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Objective

The objective of this work is to perform an experimental
and theoretical study of the reburning and hybrid reburning/SNCR chemistry in the 1000-1500 K range.

Technical
Perspective

In the present study interactions between hydrocarbon and
nitrogen chemistry under fuel-rich conditions and temperatures below 1500 K will be investigated. Basedon the results
the NOx reduction potential of low temperature reburning
will be evaluated. The oxidation of the reactive nitrogen intermediates formed in the reburning zone will be analyzed,
and the possibilities of enhancing the conversion to N 2 instead of NO by adding selective reducing agents (hybrid reburning/SNCR) will be investigated. The results will be
important for outlining strategies to improve NOx reduction
in various reburning configurations.

Results

During the past year experiments have been performed to
examine the oxidation chemistry of selected simple hydrocarbons. Results show that the temperature regime for oxidation under the present conditions differ widely for the
various hydrocarbons. Ethane and ethylene react at much
lower temperatures than does methane. Experimental results have been compared with different hydrocarbon oxidation schemes.
A parametric study of the reburn zone chemistry in N atural
Gas Reburning has been initiated. The effect of stochiometry and temperature were studied using methane as reducing fuel. Preliminary results show that methane is active
in reducing NO at temperatures above 1350 K. Under the
present conditions, excess air ratios of O. 7-0.9 appear to be
most favorable for NO reduction.
Preliminary results have been obtained on the effect of CO
and 0 2 concentration on selective non-catalytic reduction
of NO by NH 3 . The data, which may be of importance for
combined reburning/SNCR techniques, indicate that in the
presence of CO and at low oxygen concentrations, the temperature regime for NO reduction is shifted towards higher
values and the temperature window for reaction is sarnewhat
broadened. The results show a sharp distirretion between a
very slow reaction regime at low temperatures and a rapid
oxidation regime at higher temperatures.

Technical
Approach

In the research program, a combined experimental and analytical study is undertaken in arder to improve the understanding of the chemistry of natural gas reburning, with
and without selective reducing agent injection. The experimental work is conducted in specially designed laminar flow
quartz reactors that provide well-defirred reaction conditions
in the temperature range of interest. The analytical effort focuses on the development and validation of a reaction mechanism for hydrocarbon/nitrogen interactions in the reducing
zone as well as the selective NO reduction chemistry in the
burnout region.

P roject
Implications

This report presents the results of the first year of a three
year effort to examine the chemistry and process potential
of low temperature reburning and hybrid reburning/SNCR
approaches. The well- characterized experiments allow us to
develop and evaluate a reaction mechanism that describes
the nitrogen chemisb·y in these processes. The information provided in this work will be useful for outlining improved staged combustion strategies for control of nitrogen
oxides emission. Specifically, the results will be valuable
for optimizing natura! gas reburning and hybrid reburning
teclmiques. The development and refinement of a reaction
mechanism for reactive nitrogen species under the present
conditions complements ether GRI supported work on NO$
chernistry.
GRI Project Manager

DGC Project Manager

Robert Serauskas
Project Manager
Basic Research Group

Bent Karli
Project Manager
Combustion

INTRODUCTION
Natural Gas Reburning is an established low-NOx technology that uses natural gas as a reducing agent to remove nitrogen oxides. During the 1980's this
technology matured through pilot scale studies, and a number of full scale tests
in the United States and Europe in the 1990's have generally been very successfuL For high temperature applications the implementation of this technology
is fairly straightforward if proper design tools are used, and a reburn efficiency
of up to 60- 80% can be obtained [1]. R&D efforts in reburning now aim primarily at evaluating and enhancing the process potential at lower temperatures
and look into process strategies involving combinations of reburning and other
NOx-control methods such as selective reducing agent injection.
The low temperature process potential of gas reburning is difficult to assess
from available pilot scale results. Reported NOx reductions in the 1300-1400 K
range vary from below 40% [2] to 80% [3]. Destruetion of NO in the reburn zone
appears to be enhanced at high temperatures [4] while in the burnout region
conversion of reactive nitrogen to N 2 is promoted at low temperatures [5].
Potential low temperature applications of re burning inelude ineineration proces ses. The first full scale reburn test at an MSW facility [6] shows that this is
a dernanding application of the technology and more work is needed in order to
understand, implement and optimize the process under these conditions.
Hybrid processes offer a possibility to significantly enhance the reburn potential. Various strategies have been proposed. One promising concept involves
the combination of natural gas reburning and selective reducing agent injection.
Pilot scale results [7,8] suggest that this concept offers NOx removal efficiencies camparable to catalytic methods. However, a better understanding of the
chemistry of this and similar hybrid processes is essential in further refining the
technology.

