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FOREWORD

The book "Generator Gas" summarizes the scientific, technical, and commercial informa-
tion developed during World War I when Sweden, cut off from fossil fuels, converted 40%
of its entire motor vehicle fleet to burning wood. Again we face a period when fossil
liquid fuels are increasingly scarce and expensive and when we will have to find substi-
tutes. We have translated this book because we believe the information contained will
save the enormous cost of rediscovering the data and experience gained by Sweden, and
will enable scientists and engineers engaged in gasifier projects to build upon what is
already known.

The gas generator for motor vehicles was developed at an astonishing speed during the
war years. It is quite possible that we may never need to use gas generators for vehicles
because we may develop electric cars or synthetic aleohol or gasoline fuels for portable
use. Nevertheless we feel that the gas generator has a new important role for retrofit-
ting existing gas/oil boilers to biomass fuels, for operation of stationary engines for
irrigation and power generation, and possibly for operation of turbine engines. We
believe that the information in this book will speed development of these alternatives.

We would like to thank Prof. Gunnar Hambraeus and the Swedish Academy of Engineering
for permission to translate GENGAS, and for additional information that they have
supplied from more recent Swedish work. We would also like to thank Maria Geuther of
Boulder, Colorado, for translating the Swedish book into English. We have enjoyed our
share of the scientific editing of this very interesting chapter of technological history
and feel that our overall program in gasification at SERI is greatly strengthened by our
knowledge of the details found in this book.

January 1979

Thomas B. Reed
Dan Jantzen
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Chapter 1

HISTORY

Up to the Outbreak of the War in 1939

Generator gas has been used extensively since the middle of the 19th Century in the iron
working industry for the firing of furnaces. A Swedish design which first attracted
attention was the gas generator invented by Gustaf Ekman at Lesjofors and named
"Ekman's Coal Shaft Furnace." [21] It was described in Jernkontorets Annaler 1843
(Annals of the Swedish Ironmasters Association, 1843). The "downdraft principle" (gases
passing down through the firebed) of this generator is, on the whole, the same as that
used for most gas generators for fueling engines. The first proposal for the use of gener-
ator gas for engines appeared in 1877 and the engine was run for the first time around
1881. It was used for stationary operation, and because the gas is sucked by the engine
through the generator, the gas was usually called "suction gas." The first gas generator
specifically constructed for stationary engine operation did not come into existence until
the beginning of the 20th Century. Something similar, however, was described in an
English patent as early as 1859.

With the outbreak of war in 1939, the use of generator gas for vehicular operation
increased, and the head of the Swedish Board of Trade, Axel J. Enstrom, proposed the
Swedish name "GENGAS,"* which soon was accepted in this field. Gas for firing indus-
trial furnaces, however, is still usually called generator gas.

Not until around 1920 were there portable gas generators worth mentioning which could
be used for motor vehicles although experiments had been carried out much earlier. [55]
At this time, portable gas generators were attached to trucks as well as to tractors.
There was interest in France in this development, and the firm of Panhard & Lavassor
manufactured the first gas generator for practical use. Another French design was the
Gohin-generator, which can be considered the forerunner of generators not enclosed in
brick and with water vapor added. In Germany there was also great interest in generator
gas operation; the best known is Imbert's gas generator for wood.

In 1918 Axel Swedlund of Sweden designed an updraft charcoal generator, and in 1924 the
first of his downdraft designs was manufactured. [58] During 1923 and 1924, a few
Austrian charcoal gas generators of Julius Heller's design were imported to Sweden and
tried on trucks, buses, and railears. These updraft gas generators produced a gas with a
rather high tar content, which was difficult to remove. Although the best available
beech charcoal was used, during the first long drive (625 kilometers) [50] the truck motor
used for the experiment had to be taken out after about 300 kilometers and thoroughly
cleaned of tar. Trial runs during 1925 to 1926 showed that starting and driving using only
charcoal gas was possible, but not convenient. For example, starting directly on coal gas
was time consuming and troublesome even when the fire in the gas generator had been lit

*In English, approximately "wood gas," "generator gas," or "manufactured
gas," but there is no exact equivalent.



beforehand. In those cases where there was a starting fan it was hand operated and not
sufficiently effective. Generally, no modifications had been made to the engines, which
had relatively little power even when run with gasoline; and when run on generator gas,
down-shifting of the gears was required on even moderate inclines. Therefore, gasoline
was preferred for starting and warming up the engine; gasoline was also used to increase
the climbing ability of the car when necessary.

By the end of the 1920s the first charcoal gas generators were made in Sweden. They
used a downdraft design and were mainly intended for farm tractors, and were soon fol-
lowed by designs for trucks and cars. At the same time, an interest developed in wood as
a gas generator fuel, and the first wood gas generator in Sweden was designed by the
Widegren brothers and A. B. Svenska Flaktfabriken (The Swedish Fanfactory, Inc.). This
gas generator used a downdraft fire and was double jacketed with the rectangular section
enclosed in brick. This wood burning gas generator was tried out on trucks in the early
1930s, but there was considerable tar residue deposited in the motor and corrosion of the
crankshaft necks. Since the results of the experimental operations did not match expec-
tations and there was a lack of consumer interest, the work was not pursued.

At the Swedish Riksdag (Parliament) in 1930, bills were introduced to support generator
gas operation of motor vehicles; and in the following year a government committee was
appointed on the initiative of Ingeniorsvetenskapsakademien (The Swedish Academy of
Engineering Sciences) to perform scientific and practical experiments with generator gas
driven vehicles. The committee received a government grant of 15,000 kronor*, and
experiments were carried out with three different types of gas generators.

In 1932 the Riksdag (Parliament) appropriated 200,000 kronor ($53,600 U.S.) for a loan
fund for car owners who wished to install gas generators. In addition, the vehicle tax was
reduced to half that imposed for operation on liquid fuel. The vehicle tax reduction
amounted in practice to 33%, due to the weight of the gas generator. These measures
led to a rapid increase of generator gas operation in 1932, and the total number of gener-
ator gas operated cars in Sweden during the first half of 1933 reached about 250; practi-
cally all of these cars were equipped with charcoal gas generators. This increase, how-
ever, was followed by a drastic decrease mainly due, on the one hand, to the fact that
many hastily produced gas generators were introduced on the market by inexperienced
manufacturers and proved to be seriously defective; and on the other hand, to the fact
that in the transition to generator gas operation, insufficient attention was paid to
whether the vehicle and type of traffic in question were actually suited for generator gas
operation. To this must be added the shortage of personnel knowledgeable in generator
gas technology, imperfect service, and the difficulty of obtaining suitable charcoal for
which there was no organized distribution.

The disappointment with generator gas operation was undoubtedly justified in many cases
because the technical conditions for satisfactory operation were not met. But even in
cases where the conditions for good results existed, the generator gas operation met with
resistance among most consumers. It was quite natural, of course, that to those con-
cerned with driving and car upkeep, the more convenient and cleaner operation with

*The exchange rate (January 4, 1932) was one kr equalled $0.268.
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liquid fuel was more attractive than was generator gas operation. It was also under-
standable that the big oil companies did not welcome new competition.

Another factor of importance was that the generator gas operation was not necessitated
by an obvious emergency but was supported by motives less apparent to the avorags
man—reasons that had to do with mititary preparedness, forestry, and naticnal ecoromy.
However, a small number of car owners, who either drove their own generator gas cars or
encouraged their hired chauffeurs with bonuses, continued with generator gas operation
and had good results, especially when they were able to solve the fuel problem by burning
charcoal from their own forest.

Military authorities showed an interest in generator gas as early as 1925 by buying the
first Swedish truck adapted to such operation, which was tested with both charcoal and
wood gas generators. In 1933, at the initiative of the Generator Gas Committee of the
Academy of Engineering Sciences, thorough experiments on a large scale were started by
the Army on a number of different types and sizes of trucks equipped with modern (for
that time) types of gas generators. Civilian interest does not seem to have been particu-
larly stimulated by these tests. A contributing factor which was particularly unfavorable
for generator gas operation was the relation between gasoline and charcoal prices in
Sweden; the approximate ratio between gasoline price per liter and charccal price per
kilogram in Sweden was 2:8; but in France, 4:3; in Austria, 6:4; and in Italy, li:4 {as of
1937).

The increased interest for military preparedness caused the head of the Royal Ministry of
National Defense to engage three experts from the government to assist with an investi-
gation concerning generator gas operation of motor vehicles. Under the name "The Gas
Generator Committee of 1937" the investigators started their work in February 1837 and
delivered partial reports on December 9, 1937, [55] and a final report on July 8, 1939,
{571

When wood gas operation was still considered to be in the experimental stage the
Committee initially planned on generator gas operation based on charcoal. It was estab-
lished that the gas generators had been significantly improved since the experiments in
1931 to 1932. Among other things the heat of combustion had rlsen from 559-580
keal/Nm3#* (66-70 Btu/scf) since the early tests to 620-650 keal/Nm® (75-79 Btu/scf).
The starting time had been reduced considerably by addition of an electric starting fan
and a central air nozzle into the gas generator. Thus direct starting on generator gas
without the use of liquid fuel became possible and practical. Improvement in the design
of gas exhausts had brought about greater dependability, and interference by slag {orma-
tion or carbonization was minimized. Also, better nozzle designs eliminated the slag
formation on the hearth sides. Motor operation with generator gas was improved; idling
characteristics were almost equal to gasoline operation, and engine power per liter of
cylinder capacity had been improved. Generator gas operation was considered most suit-
able for long nonstop driving, but the experiments had shown that satisfactory results
also could be obtained in very intermittent operation. With regard to the engines, the
opinion was that relatively large cylinder capacity and low rpm were of considerable
importance for obtaining favorable results.

3
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After the fall of 1937, a somewhat greater interest in generator gas operation could be
sensed in Sweden. Prior to the outbreak of the war, some 20 to 30 gas generators were
sold in the country, and the number of generator gas operated civilian and military vehi-
cles in Sweden probably was somewhat more than a hundred when the war broke out.
Before the war the price of automotive charcoal was very low in Sweden, 0.07 kr to
0.08 kr per kilogram. This price probably did not give the correct value of the wood,
which consisted of waste wood without real value. An even lower price could be obtained
by buying unerushed charcoal and erushing it at home. The prime cost then was often
less than 1 kr per hectoliter, or about 0.05 kr per kilogram of hardwood charcoal.

The Outbreak of the War in 1939

As background for the development of generator gas operation during the Second World
War, I would like to introduce some data concerning the growth of the Swedish car fleet
during the years 1935 to 1939 (i.e., during the economic boom before the war).

Table 1., INCREASE OF AUTOMOBILE VEHICLES IN SWEDEN
DECEMBER 31, 1935 -~ DECEMBER 31, 1939

Dec. 31 Cars Buses Trucks Total
1935 . & 4 ¢ ¢ ¢« o o o 109,096 3,914 41,803 154,813
1936 « v ¢ ¢« ¢ &« o « o 119,303 4,165 44,575 168,043
1937 v 4 v 4 ¢« o o o o 134,296 4,558 53,093 191,947
1938 « ¢ 4 ¢ o ¢ & o o 156,573 4,894 57,734 219,201
1939 ¢ ¢ ¢ ¢ ¢« + « . 180,717 5,109 63,028 248,854
% Increase 1935-39 . . 66 30 50 60

The growth of the car fleet might have continued during the following years if the war
had not interfered. It is therefore natural that the automotive transportation system
experienced great difficulties caused by the outbreak of the war on September 1, 1939,
and by the accompanying commercial blockade, which created shortages in the supply of
liquid fuel to Sweden. Because of this, the right to drive motor vehicles powered by lig-
uid fuel and the right to buy such fuel were severely restricted as early as the first days
of September 1939. Further restrictions and even total prohibition seemed conceivable.

As mentioned in the preceding section, the final report of the Gas Generator Committee
of 1937 became available just before the war broke out and showed comparatively advan-
tageous and positive results, while at the same time about one hundred generator gas
operated motor vehicles were in practical use in the country. An inventory of alterna-
tives to gasoline and diesel oil pointed to generator gas as the only possible path. Thus,
generator gas was placed in a good position. When the war broke out there were Swedish
charcoal gas generators already tested and fabricated.

As early as September 6, the head of the Royal Swedish Ministry of Supply appointed
experts to advise on questions concerning generator gas, to follow the developments in
the field, and to prepare and submit to the government proposals to hasten a transition to



generator gas operation. The experts were named "The Government Generator Gas
Committee."

With the intention of furthering a transition to generator gas operation with sound meth-
ods, the Generator Gas Committee recommended that the government take certain
measures similar to those proposed by the Gas Generator Committee of 1937. Among
other things, they recommended control over production, installation, and use of gas

generators including approval of design and construction, and licensing of construction in
assembly plants.

The Generator Gas Committee also proposed a provision for instruction courses for
drivers and mechanics working with generator gas vehicles, provision for the production
and supply of charcoal, facilitation of loans and an increase of the loan fund (see below),
and finally, government acquisition of a number of generator gas operated tractors.

On November 10, the charter for the Generator Gas Committee, subordinate to the
National Swedish Industry Commission, was confirmed. According to the charter it was
the duty of the Committee to undertake necessary investigations and experiments to
perfect gas generator operation; to work for the production of technically excellent
generator gas units; and, through advice and directions, to ensure that the installation of
the units was managed satisfactorily. The same day, the government authorized the
National Swedish Testing Institute for Agricultural Machinery, together with the
Generator Gas Committee, to promptly investigate the possibility of adapting farm trac-
tors to generator gas operation.

As early as March 20, 1933, the Inspector of Explosive Substances issued a bulletin of
precautionary measures for generator gas operation of motor vehicles. On October 10,
1939, the Inspector of Explosive Substances issued a new bulletin containing instructions
on the use and maintenance of gas generators. These instructions were soon replaced by
joint instructions issued by the Generator Gas Committee and the Inspector of Explosive
Substances on November 28, 1939. The instructions were completed on April 23, 1940, by
the Generator Gas Committee, at which time advice was also given to assembly shops.
Complementary additions and revisions were made through the years by the successor of
the Generator Gas Committee, the Generator Gas Bureau, within the Government Fuel
Commission. (See Chapter 13.)

In September 1939, former producers of gas generators as well as certain automobile
manufacturers started large-scale production of gas generators after they had secured
licenses from the designers. Intensive work on new designs began in many places, mainly
for charcoal gas but also for wood gas generators. There was a high demand for gas
generators even though many people were skeptical and pursued a wait-and-see policy.
The charcoal gas generator market was initially controlled by three brands: Svedlund,
Greygas, and Volvo.

Indisputably, the early gas generators were not fully developed and had some technical
deficiencies. Also, the installation and service turned out to be less than satisfactory
due to the shortage of trained personnel. There was also a lack of drivers familiar with
generator gas operation and aware of the necessity of systematic cleaning and care of
the generator gas apparatus, as well as the adaptation of driving techniques to the char-
acteristics of generator gas. Added to this were the great difficulties in many places of
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acquiring charcoal at a reasonable price, since charcoal distribution was still not satis-
factorily arranged. Finally, the fire and poisoning risks associated with generator gas
operation became apparent.

Under these circumstances it is easily understandable that the generator gas operation in
the beginning was a source of miscalculation and loss for many people. This was true
especially in the professional trucking business, where the early expectations of genera~-
tor gas were not met, resulting in serious economiec consequences.

Steps to remedy these shortcomings were undertaken immediately. In September 1939,
the Generator Gas Committee (in cooperation with the Army, a car company, and work-
ers' organizations) began educational courses for drivers and mechanics, which laid the
foundation for the furthering of generator gas operation. These study courses expanded
considerably during 1940, and training was given to around 15,000 drivers and mechanies
during the first generator gas years. Many were also trained by private initiative. The
Generator Gas Committee instituted a generator gas license for generator gas vehicle
drivers, proving that the person in question had passed a test in front of an inspector
and was a competent driver of a generator gas vehicle.

To the extent that the Generator Gas Committee had experts available, they gave much
advice; and in spite of many difficulties during the early period, they tried to make the
best of the generator gas operation. Undoubtedly, this work was of great importance to
car owners, who for one reason or another could not handle the generator gas operation.

Funds were provided to the Generator Gas Committee for testing of existing types of gas
generators and for investigating their installation on different types of cars. During
September 1939, the Gas Generator Committee began testing various types of gas gener-
ators and issuing certificates of approval. This testing was not obligatory, but boosted
the sales of a manufacturer because it provided a guarantee of construction and per-
formance to the buyer of a gas generator. In connection with the testing the Generator
Gas Committee also had an opportunity to give advice to the manufacturers. During the
latter part of December 1939, the first 18 approval certificates were issued: 17 for char-
coal gas and one for wood gas. Of the first 100 approval certificates, 64 were for char-
coal gas and 36 for wood gas. By the end of 1940 the number of certificates had grown to
177; by December 1941, to 370; and by December 1943, to 489, of which about 130 had, for
different reasons, been revoked. In November 1945, there were 503 types approved, dis-
tributed among 53 different companies, manufacturers, or designers. The approval cer-
tificates were divided approximately equally between charcoal gas operation and wood
gas operation. (See Chapter 13 for testing standards.) Later, testing of different auxil-
iary parts of generator gas operation was established; e.g., motor heaters, fire shields,
fire extinguishers. This was done partially in cooperation with other authorities and the
insurance companies.

The Generator Gas Committee considered an adequate supply and distribution system for
reasonably priced charcoal to be one of the most important conditions for effecting a
transition to generator gas operation. (See Chapter 3.)

One question that the Generator Gas Committee addressed early was whether the market
for gas generators should be left uncontrolled or should be subjected to some form of
government regulation and standardization. The latter alternative would have as its goal
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to ensure that, as far as possible, only satisfactory types of gas generators would be
produced, thus protecting the buyers. On the other hand, the alternative of free devel-
opment would encourage private work on inventions and private initiative, which in turn
would regulate prices and promote further development in the field. /

In the fall of 1939, legal provisions were proposed to forbid the installation of gas genera-
tors on motor vehicles without a permit. This idea, however, was abandoned and the
market was left uncontrolled with the resulting advantages and disadvantages. Only for
obtaining loans from the Generator Gas Fund was it required that the gas generator be of
an approved type. In addition, restrictions concerning the installation and use of gas
generators were introduced in order to reduce the risks of fire and poisoning. Anyone
had the right to freely manufacture and sell a gas generator, as well as use it after a
motor vehicle inspector had inspected and approved the mounting. The disadvantage of
the free market approach was that a variety of poorly designed generators were pro-
duced, and many buyers suffered great losses not only in the form of poor gas generators
but also in the form of ruined motors. The number of different untested gas generators,
the so-called handicraft units, was indeed very large. Without a doubt, much material
and work could have been saved if from the beginning development had been aimed at a
limited number of types of gas generators with far reaching standardization.

Many times the related question has been raised regarding the possibly legally binding
character of certain of the instructions and precautionary directions of the Generator
Gas Committee (later, the Government Fuel Commission's Generator Gas Bureau). The
authorities, however, did not choose this policy, and therefore these instructions and
precautionary directions have only been found binding by a court of law to the extent
that failing to adhere to them could be considered negligence or recklessness, punishable
by law (i.e., causing fire, poisoning or other damage).

When the war broke out, close to 200,000 kr were available in the Generator Gas Loan
Fund. According to the regulations, loans of a maximum of 1,000 kr could be obtained, to
be paid over 5 years at 4% interest. The Gas Generator Committee of 1937 had proposed
that loans should be granted up to 80% of the cost of purchase and installation, up to a
maximum of 2,000 kr. The Generator Gas Committee brought out these proposals on
September 11, 1939, and also proposed that the fund should be increased to 2 million kr.
On November 10, 1939, the Government confirmed the various conditions and provisions
of the loan fund according to the Generator Gas Commission proposal. No installments
were required during the first year, after which one-tenth of the loan was to be paid off
every half year, at an interest rate of 3%.

At first the loan fund was not used a great deal. During the second half of 1939, 107 loans
were granted, of which 88 were for trucks; during the first half of 1940, 250 loans were
granted, of which 217 were for trucks. The loan terms were not considered especially
attractive, as long as collateral was required. Therefore, the Generator Gas Committee
proposed on March 9, 1940, an improvement of the loan terms by substituting for the
requirement of collateral a control of the borrower's solvency over a period of time. On
October 11, 1940, new loan provisions were confirmed by the government with no pay-
ments due during the first six months and thereafter an installment of one-tenth of the
principal every four months. The requirement of collateral for the loan was handled by
the Royal Swedish Board of Commerce in consultation with the Emergency Committee.



During the second half of 1940 no less than 4,460 loans were granted; an additional 4,010
were granted during the first half of 1941, After that the number of loans decreased
rapidly. In 1942 a total of 21.7 million kr were invested in the fund; and by January 1,
1942, the outstanding loans amounted to 15 million kr. By January 1, 1943, the outstanding
loans amounted to only 10.25 million kr and by January 1, 1944, to about 5,375,000 kr.

During the budget year 1940/1941, a grant was also given to a government loan fund for
the acquisition of generator gas units for certain vessels. Only 12 loans were granted
from this fund, for a total of 59,190 kr. During the same budget year grants were also
given for the acquisition of gas generators for fishing boats. Only 7,000 kr was used for
this purpose, which was given partly as grants, partly as loans, for five generator gas
installations.

By the end of November 1939, the number of generator gas vehicles had risen to about
800, and by the end of 1939 the estimate is about 1,500, mainly large and medium sized
trucks in addition to about 100 buses and a few private cars and tractors.

Around the end of 1939, generator gas installations declined because of the increased
opportunity to acquire rations of liquid fuel, mostly for the heavy trucking traffic. A
comparatively large amount of liquid fuel was imported, and the shortage of storage
facilities forced an increased distribution of fuel. Under these circumstances and due to
the difficulties related above for generator gas operation, many generator gas cars were
gradually taken out of use and many gas generators were dismantled. The manufac-
turers, who under the influence of the great rush in September had developed the produc-
tion of generator gas units on a large scale, suddenly saw their market threatened and
orders cancelled. Many farseeing owners of generator gas operated cars realized, how-
ever, that the increased supply of liquid fuel was temporary and continued operating with
generator gas. According to the producers' information, over 3,100 gas generators had
been produced by April 1, 1940. However, the number of generator gas cars in use at this
time had hardly reached 1,000.

By the end of 1939, and during the first quarter of 1940, the matter of further measures
to improve and stimulate the generator gas operation gave rise to proposals and requests
from different organizations and individuals, among them the National Swedish Industry
Commission, the Chambers of Commerce of Stockholm and Gothenburg, the unions, and
professional truck drivers. Among other things, many craftsmen requested increased
authority and grants from the Generator Gas Committee. The craftsmen also proposed
subsidies for the designers of gas generators, and government assistance for the buyers in
the form of lower costs. It was also pointed out that the conditions for obtaining gener-
ator gas loans were not very attractive (see above), and government intervention was
once again requested for the supply of charcoal.

In view of these requests, the Generator Gas Committee proposed several measures,
including government purchase of 1,000 gas generators for government vehicles and for
military preparedness, improvement of the loan terms, tax exemption for generator gas
cars or equivalent subsidies, free educational courses, and increased grants for consulting
work by the Generator Gas Committee.
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The change in the war situation in April 1940, and the shortage of liquid fuel rations
which followed, rekindled interest in gas generators. The generator gas cars returned to
use, dismantled gas generators were once again installed, production was renewed, and
installations increased rapidly. By mid-1940 the number of registered generator gas cars
reached about 3,000 and after that there was a rapid increase. In the beginning of
November 1940, all gasoline rations for civilian traffic were stopped. By the beginning of
March 1941, there were 40,000 registered generator gas cars; by the beginning of May
1941, 50,000; and by the beginning of July 1941, 60,000. Then the increase subsided rap-
idly; not, however, due to the lack of demand but to the restriction of the right to oper-
ate a car, necessitated by shortages of lubricating oil and later of rubber tires. Not until
November 1941 were there 70,000 generator gas cars in service, with a peak of 71,500 in
mid-December 194l1.

On April 1, 1942, generator gas vehicle statistics were changed to include only the regis-
tered civilian generator gas cars (i.e., to exclude the military vehieles). During the three
years between April 1, 1942, and April 1, 1945, the expansion and composition of the car
fleet did not change rapidly. The change of the car fleet during the crisis period is dem-
onstrated by Figure 1 and Tables 2 and 3.
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Figure 1. Civilian Generator-Gas Vehicles During the Crises Years

One government action of 1940 was the establishment of Svenska Gengas AB (Swedish
Generator Gas Co.) with government funds. The task of the company was to stimulate
the production of generator gas units and to conduct experiments. The generator gas
company organized large-scale production of wood gas units and devoted considerable
attention to units for farm tractors, stationary engines, and boats. The company was
also to support and stimulate the production of generator gas fuel and organize its distri-
bution. The company started work in the middle of 1940.



Table 2. WOODGAS OPERATION IN PERCENT OF ACTIVE GENERATOR-
GAS CAR FLEET

Private Average

Date Cars Buses Trucks Mean
1 Octa 1940 . . & + « & 13.0 24.0 24,0 22.0
1 April 1941 . . + + « & 25.5 40.0 44,0 38.0
1 Octe 1941 & ¢« ¢ o o« 27.0 54,0 50.0 41.0
1 April 1942 . . &« ¢« « & 23,5 64.5 54,0 41.5
1 Octe 1942 & ¢ &« o & & 19.2 66.6 54.5 38.1
1 April 1943 . . . . . . 17.0 70.0 54.6 36.9
1 Octe 1943 . ¢ ¢« + & & 15.1 73.3 55.4 36.3
1 April 1944 ., « s o o 12.6 73.0 54,0 35.6
1 Oct. 1944 . ¢ ¢« & o & 11.8 74.9 54.4 34,9
1 April 1945 . . + « . . 11.1 77.0 54.9 34,7

Table 3, THE GROWTH OF THE FLEET OF GENERATOR GAS CARS DURING
THE TIME PERIOD OCTOBER 1, 1940 - APRIL 1, 1945

Date Cars Buses Trucks Total
1 Octe 1940 « & o« o « » 2,045 864 6,232 9,141
1 April 1941 . . . . . . 14,356 2,904 27,988 45,248
1 Octe 1941 . . & & o o 27,199 3,638 38,035 68,872
1 April 19428, . . . . . 28,479 3,404 35,274 67,157
1 Oct.e 1942 . . . . . . 33,395 3,416 35,367 72,178
1 April 1943 . . . . . . 34,306 3,502 35,096 72,904
1 Oct. 1943 . ... .. 35,068 3,533 35,252 73,853
1 April 1944 . . « « . . 32,962 3,526 34,439 70,927
1 Oct. 1944 . . . . . . 34,716 3,531 34,416 72,663
1 April 1945 . . . . . . 34,854 3,539 34,199 72,592

4From April 1, 1942, changed method of statistics. On Figure 1,
there is a certain leveling of the curves because of this.

