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CHAPTER I 

INTRODUCTION 

Solid waste disposal has long been a topic of concern 

of the people of the world. The magnitude of the problem 

can best be seen in the United States where organic based 

solid wastes are generated at a rate of about three bil

lion tons per year, of which about two and one-half bil

lion tons are agricultural wastes (21). The remaining 

one-half billion tons are accounted for by residential, 

commercial, and Industrial wastes. These wastes consti

tute a very large air, water, and land pollution problem 

that must be dealt with Immediately and effectively by the 

scientific and engineering community. 

The disposal methods presently in wide use are in

cineration and landfill. Each of these methods Is becom

ing more expensive, incineration due to stricter air pol

lution codes and landfllllng due to increasing land prices 

and public dislike for "city dumps" in their neighborhood. 

There are a few municipal incinerators that generate power 

from the heat produced during combustion, but most incin

erators waste all the heat produced to the atmosphere. A 

better method of solid waste disposal is clearly needed. 

Pyrolysls is a potential solution for disposal of 

organic solid wastes. Pyrolysls is a method of thermally 



breaking down the complex organic materials of solid 

wastes to low molecular weight phases and a char-like mate

rial composed of carbon and ash. The gâ ês can be used as 

feed stocks for chemical processes or burned in gas tur

bines or boilers as low sulfur fuels. The char may also 

be used as fuel or it might have applications as activated 

carbon. 

The continuous refuse retort considered in this the

sis is an excellent method for continuous pyrolysls of or

ganic solid vrastes. It wastes no heat to the atmosphere, 

has no moving parts in the hot zones, and its unique in 

situ heat generation by counterflow combustion requires no 

heat transfer surface, or internal gas Injection headers. 

The goal of this investigation was to demonstrate the 

the feasibility of a theoretical concept that would sig

nificantly improve retorting technology by designing, fab

ricating, and successfully operating a pilot scale contin̂ -

uous refuse retort. 

Since there are numerous continuous retorts, the con

tinuous refuse retort described in this thesis will be 

termed the TTU retort. 



CHAPTER II 

LITERATURE REVIEW 

The search for literature of chemical conversion of 

solid wastes was both rewarding and disappointing from an 

engineering standpoint. The majority of the information 

available was batch data on waste materials of uniform 

composition. Data on continuous operations of various new 

disposal methods was not available. 

Analysis of a particular refuse has been conducted by 

everyone who has done research in the area of solid waste 

disposal. Unfortunately, most data is on a special lot of 

material. Smith and Malina have studied production and 

disposal of solid waste to determine normal compositions 

for refuse (18), They consider average municipal waste to 

contain 28 percent moisture and 22 percent glass, metals, 

ceramics, and ash. It has a heating value of about ^450 

Btu/lb on a moisture free basis. 

Recycling of municipal solid waste is being tried in 

small scale operations. Paper, aluminium cans, glass, and 

tin coated steel cans have all been the subject of neigh

borhood and city wide collection drives using hand sorting 

techniques. The technology developed for utilizing virgin 

materials continues to be cheaper and easier than dealing 

with these small amounts of materials, Franklin, Ohio, is 



presently being served by a recycling plant that processes 

^0 to 50 tons of unsegregated refuse in an eight hour 

shift. Only one percent by volume of the waste leaves the 

plant for landfill (7), As larger plants are constructed 

the markets for salvaged materials will widen. The Bureau 

of Mines has also conducted studies in the area of separa

tion and recycling. Refinement of separation methods and 

uses of salvaged materials have been demonstrated (2# k, 

9. 13, 20), 

Hydrogasification of municipal waste has been propos

ed by Feldmann (5)» This process would convert municipal 

waste to pipeline gas. One of its greatest advantages is 

that, the demand for pipeline gas is highest where the ven

eration of solid wastes is greatest. A batch system has 

been demonstrated on a laboratory scale, Hydrogasifica

tion of coal has been studied considerably and application 

of this technology should further the development of a 

workable full scale municipal solid waste hydrogasifier. 

The Bureau of Mines has studied conversion of organic 

wastes to oil using carbon monoxide at pressures of 1000 

to 6000 psig and temperatures of 350 to 500 C (1). The 

Bureau has also conducted extensive research on batch py

rolysls of municipal refuse (I6), as have Hoffman and Fitz 

(8), 



Fluldiied bed pyrolysls of coal to yield synthetic 

crude oil, a char product, and a gas stream that can be 

processed to produce hydrogen, fuel gas, and liquid hydro

carbons has been demonstrated in a 36 tons per day plant 

by FMC Corporation for the Office of Coal Research (19). 

This unit could probably be used for solid wastes. 

