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INDUSTRIAL FUEL FROM 
CONTROLLED FYROSIS OF SAWMILL WASTES 

I SUIvINARY 

A process of carbonization of wood wastes was deve- 

loped in the form of a pilot plant, nd some of the fac- 

tors concernin the production of a commercial coke were 

subsequently studied. Pilot plant investigations inclu- 

ded the study of the effect of variables, optimum throußh- 

put for the size of equipment used, and briquettin of the 

charcoal. Data pertinent to the design of a commercial, 

50 ton per day plant were obtained. 

The products of the process were charcoal, gas, tar, 

and. yroligneous acid. The best yield of a suitable char- 

coal obtainec was 25.8 by weight (on the dry wood basis) 

with a l3.25 volatile. The maximum tar yield was 25) of 

the weight of charcoal. These yields were from an inter- 

nally-fired, rotary, horizontal kiln. 

The ontimum tbrouhput for an 18" diameter kiln was 

approximately 120 pounds per hour. This corresponded to 

16.7 hours per unit of sawdust. 

Suitable briquets were formed from charcoal, using 

wood tar as a binder. These briquets had an average den- 

sity of 0.77, volatile--l5.O, and a crushing strength of 

250 pounds. 

The cost of producing a wood coke by this process in 

a commercial, 50 ton per day plant was found to approxi- 



mate i5.00 per ton. This figure was based upon the re- 
suits of investigations in the pilot plant. 
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II PURPOSE AND SCOPE 

The purpose of this study was to investigate the 

possibilities of' converting. wood wastes into a commer- 

cial coke, by the use of a rotary, horizontal kiln pro- 

cess. The ultimate objective of' the overall project was 

the desi5n of a 50 ton per day carbonization plant, based 

upon the collective data and observations amassed from pi- 

lot plant operations. 

This paper was confined to the production of char- 

coal from Douglas Fir sawdust and the study of variables 

that govern this conversion encountered in an internally 

fired, rotary kiln. Control of the charcoal phase of pro- 

duction, rather than the process as a whole, has received 

the concentrated effort. s a consequence, tar recovery, 

utilization of process sas, consideration of various spe- 

cies and sizes of wood wastes (i. e. chips, hoed fuel), 

and pyrolineous acid recovery remain to be considered 

as separate phases of the overall probltm. 
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III HISTORICAL 

CARBONIZATION 

The production of charcoal from wood by destructive 

distillation is one of the oldest processes known to man. 

on many occasions, it has been found th.t charcoal was be- 

in produced by human beines before the appearance of ci- 

vilization. As far back as the time of the E'yptians, it 

was known not only how to carbonize wood, but also how to 

recover the distillation products of the process such as 

the wood tars and pyrolineous acids. While this wes a 

good deal later than pre-civilizatlon eras, it is known 

that charcoal burnin. is a old as the use of metals. 

Charcoal Pits. The earliest method for producing 

charcoal employed the use of a pit. The wood was stacked 

in riles in the atmosphere for a period of about a year be- 

fore carbonization in order for complete seasoning to oc- 

cur. The wood w.s then introduce into the pit in such a 

manner tht it was closely packed, with small openins in 

the center for ignition purposes. The pile was then co- 

vered with earth, leaves, etc. to prevent the entry of ox- 

yen and was ignited at thé bottom of' the pit. Charcoal 

was formed as the carbonization orogressed upward and the 

voltile materials were evolved to the atmosphere. The pit 

was opened after sufficient time had been allowed for cool- 

inß. The capacity of this type of procese v&ried with the 



site of th'. pit and was usually enormous due to the lonß 

periods requîre for carbonization. Labor was au impor- 

tant factor in formation of the pits as well as in stack- 

in and transferring the wood. 

Charcoal Kiins. Soon to replace the dua pits was the 

charcoal kiln. This evolved from the idea of stacking the 

wood on top of the around in the shape of a mound and co- 

vermn it with earth after it had dried, with subsequent 

firmS at the base. In general, the charcoal kiins amount- 

ed to a brickwork fitted with ports of entry for charging 

and discharin the raw materials and products. This type 

of construction corresponds to the earth covering of the 

meilers or heaps but is of a permanent, costly nature. 

Heat is supplied from an internal source; e.g., a fire is 

built within the kiln. The capacity of this type of pro- 

cess varies from 2 to 25 cords per kiln. 

Oven Retorts. The desire to recover volatile by- 

products from wood distillation prompted the development 

of the oven retort. By this apparatus, the wood could be 

heated in the absence of air, and the volatile products 

could be drawn off into a sufficient condenser. Usually, 

the oven retort consists of a rectangular, steel plate 

shell of varying dimensions, depending upon the capacity, 

equipped with doors on either end that are gas-tight when 

closed. Rails are placed in the bottom for carrying the 

cars or buggies upon which the wood is loaded. The oven 



is suspended within a furnace from which the required heat 

Is obtained. The size for a 10 cord capacity oven is 8' 4" 

high, 6' 3" wide, and 56' long. The length varies accord- 

ing to the capacity of the oven. The furnace surrounding 

the oven is built f ron brick, and the oven is suspended 

from hangers along the top of the sides, necessitated by 

the difference in heat expansion of the oven and the brick- 

work. 

Instead of air-drying, as in the previously discussed 

processes, the wood is dried within the process. The heat 

from the furnaces is utilized in two pre-driers through 

which the wood must pass on its way to the kiln. In this 

manner, the wood is dried more rapidly and is heated to 

the higher temperatures required for carbonization before 

actually entering the oven. The charcoal is cooled In two 

specially designed cooling ovens In series and is condi- 

tioned (further) in an open shed. The ovens (cooling) are 

airtight. The cycle of operation is approximately 22 

hours, after which the charcoal is permitted to cool 2 

hours before removal from the oven. 

Continuous Carbonization 

For economic reasons, there has ben a trend toward 

consideration of wood wastes as a supply of raw material 

for charcoal production. There are several advantages to 

the use of this form of wood: (1) being a w.ste, it is 
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naturElly cheaper than the cordwood required In the pre- 

vious processes, (2) the state of subdivision facilitates 

rapid drying, and (3) it may be handled in a continuous 

process due to its state of subdivision. The first diffi- 

culty encountered was the low heat conductivity of finely 

divided particles of wood, which made it practically im- 

possible to distill any large mass of sawdust (for in- 

stance), since the heat would not pass into the center. 

Consequently, some means of agitation or stïrrin the wood 

mass was required, in the form of a rotatin retort or some 

internal stirrin device. Here again, difficulty was en- 

countered in oroviding a gas-tight seal between the stir- 

mechanism, whether internal or by rotation of the 

kiln, and the kiln proper. iìnother problem to present it- 

self was the introduction of the raw mterial and subse- 

quent removal of the charcoal without the entry of air or 

the escape of the products of distillation es thi.s phase 

of operation was executed. 

The Sawtelle Process. Many of the complications of 

wood distillation were &voided in this process by the coin- 

bination of wood distillE.tion and conversion of the char- 

coal to producer as in one operation. 11 gas producer is 

employed in which the wood is introduced at the top, form- 

ing a conical pile in the bottom. The lowest layer of this 

pile is in the form of charcoal that is being converted to 

the producer gas. The hot producer gas, in passing up 



throuh the wood mass, supplies the heat necessary for 

drying and distillation. The products of distillation are 

recovered by passage of the gases through a condenser. 

The Seamen Process. s was previously stated, a dif-. 

ficulty arises in the introduction of the raw material into 

a kiln or the removal of the charcoal because of the ten- 

dency of gas leakage, both Into and out of the retort. 

The Seamen Process was developed with this problem in mind. 

A rotary, inclined kiln equipped with longitudinal blades 

for agitation is employed. The upper end of the retort 

is tapered down to a neck portion of approximately half of 

the diameter of the kiln proper. This serves as an inlet 

for the wood and a of drivin and, supporting the re- 

tort. This neck portion is an extension of the feed mech- 

anism and serves to block off the escape of retort gases, 

since it is filled at all times with a compressed mass of 

wood. The wood is forced into this neck portion by the ac- 

tion of a piston which reciprocates below the mouth of the 

hopper. The forward stroke of the plunger ends just before 

reachinS the wall of the hopper, leaving an opening for 

escape of the gases which are expelled from the wood (oxy- 

gen) due to the compression. 

The discharge of the charcoal is effected with the 

same type of plunger mechanism at the lower end of the re- 

tort. The heat is applied to the process from a furnace 

which encloses the retort. The gases are drawn off from the 
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retort at the lower end and are passed through a condenser. 

From here, it passes through a water seal and into the fur- 

nace where it is burned as fuel. 

The Bader-Stafford Process. When wood is thermally 

decomposed, approximately 5% of the total heat1n value of 

wood is given off as exothermïc heat of reaction. The Bad- 

er-Stafford process was the first to fully utilize this 

heat in the thermal balance. The apparatus employed con- 

sists of a vertical, well-insulated retort equipped with 

barrel valves at the top and bottom. Through this type of 

valve system, the wood may be introduced at the top in the 

form of chips and other forms of scrapwood without the en- 

try of air. Charcoal is removed from the bottom with the 

same consequence. 

i-in example of this processsis the Ford Plant at Iron 

ì'Iountain, 1:Iichigan. The wood is dried to a moisture con- 

tent of 0.5% previous to carbonization in a rotary dryer 

which is heated by the flue aees of the power house. The 

wood then entero the top of the Badger-Stafford retort, 

which is 40 feet in height and 10 feet in diameter. The 

heat insulLting wall is 18 inches thick and is composed of 

firebrick, diatomaceous earth, and insulating brick. As 

the wood (hot and dry) passes down through the retort by 

gravity flow, heat is transmitted by the passage of the hot 

gaseous products of decomposition, and the temperature ri- 

ses until the point of exothermic decomposition is reached. 
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The heat evolved is sufficient to bring the dry wood up 

to the carbonizing temperature. 

This process is perhaps the simplest, since it re- 

quires no rnovinc; parts within the kiln for stirrin pur- 

poses and because of the use of the barrel valv3s for 

charging and discharßing. The disadvantages involved are 

the condensation of' tars in the upper portions of the kiln 

and the difficulty encountered in controllin th zone of 

decomposition. 

The Hawley Process. Although not a continuous pro- 

cess, the carbonization of sawdust and other types of fine- 

ly divided wood by the Hawley process eliminates the mat- 

ter of low heat conductivity of this form of wood and the 

find charcoal dust that causes trouble in clogin the gas 

lines of a carbonizing system. To accomplish this, the 

wood material is reduced to wood flour and molded. into so- 

lid. blocks at pressures of 30,000 psi. Subsequently, these 

blocks are distilled with a mechanical pressure being ap- 

plied durin the decomposition. This action takes advan- 

tage of the slightly plastic period encountered when wood 

undergoes the change to charcoal, and a very dense, homo- 

geneous charco.1 is obtained. 

The blocks or briquets are circular, being four inches 

in diameter and three inches thick. These briquets re 

placed face to face in a metal tube of slightly larger dia- 

meter than the briquets with metal disks separating each 
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briquet from the other for the purpose of transterrin heat 

to the center of the briquet. A mechanical pressure is 

then applied to this column of briquets, varying from 50 

to 120 psi., dependin5 upon the st&ge of distillation. The 

retort is externally heated to about 3000 3 
Miscellaneous Processes. The Beuschlein process em- 

ploys a horizontal, rotary kiln into which sEwdust is con- 

tinuously fed, with air beine added at the discharge end 

at such a rate that the products of the decomposition are 

burned. No by-products are recovered, and the yield of 

charcoal is approximately 80% of that expected from car- 

bonization in a closed system. The combustion of the vol- 

atile and tars supplies the required heat. 

The Weisner process for cokin coal is similar to the 

wood carbonization processes and may have an application 

In principle to the carbonization of wood. Coal is heated 

to 1000° F. in an unlined, horizontal, rotary kiln by ex- 

ternal application of heat. The coal flows countercurrent- 

ly to a pre-heated flow of gases. During the cokin pro- 

cess, the coal becomes plastic and forms into a ball. The 

products are removed from the kiln through a curtain of 

steam which prevents the entry of' oxygen. 

The Hawley process has been aDi?lied as a continuous 

nrocess by alteration of the original plan. In the new 

process, the briquets are not allowed to remain within the 

tubes at a given point but are moved continuously through, 
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i_n the same time cyc1 that is required for the original 

idea. 

