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ABSTRACT

In the United States in 1996, approxirhately‘7.6 billion head of broiler ch1ickens were
produced. ThlS nmnber has c(;ntinuouély risen p§er the hlas.t few years, with more than
75% of the production accounted in the southeastern United States. Because of the
significant growth m the rate of production, the amount of litter prodﬁced is substantial.
Unfortunately, much of the litter is not used for fertilizer and ends up polluﬁng the rivers
and surface waters. Because of the decreased availability of land and potential federal
regulatibns, appropriate actions must be taken to find a better way to handle the poultry |

waste.

Recently, catalytic steam gasification has been considered as an alténiative to manage the

broiler litter. The process requires' anci alkali metal or alkaline earth metal salt and steam
to convert the feedstock to a fuel gas consisﬁng- primarily of carbon ﬁmnoxidg carbon
_dioxide, ”hydrogen; and methane. The gas may be used as %1 pos;«siblc energy source or

chemical feedstock.’ The broiler litter is a good candidate for catalyiiq steam gasiﬁcation

because it contains potassium andl segleral other alkali metal éalts that can be used as a

catalyst. Even if the inherent salts are not sufficient, additional sources, such as

potassium carbonate and langbeinite, can be used with mmnnal additional cost. The
broiler litter also produces low quantities of unwanted hydrogen éulﬁde. The residue left

after gasification can also be used as fertilizer or in the concrete/cement manufacturing

industries.



A prellnﬁnary study was carrled out to deterrriine the concept's feasibility. In that sttldy,
. a bench-scale high-pressure, “tlxed' bed éas'iﬁcation'systenr was designed and assembled
to carry out expenments up to a temperature of 1400°F and pressures up to 250 p51g

-Also in that study, a hmrted number of expenments were conducted at dlﬁ'erent

temperatures, pressures, and catalyst loadmgs to prove the technical and economic

. v1ab1hty of hand]mg broiler hter

Additicnal 'wcrk has now been carried .cut to validate the optimum conditions_for
handling the brbiler litter'. In this work, a screening test matrix has been- developed to »
assess thel different process variables-SO as to determine the optimum conditicns for
treating the broiler htter Comparatlve analyses are also camed out in this work to see if

the process is econormcally v1ab1e for. statlonary as well as moblle apphcatrons

civo
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CHAPTER 1

'INTRODUCTION

The productlon of broiler chlckens has become one of the largest mdustnes in the United

- States' agrlculture ‘In 1996 the productlon of- broller chlckens reached approx1mately

elght million. The growing demand for poultry has led to an annual growth rate, of about

five percent. Over 70 percent of the production can be traced to the Southeastern United

States.

Along with the increased demands, waste Adisposal and n1anagement have become r'najor
challenges in the agricultural industry., ‘These challenges have not met the needs of the
increased. production. Over, five miillion tons of manure is produced in the Southeastern
United States. : This statistic i$ i'nore ‘phenomenal considering this region only has about
20 percent of the total farm land in the country, yet accounts for the majonty of the

broiler productlon (1 2)

' When‘ handling broiler litter, it is regularly removed from n broiler house. The litter

consists of manure, wood shavings, and other bedding material. After the litter is -
removed it is used pnmanly as a supplemental fertlhzer for pastures, hay, and crop o

producing fields. In one ton of broﬂer htter there may be approximately 60 pounds of

nitrogen, 60 pounds of phospha_te, and 40 pounds of potash (3, 4). Although the litter is
_very rich in nutrients, most broiler producers do not have adequate land in close
proximity to handle the useful application of the litter, which is as fertilizer. Hence, the

1




litter brings dnnmlshmg Teturns since it does not have any other useful or profitable

‘alternatives. Since there is not sufficient land to spread the litter as fertilizer, the chances

of land and water pollution increase significantly due to excess application.

Due to decreased availability of land, the environmental impect of the broiler litter must

‘be considered. Not only is the ecosystem compromlsed but also the people and animal

life in those commumtles are dlrectly aﬂ'ected One example of the envnonmental impact

was a recent outbreak of Pﬁesteria in the Chesapeake Bay in 1996 (5). This incident was

linked to poultt'y producers, and led to the deaths of some aquatic life and serious

illnesses suffered by several people in the community. Another high-profile incident that

occurred was the outbreak of Mad Cow's Disease. - Although cattle were affected and it -

did not become an international catastrophe, its widespread consequences and

environmental risks forced the agricultural and private industrial sectors to become more

proactive than reactive in handling animals and properly disposihg of waste. Eventhe E.

» Coli bacterial outbreaks have forced mdustnes to take a serious look at how livestock and

its litter are handled (7). With the health consequences, potentlal environmental

legisiation, and legal actions being consider‘ed it has become necessary to look at feasible

- alternatives to handle the litter without comproxmsmg the needs of the agrlcultural ‘

mdustry and the nearby commumtles Varlous industries are now lookmg at a.lternatlves

so that major fines are avoided and customer relations remain strong.

Previous work at the University of Tennessee Space Institute (UTSI) was carried out to

assess the feasibility of using broiler litter as an energy source. Preliminary experimentsl

2



were conducted to see if the procees was ‘technicall)" feasible. The results showed that a .
gasiﬁer operating at a low pfessure (approximately 50 peig) : and high temperature
(approx1mate1y 1400° F) produced a gas -with s1gmﬁcant amounts of carbon monoxide
and hydrogen (8) The gas has the potentlal to be used as an energy source thus being .

"able to use the htter for potentlal savmgs and not becommg an.environmental threat.

. Desplte the potent1a1 success, the feasxblhty study was performed with very limited

crlterxa A complete range of condmons was not apphed in that study. Therefore, a full
screenmg test matnx must be desxgned and nnplemented to find the optimum conditions
that will convert the broﬂer litter mto the des1red products. Finding the best operating
condltlons will also a]low a comparatlve economic ana1y51s to be performed for
.transportable and statiohary gadiﬁcatton eysteme. A previous study was conducted for a
" transportable unit, bringing a proﬁt'able return -within a couple‘ of years. However, other
alternatives, such as using a cehtraliued etationary unit, may prove more beneficial in
" certain situations. A complete study wﬁh optlmal condltlons w1ll help determme the best
conditions for handling - broiler htter and determmmg the €CONOmicC potent1a1 that may

assist agricultural communities and private mdustnes.



CHAPTER 2

BACKGROUND o

The quantity of broiler ﬁttér'produced in the United States has increased at a signiﬁcaﬁt ‘
rate throughout the 1990's. This quantity is more phenomenal siﬂcé over 75% of the‘littef
comes ﬁbm the Southeastern United States (9, 10). Th1s region includes the following
_states: | Alabama, Arkansas, | Florida, Georgia, Kentucky, Louisiana, Mississippi,

Missouri, North Carolina, South Cér'blina, Tennessee, Virginia, and West Virginia.

The increase in broiler litter is dué fo the increased demand of poultry, espeéi_ally
chicken. Chicken meat has been widely .seen and reported to be a healthier alternative to
other meats. Cholesterql, fat, and othér' nutritional factors are not as h1gh in chicken as in
other meats. The increased demand of poultry has translated into $25 billion contributing
to the economy (2). The increased demand can also be seen in the increased efforts of '
~ genetic testing using poultry. This testing includes waysk to produce healthier poultry and

eliminating some of the common health risks that are encountered. .

Despite the increase in broiler production, the negative side of this production ‘is the
increase in broiler litter prédu'ced. This is ﬁlrthef compounded by the fact tﬁat land'
availability on and around broiler farms is decreasing. These negétivc trends also bringv a
negative outcome for the extra broiler litter produced. The litter often ends up in streams

or other waterways due to surface run-off. Too much litter when applied to the land as



' fertilizer also restricts the eﬁ'ectiyeness of the litter, possibly over saturating the land and

rendering the areas useless.

The increasing average broiler :liuer farm size currently is a disadvantage, but could

become advantageous in the futute. The largef farms must ttansport their broiler litter

through long distances to dispose it properly. However, economics usually prevail over

ecology, leading to a negative environmental impact (2, 11). Instead of properly
disposing the litter, much of it -is oﬁen dumped into streams or placed in deserted land
‘areas. Due to lack of proper momtormg, the litter often remains in the streams of surface
run-oﬁ' and is not always detected Consequently, the hkelihood of catching a senous

bacterial infection significantly increases. If an alternative disposal method such as

catalytic steam gasiﬁcation is used, the growing farm size will become advantageous. -

This alternative disposal method will not only allow the broilef litter to be handled

properly, it will also reduce the serious consequences assomated with the contamination
of water, air, and land sources. Proper disposal of the broiler htter will also brmg
' ﬁnancial benefits if it ‘is designedto’properly_accommodate.the needs of the agricultural
- communities and industries that produce a lot of waste. The economics will result in
lower conversion costs if the litt'el‘-: is properly treated and converted by appropriate
disposal methods. The growing farm sizes could be the deciding factor in adopting an
alternative disposal technologjr. | Proper disposal of the broiler litter would also lead to

. using it as a favorable, alternative. fuel source 2, 3).



These' alternatives ‘must be addressed due‘ to increasing pressure from the federal
government to find an acceptable‘soluti’on Poultry processors have already begun -
looking at the altematives before the govemment mandates them One alternative is
" being researched by pri"vate. indu_strie_’s, which are taking an actlve role» in resolving the
situation (12, 13). Some of the pﬁvate mdustnes include Tyson Foods, Owens Corning,
"-Inc.,i and Excell'Corporation. Under the private industries’. plan, chicken companies
would work with their farmers to_ﬂ ldevelop litter management plans. iThe farmers would
keep records of how they are stori'ng:and usmg the litter and then submit an annual report
“to the appropriate state agencv. " The private cornpanies‘ could rnake the procedures a
required condition'to continue the husiness relationships. The private industries hope. that
their proactive stan_cev'vould help: curtail-some of the controversy that has risen in recent
years, when’animal ;\vaste‘ runoff was heavily targeted for some of the pollution in the

nation's rivers and streams (14).

While the private mdustnes seek voluntary cooperatlon, the federal government has
worked to nnplement therr own plan to handle the animal waste. The U.S. Agnculture
Department (USDA) and Environmental Protection Agency - (EPA) have drafted a
proposal that would rein in large livestock feeding operations that confine thousands of |
animals in a small space and produce eno‘rmous: amounts of waste (14). The large
operations would have to get pennits. ﬁom “their respective states to ensure ﬂthei'r

compliance in waste disposal. ‘Guidelines would have to be developed on what ammals l‘
 are fod and how waste is handled, These permits would be issued on an annual basis (9,

15).‘ Regardless of who leads the waste management efforts, it is hoped. that all farmers |
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and agricultural communities'will work to put environmental acceptability on a higher

priority while still keeping a financially viable operation.

Biomas.§ Gasification

\.Biomass gasification is a critical c(;ncept that is gaining more attention as'it is being
researched as a viable option for handling waste. Biomass \ gasification is gaining more
acceptance because gasifiers can be connected to advanced power systems with high

efficiencies and low emissions (16).

Biomass gasifiers operate by heating the biomass in an oxygen-starved environment until
~ the biomass breaks into its constituent components. The process requires the input of

heat energy for the endothermic chemical reaction to proceed and split the molecules

apart (17).

Acéording to feasibility studies conducted by the U.S. Depaﬁment of Energy (DOE) and
private industry, there are three types of gasifiers that are economically sound when used
in conjunction w1th gas-tufbine generators (16, 18)..‘ The gasifiers are; fixed-bed,
fluidized-bed, and entrained-flow. These gasﬂiers are used in a direct-fired mpde in
which air or oxygen ]S fed directly to fﬁe gasifier, or indirect ﬁxdde in which the

externélly supplied heat is used to gasify the biomass.

Gasification with air produces a low-BTU gas that has a heating value of about one-fifth

of that of natural gas. ' Indirectly heated gasification and direct gasification with oxygen
7.




produce a medium-BTU gas w1th heating ’t/alues just under one-half of that of natural gas.

Product gas from either of these gasification methods provides a suitable fuel (17).

Biomass Gasification Backgrburtd.
Gasification is a two-step, endothermic process in which a solid fuel'(such as biomass) 1s o
thermochemlcally converted mto a low~ or medium-BTU gas. This conversion allows :
vthe fuel to be used for drﬂ'erent power systems without being an  environmental detriment
B in the mdustrlal and resrdentlal sectors (13 19) ' Before anything is gasrﬁed the solid
 must be pyrolyzed Pyroly51s allows the volatile components of the solid to vaporize
. under inert conditions at temperatures below 900°C through a “series of complex
reactlons These volatile vapors mclude hydrocarbon gases, hydrogen, carbon monoxide,
tar, and water vapor. Char wh1ch is the ﬁxed carbon, and ash are the solid by-products |

of the pyrolysrs that do not get vaponzed (13 l7)

After pyrolysls'is comblete; cstalytic steérn gasification is‘the next step. Catalytic steam _'
gasiﬁcetion has ‘received 'serious,~ attention because of its potential for high carbon\
| conversion at relatively moderate operating conditi‘ons.' This process involves the use of
an alkali salt, which helps in lowermg the reactron temperature 17. Th1s process also
‘involves - several key reactlons that help detennme the composition of the gasified

products. They are:

Steam-carbon reaction . | CH+H0 > CO+H, (D)

Steam-carbon reaction k C+2H,0 -> COy + 2Hy o (2-2)
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Water-gas shift reaction ‘ CO+H,0 --> CO; + Hy , 2-3)

Methanation reaction CO+3H, --> CH; +H,0 (2-4)
Hydrogasification reaction C+2H, -->CH, 2-5)
Boudouard reaction C +CO, > 2CO- (2-6)

The reactor’s temperature and operating pressure and the catalyst loading determine the
equilibrium composition of the gasified products. Catalytic gasiﬁcation is applicable to
broiler litter since some of the alkali salts are already present in the feedstock and can
serve as potential catalysts (17). The conversion time can also be reduced if additional

catalyst is mixed with the broiler litter.

Air-blown fixed-bed and fluidized-bed gasifiers appear to have several advantages for
biomass power éystenls. The oxidant for the gasification process can be atmospheric air
or pure oxygen. Oxygen-blown gasifiers offer a higher-BTU gas and faster reaction rates
than air-blown  systems, but they have the disadvantage of additional capital costs
associated with the oxygen plant. The air-blown gasifier is preferred for biomass
integrated gasifier power systems (20). The air-blown gasifiers produce a gas diluted

with nitrogen from the atmosphere, and as a result have a lower heating value.

In considering different types of gasifiers, one must look at the choice between dry-ash
and slagging gasifier designs. The slagging gasifier requires substantially less blast

steam injection for the gasification process and it has the potential for greater throughput




capacity. This occurs because the elagging_ gasifier operates at higher temperatures than.

the dry-ash design. '

Alternative methode can also be 'cdnsidered__ when transferring the heat from the char .
combustion to the gasiﬁer feedstoc'k.. In direct combustion gasidiers, some of the char is

burned in the vesset where thennocljemical reaotions occur. Howeve‘r,ﬂ indirect gasifier-
systems utilize a separate combust'or'» for char combustion, which allows lreat to be .
transferred to the gasifier reactor (20, 21). The indirect gasifier system also has the .
advantage ‘of not allovs%ing the nitrogen. from the atmosphere used during the combustion

: step to coimbine with the product @él gas, thereby avoiding .the dilution of the product '

gas.

" Types of Gasifiers U.s;ed in Biomass Gdsiﬁcation

‘F z'xad-Bed Gasifier. | _

The most successful fixed-bed desdgn is the .updraﬁ gasiﬁer; which allows the biomass to
be fed from the top of the'gaeiﬁer and allowing it to succeseiveiy urldergo drying, .
pyrolysis, char gasiﬁcatiom and' char combustion as it settles to the bottom of tlde gasiﬁer
The product gas is removed from the top of the gasifier and the ash from the bottom.

’ Blast air and steam are mJected mto the gasﬂier to keep the ash below melting \
temperatures (in a dry-ash gas1ﬁer) and to facilitate char conversion. The product gas |
| from this scheme has alow velocrty and low temperature The low operating temperature

creates a consrderable amount of condensable oﬂs and tars in the product gas. However,
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the filtering effect of the bed and low stream velocities create a product gas with low

particulate concentrations.

Because of ﬂié '\"olatility"o‘f biomass, the exceﬂent heat transfer design, and hrgh peak
temperatures used in the fixed-bed desigxr, the achieved carboil conversion 1s typica]]y.
around 99%. Fuﬁherrnore, ’tﬁe design and operation of the fixed-bed is relatively simple -
and is the most widely use;i comniercially However one disadvantage of the ﬁxed-bed
gasrﬁer is that it requrres large, dense, umformly srzed fuels to be most effective. This
puts agricultural residues and products at a dlsadvantage since they are not umform all
the time (2 22). They would require densrﬁcatlon, whlch would increase ‘the fuel
handling costs and make the process less. econormcally viable. ThlS would prove to be

challenging when dollars »0verrule, ecology (2).

Fixed-bed gasifiers also exist as either an updraft or downdraft design. Updraft gasifiers
allow the gases to flowin a countercurrent ‘direction to the fuel. Updraft gasifiers carl
. accommodate fuels with moisture content being 35 to 50 percent of the fuel. Although
the product gas leaves the reactor with a high"’ta‘r and condensable aqueous content, itA-is :
usually low in particulates. The main disadvantage with updraft fixed-bed gasifiers is the
frequent tar condensation in the upper reactor: Downdraft gasifiers allow the gases to
flow in a cocurrent mode.with tlre_ fuel. A corrstrictiorr is often designed into the gasifier
- to accommodate the cocurrent flow. Dowrrdraft, gaeiﬁers require a low moisture 'contenr
and fuel of relatively large particle size. Downdraﬁ gasiﬁers“ also generate product gas

_loaded with ash and char particulate. The main disadvantage of downdraft gasiﬁers is the
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fuel quality. Othe{ri disadvantages include bridging in the upper part of the reactor, -
slagging from high ash content, : bed plugging from high fines content, and poor gas

quality due to excessive fuel moisture.

Fluidized-Bed Gasifiars

In a fluidized-bed gaaiﬁef, a contilauéus feed of biomass and inert heat-distributing
matenal are "ﬂuidized'; by and oxidant and/or steam. There aa'e two options for -
supplying haat to the gaéiﬁer. In a directly hea.ted fluidized-bed gasiﬁer,'heat required
for gasification comes from bart of the char combustion in the gasifier reactor. In an
indirectly heated ﬂﬁiaized bed -gasifier, partially gasified char is removed from the
gasifier and burned' in a separate 'v‘e”ssel. The resulting heat is transfer;'ed to the gasifier
‘by either in-bed heat exchangers or by 'fecirculatiﬂg the inert bed material heated in the
char combustor. The primary - advantage to indirect heating of the gasifier 1s the
gasification product is not diluted with the char‘ combustion by-products (e.g. N2 and

COy).

