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Chapter |

INTRODUCTION AND LITERATURE SURVEY

This work was an attempt to develop a NO, reduction technology that provides
important data for industrial pollution control. The major objective of thiswork wasto find
the most achievable control technology which is called for by the CAAA 1991 hazardous
organic National Emission Standards for hazardous air pollutants, thereby help the industry
in reducing emissions significantly and contribute to the society in large which is plagued by
pollution problems, the most threatening one being NO,. In achieving this objective, this
research work contributed directly toward 1) expanding the current Rust College research
pertaining to the char and nitrogen reaction mechanisms in combustion environments in order
to make a contribution to DOE/FE intent and current needs in the form of advanced high
efficiency pollution emissions control, 2) improving the scope of research performed by the
group by establishing an experimental base, 3) expanding the breadth of undergraduate
education at Rust College by students working in the group and 4) enhancing the Rust
College linkage with the private sector fossl energy community. Specifically ateam effort
involving faculty members and students expanded present research activities in the area of
NQO, reduction in cod combustion. Thisteam built on a foundation of work supported by the
Faculty/Student Exploratory Grant #DE-FG22-MT92022. This research opportunity
enhanced the Rust College participation in fossil research and contributed towards the HBCU
faculty and student devel opment.

The mgor area of concentration of the research was NO, reduction during pulverized

coal combustion using reburning technique. Historically, the reburning chemistry has been



of recent origin with an immense potential for further research and understanding. A
scientific understanding is needed of the interactions of the different gaseous reburning fuels
aswell asthe effects of surface catalyzed reactions (using calcium associated compounds) in
the nitrogen oxides emission control. This research work involved a strong experimental
component as well as a strong computational modeling component. The research focussed
on understanding the interactions of various chemical species and determining the key
chemical reactions that affect the formation and destruction of NO,. The research has a major
impact on industria pollution control by providing the important data related to the reduction
of NO,. Thisresearch contributes directly to DOE needsin terms of advanced high efficiency

emissions control.

1.1 Introduction

Cod isamagor contributor of the fossil fuel energy reserves. Though cod is surplus
in availability and attractive in price, its combustion involves the production of pollutants.
Therefore the utility of coal suffers a serious setback. One type of coal pollutant from coal
combustion is NO, (NO, NO,, and N,O), which is toxic and ozone depleting. High fuel
nitrogen to NO, conversion efficiency (40-60%), coupled with growing stringent regulations
calls for advanced technologies.

The NO, control technologies currently available are NO, reduction during
combustion (low NO, burner, staged combustion) and post-combustion (selective and non-
selective catalytic reduction). The control technologies, fuel staging (reburning) and non-

selective catalytic reduction have been claimed to be individually effective in reducing NO,.



The present NO, emission control regulations have become much more stringent and hence
modification in the existing technology or a combination of the two technologies is an
absolute necessity. Part of this work was reduction of NO using hybrid technology of
reburning and non-selective catalytic reduction.

In the recent past, fudl staging (reburning) has been found to be very effective in
reducing NO,. It was also identified that C, CH, CH, and other hydrocarbon radicals are
responsible for NO, reduction. Studies needed to be conducted with methane (CH ), and
acetylene (C,H,), asthese gases are rich sources of carbon and hydrogen essentially creating
a reducing atmosphere. The computational modeling of the nitric oxide reduction was
studied, under the identical reburning conditions. A comparative study of the experimental
and the computational modeling was the focal point of this work.

Hansen et d (1992) reported that CaS (which is reported to be formed as a result of
reduction from CaS0O,) could be an active catdyst surface in reducing NO, and that CO, does
not deactivate the active catdyst surface of CaS. In our study metered quantity of pure CaS
was tested for its catalytic activity in methane reburning conditions at a stoichiometric ratio
of 0.9. Since we expected calcium to aid in reducing NO, by catalytic surface reduction and
sance cacium carbide by itself isareducing agent, we chose to perform studies with CaS and
CaC,. We expected the synergetic NO, reduction by hybridizing the catalytic surface
reduction with these calcium compounds in methane reburning conditions.

Recent research work by Teng et d (1992), has shown that gasification of NO by
lignite char isresponsible for NO, reduction mechanism. The effectiveness of lignite char was

also studied under this grant instrument.



1.2 Scientific Discussion
The mechanism leading to NO, emission, during coal combustion could be greatly
understood, if athorough knowledge on the coa nature, coal structure and coal combustion

is known.

1.2.1 NO, formation mechanism

NO, formed by combustion is basically by three mechanisms namely thermal NO,,
prompt NO,, and fuel NO, (Bowman et a. 1991). Therma NO, formation was first
postulated by Zeldovich. When any fud isburned in air the heat of the reaction increases the
degree of dissociation of molecular nitrogen and oxygen. Therma NO, is formed when these
dissociated products produce NO by the well-known extended Zeldovich mechanism (Miller

and Fisk, 1987).

N+O,----- NO+O (R1)

O+N,----- NO+N (R2)

Therma NO, is most pronounced in lean, high temperature flames with long residence times.
From Fenimore studies (Fenimore, 1971), it isfound that prompt NO, is formed as a result

of attack by the hydrocarbon fragments on the molecular nitrogen.

CH+N,----- HCN+N (R3)

CH+N,----- HCN-+NH (R4)



The products of the above reactions react together forming prompt NO,. The third principal
source of NO, in combustion systems is nitrogen, that is chemically bound in the fuel.
Scanning dectron microscope (SEM) photographs of pulverized coal particles show
drastic difference in surface area and roughness for particles of different coals (Haider, 1982).
Also, surface porosity measured by absorption has been shown to be an important variable
in reactivity (Seeker, 1979) and researchers have further classified coals as large pore and
smdl pore cods. The complex molecular structures of coals have aso been found to contain
significant variations in basic structures as well as functional groups (Chen et a. 1982). In
a recent research work by Helble et al. (1990), striking differences were noted among the
various codls, which were traced to the differences in mineralogies of the plant fuels.
Although the total quantity of nitrogen present in the coa is small compared to the
molecular nitrogen in the combustion air, the high conversion efficiency of fuel nitrogen to
NO, (15 - 40%), (Arthur Levy, 1982) makes fuel NO an important NO producing
mechanism. It was found by Song et d. (1982) that volatilized nitrogen compounds
accounted for a mgjor fraction of NO, produced from coa nitrogen, especially at high
temperatures and low fuel oxygen equivalence ratios. The fuel NO, producing mechanism is
andyzed usng CHEMKIN kinetic analyss package (Lutz et a. 1988) by Miller and Bowman
(1989). It isshown that the majority of NO is reduced by radicals C, CH, CH, to HCN and
amineradicals (NH,). Also studies by Blair and Wendt (1981) have revealed that HCN and
NH, are the two major nitrogen containing compounds. The amine radicals in turn, can be
converted to N, or NO. The nitric oxide formed as aresult of the above mechanismsis toxic,

ozone depleting and contributes to photochemical smog. Hence, every effort to control NOy



emissioniscrucial and vital.

1.2.2 NOy_emission control

The two mgjor stages of NO, emisson control are 1) the combustion stage and 2) the
post-combustion stage. The pre-combustion cleaning operations are not effective in removing
fuel bound nitrogen. The magor NO, control strategies under combustion stage are
a) low NO, burners such as cyclone bailer, tangentially fired boiler, and wall fired boilersin
which the conversion of nitrogen to NO, is retarded by delaying the mixing of fuel and air in
the combustion zone,

b) air staging in which air ports are added in the furnace wall above the burnersto create a
fuel rich low NO, combustion zone and

c) fuel staging (reburning), wherein a small amount of natural gas, or coal isinjected above
the normal combustion zone to form an oxygen deficient zone.

The sgnificant NO, control strategies under post-combustion are @) selective catalyst
reduction (SCR) and b) non-selective catalyst reduction (NSCR).

The selective catalyst reduction works on the principle of selectively reducing NO,
using some catalyst. The selective catalytic reduction is frequently dismissed due to its
extremely high capital and annualized "use cost". The non- selective catalytic reduction
works on the principle of gas phase reaction of nitrogen based reagent, typically ammonia or
urea. One of our objectives of this work was to use hybrid technology of fuel staging and
non-selective catalytic reduction to effectively reduce NO.
1.2.2.1 Current reburning research projects

Reburning or fuel staged combustion is the name given to a NO, reducing combustion



modification proposed by Wendt et a. (1973). Reburning isthe intermediary stage between
the primary zone and the burn-out zone in which fud rich amosphere is produced by injecting
another fud, there by cresating reducing environment for NO, reduction. In the primary zone,
which is characterized by the stoichiometric ratio SR1, most of the fuel is consumed, and it
isusudly fud lean. In the burn-out zone (characterized commonly by the stoichiometric ratio,
SR3), enough additional air is sent to complete the combustion process. Since the coa has
ahigh fud nitrogen content and the first stage flame is fuel lean (promoting a high conversion
of fuel nitrogen to NO) the concentration of NO, at the exit of the first stage may be as high
as 1000 ppm. However, other fixed nitrogen compounds such as HCN, NH, are minima due
to itslean stoichiometry. Reburning zone is characterized by the stoichiometric ratio, SR2,
which isreferred to frequently throughout this work.

Reductive powers of hydrocarbons in the conversion of NO, to N, were first
discovered and reported by Engel (1950) and Patry and Engel (1950). However the
reburning concept accomplishing fifty percent NO, removal was reported only in 1983, when
Takahashi et d. (1983) reported results using natura gas as areburning fuel. Mulholland and
Lanier (1984) studied NO, control by reburning in a firetube package boiler. Energy and
Environment Research Corporation (Greene and Weaver, 1974; Overmoe et d. 1986), and
U.S. Environmental Protection Agency (Mulholland and Hall. 1986) conducted NO, research
work on stationary combustion systems.

Coal was identified as the most economic reburning fuel owing to its lower energy
cost. Research on cod hasrevealed that soot (Seeker et d. 1981) has provided heterogenous

cataytic surface NO conversion. The U.S. Department of Energy and various industries, in



an effort to find a cleaner usage of coal, have established the Clean Coa Technology
Demonstration Program (update 1991, Feb 92). Ever since, severa solicitations have been
issued and severa solicited projects have been conducted in pursuit of innovative, energy
efficient, economically competitive technologies responsive to the clean air act amendments
of 1990.
1.2.2.2 Control of nitrogen oxides

Twenty million tons of nitrogen oxides are produced every year by various
combustion processes. More than fifty percent of it is from the stationary combustion
sysems. Frethaut and Seery (1985) reported that during coa and lignite pyrolysis, HCN, not
NH, was the primary pyrolysis product and a very small portion of coal nitrogen was
converted to ammonia. Bose et d. (1988) demonstrated further that, under very short
reaction time (< 1 sec) and 1 atm fuel rich oxidative environment (SR=0.6-0.8), NH; is
derived from HCN and HCN from tar nitrogen. Their conclusion is drawn for coals of
various rank, including lignite. These two pieces of work indicate that HCN is the primary
pyrolysis product, which is subsequently converted into amine species, NO and N.,.

Heterogenous NO reduction on char or ash surface has aso been demonstrated (De
Soete, 1980). Its effectiveness is usually lower than the hydrocarbon gases, and therefore,
is usualy discarded when the stoichiometry is higher than 0.7. However, Burch et d. (1991a)
found that the char derived from a North Dakota lignite had very high NO conversion (to
HCN) efficiency, and the ash derived from the same lignite had very high HCN conversion
(to NH,) efficiency. While NH ,is the dominant fixed nitrogen species during fuel rich

combustion of lignite (Chen et d. 1982; Burch et d. 19914), these results indicate that a char



conversion to HCN and HCN conversion to NH, may both be catalyzed by minerals (or other
hydrocarbons) in the lignite. The North Dakota lignite ash used by Burch et a. has a very
high (23%) content of calcium oxide.

Taujimuraet d (1983), in their sudies on cataytic reduction of nitric oxide by carbon
monoxide over calcined limestone, have found that calcined limestone has high catalytic
activity for NO reduction by carbon monoxide and the obtained rate exceeds the rate of
catalytic as well as non-catalytic reduction by char. Huffman et d. (1990), in their work on
the behavior of basic elements during coal combustion have reported that calcium is
molecularly dispersed in coa macerals and is bonded to the oxygen anions. This calcium
present in lignite agglomerates and eventually forms CaO.

One of the objectives of this work was to study the effectiveness of CaC, and CaSin
reducing NO under methane reburning conditions.
1.2.2.3 Heterogenous nitric oxide reduction mechanism

The literature contains a number of mechanisms on the char gasification by NO.
These include Chan et d. (1983), Teng et d. (1992), and Levy et d. (1981).

Furasawa et a. (1980) in his work on NO reduction over char (produced by
carbonization of the non-coking Taihelyo coal) has reported that there is a change in the
mechanism at 680C. They suggested the important NO reduction at high temperatures ( >
680C) as

C+NO----- =N, +CO (R5)



From global kinetic data Chan et a. (1983) proposed the following reaction model

NO+C-———- c(0) +%N2 (R6)
CO+C(0)-———- CO,+C (R7)
C(0)----- co (R8)

where C represents a surface carbon, and the atoms inside the bracket represents adsorbed
aoms. Thereisagenerd agreement that the first step (chemisorption of CO) istemperature
independent. 1t probably involves addition of NO in an "N-down" configuration, followed
by release of N, and formation of carbon oxide surface complexes. Reactions (R7) and (R8)
represents the desorption steps of the surface oxides.

Teng et a. (1992) have suggested the following reaction mechanisms,

2C+NO----- C(0)+C(N) (R9)
C+C(0)+NO----- C(0,) +C(N) (R10)
2C+2NO —-—-- 2C(NO) (R11)
c(ico)+NO----- CO,+C(N)+xC (R12)
cliNO----- CO+C(N)+yc (R13)
C(0)----- co-+ac( (R14)

CO,)- - Co,+hc (R15)
2C(N)----- N, +dc ( (R16)

Their interpretations on the above mechanisms are as follows. Reaction (R11) is only

10



important at low temperature (< 473 K). Reactions (R9) and (R10) are dissociative
chemisorption on non-rapid turnover sites. The reactions involving C* are the rapid turnover
sitesreactions, that yield CO and CO,. Reactions (R14), (R15), (R16) reflect formation of
surface sites.

Insummary Teng et d. (1992) have reported that carbon gasification by NO involves

the desorption of surface complexes by a process such as (R8), i.e.,

[Surface Complexes] CO, CO,, N, (R17)

but the product rel ease process aso involves the direct participation of NO in an apparently

single step adsorption process.

C +NO CO, CO, N, (R18)

These two separate processes (R17) and (R18) are hypothesized to be linked through
the existence of free Sites, (created because of the faster desorption of products than product
formation) that can rapidly turnover. They have aso observed that unstable surface
complexes form at low temperatures due to the NO attack on rapid turnover sites, and
majority of them is found to be CO,. It is reported that above 680C NO attacks char on
active unoccupied stes that result in immediate desorption of gaseous products like N,, CO,
and CO,. This processis reported to be controlled by dissociative chemisorption of NO on
carbon surface. They suggested that the change in mechanism (activation energy) observed
at 923K could be partially due to transition from slow desorption of surface complex, to

release of the products from high turnover sites. They have aso indicated that the number

11



of sites was affected by gasification temperature, but surface is not altered because of
gasification temperature.

Levy et a. (1981) in their work on NO/char reactions at pulverized coa flame
conditions have suggested that the reduction of NO by carbon is probably through
dissociation of NO on the surface with arapid surface diffusion of the dissociated atoms to
form N,. The oxygen produced by the dissociation is strongly chemisorbed and will inhibit

further reaction, i.e.,

NO+2C---- C(N)+C(O) (R19)

C(N)+C(N)---- N,+2C (R20)

where C represents a surface carbon, C(N) and C(O) represent adsorbed nitrogen and
oxygen atoms. The chemisorbed oxygen can either desorb to produce CO or react with CO

toform CO,, i.e,,

C(0)---- CO (R21)

C(0)+CO---- CO,+C (R22)

1.2.2.4 Dominant NOy reduction mechanisms

Previous findings by Furasawa et a. (1985) on fate of fuel bond nitrogen, have
suggested that the destruction of NO could be achieved through 1) gas-solid reactions (char
consuming reaction), 2) gas-solid catalytic reactions (char catalytic reaction), and 3) gas
phase homogenous reactions (CO+NO). Cowley and Roberts (1981) have reported that the

gas phase reactions in nitric oxide reduction (third type) play a minor role and that the

12



absence of a major gas phase reaction of NO and coa nitrogen into N, requires the
participation of a surface which catalyzes reactions (second type). Furasawa et a. (1982)
reported that under fluidized bed combustion conditions, the use of carbon monoxide reduced
the consumption of carbon in char approximately to zero and the char provided catalytic

surfaces for nitric oxide reduction by carbon monoxide as

1

NO+CO---- C02+EN2 (R24)

However, the effect of carbon monoxide on the "NO" reduction rate was reduced over the
higher temperature range employed for fluidized combustion of coal. Levy et d. (1981)
studied the NO/char reactions for pulverized coa flame conditions and reported dight
enhancement (1.28 times higher) of the NO/char reaction rate with CO. Also, it is suggested
that the increase in the rate may be due to an increase in active carbon sites by the removal
of surface oxides as mentioned in (R22). As mentioned earlier, Furasawa et al. (1980)
reported 98% conversion of carbon in char to CO during NO gasification at a temperature
of approximately 910C. It was also mentioned that at higher temperatures, CO formation
will be even higher. Levy et d. (1981) and Teng et d. (1992) have also reported that the
primary product of the NO / char reaction at pulverised coal combustion conditionsis CO.
Therefore it could be possible that under pulverized bed combustion conditions, the major
NO, reducing mechanism is NO and char heterogenous reaction, and minor NO, reducing
mechanism is char catalyzed NO reduction.