The Stafford horizontal retort is covred by U.S. pa- 

tent #1,957,364 and consists of "the crbonization of or- 

anic matter in a reLtively fine state and comprises a ro- 

tary kiln, a furnace delivering hot gaseous products of 

combustion into one end thereof, . feed for such organic 

materi.l into the higher end of said kiln, substantil1y 

cylindrical shield located within the lower end of said 

kiln and extending a substantial distance therein, said 

shield dividing the lower end of the kiln into an annular 

compartment and a heatin; flue located within said annular 

compartment and means for projectin the hot products of 

combustion into the kiln through said heating flue, and 

seDarate means for the discharge of solid products of car- 

bonization from said annular compartment". (7) 

Briguetting 

"Previous investigations on the production of charcoal 

briquets have followed these methods: 

1. Briquetting of the wood waste under high pressures 
with subsequent carbonization of the wood bri- 

quets under moderate pressures. 

2. Simultaneous briquetting and carbonization of wood 
wastes. 

3. Briquetting of a mixture of charcoal and wood waste, 
the uncarbonized wood furnishing enough tar upon 
coking to act as a binder. 
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4. Production of charcoal with subsequent briquetting 
using a binder, which process may or may not in- 
clude coking." (8) 

The Seamen Process of briquetting charcoal (9) in- 

volves mixing charcoal, 70 with 30 wood tar, and subse- 

quent briquetting. The mixing is done hot and the charcoal 

is finely divided. 

The production of charcoal briquets by carbonization 

of a wood briquet under presaure has been covered under the 

Hawley process in the carbonization section (see page 10). 

The investigations of Joseph and Witfield (10) in- 

volved density studies, size distribution, binders, manner 

of application of pressure, and briquet strength. From 

their report, it seems that a shock pressure gave a better 

briquet than an application of a slow steady one, as in hy- 

draulic, roll, or extrusion briquetting. G-urne, starch, 

dura, wood tar, and pitch were investigated for binding 

qualities. Apparently the strongest briquets resulted from 

using wood tar as the binder. 

According to the patent of D'umbieton and Leuenberger, 

(ii), briquets were formed from a mix of 100 pounds of dry 

che.rcoal, 30 pounds of water, 15 to 30 pounds of wood tar, 

and 1 pound of fuel oil. The charcoal was ground in a wet 

condition and the water was mixed in, previous to adding 

the tar. The briquets were formed in a standard Belgium 

press and were coked from 250-600° F. for the purpose of 

driving off the excess water and tar. 
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J briquetti.ng study was conducted by Price (12) in 

1941 in which he tried to obtain a briquet from wood flour, 

wood flour and charcoal, and a mi.xture of charcoal and wood 

tar by hydraulic compression mo1din. The mold was heated 

durinS the compression. jbout 6000 psi. av the best bn- 

quet. In 1942, Meyers (8) investigated the preparation of 

charcoal briquets from wood waste. The charcoal was formed 

in an externally fired rotary drum from Douglas Fir chips, 

and the products of distillation were recovered for use as 

a binder. He reoorts th.t the best briquet formed in a hy- 

draulic press was from a 10:4 charcoal-tar weight ratio. 

Also in 1942, ]3asore and Moore (13) reported their in- 

vestigations of' the production of lump chrcoal from pine 

sawdust without a binder. Essentially, the process con- 

sists of heating the sawdust until partial carbonization 

sets in and subsequent apo1iction of about 200 psi. pres- 

sure on the hot charcoal until carbonization is completed. 

The resulting briquets are heat treated after this process 

for smoke removal. elatively stron briquets are report- 

ed. 

Briquetting quipment 

Two basic types of equipment are used in briquetting 

practices, compression types and extrusion types. The roll 

or Belgium press and the straight hydraulic compression 

mold press are examples of the first type. The extrusion 
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type involves an application of pressure that forces the 

material through a nozzle causing the briquet to be formed. 

Usually a screw feed is used in applying these tremendous 

pressures. Of this type, the pellet machine and the "sto- 

ker-fuel" machine are examples. 

At the present time, the rotary press is used to the 

greatest extent in the commercial production of briquets. 

The major difference between commercial processes lles in 

the type of binder used, e.g., tars or starch, rather than 

in the type of briquettin5 equipment. 

Accessory apparatus includes mixers, dryers, and cok- 

in ovens. Paddle mixers of some type are usually employed 

in commercial operations. Drying equipment used in the 

preliminary dryinS of the "green briquets" consists, for 

the most tart, of tunnel driers, although a rotary type 

can be applied. The coking operation is carried out in a 

brickwork kiln of some nature in which the heat require- 

ments are supplied by external firing, with the products of 

combustion passing, in some cases, over the briquets. 

The drying phase is important in the starch bound 

briquets because coking is not required, and consequently 

the strength of the briquet depends upon the degree 0± dry- 

ness. In some cases, the drying operation is applied in 

the cokin ovens when tars are used as binder, and consists 

of a slow, preliminary heating at low temperatures to drive 

off the excess water before coking takes place. 
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IV THEORETICAL CONSIDERATIONS 

CARBON IZAT ION 

"Since wood is of a hih1y complex nature, the ap- 

plication of heat results in a series of reactions, each 

being resonsîble for certain effects." (14) 

The elemental composition of wood, regardless of the 

wood type, is approximately 5O C, 6% Ii2 and 44% 
°2' 

° 

the ash-free, moisture-free basis. This corresponds nost 

nearly to the chemical formula C42H60028. The basic ehem- 

ical constituents of wood are 5O-54 cellulose, l5-l8 

heuiicellulose, and 26-3Oj 1inin. The minor constituents 

consist of ash material and the extract1vs such as resins, 

terpenes, fats, nitrogenous compounds, tannins, etc. The 

major constituents are thought to compose the cell walls, 

while the minor constituents, extractives and e:Sh, are con- 

tamed in the cavities or soeciLl structures. 

The moisture content or wood, although not important 

in the actual rection, is irnoortant in the light of a corn- 

merciai pyrolysis of wood, and apparently has some effect 

upon the final products of such an operation. Accordin to 

Klar (15), the yield of acids is inversely proportional to 

the water content, but he also implies that the yield of 

acid is less from moisture-free wood than from wood con- 

tainin lO-2O moisture (16). The heat requirements also 

depend upon the moisture content, since the water must be 
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completely evaporated before carbonization takes olace. 

Mechanism of Reaction 

ccordin5 to Kiason, 1-leidenstam and Nordlin (17), the 

reaction tht occurs wnen wood is pyrolyzed t 400° C. may 

be expressed: 

2C42H60o283c16H10o2+ 28H20 + 5CO2+ 3CC 

(charcoal) 

2C2i-ï402 -F CH4O + C23H2204 

(acetic (wood tar) 
cid) 

This reaction is of exothermic nature, and the heat e- 

volved amounts to approximately 6% of the total heat of 

combustion of wood. Actually, the reaction takes place in 

two stases, the decomposition of wood and subsequent crack- 

ing of the primary tars to form more secondary charcoal. 

Origin of Products. Previously, the wood raw material 

was divided into three major components, cellulose, hemi- 

cellulose, and li3nin. Obviously, the charcoal results 

from all three of the components. Water is formed during 

the decomposition by the splitting off in a process of de- 

hydration. The acetic acid originates from the lignin and 

partially from the cellulose. Tars are composed of all- 

phatic compounds formed from the carbohydrates and of aro- 

matics formed from the linin. Methanol oriin&tes from 

the methoxyl groups of the lignin, since it cannot be 

formed from pure cellulose. Carbon monoxide is evolved 



from the decomposition of unstable organic acids such as 

formic acid. 

According to Cthrner and Shuri (18), the lignin pro- 

duces more charcoal and tar than the cellulose. It also 

produces about 5 times more CO than CO2, while the cellu- 

lose evolves twice as much CO2 as CO. 

The 1yrolysis. If a piece of wood is heated in the 

absence of air, the water contained in it evaporates first. 

Frther heating causes the wood to begin turniaS brown with 

the evolution of some acetic acid in the condensate, fol- 

lowed very closely by a period of gas evolution composed 

of the oxides of carbon. At a temperature of 2800 C., the 

reaction begins to proceed of its own accord with the evo- 

lution of hydrocarbon gases and tarry substances. Six tem- 

perature periods of pyrolysis are shown in Table I, page 19. 

As a consequence of the major changes occurring in 

wood carbonization, the commercial process is divided into 

four distinct stjes: (1) the evaporation stage--this pro- 

cess takes place at an average temperature of 1700 C., and 

external heat must be supplied to offset the requirements; 

(2) the pre-exothermic stage--further heat must be applied 

to raise the temperature of the dry wood up to the point 

of exothermic reaction, which occurs at 2800 C.; (3) exo- 

thermic or autoc?:rbonization stage--the reaction now pro- 

ceeds without further application of heat, and the tern- 

perature rises to 380_4000 C. as a result of the exother- 



Table I 

. 

Stageof 
Carbonization 

STAGES IN WOOD OARBONIZATION 

(Taken from Klar, M. and Rule, A., "The Technology of 
Wood Distillation" Chapman and Hill Ltd. (1925) p. 40) 

i 2 3 4 
At the begin- First period of Evolution of C Hm 

ning of the gas evolution hydrocarbons 
operation (wa- (gases contain- begins gases 
ter driven off) ing oxygen) 

5 
Dissociation 

period 

6 

Hydrogen 

period 

Temperature In Carbon- 
izing apparatus (° C.) ... 50-200 200-280 280-380 380-500 500-700 700-900 

Percentage of carbon 
In charcoal .................... 60 68 78 84 89 91 

Composition CQ ........... 68 66.5 35.5 31.5 12.2 0.4 
of non-condens- CO 30.5 30 20.5 12.3 24.5 9.6 
able gases, H 0.0 0.2 5.5 7.5 42.7 80.7 
percent by 

volume hydrocarbons 0.2 3.3 36.5 48.7 20.4 8.7 

Califoric value of 1 eu 
meter of gas, in kilo- 

calories ........................ 1100 1210 39.20 4780 3630 3160 

Considerable Constituents water vapor acetic acid large quanti large quanti- scanty 
of the gas ...................... water vapor and acetic wood naphtha ties of vis- ties of tar condensate 

acid light tar cous tar mixed with 
paraffin H 

Quantity of Gas .............. very small moderate considerable considerable scanty very small 
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mie heat involved; and (4) the coo1in period--usually 

takes place at atmospheric pressure in the presence of 

the hydrocarbon aases so that an adsorption can take place. 

A typical relationship between temperature, time, and the 

products is shown in Figure 1, page 20. 

Thermodynamics of the Reaction 

It has been previously stated that an exothermic heat 

of reaction ic evolved in the decomposition of wood. Per- 

haps the general tendency associates this heat of reaction 

with the decomposition of the wood, tnit this is not the 

case. It has been proved by Kiason that the exotherìnic 

heat is evolved in the secondary reactions or in the crack- 

ing" and decomposition of the wood tars. This was accom- 

pushed by carryin out a distillation of Woou in ¿. very 

high vacuum in order to prevent the secondary reaction from 

taking place. The absence of the exothermic heat was im- 

mediately apparent, causing a very definite change in the 

nature of the products and the respective yields of each. 

The tarry material was increased in this case with a cor- 

respondin decrease in the amount of charcoal formed. When 

the distlllati3r. was carried out at atmospheric pressures, 

the exothermic heat was evolved, and the carbon yield was 

high since the tar was decomposed to tar coke which was de- 

posited in (or on) the charcoal particle. 

Exothermic heat source may also be shown by considera- 
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tion of th weiht heat balarces (19) involved in the 

pyrolysis. The weight balance is calculated from the Kia- 

son equation and compared with the yields determined from 

an actual retort carbonization. The heats of combustion 

are calculated from the Dulong formula. The heating value 

of wood is calculated by the Dulong formula to be 4250 K- 
cal., accordiní to the composition, C42H60028. 

Wood Charcoal 

Water 

Carbon Dioxide 

Carbon Monoxide 

Acetic Acid 

Methyl Alcohol 

Wood Tar 

Methane 

Hydrogen 

Kia BOfl 
Weight Energy 

Content 
Pounds kg-cal. 

34.68 2563 

24.92 

10.87 

4.15 

5.92 

1.58 

17.88 

101 

192 

85 

1306 

100.00 4247 

Actual carb'n 
Weight Energy 

Content 
Pounds kg-cal. 

