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SUMMARY

The aim of this work was the investigation of the production of the
important pollutant nitric oxide in hydrogen-rich flames in the presence of both
nitrogenous compounds and hydrocarbons, and also the effect of the type of
hydrocarbon on the mechanism of disappearance of these nitrogenous compounds.
The project is thus related to that of ascertaining the mechanism and rate with
which a nitrogen compound in a fuel such as coal ultimately ends up as NO or

on combustion. A variety of laminar flames were burned with different
ratios iIn the burner supplies, and argon as diluent in such an amount
that an adiabatic temperature of 1900 K was reached. Nitric oxide was added
to the unburnt gases of these flames in varying amounts. Concentrations of NO
were measured with a chemiluminescent NO™ Analyser, whereas those of the cyanides
and NH. species formed were measured with ion-specific electrodes.
Disappearance of NO was only observed when hydrocarbons were added to a flame
together with the NO, and this decay of NO only took place in the reaction zone,
in contrast to the cyano and NH” species, which were at their highest concen-
trations in the reaction zone. Nitric oxide was then re-formed downstream
with the highest rate of production being near the reaction zone. The
initial loss of NO in the reaction zone appeared to be proportional to the
number of carbon atoms in a molecule of the hydrocarbon. Downstream, both the
cyano pool and NH. pool decayed; the cyano pool disappeared via

HCN + OH “aHOCN + H or CN + H*O “aHOCN + N as the rate-determining steps.

Since NH. species were formed in flames to which NO and a hydrocarbon were
added, in order to have a better understanding of the mechanism of production of
NO from NH”, Fflames were studied with various [H2]/[021 ratios, temperatures
and quantities of added ammonia. The reactions which appeared to determine

the production of NO from the various NH" species formed from NHM were

N + OH & NO + H ®

in the reaction zone, and

NH2 + OH---—- -aNO + H2 + H ... ®
downstream. In addition, NO reacted to form N2 in:
N + NO N2 + 0 .- ©



in the reaction zone, and subsequently downstream in one or other of

nh2 + N O —————2 N2t ©)

NH + NO ———— + N2 + OH ®

The extent to which reactions (0)) and (E) occur depends upon [H21/[021 ratio
in the unburnt gases and the temperature of the flame. The addition of a
hydrocarbon to a flame with ammonia iIn the burner supplies, only seemed to

affect the reaction zone, where again a cyano pool was observed.

From the experimental observations, rate constants for reaction (B), which
produces NO, were determined. In addition, velocity constants were measured

for () and (E) as well as for the oxidation of HCN by OH and, CN by H"O.
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Chapter 1.

Introduction.

There are different classes of pollutants emitted from combustion

devices. The levels of such emissions depend upon physical and chemical

processes which occur during combustion, as well as the kinetics of formation

of these pollutants.

Nitrogen oxides, denoted as NOX (i.e. NO and NOZ)are discharged to the
atmosphere from combustion systems. However, their concentrations are quite
Tow. These species are also produced in small quantities in forest fires
and lightning; however, high local concentrations are produced by nitric
acid plants, etc, and can be quite harmful to the environment. Nitric
oxide is not known to cause damage directly, but in the atmosphere is converted
to NC”, which 1is considered a nuisance. For instance, NO2 has been shown to
increase the incidence of respiratory diseases (Shy et al. 1970). Some
studies have been carried out on the effect of NO» on plants and animals
(Perkins 1974; Enrich & Henry 1968) with the result that NON has been blamed
partly for lung cancer and theweakness of some mammalian species to resist
bacterial infections. One of the dangers of emissions of NO to the atmos-
phere, 1is the depletion of ozone in the stratosphere (Sawyer 1972), which
allows enhanced penetration by U.V. radiation, thereby raising the occurrence
of skin cancer. This extra penetration of U.V. radiation in turn can also
affect agriculture, since alterations of surface temperatures might be
expected. In fact, NO™ is blamed along with SO, for iIncreasing the acidity
of rain in North-Eastern U.S.A. and in Scandinavia. Also, once NO2 is formed,

it may react in the atmosphere with hydrocarbons, producing peroxoacyl

nitrates (known as PAN) which are lachrymatory.



More attention has been paid recently to NON emissions from combustion
devices; however, the mechanism of formation of such species is not well
understood yet. Reactions involving NOx take place in an environment
established by combustion reactions, although these reactions are not part of
the combustion process itself. The two principal sources of NO in the
combustion of conventional fuels are:

1. Oxidation of molecular nitrogen in the air supply.

2. Oxidation of nitrogen-containing compounds in the fuel.

The fixation of molecular nitrogen in air occurs at relatively high
temperatures, 1i.e. above 1200° C. Whereas, at temperatures below 1000° C
the contribution of fuel-nitrogen to the formation of NO becomes significant.
In combustion devices burning crude oil or coal, fuel-nitrogen can be an
important source of NO, since significant amounts of organic nitrogen
compounds are often present. Mathematical models to explain the formation
of NOX have proved satisfactory in some cases, but they cannot predict its
formation in all situations.

Before Lyon and Benn (1973) studied the removal of NO™ from flue gases
by reaction with NH3, no commercial process was used to decrease the quantity
of NO emitted. The usual way of reducing NOx in Fflue gases is either
through modifications of the combustion process or alterations of the combustor.

A study of the formation of nitric oxide from fuel-nitrogen in flames
was the purpose of this work. Different amounts of NO, ~ and hydrocarbons

were added to hydrogen-oxygen-argon flames and the concentrations of NO, NH3

and cyanides were measured along a flame axis. The flames had temperatures

in the range 1822-2635 K and were burnt at atmospheric pressure on a Padley-
Sugden burner (Padley & Sugden 1958). The reaction zone was flat, and the
composition, temperature and velocity profiles in the burnt gases were close

to those for plug-flow. Flames were sampled through a water-cooled quartz



probe into a chemiluminescent analyser to determine NO concentrations, and
also into aqueous KOH solutions to measure the concentrations of cyano-and

NH”N-species, using specific ion electrodes.



Chapter 2.
Formation of NO,_1in flames.

2.1 Introduction.

At the present time, of the various atmospheric pollutants,NO™ emissions
are increasingly becoming more effective in provoking disturbances and
alterations to the environment. As a result, particular attention has been
paid to the formation of NO, which is the oxide of nitrogen emitted in
greatest quantities at high temperatures. Several workers have studied its
formation under varying conditions (Bowman 1975, Hayhurst & Maclean 1974,
Iverach & Kirov 1973, Fenimore 1970). There are two sources for the nitrogen
in NO emissions from combustion systems: ~ in the combustion air and
nitrogenous species present in the fuel, either iIn impurities or in the fuel
itself, like nitrogenous rocket fuels. The formation and survival of NO
depend upon combustion conditions, such as the temperature profile of a
flame, the supply of oxygen, rate of quenching, etc. The conversion of fuel-
nitrogen to NO was found by Martin & Berkau (Shaw 1973) to be less sensitive
to a rise in temperature than the oxidation of molecular nitrogen. Formation
of NO appears to be encouraged by high flame temperatures, high oxygen concen-
trations and high nitrogen-content of the fuel. Survival of NO seems to be
encouraged by rapid quenching of the gas to about 1300 C (Shaw 1973).
Emission levels in turbulent diffusion flames are also strongly influenced
by combustion aerodynamics. This chapter owes much to a review by Hayhurst
and Vince (1980).

2.2 Some previous studies of the mechanism of formation of NO.

The mechanism of formation of NO from atmospheric nitrogen has been
extensively studied. It is accepted that in the combustion of lean and
near—stoichiometric fuel-air mixtures, the Zel dovich mechanism is important.

However, numerous investigators (Fenimore 1971, Iverach et al. 1973,



Sarofim 1973, Bachmaier 1973; Iverach 1973, Homer 1973, de Soete 1973,
Morley 1975, Haynes 1975) have reported that in the combustion zone,
measured rates of formation of NO are significantly larger than that
predicted by the Zel"dovich scheme. Near the reaction zone, the rates
of formation of NO are considerably greater than in the post-flame zone,
with the amount of NO formed in the reaction zone increasing as fuel-air
ratio increases. The largest discrepancies between the measured rate of
formation of NO and that predicted by Zel*dovich are accordingly observed
in fuel-rich flames. In fuel-rich flames a rapid rate of formation of NO
by the so-called "prompt NO" route has excited controversial discussions
and is discussed below.

2.2.1 The Zel*dovich mechanism.

Molecular nitrogen has a dissociation energy of 941 kJ mol , and

according to Zel"dovich (1946) it reacts via the following chain mechanism:

0O + N2 - NO + N D)

N + 02 NO + O. &)

Step (1) is universally accepted as the rate-determining step in the
formation of NO in the post-flame gases, with a rate constant quoted

(Wray 1962, Bachmaier et al. 1973) as approximately 5x10 exp(-37,890/T)
ml mol ~ s \ correct to a factor of 2. Fenimore & Jones (1957), because

of kinetic inconsistencies in N20/H2 flames with additives, suggested that

step (2) might be bypassed by the reaction

N + OH s NO + H (©),
especially in rich flames. Actually the reverse of reaction (3) can become
quite important in flames, when the concentration of NO is very high. Steps

leading also to the formation of N20 and HNO have also been discussed
(Albers et al. 1975, Duxbury & Pratt 1975), and these have been found quite

important in cold, Ilean, well-stirred flames (Malte & Pratt 1974).



Although measures to minimize emissions of NON based on the
Zel"dovich mechanism have proved satisfactory, not much success in quanti-
tative predictions of rates of formation of NO has been obtained.

Thomson et al. (1972) were the first in pointing out the importance
of supra-equilibrium concentrations of radicals when measuring rates of
formation of NOX in and near the primary reaction zone. These and other
workers (Ay & Sichel 1976, Sarofim & Pohl 1973) were able to account for
observed rates of formation of NO in a variety of flames, within experimental
accuracy, by assuming rapid balancing of radical inter-conversions (Bulewicz
et al. 1956). Huiler et al. (1973) and Malte & Pratt (1975) have also
validated the extended Zel"dovich mechanism; however, levels of NO have
been consistently found in excess of such predictions (Fenimore 1971,
Iverach et al. 1973, Bowman et al. 1973, Malte et al. 1974, Vince 1974,
Malte & Pratt 1975). In turbulent diffusion flames, the excess levels of
NO have been attributed to temperature fluctuations (Gouldin 1974, Moss
& Bray 1975), because the rate-determining step of the Zel*dovich mechanism
is highly sensitive to temperature. Also in studies carried out of a
swirling turbulent diffusion flame of methane in air, Sadakata and Beer
(1977) observed the rate of formation of NO in the main reaction zone to
be faster than that provided by the Zel"dovich mechanism.

Recently, amounts of NO2 representing as much as 30% of NO™ emissions
have been found from gas turbines (Cernansky & Sawyer 1975, Schefer &
Sawyer 1977). Cernansky & Sawyer (1975) suggested a plausible scheme for
NO2 production from NO in turbulent diffusion flames, based on a temporary
co-existence of high radical concentrations, high [02] and relatively cold
conditions. Also Fenimore (1975) found in the reaction zone values for
[NO2]/[NO] greater than the equilibrium ratio, when adding NO to lean

premixed flames of CO and/or H2 in air. However, this ratio fell to



approximately the equilibrium one iIn the post-flame gases. Any
reasonable scheme leading to the formation of NO®, involves NO molecules
as reactant. However, it now seems clear that in most flames, the NOM
found in the gases is formed during sampling.

The Zel"dovich mechanism so far, has been found frequently
unsatisfactory in predicting the high rates of formation of NO in the
reaction zone and the final emissions of NO from hydrocarbon flames.

2.2.2 Prompt NO.

The Zel"dovich mechanism often predicts lower NO-formation rates
than those observed, and extensions of the basic system allowing for
supra-equilibrium [0], temperature fluctuations and various nitroxy
compounds do not always explain the experimental observations. This was

discussed in the previous section. Fenimore (1971) observed that extra-

polating linear or almost linear experimental [NO] profiles to a time zero,

for hydrocarbon-air flames burned on a flat burner, produced a positive

intercept. This led to the idea of a rapid formation of NO in the
reaction zone, in addition to that of the Zel"dovich mechanism. This
rapid formation of NO he labelled as "prompt NO". The Zel"dovich

mechanism alone could not account for variations of the above-mentioned
intercept with the type of fuel, temperature, pressure and stoichiometry.
Since this was not observed in flames without hydrocarbons, Fenimore (1971)
postulated that NO arises from an attack by a hydrocarbon fragment on
molecular nitrogen. Many investigators (Burdett & Hayhurst 1977, Malte

& Pratt 1975, Takagi et al. 1975, Iverach et al. 1973) have confirmed the
distinction between flames with and without hydrocarbon. Reaction (1)

is highly endothermic and Fenimore found prompt NO weakly temperature
dependent. This was also confirmed by studies made by De Soete (1975)

and Hayhurst & Vince (1977). In addition Fenimore (1971), Eberius et al.



(1977) and Heberling (1975), studying the dependence of prompt NO levels
upon pressure, Tound that the Zel"dovich mechanism alone could not
explain the experimental observations. At the same temperature, the
levels of prompt NO in fuel-rich flames have been found higher than those
in lean or stoichiometric flames (Ay & Sichel 1976, Malte et al. 1974,
Iverach et al. 1973, Fenimore 1971).

Some of the assumptions made by Fenimore when studying "prompt NO"
may not be correct: first he considered that the tips of the flame-lets
of the flat-flame burner corresponded to the flame front, and this can be
a source of error in the determination of residence times. This error
will be more significant close to the flame front and the concentration of
NO can then be greatly overestimated. Secondly, he considered oxygen
atoms to be in equilibrium. Near the reaction zone this is clearly
doubtful; it leads to a significant curvature in the [NO] profile near
the reaction zone if only the ¢jel"dovich mechanism operates and iIn part
it will account for the intercept observed by Fenimore (1971). However,
the above information from studies carried out by other investigators
supports the evidence that a pathway, distinct from the Zel"dovich reactions
for the formation of NO, is the attack of a hydrocarbon fragment on a
nitrogen molecule in the flame front. How much of the intercept is truly
prompt is a question which can be put forward; Sarofim & Pohl (1973)

studying premixed methane flames concluded that supra-equilibrium O

atom concentrations could gccount for all the intercept, except possibly

_ ~ HnuEwgr, several workers have measured both local
in very rich flames. nuwLV

temperatures and [0] and concluded that the Zel“dovich mechanism ,,as
inadequate. This same conclusion was drawn by Blauwens t”~aK (1977)
in studies made on lean ethylene flames. Bowman i Seery (1971) did not

find any evidence for prompt NO iIn shock tube studies; however, as



Iverach et al. (1973) quote, the high temperatures in such studies could
have a masking effect. Bowman et al. (1973) have found evidence for
prompt NO in a jet-stirred reactor. Studies carried out by Eberius et al.
(1970), Blauwens (1977), Miyauchi ((1977), Peeters (1973) and Hayhurst and
coworkers (1974, 1977) led to the elucidation of the kinetics of various
reactions, which could be involved in the formation of "prompt NO™.
Actually, the response of prompt NO to variations in temperature and
stoichiometry in the work carried out by Hayhurst and co-workers was as
expected from Fenimore"s work (1971).

In various studies (Bachmaier et al. 1973, Haynes et al. 1975, Morley
1976, Takagi et al. 1975, Peeters & Vinckier 1975, Hiyauchi et al. 1977,
Blauwens et al. 1977) cyano-species like CN and HCN, believed to be inter-
mediates, were actually identified and measured in flames. These
investigations only revealed cyano-species in hydrocarbon flames. Haynes
(1975) observed that the maximum [NO] intercept actually coincided with the
highest initial rate of decay of HCN. The amount of HCN, corrected for N/
and hydrocarbon concentration, was found by Morley (1976) to be nearly
independent of temperature and fuel type. However, there is some contro-
versy about the mechanism of formation of HCN from N2, due to there being
so many short-lived hydrocarbon radicals which could attack N* with
incompletely known kinetics and the fact, that (H™~ + H ®aCH.”~ + H2 is
possibly in equilibrium in the reaction zone in a hydrocarbon flame.
This last point is illustrated by the study made by Peeters & Vinckier
(1975). Hayhurst & Vince (1977) observed in their work that the amounts
of prompt NO formed were proportional to [N"3 » the quantity of hydrocarbon
added and number of atoms of carbon in a molecule of the hydrocarbon
additive. Consequently, Hayhurst & Vince (1977) concluded that CH and

CH2 were the only plausible candidates for reaction with N2> Morley



(1976) opted for CH and obtained a rate constant for CH + HCN + N
(AH =9 kJ mol of the same order of magnitude as that obtained from
room temperature flash photolysis (Braun et al. 1967), i.e. 2.4x10

ml molecule 1 s 1 at ca. 2400 K. However, Miyauchi et al. (1977), in
their study, found an almost quantitative agreement between predictions
and results, by considering HCN to be formed in CH2 + 2% HCN + NH

(AH° = 88 kJ mol *). No distinction between the above two reactions was

reported by Blauwens et al. (1977), but Benson (1977) has argued for a
predominance of CH radicals attacking N2- Eberius et al. (1975), adding
HCN to low pressure flames, found that this compound disappeared and
reappeared again. They suggested that such behaviour could be due to the

formation of an intermediate before HCN is formed, but HCN could well be
suffering pyrolysis before entering the reaction zone.

2.2.3 The production of NO from fuel-nitrogen.

In several recent experimental investigations of NO from combustion
devices, nitrogen-containing compounds in the fuel were found to be an

important source of NO. The nitrogen content of fossil fuels can vary

considerably. During distillation, the fuel-nitrogen is concentrated in

the higher boiling fractions, and it is for these fuels that fuel-nitrogen
is most important as a potential source of NO. In distillate fuels, the
fuel-nitrogen can exist as amines and ring compounds (e.g., pyridine,
quinoline and carbazoles). The nitrogen content of most coals ranges
from 1 to 2% by weight. During combustion of distillate fuels or coal,
organic compounds present in the fuel will very likely undergo thermal

decomposition before entering the combustion zone. Consequently, the

intermediates for NO formation will, in general, be low molecular weight

nitrogen—containing compounds (e.g-, NH”, NH2> HCN, CN, etc.)(Bowman 1975).
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Although experimental studies have been made of the combustion of
many nitrogen-containing compounds, very little detailed information on
the kinetics of formation of NO from these compounds has been obtained.
Existing data indicate that the oxidation of many nitrogen-containing
compounds to NO is rapid, occurring in a time scale comparable to that of
combustion reactions.

In the vicinity of the reaction zone, observed NO concentrations from
fuel-N" significantly exceed their equilibrium values. In the post-
combustion zone, the NO concentration decreases, relatively slowly for fuel-
lean mixtures and very rapidly for fuel-rich mixtures as found by Haynes
(1977), Fisher (1977), Fenimore (1978),Fenimore &Jones (1961), Fenimore
(1976), Cernansky & Sawyer (1975), Haynes et al. (1975) and Hayhurst &
Vince (1977). The amount of fuel-nitrogen converted to NO is particularly
sensitive to the fuel-air ratio. Relatively high NO yields are found for
rich mixtures, these being only slightly dependent upon temperature,
contrasting with the strong dependence upon temperature of NO formation
from molecular nitrogen in the air supply. Several investigators have
proposed mechanisms (Fenimore 1976, De Soete 1975, Haynes, lverach &

Kirov 1975). Fenimore and De Soete have proposed one, in which the
primary fuel-nitrogen compound reacts to form an intermediate (e.g-,

HCN, CN, NH2, NH, N). The initial step may involve pyrolysis of the
compound or reaction with the fuel or even with a fuel fragment. Then
the nitrogen intermediate reacts via two competitive reaction paths.

If the intermediate reacts with oxygen-containing species, it will form NO,
and, iIf it reacts with NO or another nitrogenous intermediate will give
N2 . Based on experimental observations, NO formation and the combustion
process occur on a similar time scale and it is usually assumed that

reactions involving nitrogen-containing radicals are sufficiently rapid,



for their concentrations to be in equilibrium relative to one another very
early in the reaction scheme. This partial equilibrium assumption simplifies
greatly the calculation of NO yields, since the number of kinetic equations
required to describe the fuel-nitrogen conversion process is greatly reduced.
A typical plot for [NO] and [HCN] profiles along a flame without
additive 1is shown in Fig.2.1 (Haynes et al. 1974). The concentration of
NO increases sharply near the reaction zone and then is approximately
constant, whereas [HCN] has its maximum also near the reaction zone,
decaying downstream, in contrast with [NO], The amount of hydrocarbons
in the flame decays along the fTlame. Flagan, Galant and Appleton (1974)
have studied NO formation in lean mixtures. They assumed the fuel-nitrogen
to be distributed in equilibrium proportions amongst all the possible single
N-atom - containing species, except that they excluded N atoms and oxidised

i NO, HNO, no2, etc . denoted as RNO. They considered the following

N, 1.e.,

reactions :
NH + 0 N + OH @
NH + H N + » ®)
NH +  OH N + h2 ®)
NH + 0 F NO + H @
N + o9 - NO + 0 ®)
N + OH * NO + H (©))

Reactions which could also affect the production of NO are those yielding

N2 , N~*O,N2H, such as :

N + NO D + 0 Qo)
NH + NO n 20 + H ( ID
N + NH e TOH az)
NO + NO n2e + O 13)
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Figure 2.1 : Measured profiles of NO, HCN and hydrocarbons in an

ethylene-air flame, $ = 1.64, T = 2040K.
(Haynes et al . 1974).



NH  + NO n2 + h2o 14

NH + NH N2H + H . (a5)

The predictions appear to agree with measurements of NO yields obtained by
Fenimore and Jones (Fenimore 1972, Flagan,Galant & Appleton 1974). But
for rich combustion conditions at artificially reduced temperatures or
lean combustion with excessively large fuel-nitrogen concentrations,
discrepancies were obtained between the model and the experimental data.
They concluded that the partial equilibrium assumption over-estimates NO
yields in very fuel-rich or very fuel-lean flames, suggesting that the
above-mentioned assumption is not adequate for these cases. They also
suggested that the measured NO yields were a consequence of supra-
equilibrium concentrations of 0, OH and H radicals near the combustion zone,
resulting in accelerated production of NO by increasing the rate of
production of N atoms through reactions like (4), () and (6).

Bowman (1975) has shown that during the shock-induced combustion of
lean u~r/0~/kr mixtures with NHM present, there are radical concentration
overshoots and these influence NO yields. To account for this, the
coupling of combustion and fuel-nitrogen conversion processes was modelled
by incorporating 0, OH and H into the pool of partially equilibrated
species. It then appears that detailed kinetic models will require some
coupling of the combustion and conversion to convert fuel-nitrogen to NO.

Haynes (1977) has concluded that in fuel-rich flames, regardless of

the source, only HCN and NO leave the primary reaction zone, while N - H

species are formed subsequently in the post-flame gases. The source of

this combined nitrogen includes both fuel-nitrogen and molecular-nitrogen
introduced with the air for combustion. Consequently, the reaction

scheme 1is the following:

- 13 -



NO
fuel -N———— » HCN---—- » NHi

"2
The general veracity of this reaction scheme has been supported by
Fenimore (1976) but there is disagreement about the mechanism of N-H bond
formation from HCN. Of all the reactions involving NH™ (i.e. N, NH, NH~,
NH”N) which lead to the formation of NO, the best known is: N + OH mNO + H.
Reactions of NH and NH™ with O atoms have been proposed, but the low
concentration of O atoms makes these reactions relatively unimportant.
Also, interactions between NO and NH™ were proved to be fast, e,g.
in (10), (14) and NH + NO -mN2 + OH. Having more than one NH" species,
it is Important to consider them iIn some detail.