Another waste of considerable interest is cattle ma

nure. It has been described by Grub (6) as a combination 

of undigested food, unabsorbed "igestive Juices, cells and 

mucous from the digestive tract, and waste minerals. The 

dry material consists largely of undigested cellulose, 

hemicellulose, lignin, and llgnoprotein complexes. These 

materials are easily susceptible to thermal decomposition 

(pyrolysls) at temperatures greater that 100 C, The py

rolysls of wood for instance which is largely cellulose 

and lignin becomes self-sustaining at about 270 C (10), 

It is expected that manure would behave in a similar man

ner although no literature on this phenomena was found, 

Pyrolysls of livestock wastes has been studied by 

Midwest Research Institute under contract for the Water 

Quality Office of the Environmental Protection Agency (12) 

and by White and Taiganides (22), Midwest Research In

stitute does not believe manure pyrolysls to be economi

cally feasible but they based this on an 80 percent mois

ture content and a 65 percent thermal efficiency. If the 
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moisture content were reduced by normal evaporation and 

the thermal efficiency increased, pyrolysls could be eco

nomically feasible. 

The product spectrum available from pyrolysls of or-

p̂ anic wastes is almost infinite. The products produced 

may be controlled by rate of heating (12, 16), final tem

perature (12, 16), and in the case of partial combustion 

during pyrolysls, the amount of air added (1?). In a flu-

idized bed system, high air rates favor oxygenate^ com

pounds while lovT amounts of air favor the formation of hy

drocarbons (17)» 

The Bureau of Mines' development of an oil-shale re

torting process (11, 1^, 15, 16) has been under way since 

19̂'-̂'« The system still has not been perfected due, in 

part, to mechanical equipment in a high temperature zone. 

This mechanical problem is avoir'ed by the coû iterflow com

bustion technique used in tho TTU retort. 

Count erf lov̂  combustion is a common phenomena in some 

furnaces s^nr*. incinerators (3)« This raethor" of in situ 

heat generation by a combustion front advancing through a 

fuel bed toward the oxyp:en source and, therefore, against 

the gas flovj, is the unique feature of the TTU retort. 



CHAP'T̂ ER III 

THEORY OF OPERA-̂ ION 

Since the TTU retort is applicable to a variety of 

solid wastes, the operational theory will be based on a 

general waste that contains moisture, organic materials, 

and noncombustibles (ash), processed in a commercial size 

unit. The solid waste continuously enters the top of the 

retorting vessel, and flows downward by gravity through a 

series of processing zones where it is dried, pyrolyzed, 

partially oxidized, and finally cooled as shown in Figure 

III-l, The waste is supported within the retort by a 

grate, mechanical action of which removes processed waste 

from the retort at a controlled rate. The pyrolyzed waste 

material leaving the retort contains the noncombustible 

materials originally in the entering solid waste plus some 

of the organic carbon in the refuse. The organic carbon 

is now in the form of char. This char could be separated 

from the noncombustible matter and used as a low sulfur 

boiler fuel. The noncombustibles could then be processed 

for other useful materials or landfilled, depending upon 

the composition. 

The uniqueness of this proces.*: is the means by which 

treatment zones are maintained in a simple cylindrical 
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Solid Waste In 

Drying Zone 

Pyrolysls Zone 

Partial Oxidation 
Zone 

Cooling Zone 

Grate 

Cold Pyrolyzed Solid Waste Out 

Figure III-l 

Treatment Zones of TTU Retort 
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retort. The process is a cyclic operation involving sev

eral steps each of which is illustrated in Figures III-2 

to III-4, 

Oxygen free, relatively cool gas is injected into the 

bottom of the retort as shown in Figure III-2. This gas 

simultaneously cools the pyrolyzed waste near the bottom 

of the retort, and moves the heat upward in the retort 

where the hot gas supplies energy for pyrolysls, and fi

nally for drying of the incoming solids. Recycling of the 

gas leaving the top of the retort to the bottom of the re

tort will be the source of gas for this heat transfer 

step. Normally, gases vill leave the top of the. retort at 

about the boiling point of water, since drying of the wet 

solid waste is occurring at the top of the retort. The 

mixture of steam and other gases from the top of the re

tort can be directly recycled, or they may be cooled to 

condense much of the water and to recover useful organic 

compounds prior to recycling the gas. After oxygen free 

gases have been recycled for some time, the pyrolyzed 

solids in the lower portion of the retort will have been 

cooled to the temperature of the incoming gas as shown in 

Figure III-3* At this time a new portion of the retorting 

cycle is started. The partial oxidation step of the cycle 

is begun by injecting a mixture of air and the recycle gas 

into the bottom of the retort as shown in Figure III-^. 
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Gas Out 
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Pyrolysls Zone 

Counterflow Combustion Front 
(This is started as a result 
of oxygen in the injected 
air reaching the hot waste.) 
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Recycle Gas In 
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Cold Pyrolyzed Solid Waste Out 

Figure III-^ 

Counterflow Combustion Front Moving Downward 
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When this oxygen containing gas reaches the hot pyrolyzed 

solid material contained in the middle portion of the re

tort, combustion will result. The combustion zone will 

move downward through the pyrolyzed solids due to conduc

tion of heat downward increasing the temperature of adja

cent pyrolyzed solid material above its ignition point. 

This movement of the combustion front toward the oxygen 

source is termed counterflow combustion. 

During this period when combustion is occurring in 

the lower portion of the retort, the flow of hot gases 

into the upper portion of the retort continues to cause 

pyrolysls and drying of the incoming solid waste. The in

jection of air and recycle gas continues until the coun

terflow combustion front has advanced downward to near the 

bottom of the retort. At this time, injection of recycle 

gas containing no oxygen will resume as previously illus

trated in Figure III-2, and the steps of the preceedlng 

discussion are repeated. 