34.38 2540 

26.25 

17.87 

6.37 155 

5.25 171 

1.87 101 

7.25 529 

0.38 45 

0.38 109 

100.00 3650 

In the case of the Kiason equation, the value agrees 

closely with the calculated heating value of wood; how- 

ever, in the case of the actual carbonization, there Is a 

deficit of 600 kg-cal. This means that amount of energy 

was given off or lost in the process and, consequently, the 
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reaction must bave proceeded exothermically. If we corn- 

pare the amounts of carbon dioxide and monoxide formed ac- 

cording to the Kiason equation and by the actual carboniza- 

tion, it is apparent that approximately 7 more dioxide and 

2.2 more monoxide was formed in the latter case. The heat 

of formation of these aases is 623.8 1t5-cal. (19), which 

correstonds nearly to the discrepancy of the thermal bal- 

ance. From this, it is obvious that the heat evolved in 

wood pyrolysis is due to the "splittin-upt' of the wood 

tar rather than from the primary reaction of the wood sub- 

stance. This also accounts for the extra carbon oxides, 

hydroen, and methane in the actual carbonization weight 

balance. 

Br i guet t in g 

Briquettin is a process of reducing a volume of sub- 

stance to a smaller volume by the application of pressure 

upon the material. In eneral, it may be thought of as a 

manner of increasing the density of a substance by forcing 

a group of large porous particles into a compact, uniform 

mass of smaller volume than the total volume of the parti- 

cies before compression. The actual mechanism of briquet- 

tins is a reduction of the void space between the parti- 

cles by a deformation of the particle shape to conform with 

the lines of least resistance. 

The Binder. In order for the compressed particles to 
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remain in their deformed state, some restraining force must 

be applied. In some cases, the mutuel attraction between 

the particles is great enough to hold the mass together. 

This is not the case with charcoal, however, and a cohesive 

force must be applied in the form of a binder. The binder 

effect amounts to a cementation between the various parti- 

cles in a deformed state and results from the cohesion of 

one particle with another due to the surface cover1n of 

binder. The final physical characteristics of a briquet 

are a function of the binder, i.e., strength, burnirx qual- 

ities, and degree of water resistance. 

The Lubricant. Since briquettin is a process of 

squeezing particles together, internal reistnce to parti- 

ele movement results, and some means of lubrication must be 

applied. In some instances, this 1ubricatin effect is pro- 

duced by the binder, but a majority of cases require an ad- 

ditional substance that acts as a lubricant. Jccordin to 

Dumbleton and Leuenberger (ii), one pound of fuel oil was 

added per 100 pounds of charcoal to act as the lubricnt; 

howevor, water was also added, and it is difficult to es- 

tablish for certain whether the fuel oil, water, or binder 

actually functioned as the lubricant. It is probab1, that 

all three had a combined action. 

The lubricant could be thought of as a carrier for 

the binder, causing a more complete flow between the parti- 

cles, if such an action occurs in binder effect. Thus, when 
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a water-tar comoosition is used, it is usually conceded 

that the water is the lubricant and that the tar is carried 

in an emulsion and deposited on the surface of each parti- 

cle. The water is absorbod within the particle and acts 

as an internl lubricant as well as an extenial one. Ano- 

ther function of the lubricant is that it facilitates the 

removal of a briquet from the mold, i.e., it prevents 

sticking. 

Mixing. Theoretically, the amount of mixing required 

is the point of equal or uniform distribution of the binder 

and lubricant between the particles. This time of mi.xing 

varies with the particle size and the amount of binder 

used, as well as with the temperature of mixing. Usually, 

if a binder is used that is solid at room temperatures, as 

is the case of wood tar, heat is applied in the mixing. 

This would naturally facilitate the flow of the binder due 

to its fluidity at the higher temperature. 

To insure positive mixing action, a paddle mixer is u- 

sually employed in briquet mixing. 

Formation of a Briquet. In general, a briquet could 

be thought of as a mass of compressed material enclosed by 

an encrusting surface layer. If a briquet is examined, the 

surface is usually smooth and shiny without evidence of 

particle shapes, while internally, the particle shape is 

still apparent, although reduced in size. It is probable, 

therefore, that due to the contact of the briquet surface 
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and the mold surface, crushing results from particle move- 

ment across the metal face of the mold and the void spaces 

between the particles aro filled with the smaller ones. 

As a consequence, a hard surface results from a conglomera- 

tion of small particles being "wedged" between the briquet 

proper and the mold surface. 

If we consider a briquet formation in a rotary press, 

the first phase is the inclusion of a quantity of mix be- 

twon the two cavity surfaces. As the rolls revolve, the 

cavity closes and the mlx is compressed. 1e to the "roll- 

ing" or "squeezing" action, four things occur: (1) the 

binder is forced into the surface of the particles; (2) mix- 

Ing occurs due to the intimate contact between particles; 

(3) the particle size is decreased by compression and in- 

ternal friction; and (4) the surface of the briquet is "po- 

lished" by the contact of metal surface of the mold. 

Density. The main objective of briquetting is to in- 

crease the density of a mass of particles. Apparently two 

things govern the resulting density of a briquet, the pres- 

sure applied and the particle size distribution. If high 

pressures are applied, more internal friction occurs, re- 

suiting in greater particle deformation and crushing. The 

void spaces of the porous particles would be reduced to a 

minimum for the given pressure, and the smaller particles 

would be "wedged" into the void spaces between the large 

particles. As a consequence, it seems that some small par- 
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tides must be included in a mix as well as large ones. 

This results in a particle size distribution for maximum 

density consisting of a maximum of the intermediate sizes 

with a correspondingly smaller amount of largest and small- 

est particles. The amount of large particles used depends 

upon the porosity, and 1f a large particle has a greater 

volume of void space (internally) than an equal mass of 

smaller particles, it would be advantaSeous to use the 

smaller particles. Internal and external void space must 

not be confused; the internal void space can be decreased 

only by particle deformation or degradation into smaller 

pieces, while the external void space is decreased by a 

packi.n effect of the smaller particles. The ideal mix 

would be one in which the external void space was complete- 

ly filled with small particles before compression and a num- 

ber of large particles such that their average density (af- 

ter compression) was as great as the dersity of the remain- 

in particle mass. 

Coking. Since the particles are bound together by a 

fluid, it is necessary to "set" or harden this binder so 

tht the particles will retain their respective position 

without application of pressure. The coking phase is the 

process of hardening the binder and consists of driving off 

the volatile, leaving a carbonaceous residue between the 

p rticles. 



V DESCRIPTION OF PLANT (Apparatus) 

The investigations of this problem were carried out in 

a pilot plant constructed for that purpose in the Oregon 

Forest Products Laboratory at Oregon State College. 

Essentially, the process consists of carbonizing wood 

wastes in a horizontal, internally-fired, rotary kiln with 

a recovery of the products of distillation by a tar reco- 

very system and subsequent briquetting of the charcoal 

formed in the process. A detailed flow sheet of the kiln 

and accessories is shown on pages 29 and 30. 

Rotary Kiln 

The retort was constructed from schedule 30, steel 

pipe and is 18 inches inside diameter and 20 feet in length. 

It is supported by in angle-iron framework from four con- 

crete pedestals. The retort rotates on two steel tires 

which &re supported by four pillow bearing blocks. The pii- 

low blocks are constructed in such a manner that they also 

act zs t1a'ust bearings. The kiln is inclined approximately 

four inches in the total length, but this angle may be va- 

ned to produce a different retention time of the raw ma- 

terial. The kiln is driven by a variable speed Reeves 

drive. 

Agitation is accomplished by an internal flight ar- 

rangement and previously consisted of 45 degree angle 

flights that extended about one foot into the upper end, 
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and terminated to horizontal flights that extend 14 feet. 

2 new screw conve,ring feed system has rnde the 
450 

flights 

unnecessary and at the present time, the horizontal flights 

only are used. These horizontal flights agitate and stir 

the raw material mass, facilitating rapid drying. The low- 

er six feet of the kiln is not equipped with flights in or- 

der to prevent undue oxidation of the reduced wood material 

by unnecessiry agitation. 

The heat losses were reduced by lagging the entire 

kiln with a 2" layer of magnesia-asbestos. The temperature 

within the kiln is measured with a thermocouple insert which 

is welded into the kiln approximately six feet from the low- 

er end. The leads from this insert are extended to the up- 

per end, where they are transmitted to a pyrometer-record- 

er by & "p±ck-upt' mechanism. Previously, a sliding thermo- 

couple arrangement was used to obtain a temperature tra- 

verse within the kiln. 

The sawdust is introduced by a screw conveyor into the 

upper end through a metal box that covers the end. Pre- 

viously, a horizontal flight conveyor was used, but this 

type of feed was not of a positive nature and consequently 

was replaced by a screw conveyor. The gases are removed 

from the same box, which is referred to as the gas-box. 

The charcoal Is removed from the lower end through a simi- 

lar box, known as the charcocl-box, which covers the lower 

end of the kiln. These boxes are fitted on the kiln by 



32 

means of a packing gland assembly which is filled with 

graphite impreiated sbe$toE rope, rendering the kiln 

¿dr-tight. 

The burners are mounted on the charcoal-box (see Fig. 

2), and consists of a premixing device in which commercial 

as is mixed with ir under pressure. The air is supplied 

from a i h.p. centrifugal blower and is fed into the pre- 

mixer through a 2 inch tITH where the commercial gas is as- 

pirated into the chamber. The premixing chmber extends 

approximately 2 feet into the kiln. Portland gas is used 

as the commercial heat source and is measured from a 

meter, while the air input is derived from a calibrated 

orifice meter. A similar burner was installed for burning 

the process sas, but due to the high dilution with nitrogen, 

it would not support combustion unless preheated. 

Gas and Tar Recovery System 

The apparatus used in treating the gases for tar re- 

moval consists of an air-spray condenser, a scrubbing tow- 

er, and a dry scrubber. The air-spray condenser was f abri- 

cated from light guage metal and is cylindrical chamber, 

30 inches in diameter and 48 inches in length, with a metal 

baffle in the center, extending down to 8 inches from the 

bottom of the condenser. The gas inlet and outlet are in 

the top, opposite fron each other and perpendicular to the 

baffle. This causes the gas to pass down on the inlet side, 



View .f Kiln 

Fig. 2--View of Burners 
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turn sharply, and move upward against a water spray on the 

outlet side. Water is sprayed into the chamber from the 

top in such a manner thE.t the spray flows currently with 

the as stream on the inlet side, and countercurrently to 

the as stream on the outlet side. A three inch opening 

in the bottom provides an outlet for the tar and wash wa- 

ter. (See Fie. 3.) 

¶rhe scrubbing tower was constructed from standard 12 

inch steel pipe 10 feet in length with eight internal al- 

ternately inverted conical baffles (see Fie. 4). The gas 

outlet is in the bottom, and the gas rises counter-current- 

ly against a stream of wash water which flows down over the 

baffle system. The gas outlet in the top is equipped with 

an entrainment separator. Wter is sprayed in at the top, 

and it leaves through a two inch pipe welded into the bot- 

tom of the tower. 

The dry scrubber or tar trap consists of a steel drum 

with a baffle in the center and inlet-outlet openings in the 

same position as in the air-spray condenser. The top of the 

barrel is removable to permit the addition and removal of 

wood shavings. It is the purpose of this scrubber to dry 

the gas before picking up the charcoal. 

The wash water used in this process is recirculated 

through a settling tank, an atmospheric cooler, and back to 

the scrubber and spray condenser by a h.p. pump. 

The gas is moved by a 5 h.p. positive displacement 
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pump of the cycloidal type. i constant recording of the CO2 

content is obtained from a Hayes CO2 recorder. The as 

rate is measured by the use of venturi. meters. 

Charcoal Treatment 

Charcoal is removed at the lower end of the retort 

from the charcoal box through a barrel valve &rranement and 

is transported (through a closed system) by a screw convey- 

or into the gas stream. The barrel valve is manually con- 

trolled and consists of a cubical box (1 cu. ft.) fitted 

with two butterfly valves, one at the inlet, the other in 

the outlet. The purpose of this arrangement is to prevent 

the "blow-backt' of the as from the pump through the con- 

veyor into the lower end of the kiln. Thus, before one 

valve is opened, the other is closed. 

A cyclone separator is used to remove the charcoal 

from the as stream which conditions and transports it. 

Storage space for the charcoal is provided as an attachment 

to the lower end of the separator. 

