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Abstract

To improve knowledge of rates of production of oxides of nitrogen in turbulent diffusion
flames in reaction-sheet regimes, an analytical investigation is made of the structure of a flamelet
having a parabolic shape. The mixture-fraction field, the scalar dissipation rate and the gas
velocity relative to the flamelet in the vortex are related to the flame curvature at the tip
of the parabola. The flame structure for major species and for temperature is described by
rate-ratio asymptotics based on two-step and three-step reduced chemical-kinetic mechanisimns.
Production rates by prompt, thermal and nitrous-oxide mechanisms are obtained from one-step
reduced-chemistry approximations that employ steady states for all reaction intermediaries.
For sufficiently large streamwise separation distances between isoscalar surfaces it is found that
equilibrium conditions are closely approached near the flame tip, and the thermal mechanism
dominates there, but the prompt mechanism always dominates in the wings, away from the tip,
where the highest rates of scalar dissipation occur. Increasing the tip curvature increases the
Péclet number and the prompt contribution while decreasing the thermal contribution. At 1
atm and ambient temperatures of 300 K, the prompt mechanism always dominates the total
production rate in the parabolic flamelet, and, perhaps surprisingly, the rate of the nitrous-oxide
mechanism is faster than that of the thermal mechanism and varies with the tip curvature and
with scalar dissipation in the same manner as that of the prompt mechanism, different from that
of the thermal mechanism. The general conclusion reached is that Zel’dovich NO is relatively

isignificant in hydrocarbon-air mixtures in reaction-sheet regimes.




Introduction

Interest in reducing pollutant emissions from gas burners motivates studies of rates of production
of oxides of nitrogen in turbulent hidrocarbon air diffusion flames.  Although detailed kinetics
and rate constants have been published and applied to laminar flames and stirred reactors [1 3].
uncertainties in turbulence modeling cast great doubt on applications of these results to turbulent
combustion. Since direct numerical simulation with detailed chemistry at turbulence Reynolds
numbers of interest will remain bevond computational speed and memory capacities for many
vears, there is a need for obtaining reliable simplified descriptions of NO, production rates in
turbulent flows that may improve understanding and also possibly lead to useful computational
methods. The reaction-sheet regime [4] of turbulent combustion is one in which simplification can
be achieved by first addressing production rates in laminar flamelets then summing those rates
over suitable statistical ensembles, as was attempted in one recent study [5]. The present paper
addresses such flamelet production rates for turbulent methane-air diffusion flames.

Previous studies along these lines [5] selected planar counterflow diffusion flamelets as the lami-
nar subelements in which the NO, production occurred. Questions arise as to whether this selection
overlooks potentially important influences of flamelet curvature. For jet diffusion flames, it has been
shown [6, 7] that except at impractically large Péclet numbers Pe = I'/ D (where I' is the circulation
of a vortex and D a characteristic diffusion coefficient) diffusion flames wrap only part way around
vortices then experience a period of quasisteadiness, rather than penetrating to form a reacted
core [8, 9]. A parabolic flame in uniform flow (Fig. 1) has recently been identified as an excellent
analytical approximation to the quasisteady, partially wrapped diffusion flame [10]. The fidelity
of this approximation for describing flamelet structures in the vicinity of the flame tip has been
tested by rate-ratio asymptotics and by numerical simulation [10] and has been found to be excel-
lent. The present study exploits this parabolic-flame approximation to simplify the investigation of
influences of flamelet curvature on NO, production. Attention is restricted to individual flamelets
of parabolic shape, and questions of how to incorporate the results into descriptions of turbulent

diffusion flames are not addressed.

Previous NO, and curved-flame studies [5, 10] employing rate-ratio asymptotics for hydrocarbon-

air diffusion flamelets relied on a two-step chemistry approximation involving separate fuel-consump-
tion and oxygen-consumption steps. However, it is known (cf. [11]) that at least a three-step mecha-
nism that allows, additionally. for water-gas nonequilibrium is required for obtaining good accuracy
in predictions of extinction of methane—air diffusion flames. For this reason, since the parabolic
flamelets are stretched towards extinction in their wings, the three-step chemistry is employed in
the present work. The results of the three-step and two-step descriptions are compared, to as-

certain consequent influences on NO, production rates. In addition, results of new computations

Fig. 1



are reported for planar, counterflow flames with a detailed chemical-kinetic mechaunisms, to enable

comparisons with the reduced-chemistry predictions to be made.