Regardless of which design is cliasen, pyrolysis occurs throughbut the bed and is not' .
localized. As in the up &aﬁ ﬁxed-bad design, the pfoduét gas is drawn from the top of

the gasifier. The sui)erior mixing 4whi‘c1\1 occurs in the fluidized-bed gasifier provides-‘for '
- excellent heat and mass transfer, which subsequently yield uniform temperatures; bette;

: ,fuei-moisturé to keep be& temperatures below the ash melting temperatures; and faster

reactions. These benefits allow higher throughput capabilities, which in turn, can reduce

the size and capital cost of tha gasifier. Also, the temperature is more uniform, and the

teoow



average temperature in a fluidized-bed gasiﬁer is greater than in the fixed-bed design. A y

- signiﬁeant amount of tars and oils are also co’nverted into permanent gases, reducing the

amotmt of unwanted by-products.

There are some s1gmﬁcant dlﬂ'erences between the fluidized and ﬁxed-bed gasifiers.

Fluldlzed-bed gasﬂiers are capable of handlmg much smaller, less dense, and less

_ umform feedstock Th1s is especlally advantageous for ‘broiler litter and other solid fuels

whose samples can vary in many ways Wlth ﬂuldlzed bed designs, the fuel and fuel

“handling systems are more likely to set lower lnmts for acceptable bulk dens1ty

However, a close partlcle size is requlred to keep the bed fluidized. A shortcoming of the

ﬂuldlzed-bed gasifier is that the raw gas has a high particulate level.
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CHAPTER 3

EXPERIMENTAL PROCEDURES

Analysis of ;he Broiler Litter, Char, and Ash

When analyzing any samples of broiler litter, the moisture, vola”tiles, and ash content
must be determined. These factors were studied to verify the analysés performed in the
previous studies and ensure replication of the results (3). To determine the moisture
content of the litter, a 20-gram sample was heated under nitrogen in a Precision Gravity
Convection Oven for 72 hours at 105°C. The sample mass before and after drying was
measured with a Mettler PM2000 analytical balance. The i)ercent moisture content was
calculated from the initial and final masses, Migiia1 and Mgy, respectively (3). This value
represen;ts the percentage of the original sample mass attributed to moisture.

Minitial - Mfinal

Percent Moisture = ==--cmeenememenes * 100% 3-D
Minitial

The determinations of volatile content and ash content were performed using a Perkin-
Elmer TGA 7 Thermogravimetﬁc Analyzer. The TGA is essentially a temperature-
controlled furnace equipped with an internal microbalance. The composition of the TGA
furnace atmosphere can be controlled by the addition of both inert and reactive gases.
The volatiles content was measured by heating the furnace and a fresh broiler litter
sample to 1000°C at a rate of 7.5°C per minute. The pyrolysis reaction was achieved by

maintaining an inert atmosphere of argon gas. Any weight loss was attributed to the loss
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of both moisture and volatiles.. To' detelfminé the percent volatiles content in the fresh
sample, the moisture contribution must be removed from the weight loss (3, 4). This is

- shown in equation 3-2.

(1 - wizo) Dipitial - Mgl

% Volatiles = * 100% | - G2

miniﬁa) .

whére_ Wipo is the mass fraction of moisture in the broiler litter. The ash content was also
found using the TGA, but with oXYgén being fed to the System. The reproduced results

-are consjstent with the previous results obtained from Andrew Jones’ experiments (3).

| 'I’}:}b(vsis of Broiler Litter. ‘ .

The pnmary gasification, or pyro]y51s, of carbonaceous compounds generates both char
and volatiles. 4. Iﬂ a bench-scale apparatus, érbducts from this. pyrolysis process may
interfere with the _subsec}uent secondary gasification. For example, tars and oils, which
" are- volatile at pﬁolyéis femém@és, may condense at lower tenﬁaeratmes’. These
compounds may then foul the ,a'p-paratus or even interfere with the operating procedurés.
For th:ls reason, the prociuctio‘n of pyf;)i);iéd char was peﬁomed in an apparatus de\}oted ,

o fo the task (4)”

The pyrolysis was conducted in a Barnstead Thérmolyne - Model F48015 muffle furnace
‘ at atmospheric pressure. The mlifﬂe furnace housed a cylindrical stainless steel container
to maintain a complete'inéft at_"mpsphere dqring‘b);rolysis. The container had a heavy lid

. “ T
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that had an inlet ;t'or the inert gas. (Ny) and an outlet for the volatiles and tar to escape. -
Tests were always perfomred on the container to ensure that there were 10 leaks in or
around the cylindrica] steel eontailrer. These leak tests were always performed before
any pyrolysis to ensure the results would be as accurate as p0551b1e under the most ideal
condltlons Equipment was also regularly mamtamed and cleaned to make sure the most
accurate results were obtalned for every mun. A 20-gram sample of the litter was used for
every pyroly51s and purged with grade 5.0 Np. 'The muffle fumace was then set to' a
temperature of 750°C for the pyroly51s to begm There was a continuous purgmg of the
inert gas to help remove the volatrles .from,the contamer. The outgoing gases were
bubbled into a conical flask partially filled vyith yvater to allow the tars and other hea\_ry
yolatile compounds to':condense»vb"e;f(‘)r‘e» the gases were released into the atmosphere
through the eXhaust hood's ‘vent'}" ':’I;he~pyr01ysts was carried out for three hours’ ﬁorn the
time the desired temperature (750°C) was reached in the muffle furnace. The desired
temperature was regularly reached w1thm approxxmately 20 mmutes At the end of the
pyrolysis, the furnace was cooled to room temperature by continuous purging with the
inert gas. This‘ process txsually"took six to seven hours since the furnace was always
closed durirrg this stage. Thlswas done so that rmmmal reaction with the air would occur
if the furnace were leﬁ open for a faster coohng (4). Otherwise, oxrdatlon of the sample

would be a _serious cha]lenge and may s1gmﬁeantly alter any results from further

analyses.

After cooling, the pyrolyzed broiler litter was crushed in an agate mortar and sieved. A
‘standard particle size of the char sample used in the‘ gasifier was between 30 and 100
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| mesh. Anything outside of that range would be too big to fit in the reactor or would slip

through the sieve baskets. After sieving, the char was placed in small bottles and stored

in the glove box under the inert conditions so that oxidation would not occur.

Steam Gasification

The catalytic steam gasification experiments were carried out in the bench scale high-
pressure, high-temperature fixed-bed gasifier system. The gasifier in this system was
typically operated with a downdraft gas flow regime and in a differential fixed bed mode.
The gasifier was designed to operate at the desired constant temperature, pressure and

steam/water flow conditions.

The core part of this bench scale gasification unit was the gasifier reactor. The reactor
body was constructed of a 3/4-inch Type 304 stainless steel tubing, with a wall thickness
of 0.0065-inch. This allowed. a working a pressure greater than 1500 psi at 1400°F. The
reactor was sealed with an end cap on one end and filled with ceramic beads on a 200-
mesh stainless steel screen (4). This provided support for the char sample. The char
sample to be gasified was supported by two 200-mesh stainless steel screen baskets
placed above the ceramic packing, closer to the center of the reactor. A Type K
thermocouple was introduced from the other end cap and was placed close to the top of
the char bed. The thermocouple was used to monitor the bed temperature throughout the
entire experiment. A schematic of the differential fixed-bed reactor is shown in Figure
3.1. The high-pressure fixed-bed gasifier system was operated in the start-up mode to
bring the system to reciuired operating conditions of temperature and pressure.
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Type K Thermocouple

Reactor inlet

———— Char sample

\ 2 Stainless steel baskets (200 mesh each)

3 Ceramic packing

: — 3 Stainless stes| bas,kc't (200
mesh)

Rezactor outlet

Figure 3.1: Schematic of Differential Fixed-Bed Reactor
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The reactor was: continuously purged wifh nitrogen, | from the start-up throﬁgh the
gésiﬁcation steps, to maintain inert conditions. The reactor was heated using a long
" vertically mounted Lindberg Sola Basic Model 123 split-tube furnace. The differential
char bed accommodated about 2.5 grams of char dunng each experimental run. Once the
system was reads' fof gasification, steam was introduced int6 the reactor. Distilled wéter

was introduced to the system using an Eldex Laboratories, Inc. Model A-10-S metering

pump. The total amount of water entering the apparatus was measured by the burette

from which the water entered the pump. The water was preheated to provide steém to the
reactor using a separate Lindberg Sola Basic Model 123 split—tubf: furnace. The preheater
furnace was' placed directly above thé gasifier reactor to providé better heat transfer and
to minimize heat loss.. This was a 'slight mbdiﬁcation made from previous work d_one on
the broiler litter, in which the préﬁeatcr was placed far from the reactor, decreasing the
Veﬂiciency in effectively carrying out the experiments (4). The change in set-up also
' ‘worked well in maiﬁtaining tﬁe ;eciuifed operating t:‘e'mp'erature in the reactor throughout
- the carbon-steam gasification. ' This reviséed set-up also allowed for more efficient us.e- of
time‘ since one pers;on could now handle all of the required tasks or géals for completing
the experimental run. The pressure in thé whole system was regulateé by a Tescom
Industrial Cont‘rolsv Model backpressure regulator, which was placed at the reactor éutlef.

Pressure was monitored at both ends of the reactor using Ashcroft pressure gauges, with a

reading up to 400 psig; to maintain constant pressure conditions during gasification. A .

schematic of- the high-pressure high-temperature - fixed-bed gasifier set-up is shown in

Figure 3.2.

19



B

'KEY

Thermocouple
Pressure Gauge |

Valve

Pump

Check Valve -
. To Vent
Back 4 .
Pressure '
Regulator Tob\icm g ¢ L A
4
A .
, T ClE
.' T
' o)
Y_; R
.‘ l ‘ | 1 —=
. [~
c Y L
0 .
N D 4\" A
D % : ._:?; N ‘
v INE -4 A4
S R _ I H20 | Gas Mixtures
E . N '
R |y : SRR :
A To : ﬁ
Vent
Condcnsa(c-d-—-J Flow l : T Water
Meter o

- Figure 3.2: Schematic of High—Pressufe High-Temperature Fixed Bed Gasifier

- .Gas Chromatograph

S 20

a-o%

m--mowcw



The water was pumped into the system once the reactor reached the desned operatmg
conditions. The mtrogen, unreacted steam, and products from the gasﬂier entered the
condenser after passing through the backpressure regulator. Most of the unreacted steam
was condensed at this point and' collected at the end of the gasification run. A drying
tube packed with silica gel removed any traces of water left from the condenser outlet

gases. This allowed the dry gas to enter the analytical section of the system.

The flow rate of the nitrogen gas was maintained throughout the start-up, gasification,
and cooling stages of the experinmental runs The steam gasification step was carried out
for about four hours. During the progress of the run, the process variables required to
calculate the rate of gasification Were measuned. A Rockwell culnulative gas flowmeter -
determined ' the - total volume .‘of the dry gas from the reactor. The exit gases were
collected at set time intervals in SKC saihpl'e bags. Eefore any gases were collected the

bags were always vacuumed to ensure no residual air was in the bag, posmbly altermg the
results from the gas analysis data Aﬁer the .gases were collected an SRI 8610C gas
chromatograph was used to analyze th‘e exit gases. The gas chromatograph analyzed the
gases to help detemline the Imol‘,e lﬁactions of oxygen, nitrogen, ‘rnethane, carbon

monoxide carbon dioxide,. and hydrogen A Gateway 2000 computer with the

- Peaksnmple 1.44 soﬁware controlled the gas chromatograph operation and analyzed the

exit gas.

The cumulative gas volume, water burette reading, and temperature of the reactor and
COndensei were continuously monitored and recorded at the same time the exit gases
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were collected. Th]S helped Ain‘ensﬁfing coﬁsistency, and also maidng sure that the |
apparatus did not behave in an‘uhuéual manner. The inlet gas flow rate was glso
.considered, but was not _ineasmed due to ;nec;harﬁcal problems with the measuring
equipment. The carbon-steam gasification rate was calculated from the cumulative gas
volume and from the‘gas analysis results obtained from the gas chromatograph in the

form of mole fractions of the various components in the exit gas.

At the end of the gasification step, the system was cooled to room temperature under the
nitrogen flow. Further oxidation of the char was thus prevented by the flow of the inert
gas. After cooling, the remaining char was removed from the reactor, weighed and stored

in sealed, glass bottles for further analyses in the TGA.

Use of Raw Data
The data based on the reactor's parameters and the gas chromatograph analysis were '
collected at set time intervals. \The'se data were used to ‘calculaté the gasification rate.
The gas chromatograph was used to calculate the mole fractions of the exit gas
components, based on the standard calibration gas. The standard calibration consisted of
4 mol% hydrogen, 5 mol% oxygen, 5 inol% nitrogen, 4 mol% methane, 5 mél% carbon
monoxide, 5 mol% carbon dioxide, and the balance containing helium. The mole
fractions of the.e‘xit‘gas components were found using helium as the éarrier gaé. The'
carbon dioxide that was in the exit gas was assumed to be méinly from the gasification
reactions that occurred during the steam gésiﬁcation process. The amount of oxygen in-
the péak may have been slightly aﬂ'ected by small mnounfs of the airAthat entered the gas
. - T |




chromatograph during sample injec'-(ion. ‘HYdf(;gen peaks were analyzed when Initrégen
was used as the carrier gas @d thf; ‘gas ch;éﬁxatograph operated at low voltages. This
was done because hydrogéﬁ péaks are aﬁ'ected by heiiﬁm as a carrier gas Using the gas‘
chfomatograph results, the mole fractions of the individual gés compdnent, Vi w1th the
peak area, Aj, at each time interval is given by .

%i= (Yeali/ Acti) Ain - N (3-3)

P

The mole fraction of the calibrafioh standard and the corresponding calibration peak areas

- are symbolized by yeii and Ag; respectively. A small amount of air inadvertently

entered the gas chromatogréph when the‘_sample gases were injected into the .unit.
However, this incident was corrected through éppropriate normalization for the.

components.

The cumulative flow meter measured the total volume of the dry exit gas mixture from
the condenser, The total molér density, p, of the mixture was calculated at the condenser .
temperature, Tng and at the atmospheric pljessure, Paum representing the conditions of the

flow meter. The condenser temperature remained fairly constant, ranging in value from

71°F through 76°F.

p= e )



The molar density of each gas species, i, is-the product of the component mole fraction

and the total molar density.

Pi=Yi P o (3-5)
The cumulative molar density of the carbonaceous components is represented by p. and

is equal to the sum of the individual molar densities of these constituents.
Pe =, Pi=Pcue + Pco + peoz ; (3-6)

The moles of carbon gasified in the overall réaction process from time equal to zero up to
the gasification time, t;, is the integral of the carbon molar density with respect to the
cumulative volume of the exit gases, Vj. It is then multiplied by the atomic weight of

carbon, M., to give the mass of gasified carbon, Cggs.

g ,
Moles of carbon gasified = j P dV . 3-7D

0

J

Mass of carbon gasified, Cgas = M. j pc dV : 3-8
: 0
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The data being collected at the regular time intervals can be approximated using a
numerical summation of the number of data points, N. Equation 3-9 is used since the

data were taken at discrete time intervals.

y | _
‘Mass of carbon gasified, Cgs = Me Y. pe (Vj-Vju1) (3-9)

J=1

where V; and Vj; are the cumulative volumes of the effluent gases measured at times t;
 and t;.1 respectively. The molar density of carbon was taken as an arithmetic average of

the molar densities at these consecut_ive' time intervals so that there would be no

discrepancies in the data obtained.
Pe= (Pt pej1)/2 . | | (3-10)

which was then substituted‘ accordingly into Equation 3-9. The initial mass of carbon in .
the bed, C,, was determined i_i'ém the oxidation of the pyrolyzed char in the TGA and"
verified through repeated expgrimentél Tuns. The carbon left in the fixed-bed at any time,

tj, is given as:

© C=Co-Cas =~ | - (-11)

T

The remaining carbon weight fraction ,(RCWF) in the bed at any time is then given as




RCWF = (Co-Cu)/Co .~ . (3-12)

The fractional carbon conyersion' in :the bed based on the amount of fixed carbon in the

pyrolyzed char is presented as:
Xechar=1- RCWF ‘ T - (3-13)

' Reconciliation
Data were reconciled using the results from the TGA and from the gas chromatograph.
The total carbon content of the pyrolyied litter was determined before and after

gasification. The Eofrég{ion was then ir}iplelﬂe:ilfed using the following formula:
Koo = ( Xgas/ K1oa) * Xotae  © S < BT

Xoas is the cumulative’ cériversion of carbon' at thé end of gasiﬁcétion using the gas
, chroinatograph and Xrga is the value found’ ﬁ'ofn the TGA analysis. To find XTGA, the
amount of fixed carbon was determmed from the TGA analysis of the char before and
.aﬁer gas1ﬁcat10n. The amount found aﬁer the ga51ﬁcatlon was then subtracted from the
amount before gasification and d1v1ded over the amount prior to gasification to find the
coh{'ersion The corrected céﬁVérsidns were 'used 'to récalculate_ the amount of carbon

gasified in the bed and the volume of gases flowing between the consecutive time -

intervals. The correction factor was usualljf about 0.98. .




RCWFoomrest = 1 - Xomeo . o e

Ceorrect = RCWFcorrect *Co ) B | - ' (3-16)
The amount of gasified carbon in the bed is now:

Coms =Co-Com o @
" Using the reconciled values, the gasification rate was calculated using the 3-point

numerical differentiation fofniula. ‘
(@C/dt); = (-3C; +4Cjr1 - Cpra) /2 At . - (3-18)

where j = 0 whent = 0 and j = j - 2 when t = 1, the total gasification time period. When o

determining the gasiﬁcaﬁon rates at the end points, the following equation was used.
(dC/dt); =(Cj1 -~ Cj) /2 At - o (3-19)

The reconciled data were used to find the moles of ‘gasiﬁed‘carbon pro&uct's that egisted
és carbon monoxide, rﬁetﬁziﬁé, aﬁd cgrbon dioxide between the consecutive times of t;
, anditj.l. | “
(Pco,i + Pcoj1)

Moles of CO = [COJ; = -- * AV correct . (3-20)
‘ . ) S
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(Pcwaj + PcH4 1) -
Moles of CHy = [CHyJ; = -=nsmmmmmme=- - ¥ AV comrect (3-21)
S 2 . <

. . (pcozj* PCOZ,j.-l) ‘ -
Moles of CO, = [CO,]; = : * AV correct - (322
S '

‘In these cipen’m‘ents,, the énhdu’n‘t 6_f gés_iﬁé&:jéarbon that formed CO and CH,; was also

dete‘rmiried.; This amountjreﬂecte;l the total amount of carbon gasified in the bed to fuel

gas constituents at a particular time interval of t;.

J

‘Fuel Gas Fraction of CO + CHy + Hy= ) ([CO};+ [CHs} + [Hz}) M/ Cicomee) ~ (3-23)

1

Partial Pressure of Steam During Gasz_'ﬁcation

" The previous calculations were carried out on a dry basis at the exit of the condenser.

