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ABSTRACT

Pyrolysis and Ignition Behavior of Coal, Cattle Biass, and Coal/Cattle Biomass
Blends. (December 2006)
Brandon Ray Martin, B.S., University of Arkansas

Chair of Advisory Committee: Dr. Kalyan Annamalai

Increases in demand, lower emission standardsyexheted fuel supplies have
fueled the recent effort to find new and bettetdue power the necessary equipment for
society’s needs. Often, the fuels chosen for rebeare renewable fuels derived from
biomass. Current research at Texas A&M Univernsitiocused on the effectiveness of
using cattle manure biomass as a fuel source ijurction with coal burning utilities.
The scope of this project includes fuel propertglgsis, pyrolysis and ignition behavior
characteristics, combustion modeling, emissions efiog, small scale combustion
experiments, pilot scale commercial combustion grpents, and cost analysis of the
fuel usage for both feedlot biomass and dairy b&snaThis paper focuses on fuel
property analysis and pyrolysis and ignition cheeastics of feedlot biomass.
Deliverables include a proximate and ultimate asialypyrolysis kinetics values, and
ignition temperatures of four types of feedlot bass (low ash raw manure [LARM],
low ash partially composted manure [LAPC], high ssWw manure [HARM], and high
ash partially composted manure [HAPC]) as well landis of each biomass with Texas

lignite coal (TXL). Activation energy results f@ure samples of each fuel using the



single reaction model rigorous solution were akoWed: 45 kd/mol (LARM), 43 kJd/mol
(LAPC), 38 kJ/mol (HARM), 36 kJ/mol (HAPC), and ZJ/mol (TXL). Using the
distributed activation energy model the activatemergies were 169 kJ/mol (LARM),
175 kJ/mol (LAPC), 172 kJ/mol (HARM), 173 kJ/molARC), and 225 kJ/mol (TXL).
Ignition temperature results for pure samples che# the fuels were as follows: 734 K
(LARM), 745 K (LAPC), 727 (HARM), 744 K (HAPC), an892 K (TXL). There was
little difference observed between the ignition pematures of the 50% blends of coal
with biomass and the pure samples of coal as obddyy the following results: 606 K

(LARM), 571 K (LAPC), 595 K (HARM), and 582 K (HAPC
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CHAPTER |

INTRODUCTION

Biomass fuel research has attracted a lot of aberh recent years due to
growing energy needs and shrinking fossil fuel $iegp These combined factors have
led to increased cost for utility consumers in th® since 71% of electric power is
generated form fossil fuel power plants, see figurdor details. As a result, many new
renewable fuel sources or renewable fuel technetogire becoming economically
competitive and are under consideration. Theskidecbiomass derived from plant
matter such as wood, corn stalks, and sugar camelags animal by-products such as

manure and waste carcasses.

Total = 3,971 Billion KWh
Electric Utility Plants =63.1%
Independent Power
Nuclear [Producers & Combined
Heat and Power Plants = 36.9%
19.8%

Other

0.2%

Hydroelectric
6.5%

Coal
49 8%

Petroleum
3.0%
Other Gases
0.4%

\Na!ural Gas
17.9%

Other Renewables

Figure 1.1: Electric Power Generation by Fuel Typ@04)
Source: US Department of Energy website, www.engmy

A second driving force behind the research inteveable energy sources is the

need to meet future emissions standards. Greealyassregulation is under debate in

This thesis follows the style of Fuel.



the US, with the US Supreme Court hearing a casetiermine if CQ emissions can be
regulated under the Clean Air Act of 1990. Unlfkssil fuels, biomass fuels are near
CO; neutral fuels (net COreleased is near zero). The majority of G€leased during
combustion comes from plants and is reabsorbedldiytgo Biomass fuels have also
been shown to have emissions control propertiedl€y and SQ emissions. Emission
reduction potential depends on fuel characteristarsanimal waste fuels NQeduction

is due to the amount of urea present in the fuel.

Current research at Texas A&M University is focused cattle biomass (CB)
potential as an auxiliary fuel in several applicasi: co-fired with coal in a utility
application, used in the re-burn section of a mater plant, and as primary or co-fired
fuel for gasification. There are two types of C8irly studied: feedlot biomass (FB)
from Amarillo, TX and dairy biomass (DB) from farmdorthwest of Waco, TX. This
work focuses on the pyrolysis and ignition chanasties of FB related to modeling
biomass fuels during pyrolysis, ignition, and comsimn. The four types of feedlot
biomass being tested are HAPC (High Ash Partialpm@osted), LAPC (Low Ash
Partially Composted), HARM (High Ash Raw ManurepdaLARM (Low Ash Raw
Manure). High ash manure was collected from swifaged feedlots, while low ash
biomass was collected from fly ash surfaced fesdidthe manure was collected from
feedlots at the end of a 90-180 day feeding cyntkthen divided into two categories,
raw and partially composted manure. Raw manure taiasn from pens, dried, and
ground for use in the laboratory furnace. Pastiabmposted manure was composted

over a period of 3-4 months to homogenize the fueperties, then dried and ground.



CHAPTER Il

LITERATURE REVIEW

1.1 Chapter Overview

The literature review gives a brief summary of firevious and current work
found in literature in coal / biomass fuel charaeggion. First, the collection techniques
for cattle manure biomass are discussed to showfhemproperties are affected. Next,
the properties of the different types of biomasgently being studied are compared
with coal. An account of pyrolysis and ignition dading of many biomass fuels are
then described. The last section explains theesobphis research and how it furthers
this field of study.
1.2 ManureCollection Techniques

Feedlot biomass fuel properties (chiefly ash cajtelepend greatly on the
collection technique used when the manure is gathBom the feedlots; this is due in
large part to the surface of the feedlot. Mostfets have a soil base with an interfacial
layer which consists of mixed soil and manurethéd manure is not harvested carefully
some of the interfacial layer will be disturbedcotlected with the manure. This leads
to higher ash content in the manure. Collectiarthtéques vary between feedlots but
usually one of the following methods is used: Wheader alone, chisel-plow followed

by wheel loader, and elevating scraper [1], saa@dl.1.



A. Wheel Loader B. Chisel Plov C. Elevating Scraper
Figure 11.1: Manure collection equipment

The first manure harvesting method is to use a lbader to scrape and collect
the manure from the surface of the feedlot. Howetlgs is not the most effective
method since wheel loaders can easily damage teddoial layer. The quality of the
collected manure depends greatly on the skill &f tperator. A more efficient
technique (tons/hour) is to use a chisel-plow twsén the manure and then collect the
manure with the wheel loader. Again, this methad easily damage the interfacial
layer. Another disadvantage of this method is theg¢quires two-pieces of equipment
rather than just one. The most effective methodnahure collection is the elevating
scraper. The scraper is pulled behind a tractud, @an be set to collect at a certain
depth. This ensures that the interfacial layed wit be damaged and increases the
guality of the harvested manure. Since the scrapeds to be pulled along, corners of a
feedlot pen cannot be reached with the scrapeujrieg the use of a box-blade or other
equipment for collection in those areas. Due sovirsatility, the wheel loader is the
most common collection technique. Some feedlogéspamved with fly ash. A wheel

loader is used for collection from these pens stheee is no interfacial layer to disturb.



Ash content of manure from these pens is lower tharash content of the soil surfaced
pens since no soil is collected during harvesting.
1.3  Fuel Properties

Due to the growing demand for renewable fuels,ehemre a wide variety of
biomass fuels either being used in pilot scale tplam under laboratory investigation.
The majority of these fuels fall into one of twotegories, plant based biomass and
animal waste biomass. The ultimate and proximaiglyaes as well as the higher
heating value both on a dry and dry ash free bafsise plant based biomass fuels are
given in table 1.1 [2]. These fuels were analyasdpart of a study conducted for the
National Renewable Energy Laboratory on the foubthgracteristics of biomass fuels.
Fouling is directly related to the ash contenthaf fuel and is a major concern for direct

firing of biomass fuels.