In summary, this process consists of continuously 

drying and pyrolyzing solid waste by hot gases in the up

per portion of a cylindrical retort. These hot gases are 

generated in the lower portion of the retort by counter-

flow combustion of the pyrolyzed waste. When the counter-

flow combustion front nears the bottom of the retort, oxy

gen free gas is injected to cool the pyrolyzed waste and 



to continue transfer of heat into the pyrolysls and dry

ing zones. 

Control of the processing steps is accomplished by 

three thermocouples and a solids level indicator. These 

instruments are shown in Figure III-5. 

The rate at which pyrolyzed solids are removed from 

the bottom of the retort is controlled by a thermocouple 

at the Interface of the drying and pyrolysls zones. When 

this thermocouple is cooled by saturated steam and wet 

solids, the removal rate is decreased so the rising hot 

gases can adequately dry the wet solids. In this manner 

the top of the pyrolysls zone will remain stationary dur

ing operation of the retort. The rate of addition of un

treated solid waste is controlled by a solid level measur

ing device at the top of the retort. This solid level 

measuring device activating the raw refuse feeder will 

maintain a constant thickness of refuse in the drying 

zone, 

On-off control of the air mixed with the recycle gas 

will be achieved by the thermocouples located at the top 

and bottom of the partial oxidation zone. The addition of 

air to the recycle gas will stop when the temperature of 

the thermocouple near the bottom of the retort is heated 

above a preset level by the advancing counterflow combus

tion front. Mixing of air with the recycle gas will 
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Solid Waste I n 
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Figure III-5 

Instrumentation Necessary for Operation of TTU Retort 
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resume when the thermocouple at the top of thn partial ox

idation zone is cooled below a relected temperature by the 

recycle gases. (This temperature must be above the igni

tion point of the pyrolyzed waste.) Sufficient hot pyrol

yzed solids will remain above this thermocouple to permit 

ignition of the pyrolyzed solids in the pre-̂ ence of oxy

gen. The counterflow combustion front will then advance 

again toward the bottom of the retort until heat reaches 

the lower thermocouple which then stops addition of air to 

the recycle gas. 

Excessive temperatures frequently cause failure of 

oil-shale retorts, furnaces, and incinerators. The TTU 

retort has no mechanical parts in the hot zone; therefore, 

the maximum operating temperature could be very high with

out damage to the retort. The inaximum operating tempera

ture will be limited, however, by noncombustibles melting 

which may cause loss of gas permeability in the pyrolyzed 

solids, or formation of large clinkers that can not be 

easily removed from the bottom of the retort. The maximum 

operating temperature is controlled by the ratio of air to 

recycle gas injected during the combustion cycle. This 

ratio determines the flame temperature. The minimum oper

ating temperature is also controlled by the waste being 

processed. This temperature mu^t be such that ignition of 

the pyrolyzed waste will occur when air is injected. 
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The rate at vrhich refuse can be processed in a par

ticular retort is directly proportional to the recycle gas 

circulation rate because the recycle gas circulation 

transports the heat required to the pyrolysls and drying 

zones. Obviously, high gas recycle rates are most desir

able. The gas recycle rate is an independent process 

variable, but two factors limit the maximum gas recycle 

rate. First, excessively high gas rates will cause large 

investments and operation costs for a recycle compressor. 

Second, excessively high gas recycle rates could entrain 

large amounts of wet refuse in the gas stream leaving the 

top of the retort or cause channeling of gas through the 

retort. 

The preceedlng discussion has described the mechanism 

by which the TTU retort pyrolysls process works, and its 

method of control. Solids handling is always a difficult 

aspect of any new process, but in this process all mechan

ical transfer of solids is made at low temperatures, and 

proven solids handling equipment can be adapted for use, 

both in pilot plant models and in commercial retorts. 

Existing technology relating to oil-shale retorts will be 

of particular value in further retort designs. 



CHAPTER IV 

DESCRIPTION OF EQUIPMENT 

The equipment used in this feasibility investigation 

is shown in Figures IV-1 to IV-6. Figure IV-1 is a gener

al flow diagram of the system. The major items are the 

retort, the gas circulation pump, the two traps, and the 

condenser. Orifices were used to measure steam, product, 

and recycle flows while a rotameter was used for the air 

flow. Temperatures, measured by Chromel-Alumel thermo

couples, were recorded by a twelve point Leeds and North-

rup Speedomax Recorder with a range of zero to 1800 F, 

The oxygen content of the recycle and the product gas was 

determined by a Beckmann Model F3C3 Oxygen Analyzer. 