. However, the components in the product gas also contained unreacted steam. The

amount of steam present in thé bedwas calculated as the average of the amount entering
and leaving the reactor (4). Tﬁe mne'écted steam exﬁing between time t;; and tJ was
galculated from the average amount collec-:ted' in the condenser over the total gasiﬁcatiog'
time period, T. The amount of stearﬁ thét coﬁdensed at a tﬂne, tj, was determined on a

molar basis. This quantity is defined as Hzom,q.

H;O0u,j = {Condensate * (t; - 1)} /(1 * 18) | L (329)
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The average moles of steam inthebedata time, t;, is then shown by:
H;Oumg j = (2O, j+ HoOow ) /2 - (3-25)
where H,0j,; represents the amount of water in moles entering the reactor at the time, t;.

The mole fraction of the amount of steam in the fixed bed was calculated from the total
moles ef all the exit gases. “This included the steam, too. Cumulative moles of the exit

' gases, Gexiyj, for the time frame between t; and t;; is given by:
Gexitj = (Yo + yora + Yooz +. ¥z + HoOuvg); _ (3-26)

- The basis for the ealculations is one mole of dry gases at the exit conditions. The mole
fractron is the same as the number of moles at the exit on a dry basis. The mole fraction

of the steam in the bed and the part1a1 pressure of steam in the bed are then,

Yoy HyOums/ Gty o (3-27)

szOJ Yoo * Prowr (3-28)

where,
V20, is the mole fraction of the steam in the fixed bed at time, 4
-pH20;is the partlal pressure of steam at time, t;, in kPa
me, is the operating pressure of the reactor
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These parameters were calculated during the interpretation of the raw data to determine

the effects of various variables on the gasification kinetics.
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CHAPTER 4

RESULTS AND DISCUSSION

In deterrmmng the optlmum condltlons to handle the broiler litter, the catalytlc steam

'gasﬂicatlon of the broﬂer htter was camed out using K>CO3 and langbemlte as the

catalysts. Langbeinite is an- mexpe_nsxye mineral used in the fertilizer. industry. It o

contains potassium and magnesium sulfate, and ‘i_t comes in a crystalline form. The
chemical fonnula for langbemlte 1s KzMgZ(SO4)3 The «catalyst was physically mixed

with the broﬂer htter then the entlre sample was pyrolyzed into the char used for the

ga51ﬁcat10n expenments The next step in determmmg the optlmum conditions to handle
' the broﬂer litter was to set up a screemng matrix that evaluated several variables affecting
 the ga51ﬁcat10n.» The followmg variables were evaluated: temperature, pressure, steam

‘flow rate, and catalyst loading. The operating conditions used for the experimental runs

carried out using K2CO; are nrovided in Table 4.1. For each m the initial amount of
char in the bed was 2.5 grams and the gamﬁcatlon was carried out for 255 minutes. The

following sections hxghhght the eﬁ"ects of dlfferent variables studled during the

‘expenments. Compansons are t_hen made using two different catalysts, potassium

carbonate.and langbeinite.

Studies with Potassium Carbonate

Temperature

In providing- an accurate gauge on the effect of temperature in 'eatalytic steam

gasiﬁcation? three runs were ﬁerfotmed. The sanlples were separately tested at 1200°F, ‘
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Table 4.1: Process Variables for Catalytic Gasification Runs Using K,CO; .

Run | Temperature ('F) Pressure (psig) | Catalyst Loading Steam/Water
(wt%) Flow Rate
(ml/min)
1 1200 100 10 0.25
2 - 1350 100 10 0.25
3 71420 100 10 0.25
4 1350 50 10 0.25
5 1350 300 10 0.25
6 1350 100 5 0.25
7 1420 100 15 0.25
8 1420 100 10 0.084
9 1420 100 10 0.0145




‘ 1350°F and 1420°F. At 1200°F the carbon conversion, based on pyrolyzed char,
| reached approxrmately 86%, whrle at higher temperatures it approached 100% carbon
: 'conversmn. Ihe results on the carbon conversions are presented in Figure 4.1. As shown
_in the figure, the carbon conversions at 1350°F and 1420°F mirrored each other closely,
showiné,that good conversion does not have 10 be reached at the highest temperature.
_ HoWever, the conversion is not as good at low temperature making the gasiﬁcation rate
A unfavorable Ata lower temperature the coniversion of the char sample is not complete,
mdlcatmg some of the reactlons may be slow or not completed. However the
| gaSiﬁcation reactions are more ]ikely to be completed at 1350°F and higher temperatures.
This minimum in temperature also allows the gasification rates to be high enough to let
the reactions go to completion Iand produce desirable by-products in a reasonable time.

Based on the expenmental runs, it can be stated that a temperature of at least 1350°F is

sufficient for the gasification of broﬂer htter under given pressure and steam flow rate,

conditions. Since the results are very snmlar at 1420°F, it d_oes not appear beneficial to |

~ operate 'at any higher temperature than 1350°F. To ﬁthher evaluate the effect temperature
~ has on the gasrﬁcatlon reactlon, the conversmn of carbon to carbon monoxide, rnethane

_and hydrogen was estlmated Flgure 4 2 shows a plot of the amount of gasified carbon

that existed as CO CH4 and Hz at a partrcular time interval.’ The gasified carbon is

converted into carbon drox1de carbon monoxrde, and methane. However only carbon
monoxrde, methane, and hydrogen comprise the mole fraction of by-products formed as
fuel gas constituents from the total carbon. A plot of the fuel gas fraction of Co, CH4,
and ‘Hz, Vagainst the conversion 1s shown for the different temperatures in Figure 4.2.
>Since‘ there were different values at each carbon conversion, an average of the fuel gas
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Pressure = 100 psig, Steam Flow Rate = 0.25 ml/min
Catalyst Loading = 10 wt%
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Figure 4.1: Catalytic Gasification of Broiler Litter with K;CO; at Various Temperatures
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Fuel Gas Fraction
moles of (CO+CH4+H2)/(CO+CH4+CO2+H2)

Pressure = 100 psig, Steam Flow Rate = 0.25 ml/min
Catalyst Loading = 10 wt%
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Figure 4.2: Fuel Gas Fraction as a Function of Temperature Using K,CO;
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fraction was taken for each temperature for comparison purposes. The following

equation was used to determine this average fuel gas fraction:

Z ' ¢i X
- =0
Average Fuel Gas Fraction = -------m=-- (4-1)
Xe- 0

where ¢; represents the fuel gas fraction at a particular carbon conversion and X;
represents that carbon conversion. This equation was used to find the analytical average
since the area of the curve just above and below the average should be nearly the same.
At 1200°F, the average mole fraction formed as fuel gas constituents was 0.44, while at
the highest temperature of 1420°F, the average mole fraction was just under 0.66. At
1350°F, the average fraction was 0.57. | The conversion of the carbon into useful fuel gas
constituents is quite relevant at the lowest tested temperature, but it is even more
profound at the higher temperatures. From these experiments, the higher temperatures
allow for better conversion of the carbon into useful by-products. Finding alternative
uses for the broiler litter may be very beneﬁcial if a significant percentage of the carbon
is converted into useful fuel gas constituents, such as carbon monoxide, methane, and

hydrogen.

Pressure
Pressure was adjusted to see if carbon conversion would be affected in any significant

manner. Three runs were conducted at pressures of 50 psig, 100 psig, and 300 psig.
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The results are presented in Figure 4.3, which show that the ultimate conversion was" ,
reached around the same time, although the initial rates variedlslightly. These runs
showed that the gasiﬁca'tioﬂ rat_é's -are probéBly independent of the pressure at the

conditions.used in this study. -

The effects 6f pressure on the.“fractional conversion of carbon are presented. Thoé_e values
. were found as an av‘er‘age. over the renﬁre run, as discussed earlier when temperature was
the tested variable. ‘AS éeen m Fiéure 4.4, the average fractional conversion to carbon
monoxide, methane, and hydrogen is just under 53% ét 50 psig. 'At 100 psig, the average
fractional conversion was 64.3%, Whﬂé the conversion was 61.2% at 300 psig. Aith§ugh ‘
the gasified char réached the similgr mammum carbon coqvérsiox_i at each pressure, there
does appear to be some reieva;ice in‘;adjusting the pressure to abéut 100 psig 1f one wants
to achieve a slightly higher’conversion to useful fuel gas constituents. Hdwever, the
difference in conversion from 100 psig to 300 psig is minimal, thus makmg an increase in

pressure unnecessary Béyond 100 psig. A

Catalyst Loading

Potassium carbonate (K2CO;) and langbeinite were used -to study the effect of catalysts
during steam gasiﬁcation-of the broilér litt‘ér.‘ The results with langbeinite are discussed
in a later section. Potassiﬁgi carbonate was added to the broiler litter at 5 wi%, 10 wi%,
and 15 wt% Iex?els’; ‘A'run was also conducted with no additional catalyst being added to
the litter. An increase m the catalyst loading increased the number of potassium atoms
available for catalytic - activity. =~ With no - additional catalyst, the
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Temperature = 1350 deg. F, Catalyst Loading = 10 wt%
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Figure 4.3: Catalytic Gasification of Broiler Litter with K,COs at Various Pressures
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Fuel Gas Fraction
"moles of (CO+CH4+H2)/(CO+CH4+C0O2+H2)

Temperature = 1350 deg. F, Steam Rate = 0.25 mi/min
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Figure 4.4: Fuel Gas Fraction as a Function of Pressure Using K2CO3
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_ conversion only reached Just under 75% after 240 minutes. However, adding catalyst-at 5
E wt% loadmg did increase the final carbon conversion to 85%, and 10 wt% and 15 wt%
loadings allowed the conversion to reach_‘over 95%. These results are shown in Flgure'
4.5. At a lower catalyst loading, it-is likely that the catalyst might have been deactivated
’to a greatef extent b}; the reaction of the catallyst with the mineral matters in the .litter,
thus slowing the gasiﬁcation ﬁrocess and producing lowef cérhon conversion for the run. -
“When the catalysi loading was 10 wt% and 15 wit%, ‘the gasification rates increased
significantly,. However, an increase in cataiyst loading from 10 to 15 wt% did not
proportlonately increase the conversion or the rate of conversxon. The speclﬁc.
gasﬂicatlon rates, defined as (1/C)(dC/dt), were obtamed from the slopes of first order
plots of the carbon conversmns in the bed versus the time for each run and are shown as a
| function of the atomic K/C ratio in Figure 4. 6 The incl;eased activity could be due to the
increased number of potassxum atoms (from the catalyst) available in the bed at the
higher loadings. However, loadmgs h1gher than 10 wt% did not produce any substant1al
increase in the gasification performance This could be due to possible saturatlon of the
alkali metal atoms in the carbon matrix, thus leading to a point of diminishing returns.
Catalyet loadings were also varied to show what happens to the conversion of carbon to
calrbon monoxide and methane. Again, the conversion to useful fuel gas constituents was .
calculated as an average of the samples collected rthroughout the entire experimental run. |
Figure 4.7 shows that the average conversion of carbon was around 57% et 10 wt% and
62% at 15 wt% loading, while 5 wt%' loading produced a conversion just under 50%.

When no additional catalyst‘was us'ed,‘.th“is fractional conversion value dropped to 13%;
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Temperature = 1350 deg. F, Pressure = 100 psig
Steam Flow Rate = 0.25 ml/min
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Figure 4.5: Catalytic Gasification of Broiler Litter with K2CO3 at Various Loadings
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(1/C) (dC/dt) (1/min)

Temperature = 1350 deg, F, Pressure = 100 psig
SteamFlowRate =0.25 ml/min
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Figure 4.6: Specific Gasification Rates vs. K/C Ratio (using K;CO3)
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Figure 4.7: Fuel Gas Fraction as a Function of Catalyst Loading Using K,COs'




Therefore, the catalyst loading does appear to affect the fuel gas ﬁactlon of the carbon
monoxide and methane m a significant vway. Increasmg the catalyst loading does
 improve the fuel gas 'conver_sion', although the improvement is less drastic when the
loading is increased over 10 wt% ‘llowever, further testing may be needed to determine
when an increase in the catalyst loadmg no longer improves the conversion to CO, CHs,

Steam Flow Rate
Expenments -were conducted at" drﬁ'erent steam/water ﬂow rates corresponding to
sufficient amounts of steam reqmred for gasrfcatron reaction (based on storchrometry) to
‘a large excess of steam. These experrments were carned out at 0.084 ml/mm, 0.145
- ml/min, and 0.25 ml/min, and the results are presented in Figure 4 8. At a lower .
steam/water flow rate, only 77% conversron of carbon was reached durmg the duration of
‘ the run. When excess steam was prov1ded brorler litter char reached 96% conversion in
less. than 100 mmutes at a rate of. 0. 25 ml/mm. At 0.145 ml/mm, the same conversion
was reached in about 220 mmutes.r"‘. - .‘Based.on‘ the steam gasification reactions, it is
known that 2 moles of water ar‘e‘ re'Qulred‘ for every mole of carbon to complete the
overall gasiﬁcation reaction ) When“-‘one ‘provides excess ‘moles, it can ‘fav-or the |
gasrﬁcatron reactron to a certam extent However beyond that point, the excess steam
_ probably saturates the actlve srtes m the carbon matrix w1thout further improving the
) gasrﬁcatron rates, suggestmg a Langmun‘-Hmshelwood type of mechamsm. 'The overall
. gasrﬁcatlon rates calculated from the ﬁrst order it to the conversion data were also very’
low when 2 moles/hr of stearn was prowded for every mole of carbon. That rate was
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0. 0011 min”. The overall rate mcreased to about ten tnnes (0 0135 min B when the flow

rate was increased to 0.145 mb/min.’ ‘Upon providing excess steam, the gasification rates
. seemed to increase. However, increasing the steam flow rate to 0.25 ml/min did not
provide any signiﬁc‘ant additional increase in the overall rate. The excess unreacted

_steam was condensed and collected as the bottoms condensate in each run. The amount

“of carbon monox1de methane, and hydrogen produced on a molar basis was determined

for each steam ﬂow rate. The average fractlonal conversmn of the fuel gas constituents
. was just under 55% at a flow rate of O 084 ml/mm, while at a flow rate of 0.145 mUmin
and 0.25 ml/min, the average"fr'actional conversions were 66% and 70% respectively.
”l'his shows that an increase in the amount of steam favors the carbon conversion into
uséful by-products. However; the "increase' is not as ,drarnatic when'the steam flow rate

was increased from 0.145 ml/min to 0.,25' ml/min. It is possible that this occurs due to

possible saturation of the steam in the carbon matrix. These results are shown in Figure -

_4.'9.

Studies with Langbeinite

Temperature

In providing an accurate gauge on the eﬁ'ect of temperature in catalytic steam

. gasification, three runs were performed with langheinite.' The experimental procedures

and data analysis methods employed were the same as those employed for potassium -

. carbonate. The. char samples were again tested at 1200°F, 1350°F, and 1420°F. The

complete matrix of experimental conditions is ptesented in Table 4.2.
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Table 42 Proceéé Variables for Ca_taiytic Gasification Runis Using Langbeinite ,

| Run

Temperature (°F)

- P:essﬁr¢ @sig)

Catalyst Loading
(Wt%)

Steam/Water
Flow Rate
" (ml/min)

1200

10

0.25

1350

100 =

10

025

1420

100

- 10

0.25

1350

750

10

0.25.

13500

73007

10

0.25 -

1350 -

100 -

5

0.25 " -

1420

15

0.25

1420

10

0.084

1420

T00 ..

10

10,0145
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At 1200°F, conversion was around 85%, -whﬂé the gasification approached 100% at the
higher temperaiuresg The rc?sults‘,-(;f; tﬁe con-ver‘sions are presented in Figure 4.10. As
shown in this figure, the carbon conversions at. 1350°F and 1420°F mirrored each other
closély, showing that good conversion again does not have to be reached at the highest
temperature. However, the cc;nversion is not as good at a low temperature of 1200°F,
making the gasification rate ﬁndésiral;]e. The low temperature likely prevents the
reaction of the char sample from going to completion and obtaining desirable by-
products. Just like the analysis with K2C03., favorable gasification reactions are more
likely to occur at 1350°F. This mlmmum in temperature also allows the gasification rates
fo be high enough' to let the reactiox'ys go to cbmpletion. Based on the experimental runs,
it can be stated that a temperature of at least 1350°F will be sufficient for gasification of
* the bfoﬂef litter using langbeinite as a éatalyst. Since the results are very similar at
1420°F, it again Would not be beneficial to operate at temperatures higher than 1350°F.

" Economics do play a vital role in determining what operating conditions work best for the
trials, and operating at higher éonditions is not always the best solution. To further show
the éffect of temperature on the gasification reaction, the conversion of carbon t(; carbon
monoxide, methane, and hydrogen was studied. Figure 4.11 provides the supporting data
for this evaluation. A plot of the fuel gas fraction of CO, CHy, and H, against the carbon
conversion is shown for tﬁe diﬁ‘ereﬁt temperatures. Once again, an average of the fuel
gas fraction for the entire experimental run is used. At 1200°F, the average mole fraction
formed as fuel gas constit—uents was 0.40, while at the highest te@erature of 1420°F, the

“average mole fraction was just 52%. At 1350°F, the average fuel gas fraction was 45%.
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1

Although there was some conversion to fuel ’ges at each temperature, the conversioh was
not -as streng as it was :wher‘l. potassium carbonete was used. This average fraction was
57% at 1350°F and 66% at 1420°F using potassmm carbonate as the catalyst While the
average fuel gas fractlon reached only 529% at 1420°F when langbelmte was used as the
catalyst, the fractions were under 50% at 1200°F and 1350°F. This may occur because
potassmm exists in a hlgher atomic percentage in potassmm carbonate than in langbeinite
at similar welght loadings. The potassium atoms in potassium carbonate may also react

more quickly since it is in more abundance.

Pressure

Pressure was 'a&justed to see if carbon conversion would be affected in any significant
manner. Three runs were conducted at presshres of 56 psig, 100 psig, and 300 psig. The
results are presented in Figure 4.12, which show that coxhplete conversion was reached in
each case but at somewhat different times. The eomplete conversion was reached after
200 minutes at 50 psig, while it‘toel:cﬁ just over 90 ‘minutes_atr 100 psig and 300 psig.
While the maximum conifersion "of 99% was reached at different times, the initial’

=

gasification rates showed vety little variation between the lower and higher pressures.

The fuel gas fraction of carbon monoxide and methane shows the fractional conversion of
carbon into these two components. -Once again, the conversion was calculated as an

average As seen in Figure 4. 13 the ave’rage ﬁ'actional conversion to carbon monoxide,

‘ | methane, and hydrogen at 50 ps1g was. about 17% of the overall carbon convers1on, while

it was 35% and 46% at 300 and 100 psig respectlvely These low figures may suggest
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that s1gmﬁcant1y hrgher pressures may be needed fo reach an acceptable ﬁactlon in order '
to” promote fuel gas productlorr A 51gn1ﬁcant1y hrgher pressure may also aﬁ'ect the '

: carbon conversron rate and overall carbon converswn.