Table Il.1: Proximate and ultimate analvsis obst#d plant based biomass fuels

Fuel: Red Oak Mixed Sugar Wheat Almond
Sawdust Paper Cane Straw Shells

Bagasse

Proximate Analysis (% as recieved)

Moisture 11.45 8.75 10.39 7.04 6.93

Fixed Carbon 11.92 6.78 10.70 16.47 19.28

Volatile Matter 76.35 76.87 76.72 69.97 70.73

Ash 0.28 7.60 2.19 6.52 3.06

Ultimate Analysis (% dry ash free)

Carbon 50.12 52.35 49.86 48.31 50.98

Hydrogen 5.94 7.23 6.02 5.87 6.17

Oxygen (diff) 43.91 40.19 43.92 45.17 42.02

Nitrogen 0.03 0.15 0.16 0.47 0.79

Sulfur 0.01 0.08 0.04 0.17 0.04

Higher heating value (Dry)

MJ/kg 19.42 19.05 18.53 16.68 18.85

Btu/lb 8348 8190 7967 7172 8102

Higher heating value (Dry Ash Free)

MJ/kg 19.48 20.78 18.99 17.94 19.49

Btu/lb 8374 8934 8166 7714 8378

The as received proximate analysis shows a lotiroflagity among the plant
based biomass fuels; the major component beingvdiegtile matter (70 — 77 % as
received). The ultimate analysis again revealssthelarity between these fuels with
carbon and oxygen contents varying by less than B&th heating values given are also
very similar for all but the wheat straw biomass.

Table 1.2 gives the characteristics of differepmpds of animal waste biomass
fuels (AWBF). The selected fuels are all deriveahf animal manure, but other types of
animal biomass could be included, i.e. animal es (part of the future work at Texas
A&M Universities Renewable Energy Lab). The faattle biomass fuels on the left of

the table are the test fuels for this researchlewnthie data on the other fuels was

gathered from literature. The diary biomass angligspart of research gathered into the



feasibility of an advanced gasification systemdatairy farm in Upstate New York that

could be used to eliminate excess dairy waste [Bhe data on sheep biomass was

gathered by a research team at Pennsylvania Statersity. They are investigating the

hardware, development, fuel evaluations, and eonsstharacteristics of biomass fuels

and coal in industrial boilers [4]. The chickettei biomass information was gathered at

Texas A&M University as part of ongoing researchthgy Renewable Energy Lab into

the disposal and utilization of excess animal wiste

Table 11.2: Proximate and ultimate analysis oest#d animal waste biomass fuels
Note: * - Results of TAMU REL

Fuel: HAPC* LAPC* HARM* LARM* Dairy Sheep Chicken
Cattle Cattle Cattle Cattle Cattle Biomass Litter
Biomass | Biomass | Biomass | Biomass | Biomass Biomass
Proximate Analysis (% as recieved)
Moisture 17.00 19.64 19.81 20.27 69.60 47.80 7.57
Fixed Carbon 3.36 11.54 6.02 12.16 N/A 7.30 8.41
Volatile Matter 25.79 52.33 27.08 51.47 N/A 34.00 40.22
Ash 53.85 16.50 47.10 16.10 8.96 10.90 43.80
Ultimate Analysis (% dry ash free)
Carbon 51.19 52.91 52.56 53.99 44.65 51.33 45.14
Hydrogen 477 5.72 6.36 6.55 5.85 6.45 6.06
Oxygen (diff) 39.10 37.49 35.35 34.73 38.18 38.81 42.02
Nitrogen 3.87 3.08 470 3.90 2.05 2.65 541
Sulfur 1.08 0.79 1.03 0.84 0.31 0.76 1.37
Higher heating value (Dry)
MJ/kg 6.27 16.51 7.86 16.81 18.22 16.04 9.98
Btu/lb 2697 7097 3380 7229 7834 6895 4291
Higher heating value (Dry Ash Free)
MJ/kg 17.86 20.77 19.05 21.07 18.22 20.27 18.97
Btu/lb 7680 8930 8190 9058 7834 8715 8155

The as received analyses of the animal biomass &relmuch more varied than

the plant biomass fuels, with moisture varying frégnfi0%. The ash content of these

fuels is also much higher than for the plant bicsrfaels. However, the fuels are very

similar when compared on a dry ash free (DAF) basis the ultimate analysis and the



DAF higher heating value. There is also a lot iofilsrity between the plant based
biomass fuels (PBF) and the AWBF on a DAF basifis s likely due to the strong
relation between animal ration and animal wasted®ice cattle metabolic efficiency is
approximately 20%.

Since much of the research on biomass fuels daetisca-combustion with coal,
a table of various coals tested in literature s glresented here, table 11.3. The table
gives data from the two research coal being usetieaas A&M University, Texas
lignite and Wyoming sub-bituminous, as well as father coals. The data on the
Cyprus bituminous and Alaskan lignite coals wahead from the Korean Institute of
Energy Research in which different candidate caalewcompared to improve efficiency
and reduce emissions through coal gasification [Fhe Greek lignite and Colombian
coals were studied in conjunction with meat andeboreal (MBM) biomass in a study
by the University of Crete, which looks into thendaustion of MBM biomass as a

means of waste disposal [8].



Table 11.3: Proximate and ultimate analysis oestdd coals

Note: *- Results of TAMU RE!|

Fuel: Texas* | Wyoming*| Cyprus Alaskan Greek | Colombian
Lignite Sub-bit. |Coal (USA) Coal Lignite Coal
Coal Coal

Proximate Analysis (% as recieved)

Moisture 38.34 32.88 9.97 22.32 24.32 4.20

Fixed Carbon 25.41 32.99 44.22 29.19 30.59 53.00

Volatile Matter 24.79 28.49 42.25 36.75 31.30 36.60

Ash 11.46 5.64 3.56 11.75 13.79 6.20

Ultimate Analysis (% dry ash free)

Carbon 74.06 75.68 66.36 48.24 61.25 83.40

Hydrogen 4.22 4.43 5.44 6.07 5.13 6.25

Oxygen (diff) 19.14 18.37 27.09 44.95 31.05 8.01

Nitrogen 1.35 1.07 0.95 0.62 1.83 1.56

Sulfur 1.22 0.45 0.16 0.12 0.73 0.78

Higher heating value (Dry)

MJ/kg 23.17 27.11 25.33 22.60 20.16 28.23

Btu/lb 9962 11657 10890 9718 8666 12135

Higher heating value (Dry Ash Free)

MJ/kg 28.46 29.60 26.37 26.63 24.65 30.18

Btu/lb 12236 12726 11338 11449 10598 12975

The proxiamte analyses conducted on these fuelsrsshmw coals vary in
different regions of the world. Even in the dryhaee ultimate anlayses, many
differences can be noted, specifically carbon axyghen contents. Overall, however,
coals are much higher in heating value than biom&ss this reason, most research into
biomass fuel technology is restricted to biomasedgased as a suplementary fuel (i.e.
co-firing or reburn).

1.4 Kineticsof Pyrolysis
Pyrolysis by definition is the decomposition orngéormation of a compound
caused by heat. There are two major steps to yhaygis of most fuels.

First, any

moisture in the fuel will evaporate, and secondatie compounds, Ck CO, CQ, etc.,
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will be driven off. Kinetics parameters such asivation energy and pre-exponential
factor can be determined from measured parametefs & weight change, time, and
temperature recorded during pyrolysis. Measuremmeare made using a
thermogravimetric analyzer (TGA) for relatively sldheating rates, i.e. < 100 K/min.

The basic first order kinetics model of pyrolysgiven below:

_am oy @xp(—_ijdt (I1.1)
m, RIOT

Wherem, is the mass of the volatiles remaining in the danpAF), k, is the frequency

factor or pre-exponential factoE is the activation energyR is the universal gas
constant,T is the temperature, artds time. The preceding reaction is known as the
single reaction model [9]. Details to the solutadrthis equation are given in chapter V.
It has been shown that the single reaction modek dwt adequately represent the
kinetics of pyrolysis for coal or biomass fuels cgnthe fuel consists of several
decomposable polymers which break down into monsnsrd other compounds.
Consequently, a new model was needed.

Dutta et al. (1977) [10] conducted pyrolysis oftghtirgh HVab coal and lllinois
no 6 coal using a Fisher TGA. The coal pyrolysisamplete around 350°C to 400°C
and the volatile yields correspond to the proximagdds. Anthonyet al (1974) [11]
conducted experiments using 5-10 mg monolayer szsrgillignite and bituminous coal
in the range of 400°C to 1000°C and found thatwegght loss depends on the final

temperature, but not on heating rate for heatirtgsrdess than 10,000 K/s. They
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formulated a distributed activation energy modeheve a Gaussian distribution

represented the activation energy, equation (11.2).
dm, _
—m = Ky, Eexp(— E, /RT)Edt (11.2)

The subscript in equation (11.2) implies that the activation egedoes not have
a single value but rather has multiple values. hany et al further theorized that the
distribution of activation energies could be fitadGaussian distributioffE) with mean
activation energyen, and standard deviatioo. Using the model they were able to
determine the kinetics values for several spediesa with reasonably accurate results;
however, the solution to equation (11.2) requiresoanplex double integration as seen in
equation (11.3). The full derivation of equatioth.§) along withf(E) is given in chapter
V. Anthonyet al found the mean activation energies for two collsntana Lignite
and Pittsburgh Seam Bituminous, to be 236 kJ/mal ah2 kJ/mol with standard

deviations 46 kJ/mol and 29 kJ/mol, respectively.

i =Em+3ﬂ _Tﬁ _5
(woj Iexp{ T[ﬂ@xr{ ﬁrjmT}f(E)"E (1.3)

Later, Ramaret al (1981) applied the distributed activation energgdel to
feedlot biomass to determine the effects TGA pataraehad on the activation energy
and standard deviation. The manure used in thidystvas collected from paved
feedlots at Kansas State University’s Beef Rese@maiier [12]. They concluded that
thermogravimetric parameters such as heating sete fraction, and purge gas flow rate

had no effect orkn, but o was affected by the heating rate and purge gas rfiie.
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Their results indicated a mean activation energ{ 4§ kJ/mol with standard deviation
27 kJ/mol.