The retort proper is shown in Figure IV-2, The tube 

was a four foot long, six inch, schedule 10, type 30^ 

stainless steel pipe. Stainless steel flanges, l/l6 inch 

thick, were arc welded to each end. The retort was wrap

ped with one inch thick Kaowool (alumina silica ceramic 

fiber) insulation from top to bottom. The lower portion 

of the stainless steel tube was also covered with magnesia 

pipe insulation to reduce heat loses in the combustion 

zone. The gas distributors were bolted to each end of the 

retort. Asbestos gaskets, coated with Permatex, were used 

as seals. The glass pipe was attached with a standard 

18 



19 

Figure IV-1 

TTU Retort Flow Sheet 
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glass pipe flange and rubber gasket. The glass pipe made 

the solids level in the retort visible so the operator 

would know when to feed more solids, as a mechanical feed

er was not available. The heater was a ^500 watt, 220 

volt, stainless steel sheathed swaged magnesia, electric 

element. It was operated on 110 volts with a powerstat to 

supply approximately 1000 watts for start-up purposes only. 

The thermocouples were attached as shown in Figure 

IV-3. Pipe threads were tapped into the retort wall and 

the thermocouple screwed in tightly, A mixture of Perma

tex and powdered magnesia was used as part of the packing 

gland, while the rest was asbestos yarn. This provided a 

good gas-tight seal. 

The solids discharge unit (Figure IV-4) was based on 

the Bureau of Mines' six ton per day oil-shale retort (11), 

Modifications were incorporated, however, in the TTU re

tort to improve the Bureau of Mines' system for the small

er size unit, A blade was added to the top of the eccen

tric wheel to improve the discharge action. The bottom 

plate of the discharge unit was sealed with a 3/^ inch 

thick silicone rubber gasket. The shaft was sealed with 

teflon in a packing gland made from a pipe coupling welded 

to the bottom plate and a pipe bushing. The solids were 

knocked out of the lower portion of the discharge unit by 

a large revolving chain attached to the eccentric wheel 
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drive shaft. A variable drive unit was used to rotate the 

eccentric wheel at zero to approximately 50 rpm. The sol

ids fell to the next floor by gravity through a two inch, 

schedule 40 pipe, into a soda-acid fire extinguisher can, 

A quick-throw valve was used to seal the pipe while the 

solids cans were changed during operation. 

The gas distributors on the retort were fabricated 

from carbon steel (Figure IV-5). The top and bottom dis

tributors were identical having 76 holes 9/32 inches in 

diameter for gas flow. Gas distribution to and from the 

holes was accomplished by a 3/^ inch annular space fed or 

received by a two inch, schedule ^0 pipe. The inside di* 

ameter of the distributor was the same as schedule 10, 

stainless steel pipe, 6,355 inches. 

The traps were made from steel pipe as shown in Fig

ure IV-6. The tar trap was designed to knock out heavy 

tars and some fine particles blown over by the gas strea». 

The liquid trap included four Inches of J>/h inch Berl sad

dles as packing to help eliminate any mist formed in the 

condenser. Both traps were uninsulated. 

The gas circulation pump was a Kinney Model KS-I3 

Vacuum Pump rated at 13 cfm, A blower or compressor of 

adequate size and head was not available. The condenser 

was a four pass unit with I6.I square feet of cooling 

surface. 
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A Carle Model 8000 B a s i c Gas Chromatograph was used 

t o a n a l y z e gas samples . I t was equipped with a thermal 

c o n d u c t i v i t y d e t e c t o r . Helium was employed as a c a r r i e r 

g a s . A Carle Number 65^7 Ox idat ion Gas A n a l y s i s Package 

column system was used wi th 0 . 5 nil samples . The column 

temperature was 35 C and t h e hel ium f low r a t e was ^6 ml 

per minute measured a t 35 C, The chromatograms were r e 

corded on a Honeywell Model 1^3X58 E l e c t r o n i k s t r i p chart 

r e c o r d e r wi th a range of - 0 . 2 t o +1 ,0 m i l l i v o l t s . 



CHAPTER V 

OPERATING PROCEDURES, RESULTS, AND DISCUSSION 

The TTU retort was operated four times. The length 

of the runs ranged from four to 12 hours. The solid waste 

processed on each of the runs was cattle manure. This 

material was chosen for demonstration purposes because it 

was easily obtained from the Texas Tech University exper

imental feedlots and could be screened for a particular 

maximum particle size without an expensive shredding de

vice. For the small diameter TTU retort it was necessary 

to have the particle size of the feed material less than 

3/^ inch to minimize wall effects (channeling and bridg

ing). This was accomplished by manually forcing the ma

nure through a 3/^ inch expanded metal screen. The manure 

had a noncombustible content of 10 to 15 percent on a wet 

basis which is comparable to that of municipal refuse, 22 

percent (18), The moisture content of 25 to 30 percent 

was also about the same as that of municipal refuse, 28 

percent (18J, 

A mechanical feeder was not available, therefore, the 

retort was hand fed. When the manure was no longer vis

ible in the glass pipe, all gas flows were turned off, the 

lid removed, and manure was poured into the retort using 

small buckets. The lid was then replaced, the gas flows 

28 
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resumed, and the weight of the manure fed was recorded. 

This procedure required about one minute and the normal 

amount of manure fed was between five and ten pounds. 

The vent gas rate was measured by a dry gas meter 

during Runs 1 and 2, It was later replaced by an orifice 

for Runs 3 and 4, The tar trap was also Installed after 

Runs 1 and 2, All gas flows were measured at ambient tem

peratures of 7S to 80 F and pressures of zero to 0,5 psig. 