The Parabolic Flamelet

Postulating a thin reaction zone. we assume Lewis numbers of unity for all species in the external
transport zones, so that a simple mixture fraction Z can be introduced. having the values 0 and
1 in oxidizer and fuel streams. respectively, and obeying a source-free, time-dependent, convective-
diffusive balance [12]. As seen from the outer Z variable. the combustion chemistry occurs at
the stoichiometric surface Z = Zg, where Zg, = (1 + 2Wo, [(Wey, Y()E,,\.‘))'1 is the stoichiometric
mixture fraction for the oxidation of methane, in which W; is the molecular weight of species ¢,
Y0,00 is the oxygen mass fraction in the oxidizer stream, and the fuel mass fraction is unity at
Z =1

Iiven with an assumption of infinite-rate chemistry, the spatially multidimensional and time-
dependent nature of diffusion flamelets in swirling flows must, in general, be described numerically
[6]. However, it has been shown [7] that when a period of quasisteadiness occurs, a flame tongue
is formed, and its shape can be idealized as a stretched parabola [10]. We therefore approximate
the shape of the flamelet (Fig. 1), for 0 < Z < 1, as Z = sz?/(2l) - y/l, in which & is a parameter
that measures the curvature at the tip of the flamelet, and [ is the vertical distance between the
Z = 0 (oxidizer-stream) and Z = 1 (fuel-stream) boundaries. In addition, if the product pD is
assumed to be a constant, where p is the gas density and D is the common diffusion coefficient for
all species and enthalpy, then the magnitude of the swirl velocity V' of the imposed velocity field
(see Fig. 1) is related to & by the expression V = D, derived from the conservation equation for Z
[10]. The swirl velocity can also be related to the circulation I' for a point vortex by the expression
I' = 2nrV, where 7 is the vortex radius. From these results, it can readily be deduced that the
previously defined Péclet number can be expressed as Pe = 277k,

It is convenient to introduce the rate of scalar dissipation, y = 2D |VZ|?, to characterize the

flow-field effects on the flamelet. With the adopted assumptions, it has been shown [10] that for

the parabolic flamelet \ is given by
v = (2D (ke)?), (1)
and for surfaces of constant Z the arc length & from the tip of the flamelet is

S(r) = {m' \/1{‘(‘::3; + In <i£.’1l + \/l.—i‘zfjﬁ);> } /(2K), (2)

where we need only consider 2 > 0, because of the symmetry of the presumed 7 field. The analysis

for the structure of the reaction zone proceeds most easily by transforming from physical space




to an orthogonal coordinate system in mixture-fraction space, so that Z becomes an independent
variable normal to the flame surface, and the other two coordinates are perpendicular to ¥ Z. The

species-conservation equation is then transformed to

pi('-)t—. v VY= N (pDV LY = Wit I"):zl(()jz‘

(3)

where v is the gas velocity. ¥; the mass fraction of species ¢, w, the net mass rate of productiou of

species 7, and the subscript L refers to the S coordinate along surfaces of constant Z. A similar
expression applies to energy conservation.

The terms on the left-hand side of Eq. 3 represent temporal variations and convection and
diffusion along the reaction sheet, respectively. IHere we neglect time variztions, because of the
assumed quasisteadiness, and, for typical swirling-flow conditions, order-of-magnitude estimates
indicate that the transverse diffusive term is small relative to the other terms and that the effects
of transverse convection are important only near (but not at) the flame tip and only when x is
large [10], so that this may be neglected in the present study, since we only consider mild curvature.
Consequently, only the terms on the right-hand side of Eq. 3, representing the typically assumed
reactive-diffusive balance, are included. However, an order-of-magnitude estimate at the end of the
discussion assesses whether a convective-diffusive-reactive balance may develop and alter the NO

history.