The review by Annamalai et al (1995) [13] revealidt the experiments
involving variations of sample masses resultediffer@nt volatile yields: ASTM: 1000
mg, TGA: 15-30 mg, Crucible Experiments: 10-20 rHgated Grids: 5-10 mg, Flash
heating <10 mg. Thus, apart from kinetic and tleephysical parameters, the size of
sample or group effects will also affect the vddatyields. While extensive data is
available for coal, only limited studies have bemmducted on pyrolysis of animal
waste.

More recent work in this area has been to makeawgments to the distributed
activation energy model to make the equation eatversolve and/or to better
approximate results. One alteration of the DAEMswaoposed by Donskoi and
McElwain (1998) [14]; they related the activationeegy and pre-exponential factor
directly to the heating rate. Their model was egglle to models with a large number
of heating rates, and it significantly cut down te time for calculation without an
appreciable change in the accuracy of the calculati Another approach taken by
Donskoi and McElwain (2000)[15] was to use a medifiGauss-Hermite Quadrature
method to evaluate the double integration in equatB8) in order to lower the error of
integration as well as reduce the computation tim@ther attempts to reduce
computation time were proposed by Please et al03R(016] in which asymptotic
expansions were used to rapidly arrive at a sotutibwo assumptions of the distributed

activation energy model are that the distributiff&), is Gaussian and the term in
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equation (I1.3) is constant (1.67*101/s). The assumption for a constigts valid for
small values oby, but not for wider activation energy ranges. Tines being tested at
Texas A&M University's Renewable Energy Lab werestéel using distributed
activation energy model with a constant valuekfoto simplify the calculation. Jinno et
al (2004) [17] studied the decomposition behavibswrrogate solid wastes (cellulose,
polyethylene, polypropylene, polystyrene and paiyVichloride) in inert (N2) and
oxidizing (air) gases. They extracted the pyraysnetics using single global first order
reaction model and determined half decompositidh ¥5 mass loss) temperatures as
344-395 C for cellulose (lower heating rate (HRE/nin, higher HR: 50 C/min), 430-
490 C for polypropylene, 388-457 C for polystyrenand 290-340 C for polyvinyl
chloride. The corresponding values in air weresgiently lower with values of 325,
298, 281, 362 and 279 C respectively at HR= 5 C/minshould be noted that these
samples were homogeneous in makeup, and a sirggtéare model could be used. For
fuels with a wide variety of components, the pa&tateaction model produces results

that are more accurate.
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1.5 Ignition

When TGA is performed in N only pyrolysis occurs. If the experiment is
repeated in air, oxidation can also occur simulbaise/. The experiments in air can also
be used to define the onset of ignition of fuel pka® in TGA. Tognotti et al (1985)
[18] used TGA techniques to determine the ignittemperature of cogbarticles and
found that the ignition temperature of sample wwdpthan the single particle ignition
temperature.
1.6 Scope of Work

The techniques described in the literature for tireracterization are applied to
coal, four types feedlot biomass, and blends of wathh biomass. This includes fuel
property evaluation, pyrolysis modeling, and igmtimodeling. The fuel property
evaluation includes comparisons of ultimate andxipnate analyses as well as ash
characterization comparisons. The pyrolysis models conducted using both a single
reaction model and the distributed activation epergpdel, and pyrolysis kinetics are
determined. In addition, ignition studies are perfed to determine fuel ignition

temperatures.
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CHAPTER IlI
OBJECTIVES / TASKS

The overall objective of this research is to eviduidne pyrolysis and ignition
behavior of four types of feedlot biomass (FB), dgXgnite coal (TXL), and blends of
biomass with TXL. The fuels being considered arghHAsh Raw Manure (HARM),
Low Ash Raw Manure (LARM), High Ash Partially Comgied Manure (HAPC), Low
Ash Partially Composted Manure (LAPC), Texas Lign@oal (TXL), and Wyoming
Sub-bituminous Coal (WSB). Low ash samples of eBhwill be collected from
feedlot pens with a fly ash surface, while high aamples will be collected from soil
surfaced enclosures. The FB samples are représerathe types of fuels which may
be fired in a utility boiler either as reburn fuael co-firing fuel. In order to achieve the

overall objective, the following tasks were perfeon

A. Obtain fuel samples and determine fuel charactesist
I Gather fuel samples from members of our reseasrh te the Amarillo,
TX area. Once prepared, send samples to the réteweaergy lab
(REL) in College Station, TX.
ii. Obtain fuel characteristics using a commerciaitgstompany
B. Write specification for and obtain thermogravimettnalyzer TGA
I This task requires an investigation into commelgiabvailable

thermogravimetric analyzers and a review of theleed the REL
research group. Once completed, purchase the Ti@Agh bid process.
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Classify fuel samples by particle size

i Sieve prepared fuel samples, and classify accotdipgrticle size using
available REL equipment.

ii. Selected particle sizes: As Received, 60 micronZh8 micron based on
sieve sizes available.

Determine blend ratios and blend fuels for testing

I Mix biomass fuels with coal in varying amounts &iefmine what effect
this has on the kinetics parameters under invagiigaDetermine
specific blend ratios through coordination withetigroup members to
ensure consistency in results. Blends are on a bess.

ii. Test the following blend ratios (FB/TXL): 100/0,/50, 30/70, 10/90,
and 0/100

Test fuel sample in TGA in both N2 and air envir@mis

i Include TGA software package and necessary traifioingperation of
the equipment with the TGA specification. Afteaitring is completed
testing begins.

Create methods for fuel characteristics calculatiofFrom available literature
necessary formulas and theory have been gatheradke calculations.)

I Create an Excel based spreadsheet to calculatatati energy using the
single reaction model described in the literatengaw solving the
following equations for activation energy E:

_|n & e E [ﬁEj EZ(X)_EZ(XO)
IFrl\/O ﬂ R x XO
ii. Create an Excel based spreadsheet to determimgnitien temperature

using the relationship (ignition temperature is ploent where this
statement is true and remains true as temperatareases):

(rnOA))NZ B (m(%))air > 5%
|:(m%)N2 + (m(%))air j|
2
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Create a MatLAB based program to calculate thevaiotin energy using
the distributed activation energy model to soleftiilowing equation
and obtain a value for activation energy E (thisagpn must be solved
numerically, hence the necessity of a MatLAB bgs@edjram):

m oy 1 F | k E ) E )| _(E-E,)
mVYO(T)—MTE!eXp{ lBEFT[Ez[RD_j TO[EZ(RHOH S }dE

Use the created calculations tools to determineacieristics described in the
objectives.

Report the results for kinetics of pyrolysis andngarative ignition behavior of
biomass fuels, coal, and blends.
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CHAPTER IV
EXPERIMENTAL SETUP AND TEST PROCEDURE

IV.1 Chapter Overview

The following chapter gives specific details on tyyges how the fuel testing was
carried out. First, the types of fuels used fas Htudy are defined, and preparation of
the fuel samples is described. Next, the setupeofrhermogravimetric Analyzer is
reviewed in detail for future work with the instrent. Lastly, the test procedure used is
given along with appropriate explanation of whyfetiént aspects of the procedure are
necessary.
IV.2 Sample Preparation

The four types of feedlot biomass being tested (CAPIAPC, LARM, HARM)

were sieved to separate the sample into partizke gioups. Three particle sizes were
selected to show the effect particle size has awcti@n kinetics: As Received (AR),
between 75 and 4pm (average 6@um) and below 4%um (22.5um). While the actual
distribution of particle sizes between sieves iknamwn, the particle classifications are
identified by the mean values. Once separated) sample was mixed with Texas
Lignite Coal of like particle size in the followingoncentrations: 90:10, 70:30, and
50:50 (TXL %: FB %). In addition, tests were coothd on pure biomass samples as

well as the Texas Lignite Coal in each size classibn for a total of 51 samples.
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V.3 Thermogravimetric Analyzer Setup

All thermal decomposition tests were performed gsen TA Instruments Q600
thermal analyzer. The analyzer is capable of Tlgravimetric Analysis (TGA), = 1%
accuracy, as well as Differential Scanning Calotiné®SC) measurements.

