portable units. Some of the past designs
presented at the 

are 
er.d e" tiis chapter because of lack of new developments for 

the very few existing gas producer engine systems. The following representation
will closely follow Reference 14 and various descriptions of past systems.
Scrubbers for small scale gas producer engine systems will be categorized as
follows: Plate scrubbers, packed bed scrubbers, baffle scrubbers, impingement
and entrainment scrubbers. In practice combinntions of the above types have 
been used in an amazing variety. 

Plate scrbbers: It consists of a vertical ;ower with one or more plates mounted 
transversely inside the hollow tower. The scrubbing liquid is fed in at the top
and flows downward from plate to )late. Plate scrubbers aire divided into three
categories according to the method of feeding the gas through the plates and 
the downward flow of the water. Figures 1,11 to 143 show the various systems.
The bubble calp tray is of the eros,; flow type. The gas bubbles through the 
holes and out of slois or caps while the water flows across the plates, down a
downcomer and aeross the next plate in the reverse direction. The purpose of 
ihe cap is to disperse tile as effectivel y'and keep the liquid from falling through

the plates. Th. reader is referred to Refercee 14 for detailed enlealations on 
the per orm anee of butble cap scrabbers. 

Th wet impingern etn scrubber is similar to the sieve plate scr ubber. The gas 
passes through mairy jets and iapinages on pates loo -,ted above Ihe perforations.
Collection of particle; is due to i plet.,)n of the jels on the collecting plate
and on the droplets sprayed anld aeeelera',ed by the enierginrig gas stream. The
collection may be only increased a few percent by adding additional plates or 
increasing the pressure drop. The ilapiaffern ent hatffle is astlily placed at the 
vena contrneta of the gas jets formed by the perforation, several millimeters 
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Pbove the plate. The standard operating pressure drop is 4 mbar per plate and 
can be increased to obtaig better efficiencies. Water consumption varies between 
0.13 to 0.27 liter per m gas per plate. The design of the tower is the same 
as in bubble cap scrubbers. 

Gai out Boffle support 

ShellI 

i tray Liquid in F 4 Impingement 

- -- )I plate 

Bafpse Bubbe 

------- doe-Pnte la 


rigure 142. ImpinemCap Plate (14). 

Bubble195 

Figuree 44..ubbleteColumnte(53).Fr th 9 



In practice the gas flow rate, Q . through the column is known -nd the perforation
diameter, d , as well as the humber, n, of holes in a plate .an be arbitrarily 
chosen by the designer. The gas velocity, u , through the perforations as well 

,as the particle diameter, d 5 collected witd 50% efficiency may be computed
pprovided the viscosity, ji f the gas and the actual particle density, p , is 

known or fairly well apprf'ximated. In practice u0 is higher thqn 15m/secPand 
is computed from: 

4Q 
G 

20 r hrdh

The diameter, dp5 0 , is given as: 

d p5 = - 0.0825 + (0.0068 + 1.382 x 10 1 )npGdP5 PpQG 

However, the actual particle density will fluctuate and is not well known. 
Moreover, ash particles do not even come close to the spherical shape assumed 
in these equations. In this case it is better to use the aerodynamic particle
size dpa5 collected with 50% efficiency given as: 

dpa5050O 

dpa 50 (137 p(, nd 1 3 

The particle size is given in inicrons whereas all other values are expressed in 
centimeters. grams and seconds. 

Figure 144 shows the roarginal increase in efficiency if more plates tre added 
to a standard inmpingerment plate scrubber at 4 mbar pressure drop per plate. 
Figure 145 displays the efficiency curve of a typical wet impingement scrubber. 
It can be seen that the efficiency in Collecting plrtieles in the lower range,
1-3 microns, is Much higher than for cyclones. The pressure drop across any 
part of the purifieation svst em urist he of concern because the only force 
present to drive the gas is the natural suetion of the engine. The pressure drop 
per plate can be divided Into three iain components: 

1. Pressure drop across the dry plate. 

2. Pressure drop across the wet plate, mainly due to the water depth. 

3. Pressure drop due to friction within the system. 
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The dry plate pressure 
approximated by: 

drop which is mainly due to the jet exit can be 

AP-= 
0.81 PG %2 

n g d1 

The distance between the baffle and tile plate should be larger than the hole 
diameter, dh, when applying this equation. 
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Figure 144. 	 Standard Impingement Efficie~ncy at a Pressure Drop of 4 mbar per

Stage (SLY Catalog, 1969) (14). 
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Figure 145. 	 Grade Efficience Curve for iet Impngement Scrubber (Stairmand) 
(14). 
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A different design is shown in Figure 146. 'he gas passes through a sieve, like 
plate with 1-3 mm perforations with a high velocity, 17-35 rn/see. This high 
velocity is necessary in order to prevent the water from weeping through the 
perfurations. A pressure drop of 2.5-10 mbar per plate is normal. Sieve plate 
scrubbers can be built with or without downcomers as in bubble plate serubbers. 
Important factors influeceing the performance are the perforation diameter, d 
the foam density. F, and the gas velocity, u., through the perforation. "T1,I 
foam density, F, is defined as the ratio of Ke clear liquid height, 1, to the 
total foam height, h. C'le.r liquid height, 1, is the height of the liquid flowing 
on the plate when no gas is passed through the plate. Total foam height, h, 
is the height of the bubbling liquid over the plate when gas is introduced through 
it. Collection efficiency is, in general, good for particles larger than 1 micron. 
An important fact is the rapidly deereasing efficiency practically going to zero 
with temperatures at the boiling point. This is due to repulsion of particles by 
the evaporating water. 
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Figure 146. Sieve Plate (14). 

For particles larger tham 1 micron, the collection by inertial impaction dominates 
over diffusion collection. In this ease the collection efficiency for a particle 
of diarmeter, d p, given in microns can be approximated by: 

9 

I-p I - exp (-40 F-K 

where F is he fom density and the inertial pirmneter, Kp, equals: 

) d( _ It 

p 13C;C]h 

The foam density, F, is in the rmge of 0.35 to 0.65. 
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Figure 148 shows the collection efficiency as a function of the hole velocity, 
u , for various gas and liquid flow rates combined a generalized collection 
eficiency curve versus the generalized parameter F K . Another appr'ach is 
shown in Figure 147. In this case the aerodynamic particle size diameter, d I 
that is collected with 50% efficiency is plotted versus the hole velocit,a 0. 
Curves are given for various representative foam densities, F, of 0.4 and 0.6S, 
respectively. The symbols, u h and uo, are synonymous symbols for hole velocity. 
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Figure 147. Predicted Sieve Plate Performance d Versus with F and dhu0 
as Parameters. For Impaction Only"lM'. 
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Figure 148. 	 Collection Efficiency Versus Generalized Parameter in a Sieve Plate 
Column. After Taheri and Calvert (14). 
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The smallest allowable plate diameter, d for wet plate scrubbers such as bubble 

cap, impingement and sieve types can Re approximated by: 

de = (QG 

It is also true that d depends on several operating diameters but to a good 
approximation is consFant for a given tray geometry and tray spacing. The 
values for 4' are 0.0162 and 0.014 for bubble cap and sieve plates, respectively 

(dimensions m hr kg ). They are based on a liquid specific gravity of 1.05 
and 61 cm tray spacing. Figure 149 gives the correction factor if a different 
spacing than 61 cm is used. The height of a plate scrubber above the top tray
consists of a space for liquid disengagement and is typically 0.6 and 0.75 meter. 
The column height below the bottom tray should be 0.f6 to 1.0 meter in addition 
to the tray spacing to allow space for the gas stream inlet and some depth of 
liquta Lo provide a seal on the liquid outlet. 
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Figure 149. Correction Factors for Tray Spaeing"s I)ifferent from 61 cm (14). 

\nother wet scrub)hor of interest for fr:as the pae' -,d bed column, isplo(lu cers , 
coflmotlony used for flbsorhtior of (tits but less commonly used for particle 
weparatioi. The paeked bed scruber typically cofisists of thai packing, liquid 
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distributor plates, a support grate for the packing and ports for gas and water 
as shown in Figure 150. 

Commercially available packing materials are shown in Figure 151. Their purpose
is to break down the liquid flow into a film with high surface area. The design 
and shape of the material determines the pressure drop through the column, 
overall surface area available for water-gas contact and, most important, the 
homogenuity of the packing. They are usually made out of metal, ceramics, 
plastics or carbon. 

Packings are by no means restricted to the cormercially available materials. 
They can be "home made" materials. The systems of the past and some recent 
research units have used a wide range of material and shapes such as steel 
wool, metal turnings, sisal tow, wood wool, wood chips or blocks, saw dust, 
charcoal, coke, gravel, crushed rocks, sand, cork, and procelain marbles. 
Unfortunately, very little is reported about their performance and maintenance 
characteristics as well as reliability. Whether home made or commercial, a 
proper packing is most important. Improper packing causes channelling and 
lowers the collection efficiency considerably. Friable packings such as soft coke 
re riot as suitable because of their physical properties. Soft coke soon chokes 

Lp the scrubLer. Packings may break up through careless placement and then 
cause severe blocking problems at the absorber base. The packing material 
must be pefectly clean and free from (]ust. For home mode packings it is best 
to grade them according to size and start with a layer of coarse material (3-5 
cm diameter) separated by a liquid distribution plate from the fine material 
layers (1-3 cai diameter). If the bed is riot packed evenly tle washing water 
will tend to tAl<e the easiest path and leave unwetted areas through which the 
gas will pass. The water distributor at the top of tile column m ist give an 
even distribution over the full cross section. Figure 152 displays an adequate
and inadecuate liquid distribution system. A good water distribution is quite
often al achieved because it requires restriction of' the gas flow. 

Packed bed scrubbers are able to remove pollutant and harmful gases to any 
desired degree. The limiting factors are the cost and the pressure drop. 
Typically, a pressure drop of 10 em 1190 per meter of column can be expected 
for the commercially availtible packing.';. For home made packings tie pressure 
drop depends mainly on the grading of tile iantterial, being extremely high in 
case of sand and saw (]ist. The hot dust and tar laden producer gas has the 
tendency to clog a packed bed scrubber if too fine niaterial is used for the 
bottom layers. A continuous Equid flow is not essential for this type of scrubber. 
It can be operated on periodic liquid flow or on a dry basis if the coidenser 
(cooler) is located before the scrubber. [)r\ palcked bed scrubbers are coinmonly 
u:ied to eliminate ruisL which drips throui'h Ilb bed nd is colicetet! at the 
bottom. 3ome systems in the past used a wet mid o dry bed scrubber in series, 
to first remove undesirable gases and vapors and then separate the entrained 
mist in a dry bed scrubber. It is sometimes necessiry to replace tile coarse 
material such as wood blocks or crushed rock in tie dry scrubber with finer 
raater'al such as stw dust and fine gravel if impur'ities in the gas are pnrticularly 
persistent. The sizing of prcked bed scrubbers is outlined ;n detail (14,53) for 
tle conmercially availtiblo packiigs. For horne inade packingrs no data call be 
given and the best system raust be found 1bv error rrd trial. 
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Figure 150. Packed led Scrubber (53). 
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(b) Lessing ring 

() Partition ring 

b(d) Berl stiddle 

W() Intalox saddle 

Mf Tl'llerette 

(g) Pai! ring 

(d) Ce) U) 

Figure 151. Random Tower Pacikhigs (53). 

Liquid in Liquid in 

Dry 
packing 

-- rrigoted 
poickinI - -

(o) (b) 

Figure 152. Inadequate (a) and Adequate (b) Iiquid )istribution Systems (53). 
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The necessary amount of water to clean and cool the gas entering the packed 
bed is about 3-5 liter per B.Il.P.-hour, based on practical experience with coke 
bed scrubbers. A 20-hp engine would therefore reouire a barrel of .. ater every 
three hours to clen and cool the gas. The water should be reasonably clean 
for packed bed scrubbers, whereas sieve-plate scrab.. t'shave a good ability to 
use dirty water as a washing liquid. 

A type of wet se;tabber operating with a stationary water bed and no packing 
material is shown il t[gure 153. 'his so-called impingement, entraininent or 
self-induced spray s('ra~bber is most frequently used for particle collection of 
several microns diam eter. The pressure drop may range from 10-50 em of water 
column. The principle of operation is based on particle collectio, by multitudes 
of drops generated through the gas (low below or past the water surface. This 
class of scrubber amssome iniportatit advantages sucih as no clogging or blocking 
of the unit can occur under heavy dust load. The system is always well irrigated 
and does not require a continuous water flow if evapori;ion is not excessive. 
The spray is self-induced by the gas stream with out enplovhag mechanical devices 
o0 spray erifices. Circulating water is used without purification, exec.ssive build 
up of solids being avoided by purging tha settled solids and adding clean water. 
The sensitivity to + 25'A) changes in the gas3 flow is minor. Water ,.onsumption
is low, between 0.03 aind 0.67 jitet per m gas depending on the temperature 
of the gas and the allowable concentration of the slurry. Concentration is 
usually kept at 5-101%. 

Self-induced spriy scrubbers have been widely used in the past for stationary 
and portable units. They were commonly employed as the first stage of a wet, 
packed-bed scrubber to separate the coarse particles out of the gas stream 
before it enters the packing. Figures 154 and 155 show more recent designs 
that are commercinlly uilable. 

GAS IN GA SG> 

1,:gure 153. Self Induced Spray Scrubber (1,1. 