Reduced Chemistry for Flame Structure

The method of rate-ratio asymptotics (cf. [4]) is employed to analyze the structures of methane-air
diffusion flamelets, here with a three-step reduced mechanism for the fuel chemistry, in which the
only rate constants needed are those appearing in Table 1 [13], where the numbering of steps is
selected to agree with Ref. [13], which may be consulted along with Ref. [14] for further details of
the flame-structure analysis. These rate constants are more recent and differ slightly from those
used in our earlier work. Since the nitrogen chemistry has negligible influence on the main flame
structure, the analysis of structure and extinction can be completed prior to consideration of NO,
production.

The flamelet structure in mixture-fraction space is illustrated in Fig. 2 for the two-step ap-
proximation, where there is a reaction zone consisting of two layers. On the fuel-rich side is a
fuel-consumption laver. scaled by the small parameter §, where CH, is attacked by radicals to form
Hy and CO. The stoichiometry of the fuel-consumption stép is CHy + Oy — CO 4+ Ha + H,0 (1),
with a correspouding rate w, = ksg[CH,4)[H]. On the lean side is an oxidation laver. scaled by
the small parameter ¢ > &, in which Hy and CO are oxidized to form O, and H,0 along with

the production of radicals. The global step here is Oy + 2Hy — 2H,0 (11I). and its rate is w,,,

Table 1

Fig. 2



ks [H][O2)[M]. Tn the three-step approximation, there is an additional layer, scaled by the small
parameter v (6 < v < ¢), that is embedded between the fuel-consumption and oxygen-consumption
layer. It is only in this layer that the nonequilibrium effects of the water-gas shift reaction
CO+H0 == COz+ 1y (1) are assumed to oceur; the rate is wy, = (Aysg/ N3 [ H([CO)[HLO] /(1] -
[CO2)/(K1s8/ Ky)). In the above expressions, the As are equilibrinm constants. the concentration
of Wis [H) = (1 = kas[ClLa)/ (A 0N [0 2 () K9) /2 K4 /[H,0], which is obtained
by introducing the steady-state approximation for H, and the concentration of the third body is
(M) = pW/RTY (Y /W), where ¢ = Nq, CO4, 11,0, in which 1, = 0.4, 1.5,6.5 are their respec-
tive catalytic cfficiencies [13], and where p is pressure, R is the universal gas constant, and .he

average molecular weight W is approximated as that of nitrogen, Wy, .
) & N2

Simplified Mechanism for NO Formation

T'wo recent studies of reduced chemistry for NO, formation are those of Glarborg et al. [3] who
treated methane combustion in perfectly stirred reactor and of Rgkke et al. [5] who considered
hydrocarbon-air diffusion flames. Since our problem concerns diffusion flames, the latter approach
clearly is more appropriate for our purposes. In following the earlier [5] methodology, it becomes
necessary here only to summarize results. However, various misprints and errors in the previous
publication [5] are corrected here.

The last three entries in Table 1 are the elementary rate constants for the initiation steps for
the thermal (Zel’dovich,Z), nitrous-oxide (N) and prompt (P) mechanisms. The rates (mol/cm?®s)
for the overall process Ny + Oz — 2NO, as controlled mainly by cach of these steps, are denoted
by w,, w, and w,, respectively. Especially for the N2O route, the initial step may not be followed
by complete conversion to NO; w, actually represents the formation rate of N;O (an undesirable
species, like NO), and the ultimate fate of this molecule is not considered. For the prompt route,
w, depends on rate constants for other steps as well [5], and the previously published [5] values
for these steps will be employed here. The entries in Table 1 for Z and P are the same as earlier
(5], obtained from Miller and Bowman {1}, but those for N differ. An error in the previous study
[5] assigned 25 rather than 15 kecal/mnol as the activation energy for step N, derived from data in
Ref. {1}, correcting this error significantly increases the estimated [5] contribution from the N,O
route, but the qualitative conclusions (e.g. that the other two routes dominate for the situations
considered) are unchanged. In Table 1 for step N, following Ref. [2], the rate parameters of Hanson
and Salimian [15] are selected, as supported by more recent ‘work [16], rather than results from Ref.
[1], used elsewhere [3], which give rates too high.