A part of thiswork was to study the heterogenous NO reduction by char gasification.

13



1.3 Impacts of This Research on the Controls of NOx

Although the fuel nitrogen is not oxidized with a high efficiency compared to fuel
sulfur, acceptable concentrations of NO, are much lower compared to those of SO, NO
contributes to acid rain, photochemical smog, and is hazardous to health. Hence it has been
imposed by federal regulations that the level of the nationa primary ambient air quality
sandards (NAAQS) for nitrogen dioxide (which is formed by reaction of NO with ozonein
the atmosphere causing ozone depletion) is 0.053 parts per million or 100 micrograms per
cubic meter (Code of federal regulations, 1991). The Clean Air Act Amendment (CAAA) is
imposed to attain Nationd Ambient Air Quality Standards (NAAQS). The main objective of
CAAA was to reduce volatile organic compounds by 15% by 1996. Following 1996, a 3%
per year reduction of NO, was required of serious, severe, and extreme areas, the area
classification based on degree of containment of pollution. But the most stringent regulations
arelaid out by state air pollution control agencies called NO, Reasonably Achievable Control
Technology (RACT). According to this, states with ozone non-attainment areas classified
as serious, severe or extreme should not emit more than 50, 25 and 10 tons/yr per individual
unit (The Clean Air Advisor, Sep 92) respectively. Hence, in order to control the air quality
standards, various NO, emission control strategies have been evolved.

The research conducted under this grant instrument was an attempt to reduce NO,
emissions, below alowable standards.

1) The hybrid technology of reburning and non-selective catalytic reduction is

expected to reduce NO, significantly. Also this hybrid technology is expected to be cost
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effective.

2) The reduction of NO by CaC,/CaS active catalyst surface under methane reburning
conditions is expected to find cleaner ways of NO, reduction and promote the utility of
CaC,/CaS. Also usage of CaC,/CaS as active catalyst surface can play a vita role in the
reduction of soot emissions.

3) The NO reduction by lignite char will find wider utility value for coal. Also the
deduction of the char reduction mechanism will promote the understanding of NO, reduction
mechanism and therefore its reduction.

The following chapters will describe the computational modeling and experimental
studies performed under this grant instrument. Chapter |1 presents the work planned and
Chapter 111 focusses on the computational modeling. Chapter IV describes the experimental
facility and how it was designed. Chapter V presents the results of all the experimental
studies conducted at the Rust College Testing Facility. The conclusions and

recommendations are given in Chapter VI.
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Chapter 11

STATEMENT OF WORK

This chapter presents the statement of work proposed and performed under the grant
instrument. The tasks proposed are given in Section 2.1. Section 2.2 outlines the various
phases of the work performed. These include both numerical modeling and experimental

studies.

2.1 Proposed Work
Thefallowing is the statement of work submitted (quoted verbatim) when the grant
instrument began in February 1995.

Task 1. Computer Simulation Studies and Experimental Design

Computer simulation studies will be used to aid in the development of a series of
experiments that will extend our knowledge of the reburning process and as a tool to
understand the results obtained from experimental findings.

Experiments aimed at furthering the understanding of the mechanisms involved in
reburning reactions will be postulated. Computer ssmulation studies using the CHEMKIN
kinetic andys's package and other modding tools shall be conducted to determine the degree
to which these experiments would further our understanding of NO, reduction in coal
combustion systems.

Information obtained from the modeling studies and further examination of literature
shall, be used to carefully and thoughtfully plan a series of experiments that will extend our

knowledge of the reburning process.



As experimenta results become available, additional computer ssimulation studies will
be conducted to gain a deeper understanding of the findings and determine how the results
could be applied to full-scale combustors.

Task 2. Experimental Studies

A series of experiments designed in Task 1 shall be performed. These experiments
could involve, but are not limited to:
* the reduction of nitric oxide using a combination of methane and acetylene
* hybrid technology- reburning with methane and selective non-catalytic reduction with
ammonia
* surface catalyzed reburning studies- employing CaC,, CaS, and other materials as
active catalyst surfaces, and
* char gasification studies.

Task 3. Reporting and Management

All required reports and deliverables shall be prepared according to the schedule and

instructions provided.

2.2 Computer Simulation Studies

The research team performed extensive computer smulation studies on homogeneous,
gas-phase combustion that provided a valuable information on planning a series of
experiments during the course of the grant instrument. The simulation studies and the
experimental work were dovetailed and they overlapped severa timesto aid the research team

in the experimental design as well as the actual experimentation. The results of computer
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simulation studies is documented in Chapter 111.

2.3 Experimental Design and Facility

A detailed design of the experimental facility developed under this grant instrument
is documented in Chapter 1V, which outlines the choice of reactor, the particular reactor
geometry to meet the conditions, various pieces of equipment that are integral part of the

facility and the design of coal feeder that was a crucial part for the heterogeneous reactions.

2.4 Experimental Studies

The experimenta studies can be broadly classified as homogeneous gaseous reburning
experiments (NO, reduction using a combination of methane and acetylene and reburning with
methane and selective non-cataytic reduction with ammonia) and heterogeneous experiments

(surface catalyzed reburning and char gasification).

2.4.1 Homogeneous reburning experiments

Presented in Fig. 2.1 isthe genera experimental setup used for the homogeneous reburning
experiments with methane, a combination of methane and acetylene and a combination of
methane and ammonia. The experimental facility is described in detail in Chapter 1V. Listed
in Table 2.1 is the test matrix for this phase of homogeneous combustion which yielded the
extent of NO reduction with the above reburning fuels. The focus was to find the operating
point, that is, what reburning stoichiometric ratio (SR2) is optimum out of SR2 range 0.8-1.0.

The results are summarized in Chapter V, Section 5.1.
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Figure 2.1 Experimental setup for homogeneous combustion experiments

Table 2.1 Test matrix for homogeneous, gas-phase combustion experiments

Experiment Test conditions Objective of thetest | No. of runs
1.Reburning with a Temp=1373 K To test if our SR2= 0.8,
CH, Pressure=1 atm. experimental setup 0.85,0.9,
(Vdlidity testsfor the | Reburning Stoichio- | can achieve what is 0.95,1.0.
experimental facility) | metric ratios (SR2): projected in computer | 5 runs
0.8,0.85,0.9, 0.95,1.0 | runs & previous
researchers
experiments.
To test if lowering
b. Same as 1a but temperature hasany | 5runs
Temp=1273 K impact.
Totest if increasing
c. Sameas 1b temperature hasany | 5runs
But Temp=1423 K impact.
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2.Reburning with a Temp=1373K or | Toreduce NO to 5runs
CH,/CH, best operating temp levels below what
point from 1b & 1c. CH, canindividualy
Pressure= 1 atm. achieve.
CH,=90% and
C,H,=10%
SR2=0.8,0.85,0.9,
0.95,1.0
b. Same as 2a but Toseeif wecanget | 5runs
CH,=80%,C,H,=20% | better reduction than
2a.
c. Interpret from 2a | To keep the utility 15 runs
& 2b aswhat will be | cost of C,H, down at
best CH,=?,C,H, =?. | the same time achiev-
(95/5, 90/10, 85/15) | ing the necessary NO
reduction.
3.Reburning with aTemp=1373K or To reduce NO to 5runs
CH, & non-selective | best operating point levels below what
catalytic reduction from 1b & 1c. CH, canindividualy
with NH, Pressure= 1 atm. achieve. Tofind if it
SR2=0.8,0.85,0.9, will be better than
0.95,1.0. CH,&C,H,i.e2a
CH,=98% &2h.
NH,=2%
b.same as 3a but Tofindif wecanget | 5runs
CH,=96%,NH,=4% | better reduction.

2.4.2 Heterogeneous combustion experiments

Presented in Fig. 2.2 isthe genera experimenta setup used for the heterogeneous combustion
reburning experiments. The experimental facility is described in detail in Chapter V.
Heterogeneous combustion tests were planned to be conducted at SR2=0.95 to see how

various solid particles fed through the coal feeder impacted NO reduction by methane. These
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tests included the following.
A. Reburning studies with methane and coal.

The cod samplestested were 1) ahigh volatile A bituminous Pittsburgh coal (DECS-
23 from PennState Coal Sample Databank), 2) C bituminous lllinois coa (DECS-24), 3)
Montana lignite coal (DECS-25).
B. Reburning studies with methane and activated carbon (char gasification).
C. Surface catalyzed reburning studies.

The experiments were performed with 1) calcium sulfide and 2) calcium carbide to see
their catalytic effect on NO reduction.

The results of the above experiments are summarized in Chapter V, Section 5.2.

Solnd Freding
lrn:.-

Vet 1o
AthosphaTe

F

Gas Cylinders

Figure 2.2 Experimental setup for heterogeneous combustion experiments

The subsequent chapters detail the work performed under this grant instrument.
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Chapter 111

COMPUTATIONAL MODELING

Right from the inception of the grant, computer ssimulation studies were undertaken
to aid in planning and conducting a series of experiments that would extend our knowledge
of reburning process. These studies would be the pointers for setting up the appropriate
experimentd facility and planning the test runs wisely. Asastarting point for this phase, the
updated verson of CHEMKIN |1 (1994) package was acquired from Sandia National
Laboratories and put to use for the preliminary runs involving reburning of nitric oxide with

methane.

3.1 Reaction Mechanism

A detailed reaction mechanism involving hydrocarbon and nitrogen containing species
was prepared to study reburning. Thisisvery similar to that of Kilpinen et d (1992). While
congtant efforts were made to update this mechanism based on the most recent literature, the
preliminary runs on reburning with methane showed promising results. Listed in Table 3.1
is the reaction mechanism used for the computations that follow.

The reaction mechanism was updated constantly. Existing rate constants data were
checked against several recent publications which included (a) a paper by Byrne and Dean
(1993) who used a large hydrocarbon mechanism that consisted of 497 reactions and 135
species, (b) summary table of evauated kinetic data for combustion modeling by Baulch et
al (1994), © specific reaction rate constants for CH, - O, system used by Lee and Chung

(1994), (d) ammonia oxidation reaction mechanism employed by Vandooren et a (1994), ()



detailed kinetic modeling of chemistry and temperature effects on ammonia oxidation by
Lindstedt et a (1994) and (f) severa mechanism and modeling studies conducted by

Glargborg et a (1994a,b,c).

Table 3.1 Reaction mechanism used for reburning with methane and acetylene

(k = A T**b exp(-E/RT))

REACTIONS CONSIDERED A b E

1. C2H6+M=2CH3+M 5.80E+13 0.0 75000.0
2. CH4+M=CH3+H+M 4.17E+17 0.0 92300.0

H20  Enhancedby 5

3. CH4+02=CH3+HO2 4.00E+13 0.0 56910.0
4. CH4+H=CH3+H2 2.02E+04 3.0 8750.0
5. CH4+OH=CH3+H20 1.90E+05 24 2110.0
6. CH4+O=CH3+OH 1.02E+09 15 8604.0
7. CH4+HO2=CH3+H202 1.80E+11 0.0 18700.0
8. CH4+CH2=CH3+CH3 4.30E+13 0.0 10030.0
9. CH3+CH20=CH4+HCO 5.50E+03 2.8 5860.0
10. CH3+HCO=CH4+CO 1.20E+14 0.0 0.0
11. CH3+M=CH2+H+M 1.90E+16 0.0 91600.0
12. CH3+HO2=CH30+0OH 2.00E+13 0.0 0.0
13. CH3+02=CH30+0 2.05E+19 -16  29229.0
14. CH3+0O=CH20+H 8.40E+13 0.0 0.0
15. CH3+OH=CH2+H20 7.50E+06 20 5000.0
16. CH3+H=CH2+H2 9.00E+13 0.0 15100.0
17. CH30+M=CH20+H+M 1.00E+14 0.0 25000.0
18. CH20H+M=CH20+H+M 1.00E+14 0.0 25000.0
19. CH30+H=CH20+H?2 2.00E+13 0.0 0.0
20. CH20H+H=CH20+H2 3.00E+13 0.0 0.0
21. CH30+0OH=CH20+H20 1.00E+13 0.0 0.0
22. CH20H+OH=CH20+H20 1.00E+13 0.0 0.0
23. CH30+0=CH20+0OH 1.00E+13 0.0 0.0
24, CH20H+0O=CH20+0OH 1.00E+13 0.0 0.0
25. CH30+02=CH20+HO2 6.30E+10 0.0 2600.0
26. CH20H+02=CH20+HO2 1.48E+13 0.0 1500.0
27. CH2+HCO=CH3+CO 2.00E+13 0.0 0.0
28. CH2+H=CH+H2 1.00E+17 -1.2 0.0
29. CH2+OH=CH+H20 1.13E+07 2.0 3000.0
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30. CH2+OH=CH20+H
31. CH+O2=HCO+O

32. CH+O=CO+H

33. CH+OH=HCO+H

34. CH+C0O2=HCO+CO
35. CH+H=C+H2

36. CH+H20=CH20+H
37. CH+CH20=CH2CO+H
38. CH+C2H2=C3H2+H
39. CH+CH2=C2H2+H
40. CH+CH3=C2H3+H
41. CH+CH4=C2H4+H
42. C+0O2=CO+0O

43. C+OH=CO+H

44. C+CH3=C2H2+H

45. C+CH2=C2H+H

46. CH2+C0O2=CH20+CO
47. CH2+O=CO+2H

48. CH2+0=CO+H2

49. CH2+02=CO2+2H
50. CH2+02=CH20+0
51. CH2+02=CO2+H2
52. CH2+02=CO+H20
53. CH2+02=CO+0OH+H
54. CH2+02=HCO+OH
55. CH20+M=CO+H2+M
56. CH20+0=C0O2+2H
57. CH20+OH=HCO+H20
58. CH20+H=HCO+H2
59. CH20+M=HCO+H+M
60. CH20+O=HCO+OH
61. HCO+OH=H20+CO
62. HCO+H=CO+H2

63. HCO+O=CO+OH

64. HCO+O=CO2+H

65. HCO+02=HO2+CO
66. CO+O+M=CO2+M
67. CO+OH=CO2+H

68. CO+02=C02+0

69. HO2+CO=CO2+0OH
70. C2H6+CH3=C2H5+CH4
71. C2H6+H=C2H5+H2
72. C2H6+0O=C2H5+0OH

3.00E+13
3.30E+13
1.00E+13
5.00E+13
3.40E+12
1.50E+14
5.70E+12
9.46E+13
8.40E+13
4.00E+13
3.00E+13
6.00E+13
2.00E+13
5.00E+13
5.00E+13
5.00E+13
1.10E+11
1.70E+13
9.00E+12
1.60E+12
5.00E+13
6.90E+11
1.90E+10
8.60E+10
4.30E+10
8.30E+15
3.50E+05
3.43E+09
2.19E+08
1.00E+16
1.70E+16
1.00E+14
1.19E+13
3.00E+13
3.00E+13
3.30E+13
6.17E+14
1.51E+07
2.50E+12
5.80E+13
5.50E-01
5.40E+02
1.20E+12
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0.0
0.0
0.3
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.2
0.2
0.0
0.0
0.0
0.0
0.0
0.0
0.0
2.4
1.2
1.8
0.0
2.3
0.0
0.3
0.0
0.0
-0.4
0.0
1.3
0.0
0.0
4.0
3.5
0.6

0.0

0.0

0.0

0.0
690.0
0.0
-755.0
-515.0
0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0
1000.0
0.0

0.0
1000.0
9000.0
500.0
-1000.0
-500.0
-500.0
69550.0
1360.0
-447.0
3000.0
80270.0
3080.0
0.0

0.0

0.0

0.0

0.0
3000.0
-758.0
47700.0
22934.0
8300.0
5210.0
7310.0



73. C2H6+OH=C2H5+H20 8.70E+09 1.0 1810.0

74. C2H4+0OH=CH20+CH3 5.60E+12 0.0 1500.0
75. C2H4+CH3=C2H3+CH4 6.60E+00 3.7 9500.0
76. C2H4+H=C2H3+H2 1.30E+06 25 12240.0
77. C2H4+0OH=C2H3+H20 9.00E+13 0.0 6860.0
78. CH2+CH3=C2H4+H 4.20E+13 0.0 0.0
79. C2H5+M=C2H4+H+M 1.00E+17 0.0 31000.0
80. C2H5+H=2CH3 2.30E+12 0.5 0.0
81. C2H5+02=C2H4+HO2 8.43E+11 0.0 3875.0
82. C2H2+0O=CH2+CO 1.70E+08 1.6 2210.0
83. C2H2+O=HCCO+H 2.50E+08 1.6 2210.0
84. H2+C2H=C2H2+H 4.09E+05 24 864.0
85. C2H3+M=C2H2+H+M 8.00E+14 0.0 31550.0
86. C2H3+H=C2H2+H2 4.00E+13 0.0 0.0
87. C2H3+O=CH2CO+H 3.30E+13 0.0 0.0
88. C2H3+02=C2H2+HO2 4.00E+12 0.0 -250.0
89. C2H3+OH=C2H2+H20 5.00E+12 0.0 0.0
90. OH+C2H2=C2H+H20 3.37E+07 2.0 14000.0
91. OH+C2H2=CH2CO+H 2.18E-04 45  -1000.0
92. CH2CO+H=CH3+CO 1.13E+13 0.0 3428.0
93. CH2CO+H=HCCO+H2 5.00E+13 0.0 8000.0
94. CH2CO+0O=HCCO+OH 1.00E+13 0.0 8000.0
95. CH2CO+0O=CH20+CO 1.50E+12 0.0 1350.0

96. CH2CO+OH=HCCO+H20 7.50E+12 0.0 3000.0
97. CH2CO+M=CH2+CO+M 1.50E+15 0.0 57600.0
98. C2H+02=CO+HCO 5.00E+13 0.0 1500.0

99. C2H+C2H2=C4H2+H 4.00E+13 0.0 0.0
100. O+HCCO=H+2CO 1.00E+14 0.0 0.0
101. HCCO+02=2CO+0OH 1.60E+12 0.0 854.0
102. CH+HCCO=C2H2+CO 5.00E+13 0.0 0.0
103. 2HCCO=C2H2+2CO 1.00E+13 0.0 0.0
104. C2H+0O=CH+CO 5.00E+13 0.0 0.0
105. C2H+OH=HCCO+H 2.00E+13 0.0 0.0
106. 2CH2=C2H2+2H 1.00E+12 0.6 0.0
107. CH2+HCCO=C2H3+CO 3.00E+13 0.0 0.0
108. C4H2+OH=C3H2+HCO 3.00E+13 0.0 0.0
109. C3H2+0O2=HCO+HCCO 1.00E+13 0.0 0.0
110. C4H2+0O=C3H2+CO 2.70E+13 0.0 1700.0
111. C2H2+M=C2H+H+M 4.20E+16 0.0 107000.0
112. C2H4+M=C2H2+H2+M 1.50E+15 0.0 55440.0
113. C2H4+M=C2H3+H+M 1.40E+16 0.0 81280.0
114. H2+02=20H 1.70E+13 0.0 47780.0
115. OH+H2=H20+H 6.40E+06 2.0 2961.0
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116.
117.
118.