As ordered by the Government on June 14, 1940, the Government Fuel Commission
started its work on Julyl, 1940; the Generator Gas Committee was made part of the
Commission as the Commission's Generator Gas Bureau. During the summer of 1940 the
Generator Gas Bureau, together with the National Swedish Industry Commission, the
National Swedish Board of Crown Forests and Lands, and the National Swedish Testing
Institute for Agricultural Machinery, arranged long-term experiments using various wood
gas generators mounted on different types of trucks. The testing program was aimed at
investigating the practical problems of wood gas operation, including the preparation of
wood fuel in machines of different kinds, air drying of the wood, the suitability of differ-
ent sizes and shapes of wood, fuel consumption with different wood fuels, maximum driv-
ing speeds on different types of roads, etc.
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A trend from charcoal gas operation toward increased wood gas operation was very strik-
ing during the initial period but decreased and changed to the opposite trend. A some-
what stabilized condition was reached when opinion formed that charcoal gas operation
was most suitable for discontinuous driving of private cars and smaller trucks (e.g.,
delivery vans) in urban traffic where fuel economy was not so important, and that wood
gas operation, on the other hand, was more suitable for constant heavy loads where fuel
economy was of great importance. In Table 2 the distribution between charcoal and
wood gas operation does not include, after April 1, 1942, the military vehicles which were
mainly driven with charcoal gas (about 10,000 at the end of the statistical period).

Farm tractors were converted to generator gas operation, which was very important for
the Swedish national food supply. Because the supply of motor kerosene and similar fuels
was scarce, it became necessary to gradually eliminate liquid fuel rations for tractors,
which could most easily be adapted to generator gas operation. In the fall of 1941 over
7,000 farm tractors were shut off from a supply of liquid fuel. Practically the entire
transition to generator gas operation for tractors was based on wood gas operation, for
which the fuel could be rather easily produced by the farmers themselves from their own
forests. The farmers could buy the government subsidized units for a price of 1,000 to
2,000 kr, not including installation. At the beginning of 1942, about 6,000 farm tractors
had been converted to wood gas operation. By the end of 1944, the number had reached
about 15,000. The entire number of tractors at this time has been estimated to be about
27,500, of which 5,000 were of simple design.

To a lesser extent, small seagoing cargo vessels and fishing boats had also been remod-
eled for generator gas operation, although only in cases where refueling could be done
frequently. Stationary engine generator gas operation had been initiated to some extent,
for instance, for stone-crushers, mills and portable sawmills in the forest areas. In the
latter case the fuel was made up of waste wood from the premises. Some industrial
hearth and forge furnaces, as well as heating furnaces for other purposes, had also been
successfully converted to wood-firing, partially with practically unchanged car units and
partially with special units.

Among many private initiatives for the promotion of generator gas, two generator gas
contests arranged by the Royal Automobile Club deserve mention. In September 1940,
the club arranged an economy contest for generator gas cars, with no less than 127 par-
ticipating private cars and trucks. In one big winter contest in February 1941, 129 private
cars and trucks participated in a long distance contest. Both contests gave remarkable
results.

Although outside the scope of generator gas operation, it is of interest to note other car
fuels in use after the end of the 5-1/2 year war period, indigenous as well as imported.
On April 1, 1945, 240 cars were driven with acetylene gas, 531 with coal gas or methane
gas, 1,180 with electrical power, and 6,612 with liquid fuels of different kinds. Acetylene
gas operation reached its peak during the first part of the war with 769 cars on
November 1, 1941, then decreased to 240 cars on April 1, 1945. The entire number of civil-
ian heavy motorcycles decreased by April 1, 1945, to 10,778, of which 939 were driven
with generator gas and 1,417 driven with electrical power.
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The exceedingly rapid rate of development in the area of generator gas during the two
first years of crisis was succeeded by a quieter period characterized by some consolida-
tion, standardization, and inner development. The large number of different types of gas
generators underwent the "natural selection" which is normal for new designs. Together
with most of the "handicraft units,"” many approved types gradually disappeared, whereby
a needed thinning out among approved types was achieved.

By July 1, 1943, about 73% of the charcoal gas generators and about 81% of the wood gas
generators were of an approved type. Only seven types of charcoal gas generators and
two types of wood gas generators had over 1,000 generators in operation. About 59% of
the approved charcoal gas generators belonged to two types, Svediund and Kalle. About
74% of the approved wood gas generators belonged to the Imbert or similar type. As late
as October 1, 1943, 35% of the private cars were equipped with gas generators of a non-
approved type; for busses, the percentage was only about 8%; and for trucks, about 16%.
It is easy to understand why the figure for private cars is comparatively high. It is more
reasonable to experiment with a "handicraft unit" on one's own private car than on a
truck or a publie bus. It is remarkable that the wood gas, to a much greater extent than
charcoal gas, stimulated private car owners to use homemade units. Thus, in the fall of
1943, less than 47% of the wood gas driven private cars had gas generators of a non-
approved type.

Concerning the practical and technical possibilities of generator gas, I would like to add
the following to the above history.

A characteristic of gas generators is to produce a gas-air mixture with lower thermal
value than a gasoline-air mixture. During the earlier phase of generator gas operation,
this characteristic led to the observation that one of the conditions for a practical and
satisfactory result with generator gas operation was a comparatively large cylinder
volume and a low engine rpm. To allow an increase of the motor compression ratio in
order to regain part of the lost motor power, the motor must be strongly built especially
in the bearings. Furthermore, the motor must have a well dimensioned inlet manifold
and a large range of ignition regulation.

Further, the load capacity of the vehicle should be sufficient, so that the weight of the
generator gas unit would not excessively diminish the load capacity. Thus, generator gas
operation was best suited for larger vehicles, with long daily routes and continuous driv-
ing without long interruptions. A further condition was that the gas generator should be
mounted on the car in such a way that the use of the vehicle would not be impaired.

During the last years of the war it was observed that the use of generator gas had
expanded to such an extent that it could be regarded as an adequate substitute for liquid
fuels—if economic factors were not considered. Generator gas operation had been used
on practically all kinds and sizes of motor vehicles with either four-cycle or two-cycle
engines, designed for either gasoline or diesel engines. Generator gas had been used on
rail-buses, on tractors with crude oil and kerosene engines, on boats of different size
categories, in stationary designs, and in heating furnaces of different kinds (e.g., hearth
furnaces).
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Due to technical improvements the requirement that the generator gas engine must have
a large cylinder volume has been largely modified; the same may be said about the rpm
of the generator gas engine. Small, relatively high rpm engines as well as large slow
running engines have been driven with generator gas. The requirement remains, however,
that the engine must be strongly built in those cases where an increase of compression
takes place. Through such an increase in compression ratio the decrease of power can be
limited under certain circumstances.

Through various measures, among other things the elimination of the ceramic casting,
the generator weight has been brought down, in some cases to a considerable extent,
especially in small charcoal generators. Therefore, the requirement of comparatively
large load capacity of the vehicle has been moderated. The incentive to make the gener-
ator gas apparatus less expensive led to reduction of weight which was further motivated
by the scarcity of larger tires. Mounting of the generator on the front of the car was
done so one did not have to reduce the permitted load or the number of passengers.

The requirement of continuous driving was diminished, because methods had been devel-
oped for an easy, dependable, and relatively fast start even after a comparatively long
driving interruption.

Finally, during the last years, progress had been made in the adaption of gas generators
to the vehicles both in function and appearance. Gas generators no longer detracted
from the fitness of the vehicles for use but were integrated as parts of the vehicles to a
greater extent than before.

The use of generator gas has been tested in Sweden on ship engines of up to 150 horse
power. Most suitable for generator gas operation are the two-cycle engines, which retain
their full capacity in such operation. One circumstance which initially reduced the
attractiveness of generator gas operation for ships is that dependability is of critical
importance for maneuverability in rough weather and in narrow passages. In the present
state of technical knowledge, however, practically 100% dependability and fully satisfac-
tory maneuverability can be achieved in generator gas operation of a sea vessel.

It can therefore be said that generator gas operation from a technical and practical point
of view is well adapted for use in practically all types of vehicles, including tractors.
Furthermore, it is well adapted for use on boats and for stationary engine operation.

It has also been observed that the fuel supply for this operation, even on a large scale,
does not have to be a great problem, at any rate not if one uses the fuel saving wood gas
operation (rather than charcoal). In general, there is plenty of waste wood and thinned
out wood available from forestry operations.
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Chapter 2
THE THEORY OF GAS GENERATION

Types of Gas Generators

The devices used for the production of generator gas are called gas generators. They
may be designed to operate according to two somewhat different principles: upward
burning (updraft) with the gas carried from the bottom upward (Figure 2); and downward
burning (downdraft) with the gas carried from the top downward (Figures 3 and 4). Gen-
erators with horizontal burning (crossdraft, Figure 5) and the Kalle generator (Figure 6)
work somewhat differently from the main types.

. — e e ————— -
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Updraft Gas Downdraft Downdraft Crossdraft
Generator Gas Generator Gas Generator Gas Generator
with a with Nozzles
Central Air in a Ring

Nozzle

The type first used was the updraft generator, as illustrated in Figure 2. The air is taken
in through a grating in the bottom of the fuel container. Immediately above this grating
a burning zone is created. The gas obtained in this burning is reduced in the adjacent
reduction zone, and finally the fuel is freed from vapors and dried in the uppermost cool
part of the container.

Generator gas produced for motor propulsion should as far as possible be free from tars,
ete. The updraft generator yields tar-free gas only from fuels very poor in gas such as
coke, anthracite, and possibly charcoal. However, fuels rich in gas are suitable for the
operation of furnaces, particularly if subsequent combustion is carried out close to the
generator, where the gas need not be cooled and the tar mist and the tar drops can be
burned in the furnace.* In order to obtain gas as free from tar as possible, downdraft

*This operation is called "close-coupled" and yields a higher energy
gas for retrofitting existing gas- and oil-fired boilers. It also
eliminates the need for cooling and filtering. - Ed.
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generators, as shown in Figures 3 and 4, are used. The air is brought in through a central
nozzle* shown in Figure 3 or through a number of nozzles in the annular arrangement
shown in Figure 4. The burning area is formed near the nozzles, and from there the gases
travel downward through the reduction zone. When wood is used as generator-gas fuel, a
degassing and carbonization (pyrolysis) zone is created above the burning zone where the
wood is charred due to the heat from the burning zone. Gases, tar vapor, and water
vapor are formed in the pyrolysis zone, and charcoal is obtained. The main components
of these pyrolysis products enter the burning zone, where they are either consumed or
cracked into more volatile components, from which a charcoal residue is also obtained.
Charcoal, when heated, may frequently emit small amounts of tar, which may require
downdraft operation. In wood gas generators, where the amount of pyrolysis produects
from the fuel is very large, a restriction of the gas flow has usually been arranged to
achieve a partial mixing of the gases and to force those pyrolysis products that have not
been a part of the burning process into a zone with high temperature, so that the remain-
ing tar mist will be eracked. In the horizontal burning shown in Figure 5, the air is taken
in through a horizontal nozzle, and the gas taken out through a vertical grate on the
opposite side. The burning zone is formed next to the nozzle and the reduction zone
adjacent to the burning zone.

The principle of the Kalle generator is demonstrated in Figure 6. Here the air is taken in
through a central pipe together with a certain amount of cinders, smoke, and gases with
a content of carbon dioxide. The burning zone is formed around the lower end of the
pipe, and the reduction takes place immediately outside and above the burning zone. The
generator gas formed is sucked into a pipe, which encloses the air feed pipe.

Diaphragm

Primary Air ]
Y Exhaust Gas from

the Motor via the
Cyclone Filter

Generator Gas

i
/ E Perforated Pipe

/
Fuel
Container Bufhing
Zone

Figure 6. Kalle Generator

*Often called "Tuyerres" (French) - Ed.



Principal Reactions

The production of generator gas, which is a "gasification" or partial combustion of a solid
fuel, is, like the total combustion of solid fuel, a reaction at a high temperature between
the oxygen of the air and the solid fuel. In total combustion there is usually a surplus of
air or oxygen; in gasification there is a surplus of the solid fuel. The combustion prod-
ucts from complete combustion consist mainly of nitrogen, water vapor, and carbon diox-
ide, as well as a surplus of oxygen. However, if there is a surplus of solid fuel, water
vapor and carbon dioxide may pass through a glowing layer of charcoal and be reduced
into the combustible gases, carbon monoxide (CO) and hydrogen (H,). The degree of
reduction is dependent on the chemical and physical conditions.

The combustible substance of a solid fuel is usually composed of the elements carbon,
hydrogen, and oxygen. In addition, there may be nitrogen and sulfur, but since these are
present only in small quantities they will be disregarded in this context. In complete
combustion, carbon dioxide is obtained from the carbon in the fuel, and water is obtained
from the hydrogen, usually as steam. The oxygen in the fuel will, of course, be a part of
the combustion products, and therefore the amount of oxygen needed for complete
combustion is decreased.

The following chemical reaction formulae describe this burning:
C +0,=CO0, ()
Hy +1/2 0, = H,0 (2)
The quantity of heat generated by the burning of the coal is to some extent dependent

upon the origin of the coal. Thus, the following quantities of heat are obtained from the
burning of 1 gram atom, i.e., 12.00 g coal, into carbon dioxide.

Graphite 393.5 kJ (94.0 keal)
Black coal coke 401.9 kJ (96.0 keal)
Brown coal coke 409.4 kJ (97.8 keal)

A heat quantity of 241.1 kJ (57.6 keal) results from the burning of 1 mole, i.e., 2.016 g,
hydrogen into water vapor.

The main combustible components of generator gas are carbon monoxide, hydrogen, and
methane. In addition, there may be small amounts of other hydroecarbons and tar vapor.
These, however, are not generated in the generator gas process itself but originate from
the products that are formed when the solid fuel is heated and decomposed (pyrolyzed).
In addition to the combustible gases, generator gas also contains a great deal of nitrogen
as well as carbon dioxide and water vapor. A gas containing a very small amount of
nitrogen may be obtained in some processes such as the production of "water gas" by
reduction of water vapor with carbon, or by gasification with oxygen instead of air.
These processes, however, are of no importance for producing generator gas for motor
propulsion. :
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The most important reactions that can take place in the reduction zone and between the
gases formed are given below. The stated heat quantities are in kJ (kcal) per mole,
where the burning of the carbon has been assumed to yield 401.9 kJ (96.0 kecal). A plus
sign indicates that heat is generated in the reaction; a minus sign, that the reaction
requires heat.

C+C0Oy=2CO -164.9 (-39.4) 3)
C+Hy,0=CO+H, -122.6 (-29.3) 4
CO, + Hy = CO + HyO - 42.3 (-10.]) (5)
C+2Hy=CH, +83.3 (19.9) (6)
CO +3 Hy=CHy + HyO +205.9 (49.2) (7

Equations (3) and (4), the main reactions of reduction, show that the reduction requires
heat. Therefore, the gas temperature will decrease during the reduction—unless a corre-
sponding quantity of heat is supplied from the outside.

Chemical Equilibrium*

The composition of the gas produced by a generator depends on the degree of equilibrium
attained in the various reactions. The ratio of reactants in a reaction at equilibrium is
usually expressed by the so-called equilibrium constant, k, which can be derived in the
following way.

If in a given space there are molecules of two gases that can react with each other, not
only will molecules of the same kind collide but molecules of different kinds as well. The
reaction veloeity, (the change in concentration per unit of time in the substances partici-
pating in the reaction) is dependent upon the number of molecules present. If we assume
that n, molecules of the substance A and n of the substance B will react with one
another and yield n,: molecules of a substance A' and ng, of a substance B', we can write
the following reaction equation:

nA'A+nB'BInA.'A'+nB,'B' (8)

The speed of this reaction is the product of the amount of A, the amount of B, and a
factor k, which is <1, since not every molecular collision, but only a fraction of them,
bring on a reaction. The condition for two molecules to react with each other is that
they must have greater energy than the average molecule. We then arrive at the follow-
ing reaction velocity,

n n
V=k'CAA .CBB (9)

*The following derivation of the equilibrium constant, k, is similar to
that found in any modern thermodynamic textbook. (TBR)
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where C A and CB are the molar concentrations of the substances A and B. At the same
time, however, as demonstrated in Equation (8), the substances A' and B' may react with
each other so that the reaction will go to the left. Analogously the velocity for this
reaction will be

n n
'

v = k' ° CAI}'. CBI (10)

The two opposite reactions are striving toward equilibrium, and when equilibrium has
been reached, the two velocities v and v' must be equal, thus,

nA nB nA, nB'
Vv-vi=k-+Cp *Cg -k'-Cpt *Cg = 0 (11)

From this equation we derive the following equilibrium constant

n n
Al B'
C - C
K = Ev - A "B (12)
C n n
A B '
Cy CB

In place of the molar concentrations, the partial pressure of the gases p may be intro-
duced, provided that the laws for ideal gases apply. Then the equilibrium constant will
be defined as

nA, nB,

Par °  Pno
g = A "B (13)
P My !

Pp * Pp

The connection between the two equilibrium constants is

K =K - In
» =K, T ®RD | (14)
where R is the gas constant, T the absolute temperature, and In is the algebraic sum of
the mole numbers of the substances participating in the reaction according to Equation
(15). )

n= nA| + nB| - (nA + nB) (15)

If n =0 and the same mole number appears on both sides of the reaction sign, the reac-
tion is independent of the pressure. If, for example, the mole number is bigger on the
right side, this means that the reaction is connected with a volume increase. A pressure
increase will then force the reaction back to the left.

The equilibrium constant K_ is a function of the temperature; its value for various reac-
tions may be experimentally determined. The equilibrium constants of several reactions
have been determined directly from measurements of the partial pressures of gases at
different temperatures. However, the direct method suffers from the weakness that a
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relatively long time is required for equilibrium to ensue. It is now possible, however, to
calculate the equilibrium constants from spectroscopic measurements. [17]

The Equilibrium State of the Generator-Gas Reactions

The equilibrium state of the reaction deseribed in Equation (3) is expressed by the equi-
librium constant

K = P co (16)
Pco,

The subscript B refers to Boudouard, who was the first to study this equilibrium thor-
oughly.

If the reacting substances are carbon and pure carbon dioxide only, the partial pressure
of the two gases can then be calculated by means of the value of the equilibrium con-
stant according to Equation (16).

In gas generation with air, however, the nitrogen of the air must be taken into account.
The primary combustion equation for carbon may then be written

C + 04 +3.76 Ny = CO, +3.76 N, a7
and the reduction
C + CO,4 +3.76 Ny =2 CO + 3.76 N, (18)

bl

If the total pressure of the gases is denoted by p, the volumes of the various gases will.be

_Pco, _Pco Py
Vco,” 5 Vco T A
P p P
Then
2 2 2 2
Pco P'Vceo vV co
B b—s =1 = p [
P PV v
co, co, co,
or
2
KPB=p."co' - (9)
Vco,
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Further
Vco, * Voo * VN, =1 ' (20)
and, as a consequence of Oy always being equivalent to 3.76 N 9
1 I |
Yco,*2 Vco~ 376 N, ()

With the help of Equations (19), (20), and (21) we can calculate the composition of the gas
at equilibrium, if we know the value of K p. In Table 4 the equilibrium constant and
composition are given for various temperatures for a pressure of 1 atmosphere (760 mm
Hg).

Table 4. EQUILIBRIUM CONSTANT K AND GAS COMPOSITION
FOR GAS GENERATION FROM CARBON AND AIR AT A
PRESSURE OF 760 mm Hg

Temperature v \' \'
P KoB co co, N,

°C % % % %
500 0.00469 3.00 19.18 77.82
600 0.09610 11,59 13.99 74,42
700 1.061 24,90 5.93 69.17
800 7.42 32.38 1.41 66.21
900 37.40 34.19 0.31 65.50
1000 146.2 34,61 0.08 65.31
1100 468.7 34,71 0.02 65.27

According to the table at 1100°C, at equilibrium practically complete reduction of COq to
CO occurs.

If we combine Equations (1) and (3) we get

1 =
C * 5 O2 =CO +18.4 (28.3) (22)

This equation corresponds to the final result of the generator gas production from char-
coal. Thus, there is a heat release of 118.4 kJ (28.3 keal), equivalent to 118.4/401.6 = 0.295
of the combustion heat of the carbon. The heat generated would produce a gas tempera-
ture of about 1300°C, neglecting heat losses. If the hot generator gas is used immedi-
ately for combustion, all the heat of the carbon could theoretically be available. If, on
the other hand, the gas must be cooled without utilizing the sensible heat before combus-
tion, some heat loss will occur because of the cooling. Apart from other losses, if the
gas is chilled to room temperature the efficiency of the generator will be only about
70%, which would then be equivalent to the heating value of the gas.
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To better use the energy of the carbon and also to limit the maximum temperature of the
generator, one may add for example, coke, anthracite, or completely dry charcoal, or
large or small quantities of water, which is best fed into the generator as steam with the
primary air. One may also, as in the Kalle generator of Figure 6, bring back exhaust
gases from the motor, which contain carbon dioxide but practically no oxygen.

When wood is used as a generator-gas fuel, normally no water needs to be added, since
the wood contains sufficient quantities of both physically absorbed water and chemically
combined water—frequently even unnecessarily large quantities. The situation is similar
for charcoal with a suitable moisture content—the heat-demanding reduction of water
vapor occurs as a consequence of the water mixture, and carbon monoxide and hydrogen
are formed as shown in Equation (4). If exhaust gases are added, heat will be absorbed by
the reduction of the carbon dioxide, according to Equation (3).

If water vapor is present in generator-gas production, the gas composition will depend
upon the so-called water-gas reaction expressed by Equation (5). The corresponding equi-
librium constant (independent of the pressure), is

Pco "Pu,0
K, = 2 (23)

2 2

Methane may conceivably be formed according to Equation (6) or (7). As a rule, however,
the formation of methane is of minor importance. The most favorable temperature for
methane formation is between 300°C and 400°C, and at higher temperatures the equilib-
rium is shifted toward rapidly decreasing quantities of methane. For the reaction of
Equation (6) the equilibrium constant may be written

KpM = '—2— (24)

The formation of methane can also be represented by Equation (7). It is of little impor-
tance which equation is used since Equation (6) may be obtained from Equations (7) and
(4); the latter reaction also takes place in the gas generator. For the reaction of
Equation (7) the equilibrium constant will be

Pcu, ‘PH,0
K = 4 2 (25)

Pco 'PH,

The values of the equilibrium constants for the various reactions are compiled in Table 5
(mainly aceording to Gumz [17]).

In Figure 7, the equilibrium constants are shown graphically. In this graph we have cho-
sen 1/T as abscissa, where T is the absolute temperature (°K), and log K as ordinate.

With this system of coordinates we get practially straight lines for the equilibrium con-
stants.
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Table 5. EQUILIBRIUM CONSTANTS FOR GENERATOR GAS REACTIONS

Boudouard Water Gas Methane

Temperature KpB KV KpM KM

°C Eq. (16) Eq. (23) Eq. (24) Eq. (25)

500 0.00469 0.2047 2,731 119.

550 . 0.0233 0.2872 1.152 14,2

600 0.0961 0.3881 0.5363 2.17

650 0.3399 0.5060 0.2713 0.404

700 1.061 0.6404 0.1472 0.0888

750 2,936 0.7889 0.08477 0.0228

800 7.421 0.9514 0.05140 0.00660

850 17.27 1.125 0.03259 0.00212

900 37.40 1.308 0.02148

1000 146,2 1.695 0.,01029

1100 468.7 2,100 0.00549

The values of the equilibrium constants over a temperature range of 600 to 900°C are
shown in Figure 8.

Reaction Velocities and Reaction Processes e

-~

Calculations concerning the process taking plageﬁ(gas generator have been carried out
primarily on the basis of material balances, heat balances, and equilibrium equations.
However, one necessary condition Mching correct results by this method is that
equilibrium is indeed obtained in the generator. Opinions differs as to whether that is
the case.

A great many laboratory experiments have been conducted to determine the reaction
velocity for the reduction of carbon dioxide or water vapor with carbon. Figure 9 shows
the result of an experiment by Rambush [1I] on the reduction of carbon dioxide with
carbon in the presence of nitrogen for various reaction times. The experimental equilib~
rium curve in these experiments is equivalent to the time t = », A curve representing
the values according to Table 4 has been drawn in the graph. The dashed curve repre-
sents the probable equilibrium curve. The deviation between the two curves for t = «
indicates that Rambush did not attain the states of equilibrium at the lower tempera-
tures, when the reaction velocities are low. According to Rambush's experiment, as
shown in the graph, considerable time is required for the carbon dioxide reaction, even if
the temperature is fairly high. It hardly seems probable to attain equilibrium with the
gas velocities normal for a gas generator.

According to Traustel's [47] experiments one can arrive at values in good agreement with
real experimental values by calculation of the gas composition in the gas generator using
the equilibrium equations. It is Traustel's opinion that the reaction velocities cannot be
applied directly, since they are determined in laboratories and are frequently obtained
from carbon and carbon dioxide in tubes, which are heated from the outside where the
heat transfer will not be very good. In practice, combustion takes place directly
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followed by the reduction; and through this burning, as well as through the catalytic
influence of ashes, a more rapid reduction occurs. '

Experiments carried out in large industrial coke generators also show that equilibrium is
not attained in the reactions. [19]1 The main reactions take place in the hot layer imme-
diately above the slag zone. The experiments also show that there is no combustion into
exclusively carbon dioxide, which would give a very high temperature. ~Instead, a mixture
of carbon dioxide and carbon monoxide is formed during combustion, after which the
carbon dioxide is in part reduced with the coeal into carbon monoxide. This latter experi-
ence corresponds with what has been found in the burning of carbon in oxygen at a very
low pressure. [16] According to experiments on the reaction between graphite and oxy-
gen, two different reaction processes occur depending upon the temperature.
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At temperatures between 900°C and 1300°C the theory suggests that the oxygen mole-
cules penetrate the graphite lattice according to Figure 10. The oxygen molecules 3-4
and 5-6 are between the first and second atom layers of the graphite, and molecules 1-2
react from the gas space outside. The oxygen molecules 1 and 4 react with carbon atom
8, and 2 and 5 react with carbon atom 9 to form two molecules of COy; while oxygen
atoms 3 and 6 react with carbon atoms 7 and 10 to form two molecules of CO. The reac-
tion is then expressed by

4C+30,=2C0,+2CO (26)

The reaction does not occur at edges and corners but on the best developed surfaces.

At temperatures above 1500°C the course of reaction is different. The solubility of the
oxygen in the graphite is then so small that the reaction from within does not ocecur; and,
therefore, the reaction cannot occur on the surfaces. However, because of the increased
temperature, the edges of the lattice are loosened and the oxygen can react there.
According to Figure 11, the suggested mechanism is that two oxygen molecules react
together with three carbon atoms, so that the reaction process will be

3C+20,=C0,+2CO (27)
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The reaction is with oxygen which has been absorbed on the surface, and not with oxygen
molecules hitting from the gas space. Within the range from 1300°C to 1500°C there is no
active mechanism for the burning of carbon.

In an ordinary combustion process, where there is a surplus of oxygen, there is a subse-
quent burning of the carbon monoxide; while in gas generation there is a reduction of the
carbon dioxide formed initially.
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Thus, there are different views as to the possibilities of reaching the state of equilibrium
in a gas generator during gas production. Since this question is quite important for the
theoretical estimation of generator gas production, it will be discussed further.

If the reaction velocity during combustion or gasification could be infinitely great, the
reaction could then be concentrated to an infinitely thin layer; and chemical equilibrium
would be attained immediately. This would cause the generator gas formed initially at a
high temperature to adopt, at every moment during cooling, the composition correspond-
ing to the temperature. Experience proves, however, that combustion as well as gasifi-
cation requires a certain amount of time. In reality, a finite, sometimes fairly long time,
is required for the combustion or the gasification; therefore a corresponding volume is
required, such as the volume of a gas flame or the flames in a furnace.