Setup of the thermal analyzer was straightforward 120 V, 60 hz power
connection was required as well as an Ethernet emiiom to a computer. Other
required connections were for carrier gases angepgas. The carrier gases used were
N, for pure pyrolysis and air for oxidation and kigststudies, regulated below 20 psi as
required by the manufacturer. The purge gas useslawr, which is used to cool the

furnace after testing. A schematic of the TGAhewn in figure 1V.1.

Air Dryer Carrier Air  Carrier N
(1/8" OD) (1/8" OD)
Pressure Purge Air
Regulator (1/4” OD) N,
[ Tank
I L 99.99
Q600 TGA
\ O |l _____]
[ ]

Figure IV.1: Schematic of TGA and connections

Measurements were made using TA Instruments saftveanrd equipment calibration
was performed by TA instruments personnel durirgggbftware installation prior to the
beginning of testing. The Q600 has a wide rangesifparameters that can be tuned for
a particular test or adjusted as independent asathuring testing. The principle of
operation for the Q600 can be found in the appeAdiX-or the tests being conducted,

temperature, time, particle size, and sample coimiposare considered independent
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variables, while weight and heat flow are dependaniables. Other possible variables
include initial temperature, final temperature, tiveg rate, carrier gas flow rate, and
sample size, which were held fixed during testisge table IV.1 These parameters
affect the shape of the weight vs. temperature/tiraee (thermo-gram) obtained from
the TGA; they were chosen to minimize error betwaetual and calculated thermo-

grams.

TablelV.1: TGA testparameter

Test Parameters
Initial Temp ~300 (K) ~75 (F)
Final Temp 1373 (K) 2012 (F)
Heating Rate 40 (K/min) 72 (F/min)
Gas Flow Rate 50 (ml/min) 3.05 (in3/min)
Sample Size ~10 (mg) ~3.5E-4 (02)

IV.4 Test Procedure

Software

The software package included with the thermal yareal was a windows based
program that allowed for easy changes to the testeplure. A typical test procedure

was as follows:

Select Gas (1 for M 2 for Air)

Set Gas Flow Rate to 200 ml/min (0 — 1050 ml/min)
Heat at 40 K/min (0 — 100 K/min)

Hold at 423 K (150 °C) for 5 min

Set Gas Flow Rate to 50 ml/min

Heat at 40 K/min to 1373 K (1100 °C)

oukrwbdrE

The initial gas flow rate was set to 200 ml/min fominutes at 423 K to fully purge
the furnace of gaseous impurities before testird) dny the sample, ensuring that any

changes in the temperature/weight trend are dwelgtdile losses or ignition depending
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on the carrier gas. The heating rate is set t&4@in to maximize the slope of the
temperature/weight trend for calculations withoatiging excess equipment wear, the
higher this value, the greater the slope.

Hardware

The TGA had to be preheated if it had a been itiis;, was done by heating the
furnace to 1273 K and cooling without a sample.e Bample cups were alumina and
had a 90uL capacity. To begin testing, the furnace was egemand the sample cups
checked for any residual material and cleaneddéssary. The furnace was then closed
to tare the balances. The Q600 had a dual beaand®mtapable of measuring up to 350
mg each. After tarring, the furnace was openedthedest cup was removed, noting the
orientation before removal. The test cup was r#dhe front of the machine; the other

cup was a reference cup used for heat flow calongai{DSC), see Figure IV.2.

Reference Cup
Test Cup _\ /
—>
<+— \/ u
Furnac :|

Front

Figure 1V.2: Balance schematic

Once removed, 10 mg of the fuel sample was add#tetoup, ensuring that no excess
material was on the top or exterior of the sample cThese could damage the platinum
thermocouples embedded in the balance at the batioface of the cups. The sample

cup was replaced in the same orientation, andutma€e closed to begin testing.



22

CHAPTER V
THEORY

V.1 Chapter Overview

Chapter V presents the methods used to interpceiaalyze the characteristics
of the fuels including fuel properties, kinetics pyrolysis and ignition temperature.
Section two gives the calculations performed friwa tltimate and proximate analyses.
The third section explains the single reaction nhdde pyrolysis and its limitations
when applied to coal / biomass pyrolysis, while tberth section gives an in depth
description of the distributed activation energydwlofor pyrolysis and the method of
solution. The final section gives a simplified madology on determining the ignition
temperature of coal, biomass, and biomass blends.

V.2  Fuel Properties

Ultimate and proximate analyses were performed ach eof the five test fuels;
several fuel properties were calculated based esetinesults including the Sauter Mean
Diameter (SMD), volatile matter higher heating wlyHHW,), mass based
stoichiometric air/fuel ratio (A:F ratio), and aldatic flame temperature (AFT).

The SMD calculations were based on the sieved sawlpksifications. Sieve
sizes in microns were as follows: 2000, 1191, 800, 150, 75, and 45 (sieve numbers:
10, 16, 20, 50, 100, 200, and 325 respectively)total of 300 grams of each fuel was
sieved, and the material collected in each sieve than weighed. From the sieved

samples the SMDs were calculated using equatiah) (V.
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3
SMD= LN@ 1

SN YY/d

WhereN,; is the number of particles of diametlrY; is the mass fraction of the particles

(V.1)

in each sieve classification, addis the average of the two sieve sizes for eacgeaan
i.e. (300 — 150- di=225).

Higher heating values for the volatile matter i tluels were also calculated
using equation (V.2).

HHV - FC%[HHV,
FC

HHV,,, O
M VM %

(V.2)

Where HHYV is the as received higher heating vai&% is the amount of fixed carbon
in the fuel, HH\¢c is the higher heating value of the fixed carbamti{alpy of formation

/ molecular weight of carbon), and VM% is the amoahvolatile matter in the fuel.
Equation V.2 assumes that the heat of pyrolysiegigible [9].

The mass based stoichiometric air/fuel ratio (Aafo) for each of the fuels was
calculated based on atom balancing from the engpifacmulas and empirical molecular
weights. Similarly, the adiabatic flame temperatiar each of the fuels was determined
from empirical values.

V.3 Single Reaction Model

Using the previously described testing proceduretnho-grams were generated for
the fuel samples using,Nas the carrier gas; a sample trace is shown urdid/.1.
Region A-B represents the mass loss due to moisttaporation, region B-C is heating
to pyrolysis temperature, region C-D representgptimaary volatile loss, and region D-E

represents the remaining volatile loss. The thegnaons are then analyzed to determine
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the activation energy based on the primary voldtigs region C-D. Volatiles include
CO,, CH,y, Hy, etc. and are released at different rates. Amtimeenergies can also be
calculated for the secondary loss region D-E, Ihgisé analyses are left for future
researchers. Activation energy is the energy redquior a chemical reaction to occur,

and is related to the collision energy and freqydretween molecules.

100 &2

90 c

80 - \

70

60 - \\

50 \QD
40

E
30 e

Mass Remaining (%)

20 T T T T )
35 235 435 635 835 1035 1235
Temperture (C)

Figure V.1: Sample thermo-gram

The volatile mass loss, region C-D, was first medelising a single reaction model
given in equation (V.3).

- =k, (v.3)

Wherem, is the mass of volatiles remaining in the solitiraet andk(T) is given by the

Arrhenius expression [9]:

k(T) =k, [@xpE E/RT) (V.4)
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WhereT is temperaturek, is frequency factor: is activation energy, an® is the gas
constant. Inserting equation (V.4) into equatidi3] and rearranging yields equation

(V.5).
—d% = k, [exp- E/RT) it (V.5)

Under the thermogravimetric analy dT/dt was held constant at 40 K/min, so equation

(V.5) can be rewritten in terms of a temperatufeedential.

_9M Ko - £/RT)@T V.6
" xp- E/RT) (V.6)

Thus, after integration we obtain equation (V.7).