The effects of these small pressure and temperature dif

ferences on the gas densities were neglected. 

Run 1 

Run 1 was the initial attempt to test the counterflow 

combustion technique and its control. The amount of re

corded data was small but the experience was indispensable 

in planning future runs. 

When the original plans for the retort were made, it 

was felt that production of hydrogen during pyrolysls 

posed a significant explosion hazard if the product gases 

were recycled and mixed with air, so steam was used as a 

heat transport and air dilution gas in Runs 1 and 2, 

The retort start-up was accomplished by filling the 

retort with manure, turning on the heater, and injecting a 

small amount of purge air into the solids removal pipe at 

a rate of 0.17 cfm. The heater was monitored by a thermo

couple attached to the heater surface and the surface 
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temperature was held at about 1000 F. About two hours 

later when the thermocouples attached in the retort wall 

near the heater had reached about 700 F the main air was 

turned on to 5.0 cfm. After the main air had been on for 

about ten minutes thermocouple number 12 (TC 12) had risen 

from 700 to 1100 F. This temperature was lowered by mix

ing steam with the air, in a volume ratio of one to one. 

This larger gas flow moved a large amount of heat into the 

top of the retort. The portion of the retort below TC 12 

continued to cool while the portion above TC 12 became 

hotter. Attempts to heat the lower portion of the retort 

only forced the rising temperatures in the top higher. 

Soon TC 11, the product gas stream, was indicating 600 F, 

about 350 degrees above its expected maximum temperature 

of 250 F, The solids discharge system had become clogged 

and attempts to dislodge the plugs by ramming a rod 

through the bed and vibrating the retort were fruitless. 

Normally, if the top of the retort overheats, the solids 

discharge rate can be increased to move more cold material 

into the hot area and thus reduce the temperature. Since 

this option had been eliminated by the solids clogging, 

the run was terminated, four hours after the heater had 

been turned on. 
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The temperature versus time plot from the multipoint 

recorder was studied and indications of a count erf lovr com

bustion front were not observed. 

Run 2 

Run 2 was started about two hours after Run 1 had 

been terminated. The retort was cleaned out after it had 

partially cooled down and then refilled with manure. The 

heater was turned on for only about an hour since much of 

the retort was still warm. 

The air was turned on to a flow of 5-0 cfm. One min

ute later the steam was turned on. The flow rate of steam 

was not known as the manometer ceased to function proper

ly. The rate was ad;)usted to hold the maximum temperature 

below 1200 F, The combustion and heat transport cycle was 

attempted seven times. Two of the attempts showed evi

dence of a counterflow combustion front advancing from 

TC '̂  to TC 6 (see Figure V-1), These combustion fronts 

advanced down through the bed at velocities of 7»5 and ^,3 

ft/hr. 

The vent gas contained much smoke and liquid drop

lets. The material in the liquid trap appeared to be 

mostly water with some particulate matter. It was dark 

brown in color. 

The problems encountered during this run were numer

ous. The solids discharge unit clogged many times. 
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Swelling of freshly fed manure was observed (the manure 

level in the glass pipe actually increased several Inches), 

A large amount of fines were found in the product gas out

let pipe. The majority of solids handling problems can be 

attributed to the use of steam as a heat transport and air 

dilution gas, and the large amount of fines in the manure. 

Run 3 

Several modifications were made in the TTU retort 

prior to Run 3. The gas circulation pump and orifice were 

added in order to recycle cooled product gases into the 

bottom of the retort as a heat transport agent and air di

lution gas instead of steam. The vent gas meter was re

placed by an orifice. Both of the orifice pressure drops 

were measured by Magnehelic Differential Pressure Gages 

with ranges of zero to 12 inches of water. The flow mea

surement was complicated by the pulsations of the vacuum 

pump. The accuracy of the flow rates was probably only 

plus or minus 20 percent. A smaller rotameter was added 

in parallel with the larger one for measuring lower air 

flow rates. The tar trap was Installed in the line leav

ing the top of the condenser. Since fines in the manure 

may have caused some of the solids handling problems, the 

screening technique was changed. The manure was forced 

through the same 3/^ inch expanded metal screen and then 

the fines were sifted out through a 1/4 inch screen. 
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Run 3 is broken into three portions because the re

tort was operated under three different conditions. These 

are labeled A, B, and C. 

A, The retort was filled with manure and the heater 

turned on. Air was Injected through the bottom gas dis

tributor at a rate of 1.2 cfm. This helped move heat into 

the top of the retort. After about one hour a small 

amount of smoke was seen exiting from the vent line. Dur

ing the next 20 minutes the amount of smoke increased con

siderably so the air was turned off and the gas circula

tion pump started to recycle the product gases at 1.0 cfm. 

This lowered the temperature of TC 4 and TC 12 but TC 6 

rose due to the heat transported upî jard in the retort. 