If in this context we disregard the ignition process, where special factors may come into
play, the process of combustion and gasification is made up first of a physical transport
of oxygen, carbon dioxide, or water vapor to the fuel; then the real reaction between the
gas in question and the fuel, which is a chemical process; and finally a transport away of
the products formed. The time requirement for the entire reaction is then the sum of
the time required for the physical processes and the reaction time of the chemieal pro-
cess. If these times differ considerably, the slowest process will on the whole determine
the reaction time.

In general it may be said that the reaction time is directly proportional to a driving

force, and inversely proportional to a reaction resistance. If the reaction resistance is

denoted by W, it will be composed of the physical resistance, W hys? usually the diffusion
. . . . yS -

resistance, and the chemical reaction resistance W chem?’ accorcﬁng to Equation (28).

W=W +W (28)

phys chem

The driving force may be expressed as a concentration difference. It may be made pro-
portional to the difference between the concentration ¢ in the reacting gas at a great
distance from the reaction zone and the equilibrium concentration a at the reaction sur-
face. We may then write the reaction equation

g_)t( - c-a .t (29)
W phys * wchem
where x is the rate of the reaction, t is the time, and f is a dimension constant dependent

upon the units chosen.

If the physical resistance is a clear diffusion resistance, the reaction rate should be
inversely proportional to the diffusion constant. This occurs when the flow to the fuel
surface is laminar. If the flow is turbulent, the physical resistance decreases when the
flow velocity increases and becomes inversely proportional to a mixing coefficient. The
physical resistance is generally not to a great extent dependent upon temperature.

The chemical resistance, on the other hand, is highly dependent upon the temperature, so
that the reaction resistance rapidly decreases when the temperature rises. When cata-
lysts influence the reaction rate, as a rule only the chemical resistance is influenced;
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therefore, catalysts are not very important at high temperatures, as in burning processes.
At the temperatures encountered in the reduction process of gas generation and where

the chemical reaction resistance is relatively large, catalysts may, however, influence
the progress.

Both the physical and the chemical reaction resistances are on the whole inversely pro-
portional to the surface of the solid substance, and therefore, as is well-known, a large
reaction surface increases the reaction velocity. The reaction is shown graphically in
Figure 12, where the temperature is assumed to be the only factor influencing the reac-
tion velocity. The gas velocity and other factors which could influence the process are
consequently assumed to be constant.

T T
Figure 12. Reaction Resistance, Figure 13. Reaction Velocity
W, as a Function of Temperature, dx/dt as a Function of the
T. (The dashed curves show the Temperature, T. (The dashed
resistance when a catalyst is curve shows the velocity
used.) when a catalyst is used.)

The reaction velocity, which according to Equation (29) is inversely proportional to the
reaction resistance, will then depend upon the temperature, as shown in Figure 13. If the
chemical reaction resistance can be brought down by a catalyst to, for example, 1/5 at all
temperatures, as shown by the dashed curve in Figure 12, the total resistance will also be
decreased and the reaction velocity increased. Figure 13 shows that the increase of the
reaction veloecity manifests itself primarily at lower temperatures. Even if the chemical
resistance could be brought down to zero by means of catalysis, unlimited veloecity of
reaction could still not be achieved because of the remaining physical resistance.

It also appears from Equation (29) that the reaction velocity will go toward zero when
the concentration ¢ approaches the equilibrium value a. This fact and the occurrence of

the reaction resistances make it impossible to attain the state of equilibrium theoreti-
cally in a finite time.
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These discussions, however, give no indication as to whether it is practically possible to
reach the state of equilibrium in a reaction. Experimental determinations are needed to
decide this question; many have already been carried out, and the results of such experi-
ments are shown in Figure 9.

In an experiment by H. Edenholm and T. Widell [12] on the catalytic effect of soda on the
reduction of carbon dioxide with charcoal, the reaction resistance during the various
tests has been estimated. The experiments were carried out with pure carbon dioxide
and charcoal and briquettes in an electriec furnace. The incoming carbon dioxide was
preheated to the reaction temperature before it was passed over the charcoal layer. The
temperature was measured with thermocouples inside the reaction layer in two places, to
insure accurate measurement of the temperature actually present during the reaction.
The gas, having passed the reaction layer, was taken out for analysis through a water-
cooled probe. The carbon monoxide content values obtained in tests with charcoal with-
out a catalyst at various gas velocities are shown in Figure 14, The gas velocity is given
in m3/s of added carbon dioxide, calculated at 20°C and per m? cross-section area of the
reaction pipe, disregarding that part of the area which is occupied by the charcoal. The
length of the reaction layer was 200 mm. If the volumetric efficiency of the briquettes
in the pipe is assumed to be 0.6 and that of the gas 0.4, then the reaction time at, for
instance, 0.015 m3/m2s and at 1000°C will be:

0.2 - 0.4 273 + 20 _
0.015 273 + 1,000 1.2 seconds

At 0.104 m3/m2s the reaction time will be 0.18 second, if the temperature is 1000°C.

The influence of soda as a catalyst is shown in Figure 15. The equilibrium curve drawn in
Figures 14 and 15 has been calculated with the help of values in Table 2 and Equation (16).
In the graphs it is shown that the states of equilibrium have not been reached at all dur-
ing the tests, not even with a catalyst.

The reaction resistance has been calculated for the tests without catalysts and for the
tests with a 4.2% soda mixture. The result is shown in Figure 16. The continuous curves,
which give the total resistance, show that the reaction resistance at a constant tempera-
ture is decreased with increasing gas velocity.

At a single temperature the chemical reaction resistance should remain unchanged; thus,
the reduction of the reaction resistance should depend upon a reduction of the physical
resistance. From the tests we deduce that the physical resistance is approximately
inversely proportional to the 0.65th power of the gas flow. With the help of this relation
we can calculate the total reaction resistance at an infinitely great gas velocity, with
the physical resistance fixed at zero. This reaction resistance, which is shown with
dashed curves in Figure 16, then represents the chemical reaction resistance. The physi-
eal resistance is obtained as the difference between the total resistance and the chemi-
cal resistance. Figure 16 also shows that adding the catalyst does not seem to affect the
physical resistance. The chemical reaction resistance on the other hand is greatly
changed, and this is particularly prominent at low temperatures. Even with maximum
catalytic action, however, the reaction resistance increases rapidly when the tempera-
ture falls below 900°C. Hence, the reaction resistance is about five times as great at
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800°C as at 900°C for a gas velocity of 0.07 m3/m2s. This velocity is approximately
equivalent to a gas velocity of 0.4 m°/m 2sin a gas generator, which is a very low value,
(0.14 Nm3/em?h)

According to this experiment, some reaction resistance remains even in the presence of a
catalyst at the velocities encountered in a real gas generator. Thus, it is impossible for
equilibrium to occur.

When water vapor is reduced with carbon, the circumstances are similar to those that
occur when carbon dioxide is reduced with carbon. The effects of temperature and time
upon the decomposition of water vapor are shown in Figure 17 according to the experi-
ments of Clement and Adams. Figure 17 is reproduced from the work of Lutz, [35] who
did not, however, define the quality of carbon used in the tests at different tempera-
tures. In both cases a solid substance participates in the reaction. The analysis of the
gas obtained with water vapor present is, however, as mentioned earlier, dependent on
the water-gas equilibrium. Only gaseous substances can participate in the water-gas
reaction; therefore, the prospects are greater that one would get closer to the state of
equilibrium here.

Control Over the Reduction

It is possible to get an idea of how close to equilibrium a gas generator is, by taking gas
samples from different parts of the reaction zone and at the same time measuring the
temperature at these points. The gas samples are analyzed and from the resulting
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analyses the equilibrium constant can be calculated; then, from Table 5 or Figures 7 and
8, the corresponding temperature can be determined. A comparison of the temperature
determined in this way and the measured temperature will show to what extent one is
approaching the state of equilibrium. In determining these values it is very important to
choose the sampling point so as not to have the gas temperature lowered by heat dissipa-
tion after the reaction is finished. It is also important to know-the water vapor content
of the gas, which may be determined either directly or through fuel analysis and analysis
of dry gases using the process desecribed in the section "Calculation of Gas Quantity and
Generator Efficiency from Fuel and Gas Analysis."

The application of the method mentioned above is best demonstrated by an example. In
an experiment with a wood-gas generator, gas samples were extracted immediately
underneath the hearth, where the reaction was practically complete and where the tem-
perature was measured to be approximately 930°C. By calculating from the wood analy-
sis and the analysis of dry gas, the amount of water vapor was determined—10% by vol-
ume of the dry gas. The analysis of the dry gas and the analysis of the moist gas as cal-
culated from this were the following:

Dry Gas Moist Gas
COy. . . . e e e e % 11.0 10.0
Oge v v v v v vt i s % 0.1 0.1
CO . ..o v v v . % 19.0 17.3
Hoe o v v v v v v v v v 0% 18.8 17.1
ChHpe o v v e v v v v 0 0% 0.1 0.1
CHpe v v v v v v e 0o v 0% 0.8 0.7
Noe o v v v v v v vt v 0% 50.2 45.6
HoOo. .. . .. ... ... % —— 9.1

Thus, according to Equation (23), for the water-gas reaction the equilibrium constant will
be:
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p v ‘v
H)0 CO H,0 913 .0.00

0.100 -0.171

l% - = 0.92
p %
The equilibrium temperature corresponding to this value is approximately 790°C; this

temperature is 140°C below the measured temperature.

For the Boudouard equilibrium according to Equation (16), if the total pressure of the gas
is assumed to be 760 mm Hg, we obtain:

2 2
_Pco_ ) _ .
KB~ co, 0.100 .

The equilibrium temperature corresponding to this is approximately 640°C; i.e., 290°C
below the measured temperature.

Thus, the calculated equilibrium temperatures are considerably below the measured
temperature, which shows that equilibrium has not been reached. For the water-gas
reaction the temperature difference is smaller than for the carbon monoxide reduction,
which indicates that the water-gas reaction is faster. This may be a consequence of the

fact that the water-gas reaction is a homogeneous reaction, where only gases partici-

pate, while the carbon dioxide reduction is a heterogeneous reaction, where a solid sub-
stance also participates.

Temperature in the Reduction Zone

It is also interesting to know at what temperature the reduction process takes place. The
curves in Figure 14 show for instance that if the gas velocity values are moderate, a
temperature of from 1000°C to 1100°C is needed to achieve a fairly complete reduction.
To obtain a reduction to 90% carbon monoxide, which according to the equilibrium curve
would require a temperature of 800°C, 980°C was required according to the tests at the
lowest gas velocity and 1140°C at the highest. The curves in Figure 9 also indicate that
the temperature should be within this range in order to obtain a satisfactory reaction
veloeity.

The graphs above, however, refer to laboratory tests, which is the reason that some
uncertainty exists when they are applied in practical cases. For instance, in Traustel's
opinion, considerably greater reaction velocities would occur in practical cases than in
laboratory tests; therefore, in practice temperatures as high as required in the laboratory
tests would not seem to be necessary.

At the request of the Swedish Generator Gas Co., a series of measurements of the tem-
perature in different parts of the charcoal layer in a wood-gas generator was conducted
at the Steamheat Institute of the Academy of Engineering Science by Torsten Widell.
The gas generator used in the measurements was an Imbert generator, type GMR-S 130-
50-16; during the tests the original hearth was exchanged for a V-hearth from the Swedish
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Generator Gas Co. The tests were conducted with hearths of various sizes, from 100 to
145 mm diameter. Tests were also carried out with Imbert's original hearth, using air
nozzles of various sizes. The generator was stationary and connected to a car with the
rear wheels on a dynomometer to measure the power at the rear wheels. The car engine
had six cylinders with side inlet valves, a eylinder capacity of 3.67 liters, and a compres-
sion ratio of 5.9.

The temperature was measured with sliding horizontal thermocouples in that part of the
charcoal bed situated between the hearth and the jacket of the generator, and also with a
vertically sliding thermocouple close to the center line of the generator. In all the tests,
which were carried out at car velocities of 35 and 70 km/h and maximum power, about
the same temperature distribution was obtained in the generator. In Figure 18 the results
of the measurements at 70 km/h are shown and in Figure 19 the results at 35 km/h. For
an Imbert generator with the original hearth, similar temperature curves were obtained
and are shown in Figure 20.
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Figure 18. Temperatures in Figure 19. Temperatures in
an Imbert Generator with a an Imbert Generator with a
130-mm Minimum Diameter 130-mm Minimum Diameter
V-Hearth; Car Velocity, V-Hearth; Car Velocity,
70 km/h; 23 hp at Rear Wheels 35 km/h; 14.5 hp at Rear Wheels

The temperature curves in Figures 18-20 are, on the whole, parallel to the outer mantle
of the generator. This indicates that the outer charcoal bed (a layer of relatively fine
charcoal, placed below and around the lower part of a wood gas generator to serve as a
gas-transmitting heat insulation, as a filter, and a bed for the charcoal in the hearth)
only serves as heat insulation; thus no extensive reduction occurs here. If a more exten-
sive reduction were to occur here, a more pronounced decrease in temperature in the
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path of the gas flow would occur. The temperature is below 850°C in almost all of this
part of the generator. The concavity of the curves obtained in the upper part of the
outer charcoal bed is due to cooling the generator mantle by blowing cold air over it.

Measurements were also made without the outer charcoal bed and without the main part
of the coal bed normally situated below the hearth, as shown in Figure 21. In this test
nearly the same power was obtained at the rear wheels, indicating that the gas reaction
was completed when the gas left the hearth, where a temperature of 820°C was meas-
ured.
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Figure 20. Temperatures in V-Hearth Without an Outer
an Imbert Generator with Coal Bed; Velocity, 70 km/h;
Original Hearth; 70 km/h 22.9 hp at Rear Wheels

In the tests represented by Figures 18 and 19, gas samples were taken immediately below
the hearth as well as after the generator, and the results are shown in Table 6.

As shown above, in the test with an outer charcoal bed, practically the same analysis was
obtained immediately below the hearth as at the outlet of the generator. This shows that
no significant conversions occur in the outer charcoal bed or in the charcoal bed below
the hearth. Thus, we may conclude from the temperature measurements that the reduc-
tion must be completed at temperatures of 900°C. The two analyses carried out in the
test without an outer charcoal bed are almost exactly equal, which shows that the cool-
ing of the gas has been fast enough to prevent a change of its composition.
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Table 6. TESTS WITH AN IMBERT GENERATOR WITH A V-~-HEARTH

With Outer Coalbed Without Outer Coalbed
Fig. 18 Fig. 21
Immediately After the Immediately After the
Below the Hearth Generator Below the Hearth Generator
% % % %
Analysis: . . &
C02 e o o o s o 11.0 11.8 12.0 12,0
02. L] * . L ] L ] * L] 0.1 0.1 OI2 0.2
COe o o o o o o o 19.0 19.2 18.2 18.6
Hz. L] L] [ ] L] [ ] [ ] * 18.8 19.3 17.4 17.3
Cn Hm L) L] . . [ ] . OQ]. 0.1 0.2 0.2
CH4 - [ ] [ ] . [ ] (] . 008 008 008 0.8
N2’ .« . « s 50.2 48,7 51.2 50.9

As mentioned above, practically the same power was obtained in the test without an
outer charcoal bed, and Table 6 shows that the gas analyses in both tests were nearly
equal. The somewhat poorer result obtained in the test without an outer charcoal bed
may be explained in that the heat losses may have been somewhat greater in this case
than in the test with an outer charcoal bed, since the outer charcoal bed to some extent
serves as heat insulation.

The tests with hearth rings with diameters of 90, 100, 115, and 145 mm gave on the whole
the same measured temperatures. The power was greatest for the 130-mm hearth.

In the tests with the Imbert hearth the 12-mm standard nozzles as well as 8.5-, 17-, and
24-mm nozzles were used. The power proved to be the highest with the original nozzles.
The temperature distribution was about the same with the various nozzle diameters. To
sum up the various tests with the generator, it may be said that the function of a genera-
tor may be affected by the choice of various nozzle diameters and hearth-ring diameters
(or the smallest bore of the hearth.) In the tested generator, the gas was almost com-
pletely developed within the hearth at a temperature above 850°C to 900°C. This tem-
perature limit for the reduction is about 100°C lower than what one would assume on the
basis of laboratory experiments on the reaction velocity. The tests with the generator do
not indicate that no reduction of practical importance takes place below 850°C to 900°C,
but only that the reduction may be regarded as practically completed at these tempera-
tures.

Another similar experiment has been carried out with a wood gas generator. [51] In this
experiment the air flow of the gas generator was obtained with a fan which sucked the
gas through the generator, radiator, and filter. The gas flow was measured with an ori-
fice flowmeter. As in the experiment previously mentioned the temperature was meas-
ured at various points in the charcoal layer, but, in addition, the gas was sampled imme-
diately below the hearth as well as in the gas exit on top of the generator. The generator
and the gas filters were placed on a stand which was vibrated by a motor-driven eccen-
tric device, so that the conditions of road operation would be simulated. The gas
extracted by the fan was flared.
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The temperature curves obtained were rather like those shown in Figures 18'20;; and
Figure 22 shows the results of measurements at a flow of generated gas of 1.7 Nm*/min
(64.7 sef/min). The shape of the hearth is shown in this picture. The outer mantle of the
generator had a diameter of 500 mm, and the smallest diameter of the hearth was 100
mm.

The dependence of the temperature curves upon the power developed by the generator is

shown in Figure 23, where curve I refers to the center of the lower edge of the hearth, .

curve II to the area below the lower outer edge of the hearth, and curve III to the gas
exit on top of the generator. This graph shows that the temperature of the coal bed at
first rises fairly rapidly when the power increases from the generator, but remains ecom-
paratively constant at higher power outputs.
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Figure 23. Temperature as a
Function of the Power Output
for a Wood Gas Generator.
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Figure 22. Temperature Graph ITI - below the edge of the
for Wood Gas Generator, hearth; IIT - in the gas
Flowrate 1.7 Nm3/min outlet on top of the generator)

The analyses in Table 7 are converted into air-free gas. No measurable amount of meth-
ane could be noticed in the tests. The table shows that CO,, Crl H,and N, increased
whereas' CO and H, decreased, and that also the heat value of the gas decreased while
passing through the outer coal bed. For the individual tests, greater differences are
usually obtained than these mean values; there are also tests where the gas has been
somewhat improved compared to these analyses.

Hence, it may be observed that on an average the gas quality is made somewhat worse
when the gas passes through the. outer part of the coal bed. Thus, no reduction takes
place there. The damaging effect of the outer coal bed upon the reduction process itself
is most likely compensated for, however, by its function as heat insulation for the hearth.
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Table 7. MEAN VALUES OF GAS ANALYSES IN
TESTS WITH A WOOD GAS GENERATOR

Increase (+) or

Gas Below Gas Exhausted Decrease (-) when
Analysis the Hearth from the Top Gas Passes
of the Generator through the
Outer Coalbed
COpe o o o o o o o o o % 10,92 11.06 +0.14
CnHm e o o o o s o o o K 0.26 0.32 +0.06
CO o o o o o ¢ o o o o 4 21.86 21.24 -0.62
H2 P 4 20,52 19.22 -1.30
No o o o o o o o o o o % 46.44 48,16 +1.72
E%fecti e Heat Value
MI/Nm” o o o o o o & 5,133 4,948 -0.185

Through this heat insulation, the hearth may be kept at a high temperature so that the
reduction will proceed rapidly.

If the equilibrium temperature is calculated from the gas analyses,it appears again that
the state of equilibrium is not attained. To sum up, the reaction at temperatures below
900°C goes so slowly that in a generator for practical use there is no noticeable change
in the composition of the gas.

Consequences of Not Attaining Equilibrium

As shown previously, one cannot count upon attaining equilibrium during the reduction.
What does this mean? If the composition of the gas in a generator is calculated and
these calculations are based upon heat balance, chemical balance, and equilibrium equa-
tions, the final temperatures calculated would be considerably below the measured tem-
perature, 850°C to 1000°C, at which the reduction occurs. In a series of essays by
Hubendick and co-workers, [22-25] calculations of gas compositions and "reduction tem-
peratures" (i.e., the final temperature after the reduction) have been carried out on the
basis of the equilibrium equations. For example, in the reduction of charcoal containing
20% moisture, values of the "reduction temperature" have been obtained between 860°C
and 660°C, if the heat losses from the generator have varied between 0 and 20%. For
wood with 20% moisture, the corresponding temperature values are 630°C and 570°C.

If such a relatively low final temperature is made the basis for calculations of the com-
position of the gas, there will be a higher heat value found in the gas per quantity of fuel
used, than if a higher temperature had been chosen in connection with the test results for
use in the calculations. The heat quantity corresponding to the cooling of the gas from
900°C to 700°C, for example, would then be lost together with the heat quantity lost in
the cooling of the gas from the assumed equilibrium temperature of 700°C to the tem-
perature at which the gas enters the motor. In reality, the situation does not have to be
that unfavorable, since the generators usually are designed with the intention of partially
using the heat from the hot gases for drying and preheating of fuel and perhaps even
preheating of air.
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The Use of Catalysts

Since the limited reaction velocity must be considered in general to give poorer results
than a higher reaction velocity, efforts have been made to speed up the generator gas
reaction. The influence of catalysts has been touched upon in the foregoing sections. In
Figure 15 it was shown how addition of soda influenced the reduction process. According
to what has been observed in this context, the state of equilibrium cannot be attained
with the use of catalysts either, but the reactions may in some cases be speeded up con-
siderably.

Also, a great number of other salts may act as catalysts in the reduction process. If
adding a catalyst is to be of any practical importance, the catalyst must be inexpensive.
Soda normally is an inexpensive chemical. In a time of crisis, when the generator gas
operation of motor vehicles would be especially important, there may be, however, a
shortage of chemicals as well; therefore one can hardly count on using catalysts to a
large extent. In Sweden not very many tests have been carried out with catalysts.

In one case, however, there was an experiment by S. Perilstrom in Gothenburg, who added
saltpeter (NaNO3) to charcoal intended for generator gas operation. This charcoal was
used for generator gas operation of a Mercedes-Benz car with a 38 hp motor. The power
increased in relation to regular charcoal by an estimated 10% to 20%. After 1-1/2 years'
operation, no salt or other deposits could be observed in the intake manifold, the eylin-
ders, or the exhaust manifold; and in a chemical analysis the oil was found to contain no
residues of the saltpeter. For practical use of the method on a large scale, according to
Perlstrom, it would be necessary to make the charcoal into briquettes mixed with salt-
peter.

Conceivably, the saltpeter improves the gas generation by emitting oxygen as well as by
serving as a catalyst in the reduction of the carbon dioxide and water vapor. In the
experiment 0.5 kg of saltpeter was added to 10 liters of charcoal. The charcoal weight
being 1.4 kg/liter, the saltpeter will constitute 3.6 weight percent of the charcoal. The
decomposition of saltpeter takes place according to the formula

2 NaNOg3 = 2 NaNO, + Oy

170 kg 22.4Nm3 (30)
Thus, 0.13 Nm3 oxygen is obtained from 1 kg saltpeter. This amount of oxygen is infini-
tesimally small in comparison with the amount of oxygen required for gas generation and
can hardly be of any importance. As a comparison it may be mentioned that 0.93 Nm
oxygen is needed to burn 1 kg pure carbon (C) into carbon monoxide (CO); i.e., 200 times
the amount of oxygen emitted by the saltpeter per kg charcoal. The improvement of the
power must therefore be attributed to the catalytic influence of the saltpeter.

If a catalyst directly mixed with the charcoal could be used, there should be no insur -
mountable economic obstacles. If, however, the charcoal must be made into briquettes—
which would probably be the case—one would have to expect an increase in the price of
the fuel. Charcoal made into briquettes has certain great advantages, however (espe-
cially for vehicular operation), so a higher price may be justified.
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Besides, the reaction rate of charcoal is so high that the improvement by using a catalyst
is of minor importance. When fuels with low reaction rates, such as anthracite and coke,
are used the importance of catalysts increases. Eight different substances have been
tested in experiments in England, [26] and the best results were obtained with soda. The
proportion needed to attain maximum catalytic effect was about 1% for anthracite; at
this level a relatively large improvement of the properties of the fuel for generator gas
use occurred. -

The Properties of Generator Gas

Generator gas intended for motor operation, as shown in the preceding chapters, contains
combustible gases as well as noncombustible nitrogen and water vapor, and usually also a
small quantity of oxygen. All gases except water vapor are usually called "dry gases" and
then one speaks of "quantity of dry gases", the "heating value of the dry gas" ete. In
most gas analyses only dry gases are obtained. The water vapor content may be deter -
mined by condensation and absorption, or by the determination of the dew point of the
gas; it may also be calculated through gas and fuel analyses. If a gas has passed free
water surfaces or contains water vapor which has condensed, it may be considered to be
moisture saturated, and its content of water vapor is then unambiguously determined by
the temperature. The sum of the quantity of dry gas and water vapor is usually called
the total gas quantity or quantity of "wet" gas.

The following laws apply for a gas when the temperature or pressure changes, provided
that the gas is not close to the saturation point and may be considered to be an ideal gas.
If a gas is heated at constant pressure, its volume will increase in direct proportion to
the increase of the absolute temperature of the gas. The absolute temperature is stated
in degrees Kelvin (°K). If the temperature in °C is denoted t and the absolute tempera-
ture T, T = 273 + t. If, on the other hand, the temperature is kept constant and the pres-
sure increased, the volume of the gas will decrease inversely in proportion to the pres-
sure, which means that the product of the volume and the pressure is constant. If the
volume is denoted V and the pressure p, the ideal gas law states that

-V ._ constant (31)
T

It is customary to refer to a gas quantity at a standard temperature and a standard pres-
sure. The "normal state" is usually chosen to be at the temperature 0°C and the pressure
760 mm Hg. A quantity of gas whiech has a volume of 1 m3 at 0°C and 760 mm Hg, is
defined as a "normal" cubiec meter, denoted NmS3. The heating value of the gas is usually
stated in kJ per Nm?3 dry gas.*

If a gas quantity at an absolute pressure of p mm Hg and a temperature of t°C has the
volume V m®, the standard volume, V , is obtained in Nm* from the formula

*In English units, the "standard state "is defined as 70°F and 760 mm
(1 atmosphere), and measured in standard cubic feet, sef. To convert
Nm" to sef multiply by 38.03.
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p 273

Vo=V " 760 213+t (32)
The quantity of water vapor accompanying a certain amount of dry gas may be deter -
mined from the saturation pressure of the water vapor and its relative humidity. If the
saturation pressure of the water vapor at a certain temperature is denoted p' and the
relative humidity ¢, the real pressure of the water vapor is ¢ p'. If the total pressure of
the gas is p, the partial pressure of the dry gas will then be p- ¢p'. In1l Nm3 of dry gas,
the fraction of the water vapor, ¢ , will then be:

_ 6D N3
= Nm*/Nm (33)

If the gas is saturated with water vapor, there is a special case:
!
o= £ (34)

The saturation pressure of the water vapor (p') at various temperatures and the water-
vapor volume proportional to the volume of dry gases, ¢ , are shown in Table 8. The
value of ¢ is calculated here for a pressure of p = 760 mm Hg.