M) _ (Ko ) f exed _E
- |n(aj = (Ej ETJ;eXF{ﬁ) dT (V7)

Wherem,, is the initial mass of volatiles & and 8 = dT/dt. Equation (V.7) was used
to find values folE andk, in two different ways, a slope approximation aedand by a

more rigorous exponential integral solution. Ndkat m, =m-m,,-m, ,, and

rn\/o = mo - mash - rnHZO ' ThUS,

In(ﬂJ _ In[ m=M,g, =My, o J: In[ mDAF/mo] V.8)

rn\/o mo - mash - rnHZO VM o,DAF

Method A: Slope Approximation

An approximation for the right side of equation {Vis given in equation (V.9); this

solution is only valid for20< E/RT < 60 [9].
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- |n[ﬂj 1100048250 @x;{— 1.0523€_£D (V.9)
ROB RIT

m,

Equation (V.9) can be rewritten as

(ol oo o) o

A value for activation energy was found by pIottiIn[—In(m/mo)] vs. 1T and
determining the slope, see Figure V.2. The slopethe resulting line was
—1.052[(E/ﬁ). Then the validity of the approximation wasified by determining if
20<E/RT <60 is true. Once the activation energy was obtaiaedalue for the

frequency factor was directly calculated from eguatV.9).

y = -7838.5x + 12.077
R?=0.9853

In(-In(mv/mvo))
o

'4 T T T T 1
0.0015 0.0016 0.0017 0.0018 0.0019 0.002

1T (KA-1)

Figure V.2: Slope method evaluation curve
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Method B: Rigorous Solution
Due to the limited range of equation (V.9), an engrttial integration method [9]

was also used, see equation (V.11a,b).

.T[exp(— E/RT )T = [Ej E{Ez(x) - EZ(Xo)} (V.11a)

R) | X X,
Where X =E/RT, X, = E/RT,, and the functionk, are:
E,(X)=exd-X)- X E,(X)

_ X?+2334738X +0.25062 (V.11b)
X?+3330657X +168153

E, (X)X [xdX)

Equation (V.8) can now be rewritten in terms of thgponential integrals described in

equations (V.11a, b):

EEREIE

Values for activation energl¢ and frequency factok, were found iteratively. First,

values were assumed for both. These values wexk tosobtain a calculated value for
(rm/mm) for a range of temperatures representing the pyimalatile loss, see figure
V.3. The values for activation energy and freqyefactor were then iterated to

minimize the squared error between the calculatedsaatual values ¢(m,/m,, ).
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Figure V.3: Mass remaining vs. temperature tradh thie single reaction
model ctivationenergysolution methods A &

Method C: Maximum Volatile Release Rate

As temperature in the sample increases the wlatiease rate also increases due
to the increased temperature. As the amount chted in the fuel decreases, the
volatile release rate slows, and eventually betprdecrease even though temperature is
still increasing, creating a maximum volatile raeaate (MVRR), dM/dt)max at T =
Tmax Equation (V.6) is rewritten with two key differees, the differentials are grouped
on the left with everything else on the right ahd termn, is introduced indicating the

order of the reaction, equation (V.13)

dfTL Ko n, /D
e ﬁm rexp(- E/RT) (V.13)

Equation (V.13) is differentiated with respecfltto obtain equation (V.14)



29

d’m, _ ko (nv-l)gqm/ E J nv[é E J F{ E j
dT? ﬂ[Eann“ ar TR RO *m rRT? )R (v.14)

The maximum volatile release rate occurs wtfen,/dT? is zero; so after setting

equation (V.14) equal to zero and rearranging dntains equation (V.15).

dm _ m" E
S dT o [éﬁtrzj (v.15)

With the assumption of a first order reaction with1, the activation energy can now be

found for @m/dt)maxat T = Tmax €quation (V.16).

dm, E
- — = = V.16
( dT jmax rn/,max I:E RD-maXZJ ( )

The frequency factdt, is calculated by equating equations (V.13) =l axand (V.16)

K, E _
Vs [Eﬁ —— Jexp(E/ RT,.) (V.17)

max

V.4 Distributed Activation Energy Model

It has been shown that the single reaction modes dot adequately describe the
kinetic behavior of a complex composition like gdgipically they consist of multiple
chemical groups [11]. For this reason, the kisetitpyrolysis for coal and biomass
fuels were also calculated using the distributdd/aton energy model. In this model,
it is assumed that the pyrolysis process consfsisseries of reactions proceeding in
parallel, Anthony et al. (1974). First order deatdization for the i-th component of the

reaction is given by equation (V.18):

_% =k [ﬁm/.) (V.18)
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Equation (V.18) is evaluated in the same manogast®n (V.3 — V.7) to obtain:

( m, J _ ex%_ (Ko Gex{{—_E—ij BJIT} (V.19)
M, o, i P RT

If the range of values of activation eneigys assumed to be continuous and represented

by the probability distribution functioffx) such that:

T f (x)x =1 (V.20)

—00

Then integration of equation (V.19) over all valeé& gives the mass fraction of

volatiles:

mj g ex%_:{k_ﬂo @Xr{_%j mT} f(E)de (v.21)

Assuming the distribution functidi(g) is Gaussian theffE) can be written as:

__ 1 _(E-E,)
_JB/ETEXF{ 2o J (V.22)

f(E)

WhereE,, is the mean activation energy, amds the standard deviation of activation

energy, see figure V.4.
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Figure V.4: Gaussian distribution function

Sincef(E) is approximately zero at,E£30, the limits of integration are changed from +
o to B, £30 [11]. Taking this into consideration as well as equafV.22), equation

(V.21) becomes:

1 E,+30 T ko B o Em )
(”To) = oa2n DEngeprl—J;E @xr{— E/RT)EJIT} @x&l—%}dE (V.23)

The inner integral of equation (V.23) can be writbe terms of the exponential integrals

defined earlier in equation (V.11a):

:joex;{— E/RT)@T = (%j E{EZ(X) - Ez(xo)} (V.11a)

X X,

Substituting equation (V.11a) into equation (V.2a8H rearranging, the volatile mass

fraction is now a function of temperature:
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) L p{ [E e, (E/Rr) Z(Egﬁro)}_(E—Em)Z}dE

m,, E/ RT E/RT, 20
(V.24)

With further simplification, equation (V.24) becosme

m, _ 1 En+30 ko ( E j E (E _ Em )2
T)= [ - 0TE,| —— |- T, [E,| = - dE
m/,o( ) o2 EmjggeXp{ ﬁ[ﬁ ART) ° RO, 2[b?

(V.25)

Equation (V.25) was solved numerically for valuésemperature to generate a trace of
volatile mass fraction vs. temperature for compueri® measured data. The simplest
solution is an application of the trapezoid rulé&jet requires computation of values for

the integrand of equation (V.25), henceforth refério aP(E, T).

P(E,T)= ex%—ﬁ EiT EEz[REEr] - T, EEZ[R ';0 ]} - (Ez_ég)z} (V.26)

The functionP will be represented as a matrix for values of &vieen E-30 and

En+30 and values of T betweery @nd T, (beginning and end of pyrolysis respectively).

P(Em_3U’T0) P(Em_3U’Tn)

P(E,T)= (V.27)

P(Em+30"TO) P(Em+30"Tn

A value of volatile mass fractionnv/my) can now be calculated for each columrGof
The values for | ando were optimized by minimizing the squared erromissin the

theoretical volatile mass fraction from equation2¥) and measured volatile mass
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fraction. The value fok, was assumed to be 1.67*3@1l/sec) from transition state
theory, Anthony et al. (1974). Figure V.5 showsample plot of theoretical and

measured mass loss traces.
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Figure V.5: Mass remaining vs. temperature trada thie distributed
activation energy model sdion methot



V.5 Ignition

Ignition temperatures for the fuel samples werentbgraphically by comparing
the air and N2 thermo-grams for a particular fulhe ignition temperature is defined as
the point at which the difference between the nuogstnormalized traces begin to
deviate by more than 5% of the average value dtpbet and continues to deviate

thereafter, see figure V.6.

(M%), — (M%)

air

{(m%)m + (M%), }

2

100%

80% -

60% -

40%

Dry Mass (%)

20%

0%

400

600

800 1000
Temperature (K)

1200

50%

+ 45%
+ 40%
+ 35%
T 30%
+ 25%

20%

+ 15%

10%

+ 5%

0%

)

%

o

O
c

ffere

D

FigureV.6: Dry mass vstemperature witlignition pointdefinition




35

CHAPTER VI

RESULTS AND DISCUSSION

VI.1 Chapter Overview

Chapter VI focuses on the results obtained durasgirig in similar sections as
chapter V. Section two presents the ultimate anmctipate analyses as well as a few
calculations based on the ultimate and proximastyaes. The third section focuses on
single reaction model kinetics of pyrolysis, andtga four gives kinetics values based
on the distributed activation energy model. Thet laection gives the ignition
temperatures for the various fuels and blends.
V1.2 Fue Properties

A sample of each of the test fuels was sent to H&asearch, Inc. in Golden,
CO for ultimate and proximate analyses. The vapjuesented here are an average of
three tests performed on each of the samples. ofee biomass fuels were chosen to
show the differences between the three sampleaabf ®eiel tested. Low ash partially
composted biomass is plotted in figureVl.1a, arghtdash raw manure is plotted in
figure VI.1b. For the LAPC sample, the largestaténces are the moisture content,
while for the HARM sample variations can be seethencarbon, oxygen, ash, and

moisture contents. However, these variations lhtess than 10% of the average value.