About 20 minutes later the recycle gas was turned off and 

air injected at 3»B cfm. Dilution gas was not mixed with 

the air at this time, A counterflow combustion front was 

observed between TC 3 and TC 4 (see Figure V-2) that trav

eled downward at a velocity of 3-3 ft/hr. The cycle was 

repeated three more times at the same air injection rate 

as the first time, but the counterflow front evidently 

started someplace between TC 3 and TC 4. It peaked be

tween 1350 and 1450 F each time. During these cycles the 

air was usually turned on when TC 3 cooled to about 6OO F, 

Based on data from subsequent runs this temperature of 

600 F was too high and kept the bottom of the retort too 
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hot. The air was turned off when TC 3 reached about 

1400 F and then the recycle gas was turned on at a rate of 

4.8 cfm. 

An attempt to mix air and recycle /ras was made during 

the combustion portion of the third cycle of part A of Run 

3. This met with failure as TC 1, located in the line 

attached to the lower gas distributor, immediately rose to 

1250 F; Indicating that a flame had propagated from inside 

the retort, through the annular space of the gas distribu

tor and its feed pipe, to TC 1, and probably back to the 

mixing point of air and recycle gas. This fire in the gas 

injection pipe was probably due to the high temperatures 

being maintained in the bottom portion of the retort. 

The char produced was of low carbon content, it was 

gray in color rather than black, indicating a large amount 

of the combustible matter had been oxidized and the ash 

remained. The char also contained many clinkers (fused 

ash). The clinkers were a light gray color, looked like 

melted ceramic material on the surface, were very brittle, 

and shattered easily. The interior of the clinkers con

tained some carbonaceous material and more ash as well as 

much void space. It did not appear that they caused any 

solids handling problems although their original size was 

not known because they had passed through the TTU retort 

solids removal system viiich was capable of breaking large 
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pieces. The particle size of the char seemed to be less 

than that of the feed particles but measurements were not 

made. 

There was a considerable amount of smoke in the vent 

gas as well as some liquid droplets, but the amount of 

smoke and liquid droplets was less than observed in Run 2. 

The material in the liquid trap appeared to be mostly 

water with some particulate matter. It was brown in col

or, 

B, During this portion of Run 3 the air was turned 

on when TC 3 cooled to 400 F, Recycle gas was successful

ly mixed with the air during the burn cycle without a 

flame propagating through the bottom gas distributor. The 

lower temperatures in the bottom of the retort were the 

reason for this successful method of operation. During 

the combustion portion of the cycle the air to recycle 

volume ratio was 0,91 with a total flow of about 6,3 cfm. 

The recycle gas flow rate was 6,1 cfm during the heat 

transport portion of the cycle. 

The counterflow combustion front usually ignited be

tween TC 4 and TC 6 and burned downward at an average ve

locity of 15 ft/hr. When TC 3 reached 1000 to 1200 F, the 

air was turned off and the recycle gas flow raised from 

3,3 to 6.3 cfm. These conditions produced a char with a 

few clinkers and a blacker color than the operating 
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conditions in part A of Run 3. The char had a gross heat

ing value of 5675 Btu/lb and the ash content was 44,0 per

cent. During this part of Run 3 the retort was operated 

in the combustion portion of the cycle 40 percent of the 

time; the heat transport portion, 52 percent; and down

time, 8 percent. The amount of smoke in the vent gas was 

reduced and the liquid droplets eliminated by the mixing 

of recycle gas with air during the combustion portion of 

the cycle, 

C. In this part of Run 3 the air and recycle gas 

mixture flow rate was 8,1 cfm with an air to recycle vol

ume ratio of 0,98, During the heat transport portion, the 

recycle gas flow rate was 8,0 cfm. 

The rate of liquid condensation in the oil separator 

of the gas circulation pump was unknown. Inadvertently, 

the operators allowed too much liquid to accumulate in the 

oil separator and the liquid was moved through the lines 

into the bottom of the retort. The liquid wet the char 

which subsequently clogged the discharge unit. The dis

charge unit was finally cleared and the run continued. It 

was terminated a short time later due to the late hour. 

The retort did operate at these conditions but the 

large amount of downtime was detrimental to the data ob

tained. The char was very black and wet. 
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Run 4 

Run 4 was by far the smoothest run. It lasted 8.5 

hours and was terminated because the screened manure sup

ply had been exhausted. Of the 45 minutes of downtime 

only five were due to mechanical problems, the other 40 

were spent feeding manure to the retort. The manure was 

screened in the same manner as in Run 3» The retort was 

controlled by the techniques previously stated in the 

Theory of Operation chapter of this thesis. The two parts 

of this run (labeled A and B) were made at about the same 

gas circulation rate but two different air to recycle 

ratios were employed. The start-up procedure was the same 

as in Run 3» 

A. In this part of Run 4 the air to recycle volume 

ratio was 1.0. The air and recycle gas mixture flow rate 

was 9.0 cfm during the combustion portion of the cycle. 

During the heat transport portion of the cycle the recycle 

gas flow rate was 9.0 cfm. Manure with a moisture content 

of 24,3 percent was fed at 31.8 Ib/hr, Air was injected 

at 11,5 Ib/hr, This rate was based on the total amount of 

air injected during an hour of operation which included 

heat transport time and downtime. 