Kaskan and co-workers (1973) reported that the following reactions can

be important:

NH3 + OH - nh2 + h2° (6)
NH3 + H - NH2  +  p an
NH2 + OH - NH + H20 (@13))
nh2 + H - NH (19
which they thought to be rapidly equilibrated in the burnt gases. Also,

reactions can be established involving NH species such as the following
ones :
NH + OH N N + H20

NH  + H A N  +  H2

A possible complication for this scheme would be reactions between NO and
hydrocarbon radicals, as well as NHM species with the same radicals. The
occurrence of this would invalidate the mechanism discussed above, so that
in the presence of hydrocarbons, further modifications may be required to

allow for reactions of these hydrocarbon species with NO and NH".
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Mulvihill and Phillips (1975) studied the breakdown of cyanogen in
a flame of unburnt composition [H2]/[N2]/[02] “ 4.5 /7 8 / 1. They found
that C2N2 was converted into approximately equal amounts of HCN and a
mixture of CO and CO2 during its passage through the reaction zone. As a

result the main primary reaction

H + C2N2 + HCN  + CN (20)

is considered to be followed by reaction (1) rather than (2)

CN + NCO + O Q1)

N+, HCN  + H Q2)

and NCO reacts further to give:

NCO + O COo + NO (3)

NCO + H Co + NH 4

In this study a low yield of NO was observed when C2N2 was introduced alone,

and a consumption of NO in the reaction zone when C2N2 and NO were introduced

together. This was attributed to : NH + NO - products, because the
main alternative:
CN + NO o N2 + ce (25)

was proved to be too slow to account for the removal of NO at the operating

temperature. They also found theoretical concentration profiles agreeing

with the experimental observations.
Morley (1975) concluded in his study that the amount of HCN formed did

not depend upon the source of nitrogen and that it varied linearly with the

amount of fuel-nitrogen. The amount of NO converted from fuel-nitrogen was

found to fall with iIncreasing nitrogen concentration, decreasing temperature
and increasing fuel-air equivalence ratio, and the rate of disappearance

of HCN was independent of the amount of fuel nitrogen added to the flame.
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For flames above 2530 K and 2 or 3 mm after the burner exit, the disappearance

of HCN was first order, this rate being faster for cooler flames, closer to the

reaction zone. Horley’s proposed mechanism is:
+
HCN + H CN D (6)
oN + 002 - NO o+ CO @n
NCO + H CcO + NH
NCO + p - Co + nh2 (28)
CN + OH NCO + H (29

with reaction (29) fitting the results much better than the alternative

process (27), which was rejected.

Merryman and Levy (1975) studied methane flames with and without nitrogen-

containing compounds, and their data, based on detailed NO and NO2 profiles,

indicated the following reactions:

NH + o9 NO + OH (B0)
CH + o9 Cco + OH D)
NO + ho2 no2 + OH G2
no2 + O - NO o, (33)

They detected NH and CH, with NO being rapidly consumed in the visible flame

by HO2 radicals, and no2 being formed. They found in their flames that

reaction (33) could not account for all the NO produced, so that other
reactions, such as those in the Zel"dovich scheme and Fenimore®s prompt NO
mechanise, take place. The same investigators measured the amount of NO,,
eonsumed in (33) and found that in fuel-rich flames a 100Z conversion to NO
was observed, whereas for oxygen-rich only 60Z of NO2 was converted to NO.

They could not explain this possibly odd observation, attributing it, amongst

other things, to an equilibrium condition.
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Tagaki et al. (1979) have recently studied the formation of nitric oxide
from fuel-nitrogen in staged combustion. Apart from the formation of NO,
HCN and NH™ in the first stage, these workers also investigated the effects
of operating conditions (equivalence ratio, temperature, types and amounts
of fuel nitrogen) on the production of NO. Takagi et al. (1979) concluded

that HCN was not formed in non-hydrocarbon flames, in contrast with those with

hydrocarbon. This seems to agree with what Fenimore (1971) observed in the
formation of prompt NO. The conversion of HCN into NO was much larger in the
second stage of combustion than that of NHA. Fig.-2.2 shows the effect of the

equivalence ratio on the formation of NO, HCN and NH™ in the first stage of
combustion. In fuel-lean flames the main nitrogen compound formed is NO,
and its amount increases with the addition of fuel nitrogen; in richer
mixtures, [HCN] and [NH~] increase and lower [NO] is found, until [NO]
becomes independent of the content of fuel-nitrogen. However, HCN and

NH™ do not reach a saturation point, as does nitric oxide. The effect of
temperature is shown in Fig.2.3 for the first stage of combustion. With
both stages of combustion, NO emission was significantly less than with the
single-stage combustor, for the same total equivalence ratio of 0.8. The
formation of NO was minimized at 0 = 1.3 - 1.4 for the first stage; this same
value for 0 was found by Martin et al. (1977). Above that value for O,
the increase in [NO] was suggested as being due to the high conversion of
HCN and NH™ in the first stage of combustion. These investigators also
observed that [NO] decreased with temperature after the second stage of
combustion, which is due to lower rates of conversion of HCN and NH™ to NO.
In two—stage combustion, compared with a single stage combustor, no
saturation in [NO] was observed for increasing amounts of fuel-nitrogen.

Tagaki et al. (1979) believed that this was due to the fact that more HCN
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Fig.2.2 Concentrations of NO, HCN and NH3 vs. equivalence ratio
in first stage combustion (burning velocity = 14.7 cms *)
from Takagi et al. (1979).
V,mIS
Fuel N=0%

Fuel N=4.35?

Fig.-2.3 Concentrations of NO, HCN and NH3 against temperature

of the burnt gases iIn Ffirst stage combustion

from Takagi et al. (1979).



find NHM is formed in the first stage when more fuel-nitrogen is added.

In non-hydrocarbon flames, most of the NO is formed from NH" added in the

second stage and a lot less NO is obtained than in hydrocarbon flames. This

Is tbe siain difference in fuel-NO formation between flames with hydrocarbon

find flames without hydrocarbon. Mixing of secondary air promotes NO

rates as well as higher temperature result in more

formation. Higher mixing

NO.

2*2.4 The destruction of HCN.

Cyano species, as discussed above, are always formed when hydrocarbons
find any nitrogenous species, either molecular nitrogen from air or compounds

are present in flames. Cyano species

containing chemically bonded nitrogen,

do not seem to form NO directly under flame conditions, although

+ NO + CO has been documented (Basco 1965) after room-temperature

Hash photolysis. HCN and CN are usually assumed balanced in a flame

(Boden et al. 1968), so that both could be plausible routes of disappearance

°f cyano species and they are the only likely ones, since C ~ involves

fermolecular collisions. Haynes et al. (1975) suggested a direct attack

On HCN or CN, either by H or OH because of the proportionality between

-d (In[HCN])/dt and [OH] or [Hj- Fenimore (1976), finding -d(In[HCN])/dt
[H20J £fH 2] in flames doped with pyridine or NHN opted for an

Proportional to
to [H20J [ H 2], owing

fittack by H™MO on HCN. Actually [OH]2 is proportional

to the balanced reaction OH + H2 * H20 + H, so that the results obtained

beth by Fenimore (1976) and by Morley (1976) might be considered indisting-

uishable, 1.e.

HCN  + OH CN + h2° €
CN + OH a OCN + H (35)
> co + NH1

=+
OCN H1

18 -



with reaction (35) as the rate-determining step. Considering various
studies (Hayhurst & McLean 1974, Davies & Thrush 1968, Bullock & Cooper

1972, Mulvihill & Phillips 1975, Rentzepis 1964), it appears that temperature
is possibly the main factor deciding which species attacks the cyano pool.

In Mulvihill and Phillips® work (1975), at 1500 K the oxidant reacting with
CN is 0®, Morley"s (1976) is OH at 2500 K, and Haynes et al. (1975) found CO2
as the most likely candidate within the temperature range (ca. 1300 - 2400 K).
However, HaynesZ (1977) subsequently proposed an alternative scheme for fuel-
rich flames: HCN + OH “mHOCN + H, or a kinetically equivalent process, for
1950 - 2300 K. Fenimore (1978) concluded also that the disappearance of

HCN was first order in both HCN and OH. According to Haynes (1977) and
Morley (1976), possible sequences for the disappearance of cyanates formed

from the cyano-pool decay, are:

+ ] +
OCN D HCNO H
HNCO + H » nh2 + CO (36
+H
HOCN ¥  HNCO y nh2 + CO

OCN + H Yy NH + CO
so that NHN species are formed.

2-2.5 The role of NH_. species in the post-flame gases.

NH. species may react either with hydrocarbon fragments (Safrany 1964,
1969) or with an oxidant, forming NO, or even with NO itself, forming N2.
In the absence of hydrocarbons, NH™ species alone account for the formation
°f NO and N2, via the following scheme (Haynes et al. 1975, Morley 1976,

Fenimore 1976):

NI + 0 NO + (€1))

NI®+ NO Y n2 + @398
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where Ox is an oxygen-containing species and HlI and Hi” are nitrogenous
intermediates, which can consist of one or more of the NIK species. NI
and HI* need not be identical (Seery 1977, Haynes 1977), since NH. species

are interconvertible by reactions like

NH. + (O)H = NH. 1 + H2(0).
The rates of these reactions in the NH. - pool are comparable to those of
ammonia (Kaskan & Hughes 1973). Reaction (38) is notable in being the only

one which yields a reduction in pollutant levels.

2.2.6 Final considerations in the production of NO in flames®.

Cyano species, as well as NH. species, have been found in the burnt gases
of flames with hydrocarbons and, since cyanides are as noxious as NO%, rich
hydrocarbon flames should be avoided. Nitric oxide can also undergo
destruction reactions in flames, especially if Oh and NH. species are present.

The following list includes several possible reactions with reasonably low

activation energies.

CH + NO - HCO + N 39

CH + NO il HCN  + O (40)

HCN  + NO D +  HCO 42

NH + NO N

nh2 + NO N +  h2°

N + NO > N2 + 0

NHy +  CH - HCN  +  Hy “3
+  H/H2. €D

NHy  + NH D

yerSon (1975), using a flowing system of simulated combustion effluents

Ucceeded iIn destroying up to 90% of the NO present by adding controlled



amounts of mixtures of hydrocarbon and oxygen. The most critical parameter
was the hydrocarbon/oxygen ratio. Yamagishi et al. (1975) studied the
dependence of ([NO] + [HCN] + [NH~]) on equivalence ratio (0), reducing it

from 50 ppm for O = 1.4 to 3 ppm for O = 2.0. The peak concentration of

HCN occurred at O 1.7. Iverach et al. (1973) achieved a decline in [NO],
in the post flame gases entirely through the NH™-pool. When [HCN] is
greater than [NO], it has been shown (Bachmaier 1973) that HCN survives

far into the post flame region of premixed hydrocarbon flames of 0 = 1.5,
where high [NH"] and supra-equilibrium [OH] are present. However, for O =
1.5 or 2.0 none of this axial decline was observed by Vince (1977).
Actually, the observations made by this worker, did not fall in line with
the description given by lverach et al. (1973). Vince observed a very
sudden and large drop in [NO], occurring within the reaction zone. In
addition to lverach et al.*s scheme (1973), another sink for NO had to be
postulated. The most likely candidate was Myerson®s (1975), i.e. CH + NO
HCO + N -FS N~ + 0, with CH™ and CH" also as possible candidates for
attacking NO. The presence of hydrocarbon radicals increases in importance
In richer flames, since they manage to survive long enough even to attack NO.
Very little information about the behaviour of hydrocarbons in fuel-rich
flames is available, and consequently it is difficult to discuss the attack
of nitrogenous compounds by a hydrocarbon. Experiments with fuel-nitrogen
(Hayhurst & Vince 1980) supported the idea that CH™ + NO -mproducts

is very fast at 1900 K. Halstead et al. (1973) found the rate constant for
CN + NO CO + N~ to be 5xlo™ ml mol s * at 2000 K, which is quite high.

So far, there is no evidence of HCN reacting with NO in extremely rich

flames. However, de Soete (1975) suggested a rate constant for HCN + NO -m

N2 + HCO of 3x10” exp(-30000/T) mlI mol s
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2*2.7 General Conclusions after an Analysis of Previous Studies.

Analysing the previous work discussed above enables some conclusions to
be drawn on a mechanism for the production of NO in flames:

1. The Zel*dovich mechanism is accepted as valid for fuel-lean and
near—stoichiometric fuel-air mixtures.

2. The chemistry of nitrogen species in fuel-rich hydrocarbon flames,
even in the absence of fuel-nitrogen, is far more complicated than the
mechanism predicted by Zel*dovich. Concentrations of NO, HCN and NH"
species appear well above their values for equilibrium.

3. Formation of cyano species is related to the decay of hydrocarbons
and, in very fuel-rich flames also occurs downstream of the reaction zone.
Even in the absence of hydrocarbons, there is some controversy on the
mechanism for the disappearance of the cyano-pool. However, either one of
the following reactions is believed to occur:

HCN + OH OCN
CN + OH % OCN + H ,

with formation of CN from:

HCN + H - CN + H2
HCN + OH - CN + h20
Al Formation of NO in the post-flame gases appears to be related to

the initial decay of HCN (Haynes et al. 1975).

5. If fuel-nitrogen is added in sufficient quantities, the concentration
of NO is thought to be high when leaving the reaction zone and then decays in
the post—flame to a value which is characteristic of the flame (Haynes et al.
1975).

6. NH™ species are observed in some flames; their behaviour is not

very clear and is possibly related to HCN decay.
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A very brief description of possibilities for controlling NO® emissions

is given below. To reduce emissions of NOX, either its formation is

prevented, or, once it is formed, catalytic removal from the exhaust is

applied. Reductions by about 20% of NO emissions in the course of SO
removal by gas washinghave been observed (Perkins, 1974). However, this

technique has not been studied as a means of removing NO, since NO is highly

insoluble and its conversion to NOE is small. So far, combustion modifi-

cations to reduce the levels of NOX in exhaust gases have been designed

considering only the formation of thermal NO, i.e. in reaction (1).

Reaction (1) can be retarded by reducing peak temperature, or residence time

at or near peak temperature or 0O atom concentration. Reductions of up to

3°£ In [NO] from some boilers have proved possible using low excess air
(Bartock et al. 1972). Actually, low excess-air combustion was observed

to be more effective in reducing fuel-NO rather than thermal NO. Also,

tWo sta8e combustion has been proving successful. This technique uses sub-

stoichiometric air in the first stage and heat is removed before the

remainder of the air is admitted iIn the second stage. However, some

reductions lead sometimes to a decrease iIn efficiency (Tabaczynski 1974).

urner and Siegmund (1972) found that fuel-NO could be diminished as much as
hermal ™0 by staging. Yamagishi et al. (1975) showed that total
Hitrogenous emissions, including NO”®, decrease with increasing O in the
Primary stage, but HCN peaked at 0 = 1.7. Most of the fuel-N added to a
Primary flame with O = 1.2 was observed unreacted throughout the whole

lame by Martin and Dederick (1977). Cooled exhaust-gas recirculation,

although possible for eliminating thermal NO with high recirculation ratios,

haS been found not to affect fuel-NO (Turner 1972) and the effect on prompt
No is thus probably also minimal. Water injection appears promising with

sPark-ignition engines. The effect of water injection on prompt NO is
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however negligible, since the addition of water only reduces the temperature
in the NO formation zone (Greeves et al. 1977). Similarly, not much
influence on prompt NO is observed by reducing air preheat or combustion
intensity. A device which also reduces thermal NOMN without affecting

prompt NO is the cooled porous disk burner. The use of fuel-lean conditions,
as well as varying burner parameters could also lead to reduction of NOMN
emissions (Schefer & Sawyer 1977, Hilliard & Weinberg 1976, Heap et al .1972,
Sakai et al. 1973, Bartock et al. 1972, Jones 1973, Lefebvre 1975).

Modifying the fuel might also be a way of reducing emissions of NO”, although
so far it has not attracted much attention. Shaw (1972) tested approximately
70 fuel additives to assess the feasibility of such an approach in aircraft
gas turbines. The decomposition of NO in the combustion products could well
be another way of reducing NO™ emissions. Muzio et al. (1977) achieved 80%
reduction by adding ammonia (1:1 for initial NO) in the presence of 2% excess
air* These workers also tried to use hydrocarbons instead of NH®, but
unfortunately their attempts failed, unless the addition rate yielded a fuel-
rich mixture. In fact, commercial processes to remove NO™ from flue gases
by reaction with NH™ have been reported by Lyon and Benn (1978). Myerson
(1975), however, presented detailed information for the reduction of nitric
oxide by adding hydrocarbon and oxygen to the post-flame gases at 1200-1700 K.
Finally, a technique which is spreading at present, is fluidised combustion.

In spite of having long residence times, because temperatures are too low,

virtually no thermal NO is generated. Most NO™ from fluidised beds is
actually from fuel-N. Jonke et al. (1979) showed that there was no change
N°x wien 2 ~he combustion air was replaced by argon.
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Chapter 3.

Apparatus and Experimental Techniques.

The layout of the apparatus used is shown in Plate 1. Gases from a
bank of cylinders were metered by capillary flowmeters and mixed iInside a
pair of swirl-cans before feeding a water-cooled Padley-Sugden burner. The
flames were sampled by a water-cooled quartz probe at various axial distances
fri.m the burner exit. The sampled gases passed to either a chemiluminescent
analyser, which measured concentrations of NO in ppm, or, after being
metered, through known amounts of KOH solutions for measurement of concen-
trations of cyanides and NH™ species. The description of the apparatus is
divided into four sections: gas supply, burner, sampling system and gas
analysis.

AN The supply of gas to the Burner.

The gases used were supplied in cylinders by B.O.C. Some of them were
°f standard purity as H2, 02, Ar, CH", and and others, such as
mixtures of NO in argon for calibrating the chemiluminescent analyser and
for fuel-NO experiments and, mixtures of ammonia in argon (also for fuel-
mtrogen experiments) were supplied with its chemical analysis, correct to
within 1% of the stated concentration of NO or ammonia.

Each gas, emerging from pressure-reducing cylinder heads, passed
through an on/off valve and a fine control needle valve (Edwards High Vacuum,
b-K., Model LB1B) before being metered by a capillary flowmeter. The gas
then entered at least one brass mixing vessel and finally went to the burner.
EVC tubing was used for all gases except hydrogen, for safety reasons.

A chemical attack on the tubing by mixtures of NO iIn argon was observed
from a coloration of the tubing; however, this was negligible during the

time taken In one run.
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Plate 1.






The basic principle used for measuring a flow rate is the relation

between the pressure drop across a capillary and the flow. The pressure

drop across the flow meter is indicated by the difference between two levels

°f a liquid in a U-tube, like the one shown in Fig.l. in Appendix A. The

liquids were chosen not to interfere with the gas flow. The capillaries

were calibrated using a wet-type laboratory gas meter for flows above

2 ml/s and a bubble meter for flows below that amount.
The gas mixers had three tangential entry tubes and were large enough

(100 ml) to ensure thorough mixing. They also had releasable base plates

in case of flashback. To have a minimum formation of NOM by reaction of

NO with 02> when the mixture enters the burner, NO was only added to the

unburnt gases in the second mixer, just before the burner. Actually, the

presence of NOM in the burnt gases was not detected in this experimental work.

3«2 The Burner.

The burner was like the one used by Padley and Sugden (1953), the only

difference being that an outer flame shielding the central one was not used.

When such shielding was necessary, as for measurements of temperature and

[H], another burner of the same type was used. The burner is shown in Plate

2 and a cross-section of it is given in Fig.2. in Appendix A. The central

part is constituted from a core of stainless steel hypodermic tubes

"araldited” together. The internal diameter of each tube is 0.6 mm, the

central core is 16 mm. in diameter. No over-heating was ever observed,

even in the hottest hydrogen flame, i.em adiabatic temperature of 2635 K.

The burners were manually adjusted in the axial direction by means of a worm

mechanism with little back lash. The distance from burner head to probe

tip, which was read off a calibrated winding wheel, was considered accurate

to within 0.1 mm.
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Plate 2.






A shielded flame was not used to measure concentrations of various species

Present, because the gases were sampled only along the flame axis, and

distances below

iffusion is not expected to be of any significance for axial

burner diameters. Actually this rule of thumb was checked by measuring

be concentration of NO in hydrogen/oxygen flames without hydrocarbons, since
the amount of NO was observed to be unaltered in such flames. Only for the

ichest flame was the concentration of NO larger than that added to the

from the burner exit (i.e. 0.75

flame at distances greater than 12 mm.
flame diameters).

3/\
The sampling system.

A general layout of the sampling system is shown in Plate 3 and a
schematic diagram is given in Fig.3.1. The burnt gases were sucked from the

flame axis through a water-cooled quartz probe. The same probe was used iIn

alJ
experiments. The concentrations of NO were continuously measured in a
chemiluminescent analyser, with the gas sampled by a vacuum pump in the

nalyser unit. To measure the concentrations of cyanides and NHM species,

fhe burnt gases (sampled also by a vacuum pump) were bubbled through a KOH

s°lution after being metered by a bubble meter. The pressure at the entry

°f the bubbling container was read with a mercury manometer, with one end

lon selective electrodes were used to measure the

°Pen to the atmosphere.

amount of cyanides and NH" in the solutions. Separate experiments were

3rried out to measure the concentrations of NO and NOX and, NH1 and

yanides, along the burnt gases. The sampled gas was diverted at point 1

n fig.3.1 to either the chemiluminescent analyser or the system of gas

bblers. Traps were placed before the bubbling system (at 2 and 3 in

g-3.1) for condensing water; these were not needed, however when measuring

in the gas inlet

acentrations of NO , since a condenser already existed
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Fig.3.1 — A schematic diagram of the sampling system



tHe analyser and no appreciable amount of water condensed in

em
it Is convenient to

6hort sampling line. For the purpose of description,
de the sampling system into four segments: the probe, the bubbling

instruments used to measure cyanides

em> the NO analyser, and finally the

a°d NIL species.

The probe.
A water-cooled quartz probe was used to sample the gases. The probe is
in Fig. 3 in Appendix A.

shown . , _ .
In Plate 4 and a schematic diagram is given

The
nlet diameter of the orifice is about 0.2 mm with a wall thickness at

entry of ) i, e ,
around 1 mm. The gas, passing through the orifice expands in a

diameter quartz tube with a jacket of cold water surrounding it.

Internal
inside the

The
83s is cooled both by the cooling water and by its expansion

Probe. . . I _
Reactions occurring on silica surfaces are mentioned by Allen

(19753 however, in this work they appeared unimportant, since NOE was not

The probe material, as well as tubing material,

det
ected in the burnt gas.
Was ) }
ot found by Haynes et al. (1976) to affect the concentration of cyanides.

In the Saﬂbwork, water-cooled quartz probes also gave consistent results

M mMeasUr epents of NH. species. The sampling pressure was maintained constant
8ulating the 'vacuum'" in the pumps. The volumetric sampling rate was
i.e. 10 ml/s

*
measured either by the flowmeter on the NO analyser panel,

this
( ePresented 3-5% of the total mass flux of burnt gases) or by the bubble

meter just before the bubblers, with flow rates around 2 ml/s. The pump
~ed with the analyser provided a pressure of 0.57 bar; owing to

the pressure ratio across the probe tip was

Pres _ _
sure losses in the tubing,

Unlikely T 5ve pbeen less than 0.5 which is the critical ratio for sonic flow
at the i L
Sampling orifice (Hayhurst & Telford 1977). The pump used when gas

so that the pressure was

uhbled in the KOH solutions was adjustable,

alw;
kept around 0.6 bar.
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Plate A.






3.3.2 The system of gas bubblers.

A schematic diagram of a gas bubbler with its container is shown in
Fig.4 in Appendix A. The sampled gas flows through teflon tubing to
minimize reactions which could occur with PVC. The KOH solution in the
container had a molarity of 10'2 M;  this value was chosen so that the pH
would be appropriate for CN to be produced from the pool of cyanides and
NH™ Ffrom the pool of NHN species. The gas sparging tubes were bought from
Gallenkamp and were of sintered glass type of porosity grade No. 1.

3.3.3 The NO_ Analyser.

Plate 5 shows the NO™ Analyser. Figs. 5 and 6 in Appendix A give
schematic diagrams of it. Allen (1973) mentions several non-interfering
methods of analysis of NO, with expensive iInstrumentation needed to achieve
a sensitivity lower than 1 ppm. However, the concentrations of NO in the
flames in this work were always above 10 ppm, which were easily detected by
the chemiluminescent analyser. This had sufficient sensitivity,
specificity and reliability; however, gases had to undergo a second cooling
to condense the water out from the probe, since the presence of it in the
analyzer®s capillaries could seriously disturb its functioning. The chemi-
luminescent method is based on reactions between nitric oxide and ozone.
The application of this photochemical reaction to measure concentrations of
NO was first reported by Fontijn et al. (1970). The detailed mechanism
was elucidated by Clough and Thrush (1967). The method consists of

monitoring the infra-red radiation emitted when NO and 0,, are mixed m a

reaction chamber. The more important reactions are:
NO + no?2 + 0
°3
*
NO + o3 NO2 + 0
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Plate 5






*
NO2 + NO2 + hv X =0.6-3.0 pm)
*

NO2 + M = NO02 + M

where NO2 is the excited electronic state of N0O2« (At room temperature,
ca 7% of NC2 is in th;s state) . The fate of NO2 depends upon the pressure
of the gas. In the analyser, the pressure of the reaction chamber was

normally above 1 Torr., so that most of the NO2 1is quenched by collisions.