Table 8. DATA FOR WATER VAPOR

Temperature p' F)
°C mm Hg mbar at ¢ =1
0 4,58 6.11 0.0061
5 6.54 8,72 0.0087

10 9.21 12,28 0.0123
15 12.79 17.05 0.0171
20 17.54 23,38 0.0236
25 23,76 31.67 0.0322
30 31.82 42,42 0.0437
35 42,18 56.23 0.0587
40 55.32 73.75 0.0785
45 71.88 95.83 0.104
50 92.51 123.3 0.139
55 118.0 157.3 0.184
60 149, 4 199.2 0.245
65 187.5 250.0 0.328
70 233.7 316.9 0.443
75 289.1 385.4 0.614
80 355.1 473,4 0.876

If we know the dew point of the gas (i.e., the temperature at which water starts to con-
dense from the mixture of dry gas and water vapor), we may determine the volume of
water vapor proportionate to the volume of dry gas with the help of Table 8.
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Table 9 is a survey of the gases that are of importance for generator gas production. The
last two columns of the table contain information about the air requirement for a com-
plete combustion of respective gases in Nm3/Nm3 and the heating value for a stoichio-
metric mixture in keal/Nm®. The last value is obtained by division of the effective heat
value of the gas by the sum of the gas quantity and the air requirement; i.e., 1 + the value
of the air requirement as stated in the table.

Table 9. GAS TABLE

Heat Value of

Chemical Molecular Molecular Effective Heat Stoichiometric
Cas Symbol  Weight  Volume  Density Value Air Ratio Stoichiometric
Mixture
Nm3/kmol kg/Nm3 keal/kmol kcal/Nm® N3 /N3 kcal/Nm3
Carbon monoxide Cco 28,00 22,40 1.250 67,700 3,020 2,38 895
Hydrogen. . . . HZ 2,016 22,43 0.0899 57,590 2,570 2,38 760
Methane . . ., & CH4 16,03 22,36 0.717 191,290 8,550 9.52 812
Ethanes « « « C2H6 30.05 22,16 1.356 340,530 15,370 16.66 871
Acetylene . . . C2H2 26.02 22,22 1.171 302,240 13,600 11.90 1,053
Ethylene. « « C2H4 28.03 22,24 1,261 318,490 14,320 14,28 937
Oxygen. « o« o o 02 32,000 22,39 1,429 - - -4,76 -
Nitrogen, pure N, 28,02 22,40 1,251 -— - - -
Nitrogen mixed
with argon
as in air . . - (28.16) 22,40 1.257 - - -— -
Air o« o ¢ o o - (28.97) 22,40 1,293 -— - - -
Carbon dioxide C02 44,00 22,26 1.977 - - -— -
Water vapor . . 0 18,016 (22.4)  (0.804) - - - -
For combustion of the various gases with air the following equations apply.
CO+0.50,+188N, = CO,+L88N, (35)
+ 0. + 1. = +1.
H2 0.5 02 1.88 NZ HZO 1 88N2 (36)
CH,+20,+7.52N, = COy+2Hy0+7.52N, (37)
+ 3. + 13. = + + 13. .
C2H6 3.5 02 13.16 NZ 2 COZ 3 H20 13.16 N2 (38)
CoHy + 2.5 0y + 9.4 Ny = 2 CO, + HyO +9.4 N, (39)

If the analysis of the gas mixture is known, the heating value and density of the mixture
can easily be caleculated with the help of the values in Table 9 by simple proportioning.
The procedure is shown in Table 10 or Figure 24.

Thus the result of the calculation is an effective heat value of 1139.7 kcal/Nm3 (4.77
MJ/Nm3; 119 Btu/scf) and a density of 1.111 kg‘/Nm3 (0.064 1b/scf).

When the generator gas is intended for motor operation it is also interesting to know the
heat value of a mixture of the gas with the quantity of air needed for burning: after all,
this value is one of the basie factors determining the power obtainable from the motor.
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Table 10. CALCULATION OF THE EFFECTIVE HEAT VALUE AND
SPECIFIC GRAVITY (g/L) OF A GAS MIXTURE

Analysis Effective Heat Value (kcal) Density (g/L)

C02 11.0% 0.110 « 1.977 = 0.2175

02 0.1% 0.001 « 1.429 = 0.0014

CcOo 19.0% 0.190 -« 3,020 = 573.8 0.190 « 1.250 = 0.,2375

H2 18.87% 0.188 +« 2,570 = 483,2 0.188 « 0.090 = 0,0169

CnHma 0.1% 0.001 « 14,320 = 14,3 0.001 « 1,261 = 0,0013

CH4 0.8% 0.008 -« 8,550 = 68.4 0.008 « 0,717 = 0.0057

Residue

NZ 50.2% 0.502 « 1.257 = 0.6310
100.0% 1,139.7 1.1113

a
CnHm denotes so-called heavy hydrocarbons, which are determined in the
analysis by absorption in fuming sulfuric acid. In calculations, the
values for ethylene (C2H4) are commonly used.

In calculating this mixed gas heat value one may, as in Table 9, allow for the air quantity
theoretically needed for complete combustion, the so-called stoichiometrie air quantity.
This value may then be called the theoretical mixed heating value. Frequently, however,
in practice the combustion occurs with some excess air, so that a lower mixed heating
value than the theoretical is obtained. In calculating the mixed heat value the water-
vapor content of the gas or the air is usually not taken into account, since it normally is
no greater then about 2% to 3%. Since dry air contains 21% oxygen and 79% nitrogen
(including 0.9% argon) 1 mole oxygen in air is associated with 3.76 moles of nitrogen or
4.76 moles air.

Using the gas analysis from Figure 10 and the stoichiometric air ratios from Table 9, we
can then calculate the total air requirements for combustion, as follows:

CO ¢ ¢ v v e v o v v o o o o 0.190 - 2.38 = 0.452
Hope o v v v v v v v v v oo vt 0.188 - 2.38 = 0.447
CoHy o v v v v v v v v v v v 0.001 - 14.28 = 0.014
CHy. - - ¢« v v v v v v o v v 0.008 - 9.52 = 0.076
Og « v v v v v v v v v v -0.001 - 4.76 = -0.005
0.984

3 3

Thus, the air requirement is 0.984 NmY per Nm® dry generator gas with the analysis
given above. The total volume of generator gas plus air is then 1+ 0.984 =1.984 Nm3
consequently the theoretical mixed heat value is 2406 kJ/Nm (575 keal/Nm )

3

140 kcal/Nm = 575 keal/Nm

1.984 Nm3/Nm

3
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The flue-gas quantity and composition may be calculated in a similar way. Equations
(35), (36), (37), and (40) are used for this. If a surplus of air has been supplied in the.
combination, an equivalent air quantity becomes a part also of the flue gas.

In the example above the oxygen content of the gas was only 0.1%; under these circum-
stances the oxygen plays only a minor role. Frequently, however, analyses show a con-
siderably higher oxygen content. Usually this is due to the fact that air has entered the
gas sample during or after the sampling; therefore it does not necessarily indicate a high
oxygen content in the gas. If, however, the heat value of the gas is calculated after such
an analysis, the results are frequently misleading. In that case, of course, not only the
oxygen content but the nitrogen content as well become too high. In order to use such
gas analyses with abnormally high oxygen contents, the analysis may be converted to
"airfree" gas, which is done in the following manner.

Assume that the oxygen content of the gas entirely originates from air that has a nitro-
gen quantity 3.76 times as large as the oxygen quantity which must then be subtracted.
The percentages of the remaining residue gas are then adjusted, so that the sum of the
remaining gas percentage values will be 100. The following example demonstrates the
procedure. Under circumstances which make it probable that air has entered the gas
sample, the following analysis is obtained:

COZ' e e e e e s s e s e e s e s e s s s s e e s 8.6%
02. o s e e e s s s s s a s e s e s e e e e e e e 4.6%
0 e -
H2. e - 0 3 )
Nz(residue)......................57.4%

The nitrogen content equivalent corresponding to the oxygen content is 4.6 x 3.76 = 17.3%
and the total air content consequently 4.6 + 17.3 = 21.9%. After this quantity has been
subtracted there remains 78.1% airfree gas. The nitrogen quantity of this gas will be 57.4
- 17.3 = 40.1%, calculated on the original gas. Divide this value and the above given val-
ues for CO,, CO and Hy by 0.781, the following analysis of the airfree gas is obtained:

0 L O )
COp. v v v v vt vt s e s e e e . 19.0%
Hge o v v v v v v v vt v v vt v s v e e . 18.T%
L T A N P 1

In this context it may be of interest to state the limits within which the gas analyses for
generator gas usually fall. The common analyses of coal gas and wood gas according to
Tobler [45] are shown in Table 1. The values are calculated for airfree gas; the real air
content of generator gas is usually 1% to 2%.

For estimates of the effective heat value of generator gas and the theoretical air quan-
tity for complete combustion, one may use the nomographs in Figures 24 and 25. In these
nomographs the lines of caleulation for the analysis given in the calculation example on
the preceding page have been drawn as an example. It should be observed that in the
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Table 11. RANGE OF THE MOST COMMON ANALYSES
OF DRY, AIRFREE GENERATOR GAS

Wood with a 12-20%

Fuel Charcoal Moisture Content

Analysis:
CO % e e o & & & o e & ¢ o ° o s @ 1_2 10—15
Cn mz e 6 o & o o 6 o ¢ s o e o o o 0—001 0.2—0.4
CO % e e & o e o & o o o s o+ o o o 28"31 17_22
Hz 70 o 8 e 6 o o & s o ¢ s ° o e 5-10 16-20
CH4 % e o @ ¢ o & 8 o & & o o o e o 1_2 2—3
N2 Z ¢ o 6 e o ¢ o o ¢ o o 2 e o oo 55-60 45"'50
Effective Heat Value, kcal/Nma. « « 1,100-1,350 1,200-1,400
Effective Heat Value for a

Stoichiometric Mixture, kcal/Nm3  590-620 590-620

calculation of the heat value the sum CO + 5 °* CnHm is used; in the calculation of the
theoretical air quantity, the sum CO + 6° C H_ and the difference CHy - 0.5 0 are
required.

The air quantity needed for combustion is approximately proportional to the effective
heat value of the generator gas; thus, the change of the theoretical mixed heat value will
be considerably smaller than the change of the effective heat value of the generator gas.
It has been shown by Rosin and Fehling [39] that a straight-line relationship between the
effective heat value and the theoretical air quantity may be approximately established;
and for generator gas a good correlation is obtained by using the formula given by
H. Lundberg, [34]

H,

_ . i _ 3 3
zt = 0.98 1000 0.13 Nm /Nm (41)

where 2 is the theoretical air quantity and H; the effective heat value in kcal/Nm3.

With Equation (39), the relation between the effective heat value of generator gas and
the mixed heat value may be calculated for a stoichiometric mixture with the air factor
n=1 as well as at an arbitrary air factor n. The air factor is the ratio between the actual
and the stoichiometric air quantity, and the air excess may be expressed by the value n-l.
Thus, for the calculation of the mixed heat value we get the expression:

H.
Mixed Heat Value = lH (42)

i
1+ n(0.98 - 1000 = 0.13)

When using Equation (42), one must remember that this is not exact but is based upon an
approximate relationship. With Equation (42) the mixed heat value has been calculated
for a stoichiometrie mixture (n=1), and also for a 20% air surplus (n=1.2) See Figure 26.
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(n = 1); Also for a 20% Air Surplus (n = 1.2)
As mentioned above, the term "mixed heat value" usually means the effective heat value
of the generator gas-air mixture at 0°C and at 760 mm Hg. In calculating the heat quan-
tity which must be supplied to the motor, one must take into account the pressure and
temperature of the mixture. The actual volume V at a pressure of p and a temperature
of t may be converted to an equivalent volume Vo for a pressure of 760 mm Hg and a
temperature t°C with the help of Equation (32). The volume V,, obtained in this way is
then multiplied by the mixed heat value for a calculation of the heat value. In order to
supply a large heat quantity and with it a high motor power, one should strive to obtain
the highest pressure and lowest temperature possible in the gas mixture sucked into the
motor. A low temperature is obtained by effective cooling of the generator gas, and in
order to obtain the highest possible pressure, the pressure losses in the generator gas
device must be kept low. One method of considerably increasing the pressure of the gas
mixture and the motor power is by the use of a supercharger.

Ignition Velocity

In addition to the heat value, the burning velocity of the generator gas is important for
its use, especially in engine operation. The higher the burning velocity, the more com-
plete the combustion will be. The burning velocity has different values for each gas and
it also changes with the air-gas mixture. The ignition velocities of various gases have
been determined experimentally by Bunte using escape tests with gas at room tempera-
ture. A few of Bunte's results are shown in Figure 27 (according to Gumz [17]).

Figure 28 shows (according to Finkbeiner [15]) the burning velocity of a few different
gas mixtures whose analyses are given in the following table:

Gas a b c : d
CO, . . % 1.6 4.5 0.2 4.4
CnHmo . . - % 3.6 2.4 - -
Og. . . .. . % 1.0 0.2 0.4 --
cCo .... . % 5.5 20.8 47.0 29.1
Hy. . . . % 54,2 51.8 50.5 10.2
CHy ., . e . % 27.2 14.9 - -
Ngo « . . .. % 6.9 5.4 1.9 56.3
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Naturally, it is not possible to apply the values measured by Bunte directly to the com-
bustion of generator gas in an engine. Other experiments have shown that the ignition
velocity increases with rising temperature within the temperature range in question. The
flow conditions of the gases are also very important. (See for example W. Unger [48]).
Figure 27 shows that hydrogen has a burning velocity nine times higher than carbon
monoxide and methane. A gas containing only carbon monoxide as a combustible compo-
nent has a low burning velocity and is therefore fairly difficult to burn effectively. If
the gas also contains a fairly large quantity of hydrogen, the ignition velocity increases
considerably.

Calculation of Gas Quantity and Generator Efficiency from Fuel and Gas Analyses

The gas quantity generated from a given fuel quantity and the generator efficiency may
be calculated from the heat value of the fuel used and the gas analyses. These calcula-
tions are based upon element balances. The accuracy of the results depends on the accu-
racy of the analyses which have been conducted. If the duff or soot quantity from the
generator is large, one must also take this into acecount. During normal operation of a
generator which is functioning satisfactorily, the duff and soot quantities will be rela-
tively small; thus, these losses can be neglected, at least in estimates.
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The analyses of the charcoal and wood fuels commonly in use seem to show hardly any
differences in the values of combustible substance. As an average value for charcoal the
following analysis may be adopted:

C i v v v v e v e e e T - )
5 .« o 3%
O. ... e s e e e e s e s e s e e 8%

100%

The effective heat value of this charcoal amounts to approximately 7880 keal/kg. (33
MJ/kg) (14,200 Btu/Ib). In the calculations one must allow for the ash content and mois-
ture content of the fuel. If the effective heating value is denoted H; and is calculated on
the basis of combustible substances with Hy, the ash content denoted by A and the mois-
ture content F, we get

H, = (1 -A-F) H, - 585F (43)

in which the number 585 represents the heat of vaporization of water at 20°C in keal/kg.

For dry wood (allowing for the ash content) the following analysis may be considered
typical:

C e e s e e e s e e e s e e e e e e e e 50.5%
H c s e e e e s e e e s e s e e e s e e . 6.2%
O . v v v v v v v v v oo . e e e e e e . 42.8%
Ash . . . . ... T e« _0.5%

100.0%

The effective heating value is 4540 keal/kg (dry substance of wood), which is the mean
value for birch, spruce, and pine. For a moisture content of F we get the effective heat
value:

H 4540 (1-F) - 585F = 4540 - 5125F (44)

i wood ~

The calculation method is shown in the following example, in which wood with a moisture
content of F has been assumed as fuel. Per kg wood we get the following composition in

kg
C: (1-F) 0.505

H: (1-F) 0.062 + ;—F = 0.062 + 0.049 F
0: (1-F) 0.428 + g-F = 0.428 + 0.461 F

Ashes: (1-F) 0.005

If the number of molecules of the various gases is taken into account, the following
expressions give the yield:
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22.4

T 0.943 (1-F) Nm?3 gases containing C

(1-F)0.505

22.24 (0.062 + 0.049F) = 0.694 (1+ 0.79) NmS gases containing H '

22.4

e 0.299(1 + 1.076F) Nm3 gases containing O

(0.428 + 0.461F)

In addition to this there is the oxygen supplied to the generator by the primary air.

If the volume fractions of the various gases contained in the dry generator gas are
denoted VCOZ’ VOZ’ Ve ete., the following formula applies:

v +va tvV +Vy +V +v +tvy =1 (45)
co, " V0, " Vco T VH, T Ve H, T VCH, T VN,

The so-called heavy hydrocarbons, usually denoted C“Hm are here counted as C2H 4
which would seem to correspond to the real conditions.

If the primary air quantity supplied to the generator per kg wood is denoted L Nm3, the
quantity of dry generator gas obtained per kg wood V Nm", and the water-vapor quantity
per kg wood in the generator gas Vi; o Nm*, and if the air composition is assumed to be
0.21 09 + 0.79N,, we get the followingzelement balances:

C: 0943 (1-F)=V (V002 +2 Ve, H, +Veo * VCH4) (46)
Hyt 0.694 L+ 0.719F) = V(tvg y + vy, * 2o, * Va0 (47)
Op: 0.209 (L+10T6F) +0.21L =V (g, * Vo, * 3 Voo * 7 Vim0 (49
Nyt OTSL=V vy (49)

Losses of carbon, for example by duffing, have not been taken into account. These losses
are fairly small, as mentioned earlier.

In the four equations above, (46-49), there are only three unknowns, namely V, Vy o and
L. If all measurements were exact, all equations could be satisfied by the méasured
values of these quantities. In most cases, however, agreement would hardly be obtained
for all four equations, because of the difficulties involved in making exact measurements
and in obtaining representative samples. Taking into account the accuracy possible in
the various determinations and the build-up of the equations, it appears most suitable to
determine V from Equation (46) and V4.0 from Equation (47), in which the value of V

obtained from the former equation is put into Equation (47). If a determination of the air
quantity L also is desirable, it would probably be obtained most reliably from Equation
(49).

After V has been calculated, the generator efficiency may be calculated by knowing the
effective heat values of the gas and the wood. If the effective heat value of the dry gas
is denoted H, as 4nd the dry gas quantity is V Nm?3 per kg wood, the generator effi-
cieney is deférmined from the expression:
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V - H,

Hi ,wood

It may also be of interest to calculate the losses. In this case, the heat value of the gas
that corresponds to the losses may be calculated. The relative size of the losses is I-n,
and their quantity per kg wood amounts to

H d_V'H-

i,woo i,gas

Since the total gas volume is V + Vi1 (5, the heat content of the gas corresponding to the
losses will be: 2

_ Hi)wood -

H.
1,885 | oal/Nmd

gas V+V (51)

H,0

The heat content of the gas according to Equation (51) is, as shown above, an imaginary
quantity only, which corresponds to the temperature at which the generator gas leaves
the generator, if the generator has no heat losses.

In order to carry through the calculation above fairly exactly, the mean value of the gas
analysis during the combustion of the entire fuel supply must be known. As shown next,

the composition of the generator gas may vary considerably during the combustion of the
fuel load. »

The calculation method given above may, of course, be used for other fuels as well, (e.g.,
peat, anthracite or coke); in which case, however, the analysis of the fuel must be known.

An average analysis may be used in the calculation for wood, however, and generally for
charcoal as well.

Variations in the Composition of Generator Gas

The gas obtained from a generator may under various conditions show considerable varia-
tion of the analysis. The factors especially affecting the gas analysis are, in addition to
the moisture content of the fuel, the degree of combustion of the fuel load, the output of
the generator (i.e., gas quantity taken out per time unit), and rapid changes of the load.

Especially in wood gas generators, the gas composition varies according to the degree of
combustion. When the generator is first filled, the largest quantities of water vapor are
emitted from the wood and as a consequence the poorest gas is obtained. As fuel is
consumed the gas improves, and the heat value reaches a maximum when the generator
charge is almost completely burnt.

Figure 29 shows how the heat value of the gas changes in a wood gas generator during
the burning of the fuel load, according to Hedlund. [20] The heat value of the gas as a
function of the load and as a function of the moisture content of the fuel as well is shown
in Figure 30. [20] The curves in Figures 29 and 30 show the results of a test with a
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wood-gas generator with a small hearth opening of 100 mm diameter. A quantity of gas of
1 Nm®/min corresponds to a hearth loading of 0.77 Nm /cmzhr. The curves in Figure 30
were obtained in a heat-insulated generator; in the standard generator somewhat lower
heat values were obtained.
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Figure 30 shows that the generator gas becomes considerably lower in heat value with
increased moisture content of the wood. Figure 31 shows analyses obtained at 4% and
21% moisture content of the wood respectively, during various degrees of combustion. In
this graph the two curves beginning at 100% show the percentage of the original moisture
remaining in the wood. In order to achieve the best possible operation one should,
according to the tests, use as dry wood as possible and add new wood at the latest after
approximately 70% of the wood filling has burned.
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Great changes in the gas composition occur in wood gas generators during rapid load

changes. Figure 32 shows how rapidly the heat value of the gas may rise during engine -

idle. If the load on the generator is rapidly decreased after a continuous high load to a
value of approximately the idling requirement of the engine, the primary-air quantity
sucked into the generator will be very small. Since the generator temperature still is
fairly high, however, the degassing of the wood will continue for a few minutes, and the
generator gas emitted during this period will have a very high heat value. Therefore,
when the engine is loaded again, more secondary air than normal must be supplied for a
short time to achieve complete burning and to avoid engine failure. During operation
with charcoal, changes in the heat value of the gas may also occur, but as a rule these
changes are less pronounced than those in wood gas generators.

Drying and Charring of Wood in a Gas Generator

As mentioned previously, when wood is used as a generator-gas fuel a degassing and
charring zone is created above the burning zone in the gas generator; the wood is
degassed or charred there with the help of heat supplied from the hot burning zone. Such
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decomposition through heat is also called pyrolysis. A more or less sharply defined dry-
ing zone is usually situated above this charring zone.

In the heating of wood without access to air, the following characteristic factors may be
discerned: During the first stage of heating the moisture of the wood is released; this
happens mainly (at least in slow heating) at approximately 100°C and somewhat above
that. When the temperature rises further, a chemical decomposition of the wood sub-
stance is started during which only water vapor is emitted at first. This continues to
approximately 170°C to 200°C, at which temperature gases containing oxygen (at first
carbon dioxide, then also carbon monoxide and acid-condensable products) start separat-
ing.

At approximately 270°C to 300°C an exothermic reaction is started, the so-called self-
charring reaction during which the main part of the condensable as well as gaseous reac-
tion-products are emitted. On the basis of previously published data one can conclude
that the exothermic reaction would seem to be confined to the temperature range 300°C
to 400°C. If the heating is sufficiently slow, this is indeed the case; but if the heating is
faster the conditions will probably be different. According to an experiment by T. Widell
[52] at the Steamheat Institute of the Academy of Engineering Science, the exothermic
reaction will be shifted toward a higher temperature during faster heating of the wood.
Furthermore, the reaction has been proved to require several hours, even if the tempera-
ture is as high as approximately 600°C. A series of experiments on the weight loss of the
wood for various charring times and temperatures from 250°C to 400°C have been car-
ried out by J. Tobler. [46] The experiments were made with wood blocks, sizes 4x4x4
and 2x2x2 em respectively, which were immersed in a metal bath kept at the desired
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temperature. The experiment time was 40 minutes at 250°C and 300°C and 10 minutes at
350°C and 400°C. In addition, tests with experimental times as short as 2.5 minutes were
made. The measured weight losses were at most 20% to 30% in wood with a moisture
content of 19%. The weight losses arise from the drying and beginning charring of the
material. The exposure time was not long enough to realize a fairly complete charring of
the wood. In ordinary charring of wood in a furnace, a charcoal gain of approximately
36% is obtained at 400°C, calculated from dry substance wood. This corresponds to a
weight loss of 71%, a moisture content of 19% of the wood; i.e., more than double what
was obtained in Tobler's short experiments.

According to the experiments cited above it is hardly possible that the charring in a
wood gas generator—where the wood stays for 1 to 2 hours—takes place at such low
temperatures as furnace charring; the charring most likely takes place at considerably
higher temperatures. In spite of this fact, it may be interesting to study the results
obtained in charring experiments that have been carried out with longer experimental
times. Figure 33 shows the results of such charring experiments according to Bergstrom.
It shows that charcoal formation decreases with increasing temperature at the same time
that carbon content of the charcoal increases and hydrogen content decreases. Charring
in a wood gas generator will in all probability be similar to the results shown in Figure
33; but probably considerably higher temperatures are required in order to obtain the
same values of formation and analyses.
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A so-called Geipert analysis of the wood may also be of interest. It consists of degassing
a wood sample in a quartz tube at 100°C. Only a 15% to 16% charcoal formation was
obtained from such samples while the gas quantity emitted was high, 0.52-0.57 Nm?3 per
kg wood. The heat value of the gas was also high: 4600-4900 keal/Nm3 (19.25-20.50
MJ/Nm3). The gas contained heavy hydrocarbons, approximately 40% carbon monoxide,
approximately 20% hydrogen, approximately 15% methane and only approximately 11% to
14% carbon dioxide. The heat that must be transferred to the wood in order to drive off
the main part of its volatile substances is fairly substantial. A graph of the amount of
heat needed to heat dry wood to various temperatures is shown in Figure 34 according to
the cited experiments. [52] In the graph the amount of heat required for the heating is
shown by solid lines. The left curve shows slow heating, during which a temperature of
400°C is reached after 9 hours, and the right curve shows a faster heating to 500°C to
600°C, at which an average temperature of 500°C was reached after 1.5 hours. In the
latter case the self-charring occurred at about 400°C and the exothermic heat developed
caused the total added heat to decrease. The dashed lines in the graph show how far the
exothermic reaction has advanced at various times after the experiment was started.
The graph shows further that, at most, approximately 130 kcal/kg (544 kJ/kg) must be
supplied at the slower heating rate and approximately 200 kecal/kg (837 kJ/kg) at the
faster heating rate. That a larger heat quantity is required during faster heating is due
to the fact that the exothermic reaction requires considerable time, so that it ecannot be
completely accomplished during fast heating.
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When moist wood is used the heat requirement increases, of course, since heat is required
to vaporize the water. Figure 35 shows the heat supply required for various moisture
contents of the wood. For dry wood the right curve in Figure 34 was observed. For
example, for wood with a 10% moisture content, approximately 300 keal/kg (1.25 MJ/kg)
is required for heating up to 400°C.
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In a gas generator the time available for charring of the wood is relatively small; thus,
the heating rate will most likely be considerably higher than in the cited tests. It seems
probable then, that the heat supply needed for charring will be higher than shown in
Figures 34 and 35, possibly 400 kecal/kg (1.67 MJ/kg) at a 10% moisture content of the
wood. In the case of a higher moisture content probably a higher drying temperature will
be required, and then a higher charring temperature will be required for the process to
take place sufficiently fast.

When using wood with a high moisture content it would be advantageous to use a genera-
tor designed such that at least part of the moisture may be removed from the wood
before it enters the charring zone.

When wood is charred the volume of the wood decreases. The volume of the charcoal
obtained from the charring is 50% to 70% of the volume of the wood used.

Fuel Analyses

Standard methods for fuel analyses are used to rate generator gas fuels, but other special
methods are used as well. In many cases simplified methods may be used because the
accuracy requirements are not as great as, for example, in the delivery of large fuel
quantities. Besides the usual fuel analyses there are, however, analyses determined by
the special requirements of the fuels with reference to the operating conditions of the
generator. Information about some analytical methods developed for generator-gas fuels
is presented in the following paragraphs.

Wood

For generator-gas wood it has usually been considered sufficient to determine the mois-
ture content. This has been done either in the usual way by drying in a drying cabinet; by
distillation with xylol; or with an electric moisture-content meter (Figure 36), based on
the fact that the electric conductivity is dependent upon the moisture content. The
accuracy of the electric moisture-content meter is relatively low, approximately + 1%
moisture content, but is quite sufficient for most cases.