Baffle scrubbers operating on a dry or we basis are frequently used. They are 
designed to cause changes in gas flow dircetion and velocity by means of solid 
surfaces. Louvers and wall plates arc examples of surfaces which cause changes 
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Figure 154. "Rotoclone" Type N Precipitator (14). 
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Figure 155. Turbulnire Type D Gas Scrubbei (Joy Manufacturing Co.) (14). 

in the main flow direction. If the material separated is liquid, it runs down 
the collecting surfaces into a collection sump. If solid, the separated particles 
may be washed intermittently from t e collecting surfaces. Figure 156 shows 
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the general principle involved for a baffle scrubber. Figures 157 to 159 are 
typical examples of commercially available units. Most baffle scrubbers are 
used for collecting water drops and mist produced in wet scrubbers. Their 
efficiency is good down to particle drop size of 5 microp However, if a large
number of baffles are required fo good efficiency, the . :'essure drop can be 
considerable. This is shown in Figures 159 and 160 for a baffled wall collector 
with various spacing and heighl of the baffles. 

It should be pointed out that self-induced spray and baffle scrubbers, although
simple devices, are not very effective for small particles. The pressure drop 
in both devices can be so high that the manifold suction of the engine is not 
capable of drawing the gas through the gas cleaning system. 

A simple and very effective method of removing solid matter from a gas stream 
is to filter it through cloth or some other porous material. Several types of 
natural and synthetic fabrics such as cotton, dacron and fiberglass are com
mercially available and their characteristics concerning cost, permeability, 
durability, resisnimce to certain acids and temperature are given in Table 51. 

Fabric filters hnve a very high collection efficiency, in excess of 99%, which 
can not be matched by any other purification system previously discussed. Their 
pressure drop is within the range of 5-20 cm of water column. The overall 
pressure drop is caused by a combination of fabric resistance which is primarily 
a function of air flow, structure of the fabric and resistance due to the dust 
accumulated on the fabric surface. Usually less than 10% of the total resistance 
is attributed to the clean fabric resistance. 

cleaned air 

/  inlet 

dust
 
circuit
 

//7N 

Figure 156. Louver Impingement Separator (A.I.H.A. 1968) (14). 
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Figure 157. Conical Louver Impingement Separator (A.I.H.A. 1968) (14). 
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Figure 158. Shutter Type ColleeLor (Stairmand, 1951) (14). 
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Figure 159. Collector With One Baffled Wall (Calvert and tHodous, 1962) (14). 
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Table 51. Filter Fabric Characteristics (55). 

Fiber 

Operating 
exposure

0OF) 

Long Short 

Supports
corn bus-

tion 

Air 
permea
bilitva2 

(cfm/ft ) Composition 
Abra-
sion-

Mineral 
acids-

Organc 
acids- Alkali-

Cost 
rank-

Cotton 

Wool 

Nylond 

Orlon 

Dacron d 

Polypropylene 

Nomex d 

180 

200 

200 

240 

275 

200 

425 

225 

250 

250 

275 

325 

250 

500 

Yes 

No 

Yes 

Yes 

Yes 

Yes 

No 

10-20 

20-60 

15-30 

20-45 

10-60 

7-30 

25-54 

Cellulose 

Protein 

Polyamide 

Polyacrylonitrile 

Polyester 

Olefin 

Polyamide 

G 

G 

E 

G 

E 

E 

E 

P 

F 

P 

G 

G 

E 

F 

G 

F 

F 

G 

G 

E 

E 

G 

P 

G 

F 

G 

E 

G 

1 

7 

2 

3 

4 

6 

8 
Fiberglass 

Teflond 

550 

450 

600 

500 

Yes 

No 

10-70 

15-65 

Glass 

Polyfluoroethylene 

P-F 

F 

E 

E 

E 

E 

P 

E 

5 

9 

a cfm/ft2 at 0.5 in. w.g. 

p = poor, F = fair, G = gooc E = excellent. 
c Cost rank. I = lowest cost, 9 = highest cost. 
d Du Pont registered trademark. 



The Opeflings between the threads of the cloth are many dines larger than the
size of the particles collected. Consequently, a new filter has a low efficienev 
and low pressure drop initially. Their disadvantages are their short life and;
temperature .'ensitivity. .\t temperatures above 300 C fabric filters can not 
be used. Fron previous discussions it should be clear that at full load, gas
temperatures in excess of 300 0 C can be expected at the eyelone exit. 

Moreover, the hygroseopic imaterial, conoensaiion of moisture and tarry adhesive 
components found if,producer gtas inNy cauLSe erust eaking or plugging of the 
fabric. Fabrics can burn if readily Combustible dust, as in producer gas, is 
being collected. This nay explain wily their use iias not been as widespread in 
the past altilougll their eficlev is exce1llent even ii tile submieron ange where 
wet serubber systems are totally ineffective. 

Almost all fabric filters are either envelopef or cyn ndricai shaped as shown in 
Figure 161. 

f-T -F [ive;ope or FrameType 

Up, Down or ThroughFlow 

Cylindricd lTypes 

Ouside Inide 

Filtering Fiermg
 

Normaol F 
(iUp..rd) 

Flo.v 

Doa.. 

/j(Tube T pe) 

Figure 161. Con"iuration of Fabric Filters (33). 

The designi and operation of fabric filters depend primarily on the air-to-cloth 
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ratio used. This means the volume of gas passed through one unit o surface 
area of the clth An one hour. This ratio may be as low as 30 m /m -h or as 
high as 600 rn' /m -h. If the gas contains sral]er particles which P,'e difficult 
to collect one should choose a low air-to--cloth ratio which also keeps the pressure 
drop down but requires large cloth areas. More detailed information about fabric 
filters arid their industrial applicatiorLs are contained in References (10) and (33).
Recent tests with fabric filters as part of the purification system of small 
portable gas producers on tractors and trucks have been carried out by the 
National iachinery Testing Institute, Uppala, Sweden and their findings are 
presented below. 

The highest0 temperature allowable for textile filters such as cotton or wool is 
about 120 C. This is )elow the dew point of many of the tarry vapors and 
oils in the gas stream. Their use is therefore not recommended. 

The development of synthetic fibers during the 1930-1950 period was not at a 
level that would have permitted use Of' them as part of the filter system. On 
the other hand, the very few cloth filters tested performed so badly that they 
were not used commercially. With today's synthetic fabrics, the situation is 
totally different. The reasonably high temperature resistance and low moisture 
absorption of these fibers make them very suitable as part of the purification 
system. The performance of a fiberglass filter that can be used at temeratures 
as high as 300 °C depends primarily on its placement within the purificationsystem and the performance of the condenser. 

In general, the fabric filter should be placed immediately after the cyclone. Its 
performance and life depend on the type of gasifier, the ambient air conditions, 
the fuel moisture content, the specific gasification rate arid how theV vehicle is 
driven. In any case, temperatures should be kept below the point where 
considerable aging of the material occurs as given in Table 52 from the Swedish 
test series. 

260 
Fiberglass 

Wool 100 

Insignificant aging 

Cotton -85 -- High aging 

Orlon 120 

Dacron / Z=135 

Nylon / 95 

1I I I I I 
0 100 200 300 400 500 600 

TEMPERATURE 0 C 

Table 52. Temperature Resistance of Various Fabric Filters (35). 
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Blowing the gasifier too hard results in sparks or glowing particles passing the 
cyclone and burning through the fabric filter. On the other hand, low loads or 
cold weather favor fast cooling of the gas before it reaches the fabric filter 
and therefore causes condensation of water, tar and oil vapors at the fabric 
surface. This usually chokes off the gas supply to the engine. Figure 162 shows 
the principal parts of the purification system for tractors. Figure 164 is a plan
view of the clea~ing system for trucks. In both cases a patented Bahco fiberglass
filter of 2.33 in total area was used. Its dimensions are given in Figure 163. 
The rectangular container is 538 mi x 355 mm x 625 mm. 
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valve 
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Figure 162. Purification System For Tractors (35). 
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Figure 163. BEahco Cleaner Side View (35). 
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Figure 164. Arrangement of the Gas Producer and Cleaning System on a Truck (35). 

1. 	 Generator 4. Condensate Sump 7. Valve 
2. 	 Cyclones 5. Frame 8. Precooler 
3. 	 Front wall of truck 6. Fuei Tank 9. Gas Lines 

cargo box 
10. Gas Cooler 	 11. Fabric Filter 



The air-to--cloth ratio, the pressure drop across the fabric filter and temthe 
perature after the cloth filter as a function of the generator load over the 
entire range of possible gasification conditions are the most important design
parameters. Data obtained from actual trials with tractors are shown in Figure 
165.
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Figure 165. Pressure Drop, Temperature at Filter Exit and Air-to-Cloth atie 

as a Function of the Load (35). 
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A comparison of the collection efficiency of the Bahco Fabric Filter with a 

cyclone is shown in Figure 166. This data was obtained with a wood and charcoal 

gas producer as showsi' in. Figure 74. The results clearly show the superiority 

of a fabric t'ilter over a cyclone in the below 5 micron range. In addition, the 

of a cyclone with a fabric filter in series is demomstrated.ideal combination 
It can not be denied that, although the combination of a cyclone-fabric filter

condenser gas cleaning system is most effective in collecting a wide range of 

particles, there have bc . )roblems with such an arrangement. Most troublesome 

is the fact that producer gas leaving the gasifier is either already saturated 

with tar vapors or close to saturation. Any drastic temperature drop across 

the cyclone and the fabric filter leads therefore automatically to tar condensation 

at the fabric surface. The obvious solution, to keep the gas temperature high 

between cyclone and the fabric filter, is impracticable because it would result 

in a fast deterioration of the fabric due to the high temperatures. 
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Figure 166. 	 Accumulation Curve of Dust Collected in the 0.5 to 300 Micron 
Range for a Cloth Filter mid a Cyclone (35). 

Hligh percentages of ,)articles in the range 0.2-3 micron have been reported 
occasionally. In particular, silica dust is especially troublesome being extremely 

fine and highly abrasive. 'Ihle reader nay recall that ashes of biomass fuels 
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may have a high percentage of SiO,, up to 93% of the ash in the case of rice 
hulls. 3 With the previously describe'f arrangement, the usual dust conten of 1-5 
g/Nm under normal running conditions has been reduced to 0.3 mg/Nm . This 
remaining dust concentration is well below the limit of 10 mg/Nm that has
been considered as safe for an internal combustion engine. 

This last part of this chapter describes some of the past systems used in portable
and stationary units. Although their efficiencies are not as good as what can 
be done today with more advanced filter materials and purifiers, they are useful 
for stationary units. They also demonstrate well how different particle and 
vapor collection methods such as collection by diffusicn, impaction. and gravity 
have beer combined in a purfication system. Thuir advantage lies in the fact 
that they can be home made, are simple to build aind easy to renoir arno maintain. 

Figure 167 shows the combination of a packed bed scrubber and self-laduced 
spray scrubber. The packing was coke and about 3 liters of water were used 
per BIIP-h to clean and cool the gas. 

Water seal 

Figure 167. 	 Conibinvtion of Packed Bed Scrubber and Self-induced Spray 
Scrubber for Stationary Units (17). 

The purification system used in the BruLsh-l(oela Plant is shown in Figure 168. 
Both elements in the first scrubber are packed with steel wool, instead of wood 
wool because the high temperatures damaged the wood wool. In the first wet 
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Figure 168. Pun i at iOn SYstem) Of' Prs-Kca(2).lant 

scrubber the gas is drawn through it oluiion of ,od ur cnnbonnt e in wvateor andi 
a filter bed of rusty steel wool. fit thc last fien thle gas is passed through an 
oil both1 and t hen t hrough P packl of pore an rinags. The oil cutmi neal with the 
gas was nta-yueasupper cyiinI abnnt for tho engine. The plmissitble
nmileage bet ween cleaning and seridici u the, systemn wns given to be h)etween
320 kmJ and 1600 km. An ieresing d "si," !atre is the vertical slots in thef 
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wet scrubbers. The water and oil seals are automatically broken when starting
or idling. During* normal operation all the slots in the skirt of the filter
distributor are subrnerged, but with reduced suction the fluid level outsidc the
distributor falls. This exposes the ends of the longer slots and enables sufficient 
gas to be drawn through by by-passing the fluid. 

Figure 169 shows a dry gas filter used successfully in buses with an excellent 
separntion for fine particles. '[he gas was obtained from high grade charcoal 
of 2% ash Content and 90% fixed carbon. The size of the cylinder is 30 cia
diameter and 1.5 m long. 'Phe packing had to be removed after only 1.00 km 
or 200 km when two parallel cylinders were used. Both coir and cotton waste
have been found to provide an excellent separation for fine particles. The gas
entereg the cheaber at 115 °C and was cooled down in the purification processto 50 C. 

A 

'c -E 

Fig r'e 169. A Combination of Baffle and Dry Packed Bed Scrubber (20). 

A: Gas Outlet (50 C); B: Cotton Waste; C: Coir' or Sisal Tow; D: Removable 
Tray; E: Cooling Chamber; F: Inlet (1I5°C). 

A conbination of wet oil scrubber ard dry filter was frequently used. Oil is
superior to water ano experiments carried out with charcoal ash showed that it
floated for a long time in water, but in oil it sank immediately. The gas, after
passing through the oil well, continues through the vanes of a swirl plate which 
separates oil and gas. The speed and direction arc then changed by a series
of perforated plates packed with coir and cotton waste. In practice, cleaning 
was required after 800 km (20). 