PROJECT OBJECTIVES
The objective of the project is to perform an experimental and theoretical study
of the reburning and reburning/SNCR chemistry in the 1000- 1500 K range. The
potential of low temperature reburning will be evaluated and the data will provide the basis for a better understanding of interactions between hydrocarbon
l

and nitrogen chemistry under these conditions. The oxidation of the reactive
nitrogen intermediates formed in the reburning zone will be analyzed, and the
possibilities of enhancing the conversion to N 2 instead of NO by adding selective
reducing agents will be investigated. Potential side effects of pushing reburning
and staged combustion technologies to lower temperatures such as emissions of
N H 3 and long-lived nitrogen intermediates other than NO (e.g. nitrous oxide
and isocyanide species) will b e evaluated.

OBJECTIVES FOR THE CURRENT YEAR
The principal objectives of the current year included:
l. revision of the flow reactor setup, including implementation and test of a
new three zone oven for temperatures up to 1500 K

2. initial flow reactor experiments on hydrocarbon oxidation and hydrocarbon/nitrogen oxide interaction
3. initial flow reactor experiments on selective non-catalytic reduction (SNCR)
of NO by N H 3 under slightly fuel-rich conditions
4. establishment of a preliminary detailed kinetics model for the reburn
chemistry

WORK PLANNED FOR THE CURRENT YEAR
To meet the objectives summarized above, we planned to revise thoroughly the
flow reactor setup. The most important revision were the inelusion of a new
electrically heated oven, extending the high temperature range of operation
compared to the one used previously. We planned to perform preliminary flow
reactor experiments in order to characterize the chemistry occurring in the
reburn zone at comparatively low temperatures (i.e. below 1500K). We planned
to test the efficiency of ammonia for NO reduction under slightly fuel-rich
conditions, simulating a combination of air-staging and SNCR in the burnout
zone of reburning. Finally, we planned to set up a preliminary detailed kinetics
model for the nitrogen chemistry occurring in these processes.
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WORK PERFORMED DURING THE CURRENT
PERIOD
The experimental set-up
The experimental part of the current project is conducted in specially designed
isathermal laminar flow quartz reactors that provide well defined reaction conditions in the temperature range of interest. The experimental setup has been
used previously in a number of studies on gas phase processes [5,9,10,11,12]
and its suitability for studies of detailed gas phase kinetics has recently been
evaluated [13,14].
The flow system is designed to mix a reactant gas consisting of up to 8 different
components and water. The reactant gas is led through the flowsystem to the
reactor. The reaction takes place in a quartz reactor which is placed in a threezone oven. After reaction the produet gas is led to the analysis equipment
where species concentrations are measured. The experimental setup is drawn
schematically in Fig. l. The system is connected to an automated control and
data acquisition system.
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Figure l: Flow system.
The different gases that make up the reactant mixture are supplied from gas
cylinders, led through reduction valves and dosed by eight mass flow controllers.
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The three first inlets are used for the main gas flow, which normally contains
nitrogen and oxygen. The main flow can be dried by passing through a bed of
water absorption material, or a part of the main stream can be led through an
evaporator for addition of water.
The remairring five inlets are used to inject gases containing reactant components such as hydrocarbons, CO, NO, and N H 3 into the reactor. The five inlets
to the injection system is mixed to obtain three separate flows to the reactor,
ensuring that no reaction takes place in the injection tubes.
After reaction but prior to gas analysis water is removed in a cooling tube.
The flow system is build of 1/4 and 1/8 inch PTFE tubes, while the valves are
made of either PTFE, PVC or brass, and the mass flow controllers of stainless
steel. It is possibly to deliver total flows in the regime from 200ml/min to 2000
ml/min (1 atm, 293 K).
A number of quartz flow reactors of varying volume, all designed to achieve a
good plug-flow approximation in the laminar flow regime, are available for the
experiments. To achieve a well defined reactor valurne the main stream and
the three injector streams are heated separately and mixed in cross flow at the
reactor inlet. Figure 2 shows the reactor design. CFD calculations (14] show
that the mixing time is of the arder of 5 ms in the large reactor.
The flow-reactor system is placed in a three zone oven with individual control
of the three heating sections to provide good temperature control. The oven
operates in the temperature range 800-1500K. The varying size of the reactors
(from 0.40x5.6cm to 0.89x 18.5cm) allows for a considerable variation in residence time (30 to 600 ms) in the present flow and temperature range. It also
allow us to investigate the impact of surface reactions on the quartz reactor
walls.
After reaction the flue gas is conditioned for the analysis equipment by removing water in a cooling tube and adjusting the gas flow. The concentration of
hydrocarbons are measured by FTIR, while CO, C02, 02, NO and N 20 are
measured by spectrophotometric analyzers. HCN and N H 3 are measured with
wet chemical methacis or by FTIR. Reactor temperature is measured with a
NiCrNi thermocouple protected from the gas by a quartz tube. The pressure
is measured in the main stream just befare the reactor.
The flow reactor set-up has been revised thoroughly during the first year of the
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Figure 2: Reactor design. l) injector flows , 2) main flow inlet, 3) cooling air,
4) products, 5) premixing of the injector flows, and 6) the reactor tube.
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project. The major change involves the implementation of a new electrically
heated oven. This oven can go to higher temperatures, i.e. 1500 K, than the
one used in previous studies. This extension of the high temperature limit
of operation is desired for the reburn zone type experiments planned in this
project.

