Computed Structure of Low Strain Rate Partially Premixed
CH,/Air Counterflow Flames: Implications for NO Formation
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Results from computations of low strain rate, partially premixed methane/air counterflow flames are reported.
The Oppdif computer code was used with GRI-Mech 2.11 to obtain the results. When the fuel-side equivalence
ratio (@) is above 2.5, the present flame structure can be described as a CH,/air premixed flame merged with
a CO/Hy/air nonpremixed flame. When ®; is below 2.5, the two flame zones exist on opposite sides of the
stagnation plane, and the CO/H,/air nonpremixed flame is characterized by hydrocarbon concentration peaks
on its fuel-side edge. Broad NO destruction regions, caused primarily by CH; + NO reactions, exist between
the resulting double hydrocarbon concentration peaks. The fuel-side equivalence ratio is the most important
indicator of how rapidly NO is destroyed relative to how rapidly it is formed, and NO destruction reactions are
more important in pure diffusion flames than in partially premixed flames for the present low strain rate

computations.

INTRODUCTION

Industrial flames are typically categorized as
nonpremixed (diffusion) flames when the fuel
and air are introduced into the combustor in
separate streams. However, many of these ini-
tially nonpremixed flame systems are more ac-
curately described as being partially premixed.
For example, based on flame appearance and
local species measurements, a previous experi-
mental study revealed that initially nonpre-
mixed natural gas/air swirl flames confined in a
quartz radiant heating tube burned in partially
premixed mode [1]. Partial premixing exists
when a portion of the combustion air mixes with
the fuel prior to burning, resulting in locally
fuel-rich and/or fuel-lean mixtures surrounded
by air. This scenario results in a gradient of the
local fuel-to-air ratio. Partially premixed burn-
ing may also occur in practical systems initially
categorized as premixed systems, such as certain
gas turbine combustors, when the fuel/air mix-
ing is not entirely uniform [2]. Some other
examples of partial premixing are lifted flames
in furnaces, domestic appliance flames, and
burning in the region of pyrolysis and mixing in
fires.
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Experimental research in laboratory flames
demonstrates that partial premixing results
in either a double flame [3-6] or a triple
flame [7-12}, depending on the fuel and air flow
arrangement. The double flame exists at the
interface between counterflowing streams, with
one stream consisting of a rich fuel/air mixture
and the other of air [3-5]. A double flame
consists of (1) a premixed flame formed in the
fuel-rich mixture, and (2) a nonpremixed flame
formed between the products of this rich, pre-
mixed flame and the opposing air stream. A
variation of the counterflow double flame was
stabilized at the interface between a lean fuel/
air mixture and a pure fuel layer [6]. Another
type of double flame is that of a coflow (Bunsen-
type) burner, which consists of a rich fuel/air jet
with a surrounding, parallel flowing air stream.
The Bunsen flame is referred to here as a
double flame because it is commonly believed
that this type of flame consists of an inner rich
premixed flame cone and an outer diffusion
flame cone [13]. The triple or tribrachial flame
propagates through the mixing layer formed
between adjacent fuel and air streams in a
direction perpendicular to the fuel concentra-
tion gradient [12]. The leading tip of the flame is
the connecting point for three trailing flame
zones: (1) a rich premixed flame extending
toward the fuel layer, (2) a lean premixed flame
extending toward the air layer, and (3) a trailing
nonpremixed flame extending along the line of
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stoichiometric fuel/air mixture. In most practi-
cal devices, the combustion process is not well
enough understood to determine if double or
triple flames or some other structures exist
locally. Consequently, the factors affecting pol-
lutant formation and destruction in practical
flames which exhibit partial premixing are far
from being completely understood.

Recent laboratory studies demonstrated that
partially premixed burning can affect exhaust
nitrogen oxide (NO,) emissions from flames
either favorably or unfavorably relative to non-
premixed burning [14-16]. The exhaust NO,
emission index (EINO,, g/kg fuel) from lami-
nar, coflow, methane/air flames was found to
decrease to a minimum value and then increase
as air was incrementally added to the fuel
jet [14]. An analysis based on the trends in
global residence time and temperature in these
flames revealed that the nonmonotonic EINO,
trend can not be predicted from the traditional
understanding of thermal NO formation in ei-
ther purely premixed or completely nonpre-
mixed flames [16]. Similar EINO, behavior has
been reported for laminar, coflow, partially
premixed ethane/air flames [15], for turbulent,
coflow, partially premixed natural gas/air flames
[16], and for counterflow, partially premixed
CH,/air flames [17]. Various other exhaust NO,
trends have been reported for partially pre-
mixed turbulent flames [18-20]. Motivated by
the practical importance of partial premixing
and by the unresolved reasons for the exhaust
EINO, behavior of partially premixed labora-
tory flames, a computational study was under-
taken with the aim of elucidating the factors
that affect NO formation within partially pre-
mixed flames. The results of this study are
reported in the present paper.