Under normal conditions, a combination of a dry and wet scrubber system was
sufficient for the old units. lowever, the manufacturer realizedi the human
element in driving a gas producer fueled automobile, in particular in Third World
Countries where a larnge number of these rinits were sold and therefore, most 
purifieu tion syst n1 ilad n so-called safety filter installed ahead of the carburetor.

tIts cnly purpose was to s op the gas flow and shut dlown the engine in case a
careless driver did not clean the filter system frequently. They were usually
made out of fine falric or metal cloth as shown in Figures 170 and 171. A more ,ophisticated one is shown in Fig uir 172. It was used with considerable 
success on a 38 se,'t bus working in a tropical. sandy seaport. Its dimensions 
arc 75 ern length b\' 30 cn diameter. (Gas caters at the base and is diffused
by a Perforated cone over the oil through whicr it passes at high velocity. It
is then slowed down to allow the oil to separate 3efore the gas reaches the 
eoir and cotton waste trays. 
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A. Rubber packing 

B B. 250 mesh gauze 
C. Metal frame 
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305mm 

Figure 170. Membrane Safety Filter (13). 
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Figure 171. Cone Safety Filter (51). 

A A. Gas Exit at 270 C 

I B. Cotton Waste 

"A C. Metal Cylinder 

C D. Coir 

D=F E. Lead Weight to hold cone dowD 
*C2, .. iF.Oil bath level 

E G. Gas inlet at 49 C 

7\F 

G 

Figure 172. Oil and Fabric Safety Filter (20). 

The dry paper filter for carburetors on today's cars and trucks is probabl:
suitable as a safety filter for producer gas. 

A four-stage filter is shown in Figure 173. The gas first expands in the expansiol
chamber which also serves as dust bin.a After having passed through the mail 
sisal pack, it travels up the outer annular space. It then enters the annulu! 
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between the two inner cylinders and passes through the oil. Here the suction 
of the engine causes the oil seal to be made and broken continuously, giving
rise to a self-induced spray effect. Upon emerging from the oil, the gas passes
through the final sisal tow pack, which retains any excess oil without impairing
the oily vapors present in the gas. Practical separation of up to 98% has been 
achieved with this unit. 

_-D
 

-C 

-B
 

A 

Figure 173. Four Stage Filter (3). 

A: Dust Box; B and D: Sisal Tow; C: Outer Cylinder. 

There have been many more purification systems on the market for small-scale 
stationary and portable gas producers and their design and performance has been 
well documented in the literature. 

In general, thc past systems performed reasonably well under normal running
conditions and higr-grade fuel. It is particularly difficult to find an optimal 
gas cleaning system for automotive gas producers. In such units, compactness
and lightness are important. In stationary units, the use of large packed bed 
columns with an adequate liquid flow can be employed. 7The efficiency r'ay be 
considerably improved by using additional blowers to overcome the pressure drop
in large columns instead of relying only on the natural suction of the engine 
manifold. 
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CHAPTER VII: INTERNAL COMBUSTION ENGINES 

One of the most attractive applications of producer gas is its use in internal 
combustion engines for power or electricity generation. Although producer gas 
can be combusted in gas turoines, this chapter is concerned only with reciprocating 
internal combustion engine!; commonly referred to as Diesel and Otto engines. 
One of the not so well knovn facts about Diesel and Otto engines is their ability 
to run on fuels other "tian what they were designed for with very little 
modifications. Hlowever, there are many questions that should be looked into 
before attempting to run an internal combustion anc with til alLernative fuel 
such as producer gars. A producer gas-air mixture as delivered to the combustion 
chamber is certainly inferior in some respects to the gasoline-air or diesel 
fuel-air mixture for which the engine has been designed. The chemical and 
physical properties of producer gas as eompred to these mixtures are so different 
that a thorough evaluation of tl;e foelowing topics is necessary in order to 
understand the operational differences: 

1. Actual efficiency of the engine 

2. Power ou, t on producer gas operation and engine modification 

3. Engine wear and long-term effect on engine 

4. Engine eximust 

Mst reported data specifically about engine performance and long-term effects 
have been published before 1945 except for the report of the Swedish National 
Machinery Testing Institute frbin 1957-1963. Our worldwide search for operational 
automotive units as well as experimental ones revealed less than 100. 

Although the sedreh did not contact all operators and new projects are being 
frequently initialed, it appears there are very few operational uni's worldwide. 
In addition, the researeh reports and opernlionml experience accumulated in the 
last decade is totally insignificant wli(n compared to the thousands of papers 
written about the subject prior to 1950 aid the more thun a million units that 
had been built and operated up to 1950. There is no data available about 
small-seale gas produver-engrine systems operuted withl fuels other than wood, 
charcotl, coal and coke on a commercial basis. Hlowever, bench test experiments 
with automotive gas producers fueled with corncobs can be traced hack as early 
as 1948. 

As pointed out in Chapter IV, the cold arts efficiency of a. gas producer may 

be 70% tinder favorable conditions. A further loss must he taken into account 
when convertirg the cold gas energy into mechanical power by means of an 
internal combuston engine. The performtnce of I.C. engines iS usually given 
in terms of their volumetric, indicated thermal and mechanical efficiencies. 
The volumetric efficiency, rl v, is of chief interest as a measure of the performance 
of the cylinder-pistoii-vlve bly a ps device. is definedassen as t pumpini It as 
the mss of fresh mixture which lpia;ses into the cylinder in one suction stroke 

divided by the inmass of this mixture which would fill the piston displacement at 

inlet density. The indicated thermal ef'ici envey, ri , is the ratio of actual work 

done by the pistons to the he at supplied by the niture. Finally, the mechanical 
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efficiency, n , is the ratio of the power developed by tile piston to the actual 
power obtainbl at the shaft. Some authors prefer to call tile product of indicated 
thermal efficiency and mechanical efficiency tile brake thermal efficiency. 

The product nv, n .r is tile actual efficiency of the internal combustion engine
and this efficiencY c!8mbined with the cold gas efficiency tic of the gas producer
yields the overall efficiency, r s = rc. Ti r, of the entire gas producer
purification-engine system. c . .t . 

The actual conversion efficiency of internal combustion engines varies widely
with design, size and running conditions. A rather conservative figure is 25% 
for diesel engines and 15% for spark ignition engines, when operated on their 
respective fuels. In general, one can assume a better indicated thermal efficiency
under produer gs operation, since the combustion of the gas is more complete
and tile flame temperature is considerably lower. The mechanical efficiency
under producer gas operation will be lower due to the induction of the gas-air
charge. Mechanical losses are in general caused by friction of the bearings,
pistons and other mechanical parts. In addition, the engine is providing all tile 
suction that is necesary to overcome the total pressure drop in the gas producer,
purification system and piping. This latter fraction can be considerable and is 
one of the major causes of reduced power output besides the power drop due 
to the lower energy density of the producer gas-air mixture. A pipe diameter 
of 35 mm - 50 mm has been suggested for 2.5 liter engines. 

Since the resistance within the piping system increases with the third power of 
the mean velocity of the gas, it is obvious that a considerable loss in power
output can be cxpected when using too small pipes, long connections and a 
complicated arrangement with many elbows. A detailed comparison of effici
encies of internal combustion engines operated with producer gas versus gasoline 
or diesel operation can not be presented due to insufficient data and the wide 
variation in the composition of the producer gas-air mixture. For instance, the 
water vapor in the producer gas will play a significant role in assessing the 
combustion fuel-air ratio, indicated thermal efficiency, volumetric efficiency
and detonation limits in spark ignition engines. It is known that water vapor
slows down combustion, decreases the flame temperature and increases time 
losses unless ignition is properly advanced as humidity increases. 

The indicated thermal efficiency of a spark ignition engine operated with producer 
gas is shown in Figure 174. The engine was operated under various compression
ratios from 4.91 to 15.7. 

Comparable tests with a naturally aspirated air-cooled 14 lip diesel engine have 
been reported in Reference 27 and some of the findings are shown in Figures
175 and 176. The graphs indicate that volumetric and indicated thermal efficiency 
are higher tinder producer gas operation and favored by high engine rpm. 

Although engine efficiency considerations are worthwhile from an economical 
point of view, much more attention should be paid to the unavoidable drop in 
engine power output associated with producer gas operation. The fundamental 
difference between gasoline or diesel oil and producer gas operation lies in the 
unsteady gas composition and the lower energy density of the air-gas mixture. 
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Figure 174. Indicated Thermal Efficiency of a Spark Ignition Engine at Variousz0 Compression Ratios (41). 
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Figure 176. Volumetric Efficiency of Dual-Fueled-Diesel Engine (27). 

For instance, a typical gas composition of 4.5% CO 27% CO, 14% l12 ) 3%
CH and 51.5% N has a lower heating value of 5.7 NJ/m" at normal ambient 
conditions of 15 "C and I atm. 

The stoichioiyetric gas-air mixture has an enrgy density of 2.5 MJ/m 3 compared
to 3.5 MJ/m for gasoline-air and j.3 MJ/rn for diesel-air mixtures. Assuming
no change in efficiency, a gasoline engine operated producer gas will sufferon 
a power drop of 29%. Taking into account the usual lower mechanical efficiency
and the wide range of producer gas quality, a power drop from 40%6tup to 70% 
can be expected. Figure 177 shows possible gasems fuels used in internal
combustion engines and the energy density of their stoichiometric mixtures 
relative to the garolirnr air mixture. 

The large number of automotive gas producers before and during World War II
did riot stimulate the development of a special gas producer engine. The reasons
should be sought in the war conditions and the uncertain future of automotive 
gas producers. lowever, extensive rescech has been done on how to recover 
most conveniently most or all of the power loss. An internal combustion engine
should meet certain design criteria for a possible conversion to producer gas
operation. 
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There is a significant difference between a diesel and spark ignition engine with 
respect to its suitability for producer gas. Diesel engines operate on the 
compression-ignition principle, drawing in a full unthrottled charge of air during 
the intake stroke. A compression ratio between 12 and 20 is used to achieve 
a high air temperature at the end of the compression stroke. Just before top 
(lead center, 	the diesel-air mixture is sprayed into the combustion chamber and 
the fuel burns almost immediately without any spark ignition. This will not be 
tile cese with a producer gas--air mixture. In fact, a diesel engine can not be 
operated on 	 producer gas alone because the gas-air mixture will not ignite at 
the prevailing compression temperature and pressure. Spark ignition engines do 
not have this disadvantage and can be operated on producer gas alone without 
any pilot injection of gasoline. This is certainly very convenient when considering 
electricity generation in more remote areas or areas inaccessible for long periods 
over the year. In general, low speed engines with a laige inertial mass, large 
piston displacement and large combustion space have - great advantage over 
today's high speed light and compact engines. Large intake valves with 
appropriate opening timing and good aerodynamically designed and built induction 
pipes will make the difference between a poorly functioning unit with low power 
output and a smooth running one with a power output closer to that with the 
normal fuel. 
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Since the conversion of diesel and spark ignition engines to producer gas operation 

differs so much, it is best to treat both 	cases separately. 

Conversion of a g'asoline engine to producer gas: 

Today's compression ratio for spark ignition engines lies within the range 5 forindtLstrial and tractor engines and 10 for premium gasoline passenger cars. The 
expected power drop f ',mlternnted engine will he about 40%. There are 
four alternatives to recover part or all of the power loss: 

1. 	 No modifications uf the engine. In this case recovering of the power loss 
means dri'iog the engine at a 	 higher speed on a continuous basis. 

2. 	 Supercharging or turbocharging the engine. 

3. 	 Supercharging or turbocharging the engine and supercharging the gas pro
ducer. 

4. 	 Increasing the engine compression ratio. 

5. 	 Dual fueling the engine. 

The use of an unalternated gasoline engine for producer gas operation is appealing
from an economical point of view and technically sound. This approach is, in
particular, beneficial in cases where an existing unit is operated on half load 
most of the time and the full power requirements are not crucial. Examples 
are engine-water pump systems and electricity generation. This 	 approach will
certainly not work for tractors and trucks which depend heavily on a full power
output for a considerable part of tocir running time. There is a considerable 
diversion of opinion as to what extent the recovery of the power is actually
useful. One should clearly distinguish between efficiency and power output.
The actual efficiency of the ;tsoliie engine will be only slightly affected or 
may be even etter for producer-gas operation. It therefore makes sense to
anticipate the expected power drop in a new instalation and choose a larger
engine to meet the power output requirements and extend the life of the unit. 

In case an ahIrea dy instnlled gasoline engine is converted to producer gas operation
and it is necessary to recover at lenst some of the power lost, supercharging
(or turboelurging) the engine is one technically feasihie method. Supercharging
the engine was done du ring,the 19-l's on a commercial baqis and is therefore 
not new in connection witl ,mtomotiwye gas produc(ers (7,22,25,28,31). There are 
some problems related to this method. The supercharger would be required to
deliver the gas-air lnixtu e into the existing unaltered engine at a differential 
pressure of 100,00110 ln (0 no) achieveatn to the equivalent of a compression
ratio increase from 5 to 1). This is difficult to achieve with a centrifugal type 
compressor and a positive displacement pump seems to be more appropriate.
The power consum otion of turbochargers is considerable and when such 	a device
is installed thf. - should be provided by a tuiibine driven with the exhaust 
gas and not tU " A. on the shaft. Other problems related to turbocharging
producer gas are the excessive wear an the equipment due to moisture and dust
in the mixture. This method will probably not have appreciable application in 
Third World Countries. 
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Supercharging the plant is a whole avoids the excessive wear* or clogging up of 
the compressor, because only air is compressed before it enters the air intake 
to the gas producer as shown in Figure 178. However, the entire plant will be 
under pressure instead of tinder suction which coulu cause some problems related 
to the safety and health of the driver. 

The usual suction drive of automotive gas producers prevents poisonous gases
from leaking through hafd joints and fittings during nirm al operation. This is 
not the caise in supercharged plants. 

In sumimary, supercharging the engine or the gas producer is one method to 
recover most or even all of the power loss without alternating the internal 
combustion engine. This is shown in Figure 179 for two gasoline engines with 
a compression ratio of 4.5 and 7.5, respectivcly. How reliable supercharging of 
producer gas is remains to be seen and much more research and road trials 
must be done before any conclusive anwer can be given. 