Size separation is accomplished by the use of an Li- 

us-Chalmers yratory sifter. The charcoal is separated in- 

to +10, -10+45, -45+150, and -150 mesh size (standard). 

The charcoal is mixed with the binder in a J.H. Day 

steam jacketed, Imeadin mixer (see Figure 5). 

Briquettinß is accomplished in a Bel5ium type briquet- 

ting press powered with a 5 h.p. motor (see Figure 6). 
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A new coking oven is being 

quets are coked by the products 

ner. The hot gaseous products 

over the briquets, which are in 

heat distribution. This coking 

the tr recovery system for the 

volatile products of coking. 

Material Flow 

installed in which the bn- 

01' combustion of a gas bur- 

[rom a burning chamber pass 

trays arranged for proper 

oven will be connected to 

purpose of collecting the 

The sawdust is elevated from the storage bins, after 

being weighed, to the sawdust hopper by a chain flight con- 

veyor. From the sawdust hopper, it is fed directly into 

the upper end of the kiln by a screw conveyor. The honi- 

zontal flights "pick up" the deposited sawdust bnd siiower 

it down through the gas stre. In this manner, drying 

takes place until all moisture leaves the wood. Subse- 

quently the temDerature is increased until the decomposi- 

tian zone is reached at about eight feet from the lower end 

of the k±ln. The transformation to charcoal takes place, 

and the product moves down to the end of the kiln. 

From this oint, the charcoal drops off into the char- 

coal box and through the butterfly valves to the screw con- 

veyor, which conveys lt out and injects it into the gas 

stream. From here, the gas conveys the charcoal to a cy- 

clone separator and deposits lt for further cooling. A 

major oart of the cooling occurs in the gas stream. 
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The hot gaseous products of combustion from the bur- 

ner pass through the kiln countercurrent to the flow of 

charcoal. At the decomosition zone, the wood gases corn- 

bine with the as mass, and these products pass further up 

into the kiln where they supply the heat required for dry- 

in the s.wdust. The cooled or quenched eases leave the 

upper end of the retort at about 230_2500 C. and pass 

through the air-spray condenser. The major portion of the 

heavy tar is removed at this point. A final. scrubbing is 

received in the scrubber. Passing from the scrubber, the 

gases enter an entrainment separator, where droplets of 

water that are carried over from the washing action are 

removed. The next treatment is in the dry scrubber, where 

the last amounts of tar and water are theoretically re- 

moved. From this stage, the gases pass through venturi me- 

ters, which measure the volume flow, to a positive displace- 

ment pump. From the pump, the gases pass through the end 

of the charco&l conveyor where they pick up the charcoal. 

The cyclone operates on practically a closed system, 

i.e., a smell opening in the outlet provides a "bleed-off" 

for the extra gas. The remaining gas is recycled back 

through the pump to assist in charcoal transmission and 

conditioning. This recycle is necessary to secure suffi- 

cient velocity for charcoal transportation. 
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VI PROCEDUi.E 

The essential purpose of operating the kiln was to 

obtain data pertaining to yield of products, character of 

)roducts, and various operational characteristics for the 

purpose of studying the variables of the process. These 

variables and their effects will be discussed in a later 

section. A series of short runs were conducted in which 

the various phases were studied. An ideal length of run 

would have been ten hours, since in that time the equili- 

brium of operation would have been attained and any f luc- 

tuatlons in operation would average out and not have any 

major effect upon the ultimate results of the run. How- 

ever, for our purposes, shorter runs sufficed. 

Operation of Kiln 

In order to heat the retort to operating temperatures, 

it was necessary to preheat with commercial gas for about 

45 minutes previous to feeding sawdust. This was done with 

all the auxiliary equipment in operation, i.e., the scrub- 

bing system, the gas system, and the kiln drive. When the 

temperature had raised sufficiently, the sawdust feed was 

commenced, and this became the starting time of the run. 

After charcoal was passing through, variables were adjusted 

to bring the operation to the desired conditions of car- 

bonization and held as closely to the point as possible 

throughout the length of the run. 
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The v..i'1 ble factors were divided into the indepen- 

dent (temperature, retention time, and rate of' feed) and 

dependent variables (yield, volatile), and the runs were 

conducted in which the independent variables were changed 

(one at a time) in order to cause a chanGe in the depen- 

dent variables. The retention time was varied by chan1n 

the speed of rotation of' the retort and was held constant 

throughout each run. The feed was also held as constant 

as possible during a run, the only devi.t,.ons being plug- 

ging. As a consequence, for a given retention time and 

rate of feed, the temperature was held as close as possible 

to the predetermined point, and the yield and volatile was 

determitied from the data obtained under such conditions. 

The optimum throughput wa determined by increasing 

the feed rate to such a point that temperature could not 

be maintained, and subsequently decreasing it until a suc- 

cessful operation was obtained in which a satisfactory vol- 

atile of charcoal resulted. 

Temperature le controlled by varying the amount of Port- 

land gas flow, with a corresponding change in the air input. 

This causes a change In the static pressure within the kiln, 

and, consequently, the rate of gas removal from the kiln 

must be altered. If the temperature is too high, the gas 

(commercial) rate is decreased as is the air Input, causing 

a lower pressure within the kiln. The process gas flow 

must be decreased accordingly, until a very slight pressure 
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exists in the kiln. (This is noted by the escape of smoke 

from the various leaks). As this flow is decreased by a 

valve at the pump, more gas is drawn through the recycle 

to make up the deficit. In this manner, enough velocity is 

maintained to transport the charcoal, regardless of how 

little gas is removed from the kiln. 

The charcoal is emptied from the lower end of the kiln 

at periodic intervals through the barrel valve. Usually, 

the top butterfly valve remains open until the box between 

the valves is filled, after which the top valve is closed 

and the bottom opened to permit flow of charcoal into the 

conveyor. The charcol remains in the storage copartment 

until it has sufficiently cooled. It is then run through 

the sifter for separation into the four sizes before it is 

weighed and stored in sacks. 

Collection of Data 

Data consisted of all information pertinent to the op- 

eEational characteristics of the process under given set 

of conditions. Materially, it included: length of run; re- 

tention time; kiln speed; weight of sawdust fed; moisture 

content; weight of charcoal; size distribution 0±' charcoal; 

yield; and miscellaneous readings. The venturi, orifice, 

static pressure, temperature of gas stream at outlet and 

after scrubbing, and gas meter readings were taken at given 

time intervals. A gas analysis was made oÍ' a collective 
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sample, whilo the 002 content was recorded continuously as 

was the temperature at the six foot portion of the kiln. 

The retention time was obtained by noting the length 

of time required for the material to pass through the kiln 

:,fter the feed wets started. The size distribution was the 

weight of charcoal passing through each of the four screen 

sizes. The venturi reading indicated the volume of gas 

flow and was taken every time the flow was changed by con- 

trol. The orifice reading indicated the volume of air in- 

put and was also taken when a change was made. The time at 

which these changes were made was also recorded, in order 

to obtain an accurate gas volume measurement. 

The following readings were taken at half-hour inter- 

vals: the temperature of the wood gas as it leaves the re- 

tort; the temperature after scrubbing, static pressure; and 

the gas meter. Gas analysis was made on a collective sam- 

pie taken over a period of the run. CO2 content of the wood 

gas was determined over 2 minute Intervals by acontinuous 

recording Hayes 002 meter. The temperature in the kiln at 

the six foot section was recorded continuously by a Foxboro 

potentiometer recorder. 

Sarnplin. Samples of wood, charcoal, and gas were ta- 

ken for each run. The wood was sampled as it was fed into 

the hopper previous to entry into the retort by the method 

f "grab-sampling". Moisture content was determined from 

the overall sample. The charcoal was "grab-sampled" as it 



44 

left the sifter and volatile was determined for each over- 

all sample. A continuous gas sample was collected in a 2/3 

cubic foot metal container over a long portion of the run, 

so that the sample would be representative of the run. 

Analytical Procedure 

Three routine tests were made for each run, the de-. 

termination of moisture content of sawdust, volatile matter 

of charcoal, and gas analysis. 

The moisture content was determined by the standard 

toluene extraction process in standard equipment. The gas 

analysis was conducted with a Burrel Gas Analyzer. Cornpo- 

nents determined were CO2, °2' 
Illuatnants, CO, H2, CH4, and 

C2H6. Procedure for analysis wi.s according to standard, 

specified methods. 

The ultimate analysis of the wood, charcoal, and tar 

was determined by the method or organic combustion, ¿ccord- 

ing to standardized procedure with standard equipment. 

The heating values of wood, charcoal, and tar were de- 

termined in a sodium peroxide Parr Calorimeter. 

Briguetting Procedure 

In order to gain some knowledge concerning the effect 

of composition of mixes on the production of a briquet, a 

preliminary study was conducted in which various mixes were 

tested with respect to briquetting qualities ïn straight 

compression molds. A three component system was set up in 
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which two of the three constituents of a mlx were held con- 

stant while the third was varied in order to determine the 

effect. The data represented this in the following manner: 

the components were charcoal, water, and wood tar, siified 

by C:W:T. This also represents the order of mixing, since 

it was decided that the order of mixing had a major effect 

on the ultimate nature of the briquet. Thus, a C:W:T sig- 

nified that the water had been mixed with the charcoal be- 

fore addition of the tar. 

The percentage of each component is represented by the 

parts of tar : parts of charcoal : parts of water. A 3:10:8 

mixture would be 3 parts of tar, 10 parts of charcoal, and 

8 parts of water, by weißht. 

The mixes were briquetted into three briquets with i 

sq. inch molds under these conditions; 5000 psi., 5 minutes 

under pressure, and heated mold (about 180° C.). ixin.g 

was done in a small kneader-mixer (steam-jacketed). 

Roll Briguetting. After the best mix was determined 

by the procedure outlined above, a trial was made in the 

Belgium press. The mix consisted of the same proportions 

and was mixed in a steam-jacketed kneader mixer (hot) for 

45 minutes. After sufficient mixing, the mix was briquetted 

in the Belgium press. The resulting briquets were coked in 

a muffle furnace under prescribed conditions of temperature 

and cokin, time. 

For the purpose of making a size degrathtion study, a 
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mlx was made of -10+45 charcoal, usina water as a binder. 

This w.s mixed for 45 minutes and run throu3h the rotary 

press ten times. A sample was taken after each time through 

and dried in the oven. Samples were then sized in a no-tap 

machine, and the amount remainina on a screen was reported 

as a percentage of the total. 
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VII RESULTS AND CLCULATIONS 

Thirty-seven runs were comleted and the data are 

shown in Appendix I, Part I. The results calculated from 

this set of data are shown in Table II: 

TABLE II 

Run 

Temp. 
Ave. 

# F 

Ret. 
Time 
Ihn. 

Wood 
in 

#11w. 
Yield 

7 

Vola- 
tile 

, 

Char. 
per 

Unit 

Tar 

Char. 

l-6 NoData 
7 695 20 56 27.6 26.0 552 12.0 
8 689 20 45 34.6 ---- 792 9.7 
9 546 20 58 30.4 29.0 608 19.3 

lo No Data 
11 480 20 173 34.2 26.0 684 4.5 
12 574 20 70 36.4 29.0 728 
13 887 20 98 23.3 17.3 466 
14 646 20 119 21.3 ---- 426 
15 707 20 112 24.7 20.7 494 15.0 
16 558 20 142 22.2 15.0 444 17.9 
17 710 25 114 22.6 16.3 452 
18 965 25 112 18.7' ---- 374 
19 1180 25 85 17.8 9.0 356 
20 830 25 100 27.4 ---- 548 
21 843 25 143 19.3 25.0 386 
22 No Data 
23 835 45 57 27.4 26.0 s48 25.8 
24 840 50 78 24.7 21.4 494 13.0 
25 830 45 82 24.4 22.6 488 
26 860 45 80 22.8 ---- 456 
27 953 40 87' 26.2 15.4 524 
28 840 50 82 25.6 23.3 512 
29 Scholler 1i. Sta. Retort 50.3 18.1 1006 
30 Sawdust Stationary Retort 38.2 23.6 764 
31 937 30 106 ---- 19.3 ---- 
32 503 Sta. Retort 40.4 18.8 806 

33 No Data 
34 837 30 108 25.3 23.0 506 
35 No Data 
36 650 60 60 28.8 25.7 576 10.0 

37 920 70 52 25.8 13.2 516 10.0 



Data from Run #34 are shown in Table III for use in 

illustrating the construction of Table II and in calcula- 

tion of a weight and heat balance. 