Char was produced at a rate of 12,7 Ib/hr and had an 

ash content of 42,4 percent. It was a grayish-black col

or. The liquid was removed from the liquid trap at 9.6 
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Ib/hr, It was brown in color and contained particulate 

material. 

The gases produced by the retort were sampled during 

the combustion and heat transport cycles. The results of 

these analyses are reported in Table V-3 in the Summary 

section of this chapter. The gases detected included 

methane, carbon monoxide, carbon dioxide, nitrogen, and 

oxygen. Attempts to measure the flow rate of these gases 

from the vent pipe were fruitless due to the vacuum pump 

pulsations. 

During this part of Run 4 the upper 1.5 feet of the 

retort would never heat up. Thermocouple numbers 2, 7, 9, 

and 11 all indicated about 190 F (see Figure V-3), This 

meant that the char discharge rate was too high and had 

extended the length of the drying zone. 

The retort ran smoothly but the overall temperature 

profile seemed to be declining. The operating time spent 

in the combustion portion of the cycle was 62 percent; in 

the heat transport portion-, 25 percent; and downtime, 13 

percent. The large amount of time spent in the combustion 

portion of the cycle was probably caused by the high char 

removal rate. This extended the pyrolysls zone into the 

combustion zone and slowed the advancement of the counter-

flow combustion front. The average front velocity was 

8,0 ft/hr. 
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B, The air to recycle ratio during this part of Run 

4 was 1.8 with an air and recycle gas mixture flow rate of 

about 9.3 cfm. The effect of changing the air to recycle 

ratio, when compared to part A of Run 4, was to raise the 

temperatures in the upper portion of the retort 50 to 

100 F, Those in the middle and lower portion were raised 

200 to 400 F (compare Figures V-3 and V-4), It was impos

sible to detect a change in the maximum wall temperature 

of the counterflow combustion front. 

The solids feed rate was lower (27.3 Ib/hr), as was 

the air injection rate (10,6 Ib/hr), and the char removal 

rate (7.2 Ib/hr) than in part A of Run 4, The moisture 

content was higher than in part A of Run 4 (29.1 percent). 

Evidence of inefficient use of the top of the retort was 

observed. TC 9 indicated 300 F for about two hours of the 

4.5 hours that the retort was operated under these condi

tions. Its normal operating temperature was about 200 F. 

The char was not being discharged fast enough which caused 

the manure feed rate to be less than it could have been 

with proper retort operation. 

Summary 

The first two runs of the TTU retort were made using 

steam as a heat transport agent and air dilution gas. The 

steam caused numerous solids handling problems due to 
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manure swelling and char caking. In Run 2 indications of 

a counterflow combustion front were observed. 

Runs 3 and 4 were conducted with recycle of product 

gases as a heat transport agent and air dilution gas. Run 

3 showed some solids handling problems caused by inexperi

ence of the two retort operators. Run 4 demonstrated the 

stable control of the TTU retorting cycle. The data from 

Runs 3 and 4 are tabulated in Tables V-1 and V-2, 

The gas analysis varied during the progression of the 

combustion and heat transport portions of the cycle. The 

ranges of the concentrations observed are shown in Table 

V-3. The portion unaccounted for includes water vapor, 

hydrogen, and hydrocarbons of higher molecular weight than 

methane. 

The manure feed rate was plotted versus the gas cir

culation rate for Runs 3 and 4 (Figure V-5). A straight 

line was drawn through four of the five points. This was 

as expected because the gas circulation rate is a heat 

transport rate and the processing capacity of a particular 

retort is a direct function of the heat transport rate. 

The data point from part A of Run 4 did not fall on the 

line. It was in the over-fed portion of the graph. This 

evidence further substantiates the belief that the char 

discharge rate was too high in part A of Run 4. 



TABLE V-1 

DATA FROM RUNS 3 AND 4 

4^ 

Run 3 Run 4 

Gas Circulation Rate (cfm) 3.8 

Air to Recycle Volume Ratio oo 

Air Injection Rate (Ib/hr)^ 6,0 

Manure Feed Rate (Ib/hr) 11,1 

Moisture Content of Feed 
Manure (percent) 

Char Discharge Rate (Ib/hr) 1,5 

Tar Trap Removal * 
Rate (Ib/hr) 

Liquid Trap Removal * 
Rate (Ib/hr) 

Gas Circulation Pump 
Condensate Removal 
Rate (Ib/hr)^ 

Average Velocity of 
Counterflow Combustion 
Front (ft/hr) 

Operation Time 

Distribution (percent) 

Combustion 

Heat Transport 

Downtime 

62 

33 

5 

B 

6 . 3 

0 ,91 

5.8 

1 8 . 0 

C 

8,1 

0.98 

9 . 7 

2 3 . 5 

A 

9 . 0 

1 .0 

1 1 . 5 

31 .8 

B 

9 . 3 

1.8 

10 .6 

2 7 . 3 

27.9 26,8 26.8 24,3 29.1 

4 . 7 

1 .0 

« 

6 .8 

0 ,8 

5 .7 

12 ,7 

1,0 

9 . 6 

7 . 2 

1 .6 

1 0 , 0 

1.5 1.5 1.5 3.0 3.0 

3.3 15.0 4,0 8,0 13.6 

40 

52 

8 

51 

32 

17 

62 

25 

13 

41 

50 

9 

^based on an hour of operation, includes heat transport 
and downtime 
^averaged over run 
•data not taken 
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TABLE V-2 

