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ABSTRACT 

The final reaction rate constants for NH + NO have been determined. 

A measurement of the fraction of product channels which form OH provides an 

approximate value of 0.2, but the uncertainties in the method used make this 

value a lower limit. 

Preliminary rate measurements for the reaction of OH + NH ->• NH + H O 

agree well with previous room temperature experiments and appear to show a 

simple Arrhenius dependence with temperatures to 1200 K. 

A chemical model of the NO chemistry has been developed and includes 

approximately 50 reactions at this time. Preliminary runs using this set 

have reproduced the gross temperature dependence of the thermal deNO process. 
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1 . INTRODUCTION 

The production and removal of NO and other combustion products during 

fossil fuel combustion is a serious environmental problem for both stationary 

and mobile combustion driven energy systems. Since stationary systems are 

faced with increased utilization of coal, synthetic fuel oils derived from 

coal, or oil shale, and since all of these fuels have significant levels of 

fuel-bound nitrogen, NO formation may become acute. 

Recent studies of the production of NO due to oxidation of fuel nitrogen 

strongly indicate that a critical role is played by the interaction of 

NH (x = 1,2,3) species with NO, 0, OH and H. Studies have also shown that 

these reactions play a vital role in the efficient homogeneous removal of 

NO from combustion exhaust streams upon the addition of NH„. 
X 3 

The work in progress has three basic objectives. The first objective 

is to determine rate constants for several of the basic chemical reactions 

which govern the formation of NO in the combustion of fuel-bound nitrogen 
X 

and which also play a key role in the thermal deNO process. The specific 

reactions to be studied include the reactions of NH , NH , and NH with NO 

(Task 1), and the reactions of NH , NH , and NH with the combustion radicals 

0, OH, and H (Task 2). This report focuses on the measurement of reaction 

rates for OH + NH over the temperature range of 294 - 1200 K. 
The second objective is to utilize the kinetic data obtained in Task 1 

and Task 2 to identify the key NO radical scavenging species. Once the key 

NH radical(s) has been identified, gas additives other than NH, which can 
X 3 

efficiently produce this NO scavenger will be evaluated under combustor 

exhaust flow conditions. This work may allow a major improvement in the 

efficiency of the homogeneous NO scavenger concept (Task 3). 
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The third objective is to evaluate the impact of the kinetic and 

mechanistic data gathered in Tasks, 1,2, and 3 on the design of coal and 

synfuel combustors and on the implementation of homogeneous NO exhaust 

scavenging schemes. This will be accomplished by modeling the processes 

in the combustion stream (Task 4). This modeling will utilize existing 

computer codes, including Aerodyne's PACKAGE code. This modeling will 

allow assessment of the impact of the measured chemical parameters on 

exhaust NO content. The results of this computer modeling will be trans-

lated into conceptual designs for pilot scale experiments which demonstrate 

achievable impacts on exhaust NO content (Task 5). A set of rate equations 
X 

has been selected and preliminary runs have been made which reproduce the 

gross features of the thermal deNO process. 
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2 . TECHNICAL SUMMARY PROGRESS REPORT 

A summary of progress achieved during the last quarter is presented below. 

A time-phasing schedule for each key subtask is shown in Fig. 2.1. 

Task 1: Measurement of NH + NO Rate Constants 

X 

The rate measurements for the reactions of NH + NO ->• products and 

NH + NO ->• NH + HNO have been completed over the temperature range of 

294 - 1200 K. The NH reaction rate decreases substantially as the temper

ature is raised. Reaction of NO with NH is extremely slow and probably 

plays no role in the NO system kinetics. The hydroxyl radical has been 

identified as a reaction product in at least 20% of the product channels. 

Attempts at producing a nonchemiluminescing NH source have been unsuccessful 

but a few methods still hold promise and are discussed in Section 3. 

Task 2: Rate Data for NH Oxidation 

X 

Preliminary rates for the reaction of NH + OH -̂  NH + H O have been 

measured over the temperature range of 294 - 1200 K. The values at lower 

temperatures are consistent with previous measurements and the temperature 

dependence appears to be Arrhenius-like. 