Initial experimental results: reburn zone chemistry
A systematic experimental investigation of the reburn zone chemistry in the
1000-1500 K range has been initiated. Initial experiments were conducted to
study the oxidation behavior under flow reactor conditions of various hydrocarbons at a range of stoichiometries. Typical results for methane and ethane
oxidation under slightly fuel-rich conditions are shown in Fig. 3.
The oxidation behavior of methane, ethylene andethane were investigated in the
temperature range 950-1450 K for excess air ratios of 0.8 to 1.1. As expected,
the characteristic temperature regime for oxidation of the hydrocarbon to CO
and C0 2 at the present reaction times differ widely between fuels (Fig. 3).
Compared to methane, ethane andethylene (not shown) are consurned at much
lower temperatures at a given reaction time. This is consistent with shock tube
ignition delay experiments reported in literature.
Results from the oxidation experiments have been compared with model predictions using our own preliminary mechanism ( see below) as well as other
reported mechanisms. It is encouraging that mechanisms developed in gas industry funded work (GRI [15]1 ), Gaz de France [16]) to describe natural gas
combustion generally are in very good agreement with the present experiments.
Common for these mechanisms are that they are comprehensive; i.e. they have
have been validated against a wide range of experimental data. The good
agreement obtained confirm the consistency between the present experiments
and data fromother types of experiments (shock tube, mixed-flow reactors).
The reburn type experiments are performed with a simulatedflue gas containing a hydrocarbon fuel, oxygen, water, nitrogen oxide and nitrogen as carrier
gas. The parameters to be varied arehydrocarbon fuel (C1 -C3 -hydrocarbons),
nitrogen oxide concentration, excess air ratio, temperature and residence time.
1 Selected

experiments from the present study were made available for the GRI mechanism
development group, so they could be used for validation of version 1.2 of their mechanism
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Figure 3: Experimental data for methane and ethane oxidation in a flow reactor under slightly fuel-rich conditions. The excess air ratio >. is 0.91 and the
residence time is of the arder of 100 ms.
Carbon monoxide may be added to selected experiments.
Initial experiments using methane as reducing agent have been performed investigating the effect of temperature and stoichiometry. Figure 4 shows results
for reduction of N O by methane at 1384 K as a function of the excess air ratio.
It is important to note that the stoichiometry for the reducing zone reported
here and in other labaratory experiments is not representative of the process
stochiometric ratios reported for pilot and full scale data. The reducing zone
stoichiometry can be defined in two ways:
l. The local .stoichiometry