For both the thermal and nitrous-oxide mechanisms, a steady state for O and partial equilibria

for H4- 0y == O 4 O and O+ 1, = H,0 4+ H arc introduced, with the further approximation that



[H,] = [H,0]/5, so that only major-species concentrations appear in the resulting rate expressions,
giving w, = 9 x 102703733 H0/TINL[0,] and wy = 6.78 x 10267 10423/TIN,][0,)[M]. For the
prompt, steady-state approxtmations are introduced for the species H, CH. CHy and Cyl,, along
with the partial-equilibrium assumption for CH, + H = Clly + 1, thereby vielding
L3 x 10100200/ T B2 GING Y [CHLL )[04 1, 0]/
o { (V1] = [Na)([3] = [Na] = [C))

where F= 1 — 1.1 x 10710735 TCIL ) /[04), and G = 1 4 40e79990/T 42 6 % 101347600/ T

} (1 4 3000~ 15:185/Ty,

[C1L4)/[1120], and where [M] & p/ BT, and [(] is the concentration of species containing C atoms:
for the present analysis, we assume [C]=[CO5]. On the last line of Eq. 3 of Ref. [5], negative
signs belong before 2450 and 15,185, and in Eq. 4, [CH4]/[120] should be [C3Hg]/[O,]. The rate
constants that implicitly appear above are slightly different than those used for the fuel kinetics, as
listed in Table 1, but resulting differences in calculating w with either set of constants are less than
10%, well within the factor of two of uncertainty for the Zel’dovich and nitrous-oxide mechanisms

and the factor of ten of uncertainty for the prompt path.

Summary of Asymptotic Analysis

The inputs required for calculating w are provided here by rate-ratio asymptotics with the three-
step reduced approximation having the ordering § < v < € < 1. Since details of the method may
be found in earlier investigations [11,17-20], we present only the results of the analysis and exhibit
the formulas needed to obtain the necessary inputs.

Appropriate expansions are introduced such that the scaled concentration of s, defined as 2°,

may be found at the scaled flame location &y; a solution for 20 = 29(&), empirically fitted to the

results of the oxidation-layer analysis, is z¥ = E()+U.9\/§§ — 1.3& + 1.5. The flame temperature 7" =
19 is found to be T = Ty, + O¢(ap — 2b¢z°), where a = Wy, /Wey, and b = Y0,00WN, /(2Wo, Z5t)
are obtained from matching to the solution of the outer structure, ¢ &= 0.33 is a normalized energetic
parameter for the average heat release for the oxidation of CO and H,, and © = 20,000 K is a
parameter related to the total heat release per mole of methane. The scaling parameter ¢ for the

oxidation layer is
. . 3/ " 0 - 2y 3/ 1/4
€= {,\0‘\ B0V, (1 )2 /1160 0 s s [M (KD K9 2K (Lo, L, 1)} (1)

where L; is the Lewis number of species ¢, and o = X¢o, Ly, N3/(Xu,0Lco N1g), in which X; =
YiWn, /Wi = [{)(RT/p). since W = Wy,. The coupling relations for Oy and Hy0 give [COL)Y =
(P°/ Wi, )[0.095 + Leo,e(aén — 2ba®2°/(1 4 o)) and [H20]0 = (p°/Wy,)[0.19 + 2Ly, 0¢(abo -
bz0/(1 + )], respectively, while, approximately, [No]¥ = 0.0255p°% and from O-coupling, [0,]° =

(2Lo,bep® [ Wi, )(20/2 — &),




The asymptotic analysis of the oxygen-consumption zone provides an explicit relation for the
rate of scalar dissipation, namely

16p°k (MO (KO K2 Loy, L, ) (Tor = T

) X0+ a)3721Wy, 04 (2020 — ap)"! ' (3)

0

In addition, by including results of the analysis of the fuel-consumption zone, the expression

, .U )2]'07 (_»U).l (l - éég)"/l - l/(l +(,Y0) _ 15 (())
(3)\]!(/[1\[]1'(7114 20 2¢:0 (‘2)3/2

is obtained, where expansions for nonequilibrium of the water gas-shift have been introduced, in

which

1/2 _
v = (W, (1 - a®)2/[2(1 + a®)husgp (KYEM (X, X0, Leol} (7)

The concentration of the fuel in the reaction zone is approximated by (CH4)? & (1/2)ébLcy, p°/ W,

where

§ = k9, X8, /(Leu, bksy). (8)

Variation of the temperature and of the rate of scalar dissipation in the reaction zone have been
neglected in the above results, since studies have indicated [11, 19] that, regardless of the flow-field
configuration, these variations have a negligible influence on the solution.