Task 3: Assessment of Rate Data To Determine Key NO Scavenger Species 

We are continuing the assessment of the published experimental reaction 

rates and kinetic models relevant to the homogeneous chemistry of NO in 

combustor exhaust streams. The impact of our experimental results on proposed 

models is detailed in the technical discussion. 
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Task 4: Chemical Model for NO Chemistry 

A chemical reaction set containing approximately 50 reactions has been 

assembled. Initial computer modeling runs indicate that the key reaction is 

NH + NO ->• products, and that the identification of the products is critical 

in determining the chemistry of NO . 
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3 . NH^/NO RATE MEASUREMENTS 

3.1 Task Goals and Milestones 

The goals of this task are to: (1) demonstrate the efficient production 

of NH and NH in the flow reactor using discharge flow techniques; (2) demon

strate the efficient detection of NH and NH in the flow reactor using laser-

induced resonance fluorescence; (3) equip the flow reactor with calibrated 

gas handling equipment to introduce NO, NH and carrier gases; (4) demonstrate 

the use of the molecular beam mass spectrometer coupled to the flow reactor 

to detect NO, NH , and other flow gases; and (5) utilize each of the subsystems 

to measure the rate of reaction of NO with NH, NH , and NH from room temperature 

to combustion temperatures. 

The first three goals previously had been completed. In this last quarter, 

substantial progress has been made on the fifth and most important item, the 

rate measurements. The use of the mass spectrometer to identify reaction 

products will be attempted next month when the installation of an upgraded 

system will be completed. 

3.2 Technical Discussion 

3.2.1 Rate Measurements for the NH + NO Reaction 

In the previous quarterly rate measurements for the reaction of NH„ 

with NH over the temperature range of 294-1200 K were discussed. Subsequently, 

measurements at additional temperatures were made, and the results for the 

complete set are illustrated in Fig. 3.1. The rate coefficient exhibits an 

increasing fall-off as the temperature is raised. Although not exhibiting 

Arrhenius-like behavior, the temperature dependence has been least-squares 

fit to the functional form 

k(T) = A T%-^/^ 
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(2) 

Although this form has no particular physical basis, it is convenient 

to use and is the form used in most modeling codes, including the PACKAGE 

code. The bet fit parameters are 
-4 3 -1 -1 

A = 1.95 X 10 cm molecule S 

b = 938 K 

n = - 2.46 

3.2.2 Branching Ratio of NH + NO to OH Products 

In the previous quarterly, it was noted that a strong laser-induced 

fluorescence signal of OH was seen from the reaction of NH. + NO. An attempt 

to quantify the amount of OH produced leads to a lower limit of —20%. 

The calibration was performed in the following manner. Using the fast 

reaction of H + N0„ —^ OH + NO, a clean source of hydroxyl radicals is 

provided. Airanonia is introduced through the moveable injector, and quantita

tively is converted to NH_ by the reaction NH + OH —^ NH + HO. Using laser 

induced fluorescence to detect NH„, and an OH resonance lamp to detect OH, 

we obtain the relative detection sensitivity of the apparatus to equal 

number densities of OH and NH . The only problem is that the laser beam has 

no clear exit path and scatters off the OH lamp, creating a large background 

which severely limits the S/N for the NH^ measurements. 

The calibration procedure is: 

1. Make OH from H + NO , 

2. Measure the signal of OH, defined as S , for a set of known 
operating conditions, 

3. Add excess NH„ to quantitatively convert all OH to NH„, 

4. Measure the signal of NH , defined as S 
L Nn„ 

^OH 
= C-„ x FOHI ^ ., ^ . (la) 

OH L J c a l i b r a t i o n 

S = C 
''™ NU^ X I INtl^ 

'calibration 

NH "NH_ X [NH,"! , (lb) 
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where C is an apparatus constant which includes PMT response, transmission of 

filters, geometries, etc. for OH and NH , 

^OH ÔH M cal 
^NH2 ^NH^ [ N H J ^ ^ I 

(2) 

b u t 

McaA'^llal > "̂̂  (3) 

^OH ^OH 

"^NH^ ^NH2 

5. Now, the gases are changed and NH„ is made from NH + F. 

6. Measure the signal of NH„, defined as I ^ , 

7 Add excess NO through injector, quantitatively reacting all of 
the NH -̂  products, fraction (a) of which is OH, 

8. Measure the signal of OH, defined as I_,„, 
OH 

(4) 

therefore. 

I = c X LNHO I ,^ X 

NH2 NH2 L 2J rxn (5a) 

I OH = V - Hr.n = S H - " M r x n ^̂ ^̂  

•'"NH2 N̂H2 
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but from Eq. (4) and rearranging Eq. (6), 

'OH S 
a = -= -̂̂  . (7) 

NH2 OH 

A calibration step was performed before and after the reaction step to 

assure that the operating conditions remained steady. The value obtained 

for a was 0.2 +0.1. There are a few assumptions that must be analyzed to 

validate this measurement. 