>.L:
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Figure 4: Experimental data for reduction of N O by methane at 1384 K as a
function of excess air ratio,\. The inlet methane and nitric oxide concentrations
are approximately 3000 ppm and 900 ppm respectively. The residence time is
of the order of 150 ms.
This value is basedon the unreacted fuel and oxygen at the entrance of the
reducing zone. This is the value usually reported in laboratory studies.
In a process application it would inelude reburn fuel unreacted primary
fuel and unreacted primary air.
2. The overall or secondary zone stoichiometry ).. 2 :

This value is based on the total arnount of fuel and oxidizer that enter the
systern in the first two zones of reburning, i.e. reburn fuel primary fuel
and primary air, regardless of whether it has reacted or not. For process
applications this is the value reported.
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AL and A2 can be related as
AL= (Al- l) x A2
A1- A2
A 2
-

AL x Al
Al+ AL- l'

provided the primary fuel and the reburn fuel are identical and A1 > l. If these
assumptions are not fulfilled, the relations become slightly more complicated.
As can be seen from the relations, AL is more fuel-rich than A2 ; usually there
is a significant difference.
Preliminary results indicate that methane is active in reducing NO at temperatures above 1350 K. Under the conditions investigated, excess air ratios of
0.7-0.9 appear to be most favorable for NO reduction. Comparatively little of
the NO removed appears to be emitted as HCN, and NH3 was not detected.
However, more work isneededin arder to confirm these results. Areliable determination of the reactive nitrogen partioning in the exhaust gas is an important
objective of the second year effort.

Initial experimental results: hybrid reburning/SNCR
Several configurations for the use of reburning/SNCR hybrids have been suggested. According to EER [7,8], the best results are obtained, if the reducing
agent injection is combined with a staged addition of bumout air. The first
burnout air addition increases the excess air ratio from the reburn zone stoichiometry (typically 0.9) to values close to stoichiometric (0.99- 1.03). The
ammonia is injected prior to or simultaneously with the final bumout air. The
flue gas at the ammonia injection point contains mainly C0 2 , H 2 0 and N 2 ,
together with a little CO . The 0 2 concentration will depend on whether the
N H 3 is added prior to or together with the final air.
Initial flow reactor experiments have been performed to study the chemistry of
this hybrid process under conditions with low oxygen concentrations ( ammonia
injection prior to the final burnout air). The impact of CO and 0 2 concentration
at fixed N H 3 /NO ratio has been investigated as fundion of temperature.
Figure 5 shows typical results. Several interesting characteristics are worth notmg. Compared to the conventional Thermal DeNOx performance (large excess
9
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Figure 5: Experimental data for reduction of NO by N H 3 as a function of
temperature in the presence of small amounts of CO and 0 2 . Approximate
inlet composition: CO = 1400 ppm, N H 3 = 400 ppm, NO = 400 ppm, 0 2
varying, balance N 2 . The residence time is of the arder of 100 ms.
air ratio, no or little CO present), both the location and shape of the NO
profile are changed. The results show a sharp distinction between a very slow
reaction regime at lower temperatures and a rapid oxidation regime at higher
temperatures. Compared to experiments with the same level of CO but higher
0 2 concent ration, the anset of N O re duetion is shifted towards higher temperatures. The low temperature boundary is very sensitive to small variations in
the 0 2 concentration. The minimum in NO is reached at temperatures only
slightly higher than the low boundary value, and N O increases only slowly with
increasing temperature.
The results of the parametric study, that has been initiated, will be valuable for
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outlirring strategies for the hybrid reburningiSNCR process. Furthermore, we
anticipate that the data will be important in understanding the detailed kinetics
ofthe Thermal DeNOx process, which is still not satisfactorily explained [17,18].