TABLE III 

Data From Run 34 

Length of run 
Sawdust feed, pounds of wet 
Moisture content 
Charcoal out: 10 ------ 28 

10 45--117 
45 150--17 
150 ------ 3 

l65# 
Portland Gas, 60 F 
Kiln s, 81 F 
Pir input, 90 F 
Kiln ga analysi.s: 

% vol. 
CO2 7.65 
Ill. 2.25 

1.20 
00 17.10 
H0 
C4 

11.50 
5.00 

C2H6 1.80 
N2 53.50 

100.00 

6 hours 
1,004 pounds 

35% 

165 pounds 
3,590 cu. ft. 
19,990 ou. ft. 
12,500 cu. ft. 

Weight of distillate--the weight of distillate was de- 

rived by filtering a known quantity of gas through a cotton 

filter and measuring the increase in weight 

--23.4 grams per 2 cubic feet 
of kiln gas. 

Calculations 

Weight of dry wood fed: (1004) (0.65) 652 pounds 

Rate of feed, dry wood/hour--(652)/6 108 #/hr. 
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Yield, y dry wood-- (100) (165)/652 = 25.3% 

Char. per unit--assume the weight of dry wood sub- 
stance to be 2000 pounds per unit 

--2000/x 0.253 = 506 pounds 

Weight and Heat Balance for Run 34 

u:.: RY 

Weight Balance: 

Input: Lbs. 

Wood 652 32.2 
Moisture 352 17.3 
Air 906 44.7 
H20 in air 15 0.7 
Port1nd gas 105 5.1 

Total 2030 100.0 

Heat Balance: 

Input: BTU 

Wood 5,855,000 74.0 
Portland Gas 2,040,000 25.7 
s.I-1. of ir 4,400 0.1 
Latent het 
in the air 15,800 0.2 

Total 7,910,200 100.0 

Calculation of Weight Balance 

Input: 

Output: Lbs. 

Charcoal 165 8.1 
Kiln gas 1306 64.3 
H20 out in 

kiln gas 45 2.2 
Condensate 516 25.4 

2032 100.0 

Output: BTU 

Charcoal 2,308,000 29.2 
Kiln gas 4,021,880 50.8 
Mo i. s ture 
latent heat 469,350 6.2 

Tar 314,000 4.0 
Radiation 776,970 9.8 

7,910,200 100.0 

Dry wood 652 pounds 
oisture 352 



-i.r in--12,500 ou. ft. at 90 F 

weight- (12500) (29) (492) 906 
(359) (550) 

Moisture in &ir--assume partial 
pressure of 20 mm for F120 

weight- (20)(18) 12,500)(492) = 15 
(359) 760)(550) 

Portland gas--3590 Cu. ft. 60 F 
mol. wgt.--ll.l 

weight- (3590)(l1.1)(492) 105 
(359)(520) 

2030 

Output: 

50 

Charcot1 
Kiln gas--l9,990 Cu. ft. 81 F 165 lbs. 

Gas Analysis: 
; 

vol. Wjt/TOl mols C 

002 7.65 3.36 7.65 
I].1. 2.25 0.63 4.50 
02 1.20 0.38 
Co 17.10 4.80 17.10 
H2 11.50 0.23 

.00 o.8o 5.00 
C2H6 1.80 0.54 3.60 
N2 53.50 15.00 _____ 

100.00 25.74 37.85 

weight of gas--19,990 x 25.74 x 492 1306 lbs. 
359 x 541 

Condensate---23.4 grams per 2 cu. ft. 81 F 

total wgt--23.4 x 19,900 516 
454 x 2 

Iioisture out in gas--assume inolal humi- 
dity of 0.045 

wt--18 x 0.045 x 19,990 45 
359 

2G32 



Carbon Balance: 

Input: wood--50.36o carbon 

= 652 x 0.5036 
12 

aa--46.5 moi % carbon 

0.465 x 105 
11.1 

TOTAL MOLS C IN 

Output: charcoal--81.0 wt % 

= 165 x 0.81 
12 
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27.4 mols 

= 4.4 mols 

31.8 mols 

11.2 mols 

kiln as--37.85 iiol 3 carbon 

= 0.3785 x 1306 19.2 mols 
25.74 

The output totals 30.4 mols of' carbon, not lnclud.inS 

the distillate. The remaining 1. mois is consequently as- 

smued to be in the tars and acid. If the usu.1 tar-char- 

coal ratio of 1:8 is uoed, about 20 pounds of tar would 

have been formed. The carbon content of tar is 82.3 wt 

%. The mols of carbon in the tar 20 x 0.823 1.37 mols, 
12 

which corresponds very closely with the deficit. 

Heat Balance Calculations 

Data: 

wood--heating value--8970 BTU/lb. 

Portland Gas " --570 BTU/cu.f t. 
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Charcoal " --13,760 BTU/lb. 

Tar tI --15,696 BTU/lb. 

Specific heat of air--7 BTU/lb. iol/F (20) 

Specific he;t of carbcn--O.4 BTU/lb./f (21) 

L water 90 F--1054 BTU/lb. 

Input: (base temperature 70 F, referred to liquid water). 

Wocd--652 x 8970 = 5,850,000 BTU 

Commercial sas--3590 x 570 = 2,040,000 

S.H. of air 90 F-- 

(90 - 70) 06) L7) 
(293 4,400 

1tent heat of water in air--1054 x 15 15,800 

TOTAL INPUT 7,910,200 BTU 

Ctput: 
charcoal--165 x 13,760--2,260,000 BTU 

5.1-I. char 800 F 

-- (0.4) (800 - 70) (165) -- 48,000 

Total ch.rcoa1 2,308,000 BTU 

Wood G-ases: 51.1 mols out 

(22) (20) vol.; mols H/mol Cp BTU 

CO2 7.65 3.91 9.3 Ill 2.25 1.15 561,500 9.0 646,000 
2 1.20 0.61 6.95 

CO 17.10 8.74 121,800 6.95 1,062,000 
H2 11.50 5.88 106,000 6.95 623,000 
Cn4 5.00 2.56 382,000 9.0 979,000 
C2H6 1.80 0.92 709,000 9.0 652,000 
N2 53.50 27.33 6.95 

100.00 51.10 3,962,000 
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Sensible heat: eases leave at 230 F 

CO2 -- (3.91)(230 - 70)(9.3)-- 5,820 BTU 

Ill -- 1.15 
CH4 -- 2.56 
C2H6-- 0.92 

4.63 x (230 - 70) (9.Q)-- 6,660 

02 -- 0.61 
co -- 8.74 

-- 5.88 
N2 --27.33 

42.56 x (230 - 70) (6.95)-- 47,400 

Total S.H. or 6ases 59,880 BTU 
Tot1 heat of Comb. 3,962,000 

Total heat of ses 4,021,880 BTU 

i'oisture out in &ses: 

(968)(45) : 4,350 BTU 

Distillate: 516 lbs 

assume 1:8 ratio of tr or approximately 20 lbs. 

Heat of combustion of tar: 

: 20 x 15,696 314,000 BTU 

Assume that the remainder of' distillate is water 
since the acids will be ne1igib1e in the heat 
balance. Latent heat of vaporization is also 
a neliib1e quantity. 

Latent heat of moisture: .n distillate: 

(516 - 20) (980) L85,O00 BTU 

Latent heat of water in eases 4,350 

Total heat in moisture 489,350 BTU 
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VIII DISCUSSION 

CARBONIZATION 

The use of an internally-fired, rotary, horizontal 

kiln was successfully applied in the production of charcoal 

from wood wastes. Charcoal of low volatile content, a 

prime factor in the requirements for industrial carbon, was 

produced by this method. Thirty-seven runs were conducted 

in Wiich the various phases of investigations were studied. 

A major portion of these runs was devoted to the problem 

of increasing yields, coupled with more throughput. Since, 

for economic re8sons, a relatively high yield is necessary 

in all commercial operations, idea more throughput 

makes the effect of a lower yléld less evident. Thie yield 

problem consisted of tar recovery as well as charcoal out- 

put. In the thirty-seven runs, yields of charcoal varied 

from 17.8 to 36.4% (based upon dry wood fed into the pro- 

cess), with volatiles ranin from 9.0 to 26.O. 

For the purpose of discussion, we will consider the 

best runs as those in which a charcoal with less than 20.0% 

volatile was obtained. These may be tabulated as follows: 

Run # Yield Volatile 
13 23.3 17.3 
14 21.3 15.0 
15 24.7 19.8 

*16 22.2 15.0 
17 22.6 16.3 

*27 25.6 15.4 
*37 25.8 l).2 
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From this table, it seems obvious that the maximum yield 

that can be expected using an internally-fired retort with 

a vol.tile of less than 20% Is about 26. On this basis, 

a unit of sawdust would yield approximately 521 pounds of 

charcoal. The averago rate of feed for these runs was 120# 

of dry wood per hour, or about 16.7 hours would have been 

required per unit of sawdust. It hhs been estimated on 

this basis that charcoal could be produced in a 50-ton per 

day plant at a cost of approximately 10.0O per ton. The 

design of a commercial 50-ton per day plant employed 5 ro- 

tary klins, each 5 fe.t in diameter, and 70 feet In length. 

The total cost of the klins was estimated to be about 

4O,O00. Approximate cost of the tar separation system 

was 20O0; auxiliary equipment, about l5,00O; and building 

cost 17,0O0. (24) 

The tar yield varied from 4.5 to 25.8> based upon the 

weight of chrcol produced. The average value from the 

data is around 1.8 parts per 10 pounds of charcoal formed. 

This tar yield is not sufficient to provide all the binder 

needed for briquetting the product, since about 3 parts of 

tar are required per 10 parts of charcoal. 

Observations 

The usual difficulty was encountered at the gas outlet 

by a carry-over of fine prtic1es of sawdust and charcoal. 



As has been predicted in the literature (25), the coke 

dust was present in the recovered tar as well as a consi- 

derable quantity of sawdust. Aprently, the as velocity 

is too great throu5h the rather constricted opening at the 

upper end and consequently, as the sawdust is spilled or 

ttshowered" through the gas stream by the flights, it is 

carried out into the tar separating systems and appears in 

the collected tar. 

The sep;ration of tar is accomplished in the scrubbing 

system in about 360 rr,allons of water which are recirculated 

through the scrubbere. When fresh water is used, the tar 

separation is not as great until the water becomes saturated 

with soluble tars and gases. i'S a consequence, the same 

wash water was employed over a series of runs. The tar par- 

ticles appeared on the surface of the water and collectea 

in a scum or froth. Separation occurs because the water is 

saturated with soluble tars and eases; the density of the 

tar i lezs than th:.t of' water; and the main portion of the 

tarry substance is insoluble in water, äfld can exist only 

as an emulsion. 

An attempt was made to burn the recycle gases but to 

no avail because of high dilution with nitrogen. Some man- 

ner of pre-heating will be required, and with this type of 

burning, it is probible that the gases could be used to 

supply the heat requirements. If the heat balance Is con- 

sidered, the he.t. of combustion of the total amount of 
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eases is approximately 3,900,000 BTU. This corresponds to 

a heatin. value of 195 BTU/cu. ft. The heat requirement 

of the run was 2,000,000 BTU, indicating that the recycle 

would furnish the necessary heat. A factor tht must be 

considered is the accumulating nitrogen content of the as 

mass. It is obvious that some type of "bleed-off" is ne- 

cessary to allow a certain portion of the as to escape. 

In the "bleed-off" process, a percentage of the kiln as 

would escape with the nitrogen and as a consequence, not 

11 of the combustible products could be utilized. 

An operation where all by-product kiln gas could be 

utilized is a two kiln process; drying takes place in the 

first retort, followed cy a decomposition in the 

The kiln gases from the carbonization kiln could be burned 

in a preheater (after tar removal) and fed into the drying 

retort. From the dryin retort, they could be exhausted 

to the atmosphere. In this system, no "bleed-off" is ne- 

cessary since there is no build-up of nitrogen. Thus, some 

external heat source would be required to initiate the re- 

action or heat the kiln. However, after the operation was 

accomnlished, the exothermic heat would supply the heat ne- 

cessary to raise the hot, dry, wood substance to the reac- 

tion temperature, while the kiln gases could be used to dry 

the wood. In this fashion, the process could be made self- 

sufficient. 