The method of calculating flamelet NO, production has been presented previously [5]. $he
quantity most directly relevant is the integrated rate across the mixture fraction, & = ['wdZ. For
the prompt mechanism, w, is approximated as a constant, w9 throughout the fuel-consumption
layer, giving &, = 6wl. For the other two mechanisms, activation-energy asymptotics may be

employed, resulting in {5]

wo 1- 2 + 70
(n+ Ty/TC) |1~ T,/T°  a®(1 - 2bq/a)

w =

where T4 is the activation temperature (£/R°), n the temperature dependence of the preexponen-
tial factor (Table 1), and 7T, the inlet temperature of the oxidizer stream (cqual to the fuel-stream
inlet temperature If) here taken to be 300 K. Consideration of the next term in the asvimptotic ex-
pansion suggests that this last formula is accurate for the Zel’dovich mechanism but overestimates

nitrous-oxide production rates by about 10%.

Calculation Procedure

T . A War Ty o e s : T . B 20 -0 -0
I'he calculations were performed first by selecting 77 and then determining &o, =7, €. N¢,, 6, X0,
X(C)‘O;v \n , Y. v, and Zp: details of the computational procedure may be found in an carlier

paper [10]. Results for two-step chemistry were readily obtained from the three-step results by




putting » = 0. In the reaction layer, the influences of nonunity Lewis numbers are taken into
account, assigning CHy, O, CO9, H,0, CO and H; the Lewis numbers 0.97, 1.11, 1.39, 0.83, 1.1,
and 0.3, respectively [14]. In all calculations here, p = 1 atm. For methane in air (Z; = 0.053),
the peak flame temperature is T = 2320 K [11]. Values for x and [ were chosen to assure that
the effects of transverse convection need not be considered (typically x < 20 em™') [10]. The =
coordinate is then obtained from y by use of Eq. 1, where D = 4 cm?/s [19], and the distance §
from the flame tip can then be found from Eq. 2. Since the flame-structure analysis provides \Y,
independent of the flow field, the effects of the flow configuration are introduced by evaluating x

in Bg. 1 at Z = Zg, namely [10],
Nae = O/ (14 (52)P) {1 + [ (1 - ebolie/ (1 4 (x2)2))*}- (9)
Results

The variations of T° and y,, with the arc distance S are shown in Iig. 3. The relevant flame-shape
parameters, varied here, are ! and xl. The general behavior of T and x5 with varying [ and «!/
(~ Pe) is identical to that found in our earlier study [10], where rough estimates of Pe are made
by assuming that the vortex-tube radius is approximately 1 cm [21]. The flamelet temperature and
scalar dissipation at the flame tip are independent of x or Pe if [ is not allowed to vary. Away
from the tip, larger values of Pe result in a larger xs; (and hence lower T°) at a given .S, thereby
producing a more highly strained flame that extinguishes at smaller values of S; henceforth S,
denotes the distance at which the flame quenches. Similarly, decreasing [ also results in a more
highly strained flame, since smaller values of ! effectively increases VZ, resulting in a larger xs:.
Hlustrated in Fig. 4 is the variation of &, with S for various & and I. Since the highest flame
temperatures and the smallest concentration of fuel occur at the tip, the smallest values of &, are
found there. But as S approaches S, where lower flame temperatures and higher concentrations
of fuel occur, &, rapidly increases. As expected, varying < has no influence at the tip when [ is
fixed. However, by increasing / the rate of scalar dissipation decreases (and the concentration of
fuel decreases), resulting in smaller rates of production of NO though the prompt path. Far from
the tip, the behavior of &, is similar to that described for 79, where for a fixed &, extinction occurs
at larger values of S as [ is increased. When the spacing [ is held constant, smaller & results in
more robust flames in the wings. The influences of T, [04]° and [CH4)? are readily seen through
the earlier expression for w,,, where the larger values of [02]° and [CH,4]° near extinction causes w,
to increase. If the elementary rate constant of Glarborg et al. [3] for step P were employed here, @,
would be about a factor of two larger than shown in Fig. 4 for S near zero and about 20% larger

for 5 — S,; these differences are less than rate-constant uncertainties.