ANALYSES OF MANURE AND CHAR FROM RUNS 3 AND 4 

Run 3 Run 4 

A B C A B 

Manure 

Heat of Combustion 
(Btu/lb)a#b 

Ash (percent)^*^ 

Sulfur (percent)^'^ 

Moisture (percent) 

Char 

Heat of Combustion 
(Btu/lb)a.^ 

Ash (percent)^'^ 

Sulfur (percent)^* 

6587 7830 7630 

• 15.8 15.6 

• 0.34 0.43 

* 18.4 

27.9 26.8 26.8 24.3 29.1 

* 5675 4836 6210 6387 

* 44.0 49.7 42,4 38.6 

* 0,38 • 0.40 0,55 

^dry basis 
^obtained in a Parr Peroxide Bomb Calorimeter, gross 
value, water as a liquid product 
^obtained in a muffle furnace at 1400 F 
^obtained in a Parr Turbidimeter 
®as received basis 
*data not taken 
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TABLE V-3 

GAS ANALYSES FROM RUNS 3 AND 4 

Run 3 Run 4 

Vent Gas Combustion Portion of 
Cycle (volume percent) 

Oxygen 1.6 - 4.6 1.5 - 4.9 

Nitrogen 61,2 - 72,0 57.2 - 68,5 

Methane 0.7 - 2,8 1,5 - 4.1 

Carbon Dioxide 7.5 - 13.5 3.0 - 14.7 

Carbon Monoxide 5.1 - 14.8 3.7 - 17.5 

Accounted For 90.0 - 93.0 86.8 - 91.6 

Vent Gas Heat Transport Portion 

of Cycle (volume percent) 

03cygen 2.2 - 5*5 0.3 - 3.7 

Nitrogen 16.2 - 26.7 6.1 - 36.5 

Methane 11.0 - I5.I 1.2 - 15.8 

Carbon Dioxide 17.1 - 27.0 13.2 - 48.4 

Carbon Monoxide 20.0 - 28.8 4.4 - 23.7 

Accounted For 78.3 - 84.4 80.6 - 83.8 
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CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

The counterflow combustion concept to sip̂ nifleantly 

Improve retorting technology was successfully demonstrated 

in a six inch diameter pilot scale retort. The control 

system presented in the Theory of Operation chapter was 

shown to successfully control the counterflow combustion 

front and its maximum temperature. 

Based on a demonstrated capacity of the TTU retort 

(136.5 Ib/hr/sq ft, zero downtime), a retort ten feet in 

diameter could process 129 tons per day of cattle manure 

containing 29.1 percent moisture. The demonstrated capac

ity of the TTU retort was limited by the capacity of the 

available gas circulation pump and not the characteristics 

of the retort. 

Further development of the TTU retorting process as a 

possible solution to solid waste disposal is warranted. 

Recommendations 

TTU Retort Process 

Future work on the TTU retort should be directed to

ward determining the operating limits. These include the 

maximum solids processing rate and the maximum tolerable 

^̂9 
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moisture content. The ability to process municipal waste 

should also be demonstrated. Since the product gases con

tain hydrocarbons that may be more valuable than the char, 

an inert gas might be used during a run as a heat trans

port agent and air dilution gas. In this case the carbo

naceous content of the char would be burned in the com

bustion zone to energize the process, thus allowing maxi

mum recovery of valuable products. In a large scale unit 

this gas might be the exhaust gases from a gas turbine 

used to power an air compressor for the process. 

A temperature profile across the retort is also need

ed because the maximum temperature to which wastes are 

exposed is important when recovery of noncombustible mate

rials is desirable. Also, determining the temperature and 

time of exposure to which a particle is subjected as it 

passes through the retort, would be beneficial to predict 

pyrolysls products for various wastes. 

TTU Retort Equipment 

The vacuum pump used as a gas circulation pump should 

be replaced. A gas pump with a higher rating, at least 

20 cfm, is needed. This would eliminate the flow measure

ment problems caused by pulsations of the vacuum pump. A 

constant pressure regulator is needed on the air supply 

line as the air pressure fluctuates widely. This caused 

much difficulty in obtaining a constant air flow. 
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Orificer^ with differential pressure cells and a three pen 

pressure recorder should be installed to measure and re

cord the air, vent, and recycle gas flows. A process 

chromatograph would also be useful to efficiently deter

mine the variation of gas composition during a run. 

A mechanical feeder, such as a heavy duty star valve 

and hopper is also needed to eliminate the downtime re

quired for hand feeding. A star valve on the char dis

charge rather than the present solids removal unit would 

provide a more positive discharge action and if the char 

were collected in a hopper on a scale, easy measurement 

of the discharge rate could be accomplished. 

Actually, the complete automated control system pre

sented in Chapter III would be most beneficial to obtain

ing unbiased and consistent data. The control system 

could also be easily transferred to another retort if one 

were built. This would minimize the investment and maxi

mize the data quality for a continuing research project. 
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