36

¥ Sample 1

W Sample 2

F Sample 3

N
8

As Recigved (%)

8

5

7 2N
Carbon Hydrogen Oxygen Nitrogen Ash Moisture
Figure Vl.1a: Variation in fuel properties for L&Pbiomas

~
3

Fl1Sample 1

3
3

W Sample 2

@
8

| E3Sample 3

S
8

@
8

As Recieved (%)

Carbon Hydrogen Oxygen Nitrogen Ash Moisture

Figure VI.1b: Variation in fuel properties ftHARM biomas

A summary of the as received results for the fulgiven in table VI.1. The
moisture content of the four biomass fuels is vewpsistent with an average value of
19.2 %. There is also little variation between the manure (RM) samples and the
partially composted samples, with the exceptiomhefash content of the two high ash
fuels. The largest difference between the highaaghlow ash samples is obviously the

ash content. The low ash biomass had an aver&igeoasent of 16.3 %, while the ash
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content of the high ash biomass averaged 50.5 B&. high ash content presents a major
concern for utility application because it couldidly be deposited on heat transfer

surfaces inside a utility boiler, reducing the heansfer rates from gases to water/steam.
Texas lignite coal is also listed in the table, the as received properties of the coal
vary greatly from the biomass fuels.

Table VI.1: Ultimate and proximate analysis (AxBiged)
Note: Average of 3 samples

Ultimate and Proximate Analysis
As Received (%)
Fuel HAPC | LAPC | HARM | LARM | TXL
Proximate:
Moisture 17.00 19.64 19.81 20.27 38.34
Ash 53.85 16,50 47.10 16.10 11.46
Volatile 25.79 5233 27.08 51.47 24.79
FC 3.36 11.54 6.02 12.16 2541
Ultimate:
Moisture 17.00 19.64 19.81 20.27 38.34
Carbon 1492 33.79 17.39 3435 37.18
Hydrogen 1.39 3.65 2.10 417 2.12
Nitrogen 1.13 1.97 1.56 2.48 0.68
Sulfer 0.31 0.51 0.34 0.53 0.61
Oxygen 11.40 2394 11.70 22.10 9.61
Ash 53.85 16.50 47.10 16.10 11.46

To show how similar the biomass samples are amivoa better comparison to
coal, the ultimate and proximate analyses are gilgen on a dry ash free basis, table
VI.2. As seen in the table the primary combustomponents of the biomass fuels are
volatile compounds, > 80 %. HAPC biomass is thig orconsistency on a DAF basis,
about 8% higher VM content compared to the oth@mlaisses. There is a large
difference between the biomass samples and the saraple in both VM and FC

content. The FC content of TXL coal is just highiean 50 %, indicating it will have a
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much higher HHV than the biomass samples, but hédrar) burns slowly 200 ms to

burn a 100 micron char particle. Another meritatiiference between the biomass
fuels and coal is the oxygen content. The oxygentent of the biomass fuels is ~ 35 —
40 % while the oxygen content of TXL coal is onl§ 2. The oxygen content of

biomass reduces the HHV due to the presence ofematgd compounds such as CO,
CQO,, and alcohols, etc.

Table VI.2: Ultimate and proximate analysis (DrghAFree)
Note: Average of 3 samples

Ultimate and Proximate Analysis
Dry Ash Free (%)
Fuel [ HAPC | LAPC | HARM | LARM | TXL
Proximate:
Moisture 0.00 0.00 0.00 0.00 0.00
Ash 0.00 0.00 000 0.00 0.00
Volatile 88.47 81.94 81.82 80.89 49.38
FC 1153 18.06 18.18 19.11 50.62
Ultimate:
Moisture 0.00 0.00 0.00 0.00 0.00
Carbon 51.19 5291 5256 53.99 74.06
Hydrogen 477 572 636 655 4.22
Nitrogen 387 3.08 470 390 1.35
Sulfer 1.08 079 103 084 1.22
Oxygen 39.10 3749 3535 3473 19.14
Ash 0.00 0.00 000 0.00 0.00

Using the HHV as well as the ultimate and proximatealyses, several
combustion properties were calculated (empiricatmida, molecular weight of
empirical formula, air/fuel ratio, and adiabatiarfle temperature under complete
combustion), see table VI.3. The HHVs are givenaonAs Received, Dry, Dry Ash
Free, and Volatile Matter basis. On an As Recebvasis, the low ash biomass fuels

have comparable heating values to the Texas ligodé while the high ash fuels have a
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much lower heating value. Also, the raw manureashave a higher heating value
than the partially composted samples; this is atest with the findings of Sweeten et al
(1990) [1]. Once the moisture is factored out, similarities between the low ash
biomass and TXL coal disappear, with the coal hpamuch higher heating value. On
a dry ash free basis, the high and low ash biorhess again show similarities with

heating values between 18 and 20 MJ/kg.

Table VI.3: Combustion properties of test fuels
Note: a) Average of 3 samples b) Adiabatic flaemap. based o

Combustion Properties

Fuel: [ HAPC T LAPC JHARM[ LARM| TXL
HHV (kJ/kg):
As Received 5208 13268 6305 13409 14290
Dry 6274 16510 7863 16818 23176
Dry Ash Free 17867 20775 19052 21074 28467
Volatile Matter 15948 18168 16041 18351 24229
Emperical Values:
Formula
Carbon 1.00 1.00 1.00 1.00 1.00
Hydrogen 1.11 1.29 1.44 1.44 0.68
Nitrogen 0.06 0.05 0.08 0.06 0.02
Sulfer 0.01 0.01 0.01 0.01 0.01
Oxygen 0.57 0.53 0.50 0.48 0.19
Mol.Wt. 23.5 22.7 22.9 22.2 16.2
A:Fsoich. 5.87 6.45 6.72 6.97 9.17
Adiabatic Flame
Temp. (K) 1202 1407 1165 1341 1378

Table VI.3 also gives empirical values for fuel fada, molecular weight,
stoichiometric air/fuel ratio (mass basis), andahdiic flame temperature. The
empirical formulas have been normalized for 1 carbmm. The stoichiometric air/fuel
ratio for coal is much higher than the biomassduhle in large part to the amount of

oxygen already in the biomass fuels. Adiabatim#iaemperature is higher for the low
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ash fuels compared to the high ash fuels and fdraig composted compared to the
raw manure samples.

As mentioned in chapter 1V, all fuels were sievepto testing. The results of
the sieve analysis as well as the calculation aitaMean Diameter (SMD) are
summarized in table VI.4. In addition, the RosianRnler distributions are plotted in
figure VI.2. The results show similarities betwetre raw and partially composted
biomass samples; however, there are large diffeseefar SMD between the high and
low ash samples. This is most likely due to thee 2f the ash particles. The ash is
related to the surface of the feedlot, and in tigh lash case, it is directly related to the
soil in the area of the feedlot. The major soihponent in the Amarillo area is Pullman
clay loam which has an SMD of 3 microns. It shobkl noted that the kinetics and
ignition results assume spherical geometries ferdarticles for calculation purposes;
however, theses particles could be fibrous or edtedy This would artificially increase
the particles in the larger size classifications.