Cdltalystulv,oadirtg ‘ . | _ |
Langbemrte was added to the brorler lrtter at 5 wt%, 10 wt%, and 15 wt% levels. These -
‘ results were compared to an expenmental run w1th no addrtronal catalyst prov1ded “The " '
results are presented in Flgure 4, 14 As d1$cussed earlier for K2CO3, an increase 1n the

‘_ catalyst loadmg mcreased the number of potassrum and . magnesrum atoms avallable for
‘ ‘catalytlc activity. When no catalyst was ‘added, conversmn reached 75% At a low
loadmg of 5 wt%, the conversron only reached 80% aﬂer 240 rmnutes, whrle 10 wt% and
15 wit% loadmg levels allowed the conversron to reach over: 95% At a lower catalyst_
loadmg, 1t is hkely that the catalyst w111 agam be deactivated to a greater extent by the.
~ reaction of the catalyst w1th the mmeral matters present in the litter, thus. slowrng the -
~. Agas1ﬁcatron process and" producmg lower gas1ﬁcat10n performance When the catalyst
loadmg level was 10 wt% or 15 wt%, the gasrﬁcatron rates mcreased srgmﬁcantly

'However loadrngs higher than 10 wt% d1d Tiot produce any substant1a1 increase in the -
e gasrﬁcatron rate. Thrs could be due to saturatron of the potassrum and magnesrum atoms |

- - in the carbon matnx, thus leadmg to a pomt of drrmmshmg returns

, Catalyst loadmgs were also vaned to show what happens to the conversron of carbon to
| carbon monoxrde, methane and hydrogen Agam, the averages were used to determme

" the conversion rate. Frgure 4.15 shows that the conversion of carbon to carbon monoxrde
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Figure 4.14: Catalytic Gasification of Broiler Litter with Langbeinite at Various Catalyst
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Figure 4.15: Fuel Gas Fraction as a Function of Catalyst Loading Using Langbeinite
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and methane was. low fer all‘of. the loadmgs tested ‘With ne catalyét the average ﬁaction "
was Just under 13%, whﬂe at 5, 10 and 15 wt%, the average fractlons were 18%, 22%,
and 30% respectlvely Although the average ﬁ'actlon increased with each loadmg, more
| tests may be needed to see how far the loading should be*mer_eased to yield a very high
fraction and rate. The eﬂ'eet of fhe 'atenﬂc (K + 0.5 Mg)/C ratio on ;the specific
gasification rate did show an increase ;v'ith the \inereased catalyst loading. However, -aﬁer
10 wt% loading, the rate seemed to le\}‘el‘pﬁ’, showing i)robably an o;'erabundance of
potassium and. magnesium atoms. ThlS ‘is shown in Figu'r.e'4.16: The effects of atomic
metal-to-carbon ratio for ’K2CO3':an‘d. langbeinite. on the specific gasiﬁcation rate were
combined from Figures 4.6 andl 4.1-6., .Tlhis.‘comlaixi_ed plot is shown in Figure 4.17. As
shown in Figure 4.17, the plots fit each other within 10% of their values. This justified
the assumed equivalency of 0.5 for' the_.‘xaagnesiﬁm atom, in comparison to one for the

potassium atom.

Steam Flow Rate' ‘

Experiments were conglucted at diﬂ'efeﬁt ‘ste‘am/‘water flow rates  correaponding to
sufficient amounts of steam required“; for 'gas‘iﬁcatioi)g xjeactioa to a large excess of steam.
These experiments were carried eut -'a't:‘O.(_)84 ml/min, 0.145 mal/min, __and 0.23 ml/mm
The results are shown in F1gure418 At:_a\ loyeer steam/watet flow rate, only 75%,
converéieh of NCarb(:)n:‘v‘s;as reached dﬁfiﬁgl the daaatioa of the run. When excess steam
was préVided, broiler litter char reached 96% lcon\.rersien in less than 100 minutes at a
~ rate of 0.25 ml/min. ~At‘0.145« ml/mm, the max1mum conversion reached was only 92%,

and remained at that level until the experiment was completed. These differences suggest
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the possible existence of some side reactions at the lower steam réte, preventing 100%
carbon conversion to be reached within four hours. The amount of carbon monoxide,
methane, and };ydrogen pro'dvuced as a percentage of the total amount of converted carbon
was ca]cujated as an a\;erage‘ since ﬁone of the runs produéed a constant value. The
results are shown in Figure 4.19. The average fuel gas fraction at the low steam rate of
0.084 ml/min was 41%, and increased to 54% and 60% at steam flow rates of 0.145
ml/min and 0.25 m/min respectively. From these results, it appears that an incre'gise in
the amount of steam flow rate does influence tﬁe carbon conversion to useful end
products such as CO and H,. However, the rate of increase is not as sharp between 0.145
ml/min and 0.25 ml/min as it is between 0.084 ml/min and 0.25 ml/min, suggesting that
the average fuel gas fraction may not increase significantly after a certain steam/water

flow rate.

Kinetic Modeling for K;CO; and Langbeinite

Kinetics of catdﬁic steam gasification of broiler litter follovys a similar pattern to
gasification of coal since both coal and biomass possess a similar carbonaceous
composition (1). Hence, many of the energy conversion processes utilizing coal can be
modified to handle the biomass. In previous catalytic gasification studies using coal, the
kineticé Were studied at various operaﬁng conditions using different types of coal (17).
In studying the kinetics, all of the models attempting to fit the experimental results used a
Langmuir-Hinshelwood type raté expression (5). .When using a Langmuir-Hinshelwood
type rate expression to fit and study the steam gasiﬁcation rate data, various factors, such
as product inhibition and catalyst deactivation, are included. In rﬁany instances, the
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Figure 4.19: Fuel Gas Fraction as a Function of Steam Flow Rate Using Langbeinite
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' _’inhil-Jition gf the ‘charw'd‘ug to hyd{Qgcg adsqrptiqn may be neglecte& because of the small
émounts of hydrogén détgcted in ‘tihe ekperirﬂéntal runsw1th steam (23). The linearity of
the t};pical ﬁrst order plots of -1ntl€X€) as a function of gasification time is illustrated in
Figmeé 4.20 and 4.21 for the K2C(53 and:_lhngbeixﬁte catalyst system respectively. The

foll(.)wing~ equations show what was used to construct such plots.

dC/dt = -kC L . (42

kC=%kC,(1-Xo . . o - @3
-kC;,'(l-.)(c)=-Co @xJay o ) (@4
@a=k(aX) o @)
Xkt o § (4-6)

where k is thé first order rate éonstanf \and is equal to (l/C)(dC/dt), the specific
gasification rate. .The value of the ’slépe« that - determines the respective specific
gasification rate is presented in Table 4.3 for each run. These values were determined
from the best first-order fit tha’; .fo;ced the data té not go through the origin. These values
also show that 5teém gasiﬁcation‘ probably foll‘owed a ﬁrst—ordér rate b:chavior with
respect to the unreacted char in the feaétor bed. Iﬁ 'addition to catalytic gaéiﬁcation, the
' gasiﬁcation reaction ﬁay also éccﬂi thermally. ‘Tﬁe oveféll gasification rate is therefore:

8

(-dC/d)overatt = (-AC/dM)eatatytic + (~AC/d)trmal , (4-7)
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Figure 4.20: Fitted 1* Order Data for Carbon Conversion vs. Gasification Time with
K,COs
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Figure 4.21: Fitted 1% Order Data for Carbon Conversion vs. Gasification Time with

Langbeinite
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Table 4.3: Specific Gasification Rates for Individual Runs

Run Catalyst (1/C)(dC/dt) (min™)

1 A cho3 0.0019

L2 K>CO; 0.028
3 KoCO; 0.034
4 K,COs 0.0234
5 K,CO; 0.0194
6 K;CO;3 0.0038
7 K>COs3 0.0392
8 K,CO; 0.00103
9 . K>COs; - 0.0157
10 Langbeinite 0.003
11 Langbeinite 0.0206
12 Langbeinite 0.037
13 Langbeinite 0.0024
14 Langbeinite 0.029
15 Langbeinite 0.044
16 Langbeinite 0.0028
17 Langbeinite 0.035
18 Langbeinite 0.030
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The thermal gasiﬁcatien is usuatly verysmall veempared to the catalytic gasification, but
it could still slightly affect the overaﬂ 'eony‘er‘s'ion: Although thennal gasification merits
serious censideration; the kineti'(:»sl"yef» such mlxed gasification cannot be ctetermined
eesi]y. The' contribution of thermal ‘g'"e-siﬁeation to the overall gasification rate may be
evident in Fignres 4.20 and 4.21, Where‘the‘.:plot_s show» that all Tines do not ‘ne'cesse'rily
nass through the origin. ’Ihislbehaitrid:r prohebly acequnts for thermal gasiﬁcation as well
as ‘otherAinduction, transient type phenomenn. Hence, the data were forced thtough the
origin to simplify the kinetic expre‘ss.ien andto obtain a nearly ﬁrst-ortier rate 'exp-reséion -
Such forced linear fits are beheved to. glve slope values that are about 5% - 10% different

in values from the slopes of the lines that did not pass through the ongm. ‘Hence, the -
actual slope values for those lines not gomg through the origin would be about 5% - ‘10%

off of the forced values. The‘Langrn_uir‘—Hinshelwood expression is given by:
UC= ki pHO/ (1 +kepHp0) - @)

where, : ‘
-pH2O is the partlal pressure of st'eam 1n the bed (kPa)
k1 1s the reactlon rate constant (kPa min” )
kz is the adsorptlon constant (kPa )
g r is the gastﬁcatlon rate'of (;arbon in the bed (g/min)
é is the remammg eatbon in the hed at any instant time, t (g)

1/C is the specific gasification rate (min'l,)
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As a function of temperature, k; and k; are given-by the Arrhenius expressions as:

ki =kio exp(-E/RT) . ) B (4-9)

ko =kuoexp((EJRT) | ‘ (4-10)

where kj, is the frequency factor; E; is the activation energy for the gasification reaction;
ko is the frequency factor and E, is the heat of adsorption for the steam adsorption step.

Equation 4-8 is then inverted to give the linearized relation as:
Cir = ko/ky + (1/k)(1/pH0) - - . @4-11) -

The calculated‘speciﬁc gasiﬁcatfon rate data_ Ifr(’)m. the experimental ‘re‘sults for different
temperatures v.verc used to obtain the rate ‘expression.y The partial pressure of steam,
pH20, .vs;as‘icalculated from the évérage moles of steam/water enfering and kmﬁng the
r@eactor bed at. each instant time t;. ’fhe calcula;tion for this p:bcedure was discussed

earlier under Experimental Procedures.

The resulting lineaﬁty following equation 4-11 is shown in Figure 4.22 and Figure 4.23

using potassium carbonate and langbeinite respeétivgly. The regressed values of the

.slope and intercept for both catalysts are shown in Table 4.4 and Table 4.5.

- From these values, the rate cpnsfants,.kl and k,, were obtained and used to determine the

activation energies and frequency factors for the respective Arrhenius plots.
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Figure 4.22: Linearized Pth of Langmliir-Hinshelwbod Expression Using K,CO;
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- Figure 4.23: Linearized Plot o‘f Langmuir-Hinshelwood Expression Using Langbeiriite
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Table 4.4: Rate Constants for Broiler Litter with K,CO; at Different Temperatures

Temperature Slope (1ﬂ<1) (kPa min.) Intercept (ko/k;) (min.)
1200 968571 530.78
1350 - -1004.48 69.83
1420 678.6 14.61

Table 4.5: Rate Constants for Broiler Litter with Langbeinite at Different Temperatures

Temperature Slope (1/k;) (kPa min.) Intercept (k2/k;) (min.)
1200 2833.54 609.62
1350 1413.79° 140.49
1420 793.10 44.36

These Arrhenius plots are presented in Figures 4.24 and 4.25, while the values of the

activation energies and freqﬁency factors for both of the catalysts are presented in Table
4.6. Bas_ed on the calculated values of the activation energies, Ez was found to be
negative in this system.
* phenomenon, leading to exothermic heat of reaction. The low activation energy may also

indicate that temperature is not as sensitive with when analyzing and looking at possible

trends (17, 23).
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Figure 4.24: Arrhenius Plot for Langmuir-Hinshelwood Rate Expression Using K,CO5
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‘ Table 4.6: Rate Parameters for Catalytic Steam Gasification

Parameter K1 x2003 ko xac03 K1 1 angbeinite K> L angbeinite
kio 3.77*10'kPa” min” | 4.01*107kPa” | 190.47 kPa” min® | 4.25*10 kPa
E; 220.45 -108.56 113.92 -147.23
(kJ/mol)

Based on these calculated values, the derived Langmuir-Hinshelwood rate equation for
the K,COs system is:

3.77%107 C exp (1651-}32) pH,0

(-dC/dt) =

1+ 4.01*107 exp (1—7—79T§ﬁ) pH,0
where
‘ pH>O is the partial préssure of steam'in the bed (kPa)
C is the remaining carbon in the bed at any instant time, t (g)
T is the gasification temperature (K) -

(dC/dt) is the overall gasification rate (g/min)

Similarly, the derived Langmuir-Hinshelwood rate equation for the langbeinite system is:

190.47 C exp (-’137%2 ) pH,0

(-dC/dt) =
8931.92

1+ 4.25* 10" exp ( ) pH,O

75



The derived rate model is apphcable only to the region where the ﬁrst order ﬁt is pos51b1e

as shown in Figures 4.20 and 4 21 The proposed mechamsm that explains the model is

glven' as.
 Co + H0p —> COg +"‘.Hz(g)‘~4 E B R (S V) .
H0p -~ > Hgo(gd) T : | © (4-13)
Ce + HiO@p > Ho@y + COuay - | @
Hy@y > Hyg | - o - (415)
| Co(ad) -> CQ(g) CL . : - (416

. In the above mechamsm, equatlon 4-12 is the overall ga81ﬁcatlon step. From these :

equations, we observe that the rate 1s dlrectly proport10nal to the amount of carbon in the
bed. In terms of steam/water, it reacts with the carbon to produce carbon monoxide and
hydrogen gas. The derived e'xpression was‘ then' used to compare the model speciﬁc
gasification rates to those values presented in Table 4.3. This comparison is presented in
Table 4. 7 Table 4.7 shows that the values are within 10% of each other, indicating a
satisfactory relationship between the expenmental results and the results calculated from

the model.

To show the validity of these rate parameters, a comparison was then-made between this

study and the results from the theSis;' "Catalytic Coal Gasification Using Eutectic Salt

Mixtures," by Anuradha Godavat'ty 4). This‘ comparison is presented in Table 4.8,

‘where the ternary eutectic catalyst mixture such as LNK (lithium, sodium and potassium)
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Table 4.7: Comparison of Specific Gasification Rates Derived from Experimental Data

and Predicted Values by Rate Model

Run Catalyst. - | 1/C (experimental) (min™) r/é (model predicted)

| | (min™)

1| KCO; ~0.0019 0.0024

2 K,COs 0.028 0.033

3 K,COs3 0.034 0.039

9 Langbeinite 0.003 0.0025

10 Langbeinite 0.0206 0.0231

11 Langbeinite 0.037 0.031

. and the binary catalyst mixture such as NK (sodium and potassium carbonates) were used

to carry out steam gasification of Illinois #6 coal (17). The predicted specific gasification
rates used from Godavarty's experiments with coal also were within 10% of her

experimental values based on the parameters used in Table 4.8.
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Table 4.8: Rate Parameters Used for Steam Gasification of Coal and Poultry Litter

Steam Catalyst/Parameter Kio E; (kj mol™)
Gasification of...

Coal LNK/k, 154.08 kPa™ min” 98.63

Coal LNK/k, 37107 kPa™ -180.3

Coal NK/k, 32.835*10° kPa” min™ 201.5

Coal NK/k; 3.347*107 kPa™ -91.87
Poultry Litter K>COs/k; 3.77%10” kPa™ min™ 220.45
Poultry Litter K,COs/ky 4.01*¥107 kPa™ -108.56
Poultry Litter Langbeinite/ki 190.47 kPa™ min™ 113.92
Poultry Litter Langbeinite/ky 4.25%¥107* kPa™ -147.23
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_ .~ CHAPTERS

. . ECONOMIC ASSESSMENT

In the theéis, "Froh1 Waste to Enefgy - Cata;lytic 'Gasiﬁcafion of ﬁr,oiler Litter" by
Andrew Jones, he demonstrated t:h;: economic feasibility of the catal);tic ‘steam
- gasification process for a transportable bfoiler litter gasification system. This system was
constructed on a flatbed trailer. The payback period for produciné a low to medium BTU
gas was estiniated to be about 27 months, or just over two years. In order to determine
whether a larger statior;éry gagiﬁqation plant would be economically feasible, a snmlar
preiiminary economic assgssment was performed. ~The basis for the stationary design
was dg\}elopcd with the help of the Excel Corpor'a;tion in Kansas (24). Two engineers,
Michael Dréyﬁlss and Scott Percy of Excel Corporation, §vere consulted for deteﬁnining
the parameters needed to ci)mpare the cost of prbdu.cing.a viable fuel gas fof distribution
at different poultry litter féed rates. Both gentlemén work in the process design group of
: thé Excel Corporation, and conduct co@ute&ed simulations on various projects to
determine their feasibility. Fpr the stationary plant, it was assumed to operate 330 days
per year, with é base feed rate of 100 tons per day.- The feed rate was cixosen on the basis
that the litter would be transported from a 100-mile radius of the centralized plant. The
- plant capacity was set at 85%. Based on experiments conducted at UTSI, the feed would
be fed to the gasifier é.t certain conditions, bperating_ at a temperature of 1350°F and a
-préséure of 100 psig. Langbeinite was used as additional cata}yst, and was loaded into
the feed at 10 wt% level. For the stétionéry apparatus, the study was conducted én the

- basis that any broiler litter would be collected from different farmers and then sent to one

79




site instead of building seVéral, separate smaller units within a particular area. Hence,

transportation costs become an important factor since the litter would be transported from

various farmers to the centralized location. Building costs must also be considered since

the gasiﬁcation ‘system would be permanent m a primary area instead of being‘

. transported to different sites. A schematic of :"the stationary gasification system is

provided in Figure 5.1.

Once the broiler litter is tranSported-to ‘a common area, it is stored in a receiving tank.