Fig. 3

Fig. 4



Figure 5 shows @, and & as functious of 5. The observed decrease in w, with distance from the
flame tip is expected since the activation energy is quite large, even though the increasing leakage
of oxygen through the reaction zone as extinction is approached mitigates the effect of decreasing
temperature. Perhaps surprisingly, on the contrary @, increases monotonically as 5 increases, the
leakage of oxvgen being large enough to offset the moderately large activation energy. In both
cases, varving x and [ shifts the curves in a manner readily inferred from that described above for
the prompt path and for 70 and xs. There is good agreement in the literature on the elementary
rate parameters for step Z, but for step N, if the rate constants reported by Glarborg et al. [3] are

used instead of those in Table 1, then &, is increased by roughly a factor of three.

Discussion

How important was it to proceed from the two-step [10] to the present three-step flame-chemistry
description? Not tremendously important for local NO,. For example, at 7° = 1700 K, &, is about
30% lower and @, and &, about 10% lower for the two-step approximation, and at x, = 20 s71,
with two steps &, i3 about 60% less, &, about 13% less and &, about 40% higher (because of the
higher temperature). These results are representative of maximum errors since near the tip, where
TO is larger and y,; smaller, the discrepancies are much less. Thus, at a given TO or s, the v
terms have relatively little influence on &, less of an effect than the uncertainties in the & formvlas.
This conclusion is favorable in suggesting that relatively simple reduced flame chemistry can be
used in NO; estimates, and previous results [5] do not suffer much of a penalty from their two-step
flame-chemistry approximation. However, x,: at extinction is nearly an order of magnitude too
large in the two-step approximation, so S, and correspondingly the total NO, production rate per
parabolic flamelet would be much too large; it is always necessary to extinguish the flamelet at the
proper X, as the three-step approximation does.

Our retention of only the reactive-diffusive balances eliminates the possibility of prompt NO,
produced in the wings, being swept convectively towards the tip to swamp out the thermal NO
produced there. Conditions under which this occurs may be estimated in terms of a diffusion time,
ty = €2/, and a convective time, t. = A/Vy, where A = 0.1 cm (a tyvpical distance at which
the prompt path becomes dominant) and V; = V is the tangential velocity along the flamelet. If
near the tip ¢ ~ 0.01 and Yy =~ 1s7!, so that t4 &~ 1 x 107 s, then t4 becomes within an order
of magnitude of t. when V; > 100 cm/s. Thus, for swirl velocities V exceeding about 100 cm/s,
corresponding to Péclet numbers greater than about 500, it may be sufficient to consider just the
prompt path for estimating NO, emissions. Our present considerations concern smaller values of
V, which are estimated to be representative of the majority of the applications.

Since we maintain a reactive-diffusive balance, planar counterflow flamelets can be considered for

Iig. 5




assessing the accuracy of our reduced-chemistry description of NO, production. A\ few computations
with full chemistry have been published for NO production in counterflow methane air diffusion
flames (22, 23], but the integral &, which is calculated from the asymptotics. is not extractable
from the numerical results reported. Therefore, additional counterflow vumerical computations
were made, using the seventy-some-step mechanism of Glarborg et al. [3], but with Z. N and P
rate parameters of Table 1; details of the computation procedure appear in Ref. [24], for example.

Comparisons of peak and integrated production rates (in units of 107% mol/cm?s) are give below:

\st = 0.5871 5 15

P 7 N P | 7 N P 7 N
Asymptotics  Wiar 8.1 {034]0.10| 35]0.18 |0.15| 100 { 0.08 | 0.19
Numerics  Wpaz 0.62 1 0.25 [ 0.11 | 1.6 | 0.12 | 0.09 | 0.01 | 0.0002 | 0.0007
Asymptotics @ x10°| 87 | 24 | 23 | 81| 11 | 36 | 350 | 5.0 43
Numerics & x 103 22123 1065{38] 1.2 {064 03 | 0.002 | 0.01

These comparisons show agreement only in general trends, at best; the asymptotic results would
appear to overestimate production rates appreciably, especially for the prompt mechanism at high
Yst, where the differences, approaching three orders of magnitude, exceed even the large uncer-
tainties in the elementary rates. The asymptotic trends of increasing @, and @, with increasing
Xst, implied by Figs. 4 and 5, simply are not borne out by the computations, either not at all [23],
or if so, only at quite small values of xs. This is surprising because of the good agreement with
experiment in predictions of extinction [11] and of NO; scaling [5] by the asymptotics. Further
study of the source of the discrepancy with the counterflow computations is needed.