119.
120.
121.
122.
123.

124.
125.
126.
127.

128.
129.
130.
131.
132.
133.
134.
135.
136.
137.
138.
139.
140.
141.
142.
143.
144.
145.
146.
147.
148.
149.

O+OH=02+H
O+H2=0OH+H
H+02+M=HO2+M

H20  Enhanced by 18.6

CO2 Enhanced by
H2 Enhanced by
CO Enhanced by
N2 Enhanced by
H+HO2=20H
O+HO2=0H+02
OH+HO2=H20+02
20H=0+H20
2H+M=H2+M

H2 Enhanced by
H20  Enhanced by
CO2 Enhanced by
2H+H2=2H2
2H+H20=H2+H20
2H+CO2=H2+CO2
H+OH+M=H20+M

4.2

2.86
211
1.26

oNoNe]

H20  Enhancedby 5

20+M=02+M
H+HO2=H2+02
2HO2=H202+02
H202+M=20H+M
H202+H=HO2+H2
H202+0O=HO2+0OH
H202+0OH=H20+HO2
CH+N2=HCN+N
CN+N=C+N2
CH2+N2=HCN+NH
H2CN+M=HCN+H+M
C+NO=CN+O
CH+NO=HCN+O
CH2+NO=HCNO+H
CH3+NO=HCN+H20
CH3+NO=H2CN+OH
HCCO+NO=HCNO+CO
HCNO+H=HCN+OH
HNCO+O=NCO+OH
HNCO+OH=NCO+H20
CH2+N=HCN+H
CH+N=CN+H

4.50E+14
5.06E+04
7.00E+17

2.50E+14
4.80E+13
5.00E+13
2.10E+08
1.00E+18

9.20E+16
6.00E+19
5.49E+20
7.50E+23

1.89E+13
2.50E+13
2.00E+12
1.20E+17
1.70E+12
9.60E+06
1.00E+13
3.00E+11
1.90E+15
1.00E+13
3.00E+14
3.70E+13
1.10E+14
1.39E+12
5.30E+11
5.30E+11
2.00E+13
1.00E+14
3.20E+12
2.60E+12
5.00E+13
1.30E+13
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-0.5
2.7
-0.8

0.0
0.0
0.0
14
-1.0

-0.6

0.0
0.0
0.0
0.0
0.0
2.0
0.0
0.0
-0.6
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

600.0
6290.0
0.0

1900.0
1000.0
1000.0
-400.0

0.0

0.0
0.0
0.0
0.0

-1788.0
700.0
0.0
45500.0
3750.0
3974.0
1800.0
13600.0
0.0
74000.0
22000.0
0.0

0.0
-1100.0
15000.0
15000.0
0.0
12000.0
10300.0
5540.0
0.0

0.0



150.
151.
152.
153.
154.
155.
156.
157.
158.
159.
160.
161.
162.
163.
164.
165.
166.
167.
168.
169.
170.
171
172.
173.
174.
175.
176.
177.
178.
179.
180.
181.
182.
183.
184.
185.
186.
187.
188.
189.
190.
191.
192.

CO2+N=NO+CO
HCCO+N=HCN+CO
CH3+N=H2CN+H
C2H3+N=HCN+CH2
HCN+OH=CN+H20
OH+HCN=HOCN+H
OH+HCN=HNCO+H
OH+HCN=NH2+CO
HOCN+H=HNCO+H
HCN+O=NCO+H
HCN+O=NH+CO
HCN+O=CN+OH
CN+H2=HCN+H
CN+O=CO+N
CN+O2=NCO+O
CN+OH=NCO+H
HO2+NO=NO2+0OH
NO2+H=NO+OH
NO2+O=NO+0O2
NO2+M=NO+O+M
NCO+H=NH+CO
NCO+0=NO+CO
NCO+N=N2+CO

NCO+OH=NO+CO+H

NCO+M=N+CO+M
NCO+NO=N20+CO
NCO+H2=HNCO+H
HNCO+H=NH2+CO
NH+O2=HNO+O
NH+O2=NO+OH
NH+O=NO+H
NH+NO=N20+H
N20+OH=N2+HO2
N20+H=N2+0OH
N20+M=N2+0O+M
N20+0O=N2+02
N20+0O=2NO
NH+OH=HNO+H
NH+OH=N+H20
NH+H=N+H2
NH2+O=HNO+H
NH2+O=NH+OH
NH2+OH=NH+H20

1.90E+11
5.00E+13
3.00E+13
2.00E+13
1.45E+13
5.85E+04
1.98E-03

7.83E-03

1.00E+13
1.38E+04
3.45E+03
2.70E+09
2.95E+05
1.80E+13
5.60E+12
6.00E+13
2.11E+12
3.50E+14
1.00E+13
1.10E+16
5.00E+13
3.20E+13
2.00E+13
1.00E+13
3.10E+16
1.00E+13
8.58E+12
1.10E+14
1.00E+13
7.60E+10
2.00E+13
2.40E+15
2.00E+12
1.90E+06
9.30E+14
1.00E+14
1.00E+14
2.00E+13
5.00E+11
1.00E+14
7.90E+14
7.00E+12
4.00E+06
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0.0
0.0
0.0
0.0
0.0
2.4
4.0
4.0
0.0
2.6
2.6
1.6
2.5
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
-0.5
0.0
0.0
0.0
0.0
0.0
0.0
-0.8
0.0
2.4
0.0
0.0
0.0
0.0
0.5
0.0
-0.5
0.0
2.0

3400.0
0.0

0.0

0.0
10929.0
12500.0
1000.0
4000.0
0.0
4980.0
4980.0
29200.0
2237.0
0.0

0.0

0.0
-479.0
1500.0
600.0
66000.0
0.0

0.0

0.0

0.0
47700.0
-390.0
9000.0
12720.0
12000.0
1530.0
0.0

0.0
10000.0
13500.0
59300.0
28200.0
28200.0
0.0
2000.0
0.0

0.0

0.0
1000.0



193. NH2+H=NH+H2 6.92E+13 0.0 3650.0

194. NH2+NO=NNH+OH 6.40E+15 -1.3 0.0
195. NH3+OH=NH2+H20 2.04E+06 20 566.0
196. NH3+H=NH2+H2 6.36E+05 24 101710
197. NH3+M=NH2+H+M 1.40E+16 0.0 90600.0
198. NNH=N2+H 1.00E+04 0.0 0.0
199. NNH+NO=N2+HNO 5.00E+13 0.0 0.0
200. NNH+H=N2+H2 1.00E+14 0.0 0.0
201. NNH+OH=N2+H20 5.00E+13 0.0 0.0
202. NNH+O=N20+H 1.00E+14 0.0 0.0
203. HNO+M=H+NO+M 1.50E+16 0.0 48680.0

H20  Enhanced by 10

02 Enhanced by 2

N2 Enhanced by 2

H2 Enhanced by 2
204. HNO+OH=NO+H20 3.60E+13 0.0 0.0
205. HNO+H=H2+NO 5.00E+12 0.0 0.0
206. N+NO=N2+0O 3.27E+12 0.3 0.0
207. N+0O2=NO+O 6.40E+09 1.0 6280.0
208. N+OH=NO+H 3.80E+13 0.0 0.0
209. NO+NH2=N20+H2 5.00E+13 0.0 24640.0
210. NO+N2H2=N20+NH2 3.00E+12 0.0 0.0
211. NO2+NH2=N20+H20 1.90E+20 -3.0 0.0
212. HNO+NO=N20+OH 2.00E+12 0.0 26000.0
213. HNO+HNO=N20+H20 4.00E+12 0.0 5000.0
214. N20+CO=N2+CQO2 5.00E+13 0.0  44000.0
215. HCCO+OH=HCO+CO+H 1.00E+13 0.0 0.0
216. HCO+M=CO+H+M 2.50E+14 0.0 16802.0
217. NH3+O=NH2+OH 2.10E+13 0.0 9000.0
218. NO+NH2=N2+H20 6.20E+15 -1.3 0.0

NOTE: A units mole-cm-sec-K, E units cal/mole

3.2 Computational Method/T ool
The updated version of CHEMKIN [1, acquired from Sandia National Laboratories,
was loaded on the CRAY-Y MP Supercomputer located in the University of Mississippi.

This employs VODE, an updated verson of LSODE to solve theinitial value problem for stiff
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or nongtiff systems of first order ordinary differential equations.

Our research team employed an adiabatic system with constant pressure to define the
reactor for NO reburning with methane. The input concentrations for various reburning
stoichiometric ratios (0.7 to 1.05) were calculated and supplied to the program. The
CHEMKIN package handles the chemica reaction mechanism (which is given in the previous
section) and then allows VODE to calculate the temperature and species concentrations at
various residence times.

We used SENKIN program also to solve this initial value problem which gave
identical results. The program SENKIN uses the DASAC software to solve the nonlinear

ODE that describe the temperature and species concentrations.

3.3 Results on NO Reburning with Methane

A typical input concentration for stoichiometric ratio (SR2)=0.7 is 15.9% CO,,
1.83% O,, 1000 ppm NO, 5.38% CH,, and 76.79% inert gas. Similarly SR2=0.9 would
represent the composition of flue gas as 16.45% CO,, 1.87% O,, 1000 ppm NO, 2.14%
methane and 79.42% N,/He. With varying SR2 conditions the program is run for three
resdencetimes (0.1 s, 0.2 sand 0.3 s) at the reactor temperature of 1373 K (1100 C). Also,
the program is run for three temperatures, (1000 C, 1100 C and 1200 C) keeping the
resdencetimeas 0.2 s. The concentrations of NO, and N,O were found to be negligible for
al the cases. Thethree nitrogen containing speciesthat are sgnificant are NO, HCN and NH,

and the concentrations of each versus SR2 are shown in the following figures.
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Figures 3.1 through 3.3 show the exit concentrations of NO, HCN and NH,
respectively for the reactor temperature of 1373 K at varying residencetimes, i.e., 0.1 s, 0.2
sand 0.3 s. It can be observed that the greatest reduction of NO into mainly HCN and to
some extent NH, takes place at the reburning stoichiometric ratio of 0.9. Thisreductionis
very significant as Figure 3.1 depicts, with NO concentration being 46 ppm at 0.2 s. This
phenomenon is consistent with what other researchers have observed in the past. Both HCN
and NH, show opposite trend with NO.

The NO reduction at 0.2 sresidence time is considerably higher than the reduction at
0.1 sfor stoichiometric ratios ranging from 0.7 to 0.9. However, there is no differencein NO
reduction above SR2 value of 0.9. It can also be noticed that NO reduction is not much
higher for the residence time of 0.3 s when compared with the reduction at 0.2 s. This
difference isinsignificant. Hence 0.2 sis chosen to be the optimum residence time for the
reaction. This piece of finding was utilized in the reactor design later on as the grant
instrument progressed. Also, the residence time of 0.2 s was found to be appropriate for
experimental runs to account for non-idealities and to ensure that the equilibrium reaction for

NO reduction proceeded to completion.
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Figure 3.1 Effect of residence time on NO exit concentration in reburning by methane
(Input NO Concentration: 1000 ppm; Reactor Temperature: 1373 K)
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Figure 3.2 Effect of residence time on HCN exit concentration in reburning by methane
(Input NO Concentration: 1000 ppm; Reactor Temperature: 1373 K)
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Figure 3.3 Effect of residence time on NH, exit concentration in reburning by methane
(Input NO Concentration: 1000 ppm; Reactor Temperature: 1373 K)

Figures 3.4 through 3.6 depict the exit concentrations of NO, HCN, and NH,
respectively for a residence time of 0.2 s for varying reactor temperature. The three
temperatures are 1273 K, 1373 K and 1473 K. The trends are similar for all reactor
temperatures. The greatest reduction of NO occurs at SR2=0.95 for lower temperatures
(1273 K) and at SR2=0.9 for higher temperatures (1373 K and 1473 K). The concentration
of HCN increases with increase in reactor temperature for the range 0.7 to (0.85-0.9) while
it doesthe opposite for SR2 of 0.9-0.95. Probably this would mean that there is a shift in the
mechanism at SR2 vaue in the neighborhood of 0.85-0.95. At SR2 < 0.9 the HCN formation
is more from NO (70-80%). But above SR2 of 0.9, the NO—HCN mechanism is affected
and hence the NO concentration goes up and HCN concentration goes down. Both HCN and
NH; show similar trend with SR2, that is, as long as HCN is formed more, there is a

corresponding increase in NH,. This would mean a fragmental portion of HCN is always
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converted to NH, by some reaction. Above SR2=0.9 the HCN formation decreases and so
doesthe NH,. Therefore we can postulate that NO reduction goes through a series reaction

asfollows. NO>HCN->NH,.

1000 /
—-—

1273 K

1373 K

1473 K

NO Concentration, ppm

t t ' t
0.6 0.7 0.8 0.9 1 1.1
Reburning Stiochiometric Ratio (SR2)

Figure 3.4 Effect of reactor temperature on NO exit concentration in reburning by
methane (Input NO Concentration: 1000 ppm; Residence Time: 0.2 s)
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Reburning Stiochiometric Ratio (SR2)

HCN Concentration, ppm

Figure 3.5 Effect of reactor temperature on HCN exit concentration in reburning by
methane (Input NO Concentration: 1000 ppm; Residence Time: 0.2 s)
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Figure 3.6 Effect of reactor temperature on NH, exit concentration in reburning by
methane (Input NO Concentration: 1000 ppm; Residence Time: 0.2 s)
3.4 Resultson NO Reburning with Methane and Acetylene

Presented herein are the computational results of NO reburning with a combination
of methane and acetylene, employing the reaction mechanism listed in Table 3.1. Figures 3.7
through 3.9 portray these results.

The legends in Figures 3.7 through 3.9 describe the reburn fuel composition between
methane and acetylene. A typicd CH,/C,H,: 90/10 combination at SR2=0.9 would represent
the initial concentration of flue gas as 1.88% CH, 0.21% C,H,, 16.47% CO,, 1.89% O,,
1000 ppm NO and 79.45% N,/He. With varying SR2 conditions, the program is run for a
fixed reburn fuel composition for aresdencetime of 0.2 s at the reactor temperature of 1373
K. Thefina concentrations of various nitrogen containing species are obtained from these

tests. Then another reburn fuel composition (say, 70/30) is chosen, the initial concentrations
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of various species at different SR2 values (0.7 through 1.05) are calculated based on
stoichiometry analysis and fed to the CHEMKIN to solve for the exit concentrations of
nitrogen containing species at this reburn fuel composition. Likewise, the tests are repeated
for various combinations of methane and acetylene. The three nitrogen containing species
that are Sgnificant are NO, HCN and NH, The concentrations of NO, and N,O were found
to be negligible as in the case of methane reburning. Figures 3.7 through 3.9 are the result
of 48 computer runs (6 reburn fuel compositions X 8 SR2 conditions) on the CHEMKIN.
These figures digplay the effect of the composition of CH,/CH, on exit concentrations of NO,
HCN and NH, respectively in NO reburning.

The addition of acetylene to methane as reburn fuel seems to favor the reduction of
NO appreciably, as seen in Fig. 3.7. The best achievable NO concentration for 100/0
combination of CH,/C,H, is46 ppm from theinitialy fed 1000 ppm, as the equilibrium comes
to completion . But with 10% acetylene, that is, 90/10 combination of CH,/C,H,, we are
able to obtain the much needed further reduction by shifting the equilibrium. For the 90%
CH, and 10% C,H, the concentration of NO is reduced from 1000 ppm to 7 ppm. Thisis
very significant and contributes greatly toward meeting the regulations on NO, reduction.
From Fig. 3.8, it can be seen that HCN concentration is increased only dlightly for 90% CH,
and 10% C_H, reaction (864 ppm) in comparison with the 100% CH, reaction (833 ppm).
This HCN is highly unstable at high temperatures and its recovery is reported to be 30% at
1100 C for aresidence time of 1 s(Song et a. 1982).