70 
. 7.5 

•
60 -
G 50- 7.5 

0 

30
0 

20

10 / 

0
0 2 4 6 8 10 12 14 

Engine Speed rpm x 100 
Figure 179. Power Increase of a Gasoline Engine with Unchanged Compression 

Ratio I to 4.5 and of a Gasoline Engine with Increased Compression 
Ratio , to 7.5 as a Function of the Speed, Both Driven by Wood 
Gas (22). 

- -- Without supercharging 
With supercharging 

Installing high pressure pistons in a gasoline engine is inother technically feasible 
method to recover some of the power loss associated with producer gas drive. 
The advantages and disidwntages are best understood by looking at the thermo
dynamic behavior of gasoline and producer gas under high pressure and 
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temperature. In normal combustion after the flame is ignited nt the spark plug,
the flame front travels across the uhamber compressing the unburned gas ahead 
of it. The gas ahead of the flame spontaneously ignites under normal combustion 
conditions, resulting in a high-pitch knocking sound. It is well known that the 
occurence of knocking is closely related to the octane number of the fuel and 
the engine compression ratio. Figure 180 shows this trend in compression ratio 
and automotive fuel octane number over the years in the United States. When 
using producer gas as a fuel the compression ratio of a gasoline engine, usually
limited by tile danger of knocking, can be increased considerably, due to tile 
higher octane number of producer gas. It can not be emphasized enough 
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Figure 180. 	 Trends in Compression Ratio and Automotive-Fuel Octane Number 
in the United States (37). 

that the term producer gas does not refer to a specific chemical composition 
as is the case for ga.soline. The behavior of producer gas under conditions 
prevailing in the combustion chamber of a gasoline engine varies considerably 
due to the wide range of possible hydrogen content in the gas. The octane 
numbers for various gases which occur in producer gas are given as: 

Gas 	 Octane number 

CO 	 105 

[12 	 60-66 

CH 4 	 105 

The table indicates the unsuitability of H as a fuel in high compression engines.
On the other hand, hydrogon in the prodcer gas is necessary to achieve a high
heating value and even more important to increase the flame speed of the 
gas-air mixture and therefore to decrease the time the mixture needs for 
complete combustion. This is a very important fact and one of the reasons 
why producer gas is more efficiently used in low speed engines. Flame speeds
of various gases as a function of their concentration in r, gas-air mixture are 
given in Figure 182. From the graph it is clear that the flame speed of hydrogen
is about ten time-s that of CH or CO. The graph also indicates the lome 
speed of a representative producer gas-air mixture. Comparing this graph with 
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Figure 181 which shows tile flame speed of gasoline as a function of the mass 
ratios, it is obvious that gasoline engines and in particular high-speed engines 
can not perform as well on producer gas-air mixtures. 

Although the cited flame speeds of various gases and the producer gas-air mixture 
are based on laboratory tests and the actual flame speed in an engine is probably 
a magnitude higher, there still remains a large difference between a gasoline-air 
mixture and a producer gas-air mixture. Consequently, the ignition must be 
advanced to allow the flame to cross the combustion zone before the piston 
reaches the top center. This means a loss in area of the indicator diagram and 
therefore a loss in power aid efficiency. The location of the spark plugs nnd 
the shape of the combustion chamber as well as the ftuel-air ratio also have a 
pronounced effect on flame spced and ignition timing. Probably the most 
influencial factor on the ignition advancement is the volumetric hydroger, fraction 
in the producer gas. Depending on the fuel and the mode of running, this 
fraction amounts to from 2% to 20% of the producer gas. Hydrogen production 
in the gas producer depends primarily on the moisture content of the feed 
material and the partial combustion temperature and can, therefore, change
drastically even when using the same type of fuel. Furthermore, the hydrogen 
content limits the increase of the compression ratio. The optimum ignition 
advance as a function of hydrogen content in the producer gas is shown in Figure 
183 and is compared to gasoline operation. 
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Figure 181. 	 Representative Flame Speed of Gasoline as a Function of Its Mass 
Fraction in Air (36). 

235 



..... .". ....
.... 


H2 

E 

w 

w 

0. 

0 25 50 75 100O% 
%/ VOLUME OF GAS IN M IXT U RE 

Figure 182. Flame Speed of Various Gases as a Function of Their Volume 
Fraction (7,26,32).
 

w 3
 

P = 4.4% CO2; 29.1% CO; 10.2% 1-12; 56.3% N2 

6 °oo
HYD ROGEN :N PRODUCE R{ 
GAS50-

' Grisohne 

w r II % / 

Ir 

500 1000 1500 2000 2500 
ENGINE SPEED rpm 

Figure 183. Hlydrogen Content of Producer Gas and Ignition Advancement. 

236 



Although the ignition timing depends not only or, the hydrogen content, the 
curves show quite well how difficult it is to operate a gasoline driven engine 
with a fixed ignition advancement over such a wide range of possible gas 
compositions. '[he ignition advancement for gasoline driven engines is usually 
5-15 degrees and some compromise needs to be made regarding optimal per
formance of the engine. The tgaph also indicates that with a high hydrogen 
fraction, 15%--20%, the ignition advance. ient required using gasoline and producer 
gas are roughly the same. 

A wide range of gas compositions with a seemingly uniform fuel is shown in 
Table 53 which lists average values and the range obtained with a charcoal fired 
crossdraft gas producer. In order to nehieve maximum performance at various 
loads the ignition advancement had to cover a range of 35 to 57 degrees (Figure 
184). 
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Figure 184. 	 Ignition Advance as a Function of Load for Gasoline and Gas Drive 
(24). 
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Table 	 53. Gas Composition n a Ch'rconl Fired Crossdrafi. (as Producer (24). 

Gas A verage Rarlie 

CO 2 1.8 0.8 to -4.1 

02 1.4 	 0.1 to 2.3 

112 5.2 	 0.3 to 13.0 

C1I 4 1.8 	 0.0 to 7.0 

CO 28.2 	 21.3 to 30.4 

N2 62.0 	 52.7 to 67.9 

It is illustrative to compare the reported performance of gasoline engines fitted 
with high compression cylinders for producer gas operation. According to Table 
54, an octane number of 100-105 ei be expected for a wide range of producer 
gas compositions. The octane ti amridwr requirement for disturbance free com
bustion under standard test coroditiutns is given in Reference 13 and Table 54 
lists the critical compression rutios obt ined [ot vr iots fuels. 

Table 5.1. (ritienl (Compression Ra'tios 1or Various Fuels (13). 

Fuel 	 I(', i 

Methane 12.6 
Ethlane 12.4 
Propane 12.2 
lso-butane 8.0 
N-butnne 5.5 
Iso-octane (100 octane number) 7.3 
Ethylene 8.5 
II ydrogen 8.2 

Another source (26) reports the critical comnpression rattio and octane number 
requirements of gaisoline and producer dri ven ergines is shown in Figurena 

185. 

All engines tested before 19.0 lird (mn pressr nr ritios of 5 or slightly lower. 
Summarizing til the dati ni )rt increwsing; the cojpr(rrssion ratio of gasoline 
engines contnined in the rivev., litertir(,, ti(r followin, cn be concluded: 

Bench tests were conducted with c,(i-t'rs:,on ratio.s irrereased tip to 16.2, but 
commnercially bu!t ut-motive gis lWodr(hvr, rrsr1m11lv ope rn ted at compression 
ratios between 6.5 to 7.5 C 2,33). Tre iror',re- ilr power output due to increased 
compression ,atio,;s iell. Imo ,rt lentinr ofriror 	 rn, rolmnrt(d hitihlrr vralues the 
gas. It nccde to be pointed out thalt a hilher hremitirig vrun of tire frel; is in 
almost till .-ases associated with in higIror hyrogr content 1rd not wili inereased 
methane or carbon rrronoxide grel eitiorr. This ir)plies in p l'ticrnlil to tire most 
colnion fuels usedi, sruc is cIrhm'eirl, wood(, arid high grue cals. On the other 
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hand, high hydi'ogen eorent is drterimental for high compression ratios. It is 
therefore technically tiot feasible an une-onomical to increase the compression
ratio above 10. In addition, because of' the asyriptotic behavior of the thermal 
efficiency versus compression ratio curvC tie gain in power from higher
compression ratios decreases rapidly. Lach increase in the compression ratio 
will result in higher friction which offsets some of the gains. A low hydrogen 
content can not be guaranteed in downdraft ghs producers and is also not 
desirable for several other rr:sons such as lower heating value and flame speed.
Hrydrogen contents above 10% may require a highly retarded ignition timing at 
high compression ratios and most of the power gained wid be lost. Besides the 
pure thermodynamic considerations there are some problems concerning the life 
and ease of operation related to very high compression ratios. High compression 
engines are much more difficult to start, making hand starting almost impossible.
The strain and wear on pistons and the ignition system is considerably greater
and have resulted in malfunction and short life of the equipment. 
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Figure 185. Octane Number Requirement for Disrturbaree-Free Combustion at 
Various (Uormpression ntlios (26). 
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Once converted, the gasoline engine can no longer be operated with gasoline
for extended periods. This is a very important point because gasoline was usually
used to start the engine and supply the necessary suction for the gas producer
air blast. As already pointed out, the initially generated gas from a gas producer
cannot be used to drive the engine and must be flared off behind the cyclone 
in order to avoid serious damage to the purification system and the engine. In 
the case of a high compression engine, tile gas producer must be equipped with 
a blower to provide the necessary power for the air blast during the first few 
minutes of operation. 

We are iot aware of any long-term tests conducted with modern high speed
gasoline engines with compression ratios of 10, and our limited knowledge about 
engines manufactured in Third World Countries does not allow any final con
clusions concerning the alteration of the compression ratio for these gasoline
engines. Figures 186 to 188 show the power output of a gasoline engine with 
an initial compression of 4.7 when fueled with produce,' gas of various heating
values at compression ratios from 4.7 to 13.9. The dotted curves represent the 
performance of an engine at 4.7 compression ratio when fitted with pistons
giving the same rriction losses comparable with those measured with the high
compression pistons. As shown in the graphs only 80% of the gasoline power 
can be achieved under most favorable conditions. It is obviously difficult to 
say how much power loss is attributed to bad design of induction pipes, mixing
valves and piping and how much is due to the fact that a gasoline engine is 
designed to run on gasodine and not on producer gas. 

flow much the power loss varies with engine type, good or bad induction piping,
mixing valve design, generator type and compression ratio is best shown in Figure
189. ,ittention should be Fiven to curves J and I) which show the differm.-c 
in power output obtained from the same engine but with different induction 
pipes and mixing valves. The observed increase in power of 15% is considerable 
and clearly indicates that the loss in induction pipes and engine manifold designed
for gasoline-air mixtures is not negligible. 

There are differences in controlling the producer gas-air mixture compared to 
the hisolinc-air mixtire in actual driving. The gasoline air-nixture is automati
cally adjusted ib;y lhe carburetor and controlled with the accelerator. The only
manual device is the choke for cold start. In producer gas driven automobiles 
or stationary units one has the choice between automatic, semi-automatic or 
hand controlled operation. ,hich system should be used is a matter of con
venience and level of training. Finding the correct gas-air ratio is more difficult 
in producer gas driven engines for two reasons: I. The gos composition will 
change over a run, sometimes drastically; and 2. The power ou Lput curve as a 
function of the percent theoretical air lhis a very pronounced sharp peak unknown 
in gasoline operation (Figure 190). This means the correct mixture is more 
difficult to adjust and a seemingly marginal change in the opening of the air 
intake valve can cause a significant power drop. 
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Figure 189. Power Drop in Converted Gasoline Engines (32).
 
Curve Enin Compression Ratio Gas Producer
 

A A rbenzm otor 3.9 Pava 
B Chevrolet 50 PS 4.22 Widegren
C Ford 40 PS 5.22 Widegren 
D Bussing 90 PS 5.6 Im bert 

(ill designed mixing valve and engine manifold)E Chevrolet 30 PS 4.64 Im bert
 

F H-anomag R 28 4.98 ImbertG Bussing 90 PS 5.6 Im bert
 

(manifold ill designed, well designed mixing valve)H Ford 40 PS 7.0 Widegren 
I ge8 amper 52 PS 5.17 Imbert 
C Bussing 90 PS 5.6 Imbert 

(well designed manifold and mixing valve)
 
K Chevrolet 30 PS 6 m bert
 
L Kamper 52 PS 6.89 Imbert
 
M Bussing 90 PS 8.2 Imbert
 
N Kamper 52 PS 8.89 Imbert
 
0 Namper 52 PS 6.89 Kromag
 

(Supercharged)
 
P D.K.p. 5.88 Oberbexbacher
 

(Two stroke engine) 
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Figure 190. Indicated Mean Effective Pressure Versus Percent Theoretical Air 
(20). 

One of the early mixing valve designs is shown in Figure 191. It consists oftwo separate butterfly valves for the control of air and producer gas. The gasvalve is operated with the accelerator pedal while the air valve is hand operated.
Although the design is simple, it is rather effective and allows a good control
of the power output, provided the operator gets used to the new driving style. 

Atr 

Mixture Gas 

Figure 191. lHand-Operated Mixing Valve. 

Several attempts have been made to make the gas-air mixture control moreconvenient. One design, a modified form of the first one, is shown in Figure192. Throttle "a" is meehnnically linked to the air throttle "b" and both arecontrolled by the aceeleritor. Throttle "e" is separately operated by hand toadjust the mixture ratio for maximum power conditiens with full throttle. Thisdesign did not work very well in a dual fueled diesel engine because the partialclosure of the gas throttle resulted in an enrichment of the mixture associated 
with an increase in exhaust smoke. 
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The small orifice hole, 'd", provides the necessary air at idling where pilot 
diesel oil was injected. At idling, throttle "b" was completely closed and throttle 
"a" only slightly opened to provide enough suction for some gas flow to prevent 
the gasifier from cooling off too much. 