The amount of chemiluminescence, although small, is enough for a very

sensitive determination of [NO]. Approximately 2% of the oxygen supplied is
converted into ozone by means of a silent-discharge ozone generator. The

flow rates of 02 and sample in the reaction chamber are controlled using
pressure regulators and flow restricting capillaries. Chemi luminescence

from the above reactions occurs near an optical glass filter and is

monitored by a high-sensitivity photomultiplier with the light sensitive

portion close to the optical filter, thus affording maximum utilization of

the light emitted. The filter blocks out light of wavelength less than 600 nm,
so that any interference from other possible chemiluminescent reactions is
virtually eliminated. The amplifier converts the current from the photo-
multiplier into a voltage signal, amplifying it to a maximum of 10 volts for
any operating range. Since the response of the photomultiplier is proportional
to the concentration of NO, only one mixture is needed to calibrate the
analyzer.

3.3.3.1 General operating characteristics of the TECO Model
10A Analyser.

Reaction chamber vacuum 8-12 Torr
Flow rate of ozonised 02 to chamber 2.0 ml/s
Flow rate of gas sample to chamber 0.67 ml/s
Total flow rate of gas sample ca. 16 ml/s
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Sample vacuum up to 430 Torr.

Sensitivity 8 scales, from 0-2.5 to 0-10 000 ppm
Linearity + 1% of full-scale
Accuracy derived from calib. gas = 1% full-scale
Response time ca. 0.7 s to full-scale deflection
Zero drift negligible after [ h. warm up

Owing to the exigencies of laboratory space, 1 m of PTFE tubing had to be
inserted between probe and analyser, giving rise to a lag time of ca. 15s,
compared with which the instrument response time is negligible. Despite the
linearity of the instrument and the certified guarantees of B.O.C., it is
wise to use at least two cylinders of calibration gas; the calibration of
the NOM - analyser was made with 900 ppm of NO in argon and occasionally
100 ppm of NO in argon was used.

3.4 Instrument and ion selective electrodes for cyanides and ammonia.

The burnt gases were bubbled through a KOH solution with pH = 12, so that
HCN and CN yield CN but N, NH, N~ and NH" in the NH™ pool yield NH". The
gas passed through a known volume of solution during a known time, and
volumetric flow rate and pressure at the bubbler inlet were noted. To
measure the cyanides, a selective cyanide-sensitive electrode was used,
developed by Activion Glass Limited. The total amount of ammonia also present
in the solution, was measured with an ammonia electrode, supplied by Orion.
The electrodes were connected to the measuring instrument, which is in fact
a pH meter, produced by Corning Limited. The description of this instrument
and electrodes is given in the following sections. Using the electrodes, the
concentrations displayed on the measuring instrument are those in the solutions
prepared; consequently, calculations have to be made to convert these into

either [HCN + CN] or [NH"] in the burnt gases. Examples of these calculations

from raw data are shown in Appendix B.
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3.4.1 Model 12 pH Meter.

This instrument was used to measure the concentrations of both the
cyanide and NH” species. The Model 12 pH Meter is a high-impedance
voltmeter which permits the comparison of unknown solutions with solutions
of known concentration. The concentrations of unknown solutions may be
presented directly as pH units or iIn mV. This instrument is shown in Plate
6. The 173 mm. scale length has two linear and two log scales. The lower
linear scale, depending on the setting of the FUNCTION switch, allows
measurements in the range 0 to + 1400 mV. The upper linear scale permits
readings of any 100 mV in the range O to + 1400 mV. The upper log scale
allows cation activity to be measured directly and the lower log scale anion
activity.

Table 3,1

Technical Specification of the Model 12 pH Meter.

Readout

173 mm scale length meter, mirror backed, knife edge pointer with taut

band suspension.
Operating ranges

pH 0O to 14
mvV 0 to = 1400

Manual and automatic temperature compensation 0 to 100° C (for ATC

operation an optional ATC probe is required).

Accuracy
PH Rel mVv
Reproducibility Normal + 0.02 +
Expand + 0.002 + 0.2
Linearity Normal + 0.05 + 5
Expand + 0.005 + 0.5



pH Rei mV

Resolution Normal 0.1 10
Expand 0.005 0.5

Circuit Details

Input current Less than 5 pA
Input Impedance Greater than 10 ohms
Polarizing current (KF) 10 A
Recorder Output Recorder Meter
Mode Output (MV) Reading
PH 0] 0.000
+ 50 7.00
+ 100 14.00
mvV + 100 - 1400
- 100 + 1400
3.4.2 Ammonia electrode - Model 95 - 10.

The model 95-10 Ammonia Electrode allows fast, simple and accurate
measurements of ammonia in aqueous solutions. All the solutions had to fall
within pH 11 to 14 range and have a total level of dissolved species below
1 M and not to have interference from other species present in the solution.
This electrode uses a hydrophobic gas-permeable membrane separating the sample
solution from the electrode internal solution. Dissolved ammonia in the
sample solution diffuses through the membrane until the partial pressure of
ammonia is the same on both sides of the membrane. The partial pressure
of the ammonia present will be proportional to its concentration. Ammonia
diffuses through the membrane in the internal filling solution, and, to a

small extent, reacts reversibly with water in the filling solution:

NHQ  + HO = NH+ o+ OHT
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Plate 6.






The relationship between ammonium ion and hydroxide is:

[NH*~+] [OH J/[NH”3 = constant. The internal filling solution contains
ammonium chloride at a sufficiently high level for the ammonium ion concen-
tration to be considered fixed. Thus, [OH ] = [NH~]xconstant. The potential
of the electrode sensing element with respect to the internal reference element

varies according to the Nernst equation, 1i.e.
E = Eq - S log [OH_]

where S is the "electrode slope™. Since the hydroxide concentration is
proportional to ammonia concentration, the electrode response to ammonia will

also be according to the Nernst equation, i.e.

E* = Eq - S log [nh3]

|
where E (reference potential) is partly determined by the internal reference

element, which responds to the fixed level of chloride in the internal
filling solution.

The slope of the electrode is determined with two ammonium chloride
solutions of known concentrations. A schematic diagram of the electrode is

shown in Fig. 7 in Appendix A.

Table 3.2

Specifications of the Ammonia Electrode- Model 95-10.

0.01 to 14,000 ppm N)

Temperature range 0° to 50° C.
Electrode resistance 200 to 600 megohms
pH range samples and standards must be adjusted to

above pH 11.
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Life - when used to normal operating conditions,
the electrode membrane and filling solution

must be replaced about every 30 days.

Minimum sample size. - 21 ml in a30 ml beaker.
Size - length - 151 mm
body diameter -17 mm
cap diameter - 22 mm
cable —75 mm
3.A.3 The cyanide-sensitive Electrode (Activion type 003 15 005).

The cyanide sensitive electrode responds in a selective manner in a wide
range, so that the concentration of cyanides can be determined even in the
presence of other 1ions. The electrode potential can also be described by
the Nernst equation:

E = + S log [CN ] where S is the "electrode slope™.
It is apparent that the relation E vs. (log [CN ] is a linear one at constant
temperature. The activity coefficient can be maintained constant by having
solutions with constant ionic strengths. A pH higher than 12 was essential
in order to suppress hydrolysis of the cyanide salts. The electrode was
originally calibrated with KCN solutions of known concentrations. For
safety reasons, the same electrode was calibrated subsequently with KI
solutions with the same ionic strength of 1M as those of cyanides. The

calibration curves were parallel, so that for further calibrations iodide

solutions were used.

Table 3.3

Specifications for the Activion cyanide-sensitive electrode.

Selectivity rsel CJ/iOH 1 = 10
- —2 -3 .
Response time 30 s in 10 to 10 M aqueous solutions.

In more dilute solutions can take up to a few



minutes. Response time becomes shorter

with increasing ionic strength.

Resistance against chemicals The electrode body does not undergo any
change in aqueous solutions of strong
acids, 1inorganic salts, bases, chlorine,
phenol, formaldehyde further in various
alcohols; other organic solvents may

attack the electrode body.

Measuring range 102 - 10 %y

260 - 0.026 ppm
Reproducibility + 2 mvV
Resistance at 25° C 1 Mohm

3.5 Sources of error iIn the experimental measurements.

When a probe is inserted into a flame, the flame is usually disturbed,
due to changes in the flow field. Even i1f no distortion of the flow-field
takes place, a diffusional flux in front of the probe is converted into a
convective flux at the probe inlet. In the case of non-isokinetic sampling,
when the sampling velocity exceeds the unperturbed-flow velocity, invasion
of species iIn the vicinity of the probe occurs. This means that the
apparent concentration of a certain species iIn isokinetic sampling increases
whilst in non-isokinetic sampling It decreases. The probe walls could also
lead to errors in sampling: 1 - their thickness could alter the pattern of
streamlines; 2 - their temperature could alter the rates of diffusion and
convection; 3 - the occurrence of a velocity boundary layer near the probe
wall, which is important in laminar flames. Yanagi (1977) has studied in
detail the effect of aerodynamics and concentration—gradients on the gas
composition during sampling. However, the probe used in this work had a
very narrow inlet (ca. 0.2 mm) which could be considered as a microprobe, so

that concentrations would not be altered appreciably (Westenberg,1957).
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Apart from physical alterations, chemical ones can take place, where
species can either be formed or destroyed during sampling. Chemical
reactions which could take place in the probe to alter the apparent [NO] have
been studed by Bilger (1975). They are typically:

1. Catalytic effects of surfaces of both the probe and sampling

line on the thermal equilibration between NO™ and NO.

2. Oxidation of NO to NON by supra-equilibrium species such as
OH and HO2.

3. Homogeneous reduction of NO to N2.

Al Oxidation of cyano and amine species to NO.

The last step might be important in very rich flames, and this is the only
step yielding NO, since the first three consume it. In rich premixed
flames, like those in this work, [NO2]/[NO] is generally accepted to be small.
Actually in the flames studied here, NO2 was not detected in the burnt gases.
However, Amin (1977) has shown analytically that without wall effects, NO2
would be converted almost quantitatively to NO in less than 1 ms, and
stainless steel and quartz probes do not possess sufficient activity to
prevent this. These losses of NO can be significant, as discussed by
Siewert (1975), Cernansky (1976), England et al. (1973), Bilger (1975),
Cernansky and Sawyer (1975) and Allen (1973). However, the flames studied
in this work were too rich to expect any significant formation of NO2

(see discussion in the following chapters), as was found to be the case Iin
practice. Blyholder and Allen (1965) found that NO is adsorbed on

various catalytic surfaces whereas Shelef et al. (1968) have studied the
surface catalysed reaction of NO by CO. In addition, England et al. (1973)
have investigated the effects of using different probe materials and cooling

the probe. Their cooled stainless steel probes gave lower readings for
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[NO] than quartz ones. Cooling is not crucial for quartz probes, except
in very rich flames (i.e,, 0 > 1.4). An extensive list of reactions
involving NO that might occur during sampling to falsify its measured

concentration is given below:

NO  + = HNO + H
NO  + H * N + OH

NO + H + M -« N + OH
NO + 0 Y N + 02

NO + OH Yy HNO + 0

NO + NO Yy n2 + 02

NO + CN Yy products

NO + HCN ¥  products

NO + NH -y products

NO + CH Y  products

N + oo Yy NO + O

NH.1 + OH ¥ NO + products

N2 + 0 Y NO + N
If hydrocarbon radicals are present, they are likely to react with NO at
temperatures as low as 1200 K (Fenimore & Jones 1961, Myerson 1975).
However, the gases inside the probe are likely to be at temperatures much
less than 1200 K, and so reactions such as CH™ + NO “mproducts are likely
to be important only at the very tip of the probe. Because the probe is
cooled, rate constants of some of the above reactions will be relatively low,
so that only reactions of the type NH™ + OH NO + products and
NHN + NO “maN2 + products are likely to be important. Vince (1978) found

little variation in the measured concentrations of NO obtained by using

different probes. One of Vince®s probes was the one used in this investigation.



Additional confirmation that the measurements of [NO] with it are gen me
came from the fact that when NO was added to different flames free of
hydrocarbons, the concentration of nitric oxide measured along the flame
axis was constant and equal to the quantity added. This confirms that
all those reactions which did not involve CH®, CN or HCN are quite unim-
portant in this sampling system.

In the determination of concentrations of ammonia and cyanides, errors
might occur due to dissolution of the above species in the water condensed
in the sampling line. However, no significant amounts of NH" and cyanides
were ever found in the water removed from the condensers. The concentration
of NO, plus that of NH”, in flames with 50 ppm of ammonia added, were in fact
found to be equal to the total amount of ammonia. This establishes that
NH™ species in the pool when dissolved yield NHM which is the species
measured by the electrode. In flames containing hydrocarbons, the determin-
ation of [NH"M]”™ has a higher degree of uncertainty, because species such as
OCN and HOCN could be present in solutions which yield NHM*

The ammonia and cyanide electrodes were checked for interferences from
the presence of other species, which might be detected by the electrodes.
According to the instructions for the cyanide-specific electrode, the KOH
aqueous solutions with CN present have to be diluted with an equal volume
of 0.1 M Na OH. lons of sodium may alter the performance of the same
electrode if they are present in significant amounts. However, this was
checked by using a NaOH solution free of cyanides, and the cyanide
electrode was found to be unresponsive to the presence of Na in the levels
of concentration used iIn the present work. The cyanide electrode was also
checked for interference by cyanate ions. This electrode did not detect

the presence of cyanate even when its concentration was very high compared to



the amounts which might be formed in a flame. However, 1in the case of the
ammonia electrode, although unresponsive to Na+ ions, a slight response was
observed when cyanates were added to the solution. To check the sensitivity

of the ammonia electrode to cyanates, two different amounts (0.5 and 1.0 Q@)

of potassium cyanate were added to 20 ml of NaOH, with pH 12.0 and 0.5 ¢

of NH™ Cl added. The ammonia electrode indicated [NH™M] 0.45 M,

agreeing well with the expected value of 0.467 M. When 0.5 g of KCNO was

also added to the above solution, the electrode"s response changed to 0.5 M.
The concentration of CNO was 0.3 M. This means that for 0.3 moles/i. of CNO-~
the electrode registered 0.05 moles/£.. No further change was observed in the
ammonia electrode®s response when 1 g of KCNO was present in the same solution
of ammonium chloride. Accordingly, measurements of [tHL] in flames with
hydrocarbons present were considered to have a maximum error of 17%,due to the
presence of cyanates. Consequently, there is a higher degree of uncertainty
than with flames without hydrocarbons.

The reactions of CN and HCN with hot quartz surface have been studied by
Blair et al. (1977). It turns out that they are only likely to take place at
the probe tip. The sum {[NO] + [NH~} + [HCN + CN]} in flames with 90 ppm of
NO added and with 0.05% of hydrocarbon in the unburnt gas, was measured and
found to equal the total concentration of NO added. This proves that reactions
e.g- forming N during sampling are not important in flames with low amounts of
additives (although they might become more important with higher [NO]Q),and
also that ions like CNO~ are not interfering with the measurements, which
appear to be generally unaffected by sampling effects.

Other sources of errors are the calibration of capillaries, manometer
readings, volumetric flow readings and even the time and velocity of bubbling,
in that they all affect measurements of [HCN] and [NH.". Errors associated

with the calibration of capillaries have been shown by Vince (1978) to be
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relatively unimportant. Several experiments were carried out to determine
which values of bubbling time and velocity through the KOH solutions led to
smallest errors. Increasing the bubbling time and decreasing the velocity
led to an increase in the measured values of [NH”~ and [cyanides]; however,
above certain values for the bubbling time and with the minimum flow of gas
with the pump available, the measured concentrations of the above species
became constant. In fact, when using short bubbling times, the amounts of
NH~N and cyanides absorbed by the KOH solutions were too low to be measured.
Hence a bubbling time, which could lead to measurements with the electrodes
to be as accurate as possible, was chosen. Actually, errors in these
measurements were believed to be the most significant in this work, although
they are very difficult to quantify precisely, and consequently both [NH” and
[HCN + CN] may well be slightly low.

Another error is that associated with the use of the chemiluminescent
analyser. This was calibrated with a mixture of nitric oxide in molecular
nitrogen. However, the gas used as diluent in the flames is argon, with the
result that chemiluminescence is increased (Pereira 1975) , because of the
different quenching efficiencies of Ar and N~ Consequently, higher levels
of NO than those present iIn the flames are measured, expecially in flames
with low additions of nitrogenous species (i.e. high amounts of Ar). The
concentrations of NO given by the analyser were accordingly corrected by
decreasing the measured [NO] by 30 percent (Pereira 1975) .

3.6 Studies on methods to determine [NO], [NH~}*. and [HCN + CU] and

estimates of error.

The chemiluminescent analyser has been widely used and accepted as
giving satisfactory results (Allen 1973, Hayhurst & Vince 1977, 1980, Myerson
1974, Takagi 1979). lon selective electrodes also have been utilized by
other investigators and compared to alternative methods for determining the

amounts of NH. species and cyanides (Haynes et al. 1975, Takagi etal. 1977,
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Haynes 1977, Takagi et al. 1979). Takagi et al. (1977) measured the same
quantity of cyanides (to within 30%) with the ion selective electrode and
silver nitrate titrations. In addition, Haynes et al. (1975) has measured
and compared the values of [NHM]™ obtained with the specific ion electrode
and a colorimetric method. The agreement was satisfactory and the absolute
errors quoted were also 30 percent.

The reproducibility of concentrations measured in this study was of the
order of 95 percent for [NO] and 70 percent for [NHN]™ and [HCN + CN].
This agrees with the values obtained by other investigators quoted above.
To estimate errors for any particular measurement, one has to consider both
systematic and random errors, as well as the accuracy of the data. Taking
into account all errors, the following uncertainties were estimated for [NO],

[NHA]™ and [cyanides]:

Concentration Uncertainty factor %)
[NO] + 10
[NH 1 (Flames with & Bo
hydrocarbons)
[NH.]t (flames without + 20
hydrocarbons)
[HCN + CN] + 20



Chapter 4.

Measurement of flame properties.

4.1 Introduction.

Premixed hydrogen-oxygen mixtures, with argon as diluent were burned.
For this study, several flames with different [H2]/[02] ratios were used.
Ammonia, nitric oxide and hydrocarbons were added to them and [NO], [NH.-]*
and [HCN + CN] were measured along the burnt gases, as discussed in the
previous chapter. All the flames were fuel-rich and argon was chosen as
diluent, rather than nitrogen, because it does not interfere with the NO-
NHA-NA system. Equilibrium concentrations and adiabatic temperatures of every
flame were computed by Dr. N.A. Burdett. Recent values for equilibrium
constants were taken from Jensen & Jones (1978). This program is based on
the method outlined by Gaydon & Wolfhard (1970). The equilibrium concen-
trations of H, OH, H2, H*0 and Ar in the burnt gases, along with the
temperature and velocity for the different flames burned are presented in
Table 4.1. Table CI in Appendix C presents all the flames studied, with
additives and compositions.
4.2 Temperature measurements.

Temperature was measured by the Na D-line reversal method (Gaydon &

Wolfthard 1970) using a shielded flame on a burner similar to the one used in

the experimental work. This was done with the kind assistance of
Dr. J. Ogden. Two different sodium concentrations were atomised into the
burner supplies and both gave very similar values for the temperature. The

observations near the reaction zone are falsified by chemiluminescence of Na
atoms and, therefore, the temperature at that point had to be extrapolated
(Padley & Sugden 1958). Fig. 4.1 shows temperature profiles for various

flames. Only flames 1 and 2 are practically isothermal. All the others
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have a temperature difference of at least 130 K between the reaction zone and
a point 30 mm downstream. The flames with the greatest temperature variations
are those richest in hydrogen. The temperature profiles were considered to
remain unchanged by additions of various hydrocarbons and nitrogenous sub-
stances, such as NO and NH”, described in Table ClI in Appendix C. This
assumption was made because the highest addition of a nitrogenous species was
5000 ppm (i.e. 0.5 vol.%) and these additions always replaced the same amount
of argon, and consequently the total flow rate was unaltered. Only hydro-
carbons were added as extra volumes to these flames, but the amount was never
greater than 1 vol.%, so that according to Padley (1958) the temperature
profile is not expected to be appreciably altered.
4.3 Velocity of the burnt gases.

The velocity of the burnt gas was calculated assuming plug flow and

complete combustion, so that

ad 4p

N\
Ug.: 288 .bp2

where

velocity
volumetric flow rate of the unburnt gas

"U.R.
adiabatic temperature

ad

P = parameter which measures the contraction of volume when
complete combustion takes place

Df = diameter of a flame, which was assumed to be equal to the

diameter of the hypodermic portion of the burner (i»6t 16 mm).
The velocity as derived above does not take concentration and temperature
variations into account. Values for the velocity in the various flames are

also presented in Table 4.1. The velocity for flames with additives was



Adiabatic

Flame Temperature
No. «

1 1822

2 1900

3 1986

4 1900

5 2030

6 1900

7 1900

8 2151

9 2635

Data relating to flames used

[H23/p023/1Ar1

2.5/ 1 7/ 10.5

2.5/ 1

2.5/ 1

3.5/ 1

3.5/ 1

4.0/ 1

5.0/ 1

3.18/1

2.74/1

/ 9.7

/ 8.9

/ 8.2

/7.0

/ 7.43

/ 5.97

/ 6.49

/ 3.5

Table 4.1

Vag.

(0 N m/s)

250

250

250

250

250

250

250

280

300

Vb.g.

/s)

7.38
7.66
9.42
7.64
9.70
7.62
7.60
11.60

11.90

in the fuel-nitrogen study.

Equilibrium gas composition (molar)

[h20]

0.1538
0.1638
0.1753
0.1709
0.1903
0.1746
0.1824
0.2063

0.3037

h2]

0.0384
0.0409
0.0438
0.1281
0.1425
0.1745
0.2735
0.1214

0.1166

[Ar]

0.8077
0.7950
0.7806
0.7007
0.6664
0.6506
0.5436
0.6706

0.5529

[H]x104

0.786
1.500
2.917
2.656
7.183
3.108
3.8880
14.59

154.0

[OH]x105

2.095
4.890
10.980
2.890
9.817
2.546
2.114
31.50

961.0



considered to be the same as without them. This is because NO and NH"
replaced the same amount of argon and in any case no more than 1% of
additives was ever used.

4.4 Measurement of radical concentrations.

The concentrations of H atoms in the hydrogen—-oxygen flames were obtained
from measurements of the disequilibrium parameter y = [H]/[H]e- The deter-—
mination of y for flames at 1900 K (adiabatic temperature) was kindly done by
Dr. N.A. Burdett using a mass spectrometric technique and for flames at other
temperatures by Dr. J. Ogden using an optical method. In the latter case,
the Na/Li comparison technique was used, from which the absolute concentrations
of H atoms can be obtained (James & Sugden 1955) . In the work done by
Dr. N.A. Burdett, strontium was added to flames at 1900 K and the ratio
[Sr+]/[Sr OH4] measured with a mass spectrometer (Hayhurst & Kittelson 1974).
The above ratio is governed by a balance of Sr OH+ + H = Sr+ + A0 and is
therefore proportional to [H]. Absolute values of y were obtained by

matching the observed rate of disappearance of H to that computed from the

known rate constants (Jensen & Jones 1978) of

+ M
Ho+ H o+ oM

H + OH + M *  h20 * M

The dependence of y ~ upon time is linear and is given by the following

relation:
/7y = 1/yq + bt»

where y is the value for [H]/[H]A in the reaction zone and b is a constant,
o}

The values of y and b for the different flames are given in Table 4.2.
o]



Table 4.2

Values of y and b for different flames.

___________ O____________________________
Flame No. Yq b
(ms) 1
1 8.3 0.0398
2 9.4 0.0401
3 14.6 0.0771
4 15.6 0.0237
5 19.1 0.0872
6 22.5 0.0182
7 49.0 0.00263
8 19.9 0.185
The concentrations of OH radicals were not measured. In rich isothermal

hydrogen flames [H]/[H]e = [OH]/[OH]e, so that OH concentrations can be deter-
mined from the same Y values. However, the majority of the flames show
temperature variations along their axes. The dependence of [OH] upon temper-
ature variation along any one flame is discussed in the following section.
Because [H] and [OH] always decay with time in proportion to Y, similar
profiles are obtained for [H] and [OH]. Fig. 4.2 shows some typical profiles

for one flame.