Integration of & over the parabola can provide an estimate of the total rate of production of
NO per unit depth per parabolic flamelet as @ = 4 fGS“ Ol(1 + (kz)?)~1/2dS (mol/em s), where the
factor of four occurs because of the two sides of the parabola and the two moles of NO resulting
from each initiation step. Resulting values for [ = 2 cm are about 107°, 2 x 1076, 107¢ and
5% 1077 for xl = 2, 10, 20 and 40, (Pe =~ 6, 30, 60 and 120), respectively and about 6 X 1077,
2% 1078 and 107% for I = 1, 2 and 5 cm, respectively, at x = 5 ecm™! (Pe = 30). These numbers
indicate that larger curvature # and smaller thicknesses | lead to smaller total production rates,
as expected because of the consequent smaller arc length S, to extinction. The contributions from
the prompt, nitrous-oxide and Zel’dovich mechanisms to this total are found to be more than 85%,
less than 10% and less than 5%, respectively. The prompt percentage could be much less (and
the total correspondingly reduced) if the asymptotics were to strongly overestimate prompt, as
suggested above, but the nitrous-oxide contribution would still exceed that of Zel'dovich, which
may be surprising. in view of a recent review [25], although our curved flames are relatively highly

strained and therefore cooler (see Iig. 3), favoring a smaller thermal contribution.
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It has been suggested [26] that turbulence can be described as a collection of Burgers’ vortices
having lengths about six times their diameters. If this is true, and if each of the vortices has
a parabolic flamelet of the type analyzed here wrapped partially around it, then the total NO,
production rate per vortex can be obtained from the proceeding results by simply multiplying
by the average vortex length. The number density of vortices would then have to be known to
calculate local average production rates. Thus, more research is needed if the present results are

to be applied to turbulent combustion.

Concluslons

Estimates of rates of production of oxides of nitrogen in curved flamelets can be obtained by
asymptotic methods if a parabolic-flamelet approxima,tioﬁ is introduced. At low strain rates the
thermal mechanism is dominate at the flame tip, but its rate diminishes with increasing distance
from the tip, while the prompt and nitrous-oxide rates increase. Under most conditions, the prompt
mechanism dominates the flamelet, and the nitrous-oxide rate exceeds the thermal rate. Two-step
reduced main-flame chemistry seems adequate for NO, estimates, but assumptions of the prompt

chemistry at higher strain rates need further study.
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Table 1: Rate Constants Associated with the Simplified Mechanism

TS

Step Reaction A; n; E,

1f H+0,—-0H+O0 2.000 x 10'*  0.00 70.30
b OH+0 - 0,+H 1.568 x 10'*  0.00 3.52
2f O+H,—-OH+H 5.000 x 10*  2.67 26.30
2b OH+H-—=H,+0 2.222 x 104 2.67 18.29
3f OH+H;—H,O+H 1.000 x 108 1.60 13.80
3b H,0+H - OH + H, 4.312 x 108 1.60 76.46
5f H+ 0,4+ M- HOy,+ M® 2.300x10® -0.80 0

18f CO+ OH — COy+H 4.400 x 106 1.50 -3.10
18 COz+H — CO+ OH 4.956 x 108 1.50 89.76
38f CH4+H — CHz+ H, 2.200 x 10*  3.00 36.60
yA O+N; —=NO+N 1.50 x 10 0.30 315.0
N¢  O+4 N+ M N,O+ M 1.16x102  0.00 81.85
P CH+ Ny — HCN 4+ N 3.00 x 101 0.00 56.92

Specific reaction-rate constants are k; = A;T™exp(—£;/R°T); units are moles, cm, s, K,
and kJ/mole.

¢ Chaperon efficiencies are taken from [13].

b Average chaperon efficiencies are taken to be 1.

¢ Rate constant derived from Ref. [2] using thermodynamic data.
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