For all the reburn fuel combinations between CH, and C,H, the variation of exit

concentrations with SR2 values shows trends that are similar. At SR2 < 0.9 the HCN
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formation is more from NO (70 - 90%). But above SR2 of 0.9, the NO=>HCN mechanism
is greatly affected, that is, a SR2 > 0.9 the NO concentration increases and HCN
concentration decreases. Both HCN and NH, show similar trend with SR2. It appears from
Figures 3.8 and 3.9 that a fragmental portion of HCN is always converted to NH, by some
reaction. The NO reduction could go through a series reaction NO>HCN->NH,. Further
ammonia could be reduced to nitrogen and hydrogen completing the pathway ( NH,=N,+H,).

The computer ssimulation of NO reburning with a combination of CH,/C,H, showed
promising resultsin terms of NO, reduction. These findings were verified with the reburning

experiments conducted later on in the project.
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Figure 3.7 Effect of
methane/acetylene composition on NO exit concentration in NO reburning (Input NO
Concentration: 1000 ppm; Reactor Temperature: 1373 K; Residence Time: 0.2 9)
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reburning (Input NO Concentration: 1000 ppm; Reactor Temperature: 1373 K; Residence
Time: 0.29)

60
—-—
50 a 100/0
§ /SZ |
S 10 90/10
5 —-—
® 20 70/30
§ o
S 50/50
020
I
z \ 30/70
10 :'/-/( —-—
%\ 0/100
0

0.6 0.7 0.8 0.9 1 1.1
Reburning Stiochiometric Ratio (SR2)

Figure 3.9 Effect of methane/acetylene composition on NH, exit concentration in NO
reburning (Input NO Concentration: 1000 ppm; Reactor Temperature: 1373 K; Residence
Time: 0.2 9)



3.5 Updated Reaction M echanism

Asmany as 25 new reactions were added to the mechanism employed previoudy (218
reactions as presented in Table 3.1). Also, some of the reaction constants data was updated
to improve the kinetics accuracy for the existing scheme. Listed in Table 3.2 is the updated
version of the reaction mechanism.

Table 3.2 Updated reaction mechanism

(k = A T**b exp(-E/RT))

REACTIONS CONSIDERED A b E

1. C2H6+M=2CH3+M 5.80E+13 0.0 75000.0
2. CH4+M=CH3+H+M 4.17E+17 0.0 92300.0

H20  Enhancedby 5

3. CH4+02=CH3+HO2 4.00E+13 0.0 56910.0
4. CH4+H=CH3+H2 2.02E+04 3.0 8750.0
5. CH4+OH=CH3+H20 1.90E+05 24 2110.0
6. CH4+O=CH3+OH 1.02E+09 15 8604.0
7. CH4+HO2=CH3+H202 1.80E+11 0.0 18700.0
8. CH4+CH2=CH3+CH3 4.30E+13 0.0 10030.0
9. CH3+CH20=CH4+HCO 5.50E+03 2.8 5860.0
10. CH3+HCO=CH4+CO 1.20E+14 0.0 0.0
11. CH3+M=CH2+H+M 1.90E+16 0.0 91600.0
12. CH3+HO2=CH30+0OH 2.00E+13 0.0 0.0
13. CH3+02=CH30+0 2.05E+19 -1.6  29229.0
14. CH3+0O=CH20+H 8.40E+13 0.0 0.0
15. CH3+OH=CH2+H20 7.50E+06 20 5000.0
16. CH3+H=CH2+H2 9.00E+13 0.0 15100.0
17. CH30+M=CH20+H+M 1.00E+14 0.0 25000.0
18. CH20H+M=CH20+H+M 1.00E+14 0.0 25000.0
19. CH30+H=CH20+H?2 2.00E+13 0.0 0.0
20. CH20H+H=CH20+H2 3.00E+13 0.0 0.0
21. CH30+0OH=CH20+H20 1.00E+13 0.0 0.0
22. CH20H+OH=CH20+H20 1.00E+13 0.0 0.0
23. CH30+0=CH20+0OH 1.00E+13 0.0 0.0
24, CH20H+0O=CH20+0OH 1.00E+13 0.0 0.0
25. CH30+02=CH20+HO2 6.30E+10 0.0 2600.0
26. CH20H+02=CH20+HO2 1.48E+13 0.0 1500.0
27. CH2+HCO=CH3+CO 2.00E+13 0.0 0.0
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28. CH2+H=CH+H2

29. CH2+OH=CH+H20
30. CH2+OH=CH20+H
31. CH+O2=HCO+O

32. CH+O=CO+H

33. CH+OH=HCO+H

34. CH+C0O2=HCO+CO
35. CH+H=C+H2

36. CH+H20=CH20+H
37. CH+CH20=CH2CO+H
38. CH+C2H2=C3H2+H
39. CH+CH2=C2H2+H
40. CH+CH3=C2H3+H
41. CH+CH4=C2H4+H
42. C+0O2=CO+0O

43. C+OH=CO+H

44. C+CH3=C2H2+H

45. C+CH2=C2H+H

46. CH2+C0O2=CH20+CO
47. CH2+0O=CO+2H

48. CH2+0=CO+H2

49. CH2+02=CO2+2H
50. CH2+02=CH20+0
51. CH2+02=CO2+H2
52. CH2+02=CO+H20
53. CH2+02=CO+0OH+H
54. CH2+02=HCO+OH
55. CH20+M=CO+H2+M
56. CH20+0=C0O2+2H
57. CH20+OH=HCO+H20
58. CH20+H=HCO+H2
59. CH20+M=HCO+H+M
60. CH20+O=HCO+OH
61. HCO+OH=H20+CO
62. HCO+H=CO+H2

63. HCO+O=CO+OH

64. HCO+O=CO2+H

65. HCO+02=HO2+CO
66. CO+O+M=CO2+M
67. CO+OH=CO2+H

68. CO+02=C02+0

69. HO2+CO=CO2+0OH
70. C2H6+CH3=C2H5+CH4

1.00E+17
1.13E+07
3.00E+13
3.30E+13
1.00E+13
5.00E+13
3.40E+12
1.50E+14
5.70E+12
9.46E+13
8.40E+13
4.00E+13
3.00E+13
6.00E+13
2.00E+13
5.00E+13
5.00E+13
5.00E+13
1.10E+11
1.70E+13
9.00E+12
1.60E+12
5.00E+13
6.90E+11
1.90E+10
8.60E+10
4.30E+10
8.30E+15
3.50E+05
3.43E+09
2.19E+08
1.00E+16
1.70E+16
1.00E+14
1.19E+13
3.00E+13
3.00E+13
3.30E+13
6.17E+14
1.51E+07
2.50E+12
5.80E+13
5.50E-01
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-1.2
2.0
0.0
0.0
0.3
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.2
0.2
0.0
0.0
0.0
0.0
0.0
0.0
0.0
2.4
1.2
1.8
0.0
2.3
0.0
0.3
0.0
0.0

-0.4
0.0
1.3
0.0
0.0
4.0

0.0
3000.0
0.0

0.0

0.0

0.0
690.0
0.0
-755.0
-515.0
0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0
1000.0
0.0

0.0
1000.0
9000.0
500.0
-1000.0
-500.0
-500.0
69550.0
1360.0
-447.0
3000.0
80270.0
3080.0
0.0

0.0

0.0

0.0

0.0
3000.0
-758.0
47700.0
22934.0
8300.0



71. C2H6+H=C2H5+H2 5.40E+02 3.5 5210.0

72. C2H6+0=C2H5+0OH 1.20E+12 0.6 7310.0
73. C2H6+OH=C2H5+H20 8.70E+09 1.0 1810.0
74. C2H4+0OH=CH20+CH3 5.60E+12 0.0 1500.0
75. C2H4+CH3=C2H3+CH4 6.60E+00 3.7 9500.0
76. C2H4+H=C2H3+H2 1.30E+06 25 12240.0
77. C2H4+0OH=C2H3+H20 9.00E+13 0.0 6860.0
78. CH2+CH3=C2H4+H 4.20E+13 0.0 0.0
79. C2H5+M=C2H4+H+M 1.00E+17 0.0 31000.0
80. C2H5+H=2CH3 2.30E+12 0.5 0.0
81. C2H5+02=C2H4+HO2 8.43E+11 0.0 3875.0
82. C2H2+0O=CH2+CO 1.70E+08 1.6 2210.0
83. C2H2+O=HCCO+H 2.50E+08 1.6 2210.0
84. H2+C2H=C2H2+H 4.09E+05 24 864.0
85. C2H3+M=C2H2+H+M 8.00E+14 0.0 31550.0
86. C2H3+H=C2H2+H2 4.00E+13 0.0 0.0
87. C2H3+O=CH2CO+H 3.30E+13 0.0 0.0
88. C2H3+02=C2H2+HO2 4.00E+12 0.0 -250.0
89. C2H3+OH=C2H2+H20 5.00E+12 0.0 0.0
90. OH+C2H2=C2H+H20 3.37E+07 2.0 14000.0
91. OH+C2H2=CH2CO+H 2.18E-04 45  -1000.0
92. CH2CO+H=CH3+CO 1.13E+13 0.0 3428.0
93. CH2CO+H=HCCO+H2 5.00E+13 0.0 8000.0
94. CH2CO+0O=HCCO+OH 1.00E+13 0.0 8000.0
95. CH2CO+0O=CH20+CO 1.50E+12 0.0 1350.0

96. CH2CO+OH=HCCO+H20 7.50E+12 0.0 3000.0
97. CH2CO+M=CH2+CO+M 1.50E+15 0.0 57600.0
98. C2H+02=CO+HCO 5.00E+13 0.0 1500.0

99. C2H+C2H2=C4H2+H 4.00E+13 0.0 0.0
100. O+HCCO=H+2CO 1.00E+14 0.0 0.0
101. HCCO+02=2CO+0OH 1.60E+12 0.0 854.0
102. CH+HCCO=C2H2+CO 5.00E+13 0.0 0.0
103. 2HCCO=C2H2+2CO 1.00E+13 0.0 0.0
104. C2H+0O=CH+CO 5.00E+13 0.0 0.0
105. C2H+OH=HCCO+H 2.00E+13 0.0 0.0
106. 2CH2=C2H2+2H 1.00E+12 0.6 0.0
107. CH2+HCCO=C2H3+CO 3.00E+13 0.0 0.0
108. C4H2+OH=C3H2+HCO 3.00E+13 0.0 0.0
109. C3H2+0O2=HCO+HCCO 1.00E+13 0.0 0.0
110. C4H2+0O=C3H2+CO 2.70E+13 0.0 1700.0
111. C2H2+M=C2H+H+M 4.20E+16 0.0 107000.0
112. C2H4+M=C2H2+H2+M 1.50E+15 0.0 55440.0
113. C2H4+M=C2H3+H+M 1.40E+16 0.0 81280.0
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114.
115.
116.
117.
118.

119.
120.
121.
122.
123.

124.
125.
126.
127.

128.
129.
130.
131.
132.
133.
134.
135.
136.
137.
138.
139.
140.
141.
142.
143.
144.
145.
146.
147.

H2+02=20H
OH+H2=H20+H
O+OH=02+H
O+H2=OH+H
H+02+M=HO2+M

H20  Enhanced by 18.6

CO2 Enhanced by
H2 Enhanced by
CO Enhanced by
N2 Enhanced by
H+HO2=20H
O+HO2=0H+02
OH+HO2=H20+02
20H=0+H20
2H+M=H2+M

H2 Enhanced by
H20  Enhanced by
CO2 Enhanced by
2H+H2=2H2
2H+H20=H2+H20
2H+CO2=H2+CO2
H+OH+M=H20+M

4.2

2.86
211
1.26

oNoNe]

H20  Enhancedby 5

20+M=02+M
H+HO2=H2+02
2HO2=H202+02
H202+M=20H+M
H202+H=HO2+H2
H202+0O=HO2+0OH
H202+0OH=H20+HO2
CH+N2=HCN+N
CN+N=C+N2
CH2+N2=HCN+NH
H2CN+M=HCN+H+M
C+NO=CN+O
CH+NO=HCN+O
CH2+NO=HCNO+H
CH3+NO=HCN+H20
CH3+NO=H2CN+OH
HCCO+NO=HCNO+CO
HCNO+H=HCN+OH
HNCO+O=NCO+OH
HNCO+OH=NCO+H20

1.70E+13
6.40E+06
4.50E+14
5.06E+04
7.00E+17

2.50E+14
4.80E+13
5.00E+13
2.10E+08
1.00E+18

9.20E+16
6.00E+19
5.49E+20
7.50E+23

1.89E+13
2.50E+13
2.00E+12
1.20E+17
1.70E+12
9.60E+06
1.00E+13
3.00E+11
1.90E+15
1.00E+13
3.00E+14
3.70E+13
1.10E+14
1.39E+12
5.30E+11
5.30E+11
2.00E+13
1.00E+14
2.00E+06
6.40E+05
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0.0
2.0
-0.5
2.7
-0.8

0.0
0.0
0.0
14
-1.0

-0.6

0.0
0.0
0.0
0.0
0.0
2.0
0.0
0.0
-0.6
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
21
2.0

47780.0
2961.0
600.0
6290.0
0.0

1900.0
1000.0
1000.0
-400.0

0.0

0.0
0.0
0.0
0.0

-1788.0
700.0
0.0
45500.0
3750.0
3974.0
1800.0
13600.0
0.0
74000.0
22000.0
0.0

0.0
-1100.0
15000.0
15000.0
0.0
12000.0
11415.0
2560.0



148

149.
150.
151.
152.
153.
154.
155.
156.
157.
158.
159.
160.
161.
162.
163.
164.
165.
166.
167.
168.
169.
170.
171
172.
173.
174.
175.
176.
177.
178.
179.
180.
181.
182.
183.
184.

185
186
187
188
189
190

. CH2+N=HCN+H
CH+N=CN+H
CO2+N=NO+CO
HCCO+N=HCN+CO
CH3+N=H2CN+H
C2H3+N=HCN+CH2
HCN+OH=CN+H20
OH+HCN=HOCN+H
OH+HCN=HNCO+H
OH+HCN=NH2+CO
HOCN+H=HNCO+H
HCN+O=NCO+H
HCN+O=NH+CO
HCN+O=CN+OH
CN+H2=HCN+H
CN+O=CO+N
CN+0O2=NCO+0O
CN+OH=NCO+H
HO2+NO=NO2+OH
NO2+H=NO+OH
NO2+0O=NO+02
NO2+M=NO+O+M
NCO+H=NH+CO
NCO+O=NO+CO
NCO+N=N2+CO
NCO+OH=NO+CO+H
NCO+M=N+CO+M
NCO+NO=N20+CO
NCO+H2=HNCO+H
HNCO+H=NH2+CO
NH+O2=HNO+O
NH+O2=NO+OH
NH+O=NO+H
NH+NO=N20+H
N20+OH=N2+HO2
N20+H=N2+0OH
N20+M=N2+0O+M

. N20+0=N2+02

. N20+0O=2NO

. NH+OH=HNO+H

. NH+OH=N+H20

. NH+H=N+H2

. NH2+O=HNO+H

5.00E+13
1.30E+13
1.90E+11
5.00E+13
3.00E+13
2.00E+13
1.45E+13
5.85E+04
1.98E-03

7.83E-03

1.00E+13
1.38E+04
3.45E+03
2.70E+09
2.95E+05
1.80E+13
7.50E+12
6.00E+13
2.11E+12
3.50E+14
1.00E+13
7.30E+14
5.00E+13
4. 70E+13
2.00E+13
1.00E+13
3.10E+16
6.20E+17
7.60E+02
2.20E+07
1.00E+13
1.00E+10
7.00E+10
2.90E+14
2.00E+12
3.30E+10
4.00E+14
1.40E+12
2.90E+13
2.00E+13
5.00E+11
1.00E+14
7.90E+14
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0.0
0.0
0.0
0.0
0.0
0.0
0.0
2.4
4.0
4.0
0.0
2.6
2.6
1.6
2.5
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
-0.5
-1.7
3.0
1.7
0.0
-0.2
0.0
-0.4
0.0
0.0
0.0
0.0
0.0
0.0
0.5
0.0
-0.5

0.0

0.0
3400.0
0.0

0.0

0.0
10929.0
12500.0
1000.0
4000.0
0.0
4980.0
4980.0
29200.0
2237.0
0.0
-389.0
0.0
-479.0
1500.0
600.0
53000.0
0.0

0.0

0.0

0.0
47700.0
763.0
4000.0
3800.0
12000.0
4800.0
0.0

0.0
40000.0
4729.0
56100.0
10800.0
23150.0
0.0
2000.0
0.0

0.0



191.
192.
193.
194.
195.
196.
197.
198.
199.
200.
201.
202.
203.

204.
205.
206.
207.
208.
2009.
210.
211.
212.
213.
214.
215.
216.
217.
218.
219.
220.
221.
222.
223.
224.
225.
226.
227.
228.
229.