4.5 The effect of temperature variations and presence of additives on

radical concentration.

Temperature variations along the flame axis can change the relation

between [H]/[H] and [OH]/[OH] , as well as the values for any equilibrium
e e

constant. The error in taking [H]/[H] = [OH]/[OH]e is greater towards the
reaction zone. Here, in flames with large temperature variations, y for OH
is lower than that for H atoms by as much as 40 percent. The implications

of this will be considered in the following chapters in which rate constants
are determined. In subsequent chapters values for all equilibrium constants

at particular distances were always obtained at the corresponding local

temperature.
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tad = 20BOK
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High concentrations of added nitric oxide may also reduce radical concen-
trations, but only flames with 5000 ppm of NO added are expected to have
significantly lowered radical concentrations (Bulewicz & Sugden 1964).
However, Yq is not altered by the presence of NO, but b (see Table 4.2) is
expected to increase by a factor of 2.5 when [NO]0 is increased from O to
5000 ppm (Bulewicz & Sugden 1964). This will be taken into account in
Chapter 7, where studies with these flames are carried out. Accordingly, in
all other flames, the variation of [H] or [OH] with the presence of additives,
was not considered important.

Finally, a list of estimate of errors for y is given below:

Table 4.3

Errors in y.

Flame No. y values Uncertainty Factor %)
+ 10
1 YH” yoh
2 - + 10 when [N°Jo 4 5000 ppm
yh ™ yoh
+ 35 when [NOJo = 5000 ppm
3, 5 8 vh + 10
+ 50
yoh
4 6, 7 N + 10 when [K°]Jo 4 5000 ppm
1 ’ y
+ 35 when [NOJo = 5000 ppm
h = 50 when [NOJo 4 5000 ppm
yo

I+

75 when m°7]o = 5000 ppm



Chapter 5.

Observations i1n flames with ammonia added alone.

5.1 Experimental observations in flames with ammonia at 1900 K.

5.1.1 Introduction.

Flames with t~]/[02]/[Ar] equal to 2.5/1/9.7, 3.5/1/8.2 and 4.0/1/7.43
were used to study the formation of NO with ammonia as sole additive. 50 ppm
and 125 ppm of ammonia were added to the unburnt gas mixture of these flames
and also 615 ppm to the first, 525 ppm to the second and 515 ppm to the last
flame. [NO] and [NH.] (which is the sum of [N], [NH], [NH J and [NH D

1t 2 3
were then measured along every flame axis, as described earlier. The concen-
tration of N2 was determined by a mass balance on nitrogenous species. The
concentration profiles of the above species along the flames are described
in the following section.

5.1.2 Concentration profiles.

Typical profiles of concentration of NO,NH™ and N2 are presented in
Figs. 5.1 to 5.4. These plots demonstrate the variation of concentrations
for the same [H2]/[02] ratio of 2.5 for the amount of added ammonia, [NH”",
being increased from 50 to 615 ppm. Also, the ratio [H2]/[02] was varied
from 2.5 to4.0 for the same amount ofl125 ppmofammonia added. The
concentration profiles along flameswithother values of [H2]/[02] or [NHMM
all had similar patterns. In fact, in all flames, the majority of NO and
N2 is formed in the reaction zone, with a corresponding disappearance of the
ammonia present. The fast formation of NO and NE£ and the simultaneous dis-
appearance of ammonia continues for about 1 ms. Afterwards, with the
lowest additions of NH3, the concentrations of all these species remain
almost constant, but increase slowly for higher additions, with the greatest

increase corresponding to the highest amount of total NH" present. The
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final amount of N2 increases with [NH310- The changes observed in the
concentrations of N2> NO and of total-NH" appear very early in the flame,
i*e “ by about 0.5 ms. The same behaviour is observed for richer hydrogen
flames (i.e. [H2]/[02] > 2.5). In flames with different [H2]/[02] ratios
and the same [NH"]”, although [NO] is approximately the same, by and
large more N2 is formed in richer hydrogen flames, whilst the amount of NH.
species is bigger in the less rich flame, i1.e. [H2]/[02] = 2.5.
5.2 A mechanism of formation of NO.

5.2.1 Introduction.

As all the flames studied are hydrogen-rich, the pool of NH.-species

formed from ammonia addition is most likely to be as follows:

NH3 + H nh2 + @
nh2 + H NH o+, )
NH  + H > N ®

The evidence for this state of affairs has been discussed in Chapter 2.

In each case H has been chosen rather than OH, because in these flames

[H1 > [OH]. There is some doubt (Kaskan and Hughes 1973) as to whether
reaction (3) is balanced, because of the immense reactivity of N atoms.
However, assuming for the time being that all three reactions are balanced,
one obtains

[H]/[NH]/[NH2]/[NH3] = K1K2K3{Y [H]e/[H2]}3/K1K2{Y[H]e/[H2]1}Z

/K1Y [H]e/[H2]13/1.0

where the equilibrium constant refers to reaction (1), etc. Table 5.1
presents this ratio for various points along every flame studied; it should

3 2 .
be remembered that [N] 1is proportional to Y , [NHl a Y and [NH2] a y, if the

above equilibrium formulation holds.



Table 5.1

Relative equilibrium concentration of the species present in the

NIL-pool.

[h2]/[02] Time (ms) INl 7 INHl 7 [nn2] 7 [nnh3]
0.0 0.75 s 0.033 7 0.39 71.0

2.5 1.32 0.25 , 0.017 s 0.28 7 1.0
2.63 0.11 s 0.010  0.21 7 1.0

0.0 1.06 , 0.036 s, 0.41 s 1.0

3.5 0.26 0.50 , 0.027 s 0.35 7 1.0
1.32 0.19 , 0.014 s 0.25 7 1.0

0.0 1.26 s 0.053 /7 0.49 7 1.0

4.0 0.66 0.56 s 0.029 s 0.37 s 1.0
1.32 0.049/7 0.007 s 0.37 7 1.0

Table 5.1 shows that very near the reaction zone [N] and [NH"] are
always comparable and slightly more N atoms seem to be present in richer
flames. Well downstream, NH® becomes the most abundant species in the pool.
In every flame [NH] 1is bordering on being negligible, particularly in the
burnt gases. NH~ is neither dominant nor unimportant. This variation in
relative abundances of the various NIL species is likely to be important in

determining which one of them is e.g. reacting to produce NO at a given point

in a flame.

Having dealt with equilibrium amongst the NH" species, various reactions

can be considered as possibilities for producing NO and N2 from this pool.

Altogether, those will be:
D

1)

nh3 + H = nhf + H2

NH3 + OH = NH2 + o



nh2 + H & NH + )

»2
nh2 + OH = NH + oo (22)
NH + OH _ N + h2o Ga)
= _
Ny + NHy N2 TOGH2 H2 ©)
N + >
NH-y N2 T V2 H2 ®
N + NO - +
N2 0 )
nh2 + OH > NO + H + H2 ®
h3 + OH +
A NO 2H2 ®
nh2 + NO N2 T oo 10
NH + NO No *OH an

The reaction NH + OH NO + H2 has not been considered, because a more likely
set of products is N + h2o0, which makes the reaction indistinguishable (at
least as far as its dependence on y 1is concerned) from the forward step of
A)- Also reaction (11) has been ignored compared with (7) and (10) for
producing N~, because [NH] is relatively small, except possibly at the higher
temperatures. In common with other workers (Kaskan & Hughes 1973, Iverach

et al. 1973, Haynes 1977) reactions producing HNO at temperatures around

2000 K have been ignored. The reaction N + 0 - NO + HEf is spin forbidden

and reactions of the type NHN + 170 =NO + (i+2/H2 were not considered

since rate constants would be much lower than for reactions like NH™ + OH
NO + (i+1)/2H2- It is likely that the last three reactions in the above
list are not simple elementary processes and this is represented by double
arrows.

Before relating the above scheme of reactions to the experimental

observations, It is necessary to consider the behaviour of nitrogen atoms.
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Perhaps the most general procedure is to consider a steady state of affairs,
so that

Nl (3Y[Hle + k3aY[OH]e} = [Nk 3[H2] +

k-3a[H2°] + K5\  + k6Y[OH]e + ky [NOT} 0

The back reaction of (6) has not been included in the left hand side of

eq- (D. This 1is because k*= 1.3x10 ~ ml molecule ~s \ so that

k_6YtH]e [NO] = 1.3x10_15x22x1.18x1015x 7.6x1014 = 2.6x106 molecule mlI~s™1

at the very most. It can be deduced from the data given below in Table 5.3

that the corresponding value of the left hand side of egn. (1) is roughly
18 -1 -1

2x10 molecule ml s , which means that the reverse of (6) is making no

contributions to the production of N atoms in the systems investigated here.

Values of k», k », k™, k™ and ky are given below, along with their references

and degrees of uncertainty.
According to Duxbury & Pratt (1975): k™ = 1.0x10™XT~?exp(-956/T)

ml mol s N = 1.66x10 "xXT~r*"N exp(-956/T) ml molecule s \ k™ = 2.66x10

T~ exp(-755/T) ml molecule s *. These expressions give kM = 1.7x10

ml molecule ~ at a temperature of 1900 K, although it

and k™ = 1.2x10
has to be remembered that these are estimated values and may have very wide

margins of error (Duxbury & Pratt 1975). It is instructive to compare the

above k™ with the pre-exponential factors for the rate constants of similar

reactions.
Pre-exponential
Reaction factor of the rate constant Reference
(ml molecule s
H + OH + 0 2.5 x 10711 Jensen & Jones
« 1978
-11 "
H + HF Ho + FE 7.0 x 10
-12
H + HC1 = H2 + Cl 8.1 x 10
H + p-H2 o-H H 8.0 x 10 Schofield,1967
2 +
H + HD + D 2.3 x 1071
H2 11
H + ; 6./ x 10
oA H2 ' cH3 T
H + HS + S 2.5 x 10 NBS.1977
H2
Continued..
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Pre-exponential

Reaction factor of the rate constant Reference
(ml molecule ~
H + HO8 H + 4.2 x 10 McEwan & Phillips
2 2 1975
H + CH20 -mH2 + CHO 5.4 x 10 ft

The pre-exponential for k”, according to the expression given above, at 1900 K
is 2.8 x 10 which is four times higher than the largest in the above table.
On the basis that reaction (3) is similar to those in the table and also that
an activation energy Iis not particularly expected, a reasonable estimate for
would be of the order of 10 ~ to 10 ~ ml molecule s ™ at flame temper-

12 ml molecule-ls-1 for kN at 1900 K,

atures. Westley (1979) quotes 5.3x10
which is lower than the values in the table. This value determined by
Westley (1979) was used in the study of the kinetics of NH* and NO carried

out by Silver et al. (1980). The same value of k™ is also used in this study.
Reaction (3a) is usually treated as kinetically similar to (3) and Duxbury &
Pratt (1975), as already discussed above, estimate a slightly lower k”~ than
k™. However, Westley (1979) proposes a value for k”a which is about 50

times bigger than his estimated k”, i.e. 2.6x10 ~ ml molecules s . The
value of kéa used in this work is only 4.9 times greater than kg, i.e.

2.6x10 ~ ml molecule 7s 7.

The rate constant for the reverse of reaction (3), k_3> could not be
found in the literature. It was therefore calculated from k3 and the
equilibrium constant K”, which was taken from compilations (Janaf Tables
1970, 1974). Because k 3 = we have at 1900 K, k_3=5-3x|0- 2/530
1.0x10-1A ml molecule_1s 1. Also K3 may have a high degree of uncertainty,

mainly due to errors in the reported properties for NH (Janaf Tables 1975).

The same holds for k 3 which i1s 2.6x10 ~/6.3xI10 = 4.1x10 ml molecule
-3a

s“1 at 1900 K.



NR™  in reaction (5 could be N atoms, NH, NH2 or NH3. Taking these

in turn, we have:

the reaction is termolecular and involves a third body and in this

work the most likely one is argon. Reaction (56) thus becomes N + N + Ar ==

N2 + ~r* ~or “rch k» = 1.0 x 10 ml molecule s ~, correct to a factor of

3 (Schofield, 1967).

k. = 1.7 x 10 ml molecule ~s ~ (Duxbury and Pratt, 1975) at 1900 K.

This is also an estimated value, so that the degree of uncertainty may be

quite high.

: a value for the reaction N + NH2 N2 + H2 could not be found in the

literature, so that, as a first approximation the same value as for i=l is

taken.
i=3: if is taken as a product, a value for the rate constant could not
be found In the literature. As the reaction N + NHM NH + NHN is a

hydrogen atom transfer process with k® = 3.4 x 10 4 1 molecute™tst

(Duxbury and Pratt 1975) , it was accordingly assumed to occur. Again, the

rate constant cannot be very reliable.

We are now in a position to estimate the most likely candidate for

reaction (5). Table 5.2 tabulates the possibilities outlined above.

Conditions in Table 5.2 refer to those at the reaction zone and the highest

additions of ammonia. Concentrations are those for equilibrium. According

to Table 5.2 N + NH2 =m2NH could well be one of the candidates for reaction

o). The process N + NH -mN2 + H is about 10 times slower, but as the

uncertainty associated with the first reaction is very high, both reactions

will be considered for the time being in eq. (). The other two possibilities,

for which 1 is 0 and 3, can be rejected.

A value for kB at 300 K is available (NBS 1977) and is 5.3 x 10 ml

molecule s ~, correct to a factor of 2. Bowman (1975) presents a value of



Rates of reaction of the various possibilities for reaction (5).

Reaction rate

(ml molec. sec.

units)

k5[N]2 [Ar]

k5 [N][NH]

k5 [N][NH2]

k5 [N][NH3]

Table 5.2

2.5

7.95x10 4 IN] 2
1.59x10_16[N]

1.88x10_15[N]

-18
9.62x10 [N

[21/[-2]

3.5

7.01x10 >4 N 2
1.28x10_16[N]

1.46x10“15[N]

7.12x10_18|N]

4.0

6.51x10 N 2
1.66x 10~16N]

1.53x10_15[N]

6.25x 10"18[N]



1.7x10 ~ ml molecule s ™ jn the range 300-2500 K, which is 3 times the

above one. In studies at 1950 K by Haynes (1977), reaction (6) is referred to
as forming NO, with = 4_98x10""11 ml moleculemismi_ Campbell & Thrush

(1968) quoted 6.8x10 11 ml molecule ~s *, which is near the first estimate.
Because of this, a value of equal to 5.3x10 ml molecule s ™ was taken
for the calculations in this chapter.

Between 300 K and 5000 K a value for k7 equal to 2.7x10-11 ml molecule-1s 1
was recommended by Baulch et al. (1973), correct to 30%. The above value is
also assumed in this work. However, there are indications (Monat et al. 1978)
that the value for the rate constant of the backward step in (7) quoted by
Baulch et al. (1973) is too low by a factor of 2. In this case the value
adopted here for k™ could well be a little on the low side.

A summary of the terms in eq. (1) is presented in Table 5.3, for different
flames and at various distances along them.

In calculating the above reaction rates, [NH] and [NH"] were estimated
from equilibrium concentrations. This is justified in that Kaskan and Hughes
(1973) have studied the various NH.I species and have concluded that there is
indeed equilibrium between NH™, NH™ and NH. Firstly, a comparison of the
terms on the left hand side of eq. (1) will be made and then afterwards for
the right hand side.

Examination of Table 5.3 reveals the higher terms on each side of eq.(l).
The left hand side of eq. (1) was taken to equal k~"[H] + k™MfFOH], since
these terms are comparable. OFf the terms on the right hand side of eq. (1),
k6 [OH] is always the biggest. The value of k”NH.] is always very small and
negligible compared to the other terms, likewise Can ~nored.

The terms k_~[H2] and k~NO] are always lower than the dominant term, k6 [OH]-

However, k_3[H2J becomes more important in richer hydrogen flames and they might

become comparable downstream e.g. in the flame with [H2]/[02] - 4.0, as shown



Table 5.3

Values determined for rates of reaction and [N]/[NH] in various flames,

at two distances.

Designation Time [H)/7(0] = 2.5 [H21/7[02] - 3.5 [h2]/[0c2] = 4.0
G'D) (@ms)
‘v o » Vo INH310
50 ppm 615 ppm 50 ppm 525 ppm 50 ppm 515 ppm
1.55x103 1.55x103 4.87x103 4._87x103 6.63x103 6.63x103
k-3[H21
2.40x103 2.40x103 2 .66x103 2 .66x103 2.72x103 2.72x103
k-3at«2°l1
k5 [\H] 49.8 614 47.1 495 62.2 641
k5 [NH2] 591 7.30x103 537 5.60x103 572 5.90x103
k6Y[°H]e 8.71x104 8.71x104 9.20x104 9.20x104 1 .22x105 1 .22x105
k ? [NO] 0.0 2 20x103 2 .10x103 2.40x103 1.91x104 2.50x103 1.92x104
Vmie 2.80x104 2.80x104 8.44x104 8.44x104 1.46x105 1.46x105
k-YtOH] 4.17x104 4.17X104 4.41x104 4_.41x104 5.39x104 5.39x10
J e
[N1/[NH] 0.75 0.75 1.26 1.08 1.49 1.33
18.1 18.1 17.3 17.3 22.0 22.0
<INI/INHD)
(INJZ/IN1 D) 0.041 0.041 0.073 0.062 0.068 0.060
e
1.55x103 1.55x103 4.87x103 4.87x103 6.63x103 6.63x103
k-3 (H21 -
k-3 [H20] 2 40x103 2.40x103 2-66x103 2.66x103  2.72x103 2.72x103
k5 [\H] 39.4 444 34.4 332 18.0 170
k6Y[OH] 6 .20x104 6 .20x104 6.05x104 6.05x104 7.11x10 7.11x10
u e
3
~NTINO] 2.91x103 2.70x104  2.90x10 2.42x104  3.11x10 2.40x10
4 -
K3Y[H] 1.32 1-90x104 1.90x10 5.51x104 5-51x104  8.70x10 8.70x10
- p A A
2_.97x104 2.97x10 3.49x10 3.49x10
k3aY toH le 3.04x104  3.04x104
1.46 1.17
tN]/[NH] 0.72 0.53 1.20 0.92
13.1 13.1
(IN1/ INHD 12.3 12.3 11.3 1.3
0.081 0.11 0.089
WI/[NT 0.059 0.043 0.1
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in Table 5.3. The term kM[NO] becomes more or less important depending
upon the amounts of ammonia added. Hence, the above three terms should
appear as equally important in the right hand side of eq. (I). Following

from this the parameter o = [N]/[NH] is given by:
0 = (k3y[Hle + k3aYtOH]e)/(k6y[OH]e + k_3[H2] + k?[NO])- an

We are now In a position to investigate if there is sufficient time for
a steady-state to be established between nitrogen atoms and NH radicals. The
concentration of N atoms varies according to: d[N]/dt = a[NH] - b[N], in the
reaction zone, where a and b are constants. As NH 1is in equilibrium with
NH2 and NH3, we might assume that [NH] is constant and independent of time
in the reaction zone. In this case, d[N]/dt turns out to be d[N]/dt = a"-b[N],
= a[NH] If the relaxation time is defined as the time taken for

R*Ze"
[N] to reach a[NH]/be, where e is the base of Napierian logarithms, that time

with a*

a“/be T . p i
equals / ——— -—-——_ The relaxation time is equal to :-{l-£n(e-1)}

0 (@"-b[ND
which is approximately 1/b. Considering the flame with [HA]/[0M3 = 4.0 and

[NH3Jo = 50 ppm, d[N]/dt is 5.4xI04[NH] - 1.3xI05[N] for conditions near the
reaction zone, and the relaxation time turns out to be approximately 7.7 ps.
As the residence time in the reaction zone is around 20 ps, the steady-state
is indeed just established within the reaction zone. It, therefore, seems
reasonable to consider such a state of affairs from the reaction zone onwards,the
relaxation time will be even shorter for appreciable concentrations of NH3.
We can thus conclude that, because of the make-up of eq. (1l), N atoms are
governed by a steady-state, rather than a balance of reaction (3).

Kaskan & Hughes (1973) have studied the extent of equilibration in
the NH.-pool, by burning NH3/C2 flames at atmospheric pressure and 2010 K.
They found that NH3 and NH2 were nearly equilibrated via NH3 + OH = NH2 + H20.

The concentrations of OH in the [H2]/[02] flames burned in this work were
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about ten times lower than in those of Kaskan & Hughes (1973), with [H]
expected to be much higher here. Reactions such as (1) and (2) are known
to be equilibrated (Nadler et al. 1970, Kaskan & Nadler 1973). This
equilibration was assumed in mixtures of + N0 + N~ in a heated quartz
vessel by Fenimore (1978) and by Haynes (1977) for fuel-rich hydrocarbon
flames. Estimates of the relaxation times of reactions (1) and (2) indicate
that both are balanced in times less than 20 ps for the conditions of this
work.

Table 5.3 presents steady-state values for [N]/[NH] as derived from
eq. (D). They can be compared with the values, (also given in Table 5.3)
of this ratio if equilibrium holds between N and NH. For equilibrium we
have K~[H]INH] = k or (IN]1/[NHDe” = ~[Hj/fH~], which depends upon
Y* The values of ([N]/fNH])eqin Table 5.3 are always much larger than

steady-state values of [N]/[NH], Since, [NH] can be taken as the equilibrium

concentration (Kaskan & Hughes 1973, Haynes 1977, Nadler et al. 1970, Kaskan
& Nadler 1973) the ratio ([N1/[NH])/([N]1/[NH]) 1is equal to [N]/[N] , where [N] 6
is the concentration of N atoms in the fully balanced pool. Values for [N]/[N]e

are also presented in the final line in Table 5.3. It will be seen that the

concentration of N atoms is always lower than the one at equilibrium. Kaskan
and Hughes (1973) found the concentration of N atoms in ammonia flames to be
lower than that predicted on equilibrium considerations and they reported a
value of 2 to 3% for [N]/[N] . It is interesting to note that the values
for [N]/[N]e given in Table 5.3 agree with those found by Kaskan & Hughes
(1973). Of course, it should not be forgotten that the flames used in this
work were different from theirs.

In the next section, calculations are done taking values for [N]/[NH]

as described above. The concentrations of NHN - species are determined as

functions of [NH”"], and this is obtained from a mass balance on the pool,
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[NHiJt = [NH 7+ [NH ] + [NH] + [N]

- [NH3] {1+ KIY[H]e/[H2] + (1+ojK™y2 x ([Hlg/[H2])2}

so that, [NH3] = [NH.] 7{l + ay + 3(o+1)y2}

= [NH.Jt/x
with
a = K1 [H]le/[H2] = y[NH2]/[NH3]
3 = K1K2 ([H]e/[H2])2 = y2[NH]/[NH3]
a = N1/ [N\H]
2
X = {1 + ay + 3(a+Dy }.

As the amount of N atoms present is much lower than might have been expected,
it is possible that NH2 and even NH3 play a part in the production of NO and
N2 . Certainly, the above considerations show that NH3 and NH2 are the
dominant NIL species well downstream in a flame (where y 1), but of course
N atoms have their greatest concentrations in the reaction zone (y » 1).

5.2.2 Theoretical studies on the formation and disappearance of

nitric oxide.

Equations will now be derived to ascertain whether the experimental
observations fit the predictions of various mechanisms of production and
disappearance of NO. Assuming first that NO is formed through NH2 reacting

with OH and disappears by reacting with NH2 in reaction (10) to form N2,

d[NO]/dt equals kg [NH2][OH] - k1OQINH2][NO]. or

d[NO0]/dt y[OH] (
" Kio- an)
[NH2HNO] [NG]

In the previous section, [NH], [\H.,1 and [NH.,] ware found to be in equilibrium

With one another and [NJ/INHJ = o is given by the steady state relationship
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an. Eg- (111) thus becomes:

([H2)t d[NO]/dt)/(KLY(H]e[NHiJTt[NOD =V YI°Hle/[N°]} - Kk10. avy

This will be checked by plotting the experimental results as the left hand
side of eq. (1V) against YtOH]e/[NO]-
As an alternative scenario, we might assume that the net rate of

production of NO is given by:
d[NO]/dt = k9 [NH3][OH] - k1Q [NH2][NO]

which gives:
(H2]e dINC)/dD)/(K1Y[Hle NH.JEMNOD = kg{([H*[OHD/*[HINOD}- kIQ. )
The left hand side of eq. (V) will be plotted against [H2][OH]/ (KM[H]1[NO])

to check it with the experimental measurements.