Air 

b
 

Mixture 
 GasA
 

\a
 

Figure 192. Semi-Automatic Mixing Valve (41.). 

A fully automated mixing valve is shown in Figure 193. The gas and air flow 
is fully controlled from the accelerator pedal by a butterfly valve. The air 
enters the mixing valve throug0h the flap valve at hih velocity which guarantees 
a turbulent mixing. The opening of the flap valve is governed by an increase 
in the depr ssion inside the piping system that usuldly occurs with an increased 
demand in producer gas by the engine. The characteristic dimensions of such 
a mixing valve must, of course, ')e found by i !rial and error method, but 
satisfactory performance was reported. It should be noted that the gas-air
mixing arrangements are located ahead of tile engine carburetor and do not 
replace this device. 

Ai
 

Flop Valve 

Gas
 

' ut terfly valve 

Adjustable spring 

tension 

Figure 193. Fully Automated Mixing Valve (41). 

Another more recent design for a small engine and a theoretical treatment on 
its performance is given in Reference 35. 
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The most widely used method to increase the power output and improve the 
convenience of driving the automotive gas producer was to dual fuel the gasoline
engine whenever necessary. Dual fueling an engine means tile simultaneous 
injection of the gas-air mixture with small amounts of gasoline mixed to the 
gas-air stream in the carburetor. The degree of dual fueling depends on the 
engine load and how gasoline independent the producer-engine set needs to be. 
Three general methods were in wide use: 

1. 	 Dual fueling on a continuous basis meaning a small amount of gasoline was 
continuously injected into tile gas-air mixture in the carburetor. 

2. 	 Starting the engine on gasoline and, after the gas producer was working 
properly, switching oeer to producer gas-air mixture operation. 

3. 	 Dual fueling the engine only when additional power was needed on hills or 
under heavy load and tle gas producer could not provide the additional 
puwe r. 

Figures 194 and 195 show the arrangements for option 2. Details of the idling
air valve and load air valve are shown 'n Figures 196 and 197. The system is 
semi-automatic and similar to tile one in Figure 192. The change over from 
gasoline to producer gas was accomplished by a screw valve. 

Load Air Valve -Air 
Idling Air Valve 

8utterfly Vlve
 

;x 	 Chone Over Gas 

I,.'."valve
 

Engine Induction 
Pipe 

Figure 194. 	 Carburetor and Gas-Air Mixing Arrangements for Gasoline Engines 
(41). 
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Gasoline To Engine 

Engine 
Throttle 

Gas Mixture 

. _ n-=I FLLrrm £ .I TT4T 

FrmGslnFrom Gasoline 
Tank 

Figuare 195. Detail of Carburetor and Engine throttle (41). 

Sc r ew n for Gas 

Screw out for Gasoline 



Connected to Engine Throttle 

Connected by Cable to Load Air
Adjusting Lever 

Figure 196. Load Air Valve Double Barrel Type. Right Barrel is Connected to 
the Engine Butterfly Thrcttle (8). 

dling Air Lever Mounted 
ot End of Shaft 

Figure 197. Idling Air Valve (8). 

It is not possible to recover all the power loss by dual fueling the engine.
However, there are many reasons why dual fueling is a good compromise between 
gasoline savings, convenience and ease of operation. For instance, buses of the 
Iighland Transport Company equipped with the H.M.L. producer on a trailer 
were dual fueled with 15% of the gasoline used before conversion. The benefits 
were an increased power output of 28% and maintenance of the standard bus 
schedule. The rather elaborate injection sysLem provided the bus with gasoline
only when it was needed on hills or acceleration, but not during downhill driving 
or idling (38). How much power can be gained through addition of gasoline is 
not just a matter of theoretical calculations because the gasoline-producer gas-air 
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mixture will behave differently in various combustion chambers. As indicated 
in Figure 198 about 87% of the original power can be restored when adding 27% 
of the gasoline used before conversion. 
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Figure 198. Power Output for Various Amounts of Gasoline Added (20). 

Others (1,17) did not obtain such favorable results and report 60% to 70% of 
the original power for the same amount of gasoline added. The wide discrepancy 
in reported power losses and seemingly contradicting statements about the 
efficiency of gasoline engines when operated on producer gas are mostly due to 
different methods of reporting the data. Because of the slowness of producer 
gas combustion, power loss and efficiency depend strongly on the engine speed.
At lower engine speeds tile use of producer gas looks more favorable compared 
to gasoline as indicated in Figures 199 and 200. 

It is difficult to judge the performance of a producer gas driven gasoline engine 
,without relating the result to tile producer providing the gas. There was a 

certain need to test and compare the major European makes, since gas producer
engine sets did not always stand up to the promises made by their manufacturers. 
The task of comparison was undertaken by the Subcommittee on Producer Gas 
of the Associate Committee on Substitute Fuels for Mobile Internal Combustion 
Engines of the National Research Council of Canada. The report lI) descriDes 
stationary and road tests to measure power, economy, ease of handling, durability
and other characteristics under various conditions. 

The published results are unique in the sense that all gas producers were tested 
with the same engine type and truck. The reported data are instructive and 
precise. A classification of tie tested producers is given and although the 
makes were not revealed and gas producers labeled with letters, it is not difficult 
to conclude that a crossdraft type manufactured by the British Gazogenes Ltd. 
and described in Reference 6 was rated number one. The second rated producer 
was the Swedish Swedlund downdraft producer manufactured by the Gas Generator 
Co. in Orebro and described in Reference 7. 
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Figure 199. Power Output as a Function of Engine Speed (5). 
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Figure 2a0. Power Output as a Funetion of Percent Gasoline Injected (5). 
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Conversion of diesel engine to producer gas: 

Most of the previous discussion about gasoline engines applies to diesel engines 
as well. However, diesel engines are compression ignition engines mid operate
at a much higher compression ratio of 16-20 depending on whether they are 
direct injection chamber, pre-corabustion chamber, four s;troke two strokeor 

engines. 
 Their piston speed at maximum power rntin", is aoout the same as
industrial and tractor gasoline engines and only 70, of the piston speed of 
automobile gasoline engines. In a compression ir7Hition onginc, usually a full 
unthrottled charge of air is drawn in during the intjke stroke. The temperature
of the air near the end of the compression stroke is quite high. Just before 
top center, diesel oil is injected into the cylinder and ignited by the high air 
temperatures. 

A diesel engine cannot be operated on producer gas without injection of a small 
amount of diesel oil because the producer gas will not ignite tinder the prevailin6 
pressure. A diesel engine needs to dual fueled or convertedbe completely into 
a spark ignition engine. Besides the usual modifications of the induction manifold 
and the installment of a gas-air mixing chamber as previously described, one 
can convert a diesel engine to producer gas as follows: 

1. Relxrilding of tile entire engine with a new piston and cylinder headnew 
and installment of electric ignition equipment. This kind of conversion is 
expensive and time consuming. Nevertheless it has been done successfully.
Figure 201 shows the modified cylinder head of a 6 cylinder, 95 lip, truck 
diesel engine with an original compression ratio of 17 and 7.6 after conversion. 
Another design is shown in Figure 202. In thi- case, a 3 cylinder, 56 hp,
tractor diesel engine with an original compression ratio of 16.5 was converted 
to spark ignition operation. Four sets of different pistons were tested with 
compression ratios from 9 to II. Two types (A and B) of combustion 
chambers were investigated (26). 

The power drop in diesel engines converted to spark ignition operation is 
not as severe as in gasoline engines operated on producer gas. This is 
indicated in Figure 203 which shows tire relative diesel power obtained with
the converted truck and tractor diesel engines. Although the power drop
is larger in the lower compression ratio trck engine, a relative power output
of 70% to 85% at low speeds arind 60% to 80% at high speeds is a result 
not readily obtainable with gasoline engines, even if they are dual fueled. 
Besides tile Swedis;h rqovernment, the Germanl truck manufacturer MAN has 
done extensive testing in this field and reported similar results. It is
emphasized that the conversion is expensive and does not always give the 
most favorable results because the fitting of a spark plug in the location 
previously occupied by tile fuel injector nozzle notmay be the best place
in each case. Special attention should be paid to the spark plugs which are 
under an additional heat strain and need to be replaced by ones with lower 
heat values. 
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Figure 201. Converted Truck Diesel Engine (26). Figure 202. Converted Truck Diesel Engine (26). 



2. 	 An alternative method of effecting diesel conversion for the use of producer 
gas is by retaining the existing compression ratio and arranging for dual 
fueling. In this case the fuel injection system is retained together with the 
original pistons and modifications are confined to a special induction manifold 
and a gas-air mixer as in converted gasoline engines. The injection pump 
needs to be modified to accommodate a fixed or variable amount of fuel 
injection smaller than the amount injected during idling of -1 diesel engine. 

The main questions associated with such a conversion arc: 

1. 	 What type of diesel engines are most suitable to modify? 

2. 	 flow much diesel fuel needs to be injected? 

3. 	 Does knocking occur at the high compression ratios? 

4. 	 How severe is the power loss upon conversion? 

100--

90 - Tractor engine compression ratio
/I0, cylinder head B 
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0 80" 
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70u0	 Truck engine 
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Figure 203. Power Output of Diesel Engines Operated with Producer Gas (26). 
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Not all diesel engines are suitable for this kind of conversion due to their 
compression ratios and the shape of the combustion chamber. Diesel engines 
are manufactured in three types: direct injection, turbulence chamber and 
ante-chamber engines. Direct injection engines, although they are working at 
high compression ratios compared to gasoline engines, are more suitable and do 
not require special low compression ratios as long as the compression ratio does 
not exceed 16 to 17. Ante-chamber and turbulence chamber engines are more 
difficult to convert. Their compression ratios are hig,her, up to 21, and need 
to he reduced to 16 or lower. Experiments conducted with unconverted engines 
of this type were very unsatisfactory and it was concluded, that a major rebuilding 
of the engine was neccssary before they could be used for producer gas operation. 
Tie conversion to dunl fueled engines would be as expensive and time consuming 
as a conversion into ,,pnrk iogition engines (26). 

The conversion of ,iireot injection engines to dual fueled engines is well 
documented and th,- various test results are published in References 
4,7,14,18,19,23,2(6,27,:;8,. Figure 204 presents the power output and diesel oil 
consumption of a six cylinder diesel e,gine with a compression ratio of 16. The 
same engine converted to dual fuel at a compression ratio of 16 was then 
operated on producer gas with diesel pilot injections of various amounts. The 
results are shown in Figure 205 as a function of the heating value of the producer 
gas. Comparing Fig-ures 204 and 205 one can conclude that a marginal power 
loss o ., ho 10V%was reported, depending on the heating value of the producer 
gas. The pilot injeetio of diesel oil 1 amounted to 16% to 28% of the original 
consumption or 10 nim' to 17.5 nm per cycle. 
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Figulre 204. Perforrnce of Unconverted Six Cylinder lDiesel Engine (14). 
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Figure 205. Performance of Six Cylinder Diesel Engine After Conversion (14). 

Similar results were obtained in Swedish tests. Figure 206 shows the percentof the original diesel power obtained from a dual-fueled, 3.6 liter, tractor enginc.
The peformance of a 4 cylinder, 6.2 liter, truck engine is given in Figure 207. 
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Figure 206. Power Output of Co verted Tractor Engine with Diesel Oil Pilot
Injectiog of 29 g/Nm Producer Gas and Good Gas Quality of 5.4 
MJ/Nm (26). 
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All reports indicate that the power loss in dual-fueled diesel engines is by far
much less than in dual-fueled gasoline engines, due to the higher compression
ratios. It can be assumed that at least 80% of the original power can be 
restored.
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Figure 207. 	 Power Output of Conveted Truck Engine with Diesel Oil Piloi
Injection of 12-19 g/Nm and Good Gas Quality of 5.5 MJ/Nm 
(26). 

It is of interest to point out that the amount of diesel oil injected can be very
low. Going back to Figure 200, one can see that 70% of the original gasolineconsumption must be injected in a dual-fueled gasoline engine in order to recover
 
about 82% of the gasoline power at average 
 engine speed. Surprisingly enough
in diesel engines, the pilot injection of diesel oil is first clone to guarantee thecompression ignition of the producer gas-air mixture and stimulate a smooth
combustion. Its effect on the power output is secondary to a large extent.
The diesel amount necessur v to guarantee ignition of the mixture and the amount
injected for normal running conditions in a 3 cylinder, 3.4 liter, tractor engineis sown in Figure 208. The usual diesel oil consumption of this engine is 62 
mm per cycle. Coniequcntly, only 8% to 	 161% of the original diesel oil isneeded for satisfactory performance of the dual-fueled engine. Others reported
somewhat higher numbers between 10% and 25% (4,14). For economical reasons
it is best to inject only the amount of diesel fuel that is necessary for smooth
operation of the engine. Additional amnounts of diesel fuel do not have the
desired effect of a significant increase in power at lower speeds. The better 
power output at higher enginc speeds is also by no means proportional to thediesel fuel injection. In a partieular case shown in Figure 209, tile increase 
pilot injection of diesel oil of 60% resulted only 	

in 
in a power increase of 7% at 

high speeds and 1% to 3% at partial load. 

The difficulties with a proper injection timing in dual-fueled diesel engines are
the same as with a proper ignition timing in producer gas operated gasoline
engines. In either case, a fixed injection or ignition timing is just a compromise
between bad 	 combustion and rough running. All known reports reviewed agree 
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Figure 208. 	 Amount of Pilot Injection for a 3 Cylinder, 3.4 Liter, Tractor 
Engine (26). 