Table VI.4: Sieve results and SMD for all fuels
Note: Average of 3 samples

Particle Size Distribution

Mean Dia. HARM  LARM  HAPC  LAPC TXL
(um) (%) (%) (%) (%) (%)
1596 0.02 0.05 0.02 0.06 0.00
1015 0.03 0.06 0.05 0.11 0.00
570 2.73 10.81 2.40 7.79 5.23
225 8.96 24.50 7.92 27.25 35.38

113 17.16 22.55 15.42 22.98 35.02
60 21.00 15.35 20.03 15.36 11.62
22.5 50.09 26.68 54.15 26.44 12.75

SMD (um) 36.12 56.54 34.37 56.51 80.88
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V1.3 Single Reaction Model

In chapter V, three single reaction model solutimese described for calculating
the activation energy and pre-exponential factogthmd A: slope approximation,
method B: rigorous solution, and method C: maximuotatile release rate. The slope
approximation results are discussed first, follovagdthe rigorous solution results, and
finally the maximum volatile release rate results.
Method A: Slope Approximation

As mentioned earlier, the slope approximation ity @alid for test results where

the expressiorE/RT is between 20 and 60. None of the samples tesiedinfo the

valid range for this expression; however, the tssidr pure samples of each fuel are
presented in Figure V1.3 for brief discussion. Tresults indicate that the activation
energy for low ash biomass is higher than thatigh lash biomass for both raw and
partially composted samples. Also, the raw mansaeples have slightly higher
activation energies than the partially compostetipdas. It is noted that a uniform

particle temperature assumption has been used. sikkeeffect on pyrolysis values
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comes through the temperature gradient within ttigde; however, the particle sizes
here are extremely small. In addition, the heatatgs are low; thus, the size effect may
not be responsible for different activation enesgi@he results also show the activation
energy for Texas lignite coal to be lower thanfallr types of biomass, a result that is
counter to results observed in the literature reigl, 12]. Again, the significance of
these results is questionable since the validdtionsing the slope approximation failed.
It should be noted that the two constants in th@eslapproximation formula, equation
(V.7) can be adjusted to better fit the data; haveonce adjusted the valid range for the

formula would be unknown.
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Figure VI.3: Activation energy results obtainedhgsthe slope
approximatiol

Method B: Rigorous Solution
The differences between the two solution methodsheaobserved graphically,

see figure VI.4. In the figure, the slope approxiion and the rigorous solution are
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compared to the original thermogram measured infA. Over the range of primary

volatile loss, points in white, the rigorous sabutishows a better fit for the data.
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Figure VI1.4: Single reaction model curve fit corripan (As Received LAPC)

Detailed results for the rigorous solution are dssed first by comparing all four
biomass fuels at various blend ratios with Texgsile coal, and second, the individual
biomass fuels are analyzed for differences in atitm energy based on particle size.
Figures VI.5a, b, c give the activation energy ltssior the biomass fuels for as received

(AR), 60um, and 22.5um particle sizes respectively.
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Figure V1.5c: Single reaction model rigorous sintactivation energy for
22.5um classification

The results show that in general the activatiorrggndecreases with increasing
coal in the blend. As with the slope approximatitre raw manure samples tend to
have higher activation energies than the partiedignposted samples. In addition, the
high ash samples generally have lower or equivaetivation energy when compared
to the low ash samples, indicating that the agzhensample tends to lower the activation
energy.

The data in figures VI.5a, b, c are regrouped lpetyf biomass to show a

comparison based on particle size in figures ViGa, d.
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In all cases (pure biomass, pure coal, and bleedsgpt the HARM, the

activation energies for the 60 micron particle gizeup are higher than the as received
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particle size group. This is most likely due te fixed carbon content of the samples.
The HARM sample also had a lower dry ash free figatbon content compared to the
other three biomass fuels. The activation eneogythie 22.5 micron particle group is
generally lower than the other two size classeslidour fuels. Also, the ash content of
this size class is higher than the others as dtremving as discussed earlier. This
supports the case that higher ash content teridev&y the activation energy of the fuel.
The frequency factor was also calculated for ed¢heosamples tested; however,
the values were not consistent with the state shassumption of 1.67E+13"'s In most
cases the frequency factor was below 56@ih a maximum value of 2800's Figure
VI.7 shows the effect of fixing the frequency fact 1.67E+13 S for the single
reaction model. The results indicate that althofiging the frequency factor is more

consistent with theory, allowing it to vary givebetter fit of the data.
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Figure VI.7: Comparison of fixed vs. variable fogmcy factor for the single
reaction modke



Method C: Maximum Volatile Release Rate

The results obtained for the MVRR method are sunmed in table (VI.5).
Temperatures are various stages of pyrolysis aeglen in the table, (10%, 50%, and
80% volatile loss). The results show some coriglatvith the other single reaction
models for the low ash samples, and less corraldtiothe high ash samples. Biomass
fuels and coals are heterogeneous by nature, vatatie compounds releasing at

different temperatures. The results of the MVRRdelowould likely be better for a

homogeneous sample.

Table VI.5 Single reaction model method C: MVRRutesand pyrolysis temperatures

Note: Average of 2 trials

Pyrolysis Properties
Fuel: HAPC LAPC HARM LARM TXL
Pyrolysis Temeperature (K)
T (10% loss) 570 550 560 550 620
T (50% loss) 820 630 740 620 820
T (80% loss) 1290 890 1260 820 1070
Single Reaction Model: Maximum Volatile Release Rate
dm/dt max %/K) -0.36 -0.62 -0.41 -0.62 -0.28
mv (dm/dt max) (%) 75 55 70 52 68
T (dm/dt max) (K) 620 620 620 620 740
Activatioin Energy (kJ/mol) 15200 35900 18900 37800 18600
Frequency Factor (1/s) 0.062 8.241 0.155 12.476 0.057

V1.4 Distributed Activation Energy M odel

The results for the distributed activation energgdel (DAEM) are discussed
first by comparing all four fuels at various bleratios with Texas lignite coal (TXL),

figures IV.8a,b; 9a,b; and 10a,b. In the figufes, denotes the activation energy chart,

and ‘b” denotes the standard deviation of the activatrargy.
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The average activation energies were 174 (kJ/noolfdedlot biomass and 230
(kJ/mol) for Texas lignite coal. These values aegy consistent with results from
literature. In all cases, the activation energyeases as the amount of coal in the blend
increases. However, the relationship between @b energy and blend ratio is
nonlinear as seen in figure VI.11; a linear relaioip would indicate a direct relation to

mass.
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Figure VI.11: Average activation energy of biomasss for
DAEM as a function of XL coal percentage in ble

The relationship between blend ratio and activagoergy can be modeled by

the following series of equations:

dd_n} - —[kc E@xr{— jl]mc +k, @xp(—%j Dhy,b} (@)

Where the subscripte™ and ‘b” designate coal and biomass respectively

EC
RT

rnv,c = m[Yc,bIend(VMc)

_ (b)
rT\/,b =m |yb,blend (VM b)
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d E E
d_nt‘l = _m[Ekc EXF(_Q_.CIJ Y, pena VM) + Ky, @XF(_Q_:') wb,blend(\/Mb):| (c)

Sincek, By, (VM), and(VM), are different, one would not expect a linear relati

The activation energies for the high ash biomastsfiend to be higher in almost
all cases. The only exceptions are the pure sangflgoartially composted biomass.
Also, in general the partially composted samplashagher activation energies than the
raw manure samples.

The trends for the standard deviations are sinlahose found in the activation
energies. As the amount of Texas lignite coalha blend increases, the standard
deviation also increases. The standard deviatoralso higher for the partially
composted samples compared to the raw manure ssimipbevever, the standard
deviation data is a bit more scattered and moremians are present. There is no
discernable overall trend relating the high and &slki samples. In all the 50-50 blends,
the high ash samples have a higher standard davjathile in the 90-10 blends the low
ash samples have a higher standard deviationofAlie results obtained thus far for the
distributed activation energy model are in direohtcast to the results of the single
reaction model. This will be discussed in gredudail later in the section.

Next, the fuels are individually compared based marticle size, figures
VI.12a,b; 13a,b; 14a,b; and 15a,b. As before, shbscripts with &” denote the
activation energy chart, and™ denote the standard deviation of the activatiogrgn

chart.
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For the pure biomass samples, there is very Idtlenge in activation energy
with respect to changes in particle size, with 2Bes micron classification having only
slightly higher activation energies. The threendied cases show that the activation
energy increases as the particle size decreasesnefitioned in previous chapters it is
likely that the percentage of ash in the smalletigda size classes is higher than for the
as received samples since the ash particles ase sveall, indicating the activation
energy is higher for samples with higher ash cadnterhis result is supported by the
results that showed the high ash biomass sampleavi® higher activation energy than
the low ash samples unless catalytic effects aasgmt. Higher ash can slow the flow of
volatiles thereby increasing the “apparent” actoatenergy. Again, these trends are
opposite the trends observed in the single reactiodel results. Out of the 13 different
comparisons of standard deviation change with #spe particle size, 6 show an
increase in standard deviation for the 60 micrae slass over the as received class, 4

show relatively little change, and 3 show a de@eadowever, 10 of the 22.5 micron
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samples show an increase in standard deviation @@dgo the as received size class;
this may be due to large ash content variation.