As a third possibility, if the formation and disappearance of NO is

assumed to be via N atoms:
d[NO]J/dt = k6 [N]J[OH] - k?[N]INO]

with [N] given by the steady state relationship (11), leading to:

rkB y [oh]e b k_3 [H2]
»0] [H2]2t d[NO]/dt KT * [NO] kz~ [NO]
k, y[OHJe
K1K2Y2[H]§[NH_]t '(k7 Doy - N
[Hle

+ k, 1 )
(k3 [OH]e 3a J

S equation can be tested by plotting its left hand against [NO].

Other sets of combinations of the type NH. + OH + NO + products and

+ NO »» N2 + products were also checked against the experimental results.
iver, none of these plots are presented due either to bad fits
iasonable values for rate constants being derived from the slope and

jrcept. These schemes will thus be rejected out of hand.
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In the following section, eq. (1V) — (VI) will be checked against the
experimental observations to determine the best fit and obtain the correspond-
ing rate constants. It is hoped that this will reveal the reaction
mechanism most consistent with the measurements obtained.

5.2.3 Discussion of the observations in flames at 1900 K with

ammonia added alone.

Eq. (V) was first checked with the experimental measurements obtained
in all the flames studied for various amounts of ammonia added. Some plots
are given iIn Fig. 5.5 which shows scatter amongst the points near the reaction
zone, which are those with higher rates of reaction and Y values. The
points for 50 ppm of NHg present are notable in being farthest away from what
might be considered a best line fit. Fig.5.6 checks the same reaction
mechanism, but leaves out the points near the reaction zone, i.e. those up to
2 mm from it. There is now a tolerable fit to one straight line, which has
slope and intercept yielding, respectively, kg = (9-712-0)x|0_13ml molecule
s 1 and k1Q = (4.6x1.0) x 10~12 ml molecule 1s 1. This pair of reactions
seems possible well downstream in this flame, but improbable close to the
reaction zone.

Eq. (V) will now be checked against the experimental measurements and

the appropriate plot is given in Fig.5.7. It is clear from Fig.5.7 that
three straight lines, rather than one, have to be drawn through the experi-
mental points. The slope of these almost parallel lines gives k™ equal to
(4.5£1.4)x10~12 ml molecule'ls"1l; however, three different values for kl1f)
are obtained, which is at variance with the model.

Next, eq. (V1) is checked in Fig. 5.8. Also iIn this plot it is not
Possible to fit one single straight line through all the points. Each
amount of added ammonia defines a set of points through which lines can be

fitted. If in addition, it is assumed that kga = 5kg, the value of kg

given by the slope is within the range 5x10 - 1x10 ml molecule s .
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These values are bigger than those in the literature. It thus seems likely
that N atoms do not play a role throughout the whole length of the flame.
However, if a line is fitted through the points measured close to the reaction

zone, especially those for richer flames (the broken line in Fig.5.8),

a straight line through the origin is obtained, iIn agreement with eq. (VI).

The slope yields Gﬁiﬂ{]e/[OH]e + Kda) = 7.5x10_U ml molecule Xs . Also,

taking 5k3 = k”~, k3 turns out to be (6.2w_L5.0)xI0_12 ml molecule 1s™! and k~-

(3-1+2.0)x10_11 ml molecule_1s-1. These values agree to within 50% with those
quoted by Westley (1979). We thus have a scheme based entirely on N atoms
for the production and disappearance of NO, close to the reaction zone, where
y and consequently [N] are both largest.

Of Figs. 5.5 to 5.8 it is clear that only Fig. 5.6 provides a reasonable
fit to the experimental measurements of one of the reaction schemes.

Consequently, attention will be focussed on Fig. 5.6 and eq. (1V) for those

measurements taken downstream. However, the points nearest the reaction zone

indicate a different mechanism, since Fig. 5.6 is a much better overall Tit
than Fig. 5.5. As already stated, the broken line passing through the data
in Fig. 5.8 for conditions nearest the reaction zone appears to give acceptable
rate constants for reactions in which N atoms are responsible for the

production of NO and its subsequent conversion to N2* However, the points
in Fig. 5.8 representing observations in the reaction zone are not sufficient
to conclude, at this stage, that this scheme is satisfactory overall.
Therefore, the measurements from the reaction zone will be stu

different manner, and reactions (6) and (8), the two possibl P

producing NO, will be compared.

In flames with only 50 ppm of ammonia added the amount of N., formed in

the reaction zone is negligible so that

[NH3]qg = [NH3] + [NH23 + [NH] + IN] + [NOJ-



By definition

[NH21/[NH31 = KX Y[H]e/[H23 = ay
[NH]/[NH3] = KxK2 y2 [H]e2/[H2]2 - By2

[N]IZ/INH] =o = (k3y[H]e + k3ay [OHjJJ/(k6y[OH]e + k?[NO] + k 3 [H2]D

°" INH31Q0 - N1 = [NH3L (1 + ay + By (1+a))
i.e.
[HH 1 - [NO]
[NH ] = ——— 2
(I+ay+By (1+0))
and, oBy2 ([NH-In - [NOD
[N] = —_——
@ +ay + By (1+a))
oy(INH 1 - [NOD)
[NH ] = — 22—
a +ay + By (1+a))
Let us consider now two possible kinetic schemes for the reaction
zone:
N + OH NO + H ®)
NH2 + OH —+ NO + H + H2 @)

For (6) the rate of appearance of NO can be given by:
d[NO]/dt = k6 [N] [OH]

aBy3 ([NH ] - [NOI) [OH]E
2

a +ay +By (1+a)}

k.

We shall assume that reactions in the reaction zone can be modelled as a plug
flow reactor with residence time t and time independent or fixed y, the

above relation can be integrated,yielding;
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i.n ( [m]O £n : 1
o)
NINV o * "V z . 1_[N]R-Z.
Ura3]0

kb 0 By3 [oh]e tO
i
(1 +ay + 3y2(1+0)}

Similar consideration of Reaction (8) gives:

kg [NH 1 [OH]

d[NO]/dt

ay2 ([NHgl, - N1} [OH]

N

(1 +ay + 8y2 (1 + 0)}

leading to:

en © " v Pl %o D)
\ N {1 + ay + 6y2(1+a)}

[nh3]q

The left hand sides of eq. (VII) and (VIIl) are plotted in Figs. 5.9 and 5.10

against (oBy2 [OH]E 0/ (1 + ay + 8(a+tDy2) and (ay2 [OH]e O/ (l1+ay+8(o+l)y2)

respectively. Unfortunately, only three points are available. The plot in

Fig.-5.10 does not agree with eq- (VI11), because most probably it has a

negative slope and a positive intercept, iInstead of a positive slope and zero

intercept. However, Fig.5.9 is much more consistent with a straight line

through the origin, as suggested by eq. (VII). The value of kg determined

from the slope of that line is inevitably crude, because of all the above
assumptions and a lack of knowledge of tQ. The value indicated 6

(5+5) x 10”10 ml molecule"l s"1, which is about 1 order of magnitude higher

than those quoted before (Campbell & Thrush 1968, Haynes 1977, NBS 1977).

Only Bowman (1975) quotes a value for kg as high as 1.7x10 ml molecule s

Although kg appears on the large side, it seems that N atoms are more likely

to be the species responsible for the appearance of NO in and close to the

reaction zone.
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Finally, let us compare the rates of formation of NO via (6) and (8).

Their ratio 1is:

k [N] [OH] k, K.y H
£ = A 0-1 e the estimatedvalue of
k TNH JIOH] kg [ 1
which ranges from 5.3 to 10.3 in the reaction zone. This confirms the
above conclusion of reaction (6) dominating (8) in the reaction zone. The

ratio is however proportional to y so that in a typical flame y might decrease
from say 20 in the reaction zone to 2 in the burnt gases, enabling reaction
(8) to become more important downstream of the reaction zone.

When large amounts of ammonia are added, the disappearance of NO and
a consequent formation of even iIn the reaction zone becomes more important.
The concentration of N atoms will obviously be greater than in flames with
50 ppm of NHN added, and consequently they might also be expected to play a

role iIn the destruction of NO iIn the reaction zone. The ratio of the rate

of reaction (7) to that of reaction (10) is:

k? [N] [NO] k? K2y[H]£

ki0 jph2hno] = k”™°—ng¢r
This is estimated to have a magnitude of 1.0 in flames with [H2]/[02] - 2.5 and
1.9 for 4.0. The rate of reaction (7) thus appears to be slightly larger than
(10) iIn the reaction zone and consequently, is likely to occur there, but
certainly (10) is the more likely in the burnt gases.

It thus seems that reactions (8) and (10) are likely to be responsible
for the appearance and disappearance of NO downstream of the reaction zone.

Let us take a particular point in the burnt gases and calculate the same

ratios of rates as above:

n
/1021 REARS R7/R10 I"Vo
0.39 0.04 615 ppm
2.5 0.26 0.03 50 "
0.80 0.09 515 ppm
4-0 1.00 0.10 50"
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The above table confirms the conclusion drawn before on the important steps
in the production and destruction of nitric oxide.

5.2.4 An overall look at the observations in flames at 1900 K

with ammonia added.

Chapter 2 discussed what various investigators had proposed as kinetic
schemes for the formation and disappearance of NO in various flames at differ-
ent temperatures (Haynes 1977, lverach et al. 1975, Fenimore 1971, 1972, 1975,
1976, 1978, Kaskan & Hughes 1973). For reaction (10), Silver et al. (1980)
found a rate constant of 2.3x10__12 ml molecule__1 s__1 at 1200 K. The rate
coefficient was given in terms of ATnexp(-E/RT), with n<O. Fenimore (1978)
quoted a higher value for k™Q, 1i.e. 8.3x10-12 ml molecule_ls-1 within the
range 1300 - 1400 K. In our study at 1900 K, k™ = (4.6%£1.0)xI0 ml
molecule s ™ which is 0.55 of Fenimore"s, twice that obtained by Silver et al.
(1980) and consequently "acceptable® in magnitude.

Unfortunately, a value for kg was not found in the literature. Fenimore
(1976) concluded that reaction (8) might be responsible for the formation of
NO, but in a later study he concluded (Fenimore 1978) that H20 rather than
OH attacks the NH.-pool. The observations of this study indicate that the
reaction NH. + H20 % NO + products is not occurring, because very poor fits
of the experimental data were obtained to the predictions of the model based
on NO arising from reaction between H20 and NH™ species. The rate of the
reaction reported by Fenimore (1978) as being responsible for the appearance
of nitric oxide, is quoted as having the same value as its disappearance,

i.e. K[NH2HH 201 = k1Q[NH2][NO] = 8.3x10~12 [NH2][NO] or k = 8.3x10
[NO]/[H O]. This indicates a low value for k of around 10 14 ml molecule *s 1.
Fenimore (1978) thought the generation of NO to be a multi-step scheme with

the formation of hydroxylamine in:

nh2 + h20 = nh20h. + H (AH =247 kJ/mol)



NH20H + H = nh20 +
»2
nh2o + H nh?2 + OH
NH20 + H = +  HNO
«2
HNO = H + NO

Emerging from our work is the proposal that OH instead of H20 reacts
with NH2 in reaction (8). The First step could yield either NH20H or NHOH + H,
with the above subsequent reactions. Unfortunately, the presence of species
like NH20H, NHOH or HNO, was not investigated and consequently there is no
direct evidence for the fine details of such a mechanism. However,
(9.7£2.3) x 10-13 ml molecule_ls 1 appears to be a reasonable value for the
rate constant of (8), if the process does indeed involve more than one
elementary step.

The occurrence of reactions () and (10) iIn the burnt gases, and (6)
and (7) close to the reaction zone was discussed above and compared with
others (i.e., NH. + OH or NHi + NO to give NO or N2, respectively, where
i =0, 1, 2 and 3). The fast appearance of NO in and close to the reaction
zone 1is explained by the major role played by N atoms in producing NO in
that area. Values for k&, k3 and k3a cannot be determined accurately, due
to lack of sufficient data. However, they agree within a factor of 1.8

with those values in the literature (Westley 1978, Bowman 1975, Campbell &

Thrush 1968) .

The fact that slight temperature variations occur along the early part
of most flames and that YUR has been considered equal to 7~ alter somewhat
the values derived for the rate constants kg, kga, hg, k», g 10
US assume that vOH is about 50% of that for H atoms in richer hydrogen

flames. The temperature variations will involve a shift of points in Fig.

5.6 towards zero abcissa. This yields a decrease in the derived k1Q to a
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value probably approaching that of Silver et al. (1980). The same will
occur in Fig.5.7. As for Fig.5.8, although the points will be shifted in
the upward direction, the slope will not be altered. This, in turn, will
not cause any major change in the conclusions on the most probable mechanism,
but could give rise to a lower rate constant for reaction (10).

Before flames at different temperatures are studied, the formation of
molecular nitrogen will be discussed in the following section.

5.2.5 The production of NA.

It has been shown that whatever the amount of ammonia added to a flame,
the formation of downstream of the reaction zone is satisfactorily
represented by reaction (10). The concentration of N2 was not measured but
was calculated by a mass balance on nitrogenous species. If (10) is the

only reaction which gives rise to N®,

d[N2]/dt = k1Q [NH2J [NO], or
d[N] , K.y T D1 D]
dt v 10 . [H2] (4%)-

The left hand side of eq. (IX) is plotted against (Kly [H]JE [NH~ [NO1)/

@ [H2]D in Fig.-5.11. Due to lack of sufficient data, the rates of production
of N2 were determined from the slopes of the tangents at each point on the
profile of [N2] versus time (see Figs. 5.1 to 5.4), described in section 5.3.
The points nearest to the reaction zone are those with highest rates of
reaction. The points in Fig.5.11 are very scattered. The line drawn in
Fig-5.11 refers to the points well downstream, where reaction (10) is more
likely to occur. This line passes through the origin which conforms with

eq. (IX). The resulting value of k10 is (l.2+0.8) 10 i mo ecu e
which is bigger than that <*.6x1 .0> * 1°"U molecule' 1s'1 obtained above,

as ,,ell as the similar values in the literature. This plot also agrees with
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the conclusion drawn iIn the previous section that reaction (10) is not the
dominant step iIn the disappearance of NO near the reaction zone.

Like reaction (8), (10) appears too complex to be an elementary process.
As with reaction (8) the presence of iIntermediates was not investigated.

Certainly, one could have at least two different sets of products, e.g.:

NH2 + NO + N2 +H20 (AH°298 = - 52.2 kJ/mol)

NH2 + NO @ N2 +H + OH (AH°29g - 23.8 kJ/mol)

5.3 Observationsin Tflameswith ammonia added at various temperatures.

5.3.1 Introduction.

Up to now, observations in flames at 1900 K have been described and
discussed. A range of other flames have been studied, with the same [H2]/[02]

ratio as before, but with an amount of Argon yielding different adiabatic

temperatures.

The concentration profiles of NO, total - NH® and N2 for various
amounts of NHN to these flames will now be described.

5.3.2 Concentration profiles of NO, N2 and total - NHA.

Figure 5.12 refers to flame 1 (1822 K), Fig.5.13 to flame 3 (1986 K), both
with 125 ppm of ammonia added. The concentration profiles are similar to
those at 1900 K shown in Figs. 5.1 to 5.4. The amount of NO reported in
Fig.-5.13 1is very similar to that in Fig.5.12, whereas [NH.]t is higher in
Fig.5.12. The amount of N2 present is also smaller in the Ffirst flame.
Fig.5.2 showed the profiles for the same [H"]/[02] ratio as these flames,
the same amount of added ammonia and an adiabatic temperature of 1900 K.

Denoting the concentration of each species at 1822 K by the subscript 1, at
1900 K by 2 and that at 1986 K by 3, one has:

[NOJ (D) < [NOJ(2 < [NOI(®

[NH.1t(@) > [NH.Jt®@) > [»VtO,
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In section 5.1.2, it was seen that in the same flame [NO] was always bigger

than [NHjJt and the amount of N2 increased with the addition of ammonia.

This same behaviour appears when the temperature is increased, at the same

level of added ammonia (see Figs. 5.2, 5.12 and 5.13). This could mean that

one or other NIL species becomes more reactive at higher temperatures.

The other high temperature flames, i.e. between 2030 K and 2635 K have

similar concentration profiles, and hence their plots are not given here.

It thus results in increased amounts of both NO and N2 being produced

from NIL species.

5.4 Discussion of a mechanism of production of NO.

5.4.1 Introduction.

Because the flames with T / 1900 K were hydrogen-rich, the reactions

involved in the NIL pool are expected to be the same as at 1900 K. Table

5.4 below gives values for [N]/[NH]/[NI"]1/[NH™] when the pool is balanced

completely.

Table 5.4

Relative equilibrium concentrations of the NIL species in the pool.

[H2]/[021/[Ar] Tad o No. Time (ms) [1/[nh1/[nh2]1/[nh3J
2.5/1/10.5 1822 1 0.0 0.11/0.009/0.21/1.0
0.0 13.4/0.23/1.02/1.0
2.5/1/8.9 1986 3 0.66 1.89/0.08/0.60/1.0
1.32 0.62/0.04/0.41/1.0
0.0 32.0/0.35/1.26/1.0
3.5/1/7.0 2030 5 0.66 1.97/0.06/0.55/1.0
1.32  0.36/0.03/0.34/1.0
0.0 370 /1.93/2.97/1.0
3.18/1/6.49 2151 8 0.66  2.2/0.13/0.76/1.0
1.32  0.34/0.04/0.43/1.0
1.30  4.22/0.35/1.31/1.0
2.74/1/3.5 2635 9 3. 95  2.98/0.28/1.30/1.0

Table 5.4 shows that N atoms are more dominant in flames at higher temperatures.

°nly for flame 1 is ammonia dominant along its whole length. However, in the
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other flames, although [N]” is very high in the reaction zone, it nevertheless

decays very fast downstream. Actually, in all but flame 9, ammonia becomes

the dominant species just after 10 mm from the reaction zone, (i.e., 1.3 ms).
Only in the very hot flame, i.e. 9, do N atoms become dominant throughout
the whole flame. In this flame, as y was not measured, a value of 1.0
after 10 mm from the reaction zone was assumed, quite justifiably on account
of the very high temperature. Even if y > 1 as [N] is proportional toy ,
NH « y2 and NH2 “ y, the dominance of N atoms is more pronounced. Table 5.1
showed [N]/[NH]/[NHM]/[NH~N] for flames at 1900 K. The concentrations of N
atoms and NH™ are then comparable in the reaction zone, with higher [N] for
richer flames. An increase of temperature yields an increase of [N] and
differences between [N] and [NH*] in Table 5.A are more obvious than in
Table 5.1.

To determine the actual concentration of N atoms, the same procedure as
in section 5.2.1 is now followed. The temperatures of flames 1, 3, 5 and 8
are not very much different from 1900 K. Only 9 has a temperature which
is 700 K above 1900 K. Consequently, the same values for the rate constants
assumed for k~, k5, k& and k? were used. Only the equilibrium constant for
(@) was calculated for the various flame temperatures and with it the rate

constants for the reverse of (3). The table below shows values for k_3

at the temperatures of the flames studied.

Temperature K K .
K G h2) Kﬁ(OH’HZO) ml moll(;iule_ls_1 ml mobécute ls
1822 776 9100 6 .8x10-15 2.9x10-15
1986 398 4700 1.3x10 4 5 5x10-15
2030 339 4000 1 6x10 1 6.3x10_15
2151 219 2600 2.4x10_U 1 ox10
2635 64.6 760 8 .2x10_1A 3.4x10_1A
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The values of k ™ and k at 1900 K were respectively 1.0x10 ™4 gnd

A steady state on N atoms was again assumed,

4.1x10 ml molecule s

yielding eq. (I). Its terms appear in Table 5.5 below. All the other

reactions considered unimportant at 1900 K were not included here, for the

same reasons.
Table 5.5

Values for the"rates of reactionland [N]/[NH] in the reaction zone
of flames at various temperatures.

"Rates or reaction” (s-1)

Designation 1 3 5 8 9(
ko3 1.05x103 1.10x103 8.20x103 9.90x103 2._.70x104
k-3a [H201 1.80x103 3.50x103 4_.30x103 4.40x103 5.30x103
h5 [NH] 5.00 125 354 29.6 240
k5 FNH2] 114 553 1.28x103 19.3 898
K6 V i°H)e 4.90x104 2.70x105 3.80x105 11.4x105 13.7x105
k?tNO] 5.40x103 5.00x103 1.00x104 2.90x103 3.00x103
k3a Y t°Hle 2.35x10" 1.32x105 1.90x105 5_.50x105 6.30x105
5.60x104 ]
k3 * 1H)e 2.40x103 1.40x104 1.10x104 X 7.00x104
[N1/[NH] 2.4 2.7 4.3 4.7 1.7
(INJ/[NHD) o 12.9 65.5 20.7 53.5 8.5
[N]/[N]e 0.19 0.04 0.21 0.09 0.20
Remarks: *) - These values are for 10 mm from the reaction zone.

concentrations of NH and NH™ were also estimated assuming equilibrium for
them. For the flames hotter than 1900 K, the left hand side of eq. (I) was

As for the right hand side of eq.

dominated by the term k vy [OH]6 [NH] -

, the term k y [OH] in Table 5.5 is more than 10 times bigger than the
o] e
°thers, so that [N]/[NH] in these particular flames is given by:

°© = TN]J/[NH] = (k3a y [OH]e)/(k6 y [OHjJ = (69



The values for [N]/[NH] in the case of flames at 1900 K were given by eq.

(1) and thus dependent upon y and [NO]- However, eq- (X gives [N]/[NH]

independent of y and [NO]. Actually, this is a particular case of eq. (D)

e, a = (Y M 4k v I[OHl )/Cgy [OH] + k_; [HJ + k,[NO]) .where the

concentrations of H atoms, H™ and NO are much lower than those iIn flames

at 1900 K. This makes the terms k™ y[H ] in the numerator of eq. (1l) and

H3[H2] + Kk~[NO] in the denominator too small to be significant. The

following table compares the values of o in the reaction zone for various

flames, obtained using eqs. (I1) and (X) respectively:

Flame designation

1 3 5 8 9(®)
0.47  0.52 0.50 0.52 0.50
0.49  0.49 0.49 0.49 0.49

Remarks:

ox - the value of o obtained from eq. (1)

°2 - the value of o obtained from eq. (X)

™ - these values are for 10 mm from the reaction zone.