The other alternative for a self-sufficient process is 



some form of external firing. The by-product kiln gases 

could be used as above to supply the heat requirements, but 

e two kiln system would not be required. 

The separation of the kiln into definite zones is im- 

portant for control ìurposos that will give consistent da- 

ta. Essentially, there is a drying zone, heating zone, de- 

composition zone, and "roasting't zone. The roasting zone 

is that portion of the kiln betw en the discharge end and 

the decomposition zone. This zone is subjected to high tern- 

peratures of the combustion gases from the internal burner, 

causin a coking or roasting that tends to further drive 

out the volatile. As a consequence, this length of roasting 

the volatile. It also indirectly controls 

the yield, i.e., the side reactions occur only between the 

hot carbon and the gases. Thus, 1f the length of roasting 

zone were long, there would be more contact between the 

gases snd charcoal, and consequently more chnce for reaction 

to occur. Obviouslj, if the length of this zone is contin- 

ually varying, equilibrium will never be attained. rea- 

sonable conclusion is to hold the decomposition zone at a 

fixed point in some fashion. This could probably be accom- 

pushed by some manner of localized heating and cooling. 

The temperature traverse of the kiln shows the decom- 

position zone (see page 59). The length of kiln was divi- 

ded into the definite zones by this curve. The drying zone 

was not shown but occurred back of the 12 foot section; the 
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heating zone occurred between the 13 and 10 foot points. 

Decomposition, indicated by the flat portion of the curve, 

occurred between the 10 and 8 foot points. The remaininß 

1enth of kiln was the roasting section, as indicated by 

the gradual rise in temperature to a flat portion of the 

curve. 

The conditioning of chErcoa1 is important due to the 

tendency for spontaneous combustion. Conditioning is eff i-. 

ciently accomplished in this process by transportation in 

the gas phase. The gases are previously washed, dried, and 

cooled before picking up the charcoal. Apparently, the 

state of subdivision of wood mL.terial in sawdust form pro- 

motes ease of conditionin. velocity of gases is great 

enough to transport the charcoal, and in so doing, causes 

a very turbulent mixing that insures perfect contact between 

the hot charcoal and the cool gases. The oxygen content 

of the gases is very low and consequently, there is little 

danger of combustion in the transportation phase. In some 

cases where the volatile is extremely high, the charcoal 

heats if exposed to damp weather. 

A possible utilization of high volatile crcoal might 

be the formation of a briquet without the use of a binder. 

Other processes have used the same principle (13) in bri- 

quet formation. The volatile in charcoal after it has been 

exposed to the high temperatures is of the heavy tar type 

and some manner of simultaneous heating and application of 
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pressure might result in a briquet. 

In sorne cases, the charcoal had a very high ash con- 

tent. This was caused by use of sawdust from dirt-covered 

logs. The dirt would be carried alon with the sawdust 

rlsin5 from the processing into lumber. In other words, if 

the 1os were washed in a log pond previous to processing, 

the sh content would depend only upon the chemical inclu- 

sions within the wood, and would be aoproximate1 l,. sh 

content of 8 ws encountered in one case, but lt is .en- 

erally in the neighborhood of l7. 

The inefficiency of tr removal has been a detrimental 

factor of the process. Considerable quantities of tar are 

continually carried over into the pump (blower), where they 

cause the gas lines and pump to "plug". Considerable sur- 

face is presented in the scrubbers for contact between the 

geses and the wash water, but due to the high velocities 

of as through this apparatus, an inefficient opeitlon re- 

suits. This is obvious from the "bleed-off" opening in 

the cyclone separator where a fog or mist is emitted with 

the gases. At points where this gas and fog have been in 

contact, there are deposits of tar and a slight amount of 

soot. This indicated the incompleteness of removal. 

The instllatlon of a condenser would probably prove 

unsatlsfctory toward complete tar removal, although lt is 

used in commercial processes. The amount of' gas associated 

with an intern1ly fired retort is of such a quantity that 
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the velocity of flow through a condenser would prevent com- 

plete he;t transfer. A distinct advantage of usine a con- 

denser, however, is the separation of the tar and acids 

without dilution with water, as is the case of a scrubbin6 

system. 

A possible explanation of the tar yield is associated 

with quenchin the eases as they pass up tbrouh the kiln. 

The tars are evolved in the form of' volatile matter, and at 

the zone of dc-composition, combustion would occur if there 

we-re any oxygen present. If the velocity of ascs through 

the kiln is great enough, the volatile material will be re- 

moved from the zone of re.ction before combustion can occur. 

The quenching action of the wet sawdust cools the gases 

down so that the volatile is below reaction temperatures. 

Weight and Heat Balances 

Relatively ood agreement was obtained between the in.- 

put and the output of the weight balance; any discrepancy 

is probably in the amount of condensate. This was deter- 

mined by drawing smLle of the retort gas (hot) through 

a cotton filter and measuring the increase in weight for a 

given volume of gas passed through. Thus, the amount of 

water, pyroligneous acid, and tar was obtained as a collec- 

tive quantity, the condensate in the weight balance. 

Another possible source of error is the calibration 

of the venturi meter and the orifice which re used in inca- 
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suring the ES flow and air input, respectively. They 

may be checked aSainst each other in the fo11owin mtnner: 

Nitrogen input in air 

Nitrogen output 
in kiln as 

= (9O6)) 
(29) 

Ll3O6)(O.53J 
25.74 

25.1 ciols 

7.O mols 

Since there is some nitron in the wood to begin with, 

and because of air leaks, this balance indicates thL t the 

calibrations are close enough for calcul.tion. 

The heat balance shows a smaller radiation loss than 

would be expected, but this value depends entirely upon the 

amount of tar assumed to come from the procese. A small 

error at this point would throw the balance off considerab- 

ly, since the heating value of tar is high. 

If the weight balance is compared to the Kiason e- 

quation (see pase 22), the relative amounts, based on 100 

lbs. of dry wood are: 

Charcoal 

Wood eases 

D±stillate 

Kiason 
wgt 

34.7 

15.0 

40.3 

100.0 lbs. 

Run #34 
wgt 

25.3 

45.0 

29.7 

100.0 lbs. 

This !n1cates that the charcoal and distillate are being 

burned and are leaving in the form of wood gases. 
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Correlations 

Afl attempt was m&de to represent the data obtained 

from the runs in the form of correlations between the vari- 

ables. The independent viables are temperature, retention 

time, and throughput. The dependent variables are volatile 

and yield. It would be expected that as the teniperature in- 

creases, the volatile of the charcoal decreases. This is 

shown to be true from page 66. The time of retention does 

not apperr to have any startling effect upon the volatile 

since the points are scattered and unarraned with respect 

to time. As the time of retention ws incretaed, we would 

predict that the volatile would decrease. 

Since the decomnosition of the tar has an effect upon 

the gas composition with respect to CO2 and CO, the temper- 

ature of' carbonization was plotted versus the CO2 content 

of the kiln gas as recorded by the CO2 recorder for a given 

run (see page 67). The oints are scattered, but the 

general trend seems to be a decrease in the 002 content 

with increase in temperature. This seems unreasonable, 

since the amount of commercial as is increased to increase 

the temperature, causing more CO2 to be formed, this would 

increasT the CO2 content, yet, .n increase in temperature 

shows a decrease in the CO2, accordin5 to the curve. This 

Indicates, therefore, that the side reactions of the car- 

bonization re causing the effect and th..t temperature con- 
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trois them. The CO curve also shows a trend to decrease 

with increased temperature. The side reactions govern both 

the CO and CO2 content, and not much can be said about the 

actual effect of temperature on these constituents. If 

the water gas reaction is considered, the curves should 

cross insteLd of siopin in the same direction. 

When yield vs. time vs. temperature was plottea (see 

page 68), an inconclusive relationship 

between temperature arid yield. The re 

lap to such an extent that there is no 

ship. As shown by the curve, when the 

the yield decreases. 

When the yield is correlatea with 

is shown to exist 

bention times over- 

apparent relation- 

temperature increases, 

the volatile, (see 

page 69) the curve indicates that the volatile increases 

as the yield is increased. The points are, as usual, very 

scattered. This relation between yield and volatile is 

reasonable when we consider that the volatile makes up part 

of the weight of chrcoal. However, a good. yield is sup- 

posed to be caused by the deposition of tar coke in the 

charcoal and the amount of this coke is a function of the 

volatile. Consequently, if the volatile is reduced to ze- 

ro, the maximum tar coke could be formed, and the corre- 

spondingly highest yield (fixed carbon basis) would result. 

The very opposite is indicated by the curve. 
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Variables and Their Effect 

Temperature, retention time, ¿ind the rate of feed are 

the independent variables, while yield, volatile, and side 

reactions are dependent. 

Assume, for discussion purposes, tht the followin3 

statements are true: 

1. Temperature, retention time, and throughput govern 

the nosition of the decomposition zone collectively. 

2. The decomposition zone position controls the vola- 

tile and amount of side reaction. 

3. The yield depends upon the amount of siãe reaction 

and the voL.tile. 

The temperature measurement is taken in the gas stream, 

and, consequently, if it is increased, the hotter aases will 

move the decom position zone toward the rear of the kiln. . 

decrease will cause opposite movement. 5upposin, th:t at 

a given temperture, the throughput were increased. This 

would result in a greater heat requirement and more time 

for drying; consequently, the decomposition zone would be 

moved to the front of the kiln. If the retention time were 

increased, the material would be retained for e greater 

time in one zone, and dryin, would be completed further 

back in the kiln. Decomposition would occur, as a conse- 

quence, toward the rear of the kiln, and the decomposition 

zone would be moved bE.ckward. From this it seems that the 
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three factors govern the decomposition zone position col- 

lectively. 

Volatile depends upon the temperature to which the 

charcoal is subjected and the length of tîme involved. If 

the decomposition zone is moved forward, the charcoal re- 

ceives less "roasting" and the volatile, consequently, in- 

creases. If the decomposition zone is moved forward as a 

result of decreased temperature, the increase in volatile 

is mLnified, since the charcoal is subjected to lower tem- 

peratures as well as a decreased period of time. Conse- 

quently, the decomposition zone position governs the vola- 

tile, and if temperature is the cause of alteration, a mag- 

nified effect is produced. 

Decomoositlon zone position controls the amount of 

side reaction in an identical manner. If the zone is moved 

forward, the hot charcoal is in contact with the hot gases 

for a decreased period of time, and smaller amount of side 

action occurs. This decrease would be further ina&lified if 

temperature change had caused the zone to move forward. 

Yield of chrcoal is directly dependent upon the amount 

of side reaction end the voltile. The effect is obviously 

a decrease in yield by increased side reaction or decreased 

volatile. 

This analysis seems to indicate that the zone of reac- 

tion governs the dependent variables entirely, and that the 

effect of independent variables is transmitted to dependent 
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ones by this reaction zone position. 

This conclusion would account for the inconsistent 

data encountered in varlous runs. In 5eneral, only òne of 

the independent variables remains constant during an opera- 

tion, namely, the time of' retention. The rate of feed or 

throu:hput varies, since a non-uniform raw material is 

use:. The most important non-uniformity is the moisture 

content, since this fctor controls thc heat requirements. 

Temperature is held as constant as possible, but due to 

control characteristics, variations frequently occur (see 

pase 75). AS a result, the decomposition zone is not fixed 

in position, and consequently volatile, as composition, 

and yield do not reach equilibrium values during a run. 

Consistent data will result only when a continuous ehemi- 

cal process is maintained by holding the zones in fixed 

positions so that equilibrium will result. 
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Side Reactions 

In considering possible side reactions, eight reac- 

tions are involved in carbon combustion. These are: (23) 

1. C + O2 002 + 91.4,300 cal. 

2. 002 C2C0 - 41,000 cal. 
3. 20 * 02..2C0 + 53,300 cal. 

4. 200 + 02 2002 + 135,300 cal. 

5. 2H2 + 
°2 

2H20 4- 115,500 cal. 

6. H20 + C C0 4. H - 31,100 cal. 

7. 2H20 + CCO2 + 2H2 - 21,200 cal. 

8. Co .i- H20-,.-0O2 H . 9,900 cal. 

Reaction 1 goes to the right below a temperature of 

1500° C. 

Reaction 2 goes to the right at a high temDerature, 

quantitatively above 1000° C., but reverses rapidly below 

that temperature. 

Reaction 3 goes to the right up to a temperature of 

2500° C. 

Reaction 4 reverses ¿t 13000 ç. 