A: Necessary amount of guarantee ignition (mm 3/cycle . 
B: Amount injected for normal running conditions (mm /cycle).
C: Amount 	 injected in liter per hour under normal running conditions. 

that the injection of the diesel oil must be advanced. There is little advantage
in a variable injection time control because it complicates the entire system 
even more. Both past and recent experiments found an advanced injection timing
of 30-35 degrees as a good compromise, and it should be emphasized that these 
numbers are only rough guidelines and the most proper timing must be found 
through trials in each particular case. One of the pecularities of dual-fueled 
diesel engines is their sensitivity to any change in injection timing when operated 
at high engine speeds. In these cases, misfiring, knocking and loss of power
resulted. This is illustrated in Figure 210. At low engine speeds any change 
in injection timing does not have much influence on the power output, whereas 
at higher speeds a large advancement of the injection timing is necessary to 
obtain full power and this usually goes hand-in-hand with misfiring. 

Modifications arid the operation of an internal combustion engine fueled with 
producer gas are greatly simplified in stationary units which operate under 
constant load. In such cases, ignition and injection timing can be optimized
and there are no difficulties to set the proper producer gas-air mixture. The 
gas producer can be kept in a semi-equilibrium state, only interrupted through
batch feeding the unit. There will be some problems with a gas producer for 
transportation vehicles such as passenger cars, off-road vehicles, and vehicles 
operating under various loads or in difficult areas. 
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Figure 209. 	 Effect of Increased Pilot injection on Power Output at Various 
Engine Speeds (26). 
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Figure 210. 	 Engine Power Versus Injection Timing for Various Engine Speeds
from 1000 rpm to 1.800 ,pin (26). 

From a thermodynamic point of view, an automotive internal combustion enginewith its wide range of possible and necessary engine speeds and power output
fueled with a gas producer is a mismatch. This is rather obvious by looking at
the kinetics of a gas producer. The gas yield and gas composition will be
determined by the temperature in the partial combustion zone assuming there
is no change in the physical an] chemical properties of the fuel. Consequently,
given a particular fuel and a fixed gas output, the geometry of a downdr-aft gas
producer can be of optimal design with respect to the gas composition and tar 
content. This gas producer will therefore work quite satisfactorily for an engine
with a similar gas demand. However, any sudden change in the gas demand
will throw the gas producer off its carefully determined balanee. In large unitssuch a change does not matter much because the effect can be absorbed by a
comparably large partial combustion zone. In small units a sudden increase in gas demand is coupled with more air and therefore with more oxygen per unitvolume into 	 the partial combustion zone. Aln ideal fuel with instantaneous
reactivity could compensate for this additional oxygen supply by just expanding
the partial combustion zone. In this ease, there would be little change in the
quality of the gas. The oxygen supply per unit volume remains constant, thereduction zone may be reduced depending on which side the fire will spread and 
most important, the temperature in the partial combustion zone stays the same.
In a theoretical sense, the gas producer has only shifted to a different gear but 
not to a different equilibrium state. In practice this does riot happen since 
there are no ideal reactive fuels. 
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Any sudden increase in the gas ueniatud aid therefore the oxygen supply to the 
partial combustion zone pushes the gasification process towards complete
combusioi eithet, globally or locally it' there is an inherent danger for channeling.
A hot spot, where the useful chemical energy has shifted to useless sensible 
heat in tie gas, will be the result. Any suuuen decrease in the gas demid 
will be followed by cooling dowin tile partial combustion zone instead of a
shrinkage. Condeisati on and it low 1190 onversion will occur reSulting in a 
wet gas an inmceased tar content. To jMake tip for this, the ideal gas producer
should change its inportalit geometic porameters according to the gas oemnd.
This is impraetieal. Some of the mentioned dhawouc ks can be pa'tially eliminated 
through the use of specially prepared rues sue as cimareoal or chemically treated 
fuels to increase tie reactivity. 

Highly controversial opiiiions exist coneerinig tile engine wear, long-ter'm effects 
on the engine amd the engie exhmust. lhem dealing with these kinds of questions
one siould keep ii inir the uisorderly tranSitlon frolll fossil fuels to producer 
gas during M V I whnen most of the inforiation was compiled. 

Some diiMverS did iiot even muke it out of their garage because tIme engine was
totally clogged Up wiih tar. ther's ruNeC tile engiiie within the first 50 miles 
of driving. Vice versa, ttiere mre epoits about trucks operating up to 300,000
kin on pioducer [,as over a period of 4 years with les engine wear thou
gasoline. The hulimanlm enlneilmInd fi equelt elalii r Of 

with 
the gras clean-up equi pn ct 

seems to ie the decisive Ii, tor ComeerUning tilnediigiiie wear anid lg-term
effects. 'T'abile lists avurage restims oatuiied with various fuels. 

Table 55. Cliner We ' after Ili kin hen Using Various Feed luteria-is(15a). 

min per
Fuel 1000 km 

,rood 0.003 
C imrcoail (o.006 
Arntmraeute 0.009 
lignite coke 0.022 
(oi coke 0.018 
Peat coe 0. 01) 
Ilmi teii bri(ut tes 1.03 

The average eyhi der rvem' of nomparable gasoline engines during this time is
given ini Figure 211. It can be seen in this figure tlt the values do not differ 
in ueh. Weari oi eligiN te parts is USUldly caused by abrasion and corrosion, the
latter being pr. -,mniant at low wall tearperatures. Producer ;rasS Can Contain 
a considerable almount of acetiie mid, arirmuonji arid sulfur comi pounds, depending
oil tile fuel .sed and 1t mode of operation. Ill addition, tile wall temperatures
of engines ur lower in prudtluc'r gas drive oue to tilt lower adiabiltic flamle 
temperature of prodaemCr rs,,. The ,,ear by corrosion will, thcrefore, be greater
than the wear by iTbasija. [he coninoll gas clemmli, eqipmeint in automotive 
gas producers, although highly effective for solid parmtie; larger th:m 5 microns,
is not of iiiudh use to remove all tIe vwtpor:; in tile ,as. Tie gas will, therefore,
reach the comlu)stionm caiimber ii a satIll'ated state that (lelpeIS o tie pressure 
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and temperature of the condenser. Water by itself does not cause undue corrosion 
since engines operated on hydrogen which yields a considerable amount of water 
as combustion product did not show any excessive cylinder wear. Consequently,
there is a strong indication that the organic acids and others in producer gas 
are the main cause for excessive engine wear 
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Figure 211. Cylinder Wear in Relation to Cylinder-Wall Temperature. 

The question whether combastion of producer gas in an internal combustion 
engine will result in increased engine wear and shorter lifetime cannot be 
answered precisely. There is no such thing as uniform producer gas. The amount 
of mineral vapors carried into the engine hav ncver" bec, ineasured and their 
type is not known. Past experience indicated sonic problems with silica vapor
usually. found in the form of a fine white powder in producer gas. Silica,
although predominant in most biomass fuels and coal, is not the only Iaineral 
evaporaLed in the prn,.css o! gasification. In facl the alkalies startto evaporate 
at much lower tenpei'atures than silica as outlined in Chapter Vl. 

The highly coimplex acetic acids genernt.d in the distillation zone and the 
significant amont of mnmonia and hydrogen sul fide associated with the gasi&i
cation of coal and some nioaass fuels are probably tie main carse of engiie 
wear, since their effect on the piping and condenser has been well (lenorLstrated. 
This caiin, however, cannol be Baoked by scientific data. Of cour-e an efficient 
purificatioi system will help to keep undue engine wear at u ininimum but iF;
certainly not a guarantee aganst ruined engines. lBecause of this uiccrlkinty, 
some makers of automotive gas producers installed an oil drip feed to wet Lhe 
incoming gas before it entered the nixei. Others employed i self-inouced oil 
scrubber as the last cleaning stige and saturated the gas with n firi oil it. 

The soae uncertainties apply to the quality of the engine exhaust gases. Until 
recently there was no concern about the engine exhaust and no dlata exists about 
the performance of the past units with regard to pollutants in the exhau;t gm:. % 
The general awareness about the potential danger of engine exhaust gases ha,; 
increased significnnttl during the last decade an(i standards have been set for 
the allowable percentage of hydrocarbons, carbon monoxide and thle imt 
dangerous nitrogen oxides in the engine exhiust. No data exists as to what 
extent an automotive gas producer could ineet these standards, In tlreoy, tHi 
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combustion of producee gas should result in a less pollutant engine exhaust.
This is due to the more complete combu.stion of the gaseous fuel and the lower
adiabatic flame temperat,.re which reduces the generation of nitrogen oxides
and shiould reduce hydrocai 'ons and carbon monoxides in the exhaust. In practice
however the difficulties with a fixed ignition timing and the rapidly changing
gas composition will probably not result in any more complete combustion. One 
test conducted at UCD with a small 14 hp dual-fueled diesel engine showed a 
more favorable engine exhauist at high engine torque, Figure 212. 
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Figure 212. Pollutant Emissions in Exhaust Gas (27). 

The same argument applies to any effect on the lubrication oil. There are nodata available that show consistent trends concerning the impact of producer 
gas operation on the lubrication oil. Due to the wide range of conditions in a 
gas producer aid the chemical composition oi the feed material, in particular
the ash, any gene:ralized statement would be misleading. In theory, the quality
of an oil that governs its ,ability to lubricate two surfaces in sliding contact isits viscosity. The highei the viscosity the better the lubrication qualities. The 
dilution of the lubricanit through unburned liquid fuels is absent in producer gas
operation. Therefore, the viscosity of the oil should increase due to the burning
off of the lighter fractions. The uncertainties are the mineral fractions in the 
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raw gas and the efficiency of the gas cleaning equipment in removing it. The 
wide margin of the solid contamination of the oil that exists is illustrated in 
Figure 21.3 for filtered oil and various fuels. 
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Figure 213. Solid Contamination of Engine Oil (36). 

For instance, extensive trials in Western Australia with converted kerosene 
tractors showed no consistency in the time period between oil changes. In some 
cases, the oil was still 1n good condition after 210 operating hours while in 
othcrs the oil should Nive been changed after only 20 hours of operation (10). 

Automotive gas producers were the most widely used types and the reported 
data about operational difficulties, demand on the operator's skill and hazards 
involved are mostly based on this type of unit and not so much on small stationary 
units. The hazards and operational ditficuities associated with gas producers 
must be seen in a larger context. Their broad introduction was always associated 
with some kind of emergncly situation. World War 11 swampei Europe with at 
least one half nilihon autol;otive gas producers within a short period of time. 
The collapse of the wheat prices in Austrulia during the year 1930 resulted in 
a rather hast-, conversion of kerosene tractors to producer gas. The main 
motivation was to keep the fleet of essential vehicles such as trucks and tractors 
operating, as during W W II, or to offset the economical loss by cutting down 
the use of expensive kerosene as in Australia. The siLuation was worsened by 
many manufacturers trying to sell their unreliable equipment to a customer who 
knew almost nothing about autonmotive gas producers. It is obviously hard to 
decide whether this was done deliberately or the manufacturer not having much 
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of an idea how to build a gasifier. The situation would not be much different
today in case there is a need for the use of portable or stationary gas producers
in tile 5-100 hp range. Logistic problems combined with human failures of all
kinds emerged and tontributed much to the reported hazards, frustration and 
general displeasure with the new technology. 

In order to do justice to the gas producer-engine system as an energy conversion 
system, one should distinguish between difficulties and hazards caused by the 
fuel, the gas producer itself ond all the problems that have been created through
human errors and insufficient knowledge about gasification. 

The widespread belief that gas producers are energy conversion systems that 
can be operated with any kind of waste products in whatever form and physical
condition has been w.as;t detrimental to this technology. It is hard for users of 
gas producers to understand that it will sometimes react rather drastically to
changes in the fuel for which they were not designed. The misunderst ading
about the flexibility of a gasifier witn regard to its fuel is evident in brochures 
of a few manufacturers of small units. The functioning of a gas producer
depends not only upon the moisture content of tle fuel, but its ash fraction,
size distribution and composition of the ash as outlined in Chapter V. In tile 
past experience, the German and Swedish governments had to regulate not only
the manufacturer of gas producers but also the fuel and its distribution. The 
&verage cutomer does not have the ability and knowledge to decide what fuel
is best for a particular gas producer. Tie wide variety of available fuels made 
from wood, charcoal or coal was mint confusing. It was soon recogrized that
minor incidents such as rough handling of a bag of charcoal or leaving the 
charcoal exposed to high humidity could severely decrease its suitability as a 
gas producer fuel. Any kind of dirt picked up during processing of the fuel 
may cause severe clinker formation in the gas producer. It was emphasized in
Chapter V that the important key to successful gasification lies in tile correct 
choice and the availability of the fuel. 