Charcoal

Methods of analysis for charcoal have been described by Bergstrom and Jansson; [3] they
deal with methods for the control of charcoal deliveries in the iron industry as well as
special methods for generator-gas charcoal.

The exact moisture content is hard to determine during drying in a drying cabinet at
110°C, due to the fact that the charcoal may absorb oxygen and also emit carbon dioxide
when heated in air. A more reliable and accurate method is distillation with xylol, which
is carried out in a special device. The ash content and calcination loss may be deter -
mined with standard methods. The Charring Laboratory, [28] however, has worked out a
simplified method for determining the moisture content and calcination loss of charcoal.
In this method an ordinary kerosene stove is used to heat the samples. This makes it
possible to use the method in small laboratories with simple equipment.
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Figure 36. Electric Meter for
Measuring Moisture Content,
8-247 Measuring Range

Even if the loss due to burning is satisfactorily low for a sample of generator-gas char-
coal, there may be a risk of charring, if the charcoal bulk consists of well charred and
badly charred charcoals. Bergstrom and Jansson [3] have described a method used in
Sweden for determining the tar quantity emitted during the heating. The sample (100-
125g) is placed in a one-liter stainless steel retort and is heated to 500°C, while a weak
flow of nitrogen is passed through the retort; the emitted tars are condensed in a conden-
sation system attached to the retort. The tar quantity is determined by extraction with
ether. Similar methods are used in England, [8] where smaller sample quantities are used
and the tar is collected in a different way. The samples are heated to 600°C in the
English method.

The tendency of charcoal to duff* is also a factor that must be taken into account in the
quality grading. A device for determining this property is mentioned by the Charring
Laboratory. [27] The device consists of a eylindrical drum having a diameter of 300 mm
and a length of 250 mm, which is rotated around the horizontal axis. A 150-mm high
radial metal sheet is attached inside the drum as a carrier for the charcoal sample. A
500-g charcoal sample with a piece size of 20-60 mm is put into the drum and rotated a
total of 500 revolutions with a velocity of 20-40 rpm. After this, the duffing loss is
determined by sifting through a 10-mm mesh screen. After the duffing loss, the charcoal
may be classified into five different hardness grades according to Table 12.

One property of generator gas fuels of special importance is the reaction ability. In
Sweden charcoal has been used almost exclusively rather than coal; for this fuel the
reaction rate is so high that it has not been considered necessary to determine it. When
wood is used as fuel there is even less gas produced than with charcoal; therefore, wood
does not cause any troubles either in this respect. In other countries, however, anthra-
cite and bituminous-coal coke are used to a large extent as generator-gas fuel. These
fuels have a relatively poor reaction rate, which is why determining this property

*"Duff" means to give off fine powder during handling.
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Table 12, THE TENDENCY OF CHARCOAL TO
DUFF (POWDER) ACCORDING TO
THE CHARRING LABORATORY

No. Type of Charcoal % Duffing Loss
1 Very Loose 30
2 Loose 25-30
3 Average 15-25
4 Hard 10-15
5 Very Hard 10

frequently is desirable. It is also valuable to determine the reaction rate in order to
estimate, for example, the influence of catalysts and various coking temperatures upon
the suitability of a fuel for generator-gas fuel.

A method of directly determining the reaction velocity by the reduction of carbon diox-
ide with charcoal has already been mentioned, but this method ean not be used in opera-
tion or routine analyses.

A method better suited for such purposes as well as certain scientific experiments has
been developed in England, namely the critical air blast test (C.A.B.). This test is car-
ried out with a fuel bed in a cylindrical vertical pipe with an internal diameter of 40 mm.
The thickness of the fuel bed should be at least 25 mm and the fuel sample should be
crushed so that it may be sifted through a 14-mesh B.S. screen (1.41-mm mesh width),
after which the amount that passes through a 25-mesh B.S. screen (0.71-mm mesh width)
is sifted away. In the crushing one should avoid getting too fine a powder. The fraction
0.71-1.41 mm is used for testing the reaction ability. The fuel sample is ignited with an
electric heating element while an air flow of 0.07 L/s (0.150 cu ft/min) is blown through.
As soon as the fuel starts glowing, the current is switched off and at the same time the
air supply is reduced to a value calculated to be immediately above the critical air supply
and is kept constant for 20 minutes. After this time has passed, the air supply is
increased again to 0.07 L/sec (0.150 cu ft/min) and the fuel bed is observed.

If, after 20 minutes with this increased air supply, no glowing is obtained, the air supply
used earlier was below the critical value. By repeating the tests with new fuel samples
one may find the critical value. The air supply used in this test and measured in cu
ft/min is called the CAB value. Thus, a low CAB value corresponds to a high reaction
ability and vice versa. Table 13 gives the CAB values of a few different fuel samples.

An experiment on the reaction rate of various types of coke and also of mixtures of vari-
ous types of coke has been run in the Netherlands. [29] For example, the CAB value
0.004 was obtained for peat coke made at a low temperature, whereas 0.024 was obtained
for peat coke manufactured at 1050°C to 1100°C. For "wood-coke' manufactured at the
same high temperature, 0.026 was obtained. These figures show the high degree of
dependence of the reaction rate upon the coking temperature. As a comparison, it may
be mentioned that the value 0.055 is recommended for coke intended for central heaters,
although there is a tendency to lower the value to 0.040. Coke with a CAB value of
0.070 is not sufficiently reactive for this purpose.
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Table 13. REACTION RATE OF VARIOUS FUEL SAMPLES

The figures are not general, but merely examples
of values obtained. A low CAB value indicates a

high reaction rate.

Fuel

CAB Value

Charcoal « ¢« o o ¢ ¢ o ¢ o ¢ o s o &
Low~Temperature Coke « « ¢ « o o o
Anthracite « o o o o ¢ o ¢ ¢ ¢ o o @
High—-Temperature Coke (gas works). .
High-Temperature Coke (coke oven). .

0.003
0.018
0.035
0.057
0.070
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Chapter 3
GENERATOR GAS FUELS

Overview

The fuels suitable for generator gas operation in Sweden consist of products from forests
and peat moors. Before they can be used for generator gas production, the raw materials
must be more or less extensively processed, depending on the type of gas generator for
which the fuel is intended, as well as the type of raw material. The processing is compli-
cated not only by the purely technical demands on the quality, selection, and greatest
possible utilization of the generator gas fuels manufactured from the raw materials, but
also by special circumstances prevailing during times of crisis due to shortages of labor
and transportation. Added to this is the necessity of conserving the raw material, par-
ticularly if, as is the case with forests, it normally has other uses in the national econ-
omy.

To produce suitable generator gas fuels while observing these restrictions is a factor
equally as important for generator gas operation as is the production of gas generators
fit for operation. These circumstances are touched upon by Hilding Bergstrom, one of
the authors of the report "Utilization and Processing of Inferior Lumber, Waste, and
By-Products in the Forest Industry," published in 1942 under the name "The Norrland
Investigation,"* by the Swedish Industrial Institute for Economic and Social Research.

Hilding Bergstrom gives the following summary:

When wood is used for motor operation, only a half or third as much is

needed as when the wood is processed first to charcoal for motor operaton.

This difference in consumption represents large quantities of - wood and

during a time of crisis it must be considered decisive, since no efforts must

be spared to save fuel, transportation, and labor. There are good opportu-

nities through continued technical development to overcome the inconven-

iences that still affect generator gas operation with wood. In estimating
the future prospects for using wood waste for generator gas, one should,

therefore, count upon using wood directly.

The continuous development of wood gasification since 1942 supports these views,
although charcoal gas operation may still be justifiable for purely technical reasons in a
few special cases. New progress in gas generator design under more tranquil circum-
stances and the benefit of past experience would undoubtedly create a better basis for
generator gas operation in the case of a future embargo on imported fuel. The authori-
ties must see to it that such development work is indeed carried out during normal times,
although it may not be required until times of future crises or war. Technical progress of
this kind would be, for instance, the design of gas generators which would be as indepen-
dent as possible of the type, size, shape, or moisture content of the fuel. Devices for

*Norrland is roughly the northern half of Sweden, having large forests
but a comparatively small population.
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continuous drying of the wood gas fuel in the generator itself would greatly decrease the
cost of manufacture, storage, and distribution of the fuel. A general changeover to
wood gas operation only, would mean a substantial resolution of the entire generator gas
problem and make standardization possible for gas generators as well as their fuels.

Supplies of Raw Materials for Production of Generator Gas Fuel

In Sweden we are, as mentioned, obliged to resort mainly to peat and wood for raw mate-
rials in manufacturing generator gas fuel. Our peat moors are not completely explored
and there are different views as to how big they are. According to one report [49] they
contain six billion tons of dry material; consequently, they could become very important
for the manufacture of generator gas fuel, if fully satisfactory operation of gas gener-
ators could be achieved with peat or peat coke.

Since peat contains considerably more ash than wood, and since peat ash in many cases is
relatively fusible (and therefore easily causes slag formation), practically all generator
gas fuel in Sweden has been manufactured from wood as a raw material up to the pres-
ent. The gas generators that have been built have been designed specifically for wood or
charcoal. If large-scale generator gas operation once again is required, the wood
resources of the country would be used first.

Figure 37. Waste Wood at a Lumber Mill

In this context it is generally recommended that forest and lumber mill so-called waste
(Figures 37 and 41) should be used first for generator gas operation. Certain objections
may be made to this generalization. Because of the recent enormous progress in the area
of wood processing, particularly in the sulfate and wallboard industries, hardly any waste
wood exists which, from a purely technical point of view, is useless for industrial process-
ing. The determination of what is still called waste wood in felling are based on factors
such as transportation (floating possibilities, forest roads, ete.), wages, market prices,
ete.; and therefore the limits vary a great deal. According to the Norrland Investigation
in 1942 it is estimated, for the Norrland area, that in felling with the proposed minimal
dimensions, approximately 20% to 25% waste is generated that cannot be profitably

processed for paper and lumber. Such waste consists of tops, branches, thinning mate-
rial, partly decayed wood, ete.
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Due to transportation costs, ete., most of this "waste" is also, from an economic view-
point, unsuitable for car wood. What was earlier called waste unfit for use in lumber
mills, i.e., edgings, ete., shingles and splinters (amounting to approximately 30% and 13%
respectively of the so-called wood balance), is now (1950) practically 100% used, the
former for sulfate and wallboard industries, the latter for heating the drying ovens in
lumber mills.

The use of available wood raw material for generator gas production in the case of a
general forced changeover to generator gas operation in Sweden would depend, irrespec-
tive of the kind, shape, and dimensions of the raw material, upon conditions related to
the general situation of crisis; for example, transportation conditions and availability,
availability of labor, military demands, civil defense demands, storage and distribution
possibilities, ete. Although the use of good wood for fuel purposes should be avoided,
generally under these special circumstances it may be necessary and sometimes even
economical to use first grade industrial wood for production of generator gas fuel.
Where local conditions permit, however, branches, tops, thinning material, stumps, ete.,
should of course be used; for example for tractors on farms with wood supplies. There-
fore, it is very important that gas generators be made useable for operation with as many
available fuels as possible; and also, on the other hand, that generator gas fuels be stan-
dardized in as few grades as possible, so that they can easily be manufactured from vari-
ous existing types of raw material.

For transportation to meet the present requirements of towns, fishing, small industries,
etc., the need for raw wood for generator gas operation is estimated to be approximately
five million solid cubic metres (m ) per year; this is equivalent to approximately 100 mil-
lion hectolitres (hL) of bulk generator gas wood chips, or approximately 800,000 tons of
gasoline. If operation is only with charcoal, the same amount of raw wood would produce
less than half this amount of motor fuel. In 1944 approximately 25 million hL of car wood
and as much car charcoal was manufactured, the total corresponding to approximately
3.75 million m® wood raw material. For a comparison see the tabulation below by the
Central Bureau of Statisties of the total felling in Sweden during 1937.

1. Industrial Lumber, etc. 42.3 million m3
2. Prime Fuel Wood (including household wood) 11.4 million m3
3. Wood for Charcoal 1.6 million m®

Total 55.3 million m3
of which 10% is bireh.

Under all circumstances a relatively small amount of charcoal should be reserved to be
used as charcoal beds in the generators. Such charcoal, which must have fairly high
mechanical strength, may be obtained, for example, from charring-stacks or from char-
coal furnaces.

Large quantities of stumps originate from wood cutting in the forests; however, nowa-
days such stumps consist mainly of root wood, since the felling is done as close as possi-
ble to the ground surface. The use of stump and root wood is mainly a question of trans-
portation possibilities and labor availability. Old pine stumps and trunks (so-called
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tore*), are an exceedingly useful raw material for manufacturing tar products, motor
fuel, lubrication oils, turpentine, ete. Such manufacturing is usually done in retort fur-
naces. However, these products may also be produced directly by extraction with suita-
ble solvents; for example, sulfite alecohol. In this way no carbon is created as a byprod-
uct. In the investigation mentioned above, the supply of economically workable tore in
Norrland amounted to approximately one million or more cubic meters. From this quan-
tity of raw material may be produced approximately 110,000 tons of lubrication oils;
approximately 20,000 tons of turpentine; great quantities of methanol and motor fuels;
and approximately 160,000 tons of small size charcoal of a good but fairly brittle quality
suitable for operating, for example, small private car generators. The charcoal quantity
corresponds to approximately 75,000 tons of gasoline. In better designed retort furnaces
and charring furnaces, so-called A-tar may be produced as a byproduct of the charring;
this tar may be used, for example, for operating glow plug engines (surface ingition
engines) in fishing boats and the like.**

Technical Considerations for Combustion

As was shown in Table 11, the combustible components in generator gas consist primarily
of carbon monoxide, hydrogen, and methane. The effective heat value of generator gas
when charcoal is used as fuel varies between 1,100 and 1,350 kcal/Nm3 (4.60 - 5.65
MJ/Nm3; 133 - 163 Btu/sef); and with wood as fuel, between 1,200 and 1,400 kcal/Nm3
(5.02 - 5.86 MJ/Nm"?; 145 - 170 Btu/sef). For well designed §as generators and fuels with
a moderate moisture content 1,300 kcal/Nm3 (5.44 MJ/Nm®; 157 Btu/sef) could be con-
sidered an average for both charcoal and wood gas. For thls heat value there will be a
heat value of approximately 600 kcal/Nm3 (2.51 MJ/Nm3; 67 Btu/secf) in the stoichiomet-
ric gas mixture as shown in Figure 26. For gasoline the corresponding theoretical mixed
heat value would be 850 kcal/Nm3 (3.55 MJ/Nm3; 95 Btu/sef); consequently, generator
gas has only 70% of the heating value for gasoline, which corresponds to a 30% loss of
power in generator-gas operation relative to gasoline operation.

The effective heat value for the most important gas generator fuels in Sweden is given in
Table 14.

As shown in the table an effective heat value of 4540 kcal/kg may be calculated for a
mixture of spruce and pine as well as for birch. At a moisture content of F, the follow-
ing effective heat value is obtained according to Chapter 2, Equation (44):

Hi,wood = 4540 (1-F) - 585 F = 4540 - 5125 F

*Qld pine stumps are especially rich in turpentine and rosin. We have
no equivalent English word.

**This may refer to a semidiesel type operation using pyrolysis oil from
the stumps.
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Table 14, EFFECTIVE HEAT VALUES OF VARIOUS FUELS
(APPROXIMATE VALUES)

Effective
Heat Value Basis
kcal/kg

Spruce Woode « o o o o o o« o & 4570 Dry Substance -
Pine Wood. « o« o o o s o o o & 4520 : Dry Substance
Birch Wood « ¢ « o ¢ ¢ o o o o 4540 Dry Substance
Beech Wood « o o o ¢ o ¢ o o & 4370 Dry Substance
Alder Wood « o o ¢ o ¢ o o o o 4510 Dry Substance
Aspen Wood « ¢ o o ¢ o o o o & 4340 Dry Substance
Charcoal from Stacks « « o o 7950 Combustible Substance
Furnace Charcoal + + ¢ s « o & 7850 Combustible Substance
Peat « o o o o o o s o o o o & 5000 Combustible Substance
Peat o « o o o o ¢ s o s o o @ 3400 5% Dry Basis Ash Content and

25% Moisture Content

If, for the comparison between wood and charcoal, the average moisture content of wood
is assumed to be 20% and that of charcoal 10%, the effective heat value of wood will be
3520 keal/kg as shown in Equation (44), whereas 6600 kecal/kg may be assumed for char-
coal. The relation between these two values, approximately 1.85, will be the relation
between wood and charcoal consumption at equal efficiency. As shown in Chapter 11,
approximately this value has also been obtained in practical operation, which shows that
about the same efficiency is obtained from wood as from-charcoal.

The specific fuel consumption b (in kg/hp * hr) may be calculated according to the for -
mula

632.3

T]g " "mot * Hj

b =

(52)

where n . is the efficiency of the generator; n mot> that of the motor; and Hi’ the effec-
tive heat value of the fuel. Assume as an average the efficiencies n_ = 0.8 and Mot =
0.22; then the specific fuel consumption with the average heat values above will be:

For wood. . . . . . . . approximately 1000 g/hp - hr

For charcoal . . . . . . approximately 550 g/hp - hr
With the same assumption, we get on an average

From lkg wood . . . . . approx. 2.2 Nm® wood gas of 1300 kcal/Nm3

From 1kg charcoal . . . approx. 4.0 Nm3 charcoal gas of 1300 kcal/Nm3.

In gasoline operation the specific fuel consumption at constant motor efficiency will be
approximately 275 g/hp * hr if the effective heat value is 10,500 kecal/kg. If the gasoline
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‘density is 730 kg/m3, the effective heat value per litre will be 7665 kcal/L. Then one

litre gasoline theoretically corresponds to approximately 2.7 kg wood or approximately
1.45 kg charcoal. (One gallon of gasoline corresponds to 22.5 1b of wood or 12.1 Ib of
charcoal.)

Operation with generator gas has considerable disadvantages relative to gasoline, due to
increased driving in lower gear, fuel consumption when standing still, firing and starting
up the generator, ete. In ordinary varied highway driving it has been calculated that one
litre of gasoline corresponds to approximately 3 kg of wood or 1.65 kg of charcoal in
practical operation. (One gallon of gasoline corresponds to 25 lbs of wood or 14 lbs of
charcoal.)

The comparison figures in Table 15 have been calculated on the basis of these values.

Table 15, COMPARISONS BETWEEN VARIOUS
GENERATOR GAS FUELS AND GASOLINE

Litres Price in Equivalent
Fuel % Weight Gasoline per 1945 Price for
Moisture kg/hL Hectolitre kr/hL Gasoline
Fuel r kr/L
Car Wood )
Hardwood « « o o o o o & 20 33 11.0 3.50 0.32
Softwood [ ] L] L ] L] L] * L] L] 20 25 8.3 2.50 0'30
Mixed Wood 50/50 e o o o 20 29 9.7 3.10 0.32
Car Charcoal
Hardwood Charcoal. « « 10 20 12.1 5.50 0.46
Softwood Charcoal. . . . 10 16 9.7 4,50 0.46
Mixed Charcoal 50/50 . . 10 18 10.9 5e—= 0.46

The table, as well as experience, shows that in general the same motor performance is
obtained from one hL wood as from one hL charcoal, which is approximately 55% more
expensive to buy. The price of gasoline in 1947 was 0.37 kr/L and in 1948 0.68 kr/L.

In comparing various fuels it is also important to take into account the consumption of
raw materials in their production. If on the average 80 kg of charcoal or 375 kg of wood
are obtained from one cubic metre of charcoal wood, the raw-material consumption for
charcoal in relation to the raw-material consumption for wood (using the values given
above) will be:

375 - 1.65
3 - 80

= approx. 2.5

Thus, the raw-material consumption for charcoal will be approximately 2.5 times as
great as wood for generator gas production.
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Car Wood

Raw Wood

The wood felled in the forest to be used for purposes of heating or fuel for power consists
mainly of so-called firewood, which is sawed into one-metre lengths and split lengthwise
(Figures 38 and 39). The cross section usually is a circle segment or sector shape and
varies considerably in size. On the average there are 50 to 80 wood pieces per stacked
cubic metre, which is the basic measurement for such lumber. Wood of smaller diameter
is only cross-cut, i.e., not split lengthwise, with approximately 80 to 200 wood pieces per
m3. Wood of even smaller dimensions (so-called clearing or thinning wood) and branches
and tops which have fallen down during cutting (Figures 40 and 41) are usually cut as long
round logs. In all cases, after further processing of the raw material to car wood,
approximately 11 hL of car wood may be obtained per m® of raw material, in reality.
Besides firewood and logs, so-called slabs (edgings) and other wastes from the lumber
industries may be used for the production of car fuel (Figure 37). In today's generator
designs such wood is more likely to bridge (hold up in the generator). In addition, much
waste occurs as splinters and splits, which cannot be used at all in these generators. The
same is true for rough bark (so-called crust bark); cones, however, can be used. Due to
their greater density, beech and birch in particular are somewhat heavier per volume unit
than softwood with the same moisture content; likewise, fir and pine are somewhat
heavier than spruce.

The greater porosity of softwood (econiferous wood) probably causes somewhat faster
reactions in generators than do the denser hardwoods; and this is also true for the various
types of charcoal. Oak is hardly suitable for generator use, and since this high grade
wood is needed almost entirely for other purposes, it should, of course, not be used.

Green wood felled in the winter has a moisture content of approximately 30% to 35%;
wood felled in the summer, 40% to 55%. In favorable weather during spring and summer,
air-dried firewood has a moisture content of 15% to 25%. If the wood is cut into short
lengths when green, the drying takes place much faster. The shorter the individual wood
pieces, the more rapidly they dry (down to lengths of approximately 5 em), whereas
lengthwise splitting is of minor importance in this respect. According to tests, where
air-dried car wood of 20% moisture content was immersed in water for 12 hours, the
moisture content increased to approximately 42%. Another eight days' immersion did not
cause any measurable increase of the moisture content. Thus, it is important to protect
finished and dried car wood from rain and humidity.

Manufacture of Commercial Car Wood

Wood used as generator gas fuel comes in three basic forms, car blocks, car billets, and
car chips, as shown in Table 16 and Figures 42 to 44.

Shorter lengths of car wood of the same thickness produce—at an increased manufactur-
ing cost—a greater percentage of solid mass; in other words, the space in a one-
hectolitre sack will be better used in this way, which is of importance, since this product
is sold by the hectolitre. It should be determined whether generator gas fuel, like
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Figure 38. One Stacked Cubic Figure 39. Piles of
Meter of Firewood Firewood Along a Highway

Figure 40. Log Stacking in
the Forest

Figure 41. Log Thinnings in a Forest Being
Selectively Cut
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Table 16. TERMS, GRADES, ETC., OF COMMERCIAL CAR WOOD

Commercial Raw Material Production Approximate Approximate

Term Method Dimensions Solid Mass

A. Car Blocks

1. Thick Blocks Sawed and Split Crosscut 8 cm X 25 cm? 50%
Firewood and Split 2

2. Thin Blocks Sawed, Round Fire- Crosscut 6 cm X 20 cm 48%
wood and Split

B. Car Billets

1. Thick Billets Thin, Round Fire- Crosscut 8-9 cm X 25~75 mm dia. 54%
wood, Thick with Saw
Round Logs

2. Thin Billets Thinner, Round Crosscut 6 cm X 25~50 om dia. 52%

("stick firewood") Logs (clearing with Saw

wood in general)
C. Car Chips

l. Thick Chips Same as B.l Squared 8-9 cm X 25-75 mm dia. 462
2. Thin Chips Same as B,2 Squared 6 cm X 25~50 mm dia. 442

virtually all other solid materials or products, should be sold by weight or by volume. In
selling by weight, moisture controls would be necessary. This requires a simple, reliable,
and rapid method for moisture analysis. '

Generator gas wood is produced partly on a small scale for household use, partly on a
large scale with special machines and at central storage yards.

Production of Car Wood for Household Use

Due to the high cost of transportation to a central storage yard and the high cost of dry
storage for extended periods, household production is frequently advantageous from an
economical point of view, in spite of all the manual work involved.

For the calculation of the production cost of car wood on a small scale the following
average output of work by two men with a erosscut saw and an axe may be cited:

Crosscutting with a circular saw:
Firewood. . . . . . . . . . approximately 1.5 m3 hr
Thin round wood. . . . . . . approximately 1.0 mS3 hr

Splitting with an axe:

Easily split. . . . . . . . . approximately 0.25 m? hr or
approximately 2.5 hL/hr car wood

Of average difficulty. . . . . approximately 0.20 m3/hr or
approximately 2.0 hL/hr car wood.

When the car wood is split lengthwise or crosswise, the various pieces must be com-

pletely separated and not allowed to hang together with splinters, knots, etec., which
could cause bridging in the generators. If the splitting work is done while the wood is
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Figure 42, Car Blocks

Figure 44. Car Chips

Figures 42-44. Commercial Types of Generator Gas Wood.
(Note matchbox for scale.)

moist, the smallest waste occurs. Losses due to waste may be estimated on the average
of approximately 5% sawdust and 5% splitting waste (splinters, ete.), or 10% at the most.
The production of round billets and car chips is more economical than the production of
car blocks; in addition, round billets contain a larger percentage of solid mass (see Table
16) than other types of car wood and present less risk of bridging in the generator.

Large-Scale Production of Car Wood [42]

In large-scale production of car wood, machines are used to split the wood (Figure 45).
Cutting machines with one or two steel blades are used to produce car chips from thin
—round wood, saplings, or fairly straight branch wood; i.e., the normal waste from forestry
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thinning or felling operations. The diameter of the thicker end should not exceed approx-
imately 10 em. The cut is done either at an oblique angle or at a right angle (Figure 46).
In the former case the wood dries out faster but the waste is somewhat greater. Such
chopping machines are also called "wood eaters" (chippers) and operate at 2 to 3 hp with
a working capacity of 20 to 50 hL/hr of car chips with approximately 5% waste. The
solid mass of the wood is approximately 45%.

Figure 45. Crosscutting and Chopping Machine for Production
of Generator :Gas Wood.

a

Figure 46. Various Methods for Cutting Wood Chips.

a) The wood is cut at a right angle to the longitudinal
grain. b) The wood is cut at a right angle to the
longitudinal grain, but with an oblique cutting angle.
c) The wood is cut at a 30° - 45° angle to the
longitudinal grain.

A combined sawing and splitting machine is used to produce car blocks. In this case,
firewood is used as raw material, but the machines may also be used in the production of
car chips from round wood or saplings. The power consumption varies between 3 and 9 hp
and the work efficiency between 10 and 35 hL/hr of car chips. Approximately 15% of the
firewood goes to waste. The machines may also be equipped with shaking screens for a
careful separation of the waste and a fan for removing the sawdust.

The energy consumption of various machines making finished car wood is estimated to be
approximately as follows:
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For chopping machines. . . . approximately 0.05 kWh/hL

For crosscutting and
splitting machines. . . . . . approximately 0.15 kWh/hL

If the wood gas generators could be made more "omniverous" and less sensitive to the
bridging and clogging caused by sawdust, splinters, ete., it would be possible to make the
production of car wood less expensive.

The number of car-wood mills in Sweden was greater than 4,000 on January 1, 1945. The
total quantity of manufactured car wood during 1943 to 1945 amounted to approximately
25 million hL per year, corresponding to 200,000 tons of gasoline. The experience from
the production of generator gas wood on a large scale is given in the appendix.