From the tank, the litter is sent'to a- feed hopper via a conveyor. For the base case, 10 .

wt% of langbeinite was added to the litter. "Later, a comparison will be made to see what

effect the feed rate of the htter has on the costs and revenues of operatmg a gasrﬁcatron»

plant. The br01ler htter then leaves the feed hopper and enters a fixed bed gasifier, which

handles the pyrolysrs and steam gasﬂicatlon. The output gas is then carried to a cyclone _

separator, where the desired product gases are separated from the entrained char and

transferred to a scrubber.‘ The unreacted entrained char exits the cyclone and enters an

air-fed combustor, which burns off the ‘carbon from the char and sends the ash to a o

separate receiver before being sent . for disposal. The ash container is emptied on a'

regular basis to prevent unnecessary accumulation. Once the char enters the combustor,

off-gases, which may contain some SO;, will also be produced and treated in a serubber

~ This SO, scrubber is fed ‘with a sodium hydroxide solution and would remove all sulfur
compounds. Once the sulfur cornpounds are removed, the rest of the off-gases can be

vented. The unreacted steam, volatiles,-and hot product gases leave the cyclone, and '

enter a heat exchanger for heat extraction. Any condensable species are then se,parated
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from cooled product gases and other light hydrocarbons in a condenser, and the product

gases then'go to the scrubber td‘rer_riovie NHs, HaS, phenol, etc. The condensate, mostly

unreacted water, exits. the‘:cond’en*s‘er and will be sent to the char combustor, for .

conversion to steam. The resulting steam is then fed back to the gasifier. Using the
alkaline solution fed scrubber, the product gases are scrubbed off any ammonia and

phenols for sale or disposal while the rest of ‘the :cleaned‘ preduet gases goes to a.

© compressor. After the gases enter through the compressor, part of the fuel gas is sent

back to the combustor for steam productlon, and the remainder is collected in a storage

tank for future dlstnbutlon asa low to medmm-energy fuel gas.

The heating value of the product gas is found using the average fuel gas fraction to

carbon monoxide and methane and their respective heats of combustion. Contributions

_ from hydrogen were a]so considered. The average fuel gas fraction used to find- the

" heating value was 0.73. The average‘ heating value was 304.7 BTU  per standard cubic

foot. The gasifier also operates at 13350°F and 100 psig. with 10 wt% langbeinite as

~ additional catalyst.

Part of the annual cost comes fror—n-“o'perating- e@emes. These costs include labor,
materials, transportation, and utilities. - These costs are presented in Table 5.1. The

langbeinite costs $0.024/Ib, and it is assumed that the broiler litter already has inherent

3 eatalyst 3% is assumed, with the remaining 7% being added fo the litter. - An additional -

10% charge is added for other materials used for the process. That total is $122,000.
Transportatlon cost is at $0. 36/nnle and accounts for a truck makmg 10 trlps, hauling 10
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TaBlc 5.1: Operating Costs

Item B o Price ($/year)
Labor - | . $600,000.00

I Materialsj | “ ’ ,f B " $122,000.00
'l;ransportation o L ; $118,800.00
Utilities ~~ ~ * | h A $98,600.00
Total $938,800.00

tons of litter per tnp Each tnp is around 100 mlles round-trip, and will be the ba51s for
all costs. The transportation cost is at $118 800 Labor covers 9 employees and totals -
$600,000 annually. Utility costs mclude -,operatmg the facﬂlty and using power and using

the local utility company. In this case, the Tennessee Valley Authority is the supplier.

Capital costs include purchase pﬁcaa for equ_iim_;ent, instrumentation, and piping. These
costs are presented in Table 5.2. The capital aosts were estilnated using the charts and
correlation from Peters and'.Timmefhaus‘ (12),vand wdre adjusted for inﬂation using the
Marsha]l and Swift mdex for mdustnes The mdex is apphcable for 1999 since values for
2000 were not avallable Varlous pleces of equlpment were assumed to be made from
steel to accommodate the abras10n and corros1ve behavior of the litter. Other materials, '

such as alummum, would pro_bably fatlgue quickly and lead to costly replacements.

Table 5.3 shows the additional capital costs of installing the equipment so that the plant

will be operable. These additional costs are assumcd as a percentage of the total purchase
. - . , 83 : N



Table 5.2: Capital Costs for'-the:Broil-er Litter Gasification Equipment

Item Purchase Cost

Two Receiving Tanks $80,000
Feed Hopper $60,000

Fixed Bed Gasifier (1500 gal) $250,000
Cyclone Separator (800 cu. ft) . $60,000
Heat Exchanger (150 sq. ft) - $13,000
Condenser (1500 gpm) $9,000

Combustor for Steam and Char $130,000
Ash Container $75,000

Two Gas Scrubbers $120,000

Multi-Stage.Compressor $94,000
Building "~ $40,000

Fuel Gas Storage Tank (for distribﬁtion) $58,000

Total Purchase Costs

$989,000




cost of the bro-iler litter equipment"fr\(")‘m‘ Table‘S-.Z. AThe equipnient costs and additional
fees for installing and operatmg equ1pment represent the direct costs associated with the
capital mvestments Table 5.4 prov1des information on the mdlrect capital costs These

costs include superv1s10n and construction expenses. The costs are assumed to be a

percentage of the total purchase price of the equipment listed in Table 5.2. The total

- capital cost is "sh(‘)wn in Table 5.5." ‘I‘tfincludes ‘the totals fren_l Tables 5.2, 5.3, and 5.4, and

includes the contractor’s fee and project contingency. The project contingency factor

accounts for unexpected events and expenses, such as weather, labor issues, price

changes, and estimation errors. A process contingency of 12% is used to account for

incomplete development of the entire scheme.

,‘ .

To figure annual cost, factor 25% for deprec1at10n, tax, etc. of the cap1ta1 costs. That

total equals $766 000 Add that to the operatmg cost and the annual cost is $1 704,800.

To detenmne the payback penod the gross revenue must be determined. From that

value, the net average is divided mto the ongmal capital investment to find the payback
period. For the gross revenues, 100 tons.of litter will be produced per day, with the fuel
gas being sold at $14.52 per million BTU. Also, assume that some of the litter can be

recovered as residue. We will only assume .10% re(':overy~ and sell at $29 per ton. That

total is $95,700. The total grose revenue is $2,460,900, leading to a net revenue ef :

approximately $755,900. ' The payback period is around 4.1 years, compared to 2.25
years for a mobile unit. * This case is representative for high demand of gas. - Under
normal operations, fuel gas would be available at $9.85 per million BTU. The total gross

revenue is $1,700,300, showing no chanee of payback at these particular conditions.
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Table 5.3: Additional Costs for Installing Plant Equipment

Item (% Purchase Price)

Purchase Cost

Purchased Equipment Installation (52%) $514,280
Instrumentation and Controls (12%) " $118,680
Piping (18%) — $178,020

Electric’al (13%) $128,570

Buildings (includg services)(29%) - $14,000
Land $10,000

Yard Improvements $10,000

Total $973,550
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Table 5 4: Indlrect Cap1ta1 Costs '

Ttem. (% Purchase’ Pnce) Purchase Cost
'Engmeen_ng and .Supem31onr(36%")u B ‘ I $356,000 -
' .ConstructionExpeI-lses 1 : | $360,000

“Total | T 876,000

Table 5.5: Total Capital Cost for Broiler Litter Plant

B Item‘vi 7 I ‘ - Cost .

"~ Total Purchase Cost ~ " $989,000
Additional Costs ;é Install Equipment . $973,550

Indirect Co_st‘ | 4 N $716,060

| Pr,ocess_ Con;tingency — - $321,000

Contrac-t‘or’s fee ' ‘, ' :$60,0QO
~Total B I :$3,066,550

Under “normal_” condi;ions, a feeci rate of 1v00 "coos/day wouldv not provide a sufficient
turn-around for profit. Hence, an»incfeased feed rate may prove to be the best optioﬁ.
The cost analysxs was also con81dered for da.11y feed rates of 500 and 1000 tons.” The
annual cost was scaled up to accommodate the mcreased feed rates. The values in -
L expense gross reveoue and payback period are presented in Table 5. 6 The gross' ‘
‘ revenue had a hnear increase. The total capltal cost increased exponentlally, whlle the

operatmg cost mcreased hnearly when determmmg the payback penod. ‘
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Table 5.6: Comparison'of Economics for Various Feed Rates

Gross

Feed Rate | Annual Cost ‘ Payback Gross Payback
(tons/day) | ($/year) Revenue @ | Period w/ | Revenue @ |Period w/

High Price | High Selling | Regular Regular

of Gas Price Price of Gas | Selling

Price

100 $1,704,800 | $2,460,900 | 4.06 years | $1,700,000 | -~---------
500 $6,706,000 | $12,304,500 | 1.44 years $8,500,970 | 4.49 years
1000 $12,437,500 | $24,609,000 | 1.00 years $17,000,000 | 2.67 years
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

Although attention'and dialogue 'have‘hee’n‘ ~presented for proper dispoéal of broiler litter

there are still many challenges to, overcome Land avallablhty continues to decrease as

more land is converted .into re51dent1al and commercml propertles makmg ava1lab1hty

scarce and dtﬂicult That challenge is’ ﬁuther “magnified by the fact that broiler

-productlon continues to grow at ‘an astoundmg rate, with over three-fourths of the

production coming from the Southeastern Umted States. The increased: productlon of the

good product also leads to a. méjor increase in waste. production, This is further -

compounded by the fact that the:vfederéil"govemment is working on leglslation that ‘will

monitor broiler and waste productioh'ahd le\lying penalties‘ if corrective actions are not

‘ taken.

However, catalytlc steam ga51ﬁcat1on is. seen as a v1ab1e alternatlve to handhng the waste

" production from broiler litter. It has the potentlal to become a maJor alternative fuel '

source for companies, both agncultuml and non-agncultural. While previous research
showed thiat the process is technically feasible, new studies have provided some operating
parameters that will let this application- be viable and attractive to many business sectors. |

The major conclusions from this study are:



> Using two catalysts, potassium carbonate and langbeinite,» yario’us 'pararneters such as

- temperature and catalyst loadmg, are found to aﬁ'ect the carbon conversron and/or

-

e gasrﬁcatron rates. However potassmm carbonate prowded more srgmﬁcant effects :

. on the brorler litter. * Because for a grven wt% loadlng, K2CO3 prov1des more atoms
of potassmm ‘than the langbemrte Also the carbonate form of potassmm is believed

- to be more active than the sulfate form.

S “‘Temperature does have a srgmﬁcant eﬂ'ect on the steam gasxﬁcatlon. Gasrﬁcatron is
most eﬁ'ectrve if the temperature is at least l350°F Such a temperature allowed for

- over 90% conversron, and prov1ded a good ﬁ'actron of carbon monoxide and methane

" On the other hand conversron was only 85% at 1200°F Thls may.be due to the factb |

that the. gasrﬁcatron reactron at the lower temperature may not-be completed in four

hours.

"% Pressure was not such a strong factor in determmmg the final carbon conversion or
the fuel gas fraction. The same conversion and fuel gas fraction were reached aﬂer
gasification was run for over 240 mlnutes_. Although the: convers;on was a little faster

at a higher pressure, it did not really have any significant advantage.

> Catalyst loading did have a"si‘gniﬂcant effect on the gasification and final carbon.
'. conversion. At low loadings (i e.5 wt% or less), the conversion did not reach 80%,
but at a loading of 10 wt% or hlgher this level of conversron was reached well before

.the duratlon of the expenmental run. A hrgher catalyst loadmg does increase the K/C
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.f atomic ratro ‘and gasrﬁcatlon performance However, mcreasmg the catalyst loading
. above 10 wt% level does not result in-a srgmﬁcant increase in the specrﬁc gasrﬁeatlon

rate.

r

Steam or water ﬂow rate does alter the gasrﬁcatron performance srgmﬁcantly At the

‘ highest ﬂow rate of 0 25 m]/mm, over 99% conversion was reached much sooner than

" at 0.145 ml/mrn Thls may show the reactlon takmg place very qulckly at the hrgh- ‘

steam or water ﬂow rate

g A Langmurr-Hmshelwood type of rate expressron was developed and modeled after
" the behavior of coal The model drd provrde a satlsfactory fit to the expenmental runs
Cat vanous temperatures and usmg both langbermte and - potassmm carbonate as

. catalyst for the broiler lrtter

‘ ‘An economic analysrs of a statronary gasrﬁcatron umt showed that at a regular selling
‘ pnce of fuel gas there would be no opportumty to achleve any proﬁt unless there is a |
- mmrmal feed rate of 500 tons per day However, if the fuel gas is sold at a hrgher
' rate, such as $14.52 per mllhon BTU,.‘then there will be a proﬁt» after four years at the

_ ‘lower' feed rate of 100 tons per day. However, \the payback period' reduces to less

than two years if the feed ra_te is increased to 500 tons per day.
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Recommendations

. For continuing work in this area of ca‘talytic'steani‘ gasification of the broiler litter, the

- following areas are -sugg'ested for ﬁlfthet' analysis.‘ o

n

> Evaluatlng br01ler htter gasﬂicatlon studles w1th updraﬁ and downdraft flow pattems

There could be 31gmﬁcant dlﬂ'erences in results when comparmg both alternatlves

» Using the economic stud‘ie_'s";‘-ieonipateithe’!beneﬁts 'and’ehallenges' related to different

types of communities.. - -

- > Expand the kmetlc rate studles to: see 1f and how other process varlables such as-

' catalyst loadmg and steam ﬂow rate affect the rate express1on.

> Evaluate other types “of. aniimal ‘waste to determine the applicability of steam

_ gasification.:

> Study the eﬁ'ects of carbon monox1de and hydrogen in the feed gas to determme the

effect on productlon of methane

'» Determine the fate of ammonia and phenol during steam gmﬁcatfon of broiler litter.
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Appendlx I .

Operating Procedure for Pyrolysns of Poultry Lntter Sample in Muffle Furnace

. A cyljndrical‘ reactor 1s usedm the mufﬂe vﬁl_rna.ce for Inaintaining ‘complete inert

conditions in the devolatlhzatlon process o | |

. The reactor has an inlet for the mtrogen to ﬂo'v-v.mto the broxler htter sample and an

exit to remove the generated volatile matter and tars ﬁrom the poultry litter sample.

. VAround- 20 grams'of the broiler litter sample is pyrolyzed for each run. The reactor 1s :

filled with ;he sample and has a heavy lid placed on the top to maintain inert

conditions..' | | |

. .‘The system is purged w1th mtrogen gas ‘at 20 p51g for about 20 mmutes This

removes any oxygen in the reactor. »

. The temperature is set to 7SQ°C in the muﬂle furnace and the hood fan 1s turned on to

rernove the outlet gases from the‘ reactor. | | |

. The outlet hne from the reactor enters a comcal flask, partially filled wnh water The

tars coming out of the pyrolysxs process is condensed in the water as the gases bubble
hrough it before they are vented to the hood This prevents the outlet lines from
| being clogged with the tars that would otherw1se condense in the line.

. The mtrogen flow is mamtaxned constant throughout the process as a carrier gas for

the volatile matter from the sample ‘with'out any blockage in the line. |

. The process is camed out for three hours from the time the temperature reaches the

operatmg temperature of 750°C
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9. At the end of three hours, the tcmi)eratqrg is reduced to the room temperature, during
which the nitrogen flow is st111 maintaingd.

10. The sample 1s removed aﬁer the reaétor is cooled and the nitrogen flow is stopped..

11. The sample is crushed in an agate mortar and sieved to the required mesh size to
provide feed for the gasification reéctor.

12. The char samples obtained aré stored in inert atmosphere in a glo;fe box to avoid any

unexpected oxidation of the sample.
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. Appendix II

Operating Procedure for the High-Pressure, High-Temperature Fixed-Bed Gasifier

Unit

Pre-Gasification Preparation Mode

1.

2.

The internal surfaces of the reactor are cleaned with acetone.

An end cap is attached to the bo&om of the reactor. Above it is placed a stainless
steel basket of 200 mesh to hold the ceramic beads that are filled up to the ceﬁter‘ of
the reactor.

Two stainless steel baskets of 200 mesh are placed on top of each other and theﬁ on
the packing to support the char sample.

The reactor is filled with 2.5 grams of the char sample. The top end of the reactor is
closed with the end cap that has the thermocouple assembly attached to it.

The reactor is connected to the inlet and outlet lines using quick connect couplings.

" The whole apparatus is tested for leaks by opening all the valves and bringing the

system to the operating pressure.
The burette is filled with distilled water to the zero milliliter graduation. The pump
settings are adjusted to' provide thé réquired flow rate into the reactor. |
The silica gel is ch‘angedh in the adsorber after every experimental run to avoid
saturr;ltion of the silica'bed.‘ This avoids entry of water particles into the cumulative
flow meter, which is very sensitive to the water.

The sample bags are vacuumed with a vacuum pump to remove any air or gases
trapped in the bag.
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9.

The gas chromatograph is calibrated with the Scotty Specialties calibration gas prior

to the analysis of the gasification p\roduct' gases.

Gasification Mode

1.

The nitrogen flow is started into the whole apparatus at a pressure that is slightly
above the atmospheric pressure.

The temperature of the system is brought to the required operating value by raising
the preheater and reactor temperatures.

The temperatures of the reactor and condenser are monitored continuously using the
thermocouples. Once the reactor is about to reach the operating pressure, pressurize
the apparatus to the operating pressure using the backpressure regulator.

As the system reaches the operating conditions, switch on the water pump for the
water flow into the apparatus.

Start the stopwatch simultaneously and note the initial cumulative flow meter reading
at the start of the gasification experiment.

Collect the sample gases at regular intervals as required and inject them into the gas
chromatograph for analysis. The carbonaceous compounds are determined using
helium as the carrier gas in the gas chromatograph.

At every time interval, re;:ord the reactor temperature, condenser temperature, burette
reading, and cumulative gas flow meter reading.

At the end of four hours or when no more carbonaceous compounds are detected from

the gas chromatograph results, the gasification experiment is considered over.
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Post-Gasification Mode

1. Turn the pump off and reduce the tempefatﬁre of the preheater and the reactor.

2. Turn on the hood fan to cool the apparatus and open the split furnace to reduce the
temperature of the reactor to room temperature at a faster rate.

3. When the reaétor has reached room temperature, adjust the backpressure regulator to
bring the apparatus to atmospheric.pressure.

4. Now, stop the nitrogen flow through the reactor. Remove the gasified char sample
from the reactor. Weigh the sample and perform further analysis as necessary or
store it under inert atmosphere.