The small-scale gas producer itself does not have inherent hazards or requires
the attention of a specialist. Except for the very few supercharged gas
producer-engine systems, all units are operated under suction. There is no
danger of gas leakage during proper operation. llowever, if tile engine is stopped 
or slowed down, pressure will build up due to continuing production of gas. This 
carl lead to gas leakage if the gas producer is not properly sealed. High
temperatures of 1300-1800 C are usually confined to a small zone in the gasifier
and the walls of the unit are protccted either by a fire lining or a layer of 
charred fuel. However, a breakdown in the cooling system of a crossdraft gas
producer or a general overheating of' the plant may lead to serious dqrnage of 
the internal parts of the gasifier. The gas, because of its high carbon monoxide 
content, is toxic and the problems associated with carbon monoxide poisoning
and general health hazards created by automotive gas producers in Sweden are
thoroughly documented in Refe'ence 7. A not so well documented hazard is 
the tar usually collected in tar traps and condensers of the unit. The phenols
in the tar have been identified as a strong carcinogenic agent. Although an 
operator of a gas producer comes only in skin contact with this substance during
cleaning of the plant, precautions such as wearing gloves should ba taken. To
what extent a gas producer operator is exposed to hazardous substances is not 
well documented. 
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The greatest hazard related to the operation of gas producer engine systems is 
the human being himself. It is certainly justified to ask the question, "How 
foolproof and simple to operate an automotive gas producer should be before it 
can be safely released to the public?" The picture may be different in stationary 
units, but the documented amount and type of accidents related to the use of 
an automotive gas producer shows clearly that the general public was neither 
informed nor capable of absorbing the fast transition to producer gas operation. 
There are no uncalculated risks in the operation of a gas producer such as high 
pressure lines or sudden rupture of particular parts. The reluctance of accepting
the inconvenience of the automotive gas producer may have caused the most 
damage to people and the equipment. The list of accidents caused by negligence 
is long and special instruction booklets were published and schools had to be 
established to educate drivers on how to deal with the automotive gas producer. 

The daily cleaning of the gas purification system was quite frequently not done 
and resulted in rapid wear of the engine or a breakdown of the cle ining equipment. 
The special safety filt2r incorporated in the gas line by some manufacturers 
was one way to protect the engine from damage and signal the driver to clean 
the main filter system. It was painfully recognized that driving with producer 
gas is an art requiring special skill and understanding of the overall process and 
much more and frequent attention to the gasifier and engine than with gasoline 
or diesel drive. A very detailed instruction manual on how to operate an 
automotive gas producer and recognize problems related to producer gas is given 
in Reference 32. Some parts of the Swedish and German instruction manuals 
have been translated into English and are published in References 7,21,30,31. 
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CHAPTER VIII: ECONOMICS 

The introduction of small gas producer-engine systems into Third World Countries 
may not be much different from tle present development in the United States 
and Europe. Two possible scenarios are most likely: 

1. 	 Providing a complete gas producer-purification-engine system nmanu
factured in an Industrialized Country for a Third World Country. 

2. 	 Manufacture of tle gm producer and purification system in a Third 
World Country and fitting the unit to suitable engines manufactured 
or in operation in that Country. 

For various reasons, scenario 2. is nost desirable; but, scenario I. is more likely 
to take place at the initial development stage. The degree of difficulty to 
expect is lowest when single staticnary units are introduced and highest for 
putting into service a whole fleet ot automotive gas producers. The logistic 
problems with a reliable continuous supply of a suitable fuel will add to the 
complications in the latter case. It is therefore desirable to start at the lower 
end of the technology and test stationary gas-producer engine systems which 
are batch fed. 

A small 30 to 50 hp unit with a simple cleaning and cooling system consisting 
of a cyclone, home made condenser, a fixed bed wet scrubber, ind a tar extractor 
together wi an engine and electric generator will fit on a trailer and occupy
about 12 in . Larger units will be more complex arid there will be a certain 
size beyond which batch feeding and hand removal of the ash will no longer be 
feasible. 

For each horsepower-hour 1-1.5 kg of untreated biomass fuel must be supplied
which amounts to 45 kg per hour for a 30 lip engine. If on desires to batch 
feed the unit in hourly intervals with3 olive pits only 0.07 ma of hopper space 
is required, whereas with wood (.15 n, or with rice hulls 0.74 m is necessary. 

The batch feeding of large units above 100 lip is hardly practicable and a great 
deal of autornatization with all the complications and expenses involved are 
necessary to run larger units. 

Technical data on the material used in past automotive gasifiers and their 
approximate weights are listed below: 

Empty Gas Producer 90-156 kg 
Cooler 16-77 kg 
Filter 20-81 kg 
Entire Plant 135-301 kg 

Material used for the manufacture of the gas producer, cooler and filter: 

Copper 0-11 kg 
Aluminum 0-7 kg 
Brass 0-9 kg 
Stainless Steel 0-29 kg 
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Alloy Steel 0-22 kg
 
Mild Steel 110-294 kg
 
Refractory 0-36 kg
 
Hopper capacity 22-80 kg
 

These. data are based on 10 different units used on trucks with a rated output 
of 50 hp at 50 km/h and an actual achieved shaft horsepower of 16 to 31 hp 
with producer gas as the fuel. In addition, small amounts of high temperature 
gasket that can be made out of aluminum and perhaps fiberglass material for 
an improved filter system are necessary. 

To what extent this material will be available in Third World Countries, either 
imported or domestically produced, is difficult to judge. For instance, a country 
like India is perfectly capable of producing all the necessary constituents for a 
gas producer and mass production of the entire gas producer-engine system. The 
opposite situation prevails in Afghanistan. All the needed material must be 
imported and no facilities are available to mass produce a gas producer. The 
situation of the individual person in terms of his monthly income and average 
living is much the same in both countries although India can be considered highly 
industrialized compared to Afghanistan. 

Gas producer-engine systems completely assembled on trailers are manufactured 
in Europe and the United States for $700 to $1,200 per installed kW, depending 
on the size of the plant. Smaller units (10-30 kW) are more likely to cost 
$1,200/kW while larger units can be purchased under $1,000/kWV. These units 
are usually fully automated. The search in 63 countries did not find manufacturers 
of small (less than 10 lip) off-the-shelf units. Some companies do have the 
know how and facilities to custom make and assemble complete units for the 
above price but are rather vague about thc time required for manufacturing or 
guarantees for successful operation. 

The gas producer itself can be manufactured for $2,000-$3,000 (1981 cost) in a 
size suitable to power a 30 to 50 hp engine. All these prices refer to custom 
made units and are based on quotes and manufacturer's information. 

The installment of a 30 kW electrical generator fueled with biomass fuels would 
therefore cost about $35,UO0 when imported. Assuming a gasoline price of 60 
cents per liter at the installation location, the purchase and installment price 
of the unit is equivalent to 58,332 liters of gasoline. On the other hand, a 30 
kW gasoline generator requires 180 liters of gasoline when operated for 10 hours 
a day. This amounts to 49,140 liters a year assuming the unit is on duty for
273 days a year (75%). A gasoline engine driven generator of this size could 
therefore be replaced by a new imported gas producer generator unit. This 
transactic can be economical under some restrictions such as: 

1. 	 The maintenance and operational costs of the gas producer are 
comparable to tile unit that has been replaced. 

2. 	 The fuel can be provided for a reasonably low price. 
3. 	 The reliability of the plant and the associated logistic problems with 

the fuel supply do not cut down drastically on the on duty time of 
the plant. 
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There are obviously many factors to consider in determining to what extent tile
above conditions can be met. A gas pioucer-engine system must be operated
by a trained person that has to be ol duty all the time for a batch fed unit.
The gas purification system must he clinned enich (hiy under such continuous 
operation. In nmany locations in Third World ('ountries tie necessary technical
 
personnel to operate the unit nre avihhle. Tre maintenance costs associated
 
with a producer gas sysemn will be higher due to tile Vulnerability of some
 
internal parts of tile gas producer alld l frequiret repiacnement Of the gas cleaning

filters. Consequently, noy imperted unit will depend on replacement parts such
 
as fabric filters, tuyeres and refl'racto lining. How fast these parts will wear
 
out and need to be repl:it.d will depend oil the skills nnd competence of the
 
operators of the unit. 

Annual maintenance spare costs for 1he gas producer and gas cleaningadLL] p 

system is conservatively esdia a ted to be II', of tihe initial cost. Because money


readily in and
is not available niost 'liiro World C'ountries tle difficulties to
 
obtain loans for an urs e'-urred project such as n gas producer-engine generator

system, an interest rate of 1 ' , with it necessary short capital recovery time

of 4 years is assumed. The life expectinncy of the plant will be about 4 years.

This low number takes into avecmnt the unproven field experience, the
 
uncertainties in engine wear arid corrosion problems in humid climates.
 
Consequently, $15,795 in annual eapital cost nd nairitemince 
 for the first four
 
years are well covered by the annual savings of $29,484 in gasoline. H1ow much
 
of the annual savings of $13,689 needs to he spent to solve all the logistic
problems with the processing of the "new fuel depends very much on the local
 
situation.
 

This example highly favors the gais producer unit but has some economical 
uncertainties. Assuming tine fuel is wood alnd the imnount used does not compete

with other needs for wood ,llhas amny environmental impiet and other negative

long term effects, then only the cost of processing the wood needs to be taken
 
into account. 'he project cam then he viewedi as economically and socially
acceptable. Approximately 51I kg of wood nre necessary to replace the daily

amount 
of gasoline t t1at would he used. 'Tiis amount of wood as chips or blocks 
occupies about 2 il . It is realistic to n- sune that the wood will be hand
sawed, cut and transported with locally aviilable resources. Consequently, a 
large enough labor force is ncessjry to process at least 500 kg of wood a day.
Though there is Ianch labor available in inlost Third WVorld ('ountries, this situation 
should not be exploited because of high The assum ption $3ginemployinent. of 
a day for unskilled farm aid cornstraction work is on the high side for most

developing countries. A thr'e iii1l1 work force would r-eCqui ire 2:;.' of the annual 
savings ($90 per person ii moith). Whether it is economically and socially
acceptabl, to use wood or any other fuel to;rd(l what extent the necessary low 
fuel moisture content for downdraft gas producers will require storage facilities 
and fairly advanced planning will he Qi:ussed later. 

In case the imported gas produeir-eagine-grnerator replaced a diesel engine
driven generntrr, the saviriigs in fuel ind nioney do not look favorable because 
of tile higher efficicne of t!re diesel engine syste i itnd the lower diesel oil 
price. The 30 w d','-'ue ied diesel e'qine needs at least 10 liters of diesel
oil per hour of opera,tion which aniouritMs to mmilannual cost of $13,650 for a
diesel oil price of 50 cents/liter. ,\ssumning nn annual interest rate of 15% and 
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a necessary capital recovery time of 4 years, $12,259 must be paid back per 
year. This is almost equal to the savings in diesel oil and does not leave much 
for additional costs such as fuel processing and the higher maintenance and 
spare part costs for producer gas fuel. Both examples have deliberately
overestimated the costs for switching to producer gas operation and under
estimated the costs for the old gasoline or diesel engine units. However, under 
the first scenario it is economical when gasoline is replaced even with higher
interest rates and high biomass fuel prices. The dual-fuel operation of a diesel 
generator cannot be economical without interest free loans. Buying a 30 kW 
gas producer, dual-fueled diesel engine generator set under the first scenario is 
even more uneconomical in this size range. Such a unit will still need 1.5 liters 
of diesel oil per hour and reduce the wood consumption to 260 kg a dJay. Taking
into account the additional cost of $2,048 for diesel oil, tie annual fixed costs 
will exceed the costs for a system fueled with gasoline. 

The decisive factor in all such projects is tie local ga,.soline and d(esel oil price.
In Third World Countries with underdeveloped infrastrueture, the diesel and 
gasoline price can double and triple from one !cation to the other due to the 
transportation difficulties. This has led in some instances to greatly reduced 
duty times for generators and water pumps and even prevented some farmers 
from cultivating at all because the fuel was not available or too expensive. 

The first scenario is undesirable for several reasons, although it can be justified
in an initial stage for demonstration projects and pilot plants. One major point
against such plants is the comple.,.ty of the unit and 'pare part supply. In a 
30 kW and higher range, the unit will be well automated, probably have a 
rotating grate, a hopper vibrator to prevent bridgin," and several electric motors 
to support the automatic ash disposal, fuel feeding system and possibly an air 
blower. The energy to operate the automated plant will only consume 19-2% 
of the gas producer fuel, an insignificant amount compared to what is lost when
the gas producer has inadequate insulation. The plant is equipped with a small 
gasoline generator that provides the necessary power to start the unit before 
the generator can take over. In case no electricity is generated with the plant,
this small generator must be operated all the time. 

The second scenario is more desirable and will require further investigation to 
determine to what extent the conversion of existing gasoline and diesel engines
and the manufacture of gas producers can be achieved on site. The possible
costs involved will not exceed $5,000 which is about the price in the United 
States to convert a 30 kW diesel engine and install a gas produceias purification
system which is not automated. lowever, the amMal capital costs of $1,751
for interest and loan repayment end $500 for additional spare parts and main
tenance costs in Third World Countries together with $2,048 for diesel oil are 
less than the diesel oil savings of $13,640 a year. Thu net savings of $9,351 
a year will certainly cover the cost for 71 tens of biomass fuel with a heating 
value equivalent to wood. 

Table 57 lists 'he three most technically feasible cases. All computations 
are based on the following assumptions: 

a) Life of the entire plant is 4 years 

b) Capital recovery in 4 years 
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c) Annual interest rate of 15%
 
d) Gasoline price of 60 cents per liter
 
e) Diesel oil prie of 50 cents per liter
 
f) Fuel consumption of 1.25 kg per horsepower-hour for producer gas 

operation of a gasoline engine with a fuel equivalent to wood. 
g) Fuel consumption of 0.65 kg per horsepower--hour for dual-fuel 

operated diesel engines. 
h) Diesel oil consumption of 15% of the orignial amount used. 
i) Annual maintenance and spare part cost of 10% of the capital 

investment in addition to what was spent for conversion. This nigh 
number is justified through practical experience with the costly and 
tire-consuming procedure of obtaining spare parts for imported 
machinery in Third World Countries. 

The case of an existing gasoline engine converted to gas producer operation has 
been excluded since tile severe power drop of 40% or more may render such a 
conversion useless in industrial applications or at least cause serious 
inconvenience. 