1. Wall Removal; Since NH„ and OH have different rates of removal by 

the reactor walls, the assumption of quantitative conversion is 

violated. However, it can be shown that the difference actually 

cancels out in taking the ratios of S and I in expression Eq. (7). 

2. Laser Frequency Drift; This cannot be measured except by noting 

that the calibration NH_ signal before and after remains 

approximately constant. 

3. Quenching of Vibrationally Excited Products; Both the NH„ and OH 

detectors see molecules in the v = 0 state only. If, during the 

calibration or reaction measurement, a species produced in v > 1 is 

not quenched, the assumption of detecting quantitative conversion 

is violated. We have performed measurements showing the NH„ and 

OH produced in the source inlet are completely quenched. Since 

the distance of the injector from the detector region was only 

10 cm, there might not have been time for sufficient quenching of 

the OH or NH„ produced by the addition of excess NH„ or NO, 

respectively. In other words, the values of S and I may 

have been too small, which leads to an underestimation in the 

value of a» This could be corrected by adding the excess reagents 

at larger injector distances. However, wall removal of the products 

would be more severe, decreasing the already poor S/N for NH_. 
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It is planned to repeat these measurements using laser induced 

fluorescence for both OH and NH_, which will lessen the S/N problem. 

3.2.3 NH Radical Source 

The development of a source for NH radicals has not been completely 

successful. The reaction of ammonia with excess fluorine atoms does produce 

NH, but in its first excited electronic state. The chemiluminescence over

powers the laser-induced fluorescence. Attempts to produce NH via direct 

dissociation of ammonia were unsuccessful. It may be possible to use the 

reaction of metastable argon, produced in the microwave discharge, with 
(3) 

ammonia to form NH, as inferred by Stedman. 

3.3 Work Forecast 

During the next quarter, we will attempt to narrow the limits on the 

fraction of OH produced from NH„ + NO. A similar experiment will measure 

the fraction of H-atoms. The mass spectrometer will be used to look for 

other products, such as N„, N O , as well as any complexes such as NH„ NO. 

We will also proceed in the development of a usable source of NH radicals. 
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4 . NH^ OXIDATION MEASUREMENTS 

4.1 Task Goal and Milestones 

The goals of this task are to measure the rate constants for the reactions 

of NH, NH , and NH with oxidizing flame radicals from room temperatures to 

combustion temperatures. Using the mass spectrometer, the amount of branching 

to various product channels will also be measured. 

The key oxidation reaction, NH + OH •> NH + H O , is presently being 

studied and is discussed below. When completed, the reactions of 0 and H with 

NH and NH will be investigated. We have chosen the reactions in order of 

probable importance to the overall NO chemistry as determined from the 
^ (4) modeling work of ourselves and others. 

4.2 Technical Discussion 

Rate Measurements for the OH + NH Reaction 

The reaction of OH + NH -̂  NH + N O is proposed to be the key initiation 

step for the removal of NO by NH . Previous rate measurements have been made 
(5) in the temperature range 297 - 699 K. Perry, et al. obtained a value for 

the rate coefficient of k = 2.93 x lO"^^ e"^^^^° * 300)/RT ̂ ^3 ̂ ^̂ êcule"-̂  s~^ 

Hack, et al. found values about 50% higher. The present work extends these 

measurements to 1200 K. 

Hydroxyl radicals are generated by the fast reaction of H atoms (produced 

in a microwave discharge) and NO . Anhydrous ammonia is admitted through 

the moveable injector and the rate of decay of OH is measured using an OH 

resonance lamp, made by flowing a stream of helium saturated in water vapor 

through a microwave discharge. Fluorescence is captured by a Hammamatsu R763 

photomultiplier wired for photon counting. A 320 nm bandpass interference 

filter is used to reject unwanted light. The counts are amplified and shaped 

by a Pacific Precision Instruments Model 3262/AD4 Amplifier/Discriminator 
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and fed to a Monsanto Model 1505A Counter-Timer. Data are corrected for 

scattered light from the lamp and any other sources of background. 

Initial experiments have been done at five temperatures between 

294 and 1200 K. A sample of the data is shown in Figures 4.1 and 4.2. 

Although not yet corrected for diffusion and wall removal, the results 

indicate that the low temperature dependence can be extrapolated to higher 

temperatures. 