NH2+O=NH+OH
NH2+OH=NH+H20
NH2+H=NH+H2
NH2+NO=NNH+OH
NH3+OH=NH2+H20
NH3+H=NH2+H2
NH3+M=NH2+H+M
NNH=N2+H
NNH+NO=N2+HNO
NNH+H=N2+H2
NNH+OH=N2+H20
NNH+O=N20+H
HNO+M=H+NO+M
H20  Enhanced by 1
02 Enhanced by
N2 Enhanced by
H2 Enhanced by
HNO+OH=NO+H20
HNO+H=H2+NO
N+NO=N2+0O
N+O2=NO+O
N+OH=NO+H
NO+NH2=N20+H2
NO+N2H2=N20+NH2
NO2+NH2=N20+H20
HNO+NO=N20+0OH
HNO+HNO=N20+H20
N20+CO=N2+CO2
HCCO+OH=HCO+CO+H
HCO+M=CO+H+M
NH3+O=NH2+0OH
NO+NH2=N2+H20
NCO+02=NO+CO2
NH+OH=NO+H2
NH+NO=N2+OH
H+O+M=0H+M
HNCO+M=NH+CO+M
HNCO+O=NH+CO2
HNCO+O=HNO+CO
HNCO+HO2=NCO+H202
HNCO+02=HNO+CO2
HNCO+NH2=NCO+NH3
HNCO+NH=NH2+NCO

NDNDNO

7.00E+12
4.00E+06
6.92E+13
1.39E+09
2.04E+06
6.36E+02
1.40E+16
1.00E+04
5.00E+13
1.00E+14
5.00E+13
1.00E+14
1.50E+16

3.60E+13
5.00E+12
3.27E+12
6.40E+09
3.80E+13
5.00E+13
3.00E+12
1.90E+20
2.00E+12
4.00E+12
5.00E+13
1.00E+13
2.50E+14
2.10E+13
2.00E+20
2.00E+12
2.00E+13
1.20E+15
4. 70E+18
1.10E+16
9.60E+07
1.50E+08
3.00E+11
1.00E+12
5.00E+12
3.00E+13
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0.0
2.0
0.0
0.0
2.0
2.4
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.3
1.0
0.0
0.0
0.0
-3.0
0.0
0.0
0.0
0.0
0.0
0.0
-2.6
0.0
0.0
-0.8
-1.0
0.0
14
1.6
0.0
0.0
0.0
0.0

0.0
1000.0
3650.0

0.0

566.0
10171.0
90600.0

0.0

0.0

0.0

0.0

0.0

48680.0

0.0

0.0

0.0
6280.0
0.0
24640.0
0.0

0.0
26000.0
5000.0
44000.0
0.0
16802.0
9000.0
925.0
20000.0
0.0

0.0

0.0
86000.0
8520.0
44012.0
29000.0
35000.0
6200.0
23700.0



230. NCO+OH=HCO+NO 5.00E+12 0.0 15000.0

231. NCO+HCO=HNCO+CO 3.60E+13 0.0 0.0
232. NCO+NO2=2NO+CO 1.30E+13 0.0 0.0
233. NCO+NO2=NO+NO+0O2 5.40E+12 0.0 0.0
234. NCO+HNO=HNCO+NO 1.80E+13 0.0 0.0
235. NCO+HONO=HNCO+NQO2 3.60E+12 0.0 0.0
236. NCO+NCO=2CO+N2 1.80E+13 0.0 0.0
237. NO2+NO2=2NO+02 1.60E+12 0.0 26123.0
238. NO2+CO=NO+CO2 9.00E+13 0.0 33180.0

239. NO2+HCO=CO+HONO 2.10E+00 3.3 2350.0
240. NO2+HCO=NO+CO2+H 8.40E+15 -0.8 1930.0

241. HONO+H=NO2+H2 1.20E+13 0.0 7350.0
242. HONO+O=NO2+0OH 1.20E+13 0.0 6000.0
243. HONO+OH=H20+NO2 1.30E+10 1.0 135.0

NOTE: A units mole-cm-sec-K, E units cal/mole

Glarborg et d (1994) have carried out an experimental and theoretical study of
isocyanic acid (HNCO) oxidation in an isothermal quartz flow reactor at 1 atm pressure in
the temperature range 1025-1425 K. Due to its role as an important intermediate in fuel
nitrogen oxidation , HNCO chemistry is important in our work as well. Reactions 223
through 243 listed in Table 3.2 are taken from the work of Glarborg et d (1994). These
include HNCO paths (Miller and Bowman, 1991 and Miller and Melius, 1992) , NCO paths
(Tsang, 1992) and HONO paths (Tsang, 1991). Efforts were made to include the most recent
reaction constants data for reactions pertaining to NH, oxidation and the formation/
destruction of NO and N,O. Reactions 182 through 186 include the recent reaction
constants, taken from Davidson (1991) and Glarborg (1994). The new reaction constants
datafor R146 is from East (1993) and for R179 and R194 is from Linstedt (1994).

The reaction mechanism given in Table 3.2 is more comprehensive in terms of

predicting the ammonia and isocyanic acid oxidation chemistry. However, this was first



employed to verify the accuracy of the already obtained CH,/C,H , reburning results before
CH, /NH, reburning studies were simulated.

Figures 3.10 through 3.12 compare the exit concentrations of NO, HCN and NH, at
various reburning stoichiometric ratios for one reburn fuel composition, namely methane:
90% and acetylene: 10%. The impact of updating the reaction mechanism was not significant
upon the NO reburning with a combination of methane and acetylene. The highest NO,
reduction occurs at SR2=0.9. Its important to note, however, that the reaction scheme
needed changes to improve the accuracy of some reactions of crucia intermediates in
methane/ anmoniareburning. An extendve literature survey was made in order to update the

mechanism to the one listed in Table 3.2.

1000
800 /

600

/ Updated

400 / Previous

NO Concentration, ppm

200

t t } t : ¢ t
0.6 0.7 0.8 0.9 1 1.1
Stiochiometric Ratio (SR2)

Figure 3.10 Comparison of the influence of the updated reaction mechanism over the previous
reaction scheme on NO exit concentration in NO reburning with methane and acetylene as
reburn fuel (90/10 composition)
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Figure 3.11 Comparison of the influence of the updated reaction mechanism over the previous
reaction scheme on HCN exit concentration in NO reburning with methane/acetylene as
reburn fuel (90/10 composition)
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Figure 3.12 Comparison of the influence of the updated reaction mechanism over the previous
reaction scheme on NH, exit concentration in NO reburning with methane/acetylene as reburn
fuel (90/10 composition)
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3.6 Results on NO Reburning with Methane and Ammonia

Computer modeling efforts were focussed then on NO reburning with a combination
of methane and ammonia, the results of which are displayed in Figures 3.13 through 3.16.
The updated reaction scheme was employed to run the CKINTERP program. Using the
binary file created by executing the above program and the input SR2 conditions, the
CHEMKIN package predicted the exit concentrations of various species involved in NO
reburning. Asin the case of methane/acetylene, the legends in Figures 3.13 through 3.16
describe the reburn fuel composition between methane and ammonia. A typica CH,/NHj:
96/4 combination at SR2=0.9 would represent the initial concentration of the flue gas as
2.11% CH, 0.0877% NH,, 16.45% CO,, 1.89% O,, 1000 ppm NO and 79.366% N,/He.
The program was run for varying SR2 conditions for a fixed reburn composition and the
entire process was repeated for various reburn fuel compositions. Unlike in the case of
CH,/C,H,, NO reburning with CH,/NH, resulted in some N,O formation. Figures 3.13
through 3.16 depict the exit concentrations of significant nitrogen containing species, namely
NO, HCN, NH;, N,O for SR2 range of 0.7 to 1.05 and for various combinations of
methane/ammonia. The residence time is 0.2 s and the reactor temperature is 1373 K for
these runs.

From Fig. 3.13, it can be observed that the NO concentration has decreased
congderably for 96/4 composition of CH,/NH; This result looks very promising. The NO

exit concentration for 100% methane reburning ranges 46-250 ppm while the composition

a7



with 4% ammonia brings the concentration to 6-25 ppm. This can be a very significant
reduction strategy.

Figure 3.14 shows that the HCN concentration drops considerably from 690-830 ppm
range to 340-570 ppm range for SR2 values 0.7 to 0.9 with the introduction of 4% ammonia
as reburn fuel. As mentioned earlier, HCN is highly unstable at high temperatures and its
recovery is reported to be 30% at 1100 C for a residence time of 1 s (Song et a, 1982).
From Fig. 3.15, we can observe an increase in ammonia concentration for the above SR2
range; the NH, concentration at SR2=0.9 is 157 ppm for CH,/NH,: 96/4 while it is 39 ppm
for 100% CH, reburning. Thislevel of exiting ammonia can be easily handled in the burnout
zone where NH,+O,2N,+H,0O. There is very little increase of N,O at SR2=0.9 due to

addition of ammoniain the reburn fuel, as seen in Fig. 3.16.
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Figure 3.13 Effect of methane/ammonia composition on NO exit concentration in NO
reburning (Input NO Concentration: 1000 ppm; Reactor Temperature: 1373 K; Residence
Time: 0.2 9)
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Figure 3.14 Effect of methane/ammonia composition on HCN exit concentration in NO
reburning (Input NO Concentration: 1000 ppm; Reactor Temperature: 1373 K; Residence

Time: 0.2 9)

Figure 3.15 Effect of methane/ammonia composition on NH, exit concentration in NO
reburning (Input NO Concentration: 1000 ppm; Reactor Temperature: 1373 K; Residence

Time: 0.2 9)
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Figure 3.16 Effect of methane/ammonia composition on N,O exit concentration in NO
reburning (Input NO Concentration: 1000 ppm; Reactor Temperature: 1373 K; Residence
Time: 0.2 9)

3.7 Summary

On the whole for 96% methane and 4% ammonia, the best operating point will be
SR2=0.9. Comparing its effect with 100% methane as reburn fuel, the NO concentration
reduced from 46 ppm to 6 ppm out of the initialy fed 1000 ppm. While HCN concentration
reduced from 830 ppm to 570 ppm, ammonia concentration increased from 40 ppm to 160
ppm. Thistrend could be due to trace amounts of unreacted ammonia slippage through the
reburning zone. Also, the reduction seen in HCN could have reflected on anmoniaincrease
through the series reaction NO>HCN->NH,. Theincreasein N,O is negligible (0.24 ppm
to 1.33 ppm) and is well within the state and federa limits.

On the whole for 90% methane and 10% acetylene the best operating point will be
SR2=0.9 as well. Comparing with the results of 100% methane reburning, the NO

concentration has decreased from 46 ppm to 7 ppm from the initially fed 1000 ppm; the HCN
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concentration increased dightly from 833 ppm to 864 ppm and the NH, increased from 33
ppm to 47 ppm. Considering the high instability at high temperatures and the burnout zone
reactions the HCN could be easily handled. Likewise, ammoniawill be converted to nitrogen
and water in the burnout zone and hence would not be a problem. The N,O levd is
practicaly insignificant for both cases, either 100 % methane or 90% methane/ 10%
acetylene.

The above observations would point to the fact that the presence of ammonia almost
brings NO=>HCN to completion and at the same time greeatly favors HCN->NH,. That iswhy
we see alittle more ammonia formation and less HCN concentration. The presence of 10%
acetylene greatly favors the completion of NO->HCN but favors the HCN =NH; very little.
That iswhy we observe increased HCN concentration and insignificant increase in ammonia
concentration.

The above findings led us to the experimental and these predictions/trends were
subsequently verified at the experimenta facility, designed and built on the Rust College

campus under this grant instrument.
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Chapter 1V

EXPERIMENTAL DESIGN AND TESTING FACILITY

Technica discussions with the then project officer Dr. Lori Gould and Mr. James
Ekmann at Pittsburgh Center coupled with the preliminary computer predictions guided the
research team to carefully design the experimental work under this grant instrument. This
chapter focuses on the experimentd design and testing facility. Chapter V' presents the results
of the experimental studies undertaken as aresult of careful and thoughtful planning by the

research team and the DOE personnel.

4.1 Choice of Reactor

Many experimental techniques including shock tubes, stirred reactors, turbulent
reactors have been consdered. Because of physical equipment and processes involved, each
of the above had its own merits and de-merits. Shock tubes are accurate with temperature
and reaction time determinations but the actual reaction time achievable in a shock tube is
very short (1 to 2.5 ms) compared to industrial furnaces. Also, in order to have consistent
concentration, the analysis techniques require certain gas volume which may be a constraint
with ashock tube. The stirred reactors have the merit of reaction getting to completion but
strong back mixing will not be representative of the species found in an actual reburning
gtuation. The actual reburning conditions can be met in large scale turbulent reactors since
the dimensional and kinetic similarity can be maintained. However, there are lot of
uncertainty factors such as (laminar or turbulent) nature of the flows, species concentration

coupled with mixing influences and profiles of temperature which can not be properly defined



and hence meaningful analysis/conclusions can not be arrived at.

The reactor chosen for study is a plug flow tubular reactor, 1.885 cm ID, 65 cm
length, assuming straight line velocity and temperature profiles. We chose to conduct
experiments with the laminar flow reactor for the following reasons:

a) This reactor represents the actual reburning environments.

b) The experimenta conditions are similar to actual industrial furnaces.

¢) The low Reynolds number (20.6 < 2100; as shown in the reactor design, Section 4.2)
ensures laminar flow; so, turbulent effects can be neglected.

d) The furnace can maintain the reaction temperature of 1100 C and it can reproduce the
same temperature for subsequent experiments for comparison.

€) Other researchers have used some of the design practices proposed and have successfully
carried out their experiments. For example,

I) Levy et d. (1981) used Helium as diluent gas; used temperatures of 1250-1750 K; used
laminar flow tubular reactor; used smilar cod (feeding) entrainment media and the same point
of injection as ours.

ii) Chen et a. (1989) employed SR1=1.1; used residence time of 0.4 s; used gas washing
method and specific ion electrodes to measure HCN and NH, species.

The gases from cylinders are metered through rotameters and mixed in the buffer
chamber so that the gas mixture represents the flue gas from the primary combustion zone,
characterized by stoichiometric ratio SR1. Then the gaseous mixture is passed through the
reactor where reburning fuel is injected and the gaseous mixture would then be at the

reburning stoichiometric ratio, SR2. The NO from combustion zone will be reduced to N,
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and CO, through a series of chemical reactions (250 odd reactions). Using this reactor, we
devel oped data such as NO, reduction by reburning with methane, a combination of methane
and acetylene and non-selective catalytic reduction with ammonia and conducted a host of
other heterogeneous combustion tests.

To prove the device yields information of desired quality, we first tested if CH,
reburning resulted in similar NO reduction, as reported by previous researchers and upon

confirmation only, we proceeded to other tests planned under this grant instrument.

4.2 Reactor Design

Plug flow tubular ceramic reactor (1.885 cm |.D and 65 cm length, AD-998 alumina tube,
Coors Ceramic).

Central portion of the reactor is enclosed in a 30 cm long, electrically heated laboratory tube

furnace (Lyndberg Minimite Model 55035A).

SR2=0.9:
Gas Volume Density, g/cc | Weight,
Flow, cc/min g/min

CO, 321 0.0019768 6.35E-01

o, 36.8 0.0014289 5.26E-02

N, /He 1549 1.769E-04 2.74E-01

NO 1.91 0.00134 2.56E-03
CH, 41.7 7.167E-04 2.99E-02

Weight of the gas mixture, w,,;, = 0.9936 g/min.

Average molecular weight of the mixture= )’ (%vol (g-mole) * M.W.=11.392 g/g-mole
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Mixture density (273 K, 1 atm)= Avg. M.W./Moal. Vol. =11.392/22.4E03= 5.086E-04 g/cc
Volumetric rate of the gas mixture at 273 K= W,;, /pix = 1954 cc/min.

Volumetric flow rate of the gas at 1100 C= 1954* 1373/273 = 9826 cc/min.

A residencetime of 0.2 secondsis typical for reburning zone. Therefore, the volume flow in
0.2 seconds is 9826*0.2/60 = 32.75 cc. For atubular flow reactor, (n/4) d?l = 32.75 cc.
Assuming 1" O.D. and using Sch. 80 the inside diameter is 0.742", that is 1.885 cm.
Therefore, the length of the reactor where T=1100 C is 32.75* 4/(n* 1.885%)=11.74 cm.
Lyndberg assured that it could offer its model (55035 A) which has areactor O.D. of 1" and
it promised 1100 C for 12 cm length of reactor. So, we planned to use the above reactor with
55035A Lyndberg Minimite furnace.

Central portion of the reactor surrounded by the furnace:

| | 1100C | | 1.885 cm
I I | |1.D
9.125cm 11.75cm 9.125 cm

Lyndberg Minimite furnace keeps the 11.75 cm of heated length at 1100 C.

Mention must be made that our experiments were performed with gas in the reactor
at 1100 C and we ensured the feasibility by buying a 1200 C Thermolyne tube furnace
(F21135) in stead of a 1100 C Minimite furnace while purchasing the furnace. This
Thermolyne tube furnace was purchased from Pacific Combustion Engineering Company.
This furnace has one set point control in the middle portion of the process tube (made of

mullite) that maintained a temperature upto 1200 + 5 C for alength of 10 cm.
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Residence time calculation in the heating zone of the reactor

From the reactor design calculations, we find the volume rate of the gas mixture as 9826
cc/min a 1100 C. For a given reactor cross-sectional area, this would mean 9826/
(m/4)1.885%= 3521 cymin of linear velocity. To cover 9.125 cm of reactor length, it would
take 9.125*60/3521 =0.1555 s. The heating time of_0.0477 s (See rate of gas heating
calculations, Section 4.3) is< 0.1555 s. So the gas can easily get heated to 1373 K.

Reynolds Number

Volumetric flow of gasat 1100 C (asin the previous section), V= 9826 cc/min
Cross-sectional Area of the reactor tube, A= wt/4 (1.885E-02)? n?
Velocity, v = V/A = 35.21 m/min = 58.68 cm/s

Density of the gas mixture at 1100 C, p,ix = Wiy /V iy =0.9936/9826= 1.011E-04 g/cc

At SR2=0.9
Gas Percent Composition, | Absolute Viscosity,u
X % g/m-sec
Carbon Dioxide 16.45 0.057
Oxygen 1.89 0.061
Helium 79.43 0.054
Nitric Oxide 0.1 0.054
Methane 214 0.038

Viscosity of the mixture, p,= Y Xp/ Y x = 5.43E-02 g/m-sec

Since the species are dl in the gas phase, the viscosities of which are very negligible (W,

=0.00543 g/m-s), we will ignore any wall effects, sinceit is also going to be negligible.