5. The gas samples that are collected in the sample bags are analyzed for their hydrogen
content using nitrogen as the carrier gas and injecting the gas sample into the gas

chromatograph.
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Appendix III

Raw Data for the Different Operating Conditions
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Table I11.1: Experimental Data for Run 1, No Additional Catalyst |

Time | Burette Gas ‘Hy | 0O N, CH, CO COy
(min) | Reading | Flow
md | @)

5 1.15 779.019 | 5.258 | 5.934 | 12598.44 | 0.993 | 12.948 | 102.857
10 2.3 779346 | 7.829 | 4.984 | 1393493 | 1.002 | 12.843 | 94.837
15 3.45 779.691 | 8.812 | 5.290 | 13548.94 0 11.892 | 110.477
20 4.6 779.877 | 9.203 | 7.209 | 13973.58 | 0.381 | 12.460 | 143.891
25 5.8 780.105 | 8.995 | 6.882 | 12780.34 0 11.923 | 162.779
30 7.0 780.438 | 8.391 | 6.093 | 13843.09 0 13.002 | 139.843
35 8.15 780.778 | 9.034 | 4.871 | 12984.34 0 12.746 | 105.983
40 9.3 781.026 | 8.106 | 4.409 | -13489.86 0 18.239 | 120.802
45 10.5 781.392 | 8.692 | 5.691 | 12994.08 0 12.032 | 101.773
50 | 11.65 | 781.649 | 9.438 | 6.820 | 13085.87 0 11.746 | 130.902
55 12.9 781.905 | 9.926 | 5.583 | 14002.15 0 12.000 | 129.880
60 14.0 782.304 | 10.028 | 5.974 | 13980.05 0 11.904 | 115.782
70 16.85 | 783.035 | 9.783 | 5.762 | 13892.89 0 11.993 | 108.732
80 20.0 783.694 | 8.942 | 5.082 | 13667.82 0 12.107 | 120.087
90 22.9 784.322 | 8.087 | 4.982 | 12999.03 0 10.992 | 108.349

105 27.5 785.453 | 6.832 | 5.957 | 14001.98 0 11.096 | 94.973
120 32.0 785.995 | 6.090 | 5.029 | 13092.84 0 9.092 | 100.204
135 36.3 787.103 | 5.832° | 4.845 | 13782.77 0 . |10.338 | 89.459
150 40.2 788.245 | 5.103 | 6.853 | 12678.93 0 9.014 | 80.054
165 44.5 789.140 | 4.329 | 5.845 | 11998.74 0 8.934 | 77.483
180 |. 48.7 790.391 | 3.894 | 8.348 | 13009.92 0 5.024 | 43,928
200 54.35 | 792.655 | 4.086 | 5.657 | 13668.48 0 3.002 | 15.737
220 59.85 | 794.933 | 2.984 | 6.347 | 13772.36 0 1.671 7.303
240 65.9 797.101 | 1.627 | 4.683 | 12903.84 0 0.843 4.501
255 68.1 799.833 | 1.049 | 5.568 | 13017.34 0 0 3.896

Temperature = 1350°F

Pressure = 100 psig

Steam Flow Rate = 0.25 ml/min
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Table I11.2: Experimental Data for Run 2, 10 Wt% K,CO; Catalyst

Time | Burette Gas H, 0O, N, CH, CO CO,
(min) | Reading | Flow
() ()

5 1.05 805.019 | 5.498 | 11.934'| 14698.44 | 2.564 | 11.948 | 199.857
10 2.2 805.346 | 7.239 | 12.984 | 15034.93 | 1.834 | 11.843 | 184.837
15 34 805.691 | 10.832 | 10.042 | 14848.94 | 1.023 | 10.892 | 170.477
20 4.65 805.877 | 10.503 | 10.623 | 14973.58 | 0.594 | 9.460 | 173.891
25 5.8 806.105 | 14.975 | 9.886 | 13780.34 | 0.674 | 9.923 | 172.779
30 7.1 806.438 | 26.594 | 9.355 | 14843.09 | 1.290 | 7.002 | 129.843
35 8.15 806.778 | 15.832 | 9.302 | 14094.34 0 10.746 | 155.983
40 9.3 807.137 | 12.344 | 9.522 | 13999.86 0 10.239 | 140.802

45 1045 | 807.392 | 12.574 | 8.998 | 13984.08 0 15.032 | 131.773

50 11.75 | 807.649 | 11.576 | 8.693 | 14785.87 | 0.494 | 8.427 | 130.902

55 12.9 807.905 | 9.926 | 7.736 | 15002.15 | 0.203 | 9.340 | 109.880

60 14.0 808.304 | 14.211 | 8.397 | 14280.05 | 0.110 | 12.904 | 105.782

70 16.8 809.035 | 10.837 | 9.203 | 14622.89 0 15.993 | 125.732

80 20.0 800.694 | 9.484 | 8.935 | 15167.82 0 8.107 | 120.087
90 22.9 810.322 | 8.619 | 5.982 | 14899.03 0 9.742 | 117.349
105 27.5 811.453 | 6.401 | 5.957 | 16001.98 0 16.096 | 122.973
120 32.0 812.995 | 6.924 | 6.029 | 14192.84 0 7.092 | 112.204
135 36.3 814.103 | 5452 | 5.845 | 14882.77 | 0.104 | 9.338 | 81.459
150 40.2 815.378 | 5.851 | 6.853 | 14578.93 0 8.004 | 70.054
165 44.5 816.140 | 4411 | 5.565 | 15098.74 0 5.136 | 59.483

180 48.9 817.391 | 6.843 | 8.048 [ 14009.92 0 4.001 | 25.928
200 54.6 818.655 | 5.832 | 4.257 | 14868.48 0 0 15.737
220 39.9 820.933 | 3.857 | 3.347 | 13772.36 0 1.048 | 12.303
240 65.9 822.101 | 3.627 | 3.683 | 14303.84 0 0 3.501
255 67.7 824.765 | 2.049 | 2.568 | 14517.34 0 0 4.896

Temperature = 1200°F -
Pressure = 100 psig
Steam Flow Rate = 0.25 ml/min
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Table I11.3: Experimental Data for Run 3, 10 Wt% K;CO; Catalyst

Gas

[ H

Temperature = 1350°F

Pressure = 100 psig '
Steam Flow Rate = 0.25 ml/min

‘106

Time | Burette 0O N, CH,4 CO - \COg
(min) | Reading | Flow : '
(m) | ()
5 0.85 834.019 | 4.258 | 6.034 | 15598.44 0 12.948 | 102.857
10 1.9 834.346 | 4.829 | 6.779 | 15934.93 | 0.702 | 12.843 | 94.837
15 3.0 834.691 | 6.498 | 6.290 | 16548.94 0 11.892 | 110.477
20 4.45 834.877 | 8.203 | 5.209 | 14973.58 0 12.460 | 143.891
25 5.6 835.105 | 7.995 | 7.882 | 14380.34 0 11.923 | 162.779
30 6.8 835.438 | 6.391 | 6.093 | 16343.09 | 0 13.002 | 139.843 | -
- 35 7.95 835.778 | 8.034 | 5.871 | 15884.34 0 12.746 | 105.983 -
40 9.5 836.026 | 9.106 | 6.409 | 16989.86 0 18.239 | 120.802
45 10.7 836.392 | 7.692 | 6.691 | 16694.08 0 {.12.032 | 101.773
50 11.8 836.649 | 6.438 |.4.820 | 14885.87 0 11.746 | 130.902
55 12.95 | 836.905 | 7.926-| 7.583 | 16102.15 | 0.208 | 12.000 | 129.880
60 13.9 837.304 |'8.028 | 6.974 | 15980.05| 0 11.904 | 115.782
70 16.25 | 838.035 | 8.783-] 3.762 | 16992.89 0 11.993 | 108.732
80 | 18.75 | 838.694 | 9.034 | 4.082 | 16767.82 0 12.107 | 120.087
90 21.9 840.322 | 9.287 | 4.982 | 16499.03 0 10.992 | 108.349
105 26.5 841.453 | 5.332 | 4.957 | 15801.98 0 11.096 | 94.973 -
120 | - 304 842.995 | 6.569 | 4.029 | 16492.84 0 9.092 | 100.204
135 35.0 844.103 | 7.832 | 3.845 | 16982.77 0 {10338 | 89.459
150 39.5 845.245 | 6.103 | 5.853 | 17378.93 | 0.340 | 9.014 | 80.054
165 44.5 846.140 | 5.329 | 4.845 | 15798.74 0 8.934 | 77.483
180 4895 | 847.391 | 4.894 | 7.348 | 17009.92 { 0 5.024 | 43.928
200 55.25 | 848.655 | 5.086 | 4.657 | 14968.48 | - 0O 3.002 15.737
220 60.85 | 849.933 | 3.984 | 5.347 | 15202.36 | 0.205 | -1.671 7.303 °
240 65.9 | 852.101 | 2.627 | 3.683 | 15903.84 0 0.843 4.501
255 69.05 | 853.833 | 2.049 |.4.568 | 16017.34 0 0 3.896




Table I:II.4: ExperimentalsData for Run 4, 10 Wt% K2COj3 Catalyst

CO,

5.62

0.00

Time | Burette Gas H, 0 | N CH, CcO
(min) | Reading | Flow .| '
- (ml) (®) -
5 1.16 858.32 | 5.31 5.99 1272442 1.00- | 13.08 | 103.89
10 2.32 858.65 | 791.| 5.03 |13684.43| 1.01 12.97 | 95.79
15 3.48 859.00 | 8.90 | 5.34 |14113.32( 0.00 12.01 | 111.58
20 4.65 859.19 | 930 | 7.28 [12908.14| 0.38 12.58 | 145.33
25 5.86 -859.42 | 9.08.{ 6.95 {13981.52{ 0.00 12.04 | 164.41
30 7.07 | 859.75 | 847 | 6.15. [13114.18] 0.00 13.13 | 141.24
35 8.23 860.10 | 9.12.| 4.92 |13624.76| 0.00 | 12.87 | 107.04
- 40 9.39 ~-860.35 | 8.19 | 445 |13124.02] 0.00 18.42 | 122.01 |
45 | 10.61 860.72 | 8.78 { 5.75 |13216.73| 0.00 12.15 | 102.79
50 11.77 860.98 | 9.53 6.89 |14142.17| 0.00 | 11.86 | 132.21
55 13.03 861.23 |10.03| 5.64 (1412894} 0.00 12.12 | 131.18
60 14.14 861.64 |10.13| 6.03 |(14033.84| 0.00 12.02 | 116.94
70 | 17.02 86238 | 9.88 { 5.82 [13804.51|. 0.00 12.11 | 109.82
80 | 20.20 863.04 | 9.03 | 5.13° |13235.07} 0.00 12.23 | 121.29
90 23.13: |- 864.69 | 8.17.1 5.03 |14142.00| 0.00 11.10 | 10943 |
105 |. 27.78 865.83 | 6.90. |' 6.02 {13223.77| 0.00 11.21 | 97.94
120 3232 - | 867.38.| 6.15-]. 5.08 |.13920.60| 0.00 10.12 | 101.21
135 36.66 868.50 | 5.80 | 4.89--|12896.62| 0.00 10.44 | 90.35
150 40.60 | 869.66 | 5.15.|.6.92 |13138.83| 0.00 9.10 | 80.85
165 4495 | 870.56 | 437 | 5.90 |12973.37{ 0.00 9.02 78.26
180 49.19 871.82 | 3.93 | 843 |[13805.16| 0.00 5.08 44.37
200 54.89 873.10 | 4.13°| 5.71 [13910.08| 0.00 3.08 15.89
220 60.45 87439 (-3.01 | .6.41 |13223.81 0.00 1.69 7.38
240 66.56 87557 | 1.64 | 4.73 |[13618.62| 0.00 0.85 4.55
- 255 68.78 877.32 | 1.06 13147.51 0.00 3.93

‘Temperature = 1420°F
Pressure = 100 psig
Steam Flow Rate = 0.25 m/min
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Table IIL5: Experimental Data for Run 5, 10 W% K,CO; Catalyst

Time | Burette Gas .| H» 0O, "N, CH, CO CO;
‘(min) | Reading | Flow ’ ‘ o
@D | @)

5 1.18. | 881.92 | 542 | 6.11 | 12976.39 [ 1.02 13.34 | 105.94
10 2.37 885.26. | 8.06 | 5.13 | 13955.41 | 1.03 13.23 | 97.68
15 3.55 885.61 | 9.08 | 5.45 | 14392.79 [ 0.00 12.25 | 113.79
20 4.74 885.80 | 9.48 7.43 | 13163.75 | 0.39 12.83 | 148.21
25 5.97 886.04 | 9.26 | 7.09 | 14258.38 | 0.00 12.28 | 167.66
30 7.21 886.38 | 8.64 | 6.28 | 13373.87 | 0.00 13.39 [ 144.04
35 8.39 886.73 | 9.31 5.02 | 13894.56 | 0.00 13.13 | 109.16
40 9.58 886.99 | 835 | 4.54 | 13383.90 | 0.00 18.79 | 124.43
45 10.82 | 887.36 | 895 | 5.86 | 13478.45( 0.00 12.39 | 104.83
50 12.00 887.63 | 9.72 | 7.02 | 1442221 ( 0.00 12.10 | 134.83
55 13.29 887.89 | 1022 | 5.75 -{ 14408.72 | 0.00 12.36 | 133.78
60 14.42 888.30 | 10.33 | 6.15 | 14311.74 | 0.00 12.26 | 119.26
70 17.36 889.06 | 10.08 | 5.93 | 14077.86 [ 0.00 1235 | 111.99
80 - | 20.60 889.73 | 9.21 | .5.23 | 13497.15'{ 0.00 12.47 | 123.69
90 23.59 891.41 | 8.33 | 5.13 | 14422.04.{ 0.00 11.32 | 111.60
105 28.33 892.58 | 7.04 -] -6.14 | 13485.63 | 0.00 11.43 | 99.88
120 32.96 894.16 | 6.27 | 5.18 | 14196.25 | 0.00 10.32 | 103.21.
135 37.39 895.31 | 6.01 |- 499 | 13152.00 | 0.00 10.65 | 92.14
150 4141 896.48 | 526 | 7.06 | 13399.00 | 0.00 9.28 82.46
165 45.84 897.40' | 4.46 | 6.02 | 13230.27 | 0.00 9.20 79.81
180 50.16 898.69 | 4.01 | 8.60 | 14078.53 | 0.00 5.18 45.25

-200 55.98 899.99 | 4.21 | 5.83 | 14185.53 | 0.00 3.14 16.21
220 61.65 900.31 | 3.07 | 6.54 | 13485.67 | 0.00 1.72 7.52
240 67.88 902.51 | 1.68 | 4.82 | 13888.29 { 0.00 0.87 4.64

- 255 70.14 |.904.30 | 1.08 13407.86 | 0.00 0.00 4.01

5.74

Temperature = 1350°F

Pressure = 50 psig

Steam Flow Rate = 0.25 ml/min "
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B * Table IIL.6: Experimental Data for Run 6, 10 Wt% K,COs Catalyst

Time | Burette | .. Gas. H, 0y N, CH, Co CO,
(min) | Reading | Flow ' ’
(ml) ()
5 1.18 910.22 |5.47} 6.17 | 1310238 | 1.03 13.47 | 10697

10 2.36 913.56 |8.14| 5.18 | 14090.90 | 1.04 13.36 | 98.63

15 3.54 | 913.92 |9.16| 5.50 | 14532.52 | 0.00 12.37 | 114.90

20 . 4.72 914.11 [9.57| 7.50 |-13291.55| 0.40 12.96 | 149.65

25 5.95 914.35 |9.35| 7.16 | 14396.81 [ 0.00 12.40 | 169.29

30 7.18 914.70 |8.73| 6.34 | 13503.71 | 0.00 13.52 | 145.44

35 8.35 915.05 [9.40| 5.07 | 14029.45 | 0.00 13.26 | 110.22

40 [ 9.53 [7915.31 [8.43| 459 |{"13513.84 | 0.00 | 18.97 | 125.63

45 10.76 915.69 |9.04] 5.92 |13609.30 | 0.00 | 12.51 [ 105.84

50 11.94 | 91595 |9.82| 7.09 | 14562.24 | 0.00 12.22 | 136.14

55 13.22 | 916.22 {1032 5.81 | 14548.61 | 0.00 12.48 | 135.08

60 14.35 916.64 [10.43] 6.21 | 14450.69 | 0.00 12.38 | 120.41

70 17.27 917.40 [10.17| 5.99 | 14214.54 | 0.00 12.47 | 113.08

80 20.50 918.08 |9.30| 5.29 | 13628.19 | 0.00 12.59 |124.89

90 |- 23.47 919.77 {8.41| 5.18 | 14562.06 | 0.00 1143 |112.68

105 28.19 920.95 |7.11] 620 | 13616.55 | 0.00 11.54 | 100.85

120 32.80 922,55 |6.33| 5.23 | 14334.08 | 0.00 10.42 | 104.21

135 | 37.21 923.71 |6.07| 5.04 | 13279.69 [ 0.00 10.75 | 93.04

150 41.21 924.89 |5.31| 7.13 | 13529.09 | 0.00 9.37 83.26

165 45.61 925.83 [4.50} 6.08 | 13358.72 | 0.00 9.29 80.58

180 49.92 927.13 {4.05| 8.68 | 1421522 | 0.00 5.23 45.69

200 55.71 | 928.44 {4.25| 5.88 | 14323.25 | 0.00 3.17 16.37

220 61.35 929.77 '13.10| 6.60 | 13616.60 | 0.00 1.74 7.60

240 67.55 930.99 |1.69| 4.87 | 14023.13 | 0.00 - 0.88 4.68

255 .69.80 935.79 {1.09| 5.79 | 13538.03 0.00 0.00 4.05
Temperature = 1350°F

Pressure = 300 psig - -
Steam Flow Rate = 0.25 ml/min
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Table II1.7: Experimental Data for Run 7, 5 Wt% K,CO; Catalyst

Time | Burette Gas - H, 0, N, CH, CO CO,
(min) | Reading | Flow
(ml) ()

5 1.19 941.52 | 5.52 | 6.23 13228.36 | 1.04 13.60 | 108.00
10 2.38 941.86 | 8.22 | 5.23 14226.39 | 1.05 13.49 99.58
15 3.57 94223 | 925 | 5.55 14672.26 | 0.00 12.49 | 116.00
20 4.75 94242 | 9.66 | 7.57 | 13419.36 | 0.40 13.08 | 151.09
25 5.99 942.66 | 9.44 | 7.23 14535.24 | 0.00 12.52 | 170.92
30 7.23 943.01 | 8.81 | 6.40 | 13633.56 | 0.00 13.65 | 146.84
35 8.42 943.37 | 9.49 | 5.11 14164.35 | 0.00 13.38 | 111.28
40 9.61 943.63 | 8.51 | 4.63 13643.78 | 0.25 19.15 | 126.84
45 10.85 944,01 | 9.13 | 5.98 | 13740.16 | 0.00 12.63 | 106.86
50 12.04 94428 | 991 | 7.16 | 14702.26 | 0.00 12.33 | 13745
55 | 13.33 944,55 110.42| 5.86 | 14688.50 [ 0.00 12.60 | 136.37
60 14.47 944,97 [10.53] 6.27 | 14589.63 | 0.11 12.50 | 121.57
70 17.41 945.74 {10.27| 6.05 14351.22 | 0.00 12.59 | 114.17
80 20.67 946.43 | 9.39 | 5.34 | 13759.23 | 0.00 12.71 | 126.09
90 23.67 948.14 | 8.49 | 5.23 14702.08 | 0.00 11.54 | 113.77
105 28.42 94933 | 7.17 | 6.25 13747.48 | 0.00 11.65 | 101.82
120 33.07 950.94 | 6.39 | 5.28 | 1447191 | 0.00 10.52 | 105.21
135 37.52 952.11 | 6.12 | 5.09 | 13407.38 | 0.00 10.85 93.93