As one can see from the above table, the error in taking OjJ instead of

is less than 6% for the reaction rone and tends to decrease with de

(X was USed instead of eq. (11) f°r those

values of y. Accordingly, eq.
flames burned at temperatures different from 1900 K

Now we can also see if the steady state is quickly established

reaction zone. Neglecting the consumption O'F Nn’:‘&_l\é,l :(k3a [OHI) [NHI-Ck [OHT) [N

and this is as shown below for each flame.

flame 1 : 1.35x105 [NH] - 3.7*10* W -
flame 3 : 7.20x105 [NH] - 2.7x105 [N]1 ,
flames.: 1.70x106 [NH] " 11.4x10n -
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flame 8 : 5.3x106 [N\H] - 11.3x105 NI
all in the reaction zone, and

flame 9 : 2.3x106 [NH] - 14.2x105 IN]

at 10 mm from the reaction zone. Using the definition of section 5.2.1, the

relaxation times are, 2 7, 4, 0.9, 0.9 and 0.7 ps, respectively, compared with
a residence time in the reaction zone of around 20 ps. The steady state is

thus established within the reaction zone, as in flames at 1900 K. Values

for [N]/[N]e are also presented in Table 5.5. These were determined by the

same procedure as those in Table 5.3. In flames 1, 3, 5, 8 and 9, the

amount of N atoms 1is also much lower than that predicted for an equilibrated

pool . This agrees with the conclusions drawn for flames at 1900 K, and with

observations made by Kaskan & Hughes (1973), which have been already discussed

in section 5.2.1.
The same procedure for testing reaction schemes as that used in flames

at 1900 K will now be foHowed M this Stgly. However, the value of o in

these flames is that predicted by eq. (X).
5.4.2 nhg.rvations in flames_at various temperatures,

The observations described at ,» Kooinnine of section 5.4 will now be

checked against different kinetic schemes for the formation and disappearance

Of nitric oxide. Three of these schemes were represented in section 5.3

by eq. (IV) for reactions ¢85 and o), €& (V) for (9 and (10) and (XI),
derived below, for steps (6) apd (P and checks of the experimental measure-

®ents are given in Figs. 5.14 o §.21. Again, only those plots showing

reasonable fits to a model will Be shown. AS reactions (3) and (7) are

not very important in determining o, compa tn the other terms in eq. (D),

e9* (V1) can be simplified to:

[H2r t© d[NOJ/dt v [OH] . oD

2 2 i ol 32 NG
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Of Figs. 5.14 to 5.16 for flame 1, possibly the best fit is shown in
Fig.-5.15. However, as the temperature of flame 1 is not much different from
1900 K, where no evidence corroborating Fig-5.15 was obtained, this might well
be fortuitous. Fig-5.14 will be taken seriously, since much evidence was
gathered at 1900 K for reactions (8 and (10), in preference to (9) and
10). It should also be noted that the concentration of N atoms in this
flame is very small, so that reactions (6) and (7) might be important only
very near the reaction zone. The line in Fig.5.16 passes through these
points and yields = (2.4x1.2)x10~U ml molecule *s 1 and k? = (2.3+1.2)
x1o"11 mlI molecule®"V1. These values of 1~ and k? agree remarkably well
with those found previously, at other temperatures. The derived values of
k and K& _from Fig.5.14 are, respectively, (1.2+0.3)x10 12 and (0.7+0.2)xI10
ml molecule”s”1. In this flame, as temperature variations along its axis are
small, errors due to different values for YO]i and fH are negligible. The
above k10 is lower than that ((4,6%x1.0)x1o"12 ml molecule 2s determined
for flames at 1900 K, but agrees with that of Sliver et & (1980>" 12,6

value of k8 is only 1.2 times that obtained at 1900 K. Apart from the good

Fit in Fig.5.15, the observation€ in Flgfg 1 confirm the results given

earlier.

Flame 3 at 1986 K is very simif8F to flame 5 at 2030 K and only this

lest one was checked completely agai the ecuations derived in 5.3.

The same mechanism at 1900 K appears to take pi Viore The checks are made

in Figs. 5.17 and 5.18. The role of 1 &8fi§ s observed further downstream

than at 1900 K, which is probably due to their higher concentration. The

line in Fig.5.17 yields k and k,, respectively, of (2.5+1.3)xI0

(8-0+4.0)x 10 18 i molecule_ls_l, which are lower than those found in flame 1

(ite., 2.4x10-U and 2_3x10"8" mi molecule'ls_l, FB%BSSEP’G'V)- Downstream,

\ a Fit for NH,Z being the important NH.

18+5.18 presents a reasonably goo
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species. The values of kg and kI@ emerging are, respectively (7.5+2.3)x10~13

and (1.2+0.3)x10 12 ml molecule *s The value of kg is lower than that

obtained at 1900 K. Taking into account temperature variations along a

flame, both k and k8 should be slightly larger due to the differences Iin

3a

yh and yoh -

The observations in flame 8 at 2151 K will be discussed now. Fig.5.19

checks eq. (XI) with the experimental measurements up to 6 mm from the

reaction zone. This shows a reasonable fit to a straight line. The values

of k and k? determined from the slope and intercept, respectively, are

<1.440.9>x10"12 ml molecule®1."1 and (6.4+3.5)xXKfU ml molecule®1."1. Hie

value of k is about ten times smaller than that quoted iIn section 5.2.1,

but similar” that obtained iIn flame 5 at 2030 K. However, the value of

k? obtained is about ten times larger than that derived above and 2.4 times

the value of 2.7x10"U found in the literature. However, taking into

consideration that yoh might well be lower than Y,,. b3a would become larger

with a lower k?. Fig.5.20 checks eq. (XI11), given below, with the experi-

mental measurements:

[H2]2 t d[NO]/dt
kg {([H2HOH])/(K2[HIINOD} - Kn . (XII)

KjKy Y2[HIZ [NH;} [NO]

represents the scheme: NH2 + OH -maNO + products and
N~ + NO n + OH. A tolerable straight line is obtained in Fig.5.20.
/\ lll13 (1] I
(7.0£2.5)x10 and (1.7+1.0)xI0

IYle values of k8 and k11 are respectively,

ml roolecule-1s_ 1. The value of kD appears to agree with those determined
0

Previously, at other temperatures. The value of ku seems too big compared

to those quoted either by Kaskan & Hughes (1973) or Gordon et al. (1971),

~Nich were 4x10"12 and Axio"11 ml molecule®1«"1 respectively. However, as

temPerature variations along the flame appear to be quite high, and the fact

78 -



that y might be lower than y,,, one might have to reduce the abcissa in
Fig.-5.20, so that is equally lowered. Take e.g- YgR = 0-5 yr, the
average value for ([H2][OH]/0OyH] [NO]) 1is 150, so that kn - 9.7x10-11
ml molecule ”s agreeing better with that of Gordon et al. (1971).
Fig.5.21 shows the only good fit for flame 9 with [H2]/[02] = 2.74 at
2635 K. This also suggests reactions (8) and (11) at a distance of 10 mm
from the reaction zone. The calculations in this flame involve some slight
uncertainty, because y was not measured, but was taken as 1.0 after 10 mm from
the reaction zone, which is probably a very good approximation. The values
of kD and k determined from the slope and intercept, are (6.316.3)x|0-
and (7.8x7.8)x10-11 ml molecule®V1, respectively. Asin the other flames,
ify <y ,a lower k is likelytobe obtained. The value of kn 1is, 1in
fact, comparable to k? and agrees better with the value reported by Gordon
et al. (1971). The value of kg appears large compared to those obtained at
other temperatures. This could be due to the fact that Y was taken as 1.0.
The term y2 in the ordinate would lower the value of kg considerably,
since y is larger nearer the reaction zone, i.e® those points farthest away

from the origin. As a check, letustake Yr at a distance of 10 mm from the

The value of Kk, would turn out

d

to be 2.4x10"12 ml molecule®"1*"1 and ku - 3.0x10"11 ml molecule"1s"1.

reaction zone to be 2.0 and 130'a%§6ﬂ%ﬂ

These are 0.38 times lower than those determined above. Actually, they

would become even lower i1f Y>2 at 10 mm.

In the following section, some 8@%@?6%%3“@ Will be drawn from the

vations in all flames with only ammonia added.

Conclusions on fhe production ol NO in the ammonia flames®

) ) ) ) = rhanfer 8. Here only an attempt
The main conclusions will be given P

- — 1~ «mai 19 added at various
fn riiMm”"ivi o tip nhiP.n31lions

teilPeratures.
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The adiabatic temperature of the flames used in this study varied from

1822 K to 2635 K. The sudden appearance of NO In the reaction tone can be

explained by reactions involving N atoms such as N+ OH = NO + H,

which occur simultaneously with N + NO - N2 + O. The concentration of

N atoms was determined considering a steady state, in which reactions (3),

(3a), the reverse of (3), (6) and (7) are the most iImportant. According

to equilibrium calculations, N atoms are in fact dominant in the reaction

tone with the exception of flame 1 at 1822 K. However, consideration of

the steady state led to the conclusion that the NHj pool was depleted of »

atoms. This is iIn agreement with some other investigators (Kaskan S

Hughes 1973, Caralp 1979). Downstream of the reaction tone N atoms do not

appear to play a role in the production or disappearance of NO. There the

species forming NO are NH., and OH radicals in NH, e O« - NO & H *

™

) iniri tn a more complicated scheme for the
The experimental measurements lead

disappearance of NO. In flames with temperatures up 102030 K,

(10): NH, e NO * N,

reaction

¢ H20 seems to be responsible for the disappearance

xa + NO N,, + OH Ffits the
of NO, whilst at higher temperatures, NH 2

ik -B3f annpars to be the relative amount
measurements better. An important ac

°f each NH. species.

1 , , various temperatures are tabulated below:
The rate constants found at various %
Table 5.6 ~”

Various rate constants obtained at different temperatures.
Value for kx

R Temperature (K) ~ mnlecuie~l S-1)
Reaction ate
constant i,
(6-215.0)x10~12
1900
NH + H N + H2 1822 (2.4x1.2)xI0~12
NH + OH > N + H20 3a 1900 (3.1+£2.0)x10_11
(2-511-3)x|0_12
2030 212
2151 (1.4£0.9)xI10 A
1900 (5.0£5.0)x10~10

+ OH =@ NO + H



1802 (2.3+1.2)x10-U

N + NO + N2 + O k7
2030 (8.0+4.0)x10 12
2151 (6.4+£3.5)x10~U
-12
1822 (1.2+0.3)xI0
NH2 + OH NO + prod 1900 (9.7+2.0)x10
2030 (7.5+2.3)x10-13
2151 (7.0£2.5)x10 13
2635 (6.3£6.3)x10 12
“12
162 (1-410-43/x?0 .
NH2 + NO N2 + HZ20 k1 . P
Q 1900 (4.6x1.0)xT70
2030 (1.2+0.3)x10-12
-10
+
o151 Q .7+1 .05xfo
NH + OH N2 + OH k1l x
2635 (7.8+5.0)x10 11

in the rate constants k3, k3a,
From the above taoie, me

. - s - I of 2. In section 5.2.3 the values
and k~ are REﬁP: being around a factor or 1.

-  -i—,, ,,F t4p broken line
for I, and k at 1900 K ware calculated frotn the slope of the broken line _
tor kg ana Kk - - Tus* mmip k= 6.2x1
in Fig.5.8, based on the assumption that k~a = Sk"* This gave k™ = 6.2x10
®1 molecule-1 s-1 and k,, = 3.1x10-11 ml molecule 1s 1. The value of k

3a _ 1
assumed in section 5.2.1 was 5.3x10 ml molecule s . It appears that

the two values of k3 agree fairly well. Table 5.6 gives values for k™ at

various temperatures. These values were employed in the plot of -nk~”

against 1/T, given in Fig.5.22. This plot gives k3a = (1.1£0.6)x10 11

molecule-1s 1 at 1900 K. Using this value in the slope of the broken

line in Fig.5.8 one obtains k3 =

(8.0x6.0)x10-12 ml molecule-1S-1, which is

1,5 times greater than 5.3x10~12 ml molecule 3s 1 assumed iIn section 5.2.1.

Hence, the ratio k /Kk,, is 1.4 not 5 as assumed In section 5.2.3. These

values of k3 - S.0xI10-12 and k3a - 1.1*10 , both Iin ml molecule s-

aPPear to fit better the experimental observations at 1900 K and they do not

See'> to alter conclusions on the mechanism of both formation and disappearance

°£ N° in the reaction zone discussed above. These values are also in fairly
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good agreement with those found in the literature 073=5.3x10 12ml molecule™l

s land k a:2.6xlo_11ml molecule 1s 1)and quoted in section5.2.1. The value of

3
k6 was determined using somewhat insufficient data and is different by one order

of magnitude from those in the literature (Campbell t Thrush 1968,Haynes 1977).
The value of k? appears to agree within a factor of 2 with the value of 2.7x10-"
ml molecule”™ "1 found in the literature and discussed iIn section 5.2.1.

Fig.5.23 presents a plot of tn kg against 1/T. The slope of the line
in Fig.5.21, presented in the previous section, gives kg at 2635 K. However,
due to the uncertainty in Y for flame 9 at 2635 K, as already discussed in
the same section, the error related to kg is expected to be high. Actually,
this agrees with the fact that the value of kg obtained at 2635 K does not

follow the variation of other pofht& Nn the line corresponding to several

different temperatures. flence the iralue for kg at 2635 K was not included

in the set of points in Fig.5.23 and the variation of kg with temperature was
taken in the range 1822 - 2151 K. The plot of tn kg against 1/T in Fig.5.23
produces a straight line which gives a best fit to the data”“resulting in

k8 - (3.0x1.2)x10-U exp 1(665011950)«> in -1 molecule®1s"1. This

expression gives a negative activation gy  Only three k5 values are

evailable at different temperatures, hence it is difficult to derive an

Arrhenius expression. However, 1in ranee 1822 - 2030 K, k.Q does not

appear to be significantly dependent upon temperature. The value (2.0*1.1)

*10-" .1 molecule-V1 is believed to fit the observations in the above

o . temperature coefficient,
range. it is interesting that k™ shows a

indicating that it is not an elementary reactio

In the following chapters, F!ames with hydrocarbons added, as well as

ammonia or nitric oxide will be described and discussed.
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Chapter 6.
Observations in flames with addition of

ammonia and methane.

6.1 Introduction.

In this chapter, a very briei account of the addition of both »ethane and

ammonia to flames will be given. To flame 2 at 1900 K was added 615 p.p-.m.

of ammonia, together with 0.05, 0.15, 0.25, 0.50 and 0.70 vol. % of methane.

The concentrations of NO, NHN and cyanides were all measured as described

before in Chapter III. Other flames, with different tNHj]Q and [CH”™ were

burned, but unfortunately onky F[N61 was detenmined in them. However, these

flames gave very much the same regubhtc a* flame 2. so the data from them

will not be given.

6.2 Measured concentrations of N 0] cyanides and_ N~

Fig. 6.1 shows the concentrations of total-NH. and cyanides along the

axis of flame 2 with different amounts of methane present. Those for [NO]

and [N*] are given in Fig« 6.2 for fV,e same conditions. We shall now

examine the profile of each species individ y
.1 sNowsC thiat #the ammonia added to flame 2 always

in the reactifon -"NP> 1 e. the rate of disappearance

i« NH. species - Fig.

disappe&rs very quickly

U rapid initially, and then slows do». «hen no methane is present. [*V t

disappears very rapidly up to a distance of approximately 2 - from the
reaction zone, and then there is a reduction « rate of disappearance.

With 0.05% of methane present m the un-u »ases the total [NH.] in the

reaction zone is decreased and then diminishes downstream at a slower rate

than in the flame without hydrocarbon pres®"t In fact, with 0.05% of CH",
[WH-] downstream is higher than @ flames with no methane present. It
affount of methane is further increased, TNH ]t’ in the reaction zone,

as well as downstream, decreases and<itS disappearance follows a pattern
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Fg. 6.1
) Concentration profiles of NH and HONFON species in

flame 2 at 1900K and INH3)o=6150$mm



parallel to that with 0.05% of methane. However, the total amount of MHL

species present in the burnt gases is not observed to be lower than with

no methane present.
It is clear from these [NH.” profiles that the NH™ pool in the reaction
zone 1is being depleted by an attack on it by methane or some hydrocarbon

fragment. The possibilities for this are discussed in detail below, but some

candidates which spring to mind are:

AH® (kJ/mol) (1900 K)

+ N & HCN + H -499.93

CH2
CH + NH + HCN + H -610.31
-519.30

C + nh2 + HCN + H

with the hydrocarbon radicals C, CH, CH2 probably, but not inevitably,

being fairly short-lived close to the reaction zone of this flame, which

is not very fuel-rich, i1~_, with [H,,]/*] - 2.5 in the unbumt gases.

Why the rate of disappearance of the NH. pool in the burnt gases is lower
with hydrocarbon present is at this stage a puzzle, unless the concentration
°f flame radicals and particularly OH, is reduced by the addition of CH”

« this were the case it would be contrary to Padley®s (1959) observations
~Nat additions of hydrocarbon less than 1% by volume leaves radical concen-
trations unchanged.

2* Cyanides - The concentrations of HCN/CN are also given in Fig. 6.1.

ithe maximum amount of cyanides produced for any inlet quantity of methane is

always observed in the reaction zone. Then, downstream the cyanides dis-
aPpear with time. Their concentration, in contrast to those of all the
°ther species, increases with increasing amounts of methane present. Again

the Profiles for [HCN + CN] in Fig. 6.1 are not far from being parallel to
°ne another. These [cyanide] profiles seem to be roughly in accord with

the above idea of HCN or CN being formed in or very close to the reaction



zone by a hydrocarbon fragment attacking some NIL species. The reactions

consuming the cyanides, of course, remain to be identified.

3. Nitric oxide — Fig.6.2 shows that almost all the NO is formed in the

reaction zone with or without methane present. In the reaction zone, [NO]

decreases as [CHM] in the unburnt gases Iis iIncreased. This could be due to
a hydrocarbon fragment attacking NO in the reaction zone, possibly by a

process such as NO + CH -w«HCN + O or CNO + H. After the reaction zone, [NO]
increases with time and the curves representing [NO] are almost parallel

for different inlet concentrations of methane. This means d[NO]/dt in the
burnt gases is not very sensitive to the addition of methane. Fig.6.1 showed

that [NIL] also was not much changed by varying the hydrocarbon concentration,

which suggests that most of the NO in the burnt gases comes from a step such

as NH + OH NO + H + as discussed iIn the previous chapter.
4. Molecular nitrogen - The profiles for this species are also given in
Fig.6.2. The amount of N2 formed depends upon the quantity of methane added,

but much more markedly than for the formation of nitric oxide. Little of the

nitrogen is formed iIn the reaction zone when [cH ~ is above 0.05% and in

fact most is produced immediately downstream. Its concentration decreases

with increasing [CH” and at 0.25% and 0.5% of methane in the unburnt gases,

no N2 is detected in the reaction zone. At concentrations of methane greater

than 0.25% by volume, all the N£ is formed downstream and increases in amount

up to 10 mm away from the reaction zone, depending upon the amount of methane

added. At distances greater than 10 mm from the reaction zone its rate of

appearance decreases. It should be borne in mind that [N,] was calculated

by a mass balance on the nitrogenous species present and not measured experi-

mentally, so that errors iIn [N2] can be considerable. The value of [N,] - O

in the reaction zone for large amounts of CH" present is a pu

might expect N2 to be formed'ﬂ&“ﬁu_+ N N;, + products at arate proportional
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Fig. 6'2>Concentration profit, of NO and N2 in flame 2 with 615 Ppm o'

ammonia added



to [NIL] [NO]- Since the product [NIL] [NO] in the reaction zone changes
from 5.95x10™ (ppm)”™ with no methane to 2.61x10 (ppm) with 0.70% of it,
this hardly seems sufficient to cause [N] to fall from 90 ppm to zero.
Equally, it seems unlikely that a reaction such as N + CH HCN + N 1is
fast enough to reduce [N2] in the reaction zone to zero. Certainly, the
difficulty of measuring concentrations, particularly [N2], has to be

remembered when considering these observations.

Every profile for each species presented above iIn Figs. 6.1 and 6.2 is
coincident, when 0.25 and 0.5% of methane are added to the unburnt gases.
6.3 Discussion of the experimental observations:

A discussion of the above observations of Figs. 6.1 and 6.2 will now
be attempted. When CH” is added to a rich hydrogen flame, radicals are

formed in the reaction zone by stripping reactions. The following are more

than likely:
AH°(kJd/mol) (1900 K)

i, + H > CH3 + n2 -0.47
+ H > ch2 + h2 +17.59
CH3
+ H W CH + H2 ~13.89
CH2
G s on > o+ n2 -101.41

Of course, there is no reason why OH should not replace the H atoms as a
reactant in any of the above steps. The pool of N, NH, NH2 and NH3 species
is also present, as discussed in the previous chapter. The increase in
concentration of cyanides with the amount of methane in the flame, has been
seen to be in line with the hydrocarbon or one of its derivatives reacting
with a nitrogenous species, such as NH®, and to a lesser extent NO. This

is confirmed by [HH.]t in the reaction zone being lowered by the progressive

addition of methane.
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Figure 6.3 shows the values of [NHM]~, [HCN + CH], [NO] and [N2] in the
reaction zone plotted against the percentage of CH" in the burner supplies.
As indicated before, [N2] and [cyanides] in the reaction zone respond most
of all to the addition of CH, , with [NO] there varying least of all.

Some possible reactions forming HCN/CN from NO are listed below, along with

their heats of reaction:

AH°1900 (kJ/mol)

& HCN + -344.41
No CH3 H2°

> HCN + OH -299.45
NO o
NO CH = HCN  + O -294.54
NO > CN + H + h2o +181.13

CH3

=> h2° -290.19
NO o CN  +
NO cH > CN + oh -213.74
NO C cN + O -121.32

Only the reaction between NO and CH3 forming CN is endothermic, so that there

are several possible processes available. It is also noteworthy

straight lines can be drawn througﬁ the fjata in Fie.6.3 for both [NH;} and

Table 6.1 below presents Heatd BF Fegekjon for HCN being produced

+ FH >=HEN + Broducts and CN being formed

fno].
by reactrons of the type RH~

in NH. + CH. CN + products.

AIl the endothermic reactions, in Tag#g 6 1 were eliminated from the

are exothermic, several can be

list of possibilities. Amongst those

rejected as they appear too compFPicated. These were the Tirst two rows and

the first column in Table 6.1 and those vhich could involve a third body

+ -/ HCN. This 1
such as C+ N - CN, CH + N HON, and M r C is leaves
us with the following reactions:
CH + NH HCN/CN + H2”H2 + H
CH2 + NH - HCN/CN + H/H2

C + NH -»» CN + H
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CH- + N HCN/CN + H2/H2 + H
ch?2 " N HCN/CN + H/H2
CH + N CN + H

as likely possibilities.

Table 6.1

AH® at 1900 K for reaction between NH” and hydrocarbon radicals,
in kJ3/mol (Data are taken from Janaf Tables, 1973). The numbers
quoted in space 1 are for HCN as product, those under 2 are for

CN as product.

As mentioned above, the decrease of

explained by reactions between hydrocarbon radicals and NH" species. In

addition, the presence of methane could well give rise to the formation of
species such as OCN and HOCN, which could take part in reactions such as
OCN + H +NH + CO etc. to yield NH. species. The species, OCN and HOCN,

are detected by the ammonia electrode, admittedly with reduced sensitivity.

ted to yield NH. most probably close to the
However, OCN and HOCN are expec

on the addition of methane could be



reaction zone and so the presence of OCN or HOCN is not much of a complication.

The disappearance of cyanides is discussed in the next paragraph. The rate
of disappearance of the NH™ species just after the reaction zone was found to

be lower with methane present than without it. This could be explained by

an additional process forming NHN species, but this will be dealt with also

in the next paragraph, where the disappearance of cyanides is considered.
The disappearance of cyanides cannot produce NH" directly because the

back reactions of those presented in Table 6.1 are very endothermic. The

decrease in concentration of the cyanides along the flame axis also cannot

be due to HCN + N m + CH or CN + NO = CO + N®, because, as Fig. 6.3 shows,

[NY] decreases when [cyanides] increase. A study of the thermodynamics of

possible reactions accounting for the disappearance of cyanides with the

consequent formation of NIL or NO is presented below:

Table 6.2

Enthalpy changes of reactions involving CN or HCN disappearance at 1900 K.

Reactions AH (kJ/mol)
CN + Hoo HOCN + H -3.59
HCN + OH - HOCN + H -49.01
HCN + Hoo =  HOCN + D +13.55
HOCN + H nh2 + CO -77.09
HOCN + ., * nh3 + CO2 -10.24
OCN + 2 = HOCN + H -40.18
CN + C02 = OCN + CO +8.90
CN + OH OCN + H -80.64
CN + OH = NO + CH +213.74
OCN + H = NH + CO -127.67
OCN + H % NO + CH +294 .39
ooN + o nh2 + CO -iir.27
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There are some endothermic reactions amongst those shown above, and these can
be rejected for the production of NO. It does seem that cyanides disappear
to form OCN or HOCN, which on reaction with H, or HMO produce NH"N species
rather than NO.

The reaction HCN + H HNC + H is likely to be rapid and balanced.
Also, considering the reaction HCN + H -« CN + (AHO .~qq = 17.14 kJ/mol)
with an equilibrium constant K, and k™ and k™ as rate constants for the forward

and reverse reactions, respectively, the rate of disappearance of HCN is
-d[HCN]/dt = kFf[HCN] tH] - kr [CN] [H~

According to Albers (1977) kr is (6+2)x1013 exp [-(22.2 = 2.5 kJ/mol)/RT]
ml mol This agrees quite well with the value found by Robertson and
Pease (1942) at 687 K, i.e. k™ < 2x10 ~ ml molecule 3s 3. Therefore with
kr = 2.4x10”™ ml molecule s 3 and K = 0.0257, kf = 6.2x10 ml molecule ”s ~
and hence -d[HCN]/dt = 3.8xI03[HCN] - 5x10** [CN] for flame 2 with [HMI/tOM] =
2.5. The relaxation time for the interconversion of HCN and CN derived from
the above expression is 0.2 ps which is much lower than the residence time
in the reaction zone of 20 ps. This means that HCN and CN constitute an
equilibrated *pool™.