Since the results of the distributed activation rggemodel and the single
reaction model tend to be in direct contrast, sairsegussion is warranted. Both
calculations use an iterative process to arrivb@tolution. The solution is determined
by minimizing the squared error between the measarel theoretical thermograms.
The average values for the squared error are lsvial SRM 0.90, DAEM 0.37. Table
VI1.6a,b give the average squared errors for thglsireaction model rigorous solution
grouped by fuel ratio and particle size respecyivelhe same information is given for
the distributed activation energy model in Table7€|b. The SRM data shows that the
high ash calculations more closely followed thead@tan did the low ash samples. The
error also decreases with increased coal in thedbleSmaller particle sizes showed
decreased error as well. The trends are not asappin the DAEM error results. The
high ash samples did have lower errors, but thfereéices are not as large as those for
the SRM. This implies that the DAEM model is mutiore applicable for different
types of fuels. Also, the DAEM model uses a fixemlue for frequency factor of
1.67E+13 & obtained from the literature; whereas, the SRMvedl this value to vary.
However, the frequency factors obtained using tR&Svere not consistent with the
theoretical value. Finally, modeling results frahe overall research project at Texas
A&M University show that the activation energiestaihed using the DAEM are more

applicable.



Table VI1.6a: Average summed error for the singlction model

grouped by fuel ratio

Biomass in Blend| LAPC HAPC LARM HARM
100 5.638 0.572 6.559 0.966
50 1.439 0.037 1.722 0.124
30 0.257 0.007 0.439 0.019
10 0.011 0.014 0.039 0.010
0 0.047 0.047 0.047 0.047

Table VI.6b: Average summed error for the singlaction model
grouped by patrticle size

Particle Size LAPC HAPC LARM HARM
AR 1.824 0.174 2.144 0.330
60 1.467 0.170 1.570 0.216
22.5 1.144 0.063 1.569 0.153

Table VI.7a: Average summed error for the distiéoluactivation

energy model grouped by fuel ratio

Biomass in Blend| LAPC HAPC LARM HARM
100 0.693 0.194 0.314 0.304
50 0.537 0.305 0.504 0.326
30 0.364 0.180 0.452 0.247
10 0.282 0.235 0.282 0.181
0 0.482 0.482 0.482 0.482

Table VI.7b: Average summed error for the distrénliactivation
energy model grouped by particle size

Particle Size LAPC HAPC LARM HARM
AR 0.465 0.272 0.373 0.283
60 0.525 0.323 0.413 0.314
22.5 0.426 0.243 0.434 0.327
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V1.5 Ignition

The ignition temperature results are grouped snigilep the activation energy
results, discussing the effect of different typébiomass first followed by a discussion
of particle size effects.
Effect of Fuel

Figures VI.16a, b, ¢ compare the ignition tempermtesults of the different
types of biomass. The results indicate that tlesgmce of coal in the sample has a the
greatest effect on the ignition temperature congpdoceother variables. The average
ignition temperature of all samples with coal w@§ X (high: 611 K, low: 555 Kg:
2.6%). While the samples without coal had an ayeignition temperature of 744K
(high: 790 K, low: 727 Kg: 2.2%). In several of the blended samples tigé lash
samples had a higher ignition temperature tharialweash samples. This trend is not
observed in the pure biomass samples. For thecasved and 60 micron particle size
groupings, the high ash partially composted sarhptkthe higher ignition temperature,

while in those same classes the low ash raw mdradehe higher ignition temperature.

BLAPC OLAPC
750 WLARM ||

BEHAPC
®HARM

Igntition Temperature (K)
Igntition Temperature (K)

Biomass in Blend (%) Biomass in Blend (%)

Figure VI.16a: Ignition temperatures for the  Figure VI.16b: Ignition temperatures for the
as received particle class 60 micron particle class
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Figure VI.16c: Ignition temperatures for the

22.5 micron particle class
Effect of Particle Size

The effect of particle size on ignition temperataam be seen in figures VI.17a,

b, ¢, d. For the low ash samples the ignition terajure of the as received particle size
group is noticeably higher than the other two dfesgions at blend percentages less
than 30%. This result is also seen in the purea3dignite sample. For the high ash
samples, the as received particle size group lagher ignition temperature for all but
one of the blended samples. There is no distihgbig effect of particle size on pure

biomass ignition temperature.
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Figure VI1.17a: Ignition temperatures for Figure VI1.17b: Ignition temperatures LARM

LAPC biomass biomass
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Figure VI.17c: Ignition temperatures for Figure VI1.17d: Ignition temperatures for
HAPC biomass HARM biomass

Finally, table VI.8 gives a comparison of pyrolyarsd ignition temperature found for
each of the pure fuels. The data clearly showftivdbiomass fuels ignition occurs
during pyrolysis, after 50% loss in three of tharfoases. However, for the TXL
sample, ignition during the beginning stages obpygis.

Table VI.8: Pyrolysis/Ignition temperature comgan
Note: Average of 2 samples

Pyrolysis/Ignition Temperature Comparison

Fuel: HAPC LAPC HARM LARM TXL
Temeperature (K)

T (10% loss) 570 550 560 550 620
T (50% loss) 820 630 740 620 820
T (80% loss) 1290 890 1260 820 1070
T (dm/dt max) 620 620 620 620 740
T (ignition) 744 745 727 746 592
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CHAPTER VII

CONCLUSIONS

Several conclusions can be drawn from the resblismed for feedlot biomass.

. All three single reaction models (slope approximmti rigorous solution, and
maximum volatile rate) yield a lower value for &etion energy for lignite, biomass,
and blends compared to the distributed activatiergy model.

. The distributed activation energy model providesranapplicable results than the
single reaction model for the pyrolysis behaviorf@édlot biomass and blends of
feedlot biomass with coal. This statement is sugooby the wide use of the
distributed activation energy model to study théawor of non-uniform solid fuel
particles as observed in the literature and thepawability of these results to literary
results.

. The relative accuracy of the distributed activaterergy model is better since the
average error was smaller.

. The increased ash content of the biomass tendsctease the activation energy
required for combustion of biomass fuels. Thisolsserved directly in the
calculation of activation energy using the disttdmliactivation energy model.

. While initial observation suggests that particleesitends to increase activation
energy, the increased activation energy is morehlilka result of increased ash
content in the smaller sample sizes. Performitighate and proximate analysis on

the sieved samples could confirm this hypothesis.
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6. The ignition temperature results indicate that kaes fuels ignite at higher
temperatures than coal despite the fact that bisrmpgsolysis has lower activation
energy. It is theorized that the increased vaatibntent of biomass fuels carries
away a portion of the heat required for biomassgimmthereby delaying the onset of

ignition as outlined in the literature review.
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CHAPTER VIII

RECOMMENDATIONS

Recommendations for future work in this area inetud

1. Perform the ultimate and proximate analysis orstbeed samples of each fuel
to determine what affect this has on sample coniposi

2. Conduct experiments on samples with like compasitiot with varied particle
size to isolate this variable.

3. Repeat experiments on dairy biomass and compaukses

4. Efforts were made to store the samples in seatabi&iners; however, moisture
content of the samples changed by a factor of ¥#hgwtorage. While this did
not seem to affect the pyrolysis or ignition resuliture samples should be
stored in moisture tight containers to ensure @escy in samples using a
controlled humidity chamber.

5. Re-evaluate data using two reaction models, onthéoregion of primary loss,

and one for the region of secondary loss.
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APPENDIX A

Principle of Operation for TGA

The TA Instruments Q600 thermogravimetric analymees an accurate and
highly reliable horizontal dual-balance mechanidrat tsupports both DSC and TGA
measurement. The sample balance monitors actogllsaveight, while the reference
balance is used to correct the TGA measuremenbdéam growth. The dual-beam
design results in less drift compared to singleabaetesigns, improving accuracy and
precision. During testing, the test sample is gdlim an alumina sample pan, which in
turn rests on the sample balance beam. A thirr lay@lumina powder separates the
sample pan from the thermocouples. A matched mulatiplatinum rhodium
thermocouple pair embedded in the ceramic beamgide® sample, reference, and
differential temperatures from ambient up to 1500 Temperatures are maintained by
an ultra-reliable bifilar-wound furnace. The fuceas capable of heating rates up to 100
C/min, and software available for the Q600 allotws tiser to change the heating rate,
hold at constant temperature, or any combinatiotheftwo. The Q600 also features a
horizontal purge gas system with digital mass floantrollers and gas switching
capability. Accurately metered gas flows througk furnace and directly across the
sample and reference pans prior to exiting theyaeal The exit port can also directly

interface a mass spectrometer or FTIR.[19]
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