150 41.55 95331 [ 536 | 7.20 | 13659.18 | 0.00 9.46 84.06
165 45.99 95425 [ 455 | 6.14 | 13494.17 | 0.00 9.38 81.36
180 50.33 955.56 | 4.09 | 8.77 | 14351.90 | 0.00 5.28 46.12
200 56.17 956.89 | 4.29 | 594 | 14460.98 | 0.00 3.20 16.52
220 61.85 958.23 | 3.13 | 6.66 | 1374752 | 0.13 1.75 7.67
240 68.11 959.46 | 1.71 | 4.92 | 14157.97 | 0.00 0.89 4.73
255 70.38 961.27 | 1.10 | .5.85 13668.21 | 0.00 0.00 4.09

Temperature = 1350°F

Pressure = 100 psig

Steam Flow Rate = 0.25 ml/min

110




Table I11.8: Experimental Data for Run 8, 15 Wt% K,CO; Catalyst

" Gas

Temperature = 1350°F

Pressure = 100 psig

" Steam Flow Rate = 0.25 ml/min

111

Time Burette H, 0, N, CH, CO CO, .
(min) | Reading | Flow ‘ : : ‘ L
‘ (ml) ()
5 ~ L.16 966.52 [ 6.20 7.00° .| 14866.16 | 1.17 15.28 | 12137 |
10 2.32 966.90 | 9.24 5.88. |15994.75| 1.18 15.15 | 111.91
15 3.48 967.29 | 10.40 | 6.24 |16488.82| 0.00 14.03 | 130.36.
20 4.64 967.51 | 10.86 | 8.51 |15080.80| 0.45 14.70 | 169.79
25 5.86 1967.77 | 10.61 8.12 |[16334.85| 0.00 14.07 .| 192.08
30 7.07 967.15 | 9.90 | 7.19 |15321.52] 0.00 15.34 | 165.01
35 8.23 968.54 | 10.66 | 5.75 - {15918.03 | 0.00 15.04 | 125.06 |
40 9.39 968.83 | 9.57 | 520 | 15333.01| 0.00 21.52 | 142.55
45 10.60 969.25 | 10.26 | 6.72 | 15441.33| 0.00 14.20 |'120.09 |.
50 11.76 969.55 | 11.14 | 8.05 | 16522.54| 0.00 13.86 | 154.46
55 13.02 . | 969.84 | 11.71 6.59 |16507.08 | 0.00 14.16 | 153.26
60 14.13. {97030 | 11.83 |. 7.05 | 1639597 | 0.00 14.05 | 136.62
70 17.01 971.14 | 11.54 | 6.80 |16128.04| 0.00 14.15 | 128.30
80 20.19 971.90 | 10.55.| 6.00 |15462.76 | 0.00 14.29 | 141.70
90 23.12 972.77 | 9.54 5.88 11652234 0.00 .} 1297 | 127.85
105 27.76 973.07 | 8.06°| 7.03. |15449.55| 0.00 | 13.09 | 114.43
120 32.30 97484 | 7.19 | 5.93 |16263.67| 0.00 11.82 | 118.24
135 36.64 976.12 | 6.88 5.72 |15067.34 0.00 12.20 | 105.56
150 40.58 97743 | 6.02 8.09 .| 15350.311 0.00 10.64 | 94.46
165 44,92 97846 | 5.11 |- 6.90 |15157.01| 0.00 10.54 | 91.43
180 49.16 | 979.90 | 4.59 9.85 | 16128.81 | 0.00 5.93 51.84
200 54.94 981.35| 4.82 | 6.68 |16251.38 | 0.00 3.60 18.57
220 60.42 982.82 | 3.52 | 7.49 |15449.60| 0.00 1.97 8.62
240 66.53 984.17 | 1.92 | 5.53 |15910.86} 0.00 0.99 5.31
255 68.75 986.16 |- 1.24 6.57 |15360.46| 0.00 0.00 4.60




- . Table I11.9: Experimental Data for Run 9, 10 Wt% K2C03 Catalyst

Time | Burette | Gas | 1, | O, N, Ch, | co co,
(min) | Reading | Flow : -

(nﬂ) (#)
5 120 199057 | 673 | 7.60 | 16126.00 | 1.27 | 1657 | 131.66

.10 2.39 990.96 | 10.02 | 6.38 | 17342.64 | 1.28 1644 | 121.39

15 3.59 .| 991.37 | 11.28 | 6.77 | 17886.18 | 0.00 | 15.22 | 141.41
20 4.78 991.59 | 11.78 | 9.23 | 16358.91 | 0.49- 15.95 191.18
25 6.03 991.86 | 11.51{ 8.81 |17719.16 | 0.00 1526 | 208.36
.30 7.28 992.25 | 10.74 |" 7.80. | 16619.96 | 0.00 16.64 | 179.00
35 8.47 992.66 | 11.56 | 6.23" | 17267.02 | 0.00 16.31 135.66

40 |- 9.67 992.95 | 10.38 | 5.64 | 16632.42 | 0.00 23.35 154.63

V

|

\

}

|

\

|

|

50 12.11 | 993.69 | 12.08 | 8.73 [ 17922.75 | 0.00 15.03 167.55
55 13.41 ] 993.99 | 12.71°| 7.15 | 17905.98 [ 0.00 15.36 | 166.25
60 14.55 | 994.47 | 1291 |. 7.65 | 17792.46 | 0.00 15.24 | 148.20
70 | 17.52 | 99433 | 12.52 | 7.38 | 17494.82 | 0.00 15.35 139.18 C
.80 20.79 | 995.11 | 11.45/°6.50 | 16773.16 | 0.00 15.50 | 153.71 ' : !
90 23.80 | 996.04 | 10.35 ] 6.38 | 17922.53 | 0.00 14.07 | 138.69
105 | 2859 | 997.38 |.8.74 | 7.62 | 16758.91 | 0.00 1420 | 124.13
120 3326 | 998.21 | 7.80° | 6.44 {'17641.95 | 0.00 12.82 | 128.26
135 37.73:.1.999.52 | 7.46°| 6.20..| 16344.23 | 0.00 | 13.23 | 114.51
| 150 .| 41.79 |1006.88 | 6.53 | 8.77 [ 16651.19 | 0.00 11.54 | 102.47
165 46.26 |1007.94 | 5.54 | 7.48 | 16441.50 | 0.00 11.44 .| 99.18
180 50.62 [1009.42| 4.98 | 10.69 | 17495.65 | 0.00- 6.43 56.23
200 56.50 |1011.92] 523 |-7.24 | 17628.62 | 0.00 3.90 | 20.14
220 62.21 {1013.43| 3.82 | 8.12 | 16758.89 | 0.00 2.14 9.35

240 68.50 |1015.81 2.08 | 5.99 ‘| 17259.24 | 0.00 1.08 3.76

255 70.79 1101694 1.34. " 7.13 | 16662.20.{ 0.00 0.00 4.99

i
45 1091 |993.38 | 11.13 | 7.28 | 16749.91 | 0.00 1540 | 13027 | - ‘
|

o Temperaturé = 1350°F
Pressure = 100 psig ~
Steam Flow Rate = 0.091 ml/min -
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‘Table I11.10: Eiperirnental Data for Run 10, 10 Wt% K2CO3 Catalyst

Time | Burette | Gas | H; | 0, | N2 CH, CO CO,
(min) Readmg Flow

1 (ml) - _(ﬁs)‘ o Ll
5 1,04 |1021.62] 625 | 7.05 | 1496947 | 1.18 | 1538 | 12221

10 2.09 [1023.02] 9.30 | 5.92 | 16098.92 | 1.19 15.26 | 112.69
15 3.13  |1023.44| 1047 | 6.29 | 16603.41 | 0.00 14.13 | 131.27
20 4.17 [1023.67] 10.94 | 8.57 | 15192.60 | 045 14.80 | 170.97
25 526 [1023.95| 10.69 | 8.18 | 16448.36 | 0.00 14.17 | 193.41
30 6.35 11024.35] 9.97 | -7.24 | 15427.99 | 0.00 1545 | 166.16
35 | 739 |1024.77| 10.73 | 5.79 | 16028.65 | 0.00 15.14 | 125.93
40| 8.43 [1025.07] 9.63 | 5.24 | 15439.57 | 0.00 21.67 | 143.54
45 9.52 |[1025.52} 10.33.{ 6.76 | 15548.63 | 0.00 1430 | 120.93
50 10.56 |1025.83] 11.21 | 8.10 | 16637.35 | 0.00 13.96 | 155.54
55 11.70 |1026.14] 11.79 | 6.63 | 16621.79 | 0.00 1426 | 154.32
60 12.70 {1026.63{ 11.92 | 7.10 | 16509.91 | 0.00 14.14 | 137.57
70 | 1528 [1027.52]11.62 | 6.92 | 16240.12 | 0.00 1425 | 129.20
80 18.14 {1028.33] 10.62 | 6.04 | 15570.21 | 0.00 14.39 | 142.69
90 20.77 {1030.31( 9.61 | 5.92 | 16637.15 | 0.00 13.06 | 128.74
105 2494 [1031.69| 8.12°| 7.08 | 15556.91 | 0.00 13.18 | 115.22
120 29.02 {1033.57| 7.24 | 5.98 | 16376.69 [ 0.00 11.90 | 119.06
135 32.92 11034.93] 6.93 | 5.76 | 15172.04 | 0.00 12.28 | 106.30
150 36.45 [1036.32] 6.06 | .8.14 | 15456.98 [ 0.00 10.71 95.12 S
165 40.35 [1037.41| 5.14-| 6.95 | 15262.33 [ 0.00 10.62 | 92.07 |
180 44.16 [1038.94| 4.63.| 9.92 | 16240.89 | 0.00 597 | 5220 | '
200 49.28 [1040.48{ .4.92 [ 6.72 | 16364.32 | 0.00 3.62 18.70
220 5427 11042.04 3.55.| 7.54 | 15556.96 [ 0.00 1.99 8.68

240 59.76 |1043.46] 193 | 5.56 | 16021.43 | 0.00 1.00 535
255 61.75 [1045.58] 125 | 6.62 | 15467.20 | 0.00 0.00 4.63

Temperature = 1350°F
Pressure = 100 psig
‘Steam Flow Rate 0.145 m]/mm .
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. Table I11.11: Experimental Data for Run 11, 10 Wt% Langbeinite Catalyst

Time | Burette Gas H, 0, - N, CH, CO CO,
(min) | Reading | Flow :
; (ml) (&)
1 5 N 1.10 1051.67 | 6.56 7.41 » 1572537 | 1.24 | 16.16 | 128.39

10 | 220 |1052.08{ 9.77 | 622 | 16911.79 | 1.25 16.03 | 118.38
15 330 |1052.52| 11.00 | 6.60 | 17441.82 | 0.00 1491 |- 137.90
20 440 105275} 11.49 | 9.00 | 15952.42 | 0.48 15.55 | 179.60
25 5.55 |1053.04| 11.23 | 8.59 | 17278.94 | 0.00 14.88 | 203.18
30 6.70 |1053.45]| 1047 | 7.61 | 16207.05 |- 0.00 16.23 | 174.55
35 | ~7.80 ]1053.88| 11.28 | 6.08 | 16838.04 | 0.00 1591 | 132.29 |
40 | 890 |1054.19| 10.12 | '5.50 | 16219.21 | 0.00 22.77 | 150.79 . i
45 10.05 | 1054.65] 1092 | 7.10 | 16333.78 | 0.00 15.02 | 127.03 | |
50 11.15 [1054.97] 11.78 | 8.51 | 17477.48"| 0.00 14.66 | 163.39
55 12.34 1105530 1239 | 6.97 | 17461.13 | 0.00 14.98 | 162.12
60 13.40 |1055.80] 12.52 | 7.46 | 17343.60 | 0.00 14.93 | 144.52
70 16.12 {1056.71 [ 12.21 | 7.19 | 17060.19 | 0.35 14.97 | 135.72
80 19.14 |1057.54| 11.16 | 6.34 - | 16356.45.] 0.00 |. 15.11 | 149.89 |
90 2191 |1059.58 | 10.09 | 6.22 | 17477.27 | 0.00 13.72 | 135.24 |
105 26.31 |1061.00| 8.53 | 7.44 | 16342.48 | 0.21 13.92 | 121.04 _ |
120 30.62 [1062.94] 7.60 | 6.28 | 17203.65| 0.00 | 12.50 | 125.07 |- == .
135 34.73 | 106433 | 7.28 | . 6.05 | 15938.18 | 0.00 12.90 | 11166 | -
150 38.46 |1065.76 6.37 | 8.55 | 16237.51 | 0.00 11.25 | 99.92
165 42.58 |1066.89| 5.40 | 7.30 | 16033.03 | 0.00 11.15 | 96.71
180 46.60 |1068.46 | 4.93 | 1042 | 17061.00 | 0.09 6.27 54.83
200 52,00 |1070.04| 5.10 | 7.06 | 17190.66 { 0.00 3.80 19.64
220 57.26 [1071.65| 3.72 | 7.92 '} 16342.53 | 0.00 2.09 9.12
240 63.05 |1073.11] 2.03 | 5.92 | 16830.45 | 0.00 1.05 | 5.62
255 65.16 |107529| 131 | 6.95 [ 16248.24 | 0.00 | 0.00 4.93

Temperature = 1200°F
Pressure = 100 psig
Steam Flow Rate = 0.25 ml/min

114



Table I11.12: Experimental Data for Run 12, 10 Wt% Langbeinite Catalyst

Time | Burette Gas H, 0, N, CH4 CO CO,
(min) | Reading | Flow :
- (mi) ()

5 1.09 1084941 6.83 | 7.71 | 16367.89f 1.29 16.82 | 133.63
10 2.19 1085.30 | 10.17 | 6.48 | 17602.78 | 1.30 16.69 | 123.21
15 3.28 1085.74 | 11.45 | 6.94 | 18154.48 | 0.00 15.45 | 143.53
20 4.37 1085.99 ] 11.96 | 9.37 | 16604.22 | 0.49 16.19 | 193.94
25 5.51 1086.28 | 11.69 | 8.94 | 17991.94 | 0.00 1549 | 211.48
30 6.65 1086.71 | 1090 | 7.92 | 16939.25 | 0.00 16.89 | 181.68
35 7.74 1087.15| 11.74 | 6.33 | 17526.03 | 0.00 16.56 | 137.69
40 8.91 1087.471 10.53 | 5.73 [ 16881.91 | 0.00 23.70 | 156.95
45 9.98 1087.95{ 11.29 | 7.39 | 17001.16 | 0.00 15.63 | 132.22
50 11.07 11088281 12.26 | 893 | 18191.59 | 0.00 15.26 | 170.07
55 12.26 [1088.61| 1290 | 7.25 | 18174.57 | 0.00 15.59 | 168.74
60 13.30 |1089.13 | 13.03 | 7.76 | 18052.24 | 0.00 15.47 | 150.42
70 16.01 {1090.08| 12.71 | 7.49 | 1775724 | 0.00 15.58 | 141.26
80 19.00 |[1090.93| 11.62 | 6.60 | 17024.76 | 0.00 1573 | 156.02
90 21.76 |1093.04| 10.51 | 6.47 | 18191.37 | 0.00 14.28 | 140.77
105 26.13 |1094.50 8.88 | 7.74 | 1701022 | 0.00 14.42 | 125.99
120 30.40 |1096.50| 7.91 6.53 | 17906.57 | 0.00 13.02 | 130.19
135 3449 |[1097.93| 7.58 | 6.29 | 16589.39 | 0.00 13.43 | 116.23
150 38.19 |[1099.41| 6.63 8.90 | 16900.96 | 0.00 11.71 | 104.01
165 4228 |1101.57] 5.62 | 7.59 | 16688.12 | 0.00 11.61 | 100.67
180 46.27 |1102.19] 5.06 | 10.92 | 17758.09 [ 0.00 6.53 57.07
200 51.63 |1104.83| 5.31 7.35 | 17893.05 | 0.00 3.96 20.45
220 56.93 |1107.48| 3.88 | 8.25 | 17010.27 | 0.00 2.17 9.49
240 62.61 |1109.00| 2.11 6.08 | 17518.13 | 0.00 1.10 5.92
255 64.70 | 111124 136 | 7.23 | 16912.13 | 0.00 0.00

5.06

Temperature = 1350°F

Pressure = 100 psig

Steam Flow Rate = 0.25 ml/mm
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Table I11.13: Experimental Data for Run 13, 10 Wt% Langbeinite Catalyst

Temperature = 1420°F
Pressure = 100 psig
Steam Flow Rate = 0.25 ml/min
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Time | Burette | Gas H, O, N2 CH, CcO CO,
-(min) | Reading | Flow :
(ml) (&)
5 1.14 ' |1124.68| 7.36 | 8.30 'f 17627.74 | 0.56 18.12 | 143.92
10 2.28 - [1125.12]10.95| 6.97. | 18957.68 | 1.40° | 17.97 [ 132.70
15 3.42 [1125.59{12.33| 7.40 | 19551.83 | 0.00 16.64 | 154.58
20 455 |1125.91]12.88| 10.09 | 17882.25 | 0.53 17.43 | 201.33
25 5.74 [1126.15[12.59| 9.63 | 19369.25 | 0.00 16.68 | 227.76
30 6.93 |1126.60{11.74| 8.53 | 18167.69 | 0.00 18.19 | 195.67
35 8.07 [1127.06/12.64] 6.82 | 18945.01 | 1.94 17.83 148.29
40 - 921 |[1127.40|11.34} 6.17 | 18181.32 | 0.00 25.52 | 169.03
45 10.40 |1127.89(12.16| 7.96 | 18309.75 { 0.00 16.91 142.40
50 11.53 [1128.24|13.21| 9.54 | 19591.81 | 0.00 16.44 | 183.16
55 12.77 {1128.59{13.89( 7.81 | 19573.48 | 0.00 16.79 | 181.73
60 13.93 |1129.13{14.031 8.36 | 19441.73 | 0.00 16.66 | 162.00
70 - 16.68 |1130.12]13.69] - 8.06 | 19124.03 | 0.00 16.78 | 152.14
. 80 19.80 |1131.01[12.51| 7.11 | 18335.16 | 0.00 16.94 | 168.03
90 22.67 |1133.22(11.32] 6.97 | 19591.57 |- 0.17 15.38 151.60
105 2723 |1134.75] 9.56 | 8.34 | 18319.50 | 0.00 | -15.53 135.68 -
120 31.68 {1136.91{ 852 | 7.04- | 19291.92 | 0.00 14.02 | 140.21
135 3594 [1138.34] 8.16 | - 6.78 | 17936.29 | 0.00 1446 . | 125.17
150 39.80 [1139.89{ 7.14 | 9.59 | 18201.83 | 0.00 12.61 112.01
165 44.06 |1141.10| 6.06 | 8.18 | 17972.61 | 0.90 12.50 | 108.41
180 4821 {1142.79| 545 | 11.68 | 19124.94 | 0.00 7.03 61.46
200 53.81 |1144.51( 572} 7.92 | 19270.29 | .0.00 4.26 22.02
220 59.25 |[1146.24| 4.18 | 8.88 ' | 18319.56 | 0.00 2.34 10.22
© 240 65.24 [1147.824 228 | 6.55 [ 18936.50 | 0.00 1.18 6.30
-255 67.42 |1150.17| 1.47 | 7.79 - | 18213.93 | 0.00 0.00 545 .