The disappearance of HCN and CN can be dealt with iIn terms of a parameter
0, defined as 0 = [HCN]/[CN] = [H2]/6/ |j-[|eK). This gives 0e = [H7]/([H] eK)
at equilibrium, i1.e. Y= 1. The total concentration of the cyanide pool

equals {[HCN] + [CN] } = [CN] (1+0). One possible route for the consumption

of the cyanide pool was seen above to be

CN + OH ~ OCN + H 12)

If this is the rate determining step:

~d[HCN + CN]/dt

k12 [CN][OH]

[cyanides][OH]
12 a+y_1 @)
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Since 0e = 10~ and Y ~ ®e >> 1, one obtains

-d fn [cyanides]/dt = Y [OH]e/0e .

Integration of this equation from the reaction zone (t 0) to a general

point in the burnt gases yields

En[HCN + CN] =kIO[OH] ~ Y/(bO ) + £n[HCN + CN]

- klg[OI-[le yol(b6e)

where Y * = Yo ~ + bt, and YO = [H]/[i-[le in the reaction zone. The eerrimental
observations test this equation in Fig. 6.4, where the points nearest the
reaction zone are those with highest [cyanides]. A straight line with a posit-
ive slope (as predicted by the above equation) can be drawn through the data.
The slope yields k.~ = (3.2 £ 1.0)x 10 ~ ml molecule ~s * which agrees with
the value, 1.0x10 ~ ml molecule ~s ™ found by Morley (1975) at 2000 K.

Alternatively, if the rate-determining step is HCN + OH -m products with

a rate coefficient k~> a s*i-lar procedure produces:

d £n[cyanides] = (k*3[OH]"/b) dy/Y

“ *» K 1 5] 5, * k13 ([OHle/b) ** <** >

ie. £n [HCN + ON] = ks, ([OHIg/b) £n Y + *n[HCN + CNI

- 1J 7*

- k'lj [OH]e £n YO/b-
The measured values of £n [cyanides] are plotted against £nY in Fig. 6.5,
using the magnitudes of y given in Chapter 4. The points nearest the
reaction zone are those with highest [cyanides]. Three straight lines are
drawn in Fig. 6.5 through the points representing 0.05%, 0.25%, 0.5% and

0.7% of methane in the unburnt gases. These lines appear to fit the experi-

mental observations reasonably and the slopes are positive as predicted by
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the above theoretical equation. The line passing through the points for

0.05% of methane has a slightly different slope than the other two. The

above equation predicts parallel lines for different additions of methane.

Using an average value for the slope, the magnitude of k~"tOHIN/b is 0.76
_ —13 -1 -1 . _

+ 0.24. From this = (1*75 £ 1.5)xI10 ml molecule s *~, which 1is

12 0 molecule_ls{l) quoted by Fenimore (1978) but

smaller than that (1.7x10
for 1300-1800 K. Haynes (1977) predicted a value of (3.3 £ 0.3)xI0 ™3 for k~
over the range 1950-2380 K. The fact is that Figs. 6.4 and 6.5 suggest that
the consumption of cyanides might be via reaction (13), (12) or indeed both.

A choice is difficult to make from Figs. 6.4 and 6.5, although it has to be
recognised that Fig. 6.4 with Y as abcissa is a more stringent test than Fig.
6.5 where JInY is the abscissa. Moreover, the derived rate constants from

both plots agree with the values found in the literature. Before attempting

to decide which reaction operates,one has to look at other possibilities,

such as:
HCN + H20 + HOCN + H2 (AH°19%(QK = +13.55 kJ/mol) (@)
CN + H20 + HOCN + H (AH°190k = " 3,59 kJ/mol) 5

Reaction (14) appears very complicated and is much less likely than (15),

since it is endothermic. Reaction (14) is thus discarded as a serious
possibility. The plot to check reaction (15) against the experimental observ-
ations is the same as Fig. 6.5, but with a slope equal to (k<.[H20]/(b &).

The mean slope of the lines in Fig. 6.5 gives k%,. = (4.8 + 2.0) X 10_13 ml
molecule ~s , which is about 3 times larger than k" Of course, the above
value of k”~ indicates that a more likely set of products for CN reacting

with H20 molecules are HCN + OH,with a rate constant of 7.3x10 ~ ml

molecule *s ~ (Miyauchi 1977). The above values for the rate constants

might be slightly in error because of temperature variations along the flame

and a consequent-error iIn assuming \bH = ﬁi' However, in this flame, in
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which [H2]/[02] = 2.5, Ygh 1is not expected to be much different from YR.
The question of which of three reactions is responsible for attacking the
CN/HCN pool and ultimately producing NO is finally dealt with in the next

chapter.

6.4 Conclusions on a mechanism for the production of NO in flames with

ammonia and hydrocarbon present simultaneously.

Some conclusions from the discussion given in the previous sections
are:
1. Hydrocarbon radicals attack nitrogenous species NHM (particularly NH and
N atoms) in a flame forming cyanides.
2. The disappearance of the cyanide pool is complicated and at this stage it
is not possible to identify the reaction responsible with any certainty.
3. The intermediate species and products of the oxidation of the cyanide
pool are likely to include HOCN and OCN. It is probable that cyanides do not

form NO, N2 or even NH™ in one single step.

4. The production of NO and N2 appears to be through the same reactions with
and without the hydrocarbon present. The amount of NO was seen to decrease
with increasing additions of the hydrocarbon. This is thought to be mainly

due to the depletion of NH™ species in the pool when NH™ species react with
the hydrocarbon and its radicals.

5. The production of NO in richer flames with various amounts of ammonia
present, as well as in flames with higher temperature, appears to be in
agreement with the above conclusion. One possible overall mechanism for the

appearance of NO is given below

NO
+OH
w, HCN.CN
+ NO + CH.
J + OH, H20
+OH,H,H,, -
OCN, HOCN
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In the following chapter, flames with nitric oxide added both alone and

in the presence of hydrocarbons will be dealt with. The brief investigation

given in this chapter presents guidelines for the study of flames with NO

added, hoping that a better elucidation of a mechanism of production of NO

from fuel-nitrogen can be made.



Chapter 7.
Observations iIn flames with additions of both

hydrocarbons and NO.

7.1. Introduction.

The experimental observations in flames with nitric oxide added alone and
together with a hydrocarbon will be described and discussed in this chapter.
The flames used iIn this work were designated 2, 4, 6 and 7 in Table 4.1 and
in Table CI of Appendix C. Their adiabatic temperatures were all 1900 K.
Different amounts of NO were added to the unburnt gases and, for each of these
values of [NO]”~ several quantities of hydrocarbon were also added. The type
of hydrocarbon added to each unburnt gas mixture was also varied. Measure-
ments of [NO], [NHM]”™ and [HCN + CN] were made by the techniques already
explained in Chapter 3.

Firstly, flames with only NO added to the unburnt gases will be discussed
in Section 7.2. This will be followed by a study of flames with additions of
both nitric oxide and hydrocarbons.

7.2 Discussion of the experimental observations in flames with only nitric

oxide present as additive.

The concentrations of NO and totaI-NH,i species were measured when no
hydrocarbon was added to a flame. The measurements obtained in all the
flames showed the same general behaviour. Since there were no hydrocarbons
present, cyanides were not expected and so were not measured. The total
concentration of NH"N species was measured to be zero. The fact that there
are no NH™ species present in the burnt gases means that processes, such as
NO + H+ N + OH, H + HNO +NH + OH, H + NO+NH + 0,

NO + NH + OH do not occur, even in very hydrogen-rich flames.
In addition, the amount of NO measured along each flame axis was constant

in the burnt gases and approximately the same as that calculated from [NO]q
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by assuming that there was complete combustion, and NO did not undergo reaction
of any kind. Such an observation is in line with Bulewicz and Sugden-s

(1964) early work. In and very close to the reaction zone (i.e., up to

about 3 mm from the reaction zone), in flames 4 and 7 with [HMI/f0O~N] *“ 3.5 and
5.0, [NO] measured was slightly lower (by up to 4%) than that predicted by the
unreacted input of NO. In flame 2 with [H2]/[0"] = 2.5, [NO] was always
constant, corresponding to the total amount of NO present. Therefore, the
decrease in concentration of NO in the two richer flames could be due to either
radical overshoot in the vicinity of the reaction zone causing NO to give

small quantities of e.g., N atoms and this could become more important in

richer flames. The reactions between nitric oxide and hydrogen
NO + NH + OH or HNO + H were considered to be insignificant in the
flames studied in this chapter. Consequently, the species formed when NO

and hydrocarbons were added together to the unburnt gases are most likely
produced by reactions involving only these two compounds, i.e., without
interference from the hydrogen-oxygen flame itself, apart from the attack on
the hydrocarbon by H and OH radicals.

7.3 The experimental observations iIn flames at 1900 K with simultaneous

additions_of C H _and NO.

Generally speaking, the concentration profiles along different flames are

very similar, with most of the NO disappearing in the reaction zone, and being

re-formed downstream, whilst parallel decreases in and [HCN + CN] occur
as time increases. The ammonia and cyanide pools appear to be established
in the reaction zone. In this study six flames were chosen for the concen-

tration profiles to be measured; hence variations in the amounts of all the

nitrogenous species present with the [H"]/[02] ratio or with the amount of NO
added or even with the type of hydrocarbon could be assessed. The [NO] and

[N2] profiles are given in Figs. 7.1 to 7.6 and those for [NH"N]™ and

[HCN + CN] 1in Figs. 7.7 to 7.12. The various cases will now be considered:
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1. Variation of concentrations for the same [H"]/[0"] ratio and different

It is interesting to note that the fraction of NO unreacted and that of
N2 formed in relation to the total amount of NO added, both in the reaction zone,
is roughly constant in this first case. This means that the amount of NO
measured 1is proportional to the total quantity of NO added. This is shown in
Fig.-7.13. Also, the concentration of NO generally increases with time,
whilst those of NIK and cyanides decrease. The amount of N2 does not follow
one single pattern like the other species NO, NIK and HCN. However, 1iIn some
cases, e.g- in flames with methylacetylene added [NO] decreases until about
1 mm from the reaction zone and then starts to rise. In parallel with the
decrease iIn [NO] up to about 1 mm from the reaction zone there is an increase
in [HCN + CN], which is then followed by a decrease. This only appears to
happen in very fuel-rich hydrogen flames. In the case of cyanides and NIK
species, there does not appear to be any relation between the variation of
their concentration and the total amount of NO added, as was the case with
NO. The quantity of molecular nitrogen was determined by a mass balance on
nitrogenous species and, therefore is subject to uncertainties. Nevertheless,
[N ] also appears to be proportional to [NO]JQ, as was [NO]; however, the
proportionality constant for [N2] against [NO]q of 0.21 is lower than that of
0.55 for [NO] versus [NO]Q.- Both lines appear in Fig. 7.13.
2. Variation of concentrations for the same [NO]JQ and different [HNJ/TOMN]

ratios.

The amount of NO unreacted iIn the reaction zone is lower in richer

hydrogen flames. This suggests that the consumption of NO by a hydrocarbon
radical is greater when there is some hydrogen present. In a parallel way,
the concentrations of cyanides increase with [H21/[021. However, the

profiles for [NH.]Jt and [N~ do not follow such a consistent pattern.
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3. Variation of concentrations for the same [H"]/[07] ratio and [NO]Q
and different amounts of hydrocarbons added.

In this case, the amount of NO in the reaction zone decreases with
increasing concentration of added hydrocarbon [CnHm]U' Downstream all the
concentration profiles for each flame are parallel. Actually, [NO] in the
reaction zone always appears to be proportional to the amount of hydrocarbon
added. Some of the plots illustrating this observation are in Figs. 7.14
and 7.15. However, [NHih: did not depend linearly on [CnHm]U, as in flames
with ammonia added, described and discussed in the previous chapter. Only
[NO] is linear in [C"H™]q , independently of the type of hydrocarbon. The
slope of these lines appears to depend upon both the total amount of NO
added and the [H2]/[02] ratio for each type of hydrocarbon. This is shown
in Figs. 7.16 and 7.17 for methane and methylacetylene, respectively.

Unlike [NO], the quantity 1i[HCN] + [CN]) increases with [anm]o. The
behaviour of NH™ - species is not as consistent as those of both the cyanides
and NO, when hydrocarbon is added. The profiles are also roughly parallel.
Generally and roughly speaking, [NHM]” decreases with the addition of hydro-
carbon up to a certain level of [CnHm]u (i.e. about 0.25%). If the concen-
tration of hydrocarbon is further increased, a rise in [IttL]Jt in the reaction
zone 1is observed. Even further increases Iin [CnHm]U give rise to a reduction
in the concentrations of total NH™. The concentration of N2 in the

burnt gases appears to increase with the quantity of total-hydrocarbon
present.

4. The influence of the type of hydrocarbon.

The conversion of the reacted NO back to NO is affected by the type of
hydrocarbon added. It appears that the more carbon atoms in a molecule of
the hydrocarbon, the less NO remains unreacted in the reaction zone. In fact,

the fraction of NO in the burnt gases appears to be proportional to this
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number of carbon atoms, iIn addition to its dependence on [NO]". This 1is
shown in Fig. 7.18. This is analogous to the attack of hydrocarbon radicals
on N2 as found by Hayhurst & Vince (1980) in studies on "prompt NO™.
7.4 The formation and decay of the cyano-pool.

The identification of the reactions of methane and CH.1 radicals with
NH~ and NO has already been discussed in Chapter 6. In the last chapter
flames had ammonia added and the attack of the hydrocarbon appeared to be
more effective on the NH"-pool. Here, NO was added to the unburnt gases of
various flames and the attack of the hydrocarbon is expected to be more
effective on nitric oxide. The NH. species are thought to be formed after
the cyanide pool is made up as a result of NO reacting with hydrocarbon
radicals. As the molecular structures of methylacetylene, ethylene and
acetylene are more complex than that of methane, dissociation reactions in
the preheating zone might well take place, as well as stripping reactions,
which are expected to occur in rich hydrogen flames, yielding entirely CH®
radicals. Fig. 7.18 suggests a proportionality between the fraction of NO
converted in the reaction zone and the number of carbon atoms present. This
might well mean that reactions such as CH® + NO are taking place.
According to the discussion given iIn the previous chapter, reactions which
are likely to occur, on the grounds of being exothermic and not too

complicated as a mechanism, have values of i1 in CH" ranging from O to 3:

NO + CH3 y HCN + h20
NO + CH2 y HCN + OH
NO + CH Yy HCN + O
NO + ch2 y CN + V

NO + CH y CN + OH

NO o+ C y N+ 0
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The reaction of NO with CH3 forming CN is endothermic.

A brief preliminary discussion of the decay of the cyano-pool has already
been given in Chapter 6. In flames with nitric oxide added instead of
ammonia, once the cyanides are formed, their decay is expected to be via the
same reactions because of similar temperatures and ratios. In
this chapter, plots of the observations as £n [cyanides] against y and £ny
are given, as in Figs. 6.4 and 6.5. The former plot checks reaction (12) of
the previous chapter, the latter both (13) and (15). Unfortunately, the
measurements were not sufficient to yield conclusive answers on the rate -
determining step for the disappearance of cyanides. More data that was
gathered with flames to which NO was added also at 1900 K, will now be
discussed iIn more detail.

Two ways for the decay of the cyano-pool may occur. One involves
reactions of direct conversion of cyanides to nitric oxide and the other is
through the formation of nitrogenous intermediates which will then react
forming NO and NE- This last mechanism has been proposed by several investi-
gators (Haynes 1977, Morley 1976,1978, Fenimore 1978). The cyanide pool

contains HCN and CN species which could react as shown below:

CN + OH + CH + NO (AH°goo = +213.8 kJ/mol)

HCN + OH -+ CH + NO (AH®
1 1900

+300 kJ/mol)

The first reaction was already ruled out in Chapter 6 on the grounds of its
high endothermicity. However, both of the above reactions are not likely to
occur, because they need rearrangements in the structure of the molecules,
which would make them out to be very slow mechanisms to be of importance.

Also, the fact that the flame discussed in Chapter 6 showed that
dxHCN > OdXNO ~ (where x represents the conversion) reinforced the idea
dt - dt
that a direct conversion of thé cyanides into NO does not seem correct
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In the flames where nitric oxide was added to the unburnt gases, the
formation of both cyanides and NIL species was observed, as already discussed
in previous sections of this chapter. This actually means that the NIL
species are formed after NO is consumed by the hydrocarbon in the reaction
zone which 1is believed to yield first HCN and CN. This is in line with
what was found by other investigators (Fenimore 1978, Haynes 1977, Morley
1976, 1978).

Plots of the observations taking ¢n [cyanides] against Y and £n Y were

given in Figs. 6.4 and 6.5. The former plot also checks reaction (12) of

the previous chapter, 1i.e.

CN + OH + OCN + H %))

and the equivalent one,

HCN + H20 + HOCN + H2 - %
The latter checks the following reactions:

HCN + OH - HOCN + H , (13)

CN  + H20 + HOCN + H ] (15)

Figures 7.19 to 7.24 illustrate some of the plots,but not all of the measure-
ments are shown. In fact, all of them present tolerable fits of straight
lines. The slope in every case was transformed to give k12, k13 and k15,
the values of which are tabulated in Table 7.1, together with those found

for flames with ammonia added. The values of k~ were not determined
because this reaction is expected to be far more complicated than the other

steps, involving breakage of more than one bond which does not make it a

likely candidate.
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Flame
Desig— Temp.
nation ()
2 1900
4 1900
7 1900
2 1900
4 1900
7 1900
7 1900
2(*) 1900

(* - Remarks - The values quoted are for the flame

Values for

[NOJq of 90,

[NO]q

1000
5000

1000
5000

90
1000
5000

90
1000
5000

90
1000
5000

90
1000
5000

90

[NV o
615

A and

1000 and 5000 ppm,

Table 7.1

N determined from flames at 1900 K with

and different hydrocarbons with

amounts ranging from 0.05 to 1% in the unburnt gases.

Hydrocarbon

cha

CH,4

CH4

CH.4

CH4

cha

CH,4

C3H4
C3H4
C3H4

C3H4
C3H4
C3H4

C3H4
C3HA
C3H4

C2H2

cha

k12

(5.7+3.3)x10_1°
(1.2+0.9)x10_1°

(5.6x2.0)x10_11
(1.9+1.3)x10-11

(5.0+2.5)x10~12
(8.0%3.5)x10-12
(6.0£3.0)x10_12

(7.5+5.0)x10_11
(1.0+0.8)x10_1°
(8.0+6.0)x10_11

(2.3+1.0)x10_1°
(9.05.6)x10_11
(3.0£2.0)x10_11

(8.5+5.0)x10_12
(1.6+1.0)x10_11
(1.6+1.0)x10_11

(1.2£1.1Dx10-11

(3.2+1.0)x10_1°

k13

(4.5+2.1)d.0_13
(1.0+0.7)x10_13

(1.2+0.5)x10_13
(1.50.6)x10~13

(1.5+0.8)x10_14
(5.0+3.0)x10~14
(1.3+0.8)x10~14

(8.0+6.0)x10~14
(1.1£0.8)x10_13
(1.0£0.8)x10-13

(6.5+5.0)x10 ™4
(3.2+2.0)x10_14
(1.0+0.8)x10~13

(3.0+2.0)x10-14
(5.1+4.0)x10 ™4
(5.0+4.0)x10~14

(3.0+2.0)x10~14

(1.7+1.5)x10~13

indicated, but with ammonia added to

the unburnt gases).

k15

(1.5+0.7)x10~12
(3.3+2.3)x10-13

(4.1+1.7)ji0~13
(5.1+2.0)x10_13

(6.6x3.5)x10_14
(2.2+1.3)x10~13
(5.7+4.1)x10~14

(2.6+2.0)x10~13
(4.3x3.1)x10_13
(3.9+3.1)x10-13

(2.2+1.7)x10~13
(1.120.6)x10-13
(3.4+2.7)x10~13

(1,3+0.9)x10~13
(2.2+0.7)x10~13
(2.2+1.7)x10_13

(1,3+0.9)x10~13

(4.8+2.0)x10_13
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A possible mechanism for the disappearance of the cyano-pool may now be
discussed, looking at the best fit of the measurements for a rate constant.
Actually, all the plots, i.e. Figs. 6.4 and 6.5 and Figs. 7.19 to 7.24
give tolerable straight lines with the same errors affecting the ordinates and
slightly lower ones for abcissae with £nY than with Y. Therefore, in this
case, a statistical study done on the scattering of the different rate
constants obtained, was believed to yield some conclusions on the rate-
determining step for the consumption of the cyanides. This was done by

calculating the mean value of k12, k13 and k15 given in Table 7.1 by standard

deviation and relating the deviation factors. The following table is
derived:
Rate Temp. Mean value Deviation
Constant ® (ml molecule ~s ) (ml molecule s )
1900 . - -
K12 9.8x10-11 14x10-11
1900 . -
K13 9 5XIOf;g 9.7xI10 ig
1900 3.3x10 ) h
K15 3.2x10

In this case, the above table shows k” with a greater diversity of values
whilst k"3 and k”~ have comparable values with their deviations. As the
calculations show that results on reactions (13) and (15) present less
scattering for different flames at the same temperature, the decay of
cyanides was not considered to be dominated by reaction (12). This leaves
reactions (13) and (15). However, (15) is expected to be a complicated
mechanism, and more complicated than (13), involving an extra rupture of a
bond in the molecule of water, compared to reaction (13). Therefore,
reaction (15) was not considered an important candidate either and the dis-
appearance of cyanides 1is believed to be dominated by reaction (13) at

1900 K in the flames studied in this work. This conclusion actually agrees
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with results given by other investigators (Haynes 1977, Fenimore 1978, Morley
1976, 1978). Summarizing their findings at temperatures below 2300 K, the

decay of cyanides appears to occur through the following reaction:
HCN + OH .. HNCO + H + NH_i + CO,,

which 1is reaction (13) of this work. The mechanism, at higher
i.e. above 2300 K, is then thought to change to,

HCN + H = H2 + CN

*

CN + OH ~ NCO + H = ... & NH. + CO.

In the study carried out by Fenimore (1978), in which comparable amounts of
HCN or of HNCO were added to the same flame, no HCN was formed from added

HNCO and most of the HCN added appeared in the burnt gases. Fenimore®s

flames were free of hydrocarbons and had temperatures in the range 1700-2400 K.
Also, this study agrees with theirs in the following terms: (i) HCN and

CN are not believed to produce NO directly and (ii) the consumption of
cyanides at the temperature of 1900 K is most likely via (13).

Let us discuss now the value of k.~* The value of 9.5x10 ~ ml
molecule ~ is most likely on the lower side, since temperature variations
were not taken into account when ynv. = [OH]/[OH]e and v, = [H]/[H]6 were
assumed equal. As YQH could be as low as half the values quoted as in flame
7, k might possibly reach twice the value shown in Table 7.1 for this case.
In turn, the addition of NO to flames is also known to affect the magnitude
of Y (Bulewicz & Sugden 1964) but only in flames with [NO]JQ of at least
5000 ppm can this occur. In this case, as seen in Chapter 4, the value of
b could be as high as 2.5 times that of [NO]JQ = O ppm. The concentrations
of H and OH radicals would consequently be increased and the rate constants
derived would also be larger. Actually, the values of k”~, presented in

Table 7.1, appear to be consistent with the above discussion. Finally,
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taking given in the same table, corrected in accordance with the above
discussion, the following rate coefficient of reaction (13) is proposed:

k™ = 2.3x10 ml molecule s , correct to a factor of 2. The value of
. -13 —1 —j

k~ agrees with that of 3.3x10 ml molecule s quoted by Haynes (1977)

below 2300 K, and also with values proposed by Morley (1980), which are 3.5

13 —i -
ml molecule s in the range 1790-2000 K. Unfortunately, it

to 7.6x10
was not possible to extend the studies on the decay of the cyano—pool to
other temperatures in this work, so that an activation energy could be
derived as well as the dependence of the dominance of either step (12) or
(13) upon temperature could be checked.

Although the presence of OCN and HOCN species was not checked in this
study, there is evidence for the existence of OCN species iIn hydrocarbon
flames from the spectra of negative ions (Hayhurst & Kittelson 1978).