Reactions 6 and 7 are not complete. 

It is obvious that if there is oxygen leakage, Reaction 

i or 3 will occur and the yi1d of carbon will be decreased, 

causing an increase of the CO and 002 content of the kiln 

gas. These reactions were checked in an operation by draw- 

Ing a gas sample out of both ends of the kiln at the same 
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time. An analysis was macle of each for CO2, 02, and CO. 

The 02 content was the seime in each sample, indicatin 

that no free oxygen had been used up. The CO:CC2 ratio 

chanSed, however, from 1s55 in the lower end to 2:12 in 

the upper end. This indicated that some reaction was tak- 

in place where CO2 was used or CO was formed in pref er- 

ence to CO2. Reaction #2 would give this result, but it 

occurs only at high temperatures. Reactions #3 and 4 were 

ruled out since there was no change in 02 content. Rec- 

tion #6 will give this result providing Reaction #7 does 

not take place. B,y a process of elimination, therefore, 

Reaction #8 seems to be the only One to cover this cir- 

cumstance. This is the water gas reaction, nd it could 

very easily take place in this process because of the in- 

tirl f 1rin. The hot combustion gases from the burners 

contain hot water vapor which will tend to establish e- 

quilibrium in the H20 + COCO2 + H2 Reaction. This 

uses up CO and, consequently, more must be formed by Reac- 

tion #6, H20 + CCO + H2; the conditions for these re- 

actions are perfect, sinc. hot, fine carbon is in contact 

with the hot gases that contain water vapor. 
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BRIQUÍITTIiG 

Various studies were conducted in the briquetting in- 

vestigations. Peliminary hydraulic compressions, size dis- 

tribution, size degradation, density, type of binder, coking, 

and physical strength were studied in an attempt to find the 

best briquetting procedure. 

Peliminary Erdrau1ic Compression This series of tests 

was used to obtain the best mix ratio of water-tar-charcoal. 

After all possible Lnixes between 4 parts tar:1O parts char- 

coal:8 parts of water and 2:10:8 (same order of constituents) 

had been briquetted in the compression molds, the best of the 

samples were selected and repeated. Several of the mixes 

gave good briquets, but the best appeared to he the 3:10:8 

mix. It was not too apparent whether the tar or the water 

should be nied with the charcoal first, but in some cases, 

the best bricuet was formed from the charcoal-tar-water or- 

der of mixing. The use of a tar emulsion should have given 

better spreading. The briuets were coked around 850 F for 

about an hour in a muffle furnace before the best mix was se- 

lected. 

Size Distribution Various synthetic size mixes were 

briquetted in order to gain some knowledge of the effect of 

particle size and its distribution on the briquetting quai- 

ities of a mix. The best mix obtained by Teyers ( 8) at the 

University of Washington was dulicated with resect to the 

particle size distribution and binder and was molded under 

the same conditions. The resulting briquets were good, but 
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after coking, were soft, due to sorne variation in method. 

A synthetic mix of -45+150 mesi size was briçuetted by 

compression molding for the purpose oi' determining the effect 

of using a fine charcoal in briquetting ractices. This mix 

forned a good briquet with a multitude of small transverse 

cracks. Ti'e briquet was solid, yet yielded when pressed or 

in other words, was slightly spongy. In general, a denser, 

better briquet was forned from this mix. This mix was dup- 

licated, using a pitch instead of an emulsion as in the first 

case. The best briquet obtained was from the 3:10:8 mix. 

A large batch of this mix was ;repared for bricuetting 

in the rotary press. An emulsion (all water and tar emulsi- 

Lied) was used to make a 3:10:8 composition mix. The first 

time through the press resulted in few briquets being formed. 

Apparently, the mix was too hot and the density not great e- 

nough. The second time through resulted a fair aiiount of 

briquets, but they were still soft and spongy. About 90% of 

the mix formed briquets in the third run through, and. they 

were of sufficient rigidity to withstand all handling neces- 

sary in drying. Some of these briquets were selected and 

dried at 212 F, and the dry briquet was very hard and firm. 

These were coked at approximately 1000 F for about an hour. 

The density of the final briquet was 0.776 with a volatile 

of 8%. It Was apparent that this was the best bricuet that 

had been produced in the rotary press, consequently, a de- 

creased particle size produced a better briquet. 



aiLe Degradation Froni previous observations, the bn- 

Luet forming qualities of a mix seemed to increase with the 

nuìber of tLes through the press. This would indicate that 

eitier the particle size was being decreased, or that a more 

uniform mixture was produced by the "squeezing" action of 

tue press. Tie previous study on particle size seemed to in- 

dicate the forner case, consequently, an investigation of 

tile particle size degradation was conducted. The original 

charcoal used in this study was -1345 mesh size and water 

was used as the binder. No briquets were for;ned until the 

eignth time through the press, but this may have been due to 

an excess of water. Startling results are apparent from the 

curves reresenting this data, see page 79 . The -200 mesh 

size shows a rapid increase from 12.6% of the total mix be- 

lore pressiflg to 53 of the total after the mix had been 

run through the press ten tiies. The 20 and 30 mesh sizes 

show a rapid decrease in composition of the total mix, un- 

ti_i after the fourth time through. Tiie t40 mesh size de- 

creases less rapidly and levels off after the fifth tiîne 

through. The +50 mesh size increases gradually, until after 

txxe second tiue through; frolLl here, it gradually decreases. 

Tne 8U mesh size increases gradually and levels off after 

tne fourth time through. 

This study very specifically indicates that the briquet 

foriiiing qualities are increased by the particle size degrada- 

tion, and that a better briquet will be formed in the rotary 
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press from a mlx containing a maximum of fines. This may be 

true only in t'ne rotary press, since there seeìIs to be some 

conflicting theories concerning this. Iowever, previous 

studies nave been conducted for the most ;art in compres- 

sion molding, in which the conditions have been constant 

brigueting pressures. In other words, if a saiip1e of char- 

coal containing large sized particles is compressed, the ac- 

tuai compression of material or decrease in volurie is a func- 

tion of the pressure ap1ied, and will be greater since there 

is more Itgivel in the large charòoal. In other words, the 

material is springy unless it is dense, as is the case of 

small particle sizes. At a constant pressure, therefore, a 

denser, stronger briquet might be expected from the large 

articie sized i±x in compression molding. 

If we consider the rotary press, the pressures aplied 

are not constant, but vary with the amount of ateria1 that 

is "caught" bet:een the molds as the rolls revolve. If a 

given volwiie of space was to be filled by charcoal, it would 

cont.in ubre weight of small articles than of large par- 

tides due to the void spaces caused by the large rticle 

size. Consequently, ii' s1a1l particles are briquetted in a 

rotary press, more material is packed between the rolls and 

there is less give in the particles due to the fact that the 

size is already reduced and the void spaces are filled, 

Consequently, tremendous pressures are involved in briquet- 

ting this type of mix. If a large particle sized mlx is 
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briquetted, tnere is not as much material caugnt between tue 

rolls and the material deforis within the particle due to 

size reduction and filling of the void spaces. Therefore, 

a leas pressure would be exçected. This is a possible solu- 

tion for the conflict in theory. 

Density Study Indications of tne size degradation 

study are that the density increases with the number of times 

tnrough the press. This relationship was investigated by 

determining the density of briquets that had been formed 

from a tar-carcoa1-water mix in a series of runs through 

tne rotary ress from i to 10 tiffles through. These results 

are tabulated as follows: 

Run Density Run Density 

1 0.62 6 0.83 
2 0.66 7 0.80 
3 0.76 8 0.82 
4 0.72 9 0.80 
5 0.74 10 0.86 

These results bear out the relationship that density increas- 

es with the number of times through the press. 

Types of Binders Various types of binders were employ- 

ed in the investigations. 0f primary importance was the use 

of the vrood tar in the binding of a briquet and the earlier 

studies were devoted to this. As the carbonization study 

progressed, it was obvious that not enough tar was being ob- 

tamed to fill the briquetting needs and as a consequence, 

new binders were investigated. Starch, soft pitch and road 

tar whiCh was obtained from Portland Gas & Coke Co. were in- 

vestigated as possible binders. 



The starch bound briiuets were of very inferior cuali- 

ty. A 3:10 tar-charcoal nix was suplernented with 1 art of 

solubie starch. Vater was added in successive amounts of 

two parts up to six parts. The best briquet was formed at 

5000 psi., 5 iiiinutes molding time, using a 3-10-1-4 mix (tar 

-cìarcoa1-starch-water). The resulting briquet was very 

soft and would stand very little handling. 

When the soft pitch and road tar was employed as a 

binder, verygood briquets were obtained. A comparison be- 

tween three binders, wood tar, soft pitch, and road tar, was 

conducted, in which a 3:10:8 coposition was used. The mix- 

es were briquetted in identical iLanners. Bricuets frou the 

soft pitch were very hard and firm when taien fro.i the mold, 

wiiile the briquets froi the other two mixes were soft when 

removed froa the press. 

Sam1es of the three briquets were coked at aoo F and 

tne best of the three was obtained froú the tar mix. Phy- 

sical properties of the three: 

Density Vol. Strength 

Soft Pitch 0.832 19.82 76 
Road Tar 0.824 17.90 977 
Wood Tar 0.820 19.65 950 



IX CONCLUSIONS AND RECOÌvEiviTENDATIOi'iS 

The general conclusions that may be derived from this 
study are stated as follows: 

1. Charcoal can be produced from wood wastes in the 
forni of sawdust, with a resulting yield of 25% as the prob- 

able maximum and a volatile of less than 15%, using a hori- 
zontal, internally-fired, rotary retort. 

2. A suitable briquet having a density of 0.77, a vola- 
tile of less than 15% and a crushing strength of about 250 

pounds of point loading, can be formed froük a wood tar-char- 
coal-water mix, in tue ratio of apiroximately 3 parts of tar 
: 10 parts of charcoal : 8 parts of water. Size degradation 
studies indicate that the charcoal should llave a minimum size 
for maximum density. This can be done in a hammer-milling 

operation and the mix should be pre-rolled through an edge 

roll for density increase and mixing, previous to briquet 
f oriation in the rotary press. 

3. A commercial, 50 tons per day, plant could be appli- 
ed to the production of charcoal from wood wastes at a cost 
of approximately 1O.00 per ton of charcoal. Briquetting and 

coking costs would raise this value to about 15.O0 per ton 

of wood coke. A 50 ton per day plant consisting of 5 rotary 
kiins, 5 feet in diameter and 70 feet in length, and the 

auxiliary equipment and buildings would have an initial cost 
of about $80,000. The cost per ton of charcoal could be dLs- 



tributed as follows: 84 

ìateria1 cost 4.48 
Fixed costs 0,70 
Overhead 1.30 
Operating 3.51 

s 9.9e 

4. The kiln gases from the process cannot be utilized 
to sustain operation unless sorne preheating phase is applied. 
The utilization of these gases could best be applied in an 

operation of two kiins. The kiln gases from the carboniza- 

tion kiln could be burned to furnish the heat requirements 

of the drying kiln. The gases from this process have a heat- 

ing value of approximately 175 BTU/ft. 

5. Side reactions are largely responsible for incon- 

sistent data. The water gas reaction is probably predoniin- 

ant in the equilibrium and is responsible for the somewhat 

lower yields than are indicated by theoretical calculation 
(34.0) or by carbonization in a stationary retort (33.0). 
The temperatures of tile operation and tile presence of water 

vapor in contact with hot carbon are ideal conditions for 

the propagation of tile water gas reaction. 

Recoìmïendations The inconsistent data and somewhat 

low yields bring several factors to mind which may be sum- 

marized as follows: 

1. The method of heating should be altered, whereby 

tile hot gases from the combustion of the commercial gas do 

not come into contact with the hot carbon. This could be 
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accomplished by use of a ceramic tube as an extension of the 

burner. Heating would be accomplished by radiation. This 

alteration would tend to decrease the eflect of t'ne water 

gas reaction. 

2. Some means should be provided for control of the 

position of the decomposition zone. Auxiliary temperature 

indicating devices would be required and some method of lo- 

calized heating or cooling. If the decomposition zone were 

held constant, the length of roasting would be of constant 

nature, and this factor would tend to promote consistent 

data. 