Smyth recently published a study of NO for-
mation in a Wolfhard-Parker CH /air diffusion
flame [21]. This study was based on a compre-
hensive experimental database collected over
several years which included measurements of
velocity obtained with laser Doppler velocim-
etry (LDV), temperature obtained with a fine
wire, radiation-corrected thermocouple, quanti-
tative NO and OH concentrations obtained with
laser-induced fluorescence (LIF), relative O
atom and CH concentrations obtained with LIF,
relative H atom and CH; concentrations ob-

tained with multiphoton ionization (MPI), and
CH, concentrations derived from these data.
Smyth combined these data to generate reaction
rate profiles for some of the chemical reactions
that form and consume NO. Even with the
comprehensive set of experimental data de-
scribed above, Smyth concluded that the rela-
tive contributions of different routes for NO
production could not be assessed without mea-
suring additional species profiles (such as
HCN). Thus, because of the extensive amount
of data required, and the experimental chal-
lenges associated with obtaining these data,
computations presently provide the most de-
tailed way to analyze NO chemistry in flames. It
is recognized that detailed kinetics computa-
tions provide their own set of challenges be-
cause there are uncertainties in the chemical
kinetic rates that are available for combustion
chemistry. The most recent realization of a meth-
ane combustion mechanism with NO chemistry is
GRI-Mech 2.11, which was optimized and vali-
dated using experimental combustion data col-
lected in a variety of flow reactors, low-pressure
flames, and stirred reactors, with the goal of
providing a reliable, standardized research and
design tool [22]. GRI-Mech 2.11 was used in the
present work.

The computations presented in this paper
were performed for a simplified type of partially
premixed flame, the laminar, counterflow flame
established between a rich fuel/air stream and
an opposing air stream. It is realized that the
complex features of turbulent, partially pre-
mixed flames in practical combustors will not be
captured with the present simplified analysis.
Nonetheless, these computational results iden-
tify some features of partially premixed flame
structure that affect NO formation and destruc-
tion, and that will hopefully generate new ideas
for controlling NO formation in more practical
flames.

The centerline fluid mechanics of a counter-
flow flame can be modeled using a similarity
solution [23-27]. Early modeling studies of coun-
terflow flames involved placing a potential flow,
stagnation point source at an infinite distance
from a compressible boundary layer [23,24].
This formulation resulted in flame solutions
that could be characterized by a single charac-
teristic strain rate defined as the potential flow
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velocity gradient. An improved counterflow
similarity solution which allows a finite separa-
tion distance between inlet nozzles and a locally
varying velocity gradient (strain rate) is em-
ployed in the present work [25-27].

Using the improved similarity solution, Nish-
loka et al. computed the structure of partially
premixed, methane/air counterflow flames [28].
The authors used a nozzle separation distance
of 1.5 cm and varied the equivalence ratio of the
rich fuel/air mixture between 1.5 and infinity
(called the “pure diffusion flame” in the present
paper). The partially premixed flames exhibited
double flame structure. The majority of their
work was performed for relatively high nozzle
exit velocities (16 cm/s), resulting in high strain
rates. They compared NO production rate pro-
files in the partially premixed flames with those
from normal premixed and pure diffusion
flames and concluded that there are two zones
where NO is formed or consumed in high strain
rate partially premixed flames. First, near the
temperature peak or nonpremixed combustion
region of a double flame, thermal NO formation
takes place. Second, near the “premixed” com-
bustion region of a double flame, Fenimore NO
formation occurs on the air side and Fenimore
NO destruction occurs on the fuel side. These
authors also performed a limited number of
calculations for low-velocity (5 cm/s, i.e. low
strain rate) flames.

There has been at least one previous study
focused on low strain rate, partially premixed,
counterflow flames. Dupont et al. computed the
structure of these flames using the improved
similarity solution [29]. The authors used a
nozzle separation distance of 6 cm with fuel side
equivalence ratios of 1.6, 1.9, and infinity (pure
diffusion flame). They found an unexpected
central CH radical concentration peak between
the two flame zones of the double flame for the
operating conditions with strain rates of 10 s~!
to 20 s~ 1. They found this type of behavior both
when using the GRI-Mech 2.11 chemical mech-
anism [22] and when using the Miller-Bowman
chemical mechanism [30].