Above 1000 K, background radiation increases dramatically and the wall 

removal of H atoms in the source also increases, resulting in a rapid 

deterioration of S/N. To overcome this, a tungsten hot-wire dissociator 

is being constructed which will produce H atoms at a position just upstream 

of the NO mixing region. This should increase the number of OH radicals 

so that the signal will be enhanced. Presently, the rate measurements over 

the temperature range of 294 - 1200 K are being repeated and refined, and a 

final expression for the temperature dependent rate coefficient will be 

obtained shortly. 

4.3 Work Forecast 

During the next quarter, we will measure the rates of reaction of H, 0, 

and OH with NH over the temperature range of 294 - 1200 K. We will use the 

mass spectrometer to identify reaction products when more than one product 

channel is open. The NH_ oxidation measurements will also be started. 
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5. CHEMICAL MODEL FOR NO CHEMISTRY 

5.1 Task Goals and Milestones 

The goals of this task are to; (1) use the Aerodyne PACKAGE code to 

obtain a chemical model for the NO chemistry in coal combustor exhaust 

streams, and (2) to assess the impact of our measured kinetic data on models 

for NO production and scavenging. 

During this quarter, a chemical reaction set containing the reactions 

which may have an influence on NO chemistry at combustor exhaust temperati 

has been assembled. Using a simplified set of initial conditions, it is 

demonstrated that the reaction of NH„ + NO ->• products is crucial in deter

mining the production and removal of NO. 

5.2 Technical Discussion 

Chemical Model for NO Chemistry 

During this past quarter, modeling the chemistry of NO in combustion 

exhaust streams was initiated. The first goal is to devise a reasonable set 

of reaction steps which can reproduce the effects obtained experimentally. 

These are, in order of importance, 

1) temperature dependence of NO removal upon addition of NH , 

2) shift of this dependence toward lower temperatures upon 
addition of H , 

3) initiation delay, and 

4) self-inhibition effect. 

(4) 
We have chosen a set of initial conditions similar to those of Branch, et al. 

which also are similar to a number of the experiments. The starting species are 

those produced by burning an 0 /CH mixture in excess argon at the desired 

temperature with an equivalence ratio of 0.93. 
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Once the model works for this simplified condition, the initial species 

will be those derived from the burning of coal under actual combustor conditions. 

The initial reaction set assumes that certain species are not present at 

high temperatures. These include H O , 0 , NO , HCN, and N O , the last two 

having been observed at levels below 1 and 50 ppm, respectively; Reactions 

of CO have also been ignored. The refinement of the model will probably 

include some reactions of C0„, NO and NO. 

Presently, there are three groups of reactions in the model. 

1) H - 0 Reactions: These include the interactions among H, OH, 
X y 
H„0, and HO , including three body recombinations. 

2) NH Oxidation Reactions: Included in this group are the reactions 
X 

of N, NH, NH , and NH with H, OH, 0, and 0 . As there are multiple 

product channels for some of these reactions, we have used all 

except those which are very endothermic, and thus, unlikely to 

contribute to the chemistry. 

3) Reactions of NO and HNO: These reactions provide for the removal 

of NO and HNO. Included are the reactions of HNO and NO with 
NH , 0, OH, and H where appropriate. 
X 

Rate values are obtained from a variety of sources, but generally 
(8) (9) 

come from critical reviews of rate data by Jensen and Jones, Westley, 

Levy and NASA. Experimental values are always preferred over 

theoretical estimates. Since the PACKAGE program incorporates the JANAF 

Thermochemical Tables, the reverse rates for all reactions are calculated 

from equilibrium constants and are also included in the modeling. As our 

experimental values for the key reactions become available, they are 

incorporated into the model. 

From some very preliminary runs, it is apparent that the key reaction 

is NH -f- NO, the products of which determine the gross features of the thermal 

deNO process. If one naively assumes that H O and N are the principle 
X ^ ^ 
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products, then no change in the NO concentration occurs. If OH + H -I- N 

are chosen as products, then the NO concentration is significantly decreased. 

This is the reason behind our attempts to experimentally measure all of the 

product channels of the reaction of NH„ + NO. 

5.3 Work Forecast 

The modeling of the NO chemistry in combustor exhaust flows will continue 

as described in the previous section. During the next quarter, we expect to 

achieve significant progress towards completing a model for the NO chemistry. 

Once it can describe the observed behavior of the NO/NH system, we will 

modify it to predict the effect of other additives which may more efficiently 

remove NO. 
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