Table IT1.14: Experimental ’Data for Run 14, 10 W% Langbeinite Catalyst

Time | Burette Gas H, 0 N, - CH, CO CO,
(min) | Reading | Flow’ . - - '
@) | @

5 1.00 [1162.03| 7.68 | 8.66 | 18393.72 | 1.45 18.90 | 150.17
10 2.00 |[1162.48| 1143 | 7.28 | 1978145 | 1.46 18.75 | 138.46
15 2.99 [1162.97] 1294 ( 7.72 | 20401.43 | 0.00 17.36 | 161.30
20 3.99 [1163.23] 13.44 | 10.53 | 19359.30 | 0.56 18.19 | 210.08
25 5.03 |[1163.55| 13.13 | 10.05 | 20210.91 | 0.00 17.41 | 237.66
30 6.08 |1164.01|12.25 (. 890 .| 18957.14 | 0.00 | 18.98 | 204.17
35 7.07 . |1164.49 | 13.19 | 7.11 | 19695.20 | 0.00 18.61 | 154.74
40 8:07 | 1164.91| 11.83 | 644 '|718971:36 | 0.00 | 26.63 | 176.37
45 9.11 1165.35| 12.69 | -8.31 |.19105.37 | 0.00 17.57 | 148.59
50 10.11 |1165.71| 13.78 | 9.96 | 20443.14 | 0.00 17.15 | 191.12
55 1120 |1166.07| 1449 | 8.15 | 20424.01 | 0.00 17.52 | 189.62
60 12.15 .[1166.63 | 14.64 | 8.72 |.20293.54 | 0.00 17.38 | 169.04
70 |- 14.63 |1167.65| 1428 | 8.41 | 19955.03 | 0.00 17.51 | 158.75
80 '17.36 - | 1168.57 | 13.06 { 7.42 | 19131.88 | 0.00 17.68 | 175.33
90 19.88 " [1170.92| 11.81 | 7.27 | 20442.89 { 0.00 16.05 | 158.19

105 23.94 (117243 997 | 870 | 19115.55| 0.00 16.20 | 141.58
120 | 27.78 |1174.59- 8.89 | "7.34 |20122.91 | 0.00 14.63 | 146.30
135 | 31.51 |1176.14| 8.51 | 7.07 | 19342.64 | 0.00 15.09 | 130.61
150 34.89 |1177.74| 745 -| 10.01 | 18992.76 | 0.00 13.16 | 116.88
165 38.63 |1179.00| 6.32- 1 853 | 1945358 { 0.00 | 13.04 | 113.13
180 4227 |[1180.75] 5.69 | 12.19 | 19955.98 | 0.00 7.34 | 64.13
1200 47.18 |[1182.52 597 | 8.26 ‘| 20107.65 | 0.00 4.45 22.98
220 | 51.95 [1191.31] 4.36 | 9.27 | 19115.60 | 0.00 | 2.44 10.66
240 57.20 |1192.94| 238 | 6.91 | 19693.32 | 0.00 1.23 6.57
255 59.11 118837 1.53 19005.32 | 0.00 0.00 5.69

8.13

Temperature = 1350°F

Pressure = 50 psig

Steam Flow Rate = 0.25 ml/min °
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Table I11.15: Experimeﬁtal Data for Run 15, 10 Wt% Langbeinite Catalyst

Burette |- Gas | Hy .| O . N2 CH; { CO CO,
(min) | Reading | Flow :
@) | @)
5 1.00 . |1195.23| 7.45 .| 8.41 | 17930.81 | 1.41 18.36 | 145.82
10 2.00 |1195.70] 11.10°|:7.07 | 19208.33 | 1.42 18.21 | 134.45
15 299 [1196.20}.12.49 | 7.50 | 19810.34 | 0.00 16.93 | 156.62
20 3.99 |1196.46] 13.05 | 10.22 | 18118.69 | 0.54 17.66 | 203.99
25 5.03. [1196.79| 12.75°| 9.76 | 19625.35 | 0.00 | 16.90 | 230.77
30 6.08 [1197.27| 11.90 | 8.64 | 19107.90 | 0.00 18.43 | 198.26
35 7.07 11197.76| 12.81 | .6.91 | 19124.57 | 0.00 18.07 | 150.25
40 | 807 ]1198.12{°11.49 | 6.25 | 19121.71.]1-0.00 | 2593 | 171.26
45 9.11 |1198.64| 12.32 | 8.07 | 19251.91 | 0.00 17.06 | 144.28
50 10.11 [1199.01{ 13.38 | 9.67 | 19920.92 | 0.00 16.65 | 192.58
55 11.20 [1199.38{ 14.07 | 7.92 | 19832.28 | 0.00 17.01 | 191.13
60 12.15 |1199.96| 14.22 | 8.47 | 19698.79 | 0.00 16.88 | 164.14
70 14.63 |1201.01] 13.94 | 8.17 | 19376.88 | 0.00 17.00 | 154.15
80 17.36 [1201.96| 12.68 | 7.20 | 19277.58 | 0.00 17.16 | 170.25
90 19.88 ' [1204.30| 11.46 | 7.06 | 19920.61 | 0.00 15.58 | 153.61
105 23.94 |[1205.93| 9.69 | 8.45 | 19261.72 | 0.00 15.73 | 13748
120 27.78 . |1208.15] 8.63 | 7.13 | 19539.83 | 0.00 14.20 | 142.06
135 31.51 |1209.75| 827 | .6.94 | 18102.51 | 0.00 14.66 | 126.83
150 34.89 (121139 7.23 | 9.72 | 19142.49 | 0.00 12.78 |.113.49
165 | 38.63 |1212.68| 6.14 | 8.29 | 18210.24 | 0.00 12.67 | 109.92
180 4227 11214.48| 5.52 | 11.83 | 19377.80 | 0.00 7.13 62.28
200 47.18 (1216.30] 5.79 | 8.02 | 19525.07 | 0.00 4.32 22.31
220 51.95 |1218.14] 4.23 | 9.00 | 19261.78 | 0.00 2.37 10.35
240 57.20 [1219.83| 2.31 | 6.64 | 19115.95 | 0.00 1.20 6.38
255 59.11 |1222.32] 1.49 19154.68 | 0.00 0.00 5.52

Temperature = 1350°F
Pressure = 300 psig '
Steam Flow Rate = 0.25 ml/min

7.89
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" Table ITL.16: Experimental Data for Run 16, 5 Wt% Langbeinite Catalyst

Time | Burette |. Gas H, | 0. N, . CHy CO | CO,
(min) | Reading | Flow
(ml) 6i9)
5 1.14 |1228.43]. 7.98 9.01 19120.65 1.51 19.65 | 156.11
10 2.28 1228.91| 11.88| 7.56 20563.23 1.52 19.49 | 143.93
15 342 (1229.42) 13.37 | 8.03 21207.70 0.00 18.05 | 167.67
20 4.55 1229.701 13.97 | 10.94 | 19396.72 | 0.58 18.91 | 218.38
25 5.74 1230.04] 13.65 | 10.44 | 21009.66 0.00 18.10 | 247.05
30 © 693 11230.53]| 12.74 | 9.25 19706.33 0.00 19.73 | 212.24
35 8.07 1231.03} 13.71 | 7.39 20473.56 0.00 19.34 | 160.92
40 717 9.21 1231.40| 12.30 | 6.69 | 19721.12 | 0.00 27.68 | 183.34
45 10.40 |1231.94] 13.19 | 8.64 19930.42 0.00 18.26 | 154.46
50 11.53 |1232.32] 14.32 | 10.35 | 21251.06 0.00 17.83 |- 198.67
55 12.77 [1232.70| 15.06 | 8.47 21231.18 0.00 18.21 | 197.12
60 ©13.93 |1233.29| 15.22 | 9.07 21088.27 0.00 18.07 | 175.72
70. 16.68 11234.37]1 14.92 | 8.74 20743.67 | .0.00 18.20 | 165.02
80 19.80 [1235.35{ 13.57 | 7.71 19894.99 0.00 18.37 | 182.26
90 22.67 11237.76} 12.27 | - 7.56 21250.81 0.00 16.68 | 164.44
105 27.23 11239.43| 10.37 | 9.04 19941.00 0.00 16.91 | 147.18
120 31.68 {1241.71| 9.24 7.63 | 20918.11 0.00 15.20 | 152.08
135 35.94 11243.35|,8.92° | 17.35 19379.41 0.00 15.69 | 135.77
150 39.80 |1245.04| 7.74 | 10.40 | 19743.36 0.00 13.68 | 121.50
165 44.06 [1246.37| 6.57 | 8.94 19494.74 0.00 13.56 | 117.60
180 48.21 [1248.22] 5.91 12.67 | 20744.65 0.00 7.63 "66.67
200 53.81 |1250.09| 6.20 8.59 | 20902.31 0.00 4.63 | 23.88
220 59.25 |[1251.98] 4.53 9.63 19941.06 | 0.00 2.54 11.08
240 65.24 |[1253.71} 247 | 7.11 20464.33 0.00 1.28 6.83
255 67.42 |1256.27| 1.59 8.45 19756.42 0.00 0.00 5.91

Temperature = 1350°F .

Pressure = 100 psig

Steam Flow Rate = 0.25 ml/min
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‘Table I11.17: Experimental Data for Run 17, 15 Wt% Langbeinite Catalyst

Time | Burette Gas H, {1 O N, CH, CcO CO,
(min) | Reading | Flow : ' ~
o @ | @)
5 1.06 |1261.63]. 8.30. | 9.36 | 19946.56 | 1.57 | 20.43 | 162.28
10 2.12 1262.13| 12.35 | -7.93 -| 21376.16 | 1.58 20.26. | 149.62
15 3.17 1262.65| 13.90 | 8.35 | 22046.12 { 0.00 18.76 | 174.30
20 4.23 1262.93| 14.52 | 11.37 | 20163.54 | 0.60 19.66 | 227.02
25 534 {1263.28] 14.19 |: 10.93 .1 21910.24 | 0.00 18.81 | 256.82
30 6.44 1263.79] 13.24 | 9.61 | 20492.39 [ 0.00 20.51 | 220.63
35 7.50 1264.301 1425 | 7.68 | 21282.95 | 0.00 20.11 }167.21
40 | " 8.56 1264.68{ 12.79 | 6.96 | 20500.761 0.00 28.78 | 190.59
45 9.66 1265.24| 13.71 |- 8.98 | 20645.58 | 0.00 18.98 | 160.57
50 | .10.72 |[1265.63| 14.89 | 10.76 | 22091.19 | 0.00 18.53 | 206.52
55 11.94 [1266.021 15.66 | - 8.81 | 22070.52 | 0.00 18.93 | 204.91 |
60 12.88 [1266.62] 15.82 | 9.43 | 2192197 | 0.00 | 18.78 | 182.67
70 15.50 [1267.73| 15.43 | -9.09 | 21563.74 | 0.00 18.92 | 171.55
80 18.40 - {1268.73] 14.11 | 8.02 | 20674.23 | 0.00 19.10 | 189.46
90 21.07 (1271.21| 12.76 | 7.93 | 22090.92 | 0.00 17.34 | 170.94
105 25.30 |1272.93] 10.78 | 9.40 | 20656.57 | 0.00 17.51 115299
120 29.44 |1275.27| 9.61 | 7.93 | 21745.08 { 0.00 15.81 | 158.09
135 33.40 [1276.96] 9.20 | 7.64 | 20145.54 | 0.00 16.31 | 141.14
150 36.98 [1278.69| 8.05 | 10.81 | 20523.89 | 0.00 1422 |126.30
165 40.94 |[1280.05| 6.83 | 9.22 | 20265.43 | 0.00 14.10 | 122.24
180 44.80 [1281.95| 6.14 | 13.17 | 21564.76 | 0.00 7.93 69.31
200 50.00 |1283.88]| 6.45 893 |21728.65| 0.00 4.81 24.83
220 55.06 |[1292.82} 4.71 | 10.01 | 20656.64 | 0.00 2.64 11.52
240 60.63 . [1294.59{ 2.57 | 7.39 | 21273.36 | 0.00 133 | 7.10
255 0.00 0.00

62.65

1290.23

Temperature = 13500F

Pressure = 100 psig

1.66

Steam Flow Rate = 0 25 ml/mm

8.78

20537.46

120

6.15




- Table IIL.18: Experimental Data for Run 18, 10 W% Langbeinite Catalyst

0,

CO.

Temperéture = 1350°F
Pressure = 100 psig ,
- Steam Flow Rate = 0.091 m]/mm
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Time | Burette: | Gas | Hj . " Ny CH;. - CO;
(min) | Reading | Flow | . '
o () | (&)
5 1.13 11303.13] 7.96 | 8.98 | 19071.14 | 1.50 |. 19.60 155.70
10 2.25 (1303.64| 11.92 | 7.54 | 20509.98 | 1.52 19.44 143.56
15 3.38 |1304.18{ 13.34 | 8.01 | 21152.79 | 0.00 18.00 167.24
20 4.51 [1304.48| 13.93.] 10.91 | 19346.50 | 0.58 18.93 217.82
25 5.68 {1304.83| 13.62 | 10.42 | 20955.25 | 0.00 18.05 | 246.41
30 6.93 |[1305.36| 12.70 | 9.22 | 19655.30 | 0.00 19.68 | 211.69
35 7.99 |[1305.89| 13.68 | 7.37 | 20420.55 | 0.00 | 19.29 160.43
40 9:11 -[1306.28| 12.27 | 6.67 | 19670.05 | 0.00 27.61 182.94
" 45 10.29 11306.93| 13.16 | 8.61 | 19809.00 | 0.00 18.21 154.06
50 11.42 [1307.26{ 14.29 | 10.32 | 21196.03 | 0.00 17.78 | 198.16 .
55 12.:64 11307.66| 15.03 | 8.45 | 21176.20 | 0.00 18.17 196.61
60 |- 13.72 [1308.29] 15.18 | 9.04 .| 21033.67 | 0.00 | 18.02 175.27
70 16.51 [1309.43} 14.81 | 8.72 |20689.95 [ 0.00 18.15 | -164.60
80 19.60. [1310.47| 13.54 | 7.69 | 19836.49 | 0.00 18.33 181.78
"~ 90 22.44 {1313.03| 1224 | 7.54 | 21195.78 | 0.00. | 16.64 164.02
105 26.95 [1314.80] 10.34. | 9.02 | 19819.55 | 0.00 16.80 | 146.79
120 31.36 |1317.22]-.922 | 7.61 | 20933.94 | 0.00 15.16 151.69
135 | 35.57 |1318.96| 8.83 | 7.33 | 19329.22 | 0.00 15.65 | 135.42
150 39.40 {1320.75| 7.72 | 10.37 | 19692.24 | 0.00 13.65 121.18
165 43.61 ‘[1322.16| 6.55 | 8.92 | 1944425 | 0.00 13.52 117.29
180 47.73 11324.12| 5.89 | 12.64 | 20690.93 | 0.00 7.61 66.50
200 53.26 {1326.11] 6.19 | 8.56 | 20918.19 | 0.00 4.61 23.82
220 58.65 |1328.11] 4.52 | 9.61 | 19819.61 | 0.00 2.53 11.06
240 64.58 [1329.95| 2.46 | 7.09- | 20411.34 | 0.00 1.28 . 6.81
] 255 66.74 [1332.67| 1.59 | 8.43 | 19705.26 | 0.00 0.00 - 5.90




tTable III.19:;Exp'eriment_é1 Data for Run 19, 10 Wt% Langbeinité Catalyst

Temperature = 1350°F

Pressure = 100 psig .
 Steam Flow Rate = (_).145 ml/min
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Time | Burette Gas | H 0, "N, CH, Cco CO,
(min) | Reading | Flow - : C '
@) | @) |

5 1.09 [1337.99] 7.91. | 8.92 | 19489.02 | 1.48 | 1931 | 153.40
10 | 218 [1338.52]11.68| 7.43 |20206.58 | 149 | 19.15 | 141.44
15 327 [1339.07[13.14| 7.89 | 20839.88 | 0.00 | 17.74 | 164.76
20 436 |1339.37]13.73[10.75 | 19060.31 | 0.57 | 18.58 | 214.60
25 550 [1339.74|13.41] 10.26 | 20645.27 | 0.00 | 17.78 .| 242.76
30 6.64 [1340.28[12.51] 9.09 | 19364.55 | 0.00 | 19.39 | 208.56
35 7.73 1340.83 | 13.47 |- 7.26 | 20118.47 | 0.00 | 19.01 | 158.06
40 “8.82 1341.23712.09| 6.58 | 19379.07 | 0.00 | 27.20 | 180.16
45 9.95 1341.82 [12.96 | 8.49.] 1951597 | 0.00 | 17.94 | 151.78
50 11.04 [1342.23]14.08| 10.17 | 20882.48 | 0.00 | 17.52 | 195.22
55 1223 [1342.64|14.80[ 8.33 | 20932.95 | 0.00 | 17.90 | 193.70
60 13.27 [1343.29|14.96| 891 | 20722.52 | 0.00 | 17.75 | 172.67
70 | 1597 [1344.46]14.59| 8.59 | 20383.89 | 0.00 | 17.89 | 162.16
80 | 18.96 .|1345.53{13.34]| 7.58 | 19543.05 | 0.00 | 18.06 | 179.09
90 | 21.71 |1348.15[12.06] 7.43 | 20882.23 | 0.00 | 16.39 | 161.59
105 26.07 [ 1349.97[10.19| 8.88 | 19526.36 | 0.00° | 16.55 | 144.62
120 30.34 |1352.46| 9.08°| 7.50 | 20555.31 | 0.00 | 14.94 | 149.44
1357 3441 [1354.25( 8.70 | 7.23 | 1904329 | 0.00 | 1542 | 133.42
| 150 38.11 [1356.09] 7.61 | 10.22°] 19400.94 | 0.00 | 13.44 | 119.39
165 4219 [1357.53] 6.46-| 8.72 [ 19156.62 | 0.00 | 13.32 | 115.56
180 46.17 |1359.551 5.81°| 12.45 | 20391.93 | 0.00 7.50 65.51
200 51.52 |1361.58| 6.09 | -8.44 | 20539.78 | 0.00 4.55 | 2347
220 | 56.74 |1363.64| 4.45.] 9.47.| 1952642 | 0.00 2.49 10.89
240 62.47 |1365.53} 2.43 | 6.98 | 20109.40.| 0.00 1.26 6.71
255 64.56 |1368.32] 1.56 | 8.30 | 19413.76 | 0.00 0.00 5.81
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