Consequently the disappearance of the cyanide pool can be interpreted by a

mechanism such as:

CN + h2@) HCN  +  H(O)

H
HCN  + OH + CN — 7 +HOCN + 13)
HOCN + H = 0N .,
OCN + H + CO + NH

where the second step is slow compared to the others and hence the rate-
determining one. Phillips (1978) studied the dependence of the rate constant
for the removal of OH by HCN on pressure and outlined a general mechanism in
line with other workers which follows the scheme given above. The species
OCN + HOCN were quite possibly detected to some extent in this work, along
with the NH. species and measured by the NH3 electrode. However, it is not

possible to determine the value of [HOCN + OCN] from the electrode measurements.
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The same overall mechanism for the production of NO as that suggested

at the end of Chapter 5 is proposed here.
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Chapter 8.
Final conclusions about a mechanism of production of NO in

hydrogen-rich flames with fuel-nitrogen and hydrocarbons.

The production of NO in hydrogen-rich flames at 1900 K was investigated
with either ammonia or NO added, with and without hydrocarbon. Flames with
temperatures ranging from 1822 K to 2635 K, with ammonia added alone were also

studied. Some conclusions are:

1. Nitric oxide does not react in hydrogen flames with [H2]/[02] ranging

from 2.5 to 5.0 at 1900 K in line with Bulewicz & Sugden (1964).

2. Cyanides are formed by nitrogenous species reacting with hydrocarbon
radicals. In this study the nitrogenous species involved were mainly NH.
(with 1 most likely equal to O, 1 or 2) and NO; the hydrocarbon radicals
were CHM. More experimental work with other types of hydrocarbon is needed,
for more unequivocal conclusions. However, the fact that CH™ is believed to
react with nitrogenous species like NH® and NO to form CN and HCN also agrees
with conclusions drawn by several other investigators (Hayhurst & Vince 1977,

Morley 1976, Miyauchi et al. 1977, Blauwens et al. 1977, Benson 1977).

3. In this work, the consumption of cyanides was studied at 1900 K.

The following reaction appears to be involved:

HCN + OH HOCN + H a3
with k~ = 2.3x10_1A ml molecule s , correct to a factor of 2. This value
agrees with that reported by Haynes (1977). Recently, Morley (1980) found

-13
that k13 varied from 3.5 to 7.6x10 ml molecule s , for temperatures

between 1790 - 2000 K. Those values also appear to agree with k13 determined

in this work.
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Al A pool of NHN species is most likely produced from the cyanide pool via
+H
HOCN -m OCN NH + CO. These NH” speciesare formed iIn a complicated

sequence of steps.

5. In the range 1822 — 2635 K, the NKL pool was shown to be consumed via

reactions such as (6), (7)), (), (10) and (11). Reactions (6) and (7), 1i.e.

N + OH = NO + H ®)

N +NO ~ N2 + 0 , Q)

explain the rapid formation of nitric oxide in the reaction zone and very

near it. The rate constant for reaction (6) could not be determined
accurately with the data available, but it agreed to within a factor of 2 with
those in the literature (Haynes 1977, Campbell & Thrush 1969, Bowman 1975).
The value of is only 1.2 times that found in the literature, 1i.e.

2.7x10 11 ml molecule 1s 1 and this is expected to be on the low side as
already discussed in Chapter 5. The N atoms participating in reactions (6)

and (7) appear to be formed in:

NH + H N + H2 (©))

NH + OH - N + H20 (€2))
The rate constants obtained could not be determined with any accuracy either,
but they appeared to agree with those in the literature (Westley 1979), to

within a factor of 2.

An important factor, besides temperature, which decides the rate-

determining step in the formation and disappearance of NO is the concentration

of each NH™ species.

Values for several rate constants of a variety of reactions were determined,

and are listed below:
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Reaction No. Rate constants (ml molecule s 7 Temperature(K)

N + OH »»NO + H 6 (5.0+5.0)x 10-10 1900

N + NO N2 + O 7 (3.2x2.5)x 10-11 1900 - 2151
NH + H >N + H2 3 (8.0x6.0)x 10-12 1900

NH + OH =N + H20 3a (1.1£0.6)x10_11 1822 - 2151
NH + NO = N2 + OH 11 (1.010.9) x 10-10 2151 - 2635
NH2 + OH NO + H + H2 8 (3.0x1.2)x10- U exp[ (665011950) /T] 1822 - 2635
NH2 + NO + N2 + H20 10 (2.011.0)x 10-~12 1822 - 2030

The rate constants for reactions (), (3a), () and (11) have large errors.
Reaction (8) appears to have a negative activation energy. Unfortunately, this
value cannot be compared with one from the literature. Reaction (10) was

found by Silver et al. (1980) to have a negative activation energy. However,
in this work did not appear to be strongly dependent upon temperature

within the range 1822-2030 K. The value of k”~ obtained here, however, agrees
with that of Silver et al. (1980) at 1200 K. Fenimore (1978) also did not

find k™ strongly dependent upon temperature and quoted 8.3x10_12 ml molecule_1

s"1 for it, which is about 4 times higher than the one shown in the above

table.
6. The NH.-pool appeared to have a lower concentration of N atoms than that
determined for a balanced pool. This is in agreement with studies carried

out by other investigators although under different conditions (Kaskan &
Hughes 1973, Caralp 1978).

7. The addition of hydrocarbons to flames with either NO or ammonia present
did not appear to change the rates of appearance of NO. In these flames,

probably the same kinetic scheme takes place as in flames without hydrocarbon.
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8. The amount of NO formed in flames with hydrocarbon appeared to be
proportional to the amounts of hydrocarbon and nitrogenous additive added and
also to the number of carbon atoms present in the molecule of the hydrocarbon.

This agrees with related findings on "prompt NO" obtained by Hayhurst &

Vince (1977).
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Fig. 1
Schematic diagram of the flow neter used to
measure the supply of gas to the burner



SUIUfSS STEEL

. BRASI P.ATI

Fig. 2
Vertical cross section of the bumer
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% “Shematic. diagram of the probe

Fig.

Schematic diagram of the gas bubbler
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Fig-b5. Schematic diagram of the NOX Analyser (Teco Model 10A) .
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Appendix B.

The concentrations of cyanides and ammonia in the burnt gases were
obtained from the amounts of these species found in fixed volumes of alkaline
solutions using ion selective electrodes.

Calling m the concentration of the species in the solution, expressed Iin
terms of molarity, the number of moles will be vm, where v is the volume of
solution in litres. Assuming that the burnt gases behave as an ideal gas,
the total number of moles bubbled through the solution equals PVt/RT, where P
is the pressure just before the solution in atm, V is the volumetric flow
rate at the same point, t is the time taken by the burnt gas to go through the
solution, T is the absolute temperature which is taken as being the same as
that of the solution and, R is the gas constant. Therefore, the concen-
tration of either ammonia or cyanides is calculated using the relation
(RTvm)/(PVt) x 106 ppm.

As there was some condensation in the sampling line, corrections were
also made to every measurement taking this into account. Calling Q the
measured volumetric sampling flow rate, which does not include the amount of
water vapour condensed, any species” concentration is proportional to 1/Q.

TF v is the mole fraction of water in the burned gases and the saturated

yH20
vapour pressure of water at the sampling temperature (i.e. room temperature,

150 ~  JiinHg, the amount of water vapour condensed can be calculated
from (y - 16/760). Thus, the total flow rate of gas is given by
h 20
n/n-iv - - = Q/(1.021- n) . Therefore, all the concentrations
q 760)] (¢ yHZU)

have to be reduced by a factor of ( 1.021-yn), i.e., in the case of

[NH.]. or [HCN + CN] is:
1Jt

RTvim  (1.021 - yu n) x 10  in ppm.
PVL H2U



As an example, take the flame with [HM]/[O0"]/[Ar] = 3.5/1/7.0 and

[NH"]g « 525 ppm. The molarity of the solution for NHM was 8.1x10 M

in the reaction zone; the temperature of the same was 290 K; the

volume of KOH solution was 0.02 £t; the pressure on the sampling line,

3
0.96 atm; the flow rate equalled 1.24 cm /s and the gas bubbled through the

solution for 150 s. Substituting this in the above equation gives [NHMNM

equal to 178 ppm for yR Q = 0.1929.



Appendix C.
TABLE CI.

List of the flames studied and their additives.

Flame " Type of
Designation ["Vo INO10 hydrocarbon ICh Vo
(ppm) (ppm) )
1 125
50
125
615 : CH., 0.0;0.05;0.15;0.25;
0.50;0.70
1000 CH., 0.0;0.05;0.15;0.25;
0.50;0.70;1.00
2 0.0:0.05:0.15;0.25;
5000 CH., 0.50;0.70;1.00
0.05;0.15;0.25;
90
C3H4 0.50;0.60
0.05;0.15;0.25;
_ 1000
C3H4 0.50;0.60
0.05;0.15;0.25
5000 C3H4 0.50;0.60
3 125 - - -
50 - -
4 125 -

525



Table CI(Cont.)

Flame [nh3]q [N°]0 Type of QnBWMo
Designation hydrocarbon
(ppm) (ppm) < =

1000

CH.

0.0;0.05;0.15;0.25;

4 0.50:0.70:1.00
0.0:0.05:0.15:0.25:
h 5000 CHy 0.50;0.70;1.00
4
) %0 . 0.05:0.15:0.25:
0.50:0.60
0.05:0.15:0.25:
- 5000 C3H4
0.50:0.60
5 525 - - -
50 - - -
125 - - -
515 - - -
6 0.0:0.15:0.25:0.50;
- 90 ch4 0.70:1.00
0.0:0.15:0.25:0.50;
_ 1000 CHy 0.70:1.00
0.0:0.15:0.25:0.50;
_ 5000 Oy, 0.70:1.00
0.05:0.15:0.25;
- 0 C3H4 | | |
0.50;0.60
1000 0.05:0.15:0.25:
7 CaH4 0.50:0.60
0.05:0.15:0.25;

0.50;0.60



Table CI (Conci.)

Flame
Designation

(h3]0 tNOJ0
(Ppm) (ppm)
90 -
90 -

- 90

1 - [H2]/[02]/[Ar]
2 - [H2]/[02]/[Ar]
3 - [H2]/[02]/[Ar]
4 - [H2]/[02]/[Ar]
5 - [H21/[02j/[Ar]
6 - [H2]/[021/[Ar]
7 - [H21/[021/[Ar]
8 - [H2]/[02]/[Ar]

9 - [H2]1/[02]/[Ar]

Type of [CnHﬁ

U

hydrocarbon

C2H4

0.05;0.15;0.25;
0.50;0.70

.5/1/10.5

.5/1/9.7

-5/1/8.9

.5/1/8.2

.5/71/7.0

.0/1/7.43

.0/1/5.97

-18/1/6.49

.74/1/3.5



Appendix D.

A computer program was developed for calculating rates of reaction.

This program is shown at the end of this appendix together with tables for

different flames. The rates of reaction were determined by the first
derivative of the variation of concentration with time. For this, a poly-
nomial had to be first fitted to the experimental observations. A second

order polynomial was fitted to strips of five experimental points (Hershey,
1967). The value of the polynomial of the mid-point was always taken as
the new ordinate to fit another polynomial to the same ''strip”. Original
ordinates and final calculated ones from the polynomials are also shown in
the tables referred to above.

This computer program is only worthwhile using when the number of
points is greater than Tfive. However, in the study carried out in this
work, some species concentrations were only measured at five or six distances
from the reaction zone. In these cases, the calculation of the rates of
reaction was made manually by determining the slope of the tangent to the
point on the curve which gives the concentration as a function of time.
The slope is equal to the rate required. This method is known as the process
of the slope tangent to the point. In this case, errors are also expected
to be higher. In the following, a listing of the program used and tables
with rates of reaction for different flames are given, where the concentrations,

measured and calculated by the polynomials, are shown.



100

150

180
200

210

250

266

270
250
400
450
500

?00

. S20

S25

830
850
8&e
800

MASTER SHOD IF

v REPRESENTS TIME IN MILLISECONDS

v REPRESENTS CONVERSION TO NO

DIMENSION XC11), V<li::-, YYC11), S<4), 0<3>, DC11)

READCI, 880) MW

DO 450 L=I, MM

READC1,830)RFLAME,RNH3T, RRDT

READCL, 850X X CJ), YYCJ), J=I, 11)

D0 3 K=I, 11

YOO+YYCK)

DO 400 N1=1,6

WRITEC2,500)

DO 290 J=1,7

DO 5 K=1,4

SCK) =0. 0

DO 8 M=l, 3

0 CM) =0. 0

DO 1SO 1=J,l+4

S(1)=S(1)+K (1)

SC2)=SC2)+XCl )++2

SC3)=SC3)+XCI) +*3

SC4)=SC4)+XCl)**4

0C1)=0C1)+YCl)

0C2)=0C2)+XCI) +Y (I )

0C3)=0C3)+CXCIl)+*2>+YCI )

CONTINUE

Al=CSC2)*SC4))-CSC3)+*2)

R2=CSC2)*SC3))-CS<1)+S<4))

A3=CSCL)*S <3>)-<S<2)**2)

A4=i5 0+SC4))-CSC2)**2)

A5=CSCls-s C:))- C5. 0*%S C3))

A6=5. 0+SC2)-CSCl)++2>

R=Q0 Cl) +AL+0C2)*A2+0 C3>+R3)/(5. 0*R1+SC1)+A2+SC2)*R3)
B=(00 Cl) +A2+0 C2 ) *A4+0 C3 ) *A5 >/ C5. 0+AL+SCL) *A2+S C2) +A3)
C=00 Cl) +A3i+0 C2) +R5+0C3) +A6) X(5. 0+R1+SC1) +R2+SC2) +A3)
K=J+2

RMIDOR=A+B+X( K)+C+XC K) *XCK)

IFCK. EQ 3)GO TO 210

GO TO 250

D(I1>=2. 0*C*X(1)+E

DC2)=2. 0*C*XC2>+B

URITE <2, 700 ) RFLRMEj RRDT, RNH3T, XCL),YYCL),DCl), XC2),YYC2), DC2)
DCK)=2. 0*C*XCK)+B

NRITEC2, 820 ) XCK) , YY CK), RMIDOR, DCK)

YCK)=RMIDQR

IFCK. EQ 9)G0 TO 260

GO TO 270

DCL10)=2. 0+C+XC10)+B

DCL1)=2. 0*C*XC11) +B

WRITEC2, 825)XC10), VYCI10),DC10),XC11),YYC11), DCl1)
CONTINUE

CONTINUE

CONTINUE

CONTINUE

FORMATCXX, XX, XX, 5X, CH2i,0 02 v ,6X, "[RRi/1 021~ , 6X, "[NHBIT", 6X, TIME
1", HX, " NOD/CNH3 3T" 11X, " CDCNO3XDT.,; NH33T", /, 35X, " CPRM)", 6X, CMSE
20 A 6X, "MEASURED", 3X, "CALCULATED" , 9X, " CMSEC-1) '+
FORMAT CXX, 8X, F3. 1, 11X, F4. 2, 10X;, F5. 1, 7X, F5. -8X,F5. 3,5X ¥ 18X, F7

14, /7, 9X, ", , ", 13X, ", , ", 12)§(, vy v, 8X,F5. 3,8X, F5,ji,5X, ' — 18X, F7. 4)
FORMATCX, 9X, ", , ", 13X, " 12X, Y- -",8X, F5. 3, 8X F5. 3, 5X F5. 3, 14X, F7
14)
FORMAT CX, 9X, 13X, "™ ¥ 12X, ", 8X, F5. 3, 8«:¢ F5. 3, 5X, / , 18X, Fi.
1, XX, 9X, ", , ™, 13x, ™, , "™, 12X, " ¥ 8X, F5. 3, 8X, F5. 3, 5X, "-", 18X, F7. 4)

FORMAT C3F0. 0)
FORMAT C11C2F0. 0))
FORMATC | D

STOP



Table D1

Rates of Reaction in Flame 1.

[H2]/[02] [Ar]/[02] [NH31t Time [NOJ/[NH3] ( d [ NO]1/7dt ) / [ NH 3]t
(ppm) (mS) Measured Calculated (ms
0.000 0.389 - 0.0589
0.132 0.399 - 0.0528
0.263 0.404 0.404 0.0458
0.526 0.413 0.413 0.0320

0.789 0.421 0.421 0.0259
1.053 0.427 0.427 0.0214
1.316 0.431 0.431 0.0173
1.974 0.441 0.440 0.0132
2.632 0.447 0.448 0.0121
3.287 0.456 - 0.0117
3.947 0.463 - 0.0114



Table D2

Rates of Reaction in Flame 2.

[H2]/[02] [Ar]/[02] [NH3]t Time [NO]/[NH3It (d[NO]/dt)/[NH3]t
(ppm) (mS) Measured Calculated (ms %)
0.000 0.394 : 0.1399
0.132 0.413 - 0.1219
0.263 0.431 0.427 0.1041
0.526 0.450 0.448 0.0696
0.789 0.463 0.463 0.0463
1.053 0.472 0.471 0.0318
1.316 0.481 0.476 0.0211
1.974 0.489 0.487 0.0161
2.632 0.496 0.496 0.0161
3.287 0.506 - 0.0171

3.947 0.519 - 0.0181



Table D2 (Cont.)

[H2]/02] [Ar]/[02] NH31t Time [NOJ/[NH ] (d[NOI/dt)/[NH ]
(ppm) (ms) Measured Calculated (ms %)
0.000 0.395 - 0.0604
0.132 0.404 - 0.0529
0.263 0.413 0.410 0.0455
0.526 0.419 0.419 0.0313
0.789 0.426 0.426 0.0243
1.053 0.431 0.431 0.0197
1.316 0.437 0.435 0.0163
1.974 0.444 0.445 0.0123
2.632 0.452 0.451 0.0089
3.287 0.456 - 0.0058

3.947 0.459 - 0.0026



Table D2 (Cont.)

- [H2]1/102] [Ar]/[02] [NH3]t Time [NO]/[NH3]t (d[NO]/dt) [NH3]t
(ppm) (mS) Measured Calculated (me
0.000 0.305 - 0.0419
0.132 0.308 - 0.0423
0.263 0.316 0.315 0.0427
0.526 0.327 0.326 0.0470
0.789 0.338 0.339 0.0433
1.053 0.353 0.352 0.0370
1.316 0.359 0.357 0.0259
1.974 0.368 0.368 0.0149
2.632 0.376 0.376 0.0125
3.287 0.383 - 0.0112

3.947 0.391 - 0.0099



Table D3

Rates of Reaction in Flame 3.

[H2]/[021 [Ar]1/[02] [NH3]t Time [NOJ/[NH3]t (d[NOJ/dt)/[NH 1]
(ppm) mS) Measured Calculated (ns
0.000 0.411 - 0.0608
0.132 0.419 - 0.0493
0.263 0.426 0.425 0.0379
0.526 0.430 0.429 0.0210
0.789 0.433 0.433 0.0199
1.053 0.439 0.440 0.0186
1.316 0.446 0.444 0.0169
1.974 0.452 0.452 0.0116
2.632 0.459 0.459 0.0097
3.287 0.465 - 0.0084

3.947 0.470 - 0.0070



Table D4

Rates of Reaction in Flame 4.

[H2]/[02] [Ar]/[02] [NH3 1t Time [NO]J/[NH3] (AL NO]J/7dt )/ [NHZ3]t
mS) Measured Calculated (ms %
3.5 8.20 0.000 0.427 - 0.0766
0.132 0.436 - 0.0625
0.263 0.446 0.444 0.0484
0.526 0.451 0.450 0.0311
0.789 0.455 0.457 0.0291
1.053 0.468 0.467 0.0281
1.316 0.473 0.473 0.0240
1.974 0.484 0.482 0.0138
2.632 0.488 0.489 0.0129
3.287 0.497 - 0.0143

3.947 0.508 - 0.0157



Table D4 (Cont.)

[h21/[0 2] [Ar]/[02] [NH~” Time [NO]/[NH31t (d[NO]/dt)/[NI—!TL_t

(ppm) (ms) Measured Calculated (ms *)

3.5 8.20 135.0 0.000 0.373 - 0.0684
0.132 0.382 - 0.0600

0.263 0.392 0.389 0.0516

0.526 0.400 0.400 0.0358

0.789 0.408 0.407 0.0254

1.053 0.413 0.412 0.0192

1.316 0.416 0.416 0.0151

1.974 0.426 0.425 0.0125

2.632 0.432 0.432 0.0113

3.287 0.439 - 0.0104

3.947 0.446 - 0.0095



Table D4 (Cont.)

[H21/[021 [Ar]1/[02] [NH3]t Time [NO]J/[NH ]t (d[NO]/dt)/[NH3]t
(ppm) (mS) Measured Calculated (ms 1)
570.0 0.000 0.314 - 0.1044

0.132 0.332 - 0.0070
0.263 0.342 0.339 0.0696
0.526 0.351 0.350 0.0380
0.789 0.358 0.359 0.0288
1.053 0.364 0.365 0.0227
1.316 0.373 0.369 0.0172
1.974 0.377 0.378 0.0122
2.632 0.386 0.386 0.0097
3.287 0.390 - 0.0075

3.947 0.395 - 0.0054



[H2]/[02]

3.5

[Ar]/[02]

7.00

Rates of Reaction

[Nt

(ppm)

570.0

Table D5

Time

™S)

0.000
0.132
0.263
0.526
0.789
1.053
1.316
1.974
2.632
3.287
3.947

in Flame 5.

Measured

0.333
0.351
0.360
0.364
0.373
0.377
0.382
0.386
0.386
0.393
0.395

[NOT/[NH Tt

Calculated

0.357
0.365
0.372
0.378
0.381
0.384
0.387

(d[N0]/dt)/[NH3]t

(ms 1)

0.0984
0.0804
0.0626
0.0300
0.0234
0.0183
0.0128
0.0061
0.0055
0.0062
0.0069



Table D6

Rates of Reaction in Flame 6.

- [H2]/[021 [Ar]/[02] tNH3]t Time [NO]/[NH3 1T (d[NO]/dt)/[NH3]t
(ppm) @mS) Measured Calculated (m&
0.000 0.447 - 0.1097
0.132 0.465 - 0.0949
0.263 0.478 0.474 0.0802
0.526 0.487 0.489 0.0505
0.789 0.502 0.501 0.0342
1.053 0.509 0.506 0.0224
1.316 0.515 0.509 0.0120
1.974 0.515 0.514 0.0089
2.632 0.520 0.520 0.0122
3.287 0.528 - 0.0167

3.947 0.542 - 0.0212



Table D6 (Cont.)

[h21/[0 2] [Ar]/[02] Time [NOJ/[NH ]t (d[NO]J/dt)[NH ]t

(Ppm) (@mS) Measured Calculated (ms *

4.0 7.43 135.0 0.000 0.381 - 0.0642
0.132 0-390 - 0.0546

0.263 0.397 0.396 0.0460

0.526 0.404 0.404 0.0279

0.789 0.410 0.410 0.0197

1.053 0.414 0.414 0.0159

1.316 0.417 0.417 0.0135

1.974 0.426 0.426 0.0126

2.632 0.434 0.434 0.0110

3.287 0.441 - 0.0092

3.947 0.446 - 0.0073



Table D6 (Cont.)

[H2]/[02] [Ar]/[02] [NH3 1t Time [NO]J/[NH ]t (d[NO]/dt)[NH3]t

(ppm) @mS) Measured Calculated (m.s 1)

4.0 7.43 540.0 0.000 0.340 - 0.1430
0.132 0.368 - 0.1162

0.263 0.377 0.375 0.0896

0.526 0.386 0.357 0.0385

0.789 0.397 0.395 0.0259

1.053 0.401 0.399 0.0174

1.316 0.405 0.402 0.0110

1.974 0.408 0.408 0.0078

2.632 0.412 0.412 0.0064

3.287 0.416 - 0.0051

3.947 0.419 - 0.0038



Table D7

Rates of Reaction in Flame 8.

" [H2J/[02] [Ar]/[02] [NH3 1t Time [NOJ/[NH3] ( d [ NO]J /7/dt ) /[ NH3]t
ms) Measured Calculated (ms 1)
3.2 6.49 0.000 0.354 - 0.0794
0.132 0.366 - 0.0736
0.263 0.377 0.375 0.0677
0.526 0.388 0.389 0.0560
0.789 0.405 0.404 0.0476
1.053 0.416 0.416 0.0398
1.316 0.424 0.424 0.0298
1.974 0.438 0.436 0.0188
2.632 0.445 0.447 0.0148
3.287 0.457 - 0.0122

3.947 0.462 - 0.0095