Chemical kinetic modeling
We have established a preliminary chemical kinetic model for nitrogen conversion in reburning and hybrid reburningiSNCR. This model is currently
being evaluated against experimental data from the present work as well as
other sources. The calculations are performed with application codes from the
CHEMKIN library [19], primarily the Senkin and Creslaf codes [20,21].
The kinetic model consists of oxidation mechanisms for C1 -C2 -hydrocarbons,
HG N and N H 3 together with a subset describing readions between hydrocarbon and nitrogen species. A C3 -hydrocarbon oxidation subset may later be
added to the set.
Subset
CO l H 2 oxidation
CH4 oxidation
C2H6 oxidation
C Hi-radical chemistry
C Hi l X N interactions
HCN oxidation
SNCR chemistry

Sources
[21 J ( [14,22,23])
[4,14,22,23,24,25,26]
[4,14,15,22,23,24,25,26]
[24,25,26] ( [14,22,23])
[24,25] ( [23])
[27]
[16,28]

Comment s
Well established
Same uncertainty
Significant uncertainty
Significant uncertainty
Same uncertainty
Same uncertainty
Significant uncertainty

Table 1: Subsets of the chemical kinetic model with indication of the mam
sources and a rough measure of the estirnated uncertainty. The thermodynamic
data are drawn from the Sandia Thermodynamic Database [26] as well the G RI
mechanisrn developrnent work [14].
Table I identifies the different subsets of the starting mechanism as well as
the major sources for reaction specific data. A significant number of sources
is currently considered for reaction rate information. The most reliable parts
of the rnechanism are the subsets for rnoist CO oxidation, CH4 oxidation and
H C N oxidation. W e consider the C 2 oxidation chemistry to be considerably
more uncertain, even though predictions with the mechanism of Dagaut and
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coworkers [16] are in excellent agreement with our ethane oxidation data of the
current study.
The CHi (i = 0-3) radical chemistry has been assigned a separate subset, even
though it is an important part of the C1 - and C 2-oxidation chemistry. The
interest in these species stems largely from their interaction with the nitrogen
chemistry in fl.arnes (prompt-NO formation, reburn type reactions). Until recently it was assumed that with the exception of C H 3 the chemistry of the
C H; radicals had little impact on the overall oxidation behavior of the hydrocarbon fuel. However, recent discoveries [27 ,31 J suggest t hat reactions of
particularly singlet C H 2 can play an important role in oxidation of C1 - and
C 2-hydrocarbons.
The uncertainty in reburn type calculations is largely associated with the uncertainty in predicting the C Hi-radicallevels. The reactions between hydrocarbon
radicals and nitrogen species, particularly CH; +NO type reactions, are comparatively well established at this point, even though some uncertainty remains.
Themost controversial part of the kinetic model is probably the subset describing selective non-catalytic reduction of NO by N H 3 . Presently there are no
kinetic models available, which provide a satisfactory description of this process
over a wide range of conditions [17,18]. The possibility of establishing a reliable kinetic model for the hybrid reburn/SNCR chemistry will depend on the
progress made in the understanding of this particular subset.

MAJOR TECHNICAL PROBLEMS ENCOUNTERED
No major technical problems were encountered during the first year. Themost
significant concern was that during hydrocarbon oxidation and reburn type
experiments, solid carbonaceous deposits build up on the wall of the injector
flow tube containing the hydrocarbon fuel. The coke formation stems from
pyrolysis type reactions, which may be promoted by catalytic activity on the
quartz walls of the tube. We are currently looking into this problem.
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INTERACTIONS
The collaboration with Dr. James A. Miller [16,24,27], Sandia National Laboratories, continues on interpretation of selected flow reactor experiments.
We had a significant interaction with the GRI mechanism development group
during 1994. This interaction was mutually beneficial. Selected experimental
results on hydrocarbon oxidation from the present study were made available
for the G RI mechanism development group, so they could b e used for validation
of version 1.2 of their mechanism.

WORK PLANNED FOR THE NEXT YEAR
The work to be performed in 1995 is largely an extension of the first year effort:
l. Continue parametric study of the reburn zone chemistry

2. Continue parametric study of the effect of reducing agent injection on the
burnout zone chemistry
3. Continue development and validation of a detailed kinetics model for the
nitrogen chemistry occuring in reburning and hybrid reburning/SNCR
We expect also in the corning year to initiate an evaluation of the reburn and
hybrid reburn/SNCR technologies based on our results. Furthermore, we wish
to use our experimental and predictive tools to test various process ideas.
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