Reynolds Number, Re=D v p,;, / Hyix = 20.6
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Since Re < 2100 for aflow of afluid through a circular tube, we can conclude that the flow
is laminar.

Mixing Chamber

The mixing chamber isjust to prevent any surge inside the reactor and to create some
back pressurein order to meter consistent and steady flow of various gases through various
rotameters. The mixing chamber was made of stainless steel. The chamber was designed to
provide 10 seconds of flow rate buffer capacity i.e 1950 cc/min* (10/60) =325 cc. Assuming
5 cm diameter, the length is 10 cm. This SS buffer tank was manufactured by M.K.

Fabrication.

4.3 Rate of Gas Heating

Rate of gas heating calculations were performed using the radiative heat transfer to
the gas mixture. However, another calculation was aso performed based on pure convection
since Mr. Ekmann insisted that the model not include radiation to verify whether the gas
actually gets heated to the desired temperature within the time of its residence. Both methods
yielded favorable result. The details are presented below.

4.3.1 Radiative heat transfer to the gas mixture

Heat gained by the gas mixture = Heat given by the radiative element (furnace walls)

mC,dT=0Ae(T,,~T*)dt

Upon rearranging,
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oAe To-T 4

where T,, is 1373 K and the integral limits are from 288 K (initial temperature of the gas
mixture) to 1372 K (the temperature to which gas needs to be heated).

Also, mass of the mixture, m equals 2.26E-07 kg-mol (1 g/min divided by the M.W of the
mixture, 11.4 times 0.1555 ¢/ 60 s times 1E-03 for kg/g conversion).

The Stefan-Boltzmann constant is 5.669E-08 W/m? /K*; emissivity of ceramic is 0.3 and
surface area, A is given by m (.01885) (0.09125) m?.

C, of the gas mixture is 4.915+2.584E-03 T-1.6E-06 T +3.92E-10 T° kcal/kg-mol/K

The integral now becomes:

cdr 2 3
(=2 _2.915(—9T > 584F 0371971 6 059" .3.92E 10/ 9"
T,-T* T,-T* T,-T* T,-T* T,-T*

Upon integration this resolves to the following to which the integration limits (288 K to 1323
K or whichever T chosen) are to be applied.
T,T

1 [In +2arctanl]
417 Ty T Ty

4.915%

T +T
L [In—= +2arctanl]

w w w

-1.6E-06+*
4
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+3.92E 10+ —%In[T; T

T2+T?2
12In V;
4T, T,-T?

+2.584E-03*

Upon gpplying integration limits it is found that it takes 0.0477 seconds to heat the gas from
288 K to 1372 K which is very encouraging to the use of this particular reactor. Referring
to the residence time caculation in the heating zone of the reactor (Section 4.2), it would take
0.1555 sfor the gas at 1100 C to travel 9.125 cm moving a 59 cm/s. The time required to

heat the gas from 288 K to 1372 K is 0.0477 s << 0.1555 s. So the gas will be at the

appropriate temperature (1373 K) when it enters the reburning zone.

4.3.2 Heat transfer by convection

Question: Without radiation into account, for a laminar flow, what length of the tube is
needed such that the exit bulk temperature of the gasis 1323 K? Take inlet temperature of
the gas mixture as 273 K. The wall temperature is 1373 K (furnace temperature).

Velocity of the gas mixture, v= 0.5868 m/s

Diameter of the tube, d=0.01885 m

T, =1373K

v | d |
I I

T,,=273K T,,=1323K
L=
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The heat transfer balance is given by

T,,+T
q = h ndL (TW—%) =mc, (T, Ty

Substituting temperatures and the diameter, this smplifies to:

31.09hL =1050mec,

The quantities m and ¢, need to be calculated based on mean temperature (T,

mean) =0.5(T,+T,,)= 798 K.

The composition of the gaseous mixture at SR2=0.9 along with various properties at 800 K

is given below.

Gas % comp. Density Viscosity Specific heat thermal conductivity
kg/m? kg/m-s J/ikg-C W/m-C

CO, 1645 0.671 3.39 E-05 1126 0.0560

o, 1.89 0.488 4.21 E-05 1054 0.0603

CH, 214 0.2446 2.40 E-05 3936 0.1046

He 7943 0.061 3.88 E-05 5197 0.3070

NO 0.1 (Negligible influence on the mixture properties)

Mixture 0.07467 3.774E-05 44226 0.2567

Properties

mass flow rate, m=r (pd?/4) v=.07467* (p*.01885%4)* 0.5868= 1.2228E-05 kg/s
The heat balance equation becomes upon substituting m and ¢,
hL =1.8264 W/m-C
Reynolds Number, Re, = r vd/m= .07467* .5868* .01885/3.774E-05= 21.885
This confirms the laminar flow assumption.

Prandtl Number=nt /k=0.65
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Peclet Number, Pe= Re,Pr=14.225
Hausen has devel oped the following formulafor the Nussalt Number (N, ) for fully developed
laminar flow with constant wall temperature scenario which isvalid for all ranges of Peclet

Number* (d/L).

0.0668 Pe%

N, = 3.66 +

1+0.04 (Pe%)é

Since heat transfer coefficient, h is dependent on the length, L, let us choose a particular
length, find h and calculate L based on the heat transfer balance equation, h L=1.8264.
Reiterate the procedure until L converges to the actual length needed to heat the gasin the
tube to the desired temperature.

Choose L=5cm=0.05m

Pe d/L = 14.225*0.01885/0.05 =5.363

Nu,=3.979

h= Nuyk/d=3.979* 0.2567/0.01885=54.19 W/m?*-C

Therefore L=1.8264/h= 1.8264/54.19= 0.0337 m= 3.37 cm

Reiterate:

Pe d/L=7.9556 Nu,=4.1184 h=56.08 W/m?*-C L=.0326 m =3.26 cm
Reiterate:

Pe d/L=8.2339 Nu,=4.1329 h=56.28 W/m*-C L=.03245m =3.25cm

We thusfind that the length of the tubular reactor needed to heet the gas entering at a velocity
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of 0.5868 m/sfrom 273 K to 1323 K, with wall temperature maintained at 1373 K is 3.25 cm.
Also, the time taken to achieve this heating is very small (0.0325 m divided by 0.5868 m/s):
0.0553s.

One of the key issues in the design was to make provision for measurement of gas
temperature in the reactor at least after the gas has traversed the furnace length. In this way,
we would measure the exit temperature of the gas, still in the reactor but outside the furnace
portion. Hence the Coors ceramic reactor length of 65 cm was ideal to accommodate this
measurement. A transition joint probe (TJ36-CAIN-316U-12) aong with HH12 digital
thermometer (thermocouple readout) for use in measuring the gas temperature in the reactor
(exiting the furnace) were purchased from Omega Engineering. Due to the brittle nature of
the ceramic reactor, both in terms of fixing end connections and with respect to
accommodating thermocouple insertion, we sought the expertise of M.K Fabrication, which

did an excellent job.

4.4 Other Design Concerns

a) Are catalytic effects probably negligible for PC firing?

Burch et d. (1991) reported that lignite, char, ash reduce NO from 1000 ppm to <50
ppm at pulverized coa combustion conditions. They reported also that lignite ash contains
a mgor portion of CaO (28.2%), Barium (6570 ppm) and Strontium (4900 ppm). They
suggested that these seem to be the most likely candidates for catalysts. The kind of reduction
reported is not negligible and suggests that catalytic effects can be significant. Consequently

in this work, surface catalyzed reburning has been shown to be a viable method to enhance
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NO, reduction by methane (Chapter V, Section 5.2.3).

b) Will the use of helium to adjust the heating rate, due to its lower thermal capacity. remove

the study from realistic conditions?

Helium is used in this experiment for blending the gas (dilution) and to get the
required flow rate of 1950 cc/min . The main reason heliumis used is to minimize the heating
time. Furthermore, helium similar to nitrogen is inert and hence will not remove the study
from redigtic conditions. As mentioned earlier, the smulated flue gas will consist of helium
base producing rapid heating and cooling. Usually industries use 10% excess air to burn the
coa completely. We assumed the same 10% excess O, and obtained the smulated flue gas
composition: pure CO, - 327.67 cc/min, pure O, - 37.62 cc/min and NO- 1.95 cc/min. We
assumed the primary zone fuel to be Pittsburgh coal. Upon our calculation, energy required
to heat 1 kg-mol of gas mixture from 25 C to 1100 C with Helium as the diluent gas is 6585
kcal where as the heat required to do the same with N, as diluent gasis 8611 kcal. So, in
order to heat the gas mixture with N, as diluent, we need 30% more heat energy and hence
more heating time. Also, helium has been used as diluent gas by the following researchers,
to cite afew.

I. Levy, JM., L.K. Chan, A.F.Sarofim and J.M.Beer (1981) and

ii. Singoredjo, L., F. Kapteijn, JA. Moulijn and H.P. Boehm (1993).
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4.5 NO, Analyzer

The NO, analyzer was purchased from California Analytical Instruments Inc. (Model
300 CLD). Thismeasures 8 ranges of ppm from as low as 0-3 ppm range to as high as O-
30,000 ppm range. This utilizes the chemiilluminiscent method of determination of nitrogen
oxidesin asample gas. The ultraviolet reaction of cylinder air produces molecular ozone,
which in turn, converts the NO in the sample to NO, by gas phase oxidation. Typicaly, 10-
15% of NO, molecules are dlevated to an electronically excited state and reversion to a non-
excited state resultsin emission of photons. The photons impinge on a photo diode detector
that generates a DC voltage directly proportiona to the NO contained in the sample gas. This
current isamplified and presented to recorder output in ppm. For NO,, the sample is routed
to the NO, converter where NO, is dissociated to NO and theresfter, the photo diode detector

analyzes the sample.

4.6 Other Instruments of the Experimental Setup

Gas cylinders (He, O,/He, CH,/He, C,H,/He, CO,, NH,/He, NO/He) and
corresponding pressure regulators were purchased from Mid-South Oxygen Company/
NexAir. The gasregulators for anmoniaand NO cylinders must have non-corrosive passage
and hence were to be made of stainless steel in stead of the commonly used brass. The team
had to negotiate with various vendors on the prices of these items before making a final
decision to go with the Mid-South Oxygen. All the cylinders were properly placed in chains
and safety was ensured around the bench facility.

Flow meters for each gas (K-74 series rotameters) were purchased from King

64



Instrument Company. They were fixed to a panel and connected to a manifold through
which the gas mixture was passed onto the buffer chamber.

Other supplies such as safety items, gas drying jar (drier) and desiccant (drierite) were
purchased from Fisher Scientific; some of chemicals were purchased from Fisher while some
others were bought from Aldrich; accessories such as ferrules, Teflon tubing were purchased
from with McMaster Carr. The research team requested and received several coal samples

for use from the DOE’s Coa Samples Data Bank at PennState.

4.7 Testing Facility

Seven gas cylinders (He pure, 20.1% O,/balance He, CO, pure, 20.1% CH,/ balance
He, 2.19% C,H,/ balance He, 0.352% NO/ balance He, 0.36% NH,/ balance He), fitted with
respective pressure regulators were placed in safety by a chain. The pressure regulators for
ammonia and nitric oxide had to be stainless steel due the corrosive nature of the gases. A
quarter inch teflon tubing was employed for all connections. Using the proper Swage-lok
fittings and ferrules, the gas cylinders were connected to the inlet of respective flow meters.
The flow meters employed were of K-74 series purchased from King Instrument Company.
The ball vaves for Oxygen and NO flow were made of stainless stedl, the valves for CO, and
helium were made of sapphire and the others were made of carboloy. All these were chosen
to suit the desired flow rates through the respective flow meters. Figure 4.1 shows the front

view of the panel on which the seven flow meters were fitted.
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Figure 4.1 Front view of the panel mounted with flow meters

Figure 4.2 illustrates the process of mixing of the gases from the seven cylinders
before the gas mixture enters the reactor. Firg, dl the gases, upon leaving the respective flow
meters enter into the stainless steel manifold. However, in order to ensure homogeneous
mixing, the gas mixture is drawn into a stainless steel chamber from the manifold. This
chamber acts as the buffer vessal where proper mixing takes place. Then the gas mixtureis
led to the reactor inlet through teflon tubing. Figure 4.3 shows the side view of the panel on

which not only the flow meters but also the buffer vessel was mounted.
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Figure 4.3 Side view of the pandl showing flow meters, manifold and buffer vessel
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Thetubing isof 0.25" diaand the ceramic reactor isof 1" OD. Obvioudy we required
ceramic tube adaptors on both ends of the reactor. Figure 4.4 shows the details of the inlet
end adaptor. Notice the provision for coa injection. Upon finishing the reburning

experiments with homogeneous gas mixture, we tested various coals as reburn fuel.
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Figure 4.4 Ceramic reactor inlet end adaptor with leak proof connections

Figure 4.5 shows a similar adaptor for the exhaust end of the ceramic reactor.
However, while one fitting was set for the gas flow, the other was adjusted for 3/16"
thermocouple insertion. The Omega high temperature probe measured the gas temperature
in the reactor about 3" inside the furnace. The ceramic reactor which is 26" long, was
enclosed by a 1200 C Thermolyne furnace (15.5") in its middle portion. The reactor-furnace
assembly was gtationed horizontally for convenience during reburning with methane, acetylene
and ammonia. It was held vertically for heterogeneous reactions with coal reburning. The

temperature probe was connected to a HH12 digital thermometer.
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Figure 4.5 i Ceramic

reactor exhaust end adaptor with the thermocouple

The gas at the exhaust end of the reactor isled to the NO, Analyzer via gas dryer.
The dryer ensuresremova of moisture. The tubing was ensured to be of sufficient length to
cool the gas mixture to the temperature range acceptable for the operation of the analyzer.
Remember, the analyzer is the costliest piece of equipment. The anayzer needs oxygen
supply for the ozonator which is accommodated from the same oxygen cylinder used in the
reburning experiments by employing a T connection. The gas, upon analysis, leaves the
analyzer and vents through the exhaust of the building.

Certain changes were made in the design while building the cod feeder. Incorporating
al the design requirements, the coal feeder and the feeding mechanism were constructed by

M.K Fabrication. Presented herein are the details of the coal feeder and its operation.
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4.8 Design and Operation of the Coal Feeder

The purpose of the coa feeder isto feed pulverized cod at low rates. A very practical
coa feeder has been designed and documented by Burch et d. (1991b) to feed pulverized coal
at auniform feed rate. The uniform feeding is achieved by pneumatically stripping the coal
particles. Following this design, we incorporated a variable speed motor to yield varying
feed rates that accommodate smooth feeding of a variety of coa samples. The construction
was done by M.K Fabrication. Upon receiving the cod feeder, we modified the reactor setup
to have the cod feeder on a stand directly above the reactor to ensure proper passage of coal
through the inside of the reactor.

The coa feeder essentidly congists of 1/4" solid rod called as a piston and a 1/8" dia.
Stainless steel tube locked together (to prevent deflection when the carriage mechanism
moves up and down). This piston and feed tube is housed in a¥%"' dia. plexi-glass chamber.
Cod is stored in this plexi-glass chamber. The glass chamber, in turn, ishousedin 1" dia
SS tube with O-rings at the end to give atight seal. The 1" SStube isfixed onto adriving
mechanism by means of awing nut. This driving mechanism is moved up and down by a
motor using alove-joy coupling. The polarity of the motor can be reversed to make it move
up and down. As the driving mechanism moves up and down, the coal feeder attached to it
will tend to follow the same course. In order for the gas connection in and out to the coal
feeder not to get disconnected and in order to ensure uniform feeding of coal, the movement
of coal feeder tube is arrested by a collar pin locked against solid bar of drive mechanism.
This provides thrust for the piston rod and feed tube to slide against the SS tube housing

through a Teflon ferrule. The Teflon ferrule alows movement of piston and feed tube as well
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as provide leak tight connection at both ends of the coal feeder. The detailed features of the
feeder and the feeding mechanism are shown in Figures 4.6 and 4.7. The partsarelisted in
Table4.1.

Table4.1. Lig of parts used in the building of the coa feeder and the coa feeding mechanism

key part# manufacturer description

1 1A417 Dayton shaft coupler body

2 4X176 Dayton shaft coupler body

3 1X409 Dayton shaft coupler insert

4 generic 5" stainless polished rod
5 2X567 Dayton pillow block bearing

6 4X727 Dayton center bearing

7 generic piston 1/4" rod

8 generic glass tube 2" od

9 generic glass tube shield

10 generic drive screw %2"x20 NC
11 2X568 Dayton 5" shaft collar

12 2X735 Dayton 1/4" shaft collar

13 47536 Dayton gear motor

14 6A191 Dayton speed controller

15 generic switch 2 pole double throw
16 swagelock 15" Swagelock nut

17 swagelock 5" Swagelock connector
18 swagelock 15" Teflon ferrule

19 swagelock 4"x1/4" Swagelock reducer
20 swagelock 1/4" OD stainless tube
21 swagelock 5" Swagelock tee
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Figure 4.7 Coal feeder details

The gases such as He, CO, are allowed to enter the coal feeder at the top, strip the
coal particles from the bed and feed it into the SS feed tube (1/8"). The coa particles have
to be carefully ground to 40 micronsto 200 microns, in order for the stripping to be effective.
It is necessary that the coal bed is just below the feed hole in the feed tube at any point in

time. The locked-in piston will not alow the feed tube to deflect.
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Depending on the stoichiometry, the amperage to the motor is adjusted which in turn
allows the motor to rotate at a specific speed. Thisin turn rotates the driving mechanism
which in turn will try to move the coal feeder up. Since the coal feeder movement is
restricted by the collar pin, it thereby drives the coal feeder housing, up the piston and the
feed tube. So the movement of the piston should be exactly equa to the rate at which the
coal isfed in order to maintain the feed tube's hole just right above the coa bed. Various
feed stoichiometry can be achieved by driving the coal feeder mechanism accordingly and by

maintaining necessary gas feed enough to cause coal particle stripping.