3, Some attempt should be made to preheat the process 

gas for the purpose of determining the extent to which it 

will furnish the heat requirements for the operation. This 

could be done by passing the gases through a heated carborun- 

dun' layer, so that t'ne combustion zone would be retained on 

the surface. It is ìirobable that the combustion of this type 

of gas would retard the water gas reaction, since the hydro- 

gen content is low compared to the hydrogen content of com- 

mercial gas. This would result in less water being formed 

by combustion, 
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Run 

l-6 
7 

8 

9 

10 
11 
12 

13 

14 
15 
16 

17 
18 
19 

20 
21 
22 

23 
24 
25 
26 
27 

28 
29 
30 
31 

32 

33 
34 

35 
36 
37 

Table IV, Jood Carbonization Data 

Length of Retention Kiln speed Ave Tnp. Sawdust loisture Charcoal out, lbs. 

run, ht-s. time,min. rpm F fed, content -10 -10-45 -45-150 -150 

no data 
12 20 -- 695 1168 43.0 184 lbs total 
4 20 -- 689 314 43.0 62 " 

* 20 -- 546 685 37.8 95 " 

no data -- -- --- --- ---- 

2* 20 6 480 638 39.0 133 " 

3 20 6 574 348 39.4 77 
" 

2 20 6 887 223 11.6 46 " 

2- 20 6 4'3 4BC) 350 12.5 45 5 1 

11.33 20 6 707 1559 18.6 57 129 27.5 11. 
8 20 6 558 1465 21.0 57 178 17 5 

8 25 2.65 710 1132 19.0 47 142 12 6 

2,67 26 2.65 965 500 40,0 11 39 4 2 

2- 25 2.75 1180 355 40.0 8 28 7 0 
2 25 2,75 830 366 45,0 13.3 66 7.3 2- 
2 25 2.75 843 297 9,6 12 40 2 1 
- nodata-- -- --- --- ---- -- -- - - 

6 45 1.75 835 562 39.4 18 65 7 3 

4 45 1.75 840 501 38.0 16 52 9 0 

* 45 1.75 830 438 39.0 15 45 5 0 

8 45 1.75 860 967 42.0 28 88 11 1 

2 40 1.75 953 289 42.0 8 34 2 0 
6 50 1.75 840 848 42.0 32 84 10 0 

Solioller Lignin--3tationary retort 810 34 6.5 16 lbs total 
Sawdust--stationary retort 800 20 41.2 4.4 lbs total 
3 30 4 937 531 41.0 Incomplete recovery of char 
Sawdust--stationary retort 503 11 41.6 2.6 lbs total 

nodata -- - --- --- ---- -- -- -- - 

6 30 4 837 1004 35.0 28 117 17 3 
nodatt-- - --- --- ---- -- ---. -- - 

4* 60 1 650 513 41.8 20 54 11 1. 

4 70 1 910 346 39,6 il 34 8 ] 



Table IV, 

Run Volatile Yield, % Tar col- Comm. gas G*s Analysis, % Kiln 3as 
i1 7 dry wood looted, used, Ft3 CtJ CO ill. 02 CH4 óiT ou.f t. 

l-6 ---- ---- -- --- -- -- --- -- - 

7 26.0 27.6 22 1570 --- -- -- --- -- 38,100 
8 ---- 34.6 6 470 1.9 0.8 1.75 --- 0.8 6. 0.4 13,200 
9 29.0 30.4 12 950 7.9 6.7 - 7.2 --- --- - 

10 ---- ---- -- --- - --- --- - 

il 26.0 34.2 6 840 - --- --- --- 11,500 
1 29.0 36.4 -- --- 

13 17.3 23.3 -- 50 3.3 15.3 0.4 --- 4.4 --- --- 6,250 
14 ---- 21,3 -- 540 11,25 18,2 2,2 --- 1.9 3.2 0.9 3(,900 
15 20.7 24.7 47 2750 8.b 13.2 2.3 6.0 0.9 10.9 -- 3E,900 
lb 15.0 222 46 3tbO 7.0 19,8 1.9 7.3 3.1 12.3 --- 31,600 
17 16.3 22.6 -- 2950 5.7 16.3 1.6 7.3 4.0 12.3 --- 32,500 
18 ---- 18.7 -- 1060 - --- --- --- --- 13,000 
19 9.0 17.8 -- 2160 --- --- --- --- 11,310 
20 ---- 27,4 --. 1210 - --- --- --- -- 13,200 
21 25.0 19.3 -- 1000 - --- --- - 6,930 
22 ---- ---- -- ---- - --- --- ---- --- 

23 2.O 27.4 24 2410 - --- --- --- --- 13,250 
24 21.4 24.7 10 1520 - --- --- --- --- 12,800 
25 22.6 24.4 -- 1640 - - --- --- --- --- 10,800 
26 ---- 22.8 -- 4160 --- --- --- --- 34,500 
27 15.4 26.2 -- 820 ---------- --- --- --- --- 6,800 
28 23.3 25,6 -- 2350 ---------- --- --- --- --- 15,200 
29 18.1 50.3 -- 2350 17.0 18.3 --- --.- 0.7 --- --- 

30 23.6 38.2 -- ---- --- --- --- --- - 

31 ---- 19.3 -- 1490 ---------- --- --- --- --- 11,600 
32 ---- 40.4 -- --- 36.9 33.3 2.0 12.3 1.2 5.0 1.8 
33 ---- ---- -- ---- ----------------- --- --- 

34 23.0 25.3 -- 3590 7.7 17.1 2.2 11.5 1.2 5.0 1.8 19,990 
35 ---- ---- -- --- --- --- --- 

36 25.7 28.8 8 1630 ---------- --- --- --- --- 8,910 
37 3.2 25.8 5 1610 ----------- --- --- --- --- 10,550 
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'iuetting Data 

Pelirninary te8ts: molded at 5000 psi for 5 minutes and 170 C, in con- 

pression io1ding. 

1) 4:10:8 CWT -- resultant briquets were good with traverse cracks 
expanded and cracked when coked, soft inside. 

2) 4:10:8 ctw -- very good,should mix at least 25 min. after addiri 

water. (s soft when coked. 
3) 4:10:6 C'1T -- transverse cracking, soft inside when coked. 

4j 4:10:6 CT -- transverse cracks on ends, Better than 1-3 when 
coked, but still soft inside. 

5) 4:10:4 CNT -- transverse cracks. xpanded and cracked, but was 
fairly hard when coked. 

6) 4:10:4 CIW --xpanded .nd cracked when ooked. Soft inside. 

7) 4-10-2 CT1 -- transverse cracks. Soft inside when coked. 

8) 4:10:2 CiT -- transverse craoks. Cracked only on the top when 
coked and was farly hard. 

9) 4:10:0 ----- transverse cracks. Good, no evidenoo of cracks or 

expansion after co1dn. Best of i to 9 series. 

10) 3:10:8 C1T -- transverse cracks. Evidence of cracks after coking 

but was a fair briquet. 

il) 3:10:8 c'rJ -- one :-;ood briquet, two with cracks. Some what soft 

inside after briquets were coked. 
12) 3:10:6 01T -- two with cracks, one good. Soft inside after cok- 

i n?;. 

13) 3:10:6 CT( -- not a ood briquet. 

14) 3:10:4 C1T 

15) 3:10:4 C?i'( 

16) 3:10:2 CTT 

17) 3:10:2 Cru 

one good, one cracked, one very poor. Cracked, 

but was faizìy hard inside after coking. 

transverse cracks. Hard inside and was good ex- 

cept for the transverse cracks. 

fair briquets, bard inside after qoking, 
ood except for transverse cracking. 

same as ni.nber 16. 

18) 3:10:0 CT -- ?;ood briquet, but very poor after coldng. Soft. 

19) 2:10:8 CWT -- transverse cracks. Soft after coking. 

20) 2:10:8 CT - 

21) 2:10:8 C.IT-- 

22) 3:10 prima: 

23) 3:10:8 CTf - 

- two split circunferentially, one ood briquet. 

Soft after briquette had been coked. 
Very soft after coking. 

ry tar was used without water. 3riquets were soft 

when taken from the mold. Higher pressures were 
used, but the briquets were unsatisfactory because 

of transverse cracks. 
- repeat. good briquets 



Briauettin Data --continued 

24) 3:10: -- A 3:10 tar-char mix was diluted with 2,4,6, and 8 parts 
of water. A sDmple was briquetted cold before each 
3U0C858iV8 addition of water. The reu1tin bn- 
quets were not rigid. 

25) 3:10: -- A 3:10 tar-char mix was supplemented with i part of 
soluble starch in a paste with water. The result- 
ilg briquets were poor. 

26) 3:10:0 -_ A finer charcoal was briquetted, in order to determine 
the result of decreasing particle size in briquet- 
tin procedures. A good briquet was formed with a 
multitude of very small transverse cracks. ather 
spongy. 

27) 3:10:0 -- Run was duplicated, using pitch instead of an eiuul- 
SiOfl. The mixes were diluted with water and the 
best briquet resulted from a 3:10:8 mix. 

Rotary iquetti 

Run 1 -- 30fr unscreened charcoal, Ø water, and 4- pitch were ixed in 
that order of addition for 15 and 30 minutes respec- 
tively. io briquets resulted from the first time 
through. o pouì1 of pitch were added, but to no 
avail. 

Run 2 -- 2 -10445 charcoal was mixed for one hour with 6 lbs of tar. 
Only poor briquets resulted from two times through 
the press. 

Run 3 -- 3Ofr (-10445) charcoal was mixed with 7 1b8 of pitch for 45 
minutes. One lb. of water was added Fair briqus 
were formed after 3 times through the press. 

Run 4 -- 3O; (-45.150) charcoal was mixed with 15 lbs of primary tar 
and 18 pound3 of water, ivin a 3:10:8 mix. Few 
briquets were formed from t!ie first time through, 
but after 3rd time, 90% of tne mix formed charcoal 
briquets that would handle all the treaïents of 
drying procedures. Hard briquets resulted when the 
briquets were dried. Density after coking was 
0.77, volatile--8.OE,. 

Run 5 -- l8 (-10.45), 2r (-45+150), 10 lbs tar and 12 lbs of water 
corresponding to a synthetic mix of the size dis- 
tribution obtained from a carbonization run of 
sawdust, was mix ed 50 minutes hot and a1lcved 
to cool before briquetting. Very poor briquets 
resulted from the ist time through. A fair briquet 
was formed after the 7th time through. A very good 
briquet resulted from the 9th time through. 



Run 6 -- A mix of 20 lbs of (-10-45) charcoal and 22 lbs of water 
briquetted ten times in the rotary press. A sample was 
taken after each time through, and dried in an oven at 
212 F. The samples were then sizDd and measured in a 
Ro-tap machine. Tie results is shin as fo11i5: 

Table V,--Size Degradation Study 

:..esh Times through the Press 
size O i 2 S 4 5 6 ! ! 
- lo 0.0 0.0 0.0 
- 20 27,7 15.8 7.5 4.8 2.8 5.6 2.5 3.4 2,1 2.5 2.0 
- 30 24,4 18.3 13.4 9.1 6.3 5.7 5.5 5.5 .9 3,9 3,j 
- 40 13.2 12.4 11.8 8.9 7.4 6.5 6.7 6.0 5.4 5.1 4,9 
- 50 10.4 12.8 13.8 13.1 10,1 11.1 11.0 11,0 10.0 9,8 9.3 
- 80 4.9 8.0 11.8 12.0 12.5 11.9 12.1 11.5 11.4 11,4 11,5 
-100 2.0 3,6 5.5 5.8 6.0 5.5 u.0 5.8 5.8 6.1 5,9 
-150 1.9 3.4 5.0 5.7 5.8 5.3 4,1 5,4 5.4 5.5 5.5 
-200 2.9 4.5 4.4 6.0 6,6 5.6 5,5 6.1 5,7 5.7 5.2 
-200 12.6 23,2 26,8 34.2 42,8 42,8 46.6 45.0 50.3 50.0 53.1 

Run 7 -- 30 lbs of -45-150 charcoal, 24 lbs of water, and 9 lbs of P. 
G. & C. Co. soft pitch, were mixed hot for 1 hour and 
briquetted. Fair briquets resulted from 2 times through. 
Good briquets were formed by three tires through. The ro- 
maining portion of the mix was run through the press ton 
times, some samples of briquet8 being taken for density 
measuranents. The density of each briquet was deteminod 
by displacement methods for the purpose of investigating 
the change in density with the number of times through the 
press. The strength was determined by point loading and 
the pressure required to break the briquet was designated 
the strength of the briquet. 