The most severe pro"kLms, however, are caused by the uncertain biomass situation 
in most Third World Countries. In arid zone countries where irrigation requires 
the most energy, the wood situation is extremely grave. The trend of dwindling 
forests has been accelerated for many years and is at a level where most people 
cannot afford to have at least one hot meal a day since fire wood is simply 
too expensive. The traditionally used stickwood for cooking accounts for 80% 
of the monthly income of an unskilled laborer in Afghanistan and may explain 
why not many people can afford more than one hot meal a week. This situation 
has a huge impact on the general health of the individual in such countries and 
is the cause of wide-spread parasitic diseases which are usually transmitted by 
the consumption of uneooked food and unboiled water. The fuel shortage for 
household food preparation in mast arid zones may rank second behind malnutrition 
in the cause of disease and very short life expectancy. Consequently, cutting 
or collecting wood as a gasifier fuel is neither practicable nor advisable in such 
countries. 

In areas with higher annual rain fall which have a good supply of wood, the use 
of wood for gasification is practical and also economical. It is illustrative to 
express tile amount of wood needed as fuel for a 30 kW gas producer in terms 
of trees per year. Table 56 give tile average yield of Douglas Fir trees as a 
function of age. The computed weight is based on tile realistic assumption that 
the gasifier will be fed with seasoned, air dry wood. The impact of a 30 kW 
gas producer on the forest resource can be estimated. When tile cutting of 2the 
trees is associated with effective reforesting of the area, about 110,000 rr, of 

Table 56. Douglas Fir Production and Utilization for Gasification 

Age of Avg. Diam. Useable Vol. Air Dry Weight Trees Gasified 
Tree crm 3 kg Per Year For 30 kW 

20 20 0.28 168 812
 
25 28 0.65 390 350
 
30 36 1.16 696 196
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Table 57. Cost Comparison for a 30 kW (40 hp) Installation(1) 

Scenario Capital Investment Fixed 
S Except 

Annual Costs 
for Biomass Fuel 

Annual 
Consumption 

Money Available 
For Each Ton of 

Fuel Tons of Wood Wood (Break Even 
Base) $ 

Replacement of gasoline $35,000 $15,795(2) 137 (3 )  +100 ( 4) 

engine generator 
imported complete 
producer-engine 

by 
gas 

unit 

Replacement of diesel $35,000 $15,795 137 -16 
engine generator'y 
imported complete gas 
producer engine unit 

Modification of existing $ 5,C0 $ 4,300 71 +132 
diesel engine to a dual 
fueled-gas producer engine 
system 

(1)45 hp input to generator shaft with 90% generator efficiency to produce 30 kW. 

(2)Fixed Annual Cost: ($35,000) 0.154.+ (0.1)($35,000) = $15,7591_(1.15)_4-1 +(.)$ 50 0 ,5 

(3)Annual Fuel Consumption: (30kWX0.00125 tons/hp)(273 days)(10 hours/day) - 137 tons 

(0.746 kW/hp) 

(4)Money Available for Each Ton of Wood Fuel: (0.6 $)(18 liter/hr)(10 hr)(273137 tons days) - ($15,759) $100 per ton 



forest are needed as the renewable fuel supply for one single 30 kW gas producer 
unit. This number is based on a forest growth rate of 2100 m per square 
kilometer per year. 

'he use of> waste wood from logging activities or sawdust will be practicabl e 

*only in' updraft gas producers. For any ,other type of gas producer careful 
'screening recovery operati'ons will be necessary because of the sensitivity to 
dirt and'the large range in~fuel size.. 

'A major problem with the use of biomass fuels is their natural moisture content. 
It is not only desirable but. essential 'to reduce the natural moisture content 
below 20%.,. This requires a r and sun drying of wood, corncobs or other fuels 
for an extended' period "of time. The fuel cannot just be collected 'on a daily 
basis. as needed. 'How well 'a reliable fuel supply can be assured in a particular 
social environment is an important factor In determining where the gas producer
engine, system 'is to be located. 

The example of a'30 kW plant has. been chosen because it is most feasible to 
replace the many existing small gasoline engine generators by gas producer 
systems. The same applies to stationary water pumps of equal or smaller size. 

***The operation of such a unit by a village will require totally different planning 
and evaluation than operation in industrialized areas. 

- Due to the normally inadequate infrastructure surrounding villages and their 
inaccessibility in Least Developed Countries, the fuel supply should come from 
within the village district. It may not be possible for a village to buy fuel 
from outside-its district if it cannot be supplied from within the district. 
Long-term encounter with a highly. industrialized, well infrastructured society 
usually rejects the thought that a sufficient amount' of money cannot.be exchanged 
for new needs such as 500 kg of corncobs or wood each day. Nevertheless, it 
cannot in most cases. For instance, villages in Afghanistan are autarkic, not 
by choice but by necessity. The food supply, water supply and usage of any 
kind of crop residue and biomass are carefully balanced. The replacement of 
the existing generator by a gas producer unit will most likely throw the system 
off balance because the gas producer needs fuel that has other uses. A classical 
example is, the one or two man bakeries which supply the entire village with 
the daily bread and quite often cannot deliver because they either run out of 
fuel for their stoves or they are short of grain. 

On the other hand, there are many cases where a gas producer-engine system 
has been and will be quite successful because of the abundance of biomass fuels. 
Gas producer-engine generators have been installed on tropical islands where 
because of the Isolated situation fossil fuel is extremely expensive and high 
vegetation growth generates enough biomass to be used for operation of the gas 
producer. 

The foregoing situation concerns only one portion of the huge pool of biomass 
that is available. Most efforts so. far have only explored wood and wood charcoal 
gasification. There are many biomass fuels which are at least equal or even 
superior. For instance, most kinds of fruit pits and nut shells as well as corncobs 
are excellent fuels and available in appropriate form which requires very little 
procwsing. rhey can be available in large enough amounts and thus are a source 
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for renewable energy. In addition, tie ,asification characteristiC-s of many fast
growing trepical woods such as eucalyptus, mahogany and bamboo arc' not known 
and should be explored. There are ninny crop residues such as rice husks strawand cotton gin trash which are essentially n waste product in many parts of
this world. To manage their ptsifical ir; either in upgraded form or in their

.natural form could he highly benefi ial for industrial plants processing these 
types of crops. 

There is a certain point in the technoloi l assessorent of a gasifier where the
"art" of gasification and its r, putation could w,,ell benefit from tile "science" ofgasification. The firid ehoire of n [hird World C oil a rat or and a possible test
site should be, therefore, m stly guided by the wil Vir.ness of the Third WorldParty to carefi- lly assess tesoc.;-nl iini)sict and tihe mel situation. This will at
least reduce the risk of lie worst pNAsihOc ease, an i-. alled gasifier that cannot
handle the locally av-ilable fue!. Thi> happened rnit, frequently during the
Second World War and such a s.tkutJon is usually folwwed by efforts to upgrade
the fuel in order to muko it snuitale. ,One notl.honhd count on such an approachbecause upgrading a bionics:; fMAl na v either become too expen;ive or even worsen its already unsuitable gasification propcrties. Thre science of upgrading
biomass fuels is young. Upgrndins: the fuel can be done with respect to its
physical and chemical properties. The most simple and best known upgrading
procedure is natural drying and screening, with the goal to reduce the moisture 
content and range of size of the fuel. Another nethod almost vs old as thehuman race itself is charring the fel. The end product of this process, charcoal,
is in most cases a better fuel for ;n asifier 5ut about 610 percent of the energyin the raw fuel is lost. It does not always improve the fuel quality, because
charconl can be highly friable end so high in ash that its gasification will cause even more problems than the oriWinni material. Furthermore, the cost ofdensification is a major cost amounting to $9.00 to MAN.(0 per ton. 

The production of charcon, whether iroi wo(od or oiler biom ass, is an art.
Tie quality of the end product eannto awn,,s be controlled Ito the extent needed
for gas producer fuel. in [pnrrri ur. Hie chi-coal production on village levels
is a gamble with rcspect to the -nuitability of the charcoal as a fuel for
gasification. It is one of the most wasteful nheth,.Odl to produce gasifier fuels.
The pyrolitic oils and gases nre not recovered in almost all practical cases. Aspreviously outlined, a 30 kW gen erotr 'errrred about 812 trees each 20 years
old a year as fuel. If thiS amoumt of fuel were supplied as charcoal, 2030 trees 
are needed annually. The situation is more eeouoiniefil and technicall,, possible
if some fast renewable crop residues could b- ear'horized on an industrial scale
with the use for the pyrolitic oils and gases and 'rn ality vontrol of the charcoal. 

The reccnt increased demand for biomrin fuds hms stepped tip efforts to densify
biomass fuels to various shapes; such rs pellets,, briquelts, cubes and cylinders.
This is an expenive process but cipable of upgrading all kinds of dry biomass
such as grasses, leaves, sawdtut, :itrow and rice husks to a uniform highlydensified fuel. Depending on the fuel, it can be done with or without a binder
that holds the shredded material together in tie densified form. The energy
input to run the equipment will range from 0.75 to 1.5 percent of the energy
in the processed fuel. 
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There are many situations which may be unacceptable for the installment of a 

gas 	 producer-enginc system for one or more of the following reasons: 

1. 	 High ash content of the fuel. 

2. 	 Medium ash content of the fuel and unsuitable chemical composition 
of the fuel. 

3. 	 Insufficient storage facilities which cannot accommodate a few months 
supply of fuel. 

4. 	 Unsuitable processing procedures of the biomass which result in dust,
dirt and a high fraction of small-sized particles. 

5. 	 Unsuitable fuel size reducing equipment that changes the physical
properties of the biomass which may induce bridging. For example,
it matters how a coconut shell is crushed. 

6. 	 Natural form of the fuel is too small or will pack too dense in a 
gasifier. 

7. 	 Flow properties of the fuel is pool, because of its shape or the flowage 
worsens under thermal destruction due to packing together of the 
fuel or clinging to surfaces. 

There is a large array of deviens and techniques to cope with one or more of
the above conditions. But hopper vibra,tors, fuel bed stirrers, devices to control 
tL.e fuel bed temperature, heat exchangers to preheat the incoming air or even
cogeneration require additional maintenance and trained personnel and can 
increase the overall costs considerably. Whether they are a cure for inferior 
fuel and unsuitable processing methods is a question which has been explored
for the last decade at research institutes. Most of their research is based upon
improving the physical properties of the fuel and creating favorablemore 
conditions within the fuel bed by adding chemical slurries to the fuel. The 
little information gained so far does not permit a conclusive answer to be given
for the technical and economical feasilibity of these methods. 
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LEGENi 

Although it was our intention to present the collected data within a consistent 
framework of acceptable metric units, this goal could only be partially achieved. 
The still widespread use of English units and more convenient practical units 
did not in all cases allow transfer of the reported data to me' .c units. The 
internationally established gram (g), meter (in), second (s), and joule (J) system 
is therefore occasionally replaced by more convenient units which are more 
familiar to the reader. 

All chemical equations include the energy balance on a one kg-mole basis that 
refers to the reactant appearing as first term in the equation. There is no 
consistency in the literature about how to report exothermic and endothermic 
reactions. We have adapted the policy of writing the net energy of the process 
together with the products and energy released by the reaction as viewed within 
the observer's control volume. In this context, an exothermic rcaction is positive. 
The tendency of many rasearchers to report properties of producer gas without 
referring to the state of the gas makes it impossible to consistently report the 
data. The possible errors introduced in analyzing such data can be huge and is 
one major reason w y so many conflicting opinions exist in this field. 

The prefixes used in this report for mass (gram), length (meter), energy (joule) 

and power (watt) are as follows: 

= 106M (mega) 

= 103k (kilo) 

= 10- 2 
c (centi) 

= 10- 3 
m (milli) 

= 10-6p (micro) 

The conversion from one set of units to one more familiar to the reader is 
given in the following table. 

Length: 1 km = 1000.m 

1 cm = 0.3937 inch 

I foot = 30.48 cm 

I mile = 1609.344 m 

ft 3 gal = 1000 cmVolume. 1 liter 0.0353 = 0.2642 
3 

1 in = 35.3147 ft 3 = 1000 liter 

Mass: 1 ibm = 453.59237 g 

1 ounce = 28.3495 g 
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Pressure: 1 lbf/in 2 = 2.036 in Hg at 32 OF = 6894.76 newton/m 2 

1 inch Hg = 0.0334 atm 

1 atm = 14.696 lbf/in 2 = 760 mm Hg 

= 1.01322 x 105 newton/m 
2 

1 bar 0.9869 atm 

1 cm H 20 = 0394 inch H20 = 0.0289 

= 0.0334 atm 

, 

at 32 OF 

cm fg = 0.0114 inch Ig 

Energy: 1 

1 

Btu 

cal 

= 1055.06 joules 

= 4.1855 joules 

4415.954 calories 

Power: 1 

1 

watt 

hp = 

= I joule/sec 

745.6 watt = 

= 3.413 Btu/h 

2545 Btu/h 

Temperature: Degree 

Degree 

Degree 

Degree 

Rankin (OR) = 1.8 x Degree Kelvin (OK) 

Celsius (C) = Degree Kelvin - 273.16 

Fahrenheit (OF) Degree Rankin - 459.69 

Fahrenheit = 1.8 x Degree Celsius + 32 

Miscellaneous: 1 Nm 3 (one norm cubic meter) = one cubic meter of gas at 

0 0 C and 1 atm 

1 sef (one standard cubic feet) = one cubic feet of gas at 

77 0 F and 1 atm (previously at 68 0 F and 1 atm) 

cfm (cubic feet per minute) 

1 kg-mole of producer gas = 22.4 Nm 3 oi producer gas treated 

sis ideal gas. 
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