Car Charcoal

Raw Charcoal

When wood is charred, most of the volatile components are removed. The charring proe-
ess is shown graphieally in Figure 33 (Chapter 2), and the change of the chemical com-
position in Table 17, below. During charring in a retort furnace the valuable volatile
components are collected, which is not the case during charring in stacks or, as a rule, in
charring furnaces.

Table 17. CHANGE IN CHEMICAL COMPOSITION OF SOFTWOOD DURING CHARRING

Partially Norﬁally Heavily

Softwood Charred Charred Charred
C o o ¢ o ¢ o o o o 49,6% 82.9% 89% 93.6%
H . L] [ ] L] [ ] * * L] L] 6.2 4.0 3 1.8
0 [ 3 L] L] - L] . L ] L 3 * 44.2 13. 1 8 4.6
Volatile Substances 87% 20% 10% 6.7%

Air-dried wood (15%-25% moisture content) is used as a basic material when the wood is
charred to "raw charcoal," for subsequent use as commercial car charcoal. The wood
may consist of fire wood, logs, small pieces, branch wood, stumps, ete., but it is impor-
tant for the charring that all the wood being processed is of the same type (hard or soft),
and that the pieces are of similar shape and size. The charring should not proceed rap-
idly. At excessively high temperatures brittle material is obtained, and at too low tem-
peratures the charring is incomplete and uneven (caleines). From one m* of firewood
approximately 4.5 hL of car charcoal are obtained as an end product; i.e., less than half
of the car wood that may be obtained from the same quantity of raw material (11 hL).
When the raw charcoal is crushed to car charcoal, approximately 20% to 30% fine char-
coal and charcoal dust (duff) is obtained. Of this, the fine charcoal in particular is valu-
able for gas generator operation, where it is used for special types of charcoal gas gener-
ators (for example Kalle generators).
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The charcoal dust frequently must be considered a loss. Charcoal produced from hard-
wood is denser, heavier, and more mechanically resistant than softwood charcoal; the
latter also emits more charcoal dust. However, softwood charcoal reacts somewhat
faster in the generator and this is advantageous, especially during intermittent operating
conditions.

The weight of various kinds of charcoal per hL is shown in Table 18.

Table 18. WEIGHT PER hlL OF CAR CHARCOAL
(WITH 10% MOISTURE CONTENT)

Type of Charcoal kg/hL

Beech Charcoal « « ¢ o o o o o ¢ o o« 21-23
Birch Charcoal « + ¢« ¢« o ¢ ¢« ¢« « +» o 18-20
Softwood Charcoal (forest

charcoal)e « o« o o o ¢ ¢ o o ¢ o o 15-17
Softwood Charcoal (Slabs)e o« ¢« o« « o 13-15
Mixed Charcoal (60 hardwood

40 SOftwood) « o o o o o o o o o o 17-19

Incompletely charred wood (calcines) causes breakdowns in gas generators, since these
generators, in spite of downdraft burning, are not designed for cracking possible tar
products into useful components; therefore, the motor or the filtering apparatus runs a
risk of being gummed up by tar.

In charring wood three principal methods are used: (1) charring in stacks; (2) charring in
charring furnaces; and (3) charring in car-type and retort furnaces.

Charcoal burning in stacks has taken place for centuries in Sweden and is used nowadays
mainly to produce charcoal for the ironworks. In earlier times it was also used for rock-
blasting. About 2 million m3 are still used annually for these industries. The charring
takes place nowadays in charring-stacks with chimneys (Figures 47 and 48), which are in
some ways more advantageous than older types of charring stacks. (In addition, see
Bergstrom [2] ). The quality of charcoal from stacks as a rule is good, but the charecoal is
fairly often mixed with sand, soil, ete. Such impurities do not cause great inconvenience
in industrial use, but, in the production of generator gas, may cause a breakdown in
motor operation due to slag formation. This kind of charring demands great skill and
takes a long time to learn. Charring in stacks is also highly seasonal, which is a great
disadvantage from the standpoint of military preparedness.

Charring in metal or brick charring furnaces does not demand as great skill and is faster
than charring in stacks. [1,2] The furnaces are usually simple, made either of brick or
metal using the principle of the charring-stack with a chimney (Figures 49 and 50). In
most cases tar products are not collected; this is particularly uneconomical in a large-
scale production, when the wood resources of the country are considered. Only as an
exception are there arrangements for collection of tar products (raw tar, ete.); and this,

mainly in large plants.
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Figure 47, Typical Charring
Stack with Chimney

Figure 48, Cross Section and
Top View of Charring Stack
with Chimney
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Figure 49. Schematic of Brick Charring Furnace

Figure 50. Charring Furnace of Brick
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The extraction of tar and byproduects in wood charring may be done following various
principles. Descriptions of furnace types and methods have been given by, among others,
Bergstrom. [1,2] A great number of memoranda concerning experiences of operation
with various structures and with more recent furnace designs have been given at pyroly-
sis eonferences, arranged by the Swedish Academy of Engineering Sciences from 1941 to
1944. [60,61,62]

Furnaces may be classified in two groups: smaller furnaces, built for extracting tar from
decayed stumps (tore), usually called retort furnaces; and larger industrial plants for
charring regular wood, car-type furnaces, or retort furnaces. In charring of tore, rela-
tively little charcoal is obtained and it is considered to be a byproduct; whereas in the
larger plants charcoal is frequently of about the same importance as the liquid products.
As shown in Table 21, only a minor quantity of raw charcoal is obtained from the tore
furnaces. Therefore these furnaces will not be examined further.

According to a report by A. Hellstrom [62] which makes a comparison of various types of
furnaces for charring tore, a recent type of furnace, the so-called "smoke spout," or AVI-
Ramen furnace, produces about double the output per m3 of furnace volume per day as is
obtained in other types of furnaces. A short report on this type of furnace is given
below.

The principle of the furnace, which is a combination of downdraft and charring, is
described by T. Widell and K.V. Wiberg. [54] Reports on the design of the Steam Heat
Institute, and on results have been given by O. Stenberg and K.E. Lagerstrom. [43] The
design of a furnace with two brick shafts, each with a volume of 6.5 m", is shown in
Figure 51. The furnace charge is put in from above, and gas burners are placed at the top
as well. The charcoal is taken out at the bottom. The charge is ignited with generator
gas from a smaller wood gas generator; when the uppermost fuel layer is ignited, the hot
flue gases which result heat the material below, so that it is charred. For combustion,
air is blown in by a fan. When the charring process is started, the gas that has not con-
densed will burn; this gas is brought back by the circulation fan to the shaft through the
burner. The cooler for the pyrolysis gas mixed with flue gases is a serubber type. The
cooling liquid consists of tar water, cooled by water in a special cooler. The condensa-
tion from the cooler is carried with the cooling liquid solution to a collecting tub, to
which a condensate separated in cyclones is also carried. The furnace is relatively inex-
pensive to build and very safe to operate because, among other reasons, it does not con-
tain any high-temperature heat exchangers, which constitute highly sensitive components
in prevalent types of construction. The furnace has also been successfully used for char-
ring peat.

Several older types of construction of large charring furnace facilities are in use; for
example, "car-type" furnaces with fans for internal gas circulation, from which tars are
obtained, which are particularly suitable for motor operation. A car-type furnace of
another kind, the "Aminoff furnace" is shown diagrammatically in Figure 52. This fur-
nace has outside gas circulation and heating of the gas in a special device. The wood is
loaded onto cars which are brought through a sluice and slowly pulled through the char-
ring space. After charring is finished the charcoal and the cars are cooled in a charcoal
cooler. A furnace type with vertical retorts and outer gas circulation has long been used,
for example, at the Skanska Vinegar Factory, Inc., in Perstorp (Sweden), and furnaces of
the same design have been constructed during the crisis in other places as well.
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Figure 53. Diagram of the Swedish Generator Gas Co. Charcoal
Furnace. ‘

Figure 54. Large Modern Charcoal Furnace Plant.
(The Swedish Generator Gas Co.)
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A new type of charcoal furnace has been designed by the Swedish Generator Gas Com-
pany. [60,61] The principle for this is illustrated in Figure 53, and a picture of one given
in Figure 54. This furnace is specifically intended for the charring of wood which has
been broken up into small pieces beforehand. Therefore, the charcoal does not have to
be crushed into smaller pieces as is required for furnaces which work with larger pieces
of wood. The additional cost of breaking up the wood is compensated by decreased
charcoal-dust loss and elimination of the cost of crushing. The furnace consists of three
retorts vertically arranged: the uppermost for drying the wood, the second for charring§
and the lowest for cooling the charcoal. The charring retort, containing 16.5 m
generator gas wood, works with outside gas circulation; the tar products are extracted in
the condensor connected to the gas path. The gain has been 90 to 95 hL. charcoal and 270
to 350 kg tar per retort, and three to four charring cycles have been completed in 24
hours.

Car-type furnaces and retort furnaces produce tar oils, turpentine, motor tar, raw meth-
anol, and other important products; the charcoal obtained as a byproduct is somewhat
brittle, but of high quality. These furnaces usually work with softwood as raw material
in order to obtain tar products suitable for motor operation. There are, as mentioned
above, suitable small furnace types for utilizing stumps (tore) and such waste; the num-
ber of these increased considerably toward the end of the crisis, whereas the number of
charring furnaces decreased (see Table 19).

Table 19. NUMBER OF CHARCOAL FURNACES 1940-1945

Retort Charring

Furnaces Furnaces
1 Jan, 1940 . . . . . . 19 200
1 July 1940 . . « « . & 19 220
1 April 1941, . . . . . 38 2,570
1Jan. 1942 ., . . . . . 55 2,490
1 Jan. 1943 ., . . . . . 106 2,780
1 Jan, 1944 , . . . . . approx. 260 approx. 2,500
1 Jan. 1945 . &« & ¢ « & 269 1,975

Of the retort furnaces operating in 1945 no less than 186 were so-called "stump furnaces."
It should be noted that at times over 5,000 privately owned charring furnaces were in
operation at the same time. The total charcoal consumption during the years 1938 to
1944 according to information from the National Swedish Fuel Commission is shown in
Table 20.

Approximately 17% waste has been estimated for burning raw charcoal into car charcoal,
corresponding to a conversion figure of raw-charcoal/car charcoal of 1.2:1.0. The quan-
tity of charcoal produced in 1943 is shown in Table 21. The iron industry probably used
approximately 40% and vehicular traffic approximately 60% of this charcoal.
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Table 20. CHARCOAL CONSUMPTION 1938-1944

Raw Charcoal in 1,000 m3

Year

Car Charcoal

Industrial Car in 1,000 hL

Charcoal Charcoal Total
1938 2,126 - 2,126 -
1939 1,954 24 1,978 200
1940 2,249 410 2,659 3,420
1941 1,843 2,580 4,423 21,507
1942 1,857 2,990 4,847 24,883
1943 2,042 3,160 5,202 26,322
1944 2,043 2,970 5,013 24,754

Table 21. PRODUCTION OF RAW CHARCOAL IN 1943

Manufacturing Method

Percentage

Charcoal from Stacks . « o o« ¢ « &
Charcoal from Charring Furnaces. .

Charcoal from Large Charcoal Furnaces.

Charcoal from Retort Furnaces. .

. approx. 39%
. approx. 39%
. approx. 17%
. approx. 5%

Production of Commercial Car Charcoal

Charcoal obtained from charring wood that has been cut into small pieces may be used
directly as generator gas charcoal, but as a rule the raw charcoal from charring-stacks
and furnaces is crushed into suitable sizes; thus, commercial car charcoal may be
obtained in various sizes. The various grades are shown in Table 22.

Table 22. COMMERCIAL TYPE CAR CHARCOAL

Type Manufactured from Manufacturing Method Dimensions
Coarse grade
car charcoal. « + . » Charring = stack and Crushing and screening 1-6 cm
furnace charcoal
Fine charcoal . . . . . " " " 1-3 cm
Charcoal dust (duff). . Waste in the charring Taking out, screening, Powder

process, crushing,
transportation, and
distribution

manual gathering

To utilize the considerable quantities of charcoal dust (duff) from generator gas produc-
tion, specific generators have been designed and briquettes produced on a small scale.
Charcoal dust is created not only during the production of the common charcoal grades
and during transportation, ete., but also during long-term storage because of changes in
weather conditions; charcoal of more porous consistency emits the most charcoal dust.
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Production of Car Charcoal in Machines

Machines for crushing raw charcoal into commercial car charcoal are as a rule crushers
combined with sorting devices such as screens, fans for charcoal-dust sucking, ete. (Fig-
ure 55). In order to decrease the charcoal-dust waste the crushing must be done in sev-
eral stages. Power consumption may be estimated as approximately five to six kW at 80-
120 hL/hr. On an average the grades of such machines will be approximately 78% coarse
charcoal, 12% charcoal granules, and 10% charcoal dust. Sometimes, due to demand, it
has been advantageous to concentrate on the production of fine charcoal at the expense
of coarse charcoal. In that case the charcoal-dust fallout will be much greater, 35% or
more.

Figure 55. Charcoal Crusher Operated by a Generator Gas
Motor for Production of Car Charcoal.

Semicharred Wood

So-called semicharred wood may be considered to fall somewhere between wood and
charcoal. It is produced by having the wood dried and heated at approximately 250°C in
a furnace. The gain from the raw material is then approximately 80% calculated from
the dry substance of the wood. The wood undergoes a chemical change as shown in Table
23; also see Figure 33 in Chapter 2.
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Table 23, THE CHANGE IN BIRCH WOOD
DURING SEMICHARRING

Wood before Semicharred
Processing Wood
Combustible Substance
C L] ‘. L] L] L ] L] L] . L] * [ * z 51.0 55.6
H [ ] [ ] * L] ] L] L] L] L] L ] [] [ ] z 6.2 5‘9
0 L] L] L] L] L] L ] [] [ ] L ] L] [ ] [ ] ’/0 42.8 38.5
Effective Heat Value kcal/kg 4565 4915
Moisture Contente o« « o« o % 24,5 10.5

The semicharred material is brown and does not emit soot. However, due to cost, such
wood is of no importance for practical generator gas operation.

Peat and Peat Coke

Peat and peat coke for generator gas operation should be of especially low ash content
and suitable piece size. Naturally, a low moisture content is also a valuable property.

The production of peat for fuel purposes may be done by several different methods. In
Sweden, the most important are the machine-peat method and the cutter-milling peat
method in combination with subsequent briquetting. [32,49] '

The machine-peat method produces, after semidrying, irregularly shaped pieces of peat
approximately 25 em long and with an approximately 5 X 8 em cross section. (See Figure
56.) These pieces of peat are too large to be used in gas generators and have to be
crushed or divided in some other way into smaller pieces, which creates additional costs
as well as dust losses that must be screened away. The generator gas fuel must be of a
uniform size (see Figure 57).

The briquettes, which are manufactured by pressing the machine-cut peat, do not seem
to be very suitable for generator gas operation since they have shown a tendency to fall
apart or stick to each other. Some peat briquettes are shown in Figure 58.

One kind of peat fuel that probably could be used as generator gas fuel is Klint's peat
pellets, which are made from raw peat directly shaped into dried pellets of suitable sizes.

Manufacturing peat coke is considerably more difficult than charring wood, since greater
heat must be supplied for the charring of peat. Many furnaces intended for charring
wood are, however, also suitable for charring peat, particularly furnaces in which hot
gases circulate.

Operation results with peat briquettes and peat coke are given in Chapter 10.

81



4]

Figure 56. Sun-drying of peat. (Peat stacks in the
background)

Brown Coal

Usable

‘Figure 57. Sketch of Suitable and Unsuitable Generator Gas
Fuel of Brown Coal, Wood, and Peat. (The piece sizes of the
wood and briquettes of peat coke are about the same.)
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Figure 58. Peat Briquettes

Briquettes

The production of various kinds of briquettes for gas generator use is relatively expen-
sive, but, as a rule, the fuel is excellent with high heat value, little ash content, and high
weight per unit volume. The difficulty in briquetting is to find a suitable binding agent.
Dried sulfite lye has proven to be unsuitable since it is soluble in water; thus the bri-
quettes, which in this case contained charcoal dust as raw material, could not tolerate
dampness. Briquettes of charcoal and wood in equal parts have been tried with some
success. Briquettes of peat were mentioned above. Briquettes of charcoal dust (duff)
with tar as a binding agent have proved to be usable. Pressed briquettes of brown coal,
of the same type used in Sweden for central heating of houses, were used in other coun-
tries to a large extent in wood gas generators. The production of charcoal briquettes has
been kept especially secret, and little has been published. The technical development in
this area could probably be said to be far from finished.

Car-Fuel Packing

Car wood as well as car charcoal was packed mainly in paper sacks (Figure 59). Other
types of packing, such as net sacks of paper yarn, were used occasionally. The sacks
were filled manually by the small producers, whereas the big producers frequently had
special filling machines. The sacks, when filled, were closed with a soft metal wire
which was twisted together with a drill shaft. The sacks were chiefly of three sizes,
containing 1 hL, 1/2 hL, and 1/3 hL. The last-mentioned small sack was used mostly for
charcoal for Kalle generators. Sacks for 1 hL of generator gas wood were made of three
sheets of 80-g sulfate bag paper, whereas the other sacks were made of two sheets of

80-g paper.
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Figure 59. Packing Generator Gas Charcoal

The sacks were made with either glued, sewn or stapled bottoms (Figure 60). They usu-
ally were furnished with advertising prints in one or two colors. The small producers of
generator gas fuel, however, used sacks without print, since the printing would be too
expensive for the small quantities in question.

The paper sacks were usually manufactured in special sack machines and their durability
was controlled by several different special tests, such as bursting tests (Figure 61), falling
tests, dampness tests, heat and cold tests.

The total deliveries of paper sacks for generator gas fuel in Sweden is stated in approxi -
mate figures in the list below, according to information given by Sture Andre, President
of the Stromsnas Mill.

Number in Value in
Year Millions Million kr
1940 21.9 3.0
1941 47.8 6.7
1942 55.2 7.7
1943 48.5 6.8
1944 40.8 5.7
1945 36.5 5.0
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Figure 60. Machine for Producing Canlster Sacks with Wide
Bottoms (Stromsnas Mill, Inc.)

Paper sacks of the type described above cannot, however, be burned up in the generators,
due in part to ash formation and in part to their possibly causing bridging of the fuel. A
suitable packing, one that burns rapidly without considerable ash formation and does not
interfere in the process, would be a substantial improvement—also esthetically, since the
innumerable generator gas fuel sacks on the roads are not attractive. Such packings
have been tested, but the results have not been sufficiently good for commercialization.
One method would be to use sacks with a durable outer cover and a thinner inside sack
that can go with the fuel into the generator. The outer sacks would not be thrown away,
but returned when fuel is bought next time.

Distribution and Storage Problems for Generator Gas Fuels

Distribution of generator gas fuel to consumers is effected mainly by gasoline stations
along the roads. These stations bought their supplies from large wood and charcoal
firms, which also delivered directly to big consumers. Some businesses such as certain
industries, railroad companies, etc., were self-supporting. Since most distributors lack
sufficient storage facilities for the bulky fuel and an even and continuous supply fre-
quently is difficult to maintain from the standpoint of production as well as transporta-
tion, it is desirable to arrange large buffer storages of generator gas fuel in densely
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Figure 61. Bursting Tests in a Specially Made Testing
Device (Stromsnas Mill, Inc.)

populated areas. Private initiative in such situations cannot be relied upon, due to rela-
tively great investment risks, ete. Since it is in the interest of society that the traffic
system is not thrown into confusion, it is desirable for generator gas fuel to be produced,
stored, and distributed under government auspices during times of crisis. This was the
case to a large extent during the past time of crisis (see Chapter 1). 'In this context it
should be observed that the rayon regulations, which were passed for motor traffic with
the intention of saving rubber and lubrication oil, have proven to be an impediment as
well as an extra expense for the distribution of generator gas fuel.

Car charcoal has less resistance to mechanical strains and has greater flammability and
sensitivity to impurities (gravel, soil, ete.), and hygroscopic properties compared to car
wood. Thus the direct costs of storage, distribution, quality control, ete., will be consid-
erably higher for car charcoal than for car wood, as well as additional indirect costs due
to material losses, time losses, etc.

86

i ! i - e ;



Distribution and Storage of Car Charcoal

The mechanical durability of raw (i.e., not erushed and packed) charcoal is poor. Through
transportation, transshipments, and storage during its way from the charring stack or the
charcoal furnace to the consumer, up to 40% to 50% of the raw charcoal might be con-
verted to dust. This charcoal dust was utilized only to a small extent. The charcoal dust
losses may be kept to about 20% to 25% if the charcoal is packed at the place of produc-
tion, the charcoal furnace. Charcoal from stacks in the forest generally contain soil and
sand impurities, which must be carefully separated. Thus, such raw charcoal must be
transported to places where there are sorting devices and then charcoal dust losses can-
not be avoided.

By transferring the entire charcoal production process, from raw wood to charcoal ready
for sale, to large plants within typical forest and wood industry areas the following
advantages are gained.

1. Better utilization of the raw material and decreased charcoal-dust loss;
2. More even and purer quality;
3. More regular supply (not seasonal); and

4, Better opportunities to utilize the charcoal-dust waste.

After car charcoal has been packed, the possibility of maintaining quality control until it
is used in the generator is small and, as a rule, can only take place through spot checks.
The difficulties in this respect brought about a rather strong competition between car-
charcoal producers and the creation of special brands, {38] which was, of course, an
advantage for the consumers, who had an opportunity to obtain regular and assured sup-
ply of a guaranteed quality product.

Car charcoal absorbs humidity from the air (see Figure 62) and gives off charcoal dust
due to changes in temperature, especially under the pressure that is created by stacking
in the storage facilities. Storage in these facilities should be on a wooden, not cement,
floor; in the latter case the lowest layer of charcoal sacks have their contents ruined by
dampness. Provided that crosswise stacking is used, car charcoal can tolerate a consid-
erable stacking height, up to 50 layers of sacks.

Distribution and Storage of Car Wood

Car wood should also be stored in as dry a place as possible, although it is far less hygro-
scopic than car charcoal. Its greater mechanical strength relative to charcoal makes
distribution and storage a relatively simple problem from a technical point of view.

Control methods for generator gas fuels were discussed in Chapter 2.
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Figure 62, Graph Showing Variation in Moisture Content of
Charcoal with Relative Humidity of the Air.

Government Measures for the Production of Generator Gas Fuel

It was mentioned in Chapter 1 that the Generator Gas Committee from its inception
considered the question of the supply and distribution of charcoal suitable for generator-
gas operation at reasonable prices to be one of the most important conditions for a sue-
cessful changeover to generator gas operation. (This question had also earlier caught the
attention of government authorities. Thus the 1938 Parliament had appropriated 30,000
kr for measures to support the production of generator gas charcoal.) In the Commit-
tee's letter of September 11, 1939, to the government, measures were proposed in this
regard. Immediately after war broke out, the government set up the National Swedish
Wood Committee, which was to direct the wood and charcoal supplies during the coming
erisis. The Wood Committee was later incorporated in the National Swedish Fuel Com -
mission. In the beginning of the crisis, a highly increased demand for charcoal arose due
to expected import difficulties for foreign fuels. Besides the charcoal needs of the iron
works, the charcoal needs of the generator cars had to be satisfied. The generator cars
had just started to come into use and most of them were designed for charcoal operation.
It was difficult to meet the increased demand, because the charring season had already
started, and no large quantities of wood for charring were available above what was
needed for the planned charring for normal needs. Furthermore, there was a shortage of
skilled charcoal-burners.

In order to stimulate production the prices of charcoal were increased. The government
appropriated funds as subsidies for the construction of small charcoal furnaces in order
to rapidly increase charcoal production. To further the development of charring in fur-
naces, the Government Fuel Board later had drawings made for charring furnaces of
various sizes, units for utilizing by-products from charring furnaces, and a few types of
small retort-furnaces. Furthermore, the government appropriated grants for arranging
courses in charcoal manufacturing technique. Widespread course activities were
achieved in this way, especially in the north. Due to these measures, there was a consid-
erable increase in charcoal production.
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In a letter of December 14, 1939, the Generator Gas Committee petitioned the govern-
ment to make arrangements to create a financially strong commission to be in charge of
the charcoal trade and its regulation. However, as early as November 1939, an associa-
tion named "Car Charcoal Association, Inc.,” had been created after deliberation
between various interested parties, with shareholders mainly from the car- and generator
gas manufacturers. The object of the association was to oversee the production and dis-
tribution of adequate car charcoal at a reasonable price. The association cooperated
closely with the government bodies and received government loan guaranties, which
made it easier for the association to attain its ends. In January 1940, quality standards
for car charcoal were drawn up. These were later revised by the National Swedish Fuel
Commission and were expanded to contain more detailed requirements for car charcoal
and car wood. (Technical Memoranda from the National Swedish Fuel Commission, No.
9, May 1941.) '

When a general changeover to generator gas operation came into question in April-May
1940, government authorities discussed proposals for, among other things, measures to
satisfy the country's need for generator gas fuel. One measure was the creation of the
Swedish Generator Gas Co., which took over the business of the Car Charcoal Associa-
tion and devoted itself to the production and sales of generator gas fuel on a large scale.

The unexpectedly rapid growth of generator gas operation put the supply of generator gas
fuel to the test. During the spring and summer of 1940 it could hardly have been foreseen
that the number of generator gas cars in operation would grow by about 30,000, of which
two-thirds were charcoal gas operated.

The rapid increase toward the fall of 1940 therefore caused a concern for the winter and
the needs for generator gas fuel together with an estimated great need of wood for
households and industries. In September 1940, the Fuel Commission estimated the need
for generator gas fuel (car charcoal and car wood) which would arise in case of an unre-
stricted changeover to generator gas operation, paying due attention to the most impor-
tant traffic needs and certain other purposes within the agriculture and road systems, as
well as other areas where generator gas could easily replace liquid fuel. An annual quan-
tity of over 50 million hL. was estimated; this need, however, could not be expected to
arise until the latter part of 1941. For an assumed wood gas operation averaging 40%, a
consumption of car charcoal and car wood could be assumed in an approximate proportion
of 50/50 taki%g into account the larger consumption of trucks and buses. Approximately
3.3 million m* raw charcoal would be needed for the production of the car charcoal. The
estimate for the entire car fuel quantity was that approximately 8.2 million m3 of wood
would be consumed. Since the iron industry during the period 1915 to 1919 had used on an
average of 4.2 million m3 charcoal per year, and around 1940 was estimated to use only 2
million m3, the charcoal needed for the generator gas operation did not seem alarmingly
great; at any rate, not if the car fuel would consist of wood to a large extent. Possibly a
shortage of personnel skilled at charring in stacks could be expected, but on the other
hand, furnace charring had made great progress during the last years. Charring courses
were arranged. In addition, charcoal could be produced from hardwood, which had previ-
ously not been used for this purpose. Therefore, it was the opinion of the Fuel Commis-
sion that there was no reason, in the long run, to object to a free development of genera-
tor gas operation from the viewpoint of fuel acquisition.
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It should be mentioned that, among other measures, the National Swedish Forest Indus-
tries, Inc., was created with government assistance.

The Generator Gas Bureau's Standards for Generator Gas Fuels

Quality Regulations for Car Wood (Generator Gas Wood)

Wood fuel, ready to burn in gas generators for motor operation, shall be sold under
the term "car wood."