4.9 Challenges

The entire experimentd activity was chdlenging for the research team. Just when the
coal feeder begins to do what it is supposed to do, the analyzer wouldn't operate properly.
The U-V lamp (ozone lamp) in the NO, analyzer failed time and again despite al the care we
have taken to comply with the conditions under which the analyzer must be operated. The
manufacturer (California Analytical Instruments) introduced a new style U-V lamp that
allowed for greater ozone output and hoped that failures may not reoccur. It turned out that
the circuit boards designed could not function well with the new style lamp; the blow-out
occurred in less than two hours due to excessive heat. The manufacturer reverted to previous
style ozonator setup and believed that the analyzer would function properly. At times, the
work was greatly hampered and yet, we persisted with the research patiently working with
the manufacturer in getting the analyzer repaired whenever we needed. In the personal

opinion of the PI, while he appreciates the manufacturer for the repair work, he would not
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suggest other DOE researchers to purchase analyzers from this manufacturer.

The attempt to vary the coa feeding rate was limited by the length of the solid piston
rod and in time the piston rod was replaced. However, it was observed that the coal feeder
was not feeding properly. Seeing the bending of the feeder, it was decided to drill larger holes
at both ends of the carriage mechanism where the coa feeder is mounted. The wing nut
would till do the locking. It seemed to work well preventing deflection when the carriage
mechanism moved up and down. Soon came the problem of broken plexi-glass chamber in
which the piston and the feed tube are housed. Two pieces of the plexi-glass chamber were
purchased through M.K Fabrication. Assembling the coa feeder mechanism again, the coal
feeder was tested for its operation. The motor was turned on and rotation was observed at
the love-joy coupling but the driving mechanism was not moving up and down. Expecting
the coupler inserts were not acting properly, they were replaced and the feeder mechanism
was tested. Even the collar shaft was replaced. After alot of trials to fix the coa feeder
mechaniam, it was determined that the coal feeder had a defective part only the builder could
repair. The nut fitting had been mafunctioning and the threaded shaft moving the coal feeder
mechanism up and down was getting deformed. Hence the coal feeder was not feeding
properly. The feeder was fixed by M.K Fabrication again and there were no more problems
with its performance. Any problems with coal stripping were solved by adding silica gel to
the cod/catayst particles. Such chdlenges are dways the teaching tools in research and these
are presented to benefit the research community in general.

The next chapter details the experimental studies conducted and the pertinent results

of those studies.
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Chapter V

EXPERIMENTAL STUDIES

This chapter addresses the experimenta results obtained at Rust College Test Facility
described in detail in Chapter 1V. At first, the NO, reduction strategy involved reburning
technology using the homogeneous, gas-phase reactions of NO with reburn fuels such as
methane, acetylene and ammonia. The results pertaining to these homogeneous reactions are
discussed in Section 5.1. Upon verifying the results with the computer simulation predictions
(Chapter 111), the research team set out to conduct heterogeneous reactions with various
types of coad samples, char and surface catdysts, namely calcium carbide and calcium sulfide.
These experiments involved reburning with coal, char gasification and surface catalyzed
reburning the results of which are presented in Section 5.2. These results shed quite alot of

attraction for various methods as significant NO, reduction technologies.

5.1 Homogeneous Reactionsin NO, Reduction

Discussed in this section are the results of various reburning tests, namely, NO reburning with
methane, NO reburning with a combination of methane and acetylene and NO reburning with
a combination of methane and ammonia

5.1.1 Experimental results on NO reburning with methane

As many as 15 runs were conducted on nitric oxide reburning with methane. First, oxygen
supply was initiated so as to allow flow into NO, analyzer. While allowing the analyzer to
warm up, the furnace was also turned on and with its temperature set point control, a

particular furnace temperature was set. Slowly, helium and carbon dioxide cylinders were



opened and the flow levels calculated for a particular reburning stoichiometric ratio (SR2)
were set. Similarly, the nitric oxide flow was adjusted so as to read 1000 ppm on the NO,
anayzer digital readout. The Omega probe measured the gas temperature inside the reactor
which was read on the thermometer readout. When all the flow parameters were stable,
methane was introduced according to the calculated flow rate for the particular SR2 in
question. Instantly, the NO, output decreased and once it reached a steady value, the reading
was recorded. A constant check on gas leaks was crucial to the success of the experiment.

When the furnace temperature was set as 1130 C, the gas temperature 3" inside the
reactor read 1092 C. The experiment was performed for five SR2 values, namely, 0.8, 0.85,
0.9, 0.95 and 1.0. Thetotal flow rate of the gas mixture was 1950 cc/min. Given in Table
5.1 are the various flow rates of different gases for NO reburning with methane. Table 5.2
lists the actual flow rates, adjusted due to the varying gas proportions in the cylinders such
as oxygen/He, methane/He and NO/He. These were calibrated for rotameter scales and fed
into the flow meters. The steady readings on the NO, analyzer before addition of methane
and after addition of methane were recorded. The experimental results are shown in Table
5.3.

Table 5.1 Simulated flow rates of various gases for NO reburning with methane

SR2 CO, 0, CH, NO He
0.8 315.9 36.3 69.9 1.95 1526.0

0.85 318.4 36.8 55.1 1.95 1538.0
0.9 320.7 37.0 417 1.95 1548.9

0.95 322.7 37.3 29.6 1.95 1558.7
10 324.6 37.5 185 1.95 1567.7
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Table 5.2 Adjusted flow rates due to varying gas proportions in the cylinders for NO

reburning with methane

SR2 CO, o, CH, NO He
0.8 315.9 180.4 347.6 553.4 1526.0

0.85 318.4 181.8 273.9 553.4 1538.0
0.9 320.7 183.1 207.4 553.4 1548.9

0.95 322.7 184.3 147.2 553.4 1558.7
10 324.6 185.4 92.2 553.4 1567.7

Later, the furnace temperature was adjusted to the maximum, that is, 1200 C which
maintained the gas temperature as 1153 C. Five runs were conducted at this set temperature
for the flow rates mentioned above (five SR2 conditions). Similar procedure was repeated
for another temperature setting with furnace temperature of 1050 C and reaction temperature

of 1010 C. All theresults are summarized in Table 5.3.

Table 5.3 Experimental results on NO reburning with methane

Reburning Furnace T 1200 C Furnace T 1130C Furnace T 1050 C

SR2 GasT 1153C GasT 1092 C GasT 1010C
NOin NO out NOin NO out NOin NO out

0.8 998 5 1012 14 914 89
0.85 963 3.7 1018 10.3 922 72
0.9 960 2 1012 6 941 55
0.95 955 449 956 270 944 352
1.0 945 777 1018 852 1027 830

NO concentrations are measured in ppm.
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It is apparent from Table 5.3 that the reburning stoichiometric ratio in the
neighborhood of 0.9 is optimum for nitric oxide reduction and this result is agreeing with the
predictions reported earlier in this research work (Chapter I11). Similarly, the reaction
temperature of about 1100 C as reported in the numerica smulation is verified to be optimum
for NO reduction. The reduction at 1092 C as well as 1153 C is significant compared to
reduction at 1010 C. In fact, these experimenta results indicate better reduction than the
predicted vaues, for example, a maximum reduction of 46 ppm was predicted at SR2=0.9 for
NO reburning with methane a 1100 C while the experiment showed the NO reduction to be
6 ppm a 1092 C for the same SR2. These results are very encouraging for further
investigation on reburning effectiveness of various fuels, in both homogeneous and
heterogeneous reaction setting.

Extensive calculations were carried out on the reactor design (as shown in Chapter
V) to andytically verify the prediction that the gas will attain a temperature of 1100 C inside
the reactor. It was experimentally verified during NO reburning with methane, as aready
pointed out earlier and shown in Table 5.3. The gas temperature inside the reactor measured
3" indde the furnace (or approximately 5" from the center of the furnace length) is about 40-
50 C lower. Hence, the gas temperature could even be only 20 C lower at the middle portion
of the furnace/reactor. The measurement of gas temperature served as an important tool in

establishing the proper reaction conditions in nitric oxide reburning.
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5.1.2 Experimental results on NO reburning with methane/ acetylene

Presented herein are the experimentd results of NO reburning with methane/acetylene.
The results are consistent with mode predictions presented in Chapter 111. The experimental
procedure employed for nitric oxide reburning with methane/acetylene was very similar to the
one employed for reburning with methane. First, the furnace was turned on and with its
temperature set point control, afurnace temperature in the neighborhood of 1140 C was set.
Slowly, helium, oxygen and carbon dioxide cylinders were opened and the flow levels
calculated for a particular reburning stoichiometric ratio (SR2) were set. Oxygen
smultaneoudly flowed through the NOx analyzer. The analyzer was turned on and allowed
to warm up. The parameters on the analyzer were checked until they reached the normal
operating conditions. Then, the nitric oxide flow was adjusted to 1000 ppm which was
expressed on the NOx analyzer digita readout. The Omega probe measured the gas
temperature insde the reactor which was digitized on the thermometer readout. The furnace
temperature was adjusted dightly so as to maintain the reactor gas temperature at 1100 C.
When dl the flow parameters were stable, methane and acetylene were introduced according
to the calculated flow rate for the particular SR2 in question. Instantly, the NOx output
decreased and once it reached a steady value, the reading was recorded. A constant check
on gas leaks was crucial to the success of the experiments. The procedure was repeated for
various SR2 values (0.75-1.0) as well as for four reburn fuel combinations of methane and
acetylene. As many as 20 runs were conducted to study the reburning effectiveness of
methane/acetylene.

While the gas temperature 3" inside the reactor read 1100 C, the experiment was

79



performed for x SR2 values, namdy, 0.75, 0.8, 0.85, 0.9, 0.95 and 1.0. Thetotal flow rate
of the gas mixture was 1950 cc/min. Given in Table 5.4 are the various flow rates of pure
gases calculated for NO reburning with 90/10 fuel combination of methane and acetylene.
Table 5.5 ligtsthe actual flow rates, adjusted to accommodate varying gas proportions (that
IS, percent concentrations) in the cylinders such as oxygen/He, methane/He, acetylene/He and
NO/He. These were calibrated for rotameter scales and fed through the respective flow
meters. The steady readings on the NOx analyzer before addition of reburn fuel and after
addition of reburn fuel were recorded. The experimental results for four combinations of
methane/acetylene, namely, 95/5, 90/10, 85/15 and 80/20 are shown in Table 5.6. The results
of NO reburning with 100% methane are al so tabulated for the purpose of comparison.

Table 5.4 Simulated flow rates of various pure gases for NO reburning with 90/10
combination of methane/acetylene

SR2 CO, o, CH, CH, NO He

0.75 3135 36.0 75.9 8.4 1.95 1514.2
0.80 316.2 36.3 61.4 6.8 1.95 1527.3
0.85 318.6 36.6 48.4 54 1.95 1539.1
0.90 320.8 36.8 36.6 41 1.95 1549.7
0.95 322.8 37.1 26.0 29 1.95 1559.3
1.00 324.6 37.3 16.3 18 1.95 1568.1
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Table 5.5 Adjusted flow rates accounting for gas proportions (% concentrations) in the
cvlinders for NO reburning with 90/10 combination of methane/acetylene

SR2 CO, o, CH, CH, NO He

0.75 3135 179.0 377.8 385.3 553.4 141.0
0.80 316.2 180.6 305.5 311.6 553.4 282.7
0.85 318.6 182.0 240.7 2455 553.4 409.8
0.90 320.8 183.2 182.3 185.9 553.4 524.4
0.95 322.8 184.4 129.3 131.8 553.4 628.3
1.00 324.6 185.4 81.0 82.6 553.4 722.9

Table 5.6 Experimental results on NO reburning with various combinations of methane and
acetylene

Gas Temperature 1100 C
SR2 100/0 95/5 90/10 85/15 80/20
0.75 - 1000/7 1000/8 - -
0.8 1012/14 1000/7 1000/5 1000/5 1000/5
0.85 1018/10.3 1000/8 1000/6 1000/6 1000/6
09 1012/6 1000/8 1000/7 1000/4 1000/5
0.95 956/270 1000/453 1000/452 1000/410 1000/372
1.0 1018/852 1000/785 1000/753 - -

NO in/out Concentrations are measured in ppm.

It can be seen from Table 5.6 that for the case of 100% methane as reburn fuel, NO
reduction increases with increase in SR2 ratio until the optimum SR2 value of 0.9. The
reduction is not as high for the cases of SR2 > 0.9. This behavior was documented in the
previous report and it is consistent with the numerical predictions carried out earlier in the

program.
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For the case of 95% methane and 5% acetylene, a similar reduction is observed. The
inlet concentration of NO (1000 ppm) reduces to mere single digits for the lower SR2 values
(0.75-0.9), thus yielding a wider SR2 window that favors NO reduction. The reduction is
55% at SR2=0.95 and only 21% at SR2=1.0. Again, the experimenta results of NO
reduction with a combination of methane and acetylene follow the same trend predicted
computationaly.

It can be noticed also that NO reduction is amost the same for various
methane/acetylene combinations. It means that a dight addition of acetylene is enough to
strengthen the reductive effectiveness of methane. In effect, the addition of acetylene will
enhance the operating window considerably from a narrow 0.85-0.9 SR2 range for methane

to 0.75-0.9 SR2 range for al combinations of methane and acetylene.

5.1.3 Experimental results on NO reburning with methane/ ammonia

Presented here are the experimental results of NO reburning with methane/ammonia
The results are consistent with the computational work submitted in Chapter 111. These
experiments marked the completion of gaseous phase experiments under this study.

The experimental procedure employed for nitric oxide reburning with
methane/ammoniawas very smilar to the one employed for reburning with methane/acetylene
combination. First, the furnace was started and with its temperature set point control, a
furnace temperature in the neighborhood of 1140 C was set. Slowly, helium, oxygen and
carbon dioxide cylinders were opened and the flow levels calculated for a particular reburning

stoichiometric ratio (SR2) were set. Oxygen ssimultaneously flowed through the NOXx
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analyzer. The analyzer was turned on and allowed to warm up. The parameters on the
analyzer were checked until they reached the normal operating conditions. Then, the nitric
oxide flow was adjusted to 1000 ppm which was expressed on the NOx analyzer digital
readout. The Omega probe measured the gas temperature inside the reactor which was
digitized on the thermometer readout. The furnace temperature was adjusted dightly so as
to maintain the reactor gas temperature at 1100 C. When al the flow parameters were stable,
methane and ammonia were introduced according to the calculated flow rate for the particular
SR2 in question. Instantly, the NOx output decreased and once it reached a steady value, the
reading was recorded. A constant check on gas leaks was crucia to the success of the
experiments. The procedure was repeated for various SR2 values (0.8-1.0) as well as for two
reburn fuel combinations of methane and ammonia (98/2 and 96/4). The model results
(Chapter 111) steered the choice of input conditions in this experimental study on the
reburning effectiveness of methane/ammonia While the gas temperature 3" inside the
reactor was steady at 1100 C, the experiment was performed for five SR2 values, namely, 0.8,
0.85, 0.9, 0.95 and 1.0. The total flow rate of the gas mixture was 1950 cc/min. Givenin
Table 5.7 are the various flow rates of pure gases calculated for NO reburning with 98/2 fuel
combination of methane and ammonia. Table 5.8 lists the actua flow rates, adjusted to
accommodate varying gas proportions (that is, percent concentrations) in the cylinders such
as oxygen/He, methane/He, anmonia/lHe and NO/He. These were calibrated for rotameter
scales and fed through the respective flow meters. The steady readings on the NOx analyzer
before addition of reburn fuel and after addition of reburn fuel were recorded. The

experimental results for 98/2 combination of methane/ammonia, with introduction of methane
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only, methane and ammonia together and ammonia only (by closing methane feed and
increasing anmonia to the allowable maximum through the rotameters) are shown in Table
5.9. The flow rates of pure gases and the adjusted rates were calculated for the 96/4
combination of methane and ammonia and the entire cycle of experiments was performed at
SR2 vaues of 0.85, 0.9, 0.95 and 1.0. The results of these experiments are presented in Table

5.10.

Table 5.7 Smulated flow rates of various pure gases for NO reburning with 98/2 combination
of methane/ammonia

SR2 CO, o, CH, NH, NO He

0.80 315.8 36.2 69.3 141 1.95 1525.3
0.85 318.3 36.5 54.6 111 1.95 1537.5
0.90 320.6 36.8 414 0.84 1.95 1548.5
0.95 322.6 37.0 29.3 0.60 1.95 1558.4
1.00 324.5 374 184 0.38 1.95 1567.5

Table 5.8 Adjusted flow rates accounting for gas proportions (% concentrations) in the
cvlindersfor NO reburning with 98/2 combination of methane/ammonia

SR2 CO, o, CH, NH, NO He

0.80 315.8 180.4 344.9 1514 553.4 404.2
0.85 318.3 181.8 2718 306.2 553.4 318.5
0.90 320.6 183.1 205.8 445.9 553.4 2412
0.95 322.6 184.3 146.0 572.5 553.4 1711
1.00 324.5 185.3 91.5 687.9 553.4 107.3




Table 5.9 Experimental results on NO reburning with reburn fuel of 98% methane and 2%

ammonia
Gas Temperature 1100 C
SR2 NOin NO,, NO,, NO,,
methane only CH, and NH, ammoniaonly
0.8 1020 43 24 885
0.85 1010 37 24 860
0.9 990 31 22 845
0.95 1022 310 275 934
1.0 1080 940 905 1045

NO in/out Concentrations are measured in ppm.

" Not representative of SR2 value. Based on cutting off one or the other reburn fuel from the reaction
mixture.

Table 5.10 Experimental results on NO reburning with reburn fuel of 96% methane and 4%
ammonia

Gas Temperature 1100 C
SR2 NO,, NO,, NO,,, NO,,
methane only CH, and NH, ammoniaonly
0.85 994 38 34 697
0.9 1012 32 22 789
0.95 1000 431 352 861
1.0 1014 928 865 929

NO in/out Concentrations are measured in ppm.
" Not representative of SR2 value. Based on cutting off one or the other reburn fuel from the reaction
mixture.

It can be seen from Table 5.9 aswell as Table 5.10 that for the case of methane only
asreburn fuel, NO reduction increases with increase in SR2 ratio until the optimum SR2 value

of 0.9. The reduction is not as high for the cases of SR2 > 0.9. This behavior was
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documented in the previous report and is consistent with the numerical predictions carried
out earlier in the program.

For the case of 98% methane and 2% ammonia (Table 5.9), a significant NO,
reduction isobserved. Theinlet concentration of NO (1000 ppm) reduces to lower twenties
in the ppm level for the SR2 values upto 0.9. The reduction is 73% at SR2=0.95 and only
16.2% at SR2=1.0. These experimental results of NO reduction with a combination of
methane and ammonia follow the same trend predicted computationally.

It can be noticed from Table 5.10 that NO reduction issmilar (to the above trend) for
96/4 combination of methane/fammonia. The maximum reduction occurs at SR2=0.9. The
reduction is less at higher SR2 ratios: 64.8% at 0.95 and only 14.7% at 1.0. However,
comparing the levels with the introduction of methane only, it can be inferred that a dight
addition of ammonia favors the NO, reduction further by strengthening the reductive
effectiveness of methane. It can be further observed from Tables 5.9 and 5.10 that the
additional effect of ammonia on NO, reduction is more pronounced at SR2 > 0.9 than SR2
< 0.9. Thisisdueto the fact that the methane-NOx reaction is not close to the equilibrium
in the former case (SR2 > 0.9) than the latter case.

Also shown in Tables 5.9 and 5.10 is the exit concentration of NO when methane feed
was cut off and only ammonia was used as the reburn fuel. This was deliberately planned to
see the performance of ammonia as a primary reburn fuel. The reduction of nitric oxide was
not much, a maximum of 14.6% for 98/2 run and about 22% for 96/4 run. Thus it was
concluded that the use of ammoniain small quantitiesis helpful in NO, reduction chiefly as

areburn fuel additive to methane.
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The above findings are significant in terms of the industry needs. With methane as a
reburn fuel, the narrow operating window calls for precise cascade control between the
primary zone combustion feed inlet, the reburning zone methane inlet and the NO, anayzer
in order that the NO, emissions be within permissible limits. However, with the addition of
acetylene or ammoniato methane as reburn fue, the NO, emissions will be within permissible
limits as long as a set point control is given to the methane/acetylene or methane/ammonia
reburning feed inlet not to exceed the SR2 of 0.9. With the latter case, the operation is easier
to keep the NO, emissonswithin limits even if there arise some changes in the primary zone

combustion feed inlet.

5.2 Heterogeneous Reactionsin NO, Reduction

Several experiments were conducted to study heterogeneous combustion in the
reactor with the use of the carefully designed coal feeder. These experiments included
reburning with cod (several samples), char gasification, and surface catalysed reburning. The

results are presented in the order just referred to.

5.2.1 Reburning with methane and cod

Conducting reburning experiments with coa was the most difficult part of our project
as we faced persstent problems with the operation of the cod feeder. Some of the challenges
have aready been discussed in Chapter 1V. These challenges gave us the impetus to stay
focused and our efforts have been met with success as several coal samples were tested for

their reburning effectiveness. Here are the results of those experiments.
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5.2.1.1 Reburning studies with DECS-23 coal sample

The research team selected DECS-23, a high volatile A bituminous Pittsburgh coal
(Washington county sample obtained in 1994) from the PennState Coal Sample Databank for
the preliminary testing. Asoutlined in Chapter 1V, the coa feeder assembly was incorporated
in the experimental setup; and the experimenta conditions for methane reburning were set.
The nitric oxide level was set at 1000 ppm as in al the previous experiments. A continuous
cod feeding was verified and the NO, reduction was checked. No significant impact of the
presence of cod was seen initidly so long as the methane was not introduced. This indicated
that cod is effective only under reducing conditions. Hence, methane was introduced without
the feeding of the cod and the reduction was achieved. As expected from the knowledge of
prior reburning experiments, the reduction was dight (6%) at SR2=1.0 and quite considerable
(55%) at SR2=0.95. When coal was introduced (uniformly) aong with methane, further
reduction was observed: the reduction was very significant (98%) at SR2=0.95, athough
dight reduction (8%) was achieved at SR2=1.0 aswell. Table 5.11 lists the NO, readings for
these tests.

Table 5.11. NO, reading during reburning with methane and coal (DECS-23 sample), ppm

Initial NO, set at 1000 ppm.

SR2 With methane only With methane and coal
1.0 940 917
0.95 450 18
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5.2.1.2 Reburning studies with DECS-24 coal sample

Having tried reburning with DECS-23, a high volatile A bituminous Pittsburgh coal
earlier, the research team selected DECS-25 sample obtained from the PennState Coal
Sample Databank for its reburning effectiveness. This sample is a Montana lignite coal
(Richland county sample obtained in 1994). Severd attempts were made to feed the coal into
the reactor but they failed. It was then decided that the coal be mixed with silicagel and then
introduced into the reactor in order to achieve free flow of the coal into the reactor. The
research team shifted its attention on another coa sample while waiting on the silica gel, back
ordered from Fisher Scientific.

A high volatile C bituminous coal (sample DECS-24, Illinois #6 Seam, Macoupin
county) was tested in the coal feeder and found to flow uniformly as the feeding mechanism
lowered the feeder. The coa feeder assembly was then incorporated in the experimental
setup; and the experimenta conditions for methane reburning were set. The nitric oxide level
was set at 1000 ppm as in all the previous experiments. A continuous coal feeding was
verified and the NO, reduction was checked. No significant impact of the presence of coal
was seen initidly while methane was not introduced, very much like what we observed in the
case of DECS-23. This reiterated our earlier observation that cod is effective only under
reducing conditions. Suspending the feeding of the coal, methane was introduced and as
expected, reduction was achieved. In line with the data obtained from prior reburning
experiments, the reduction was 57% at SR2=0.95. When coal was introduced (uniformly)
along with methane, further reduction was observed: the reduction was very significant

(96%). Listed below are the NO, readings on the anayzer read-out during reburning with
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methane and DECS-24 coal sample.

Initial NO, set at 1000 ppm.
SR2=0.95

With methane only: 430 ppm

With methane and coal: 39 ppm

It is apparent that the introduction of coal aids the reduction of NOx by reburning
with methane at SR2=0.95 quite considerably. The level of reduction achieved by methane
aonea SR2=0.9 (upto <50 ppm out of 1000 ppm) can now be obtained at SR2=0.95 with
the introduction of coal, thereby initiating some heterogeneous reactions to boost NOx

reduction.

5.2.1.3 Reburning studies with DECS-25 coal sample

The difficulty of feeding the DECS-25 coa sample (Montana lignite coal, Richland
county), was solved by mixing the sample with silicagel, on a 50-50 weight basis. The coal
bed did not get packed and the uniform feeding was achieved in this process. After ensuring
the free flow of the coal-silica gel mixture, the coal feeder assembly was incorporated in the
experiment and the experimental conditions for methane reburning were set. The nitric oxide
level was set at 1000 ppm asin al the previous experiments.  While methane was introduced
(as per SR2=0.95 conditions), the NO, reduced to 461 ppm. A continuous feeding of the
coal-silica gel mixture was verified and further reduction was checked. The reduction was
observed for two feed rates, referred to hereafter as Rate | (speed 5 on the variable speed

motor of the coal feeding mechanism) and Rate |1 (speed 7 on the variable speed motor). The
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feed rates presented below the table represent only the amount of coa fed per minute while
the same amount of dlicagd isalso fed in that time. So the feed rate of the mixtureis twice
the feed rate of the coal. Table 5.12 lists NO, readings on the analyzer read-out.

Table 5.12 NO, reading during reburning with methane and coal (DECS-25 sample), ppm

Initial NOx set at 1000 ppm.

SR2 With methane only With methane and coal
0.95 461 39
16"

"Rate |: 0.114 gm/min of DECS-25 coal
"Rate 11: 0.13 gm/min of DECS-25 coal

It is apparent that the introduction of coa aids the reduction of NOy by reburning with
methane at SR2=0.95 quite considerably. The level of reduction achieved by methane alone
at SR2=0.9 (up to <50 ppm out of 1000 ppm) can now be obtained at SR2=0.95 with the
introduction of coa. Addition of coa enhances NO, reduction, as a result of coal char

gasification.

5.2.2 Reburning studies with activated carbon

Having seen favorable NOx reduction with several coal samples, the research team
felt the need to attempt reburning with activated carbon, as an appropriate closing point for
cod reburning experiments. Sincethisisapure carbon with less than 1% impurities, the best
possible reduction was expected. The results were in line with the expectation. The activated

carbon was the most freely flowing and hence, the easiest to feed, of al the samples tried.
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Presented in Table 5.13 are the NO, readings on the analyzer read-out.

Table 5.13 NO, reading during reburning with methane and activated carbon, ppm

Initial NO, set at 1000 ppm.

SR2 With methane only With methane and activated
carbon

0.95 447 7
7+

"Rate I: 0.154 gm/min
"Rate 11: 0.232 gm/min

As seen in the case of lignite coal, activated carbon reburning experiments confirmed
ggnificant NO,, reduction by char gasification. 1t can be concluded from the results presented
above that the reduction achieved by activated carbon (upto 7 ppm) in aiding reburning with
methane is very significant as a NO, reduction strategy in industrial applicationsin order to
meet environmental regulations. Increasing the amount of activated carbon (as shown by
Rate Il) did not matter once the reduction was achieved. It can be safely said that the
presence of activated carbon boosts heterogeneous reactions with the gas mixture inside the
reactor maintained at 1100 C. Modeling char gasification reactions in this setting would be

auseful study for future.

5.2.3 Surface catalyzed reburning studies

An important phase under this grant instrument was to conduct surface catalyzed
reburning studies as a potentia alternative for NO, control in industrial applications. In

deliberation with the concerned project personnd at the Department of Energy, it was decided
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that calcium sulfide and calcium carbide would be used to conduct reburning studies and

estimate their cataytic effect on NO,, reduction under pulverized coal combustion conditions.

5.2.3.1 Sudy with calcium sulfide

Cdcium aulfide, as obtained from Aldrich, isin powdered form and tends to pack very
quickly. Obvioudy, it could not be fed properly into the reactor. A procedure similar to that
used for the Montana lignite coal was employed. An equa amounts of CaS and silica gel
were mixed together uniformly and the mixture was placed in the plexi-glass chamber of the
feeder. The feeder and the feeding mechanism are the same as those used for feeding coal.
Upon setting all the experimental conditions for reburning with methane at SR2=0.95 and
achieving NO, reduction from 1000 ppm to 453 ppm, the uniform feeding of the CaS- silica
gel was maintained. Speed 9 on the variable speed motor was employed to allow for the
maximum feed rate of 0.12 gm/min of CaS (or, 0.24 gm/min of CaS- silica gel mixture). With
the calcium sulfide supply at the rate of 0.12 gm/min, NO, reduced to 205 ppm, increasing
the reduction from 55% to 80% overall. This reduction proves that CaS offers catalytic
surface, thereby enhancing an additiona 25% NO, reduction. The observations are presented
below.
NO, exit concentration during reburning with methane and calcium sulfide:
Initial NO,: 1000 ppm. SR2: 0.95. Reaction temperature: 1100 C.
With methane only: 453 ppm
With methane and calcium sulfide®: 205 ppm

@ Feed Rate of CaS: 0.12 gm/min
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5.2.3.2 Study with calcium carbide

Calcium carbide, unlike calcium sulfide, was received as 8 mm thick pieces and had
to be ground to fine particles in order to be fed through the coal feeder. There was no
problem of the bed being packed and the flow into the reactor was uniform. Calcium carbide
was also purchased from Aldrich. Presented in Table 5.14 are the NO, readings on the

analyzer readout.

Table 5.14 NO, exit concentration during reburning with methane and calcium carbide, ppm

Initial NO,: 1000 ppm. Reaction Temperature: 1100 C.

SR2 With methane only With methane and calcium
carbide

0.95 467 152°
113°

"Rate |: 0.106 gm/min
"Rate 11: 0.122 gm/min

The feed rate of 0.106 gm/min (Rate 1) for cacium carbide shows a significant NO,
reduction, namely, 53% with methane a one and 85% with both methane and calcium carbide.
The feed rate of 0.122 gm/min (Rate 1) shows further reduction, up to 89%. This
experiment further confirms our previous conclusion that calcium associated compound offers
a catalytic surface thereby abetting NO, reduction significantly. Since Rate Il in this
experiment is comparable to the feed rate of calcium sulfide that yielded reduction up to about

80%, it can be further concluded that calcium carbide seems to show higher catalytic effect
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on NOy reduction than calcium sulfide. Modeling these surface reactions would be a
worthwhile study in future.

Presented in the next chapter are the conclusions and recommendations.
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Chapter VI

CONCLUSIONSAND RECOMMENDATIONS

In thiswork, both computer simulation and experimental studies were conducted to
investigate severa strategies for NO, reduction under pulverized coal combustion conditions
with an aim to meet the stringent environmental standards for NO, control. Both computer
predictions and reburning experiments yielded favorable results in terms of NO, control by
reburning with a combination of methane and acetylene as well as non-selective catalytic
reduction of NO with ammonia following reburning with methane. The greatest reduction
was achieved at the reburning stoichiometric ratio of 0.9; the reduction was very significant,
as clearly shown in Chapters 111 and V. Both the experimental and computational results
favored mixing gases. methane and acetylene (90% and 10% respectively) and methane and
ammonia (98% and 2%) in order to get optimum reduction levels which can not be achieved
by individua gases a any amounts. Also, the above gaseous compositions as reburning fuels
seemed to have a larger window of stoichiometric ratio (SR2 < 0.9) as opposed to just
methane (SR2=0.9) so as to reduce and keep NO, at low ppm levels. From the various
computational runs, it has been observed that athough there are several pathways that
contribute to NO, reduction, the key pathway is NO>HCN->NH,>N,+H,. With the trends
established in thiswork, it is possible to scale the experimental results to real time industrial
applications using computational calculations.

Heterogeneous reactions were carried out by feeding several coal samples, activated
carbon and cacium compounds, individually upon reburning with methane under SR2=0.95

conditions. We have found that activated carbon char gasification reduces NO, significantly



in methane reburning conditions, equivalent to homogeneous gas reburning as experienced
with methane and acetylene/fammonia. Also, reactions with coal, both bituminous and lignite,
reduced NO, to acceptable low levels, most reasonably due to char gasification as well as
surface catalyzed reactions of trace elementsminerals in coal. The calcium associated
compounds offer cataytic surface and hence enhance NO, reduction but not to the extent of
char gasification. However, in general, when coal is reburnt, the two reactions, that is,
heterogeneous char gasification and surface catalyzed reaction, may occur simultaneoudly,
thereby bringing about NO, reduction to its maximum. Therefore, coal having more of
calcium sulfide or calcium carbide is preferred to maximize NO, reduction.

One of the things we could not perform due to budgetary constraints is the mass
baance around the experimental apparatus. The major gases exiting other than NO in our
experimentswere N, , CO, , CO, HCN, and NH,. The gases such as CO, CO, , CH, and O,
could be analyzed by a Non-Destructive Infrared (NDIR) analyzer (Model 1200 Fisher 11-
128-1). Ammonia could be analyzed by specific ion electrodes (Orion Model 9512 BN)
Range (1-1000 ppm) and HCN could be analyzed by Orion Model 94-06 BN along with a
double junction reference electrode and an ionic strength adjuster (Range: 1-1000 ppm).
Both NH, and HCN measurement would require an output meter (Smultaneous, dual output).
It is recommended that mass balance be planned in future efforts. However, mass balance
was performed in the computer simulation work.

Our study concerned with reducing NO in the reburning zone. An extension of this
study could be modeling or experimental analysis to investigate what would happen in the

burnout zone. Song et d (1982) have published the decomposition of HCN as a function of
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furnace temperature. It is shown that HCN is highly unstable at high temperatures and its
recovery is reported to be 30% for aresidence time of 1sat 1100 C. Hence, the high HCN
observed at lower stoichiometries could be overcome by the burnout zone. Investigation of
the burnout zone itself would be another worthwhile study.

Computationa work pertaining to heterogeneous combustion is still an open door for
investigation. Limited published data is available and with the use of Sandia' s SURFACE
CHEMKIN and other such tools, efforts could be made to ssmulate the heterogeneous

experiments we have conducted under this grant instrument.
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