Car wood shall be sold with information about the kind of wood (see instructions,
Item 1):

a. Hardwood

(1)  Beech (other heavy kinds of hardwood, except for oak)
(2) Bireh
(3)  Alder, aspen (other light kinds of hardwood and oak)

b. Softwood
c. Mixed wood, with information about mixing proportions

Car wood shall be sold with information about manufacturing method:

a. Sawn wood, car blocks (see Instruetions, Item 2)
b. Wood cut with an axe or a chopping machine, car chips (see Instructions, Item
3)

Car wood shall be sold in two grades:

a. Fine grade, length 2-5 cm, largest cross section 25 em?
b. Coarse grade, length 3-8 em, largest cross section 30 em

Car wood shall be practically free from sawdust and splinters. Splitting must be
complete, so that the pieces are completely separated (see Instructions, Item 4).
Car wood shall be free from rough bark (see Instructions, Item 5).

Car wood shall be practically free from decay (see Instructions, Item 6).

Car wood shall be dry:

The moisture content of general samples taken from car wood must not
exceed 25% (see Instructions, Item 7).

Car wood whose moisture content in general samples does not exceed 17% is
considered to be extra dry.

The limit values of the moisture content above are valid with a permissible
variation of two units.
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6.

The following data shall be given on packages of car wood: Car wood, volume in
hL, kind of wood and mixing proportions, manufacturing method and assortment,
degree of dryness, and manufacturer.

Example of Designation

1 hL Car Wood 1 hl. Car Wood
Dry Car Chips Extra Dry Car Blocks
Birch and Softwood Birch
70% 30%
Coarse Grade
Manufacturer: Manufacturer:
A. Johansson, Backdala A. Johansson, Backdala

Quality Regulations for Car Charcoal (Generator Gas Charcoal)

Charcoal ready to burn in gas generators for motor operation shall be sold under
the term "ecar charcoal."

Car charcoal shall be sold with information about the kind of wood (see Instruc-
tions, Item 8):

a. Hardwood Charcoal

()  Charcoal of beech (other heavy kinds of hardwood except for oak)
(2) Charcoal of birch

(3) Charcoal of alder, aspen (other light kinds of hardwood and oak)

b. Softwood charcoal
c. Mixed charecoal, with information about the mixing proportions

Car charcoal shall be sold with information about the charring method:

a. Charcoal from charring stacks

b. Charcoal from charring furnaces

c. Charcoal from retort furnaces

Car charcoal shall be sold in two grades:

a. Fine grade--1-3 ecm

b. Coarse grade—1-6 cm. In the coarse assortment no more than 10% may be of
1-2 em dimensions. \

Car charcoal shall be dry, solid and as far as possible free from charcoal dust. It

shall be thoroughly charred, free from calcines, and practically free from foreign
substances such as soil, sand, rocks, metal particles, and other impurities.
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a. The quality shall correspond at the least to the following analysis values (see
Instructions, Item 9). Moisture content—18%, ash content—5%, loss due to
burning—20%.

b. Car charcoal is considered as prime with at least the quality shown in the
following analysis values (see instructions, Item 9). Moisture content—10%,
ash content—3%, loss due to burning—15%.

c. Loss due to burning means the weight loss in a dry sample when heated with-
out air supply to 800°C to 850°C. An analysis of car charcoal shall be made
on general samples. The following permissible variations on the above-
mentioned percentages are then valid. Moisture content—2 units, ash
content—1 unit, and loss due to burning—3 units.

The following data shall be shown on packages of car charcoal. Car charcoal—

volume in hL (when packed), kind of wood and mixing proportions, charring method
and assortment, and manufacturer (see Instructions, Item 10).

Example of Designation

1 hL Car Charcoal
from Charring Stack

Birch and Softwood

1 hL Car Charcoal
Prime Charring Furnace
Hard (Birch 707%)

70% 30%
Coarse Grade Fine Grade
Manufacturer: Manufacturer:

A, Johansson, Backdala

A. Johansson, Backdala

Instructions

When information is given on the packing about the kind of wood, the following
rules should be observed.

Unmixed wood is indicated by the name of the kind of wood. For pure softwood,
however, the term soft may be used. Mixed hardwood shall, if the mixture is of
various kinds of wood, be named hard, to which may also be added the approximate
proportion of the most valuable kind of wood, for example Hard Beech 30%. If only
two kinds of hardwood are part of the mixture, these should be named with their
respective percentages, for example Beech 30%—Birch 70%. When hardwood and
softwood are mixed, the approximate mixture proportions shall always be stated,
for example, if only one kind of hardwood is used Birch 40%—soft 60% and if sev-
eral kinds of hardwood are used for example, Hard 40%—Soft 60%. Oak wood must
not be more than 1/3 of the entire quantity, unless so stated.
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As for the manufacturing method, sawn wood is called car blocks, by which is
meant sawn and split wood, sawn unsplit roundwood, as well as a mixture of both
assortments. Sawn unsplit wood is sometimes called round billets. If more than 3/4
of the car wood consists of such wood it is suitable to give the wood a special term,
namely car blocks (billets) or only car billets. Car blocks may contain a small
amount of car chips (see below); however, no more than 1/3.

Wood cut with an axe or chopping machine is called car chips. Car chips may eon-
tain car blocks.

The wood pieces shall be completely separated from each other. A few pieces
sticking to each other is permissible, however, if the wood otherwise is of the
recommended quality.

Car wood shall, according to the regulations, be free from rough bark. Thus, there
must be no crust-bark or other rough bark; for example, the kind of rough bark
frequently occurring on loose—grained spruce. Removal of the bark under all cir-
cumstances is advantageous and makes the wood dry faster and more easily, espe-
cially when it is the kind of wood, such as aspen, that is difficult to dry.

Car wood must not be decayed. However, rotten knots in hardwood are permissi-
ble.

In summer-dried wood, the moisture content rarely exceeds 25%. Such wood is
called dry.

The degree of dryness required for wood to be called extra dry is a maximum mois-
ture content of 17%. It is obtained during the best drying time (April-July) through
air drying of cut up pieces over a long period, under cover; but during other times
of the year only through artificial drying. Because of air humidity, however, the
moisture content of such wood may increase again, under certain circumstances up
to 20% to 22%, even if protected from rain. This means that extra dry wood must
be stored in dry facilities or be protected in some other way. "Percentage" in this
context means weight percentage when nothing else is stated; i.e., the gross weight
of the fuel.

For car charcoal, the kind of wood is stated just as for car wood; car charcoal is
considered to be a mixture of hard and soft wood only if the hardwood portion
amounts to at least 25%.

Charcoal complying with the minimal requirements of the regulations in Item 5 for
car charcoal (moisture content, ash content, loss due to burning), is obtained from a
charring process that has been carefully carried out with suitable wood, indepen-
dent of the charring method. Charcoal is considered to be solid charcoal when, in a
given manufacturing method, it is obtained from careful and not too rapid charring
of suitable wood. '
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Car charcoal manufactured by furnace charring frequently has lower moisture
content and ash content than those stated. Charcoal from charrlng—stacks usually
has low loss due to burning.

The loss due to burning is a measure of the volatile substances contained in the
charcoal. Low loss due to burning consequently means, among other things, a
decreased risk of tar formation.

In order to obtain and keep the quality necessary for prime grade car charcoal,
special care is required in the charring process as well as in transportation and
storage of the charcoal. To reach this quality in charring in furnaces it is impor-
tant that the charring process is not rushed, and that the charring temperature is
kept sufficiently high. During charring in stacks it is necessary to prevent the
charcoal from being contaminated by sand, ete., or from becoming wet. Charring
with a chimney and cold extinguishing (damming the charring stack) would seem to
be the best method for obtaining good charcoal.

"Percentage" means weight percentage based on the gross weight of the fuel, unless
otherwise stated.

A simple method for analyzing charcoal has been worked out by the Charring Labo-
ratory and is described in publications by the Swedish Ironmaster's Association,
"Charring in a Furnace," and "Manufacturing of Charcoal for Generator Gas Oper-
ation."

10. "Manufacturer" means whoever finishes and packs car charcoal.

Charcoal or Wood?

The question of generator gas from charcoal or wood has been heatedly debated during
the generator gas epoch (especially in its beginning), and experience has gradually
brought forth the more correct position of charcoal and wood. Both kinds of fuel are
justified in Sweden; rationally, they must really only be limited to the appropriate area
of use for each, so that each may be done justice. Chapter 2 shows that wood gas opera-
tion means better fuel economy for the car. During the war the prices of car charcoal
and car wood resulted in 60% greater cost for charcoal gas operation then for wood gas
operation.

Opposing opinions have been heard concerning other factors affecting the operating cost
estimates (rate of interest and maintenance). Among other things it has been said that
wood gas operation would result in greater service costs than charcoal gas operation; a
detailed study of available statistics concerning this detail makes it clear, however, that
such a statement is, on the whole, exaggerated. In reality, many reliable operators are
of the opinion that wood gas operation is also superior from the viewpoint of service.
Thus it could rightfully be said that, with skilled maintenance, both charcoal gas and
wood gas operation are practically equal in this respect; if there should be, in a few rare
cases, some small difference to the disadvantage of wood gas, it would not be so great as
to counterbalance the fuel economy advantages of wood gas operation.
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From a politico-economic point of view the situation is more complicated.

On one hand, wood gas operation does save forest resources (see Figure 63), as was shown
in the preceding paragraphs. During the latter part of the generator gas epoch about as
much car charcoal as car wood was consumed in Sweden, approximately 25 million hL per
year of each kind. But as the charcoal gas operation consumed approximately 50% of the
generator gas fuel, it made use of approximately 70% of the wood needed for the entire
quantity of generator gas fuel. If our entire generator gas operation had been based upon
wood gas, the quantity of wood needed for motor fuel production would have decreased
by more than 40%. A corresponding decrease of workhours for felling and chopping and
transportation would have been the result. At the same time the work of charring the
generator gas fuel would have been eliminated. These opportunities for saving are
important factors in a critical situation with a shortage of labor, especially skilled labor,
and transportation.
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Figure 63. Comparison between the Quantities of Car Wood
and Car Charcoal Manufactured from 1 m3 Solid Raw Wood.

On the other hand, it has been pointed out that rational charring, utilizing all byproducts,
yields large quantities of byproducts that are valuable for the nation's economy, so that
charcoal operation is well justified and useful for the nation, in spite of its larger wood
consumption.

Thus the applications of ear wood and car charcoal become clearly defined. In the case
of an oil embargo, however, other factors involving organization seem to make wood gas
operation more advantageous (labor supply, transportation, storage, distribution condi-
tions, ete.).

To this may be added that the quality of car wood is not very dependent upon the wood
raw material and the manufacturing method, whereas the quality of car charcoal is
highly dependent upon the manufacturing method in respect to the combustible substance
as well as impurities causing functioning difficulties. It is often said that charcoal oper-
ation means faster adaptation to changes of load than wood gas operation; this, however,
is not due to the kind of fuel, apart from the fact that a smaller piece size and more
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porous fuel increases the reaction surface. This is why fine charcoal and charcoal dust,
in generators designed for this purpose, have certain advantages in this respect. As a
matter of fact, the so-called slow response of generator gas operation to changes of load
and the relation between maximum power and idling characteristics are mainly due to
the quality of design of the gas generator (for example, hearth size, hearth insulation,
resistance in pipes and filters, etc.), and the adaptation of the design to the fuel and the
conditions of operation, in wood gas as well as charcoal gas operation.
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Chapter 4
SHAPE AND DESIGN OF THE GAS GENERATOR

From a technical viewpoint the gas generator is a device in which a solid fuel is trans-
formed into a gaseous fuel, usually without the use of an outside artificial heat source.
It is desirable that this transformation take place with as little loss of the energy content
of the solid fuel as possible.

From the viewpoint of use, the ideal gas generator should be suitable for all solid fuels
and thus be universally usable. Attempts have been made to design such gas generators,
but the results have not been satisfactory for fuels specifically distinet from each other.
This is due to the fact that the fuels used for gas generation may be classified into two
main categories: (1) "tar free," i.e., prime grade charcoal and coke; (2) "tar emitting,"
i.e.,, wood, peat, and, to some extent, incompletely charred charcoal. A gas generator
for category 1is mainly only a space in which charcoal is burned to CO,, with an immedi-
ate reduction of CO, to CO by means of glowing charcoal. On the other hand, a gas
generator for category 2 must contain not only the combustion-reduction space just
mentioned but, in addition, a space in which the basic fuel is dried and pyrolyzed through
heating into charcoal that is continuously fed out and is suitable for combustion. Fur-
thermore, the combustion must take place under such circumstances that the volatile
tars created in the fuel container may be utilized by being rendered harmless during their
passage through the combustion zone.

A "universal generator" must be of the latter type; and, in addition, be so designed that
during operation with tar-free fuel the entire "primary" part of the production process
may be passed over without altering the temperature conditions in the hearth to an
extent detrimental to the function of the generator. This has proved to be a very diffi-
cult, and from a practical standpoint, perhaps an unsolvable problem.

Therefore, the development of generators has proceeded along separate paths for the
main groups of fuels—in Sweden's case mainly charcoal and wood. (In other countries,
especially where the forest resources are limited, the gas generators have been designed
for more abundant fuels such as anthracite, brown coal, brown-coal coke, peat, pressed
straw, ete.)

The simplest design of a gas generator is feasible, as pointed out above, when fuels are
used whose volatile components have been removed beforehand. The difference in design
between charcoal and wood gas generators is primarily in the gas generator itself; but
there are also some differences in secondary devices such as gas cleaners and gas cool-
ers, depending upon, for instance, the unequal moisture contents of wood gas and char-
coal gas. (See Chapter 5).

In designing a gas generator, one must take into account the circumstances under which
it is to be used. Greater demands with respect to combustion properties and cleanliness
are made on a gas generator for motor operation than on a gas generator for heating
purposes. Furthermore, the demands made on a gas generator for vehicular operation are
generally higher than for stationary motors, where weight is of minor importance.
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In Sweden gas generators have been used mainly for operating motorized vehicles. The
features of gas generators desirable for such operation may be summarized as follows:

(1) Simple design and use of suitable materials to ensure safety of operation
(2) Low weight
(3) Simple and inexpensive installation

(4) Simple maintenance with the various parts easily accessible for inspection
and cleaning

(5) Capability of easily changing damaged or worn parts
(6) Good energy economy, without neglecting the other requirements

(7) Great flexibility during load variations with respect to both gas production
and the requirement of clean and tar-free gas during all load conditions as
well as during prolonged idling

(8) Small pressure drop, so that the best possible motor efficiency is obtained
(For two-cycle motors this is of particular importance.)

(9) High heat value of the gas produced, and easy ignition in a suitable mixture
with air

(10) Insensitivity to inferior quality fuel

(11) Easy adaptation to various motor efficiencies and operating conditions
(12) Adequate protection against fire and poisoning accidents

(13) Short startup time.

To facilitate driving and to prevent damage to the gas generator or the motor it is also
desirable that the gas generator be equipped with instruments that indicate pressure,
temperature, and fuel supply. Since the stresses on various parts of a gas generator vary
to a great extent, it is important to design the generator to make it easy to replace parts
which are rapidly worn or damaged; especially to replace welded connections with bolted
connections, ete. Maintenance should be facilitated by making drain cocks and drain
plugs, ports, etec., easily accessible.

Thus the designer of a perfect gas generator for vehicular operation must consider many
factors and must have intimate knowledge of the physical and chemical processes which
determine the function of the gas generator. Systematic cleaning and maintenance as
well as a driving technique adapted to the fuel are required to make the gas generator
function well.
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Introduction to Charcoal Gas and Wood Gas Generators

The manner in which these requirements are to be met is highly dependent upon the fuel
used. A charcoal gas generator, which usually is not designed to give total combustion
and decomposition of tar gases from incompletely charred charcoal, is sensitive to the
quality of the charcoal, depending on the shape of the hearth. In addition, the high
combustion temperature may make strong demands on the material used in the most
exposed parts, especially the primary air nozzles. The most critical parts of a wood gas
generator are the fuel container and the hearth.

Due to the properties of charcoal, the fuel container of a charcoal gas generator may be
made from thinner material. Also, since the cleaning and cooling of charcoal gas (due to
the insignificant moisture content of the gas) are comparatively simple and require less
cooling surface than in the case of wood gas, a charcoal gas generator can be more easily
designed for light weight than a wood gas generator.

The greatest advantages of a wood gas generator are to be found in lower fuel costs and
greater opportunities for the owner to prepare his own fuel. On the other hand, a wood
gas generator seems to require more extensive maintenance during intermittent opera-
tion. As for operational properties, no difference in efficiency has been shown to exist
between charcoal and wood gas during brake tests. In practical operation, however, wood
gas has been found to be somewhat superior for steady power; this may be of importance
in heavy traffic and for stationary motors with peak loads.

In comparing the suitability of charcoal gas and wood gas for motor operation one must
also determine if there is a difference in motor wear and oil consumption. The determin-
ing factor is the degree of purity of the generator gas and the secondary air.

Gas from a charcoal gas generator is relatively free of water and corroding components,
but it generally contains a considerable amount of ash and charcoal particles, which may
cause mechanical wear and thickening of the lubrication oil if allowed to enter the
motor. Thus the cleaning problem in charcoal gas operation is of a purely mechanical
kind and may be. satisfactorily solved by means of eyclone and cloth filters coupled in
series. (Until about 1940 only cloth filters were used.)

At the gas outlet the wood gas contains a considerable amount of ash and soot, as well as
water vapor and possibly distillation products from the pyrolysis in the fuel container (if
these have not been cracked in the ecombustion and reduction zone). These impurities in
the form of gas or vapor made it necessary to use a more complicated cleaning process
than for charcoal gas. '

If the dimensions of the gas cleaning devices and the gas generators are adequate, wood
gas operation may be considered as harmless as charcoal gas operation for motors. When
the war started, however, the charcoal gas technique was more advanced, and it is quite
natural that wood gas operation was generally considered dangerous for motors, and
indeed it was in many cases.

In this context one must not disregard a circumstance that does not directly concern the
gas generator but that nevertheless has greatly contributed to abnormal motor wear;
namely, inadequate cleaning of the secondary air. This has probably caused most of the

99



motor damage that has been blamed on generator gas operation. This assumption is

supported by the fact that generator gas-driven stationary and marine motors generally
have shown quite insignificant wear and that the effective air cleaners later used in
generator gas-driven ground vehicles contributed to a significant decrease in motor wear
and oil consumption.

Parallel with the qualitative equalization between charcoal and wood gas generators
during the war years, there has also been a quantative equalization. Table 24 shows the
distribution of civilian motorized vehicles in various categories by the end of 1944.

Table 24, THE NUMBER OF CHARCOAL AND WOOD ‘GAS GENERATORS BY THE END OF 1944

Truckload

Generator Gas Private Capacity, kg a Large Agricultural
Category Cars Buses Motor= Tractors Total
Up to Over Cycles
2,000 2,000
Charcoal Gas . . . 30,496 7,095 8,547 1,625 855 approxe. 300 approx. 48,920
Wood Gas « + ¢« o & 4,072 1,909 16,774 3,121 4 approx. 15,000 approx. 40,880

8The number of buses includes all gas generators mounted on trailers and those few used for oper-
ating passenger cars.

The table shows that charcoal gas operation was predominant for private cars, light
trucks, and motoreycles, whereas wood gas operation accounted for the majority of the
other categories. If the number of wood gas generators for stationary motors, heating
purposes, ships, ete., is included, the total number of wood gas generators in Sweden
would seem to be as great as the number of charcoal gas generators. The total number
of gas generators in Sweden reached about 100,000 by the end of the war, involving a
considerable capital investment, including the cost of adapting motors, installation, and
service facilities. It would seem to be of great importance to choose a few types of gas
generators for large-scale standardized production in case of any future general change-
over to generator gas operation. Thus previous experience may be used and, in case of a
fuel embargo, the most suitable fuel may be used at the same time that costs of manu-
facture, operation, and maintenance are minimized.

The gas generators described below, which are categorized according to the fuel
required, represent the types in most common use. In addition, a few other designs of
special interest are discussed.

Charcoal Gas Generators

In Sweden, the technical development of charcoal gas generators has been greatly influ-
enced by the nature of the available fuel and by the requirement of minimum weight for
use in private cars, due to strain on the vehicle tires. The obvious advantages of char-

coal generators, which require a carefully specified charcoal quality, have resulted in
production of the desired quality charcoal.

Charcoal gas generators may be grouped into three main categories based on the type of
combustion: (1) up-draft, (2) down-draft, and (3) cross-draft. The Kalle generator may be
considered a fourth type. (See Figures 2-6, Chapter 2.)
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L In an up-draft gas generator. the combustion air enters underneath the fuel bed.
The generated gas rises upward in the fuel container and is sucked through a gas
outlet above the combustion zone.

Advantages: Small pressure drop, good thermal efficiency, relatively high power
during motor operation, little tendency toward slag problems.

Disadvantages: Great sensitivity to the tar and moisture content of the charcoal;
relatively long time required for start-up; risk of "burning out" the charcoal (i.e.,
poor reaction capability) through heavy load, especially if the gas outlet is high up.

2. In a down-draft gas generator the combustion air enters the fuel bed through one or
several nozzles above the combustion zone, and the generated gas is sucked down-
ward through and out of the hearth close to the bottom of the generator.

Advantages: Rather flexible adaptation of gas production to load; no influence on
the reaction capability of the charcoal through preheating; relatively low sensitiv-
ity to charcoal dust, slag formation, and tar content of the charcoal.

Disadvantages: Design tends to be tall.

3. In a cross-draft gas generator the combustion air enters the fuel bed through a
nozzle at approximately the level of the combustion zone, and the generated gas is
sucked out of the hearth opposite the nozzle at about the same level. The cross-
draft is characterized by very high speed of the air flowing from the primary-air
nozzle; therefore, this type of generator has a very concentrated reaction zone
with extremely high temperature.

Advantages: Short design height; relatively independent of the reaction capability
of the charcoal; generally no need for brick casing; particularly flexible gas produc-
tion.

Disadvantages: Very high sensitivity to slag formation, fairly high pressure drop.

Before and during the import restrictions of liquid fuel, charcoal was produced in Sweden
mainly through charring in stacks. This charcoal was intended almost entirely for the
iron industry, and irregularity in the degree of charring, piece size, and moisture was not
of great importance. However, when this charcoal was used in gas generators for vehicu-
lar operation, the disadvantages of uneven quality (especially in the degree of charring)
became obvious. For satisfactory operation the gas generators had to be adapted to the
irregularities of the charcoal quality. When the advantages and disadvantages of the
three main categories of charcoal gas generators are considered, it is clear that only the
down-draft system was suited to the circumstances; the other two systems experienced
difficulties due to their sensitivity to the tar content of incompletely charred charcoal
and to excessive and uneven moisture content of the charcoal.

Thus it is understandable that during this time down-draft charcoal gas generators,
namely, the Swedlund and Gragas types, were used almost exclusively. An effort was
made to introduce cross-draft charcoal gas generators on a large scale during the first
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part of the war, but it failed because of the unsuitability of Sweden's charcoal for this
system. It was not tried again, although Sweden's improved charring furnaces later pro-
duced enormous quantities of good quality charcoal. This excellent fuel made possible
the use of gas generators of an entirely new type (Kalle) with very low weight (down to
45 kg) and short start-up time (approximately 30 seconds). This new type was designed
for a charcoal size of about 10 mm, whereas the charcoal size of traditional generator
types was usually from 20 to 40 mm for average size models and up to 60 mm for the
very largest truck generators having a hearth diameter of 275 to 310 mm.

The war years, however, did not produce a gas generator especially designed for using
briquette fuel. Such a gas generator would considerably increase the distance travelled
per litre of fuel and make it possible to utilize the considerable quantities of charcoal
dust resulting from crushing charcoal for generator gas operation.

The Swedlund System

The majority of the charcoal gas generators used in Sweden were of the Swedlund System

design (Figure 64), manufactured by the Gas Generator Co. in Orebro or by some of its
licensees.

The upper part of this gas generator is a fuel container; the lower part, a hearth with
ashbin. The fuel container is made of iron plate and shaped to accommodate various
installations: usually the section is square or, for trunk adaptation on private cars, rec-
tangular.

In the top is a round fuel port, usually of pressed sheet metal, equipped with a resilient
locking device to function as a safety valve during positive pressure operation of the
generator; e.g., during ignition of the generator gas in the container, after the port has
been opened and air has entered. A seal between the port and the container is effected
by packing with asbestos twine or rubber.

The hearth section of the generator consists chiefly of a eylindrical iron-plate case with
the bottom welded on. The ceramic hearth, located in the upper half of this case, rests
on the gas ring. This ring is an inverted, somewhat acute-angled L-section whose nearly
vertical shank constitutes a continuation of the hearth cone and goes down so near the
grate that coarse pieces of charcoal cannot pass through the narrow opening and be car-
ried by the gas flow. The gas ring is made of heat-resistant material. The cast grate,
also of heat-resistant material, is made in four parts to eliminate thermal stress. It is
center mounted on a shaft which goes through the bottom of the hearth case, and can be
turned from the outside by means of a shaker arm attached to the shaft.

The primary-air intake consists of a pipe joint in a bottom corner of the fuel container.
During heating, the primary air flows through a pipe (bent in two 90° elbows and contain-
ing a check valve) upward-inward-downward to a central primary-air nozzle screwed onto
the inner end of the pipe. The nozzle, made of kanthal or ferrochrome, extends down-
ward into the upper part of the ceramic insert; the insert expands upward in a trumpet
shape. The distance between the nozzle orifice and the grate varies, according to the
size of the generator, between 414 and 468 mm.
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13. Grate sectors. 15. Shaking arm. 16. Ash port. 19A. Upper brick.
19B. Lower brick. 21. Inspection port. 22. Damper. 23. Fuel Container.
24, Fuel port. 25. Gas outlet. 28. Steampipe. 41. Asbestos insulation.
42, Generator mantle. 49. Ringbolt with wingnut. 50. Asbestos gasket.
51, Pipe with damper. 52. Ring gasket. 53. Pipe sleeve. 54. Gas ring.
55. Grate ring. 56. Grate holder. 57. Grate-holder bearing.

58. Packing screw on the grate port. 59. Angular bolt. 60. Copper-
asbestos gasket. 61. Support ring for the gas ring. 62. Asbestos ring.
63. Asbestos gasket. 64. Conical coil spring. 65. Asbestos twine.

66. Asbestos twine. 67. Inspection port handle. 68. Air nozzle.

69. Asbestos gasket. 70. Air-nozzle pipe. 71. Fuel clamp attachment.
72, Fuel clamp. 73. Rubber gasket on the port.

Figure 64. Downdraft Charcoal Gas Generator, the Swedlund System.
(Brick hearth)

An ignition tube on the approximate level of the air nozzle orifice passes through the
hearth case and the ceramie insert. It is closed during operation by a spring-loaded lid.
Through this ignition tube the fire may be inspected. In the side of the hearth case, near
the bottom edge, is a large, square hole through which the space inside the narrow open-
ing between the grate and ring may be reached for raking out ashes and fuel residue. The
ash hole is covered by a hinged ash port equipped with an asbestos gasket and a stretch-
ing device for sealing purposes.
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A device has sometimes been used with the Swedlund generator for producing water
which mixes with the primary air and, while passing through the hearth, is reduced to
hydrogen and carbon monoxide thus increasing the hydrogen content, heat value, and ease
of ignition of the generator gas. This device consists of a small low-pressure boiler,
which is heated by the hot generator gas flowing through a jacket from the gas genera-
tor. Water runs to the boiler from an elevated container, and the water level in the
boiler is kept constant by means of a float in the boiler intake. Water vapor produced in
the boiler is carried through a thin pipe into the primary-air conduit immediately before
the primary-air intake of the gas generator.

The Swedlund generator is characterized by its relatively great insensitivity to the tar
content of the charcoal: Because of the ceramic casing, such high temperatures may be
maintained over the entire highly constricted passage area below the primary-air nozzle,
that possible tar vapors are decomposed. The generator gas does not have to pass
through the grate on its way to the gas outlet, so that temporary clogging of the grate by
charcoal dust and ashes does not involve a significant fall of pressure in the generator.
The gas is removed at a high temperature, which is important because of the reduced risk
of re-creation of CO,.

The Gragas System

The Gragas generator (Figure 65) was designed by Graham Lundquist, Ine., before the war
and was produced during the war in significant numbers by many licensees. The funda -
mental idea was to develop a charcoal gas generator not encased in brick and with as lit-
tle tendency as possible toward bridging of the fuel during its movement downward in the
generator.

Figure 65. Gragas System: Downdraft Charcoal Gas Generator
(Iron-plate hearth)

The upper part of this type of generator is a fuel container, generally of rectangular
cross section. The fuel container tapers to a funnel shape, which in turn becomes cylin-
drical. A flat base is welded to it. Both upper and lower sections are made of black
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sheet metal. A one-piece grate, located at some distance from the base, rotates on a
tripod-mounted central shaft. An inspection port opens to the space immediately above
the grate; an ash port, to the ashbin below.

The primary-air intake, fitted with a check valve and flame arrestor, is located fairly
high on the side of the fuel container. From the intake, the air flows through a pipe bent
90° downward to a kanthal nozzle screwed onto the pipe end.

A gas outlet is located in the ashbin wall. The upper end of the outlet pipe is under the
center of the grate; a cover protects the orifice from falling combustion residues. Below
the grate the pipe extends downward, then out through the wall. The gas passes through
the grate as well as through the narrow opening between it and the mantle; the move -
ment toward the outlet pipe takes place under a distinct direction change which involves
some separation of coarse dust particles. The gas is emitted at a high temperature, thus
reducing the risk of re-forming CO,.

The Gragas generator may be considered to lack a hearth in the strickest sense. To pro-
tect the mantle plate around the gasification zone from high temperatures, the fuel
itself is used as insulation: The lower part of the generator must be dimensioned such
that there is always a layer of charcoal, sufficient for a satisfactory temperature
decrease, around the high temperature gasification zone. The system has functioned
satisfactorily, but the Gragas generator is relatively sensitive to the tar and moisture
content of the charcoal, which may cause operational disturbances particularly during
startup. Tars may find their way down through the relatively cool insulating charcoal
mantle, and thus get into the gas.

The Kalle System

The Kalle generator, which was designed during the war, works with finely crushed char-
coal and is in many respects radically different from other systems for producing char-
coal gas. [33] The principles of this generator are shown in Figure 6; Figure 66 is a dia-
gram of the entire gas generator system. The gas produced in the generator is taken out
upward through the fuel container countercurrent to the inflowing primary air and
through a ring mantle which is concentric to the primary-air pipe. The generator is fur-
ther characterized by the fact that charcoal particles carried out by the gas are brought
back to the generator by the exhaust flow during motor operation, part of which is made
to participate in the generator gas production. The Kalle generator is designed in the
following manner.

The generator case consists of two functional parts: a wide, somewhat streamlined upper
section that serves as a fuel container and has a filling port at the top; and a smaller,
cylindrical, lower section constituting an extension of the bottom of the upper section
and having a flat base. The interiors of the two sections are continuous. The lower part
serves, in a way, as a hearth and is equipped with heat insulation on the inside. In the
base is a threaded port for raking out slag.

A "gas-mantle pipe" is inserted through a fitting in the generator roof; its upper orifice is
connected to the lower basin of a diaphragm case containing a large-diameter, horizontal
metal diaphragm; the diaphragm is equipped with an indicator pin, with a knob on top.
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~ Figure 66. Charcoal Gas Generator for Fine Charcoal (Kalle System).

The mantle pipe extends into the generator almost to the bottom of the upper section,
and is equipped at the lower end with a small flange with a circular opening directed
toward the center; a branch of this pipe passes through the generator case and serves as
the gas outlet.

The center part of the diaphragm consists of a rigid metal plate with a fairly large cen-
ter hole, which opens out into the primary-air pipe attached to the plate. The primary-
air pipe extends into the aforementioned gas-mantle pipe and is dimensioned so that a
eylindrical ring mantle is created between the two pipes. On the somewhat reduced
lower end of the primary-air pipe is attached a cylindrical grating with a diameter large
enough that an annular space is created between the inner side of the grating and the
primary-air pipe, while the outer side of the grating extends with a working fit into the
gas-mantle pipe. The nonperforated bottom of the grating is supported by the primary-
air pipe shoulder, which is created at the upper end of the reduced section. Finally, the
primary-air nozzle is pushed onto the primary-air pipe until it is supported by the bottom
of the grating, after which the grating and the nozzle are locked to the pipe with a radial
locking screw. The nozzle is made of kanthal. Around the upper part of the primary-air
pipe a coil spring is attached with the upper end supported by the central disk of the
diaphragm and the lower end placed on the edge of an inward-flanged cuff and set into
the gas-mantle pipe. Thus the diaphragm and the primary-air pipe "float" in resting posi-
tion on the coil spring, and the respective design lengths are adapted so that a large part
of the grating is covered by the gas-mantle pipe.

The primary-air intake, equipped with a protective cover, flame arrestor, and check
valve, opens out into the upper basin of the diaphragm case from which the air may flow
to the primary-air pipe through an opening in the center of the diaphragm disk. Through
part of this opening a vertical nozzle (whose upper end, reaching out into the open, is
covered by a serew cap) extends into the primary-air pipe. This nozzle is used during
ignition of the generator fire and, in addition, it has a fundamental function for operation
of the generator. The nozzle is connected by a short pipe socket to a pipe running from a
cyclone cleaner specifically designed for the Kalle gas generator (the so-called wind
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screen) through which coarse charcoal particles, separated from the generator gas and
mixed with exhaust gases from the motor operated by the gas apparatus, are fed into the
gasification zone of the generator. This flow of CO, from the exhaust is required to
order to keep the generator temperature down to an acceptable level, so that the nozzle
does not burn up and the charcoal brought back with the exhaust improves the operating
economy.

Since the wind screen in the Kalle generator participates in gas generation, it will be
discussed within that context. The wind screen is basically an ordinary cyclone cleaner
with a reversed conical bottom section, equipped with a sharp-edged strainer plate
against which larger pieces of charcoal are ground up during screening. In addition, its
dimensions are such that very small particles of dust that should not be brought back to
the generator, remain in the gas and are carried by it to the cloth filter/cleaner of the
gas generator. '

The Kalle generator works as follows: charcoal is loaded until the fuel container is
nearly full. The charcoal should have an individual piece size of from 4 to 20 mm and, if
the generator is to function without disturbances, must fulfill the following minimal
requirements: moisture content, 10% maximum; ash content, 3% maximum; loss due to
burning, 15% maximum. After the starting fan has been turned on, an ignited generator-
gas match is dropped down through the ignition hole, whose lid is then screwed on. A few
pumpings with the indicator hasten the heating. When the fan has been running for 30 to
40 seconds, it is shut off and the motor is turned over with the automatic starter, with
the ignition switched on, while the secondary-air valve slowly is opened. Not until the
motor ignites and runs smoothly and a certain amount of exhaust gas containing carbon
dioxide is fed through the primary-air nozzle has the Kalle generator reached its normal
state of operation. If this gas admixture does not develop, the primary-air nozzle and
the grating will burn up within a few minutes.

This is due to the fact that the reaction zones of the generator are very efficiently insu-
lated by the charcoal around them and the reacting volume is small because of the small
size of the fuel, so that only an extremely concentrated reaction zone is created. During
the reaction between air and dry charcoal, a considerable heat surplus results, which
would produce too high a temperature. In order to obtain heat equilibrium, the primary
air is mixed, as mentioned, with about 25% exhaust gas brought back from the motor;
during reduction of the carbon dioxide in the exhaust gas so much heat is absorbed that
an acceptable temperature is maintained automatically. Since the return gas also con-
veys the charcoal grains separated in the cyclone cleaner back to the generator, the fuel
economy of the Kalle generator is very good.

The fact that the grating can be moved vertically plays a very important role in the
function of the generator. When the generator is used for car operation, the negative
pressure in the gas outlet, and thus in the lower diaphragm basin, will vary constantly and
the center disk of the diaphragm, to which the grating is attached, will move vertically.
Because the grating moves, it is constantly scraped clean, so that it cannot clog up. It
also acts to regulate itself according to the momentary gas requirement: When the gas
pedal is let up, the grating is pulled into the primary-air pipe; when the gas supply is
increased, the grating automatically creeps forward in proportion to the negative pres-
sure, depending on the speed of the motor. The charcoal particles which are loosened
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from the grating in the scraping process are fed down into the oxidation zone below.
There they are caught by the blast from the primary-air nozzle and are carried away by
the circulating gas flow, while their surface temperature rapidly increases. Some do
stick on the grating, while others go into circulation until they have been more or less
transformed into gas. The main part of the charcoal mass contained in the reaction zone
is in constant motion in a cavity which automatically changes shape and size aceording to
the velocity of the gas flow. When, for instance, the gas requirement is increased and
the grating, as well as the nozzle, consequently goes deeper into the charcoal mass, the
nozzle blasts up more charcoal which also starts moving. A large part of it gets stuck on
the now exposed grating surface, where an exceedingly effective reduction zone is
formed because the reduction efficiency of this clean-blasted charcoal reaches an opti -
mum level. The circulation of the charcoal particles also contributes to keeping the
generator free from slag; assuming, of course, that the charcoal does not contain any
impurities such as soil, rocks, ete. The fine slag powder formed during combustion is
blown out through the grating and is finally caught in the cloth filter.

The principles of the Kalle generator make it the most interesting charcoal gas generator
designed so far, and its great flexibility makes it useful for motors of greatly varied
sizes. It was manufactured during the war in three types: "junior" for motors with up to
2-litre cylinder volume, "standard" for 2 to 4-litre cylinder volume, and "senior" for 4 to
6-litre cylinder volume. It is very light; for instance, the entire "standard" generator
model weighs no more than 50 kg. Provided that the fuel fulfills the previously men-
tioned minimal quality requirements, and that the return-gas delivery is properly
adjusted, the Kalle generator has proven to be extremely safe in operation and easily
maintained, and its fuel economy has been very good. During intermittent operation the
fast start with the Kalle generator has been of very great importance as well as the fact
that it keeps the fire burning during an interval of several hours of standby operation.
Thus after such an interval one does not have to re-ignite the generator but can just fan
it directly into operation. Finally, the generator has one valuable quality from the view-
point of safety; when the gas delivery from the generator is shut off, no positive pressure
is developed in the system (provided that the charcoal is of the prescribed quality);
therefore the Kalle generator, unlike other gas generators, is not dangerous for approxi-
mately 20 minutes after having been shut off.

The two disadvantages of the Kalle generator have already been touched upon: (1) It
cannot function without problems on inferior quality fuel. (2) If the return-gas system
does not function properly or is adjusted incorrectly, the nozzle and the grating will soon
be ruined. The former disadvantage may be eliminated through carefully controlled
charcoal production—actually the Kalle generator necessitated production of such "Kalle
charcoal” during the war; the latter may be avoided through proper and careful assembly
according to the directions of the manufacturer.

The Mako System

Charcoal gas generators of the Mako brand were manufactured by Stockholm's Metal
Industry, Ine. The main purpose of the design was to produce a simple and reliable light -
weight charcoal gas generator.
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The first Mako type (about 1940) was designed on the same principle as the Gragas but
with an added inverted conical sheet-metal hearth, and with a gas outlet from the ring
space between this hearth and the cylindrical case. However, the blasting effect from
the central nozzle opening out only 250 mm over the grate caused thermal stresses too
great for the generator grate and bottom, especially in the case of low filling. There- -
fore, in 1941 an entirely new Mako "S" was designed, which became very popular during
the latter half of the war, especially for operation of private cars.

Figure 67. Mako S1 Type Charcoal Gas Generator (Cast-iron hearth
and four kanthal nozzles for air intake.)

Mako Sl (Figure 67), which was intended for front installation, has the generator, cyclone
cleaner, cooler, and cloth filter built together in one unit. The generator case consists of
two main parts: the upper egg-shaped fuel container of 1.25-mm ordinary iron plate, and
a lower cylindrical (365 mm diameter) "hearth" of 4-mm ordinary iron plate (with no
surface treatment of any kind). The bottom of the hearth consists of 3-mm iron plates.
Approximately 80 mm above the bottom, a flat ring of 5-mm iron plate is welded in as
peripheral support for the circular grate. The grate (250 mm diameter) is cast iron with
7% chrome, and turns around a vertical center bolt of the same material. At the top the
bolt is shaped as a triple-armed support with an extending square center pin, correspond-
ing to a square hole in the middle of the grate. The center bolt is stored in a stainless
steel pipe (Uddeholm stainless No. 5), positioned and welded into the bottom of the gen-
erator, and it can be turned with a shaker arm under the base. The gas is emitted
through a rectangular hole in the side of the ashbin to a gas outlet box welded to the
case, from which a pipe rises to the intake of the cyeclone cleaner.

At the top, the hearth side is reinforced with a 2" X 3/16" flat iron bushing, bent in a ring
along the inside of the hearth. At the upper edges of the hearth side and the bushing
ring, a ring pipe of 1-1/4" gas pipe is welded on. A welded intake pipe for primary air
leads to the ring pipe, obliquely from the front. This intake pipe is equipped at the ori-
fice with a flame arrestor and a check valve. Four 14-mm air nozzles of kanthal are
evenly distributed around the periphery, going from the ring pipe toward the hearth axis.
The nozzles are screwed into heads welded onto the ring pipe and inclined a few degrees
downward. Finally, the top of the ring pipe is welded onto the bottom of the fuel con-
tainer.

Fire is ignited in the generator through a pipe socket equipped with a screw plug in the
side of the fuel container near the bottom. For raking out slag, there is an ash port with
the center approximately at grate level; refilling is done through an ordinary filling port
equipped with a strong sealing ring of reinforced rubber.
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Mako Sl is intended for motors with 2.5+ litre eylinder volume; the entire gas generator
weighs 75 kg. A smaller type was also manufactured, Mako S Junior, for 1-2.5 litre
motors with a total weight of only 45 kg; as well as a larger model for 4-5 litre motors.

The Mako S1 works satisfactorily with charcoal of various sizes from dust to 60 mm;
however, it runs best on the 20-40 mm size, which was produced during the war specifi-
cally for this type of generator. It is also relatively insensitive to somewhat inferior
quality charcoal, and it requires very little maintenance.

Wood Gas Generators

As was mentioned in the introduction to this chapter, the wood gas generator is actually
a charcoal gas generator plus a charring furnace. The heat released in the wood gas
generator originates, first, from the burning of charcoal, tars distilled from the wood and
incondensable gases; and second, from the exothermic reaction during charring in the
fuel container. This heat (apart from the losses) is used for heating the wood in the fuel
container; charring the wood; evaporating the water in the wood; and overheating the
water vapor, which is allowed to pass through the hearth, for decomposing miscellaneous
distillation produets; and finally, for reducing carbon dioxide and water vapor. Because
of this dual function of the wood gas generator there are more complicated and intricate
problems to solve in its design than in that of the charcoal gas generator. Not until the
last part of the war can science be said to have clarified the working process of a wood
gas generator so completely that the designer would be on solid scientific ground. It has
been shown that earlier assumptions concerning the extension of the reduction zone were
incorrect, and that a charcoal bed may have a damaging influence on the quality of the
gas by promoting to some extent the re-formation of CO, from the CO contained in the
gas. The problem touched upon above in connection with charcoal gas generators,
namely, the reduction of acid or tar produects in the generator gas, is intensified for the
wood gas generator and may be considered the deciding factor for the dimensioning and
design of the hearth. In a charcoal gas generator one may use up-draft or cross-draft
with good quality charcoal and thus do without a hearth in the striet sense. In a wood gas
generator, however, one must use down-draft as well as a hearth with some constriction
of the passage area, in order to obtain the high temperature at which distillation prod-
ucts harmful to motor operation are completely burned or rendered harmless through
decomposition. The development of a hearth design, one that fulfills this condition at
low gas velocity without causing an abnormally high pressure drop at a high gas velocity
and can also endure high temperature without the use of high alloy materials, has been
one of the greatest problems of the wood gas technique. Swedish designers have contrib-
uted to the solution of this problem in a highly satisfactory way.

The exceedingly complicated chemical process in a wood gas generator was discussed in
detail in Chapter 2. As mentioned there, the processes completed in the generator are
briefly the following:

()  Drying of the wood with or without separating the water;

(2) Charring of the wood with extraction of chemically bound water, carbon diox-
ide, carbon monoxide and other gases, tars, acetic acid, etc.;
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(3) Burning of combustible distillation gases and charcoal, gradually fed down
into the hearth; and

(4) Decomposition of tar products, etc., reduction of water vapor and carbon
dioxide formed during the burning.

Theoretically, after these processes have been completed, only an insignificant quantity
of ash remains as a waste product. In practice, however, this ash is more or less mixed
with charcoal residues from the reduction zone.

From a functional point of view, the wood gas generator consists of three principal
components: (a) an upper section, the fuel container, in which processes 1 and 2 take
place; (b) a lower section containing the hearth in which processes 3 and 4 are carried
out, a gas-collecting space, and an ashbin space; and (¢) a device for supplying primary
air to the burning zone. These devices are usually located in the lower part of the gener-
ator (the ring-nozzle device). In a few types (e.g., Lion, Beram) the air supply comes
through a central primary-air nozzle with an intake through the roof of the fuel con-
tainer.

This functional division into an upper and lower section relates to the construction in
certain cases (e.g., Swedish Generator Gas Co.), where the two parts usually are joined
with flanges which have been bolted together, and the gas outlet is located in the lower
part. In most wood gas generators used so far in Sweden (Imbert), such a constructional
division is not followed because the fuel container does not also serve as an outer case.
Instead, the generator is surrounded by an outer jacket in which the generator gas flows
up through the annular space between the container and the outer mantle, and the gas
outlet is placed near the top of the generator. In this type the fuel container, the conical
" lower part, and the hearth with the ring-nozzle device create a welded unit inserted into
the outer mantle (see Figure 71). The double-jacketing of the upper part of the generator
was considered advantageous from the viewpoint of heat economy; later research seems
to indicate that generator gas with a higher heat value may be obtained without the
heavy double-jacketing, through condensation of the water content of the wood with the
help of a fuel container specifically designed for this purpose (see Figure 70). If such
condensation is effective, it would be possible to use wood with a moisture content up to
approximately 50% (i.e., completely undried wood), whereas in a "traditional" wood gas
generator the moisture content must not exceed approximately 25%. It should be clearly
emphasized, however, that the moisture of the wood is mainly dead weight, which lowers
the heating value of the gas and the efficiency of the gas generator. Condensation of
this moisture may make it possible to use very moist wood; but, even equipped with such
a device, a generator produces better gas with dry wood.

Design Considerations for Wood Gas Generators

Fuel Container

The size of the fuel container usually determines the weight of the generator. For car
operation low weight is always desirable for the gas generator; therefore, the size of the
fuel container must be limited. For private cars, the volume of the fuel container for
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charcoal gas was usually under 1.5 hL. and for wood-gas between 1 and 2 hL. Wood gas
generators for trucks usually had 2-3 hL fuel container volume; those for buses, 3-6 hL.
If, as is frequently the case for buses, the gas generator is installed in a trailer intended
for this purpose, the strict weight limitation requirement is alleviated to some extent.
The same is true, of course, for stationary generators.

The inside of the fuel container, including the lid, contacts the generator gases. These
gases contain acids, particularly acetic acid; therefore, the inside surface must consist of
some material which is not easily corroded and rapidly destroyed by these acids. Stain-
less steel has proven to be the best material for these parts; it shows hardly any corro-
sion damage even after several years of use. Aluminum, on the other hand, has in some
cases proved to be less suitable, due to the ammonium hydroxide content of the wood
gas. [40] '

If the fuel container is equipped with a condensation pocket, the lower part of the pocket
should not be separated from the inside of the container by a dense wall, preventing gas
circulation between the wood space and the pocket. The dividing wall should be perfo-
rated part way up from the bottom. (Figure 70). The pocket should be equipped with an
effective drain to a condensate container placed outside the generator, and the perfora-
tion of the condensation-water mantle must not extend all the way to the bottom of the
pocket, so that condensate may run back into the wood space through the lowest holes in
the mantle. The condenser may be made of stainless steel, aluminum, or copper. In a
generator without a condensation pocket, a special precondenser may be installed after-
ward.

Devices for drying the wood in the fuel container have proven to be of fairly low effi-
ciency during operation of the generator under load. On the other hand, they have been
able to counteract the disadvantages of the water condensation during idling and periods
of rest, and thus prevent the charcoal bed from getting wet, which in turn makes starting
easier. The Monorator, designed in Finland, was another step in this direction. [31] This
device has an expanded fuel store, which has only one simple sheet metal wall, as
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opposed to the usual double-jacketed wall of the generator, so that the fuel along the
inside wall of the mantle is positioned outside the upward heat radiation of the oxidation
zone; thus it stays comparatively cool and is not charred. (See Figures 72 and 73.)

Figure 72. Ordinary
Wood-Gas Generator

Figure 73. Monorator

A comparison between the gasification processes in an
ordinary wood gas generator and one equipped with a
Monorator. Oblique lines downward to the right (\\\):
wet wood. Oblique lines upward to the right (/v ):
ordinary wood (20-257% moisture content). Horizontal/
vertical checks (##¥ ): very dry wood (approx. 10%
moisture content). Horizontal lines ( ): semi-
charred wood. Oblique checks (OR%X): prepared
charcoal.

Heavy condensation takes place on the walls; the condensate is collected in the usual
manner by means of a corrosion-free, ring-shaped condensation conduit at the bottom of
the fuel container, and is carried outside the generator to a container equipped with a
drain cock. As the fuel is charred and pyrolized in the center of the generator, the wood
on the sides gradually falls toward the center to be dried and charred, in its turn entering

the gasification process.
The Hearth

During operation the wood is gradually dried out and moves slowly downward through the
fuel container toward the hearth, passing first through the usually eylindrical oxidation
area, then through a conical transition area where charring takes place. In the oxidation
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or combustion zone, several air nozzles are usually directed radially toward the center
from a ring-shaped chamber. The real hearth begins with this zone, which is constricted
below the air intake to obtain a sufficiently high temperature for total combustion and
cracking of the tar gases. Beyond the constriction, there is frequently an expansion
through which the lower part of the hearth becomes hourglass shaped.

The conical passage for the wood, which is constricted downward, is important for the
function of the gas generator. Charring takes place very rapidly and within a compara-
tively small volume due to the high temperature close to the oxidation zone. Ideally,
charring should keep pace with fuel consumption, so that the quantity of prepared char-
coal in the generator remains constant; under such circumstances, the charcoal bed of
the generator does not need to be supplemented or reduced during extended operation.
Through selection of a suitable cone angle the cross-section reduction of the charring
funnel corresponds to the volume reduction during the charring, and the fuel is just
charred through when entering the oxidation zone, but not charred at too early a stage of
fuel passage; this is important for gas quality.

Heat resistant alloy is the desirable choice of material for the lower conical part of the
fuel container, the charring zone. In both single- and double-jacketed wood gas genera-
tors it is, as a rule, surrounded by generator gas with a temperature ranging from 500°C
to 600°C and, consequently, has a high wall temperature.

As mentioned earlier, the oxidation and reduction processes take place within the hearth.
In the oxidation or, as it is frequently called, the combustion zone, combustible gases and
part of the charcoal produced are burned with the primary air. In addition, decomposition
of distillation gases that are damaging to the motor takes place in the combustion zone.
These deecomposition processes require a high temperature, which is obtained by intensi-
fying combustion in the constricted part of the hearth in the lower part of the combus-
tion zone. The more pronounced the cross section reduction, the greater the tempera-
ture increase, within certain limits; thus the tendency is to make the opening relatively
small. This, on the other hand, creates a greater flow resistance in the hearth with a
subsequent pressure drop, which decreases the efficiency of a generator-driven motor
during full speed, and thus the maximum motor power output.

The problem to be solved by the designer is therefore to make the minimum passage area
of the hearth as large as possible without allowing the temperature in any part of the
passage opening to drop below the value needed for satisfactory decomposition. For this
purpose it is necessary to minimize the heat emission from the hearth outward; there-
fore, it is disadvantageous to use the hearth wall as an inside wall in a ring mantle in
which the primary air is preheated, because the heat needed for this must be taken from
the combustion zone.

Logically, the outside of the hearth should be heat insulated and the metal material of
the hearth should be protected from thermal stress as much as possible; therefore, the
insulation should be placed on the inside of the hearth plate. Ceramic hearth inserts are
not very suitable for this purpose from a practical standpoint, because they can easily be
damaged by stirring in the hearth. A good solution to the heat-insulation problem is the
V-hearth, described in a later section, in which ashes formed during combustion and col-

lected in a ring pocket in the hearth are used as insulation. The hearth may then be
made of nonalloyed or low-alloy iron.
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A hearth that is not insulated on the inside makes very high demands on the material,
since the temperature in the hottest spot of the combustion zone normally is over 1300°C
and under some eircumstances may rise to between 1400°C and 1500°C.

In the lower part of the hearth below the constriction, reduction of carbon dioxide and
water vapor takes place. To prolong the time during which the gas remains in the redue-
tion zone, it is desirable to decrease the gas velocity there by gradually increasing the
cross-section area. The processes in the reduction zone use up heat and therefore cause
a decrease of temperature in the direction of the gas flow. The dimensions of the reduc-
tion part of the hearth should be designed so that the temperature at the lower hearth
opening does not go below approximately 800°C, even during low load.

Various solutions have been tried, to obtain a foundation for the glowing charcoal in the
reduction zone. The oldest solution, and until recently, the most commonly used, is to
place the lower hearth opening 10 to 15 cm above the bottom of the generator (or an ash-
separating grate), filling the space under and around the lower part of the hearth with
charcoal of individual piece sizes such that the gas can easily pass through the charcoal
layer. It was believed that an advantageous so-called outer reduction was gained, the
size of which was automatically varied to fit the load. Swedish tests, however, have
shown that there is no foundation for this opinion and that the charcoal bed, through its
relatively low temperature, may actually make the generator gas poorer by promoting
some reaction to CO,.

These tests indicate that the gas, while passing through the ring space around the hearth,
should be kept either at a high temperature or be rapidly cooled; the space may therefore
be free and equipped with heat insulation at the outer wall. The bottom of the generator
should be heat insulated. Porous concrete of suitable piece size may be advantageously
used as a foundation for the reduction charcoal; this porous bed allows gas to pass
through without abnormal pressure drop.

In Russia, they have to a large extent done without any kind of bed underneath the
hearth, with good results; instead a grate has been placed approximately 20 mm under
the hearth opening. This design would seem to make very high demands on the heat
resistance of the grate material as well as on the lower part of the hearth, if special
measures are not taken to distribute the gas flow over the periphery of the opening.

In all wood gas generators an asymmetric outflow of gas from the hearth occurs, based
on the law of least resistance, by which the gas has flowed out preferentially over some
part of the periphery of the opening; this causes a "bend" of the reduction cone in the
main direction of the flo