Tanoff et al. published a study of the com-
puted structure of partially premixed, CH /air
counterflow flames [31]. These authors used a
nozzle separation of 1.27 cm with fuel side
equivalence ratios in the range of 1.3 to infinity
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(pure diffusion flame). They studied flames with
high strain rates (100 s~ to 900 s™!), and did
not find the intermediate hydrocarbon concen-
tration peak. Thus, the higher strain rate com-
putations of Nishioka et al. and Tanoff et al. did
not result in the double hydrocarbon concentra-
tion peaks found in the lower strain rate work of
Dupont et al. Understanding flames with both
high and low strain rates is important because
both regions exist in the laboratory jet flames for
which the EINO, minimum was measured [32].
The goals of the present research were to
elucidate factors affecting NO formation in
computed low strain rate counterflow flames in
order to complement previous higher strain rate
work, and to provide a more complete under-
standing of the NO behavior in multi-strain rate
partially premixed flames.

While the work of Dupont et al. involved
imposing low strain by using a large separation
distance of 6 cm between the fuel and air
nozzles, the present work entails an alternate
method. The objectives of this paper are (1) to
report that a unique flame structure similar to
that found by Dupont and her coauthors is also
found for the present low strain rate flames, and
(2) to explore the implications of the unique
structure for NO formation and destruction in
partially premixed flames.

OPPDIF COMPUTATIONAL METHOD

The Sandia National Laboratories code Oppdif[27]
was combined with the GRI-Mech 2.11 reaction
mechanism [22] to solve for velocity, tempera-
ture, and species concentrations along the cen-
terline of partially premixed counterflow flames.
The GRI-Mech 2.11 scheme contains 279 ele-
mentary reactions involving 49 chemical species.
A schematic of the flame is shown in Fig. 1. In
this configuration, a rich mixture of methane
(CH,) and air with equivalence ratio ®j is
injected through one nozzle while air is injected
through the other. The fuel side equivalence
ratio, @y, is defined as the fuel to air ratio of the
mixture entering through the fuel nozzle di-
vided by the stoichiometric fuel to air ratio
(0.058 for CH,). Combustion reactions take
place on one or both sides of the stagnation
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Fig. 1. Schematic of counterflow burner configuration.

plane in the present flames depending on the
operating conditions.

Details of the Oppdif similarity solution are
provided by Lutz and Kee [27] and are summa-
rized here. The full equations that describe the
flow are the axisymmetric continuity, momen-
tum, energy, and species equations. The velocity
in the axial or x direction is denoted as u (cm/s),
and the velocity in the radial or r direction is
denoted as v (cm/s). The two assumptions of the
similarity solution are: (1) the axial velocity,
temperature, species concentrations, and fluid
properties vary only with distance along the axis,
and (2) the radial velocity varies linearly with
distance along the radius with a proportionality
constant that varies only with axial distance.
Based on these assumptions, a similarity vari-
able, G (g/cm3 + §), is defined as a function of x,
where p (g/cm®) is the fluid density:

G(x) = — frﬁ. (1)

The eigenvalue (H, dyne/cm*) associated with
the radial and axial momentum equations is
defined in the following way, where p (dyne/
cm?) is the pressure:

1ap
; E = const. (2)

If the variable F(x) (g/cm?®-s) is defined as:
pu
Fx) ==, (3

then the continuity, momentum, energy, and
species equations become:

d (pu
G(x) Zi?(?)’ 4)
d (FG 3G* d d (G
i (T 2lea ()] =0
(5)
ﬂ"_li( dT)"“pZ YVdT
pudx de.x condx Cpkcpkkkdx
1
+— 2 i =0, (6)
p
and
dy, d
Pugxﬁ‘*d—x(PYka) — oW, =0 (7)

k=1,K.

Here, u is the dynamic viscosity (g/cm -s), T is
the temperature (K), ¢, is the constant pressure
specific heat of the mixture (erg/g-K), A, is
the thermal conductivity of the mixture (erg/
cm - K-s), ¢, is the constant pressure specific
heat of the kth component of the mixture
(erg/g - K-s), Y, is the mass fraction of species
k, V, is the diffusion velocity of component k&
(cmys, see Eq. 8 below), h; is the enthalpy of
formation of species k (erg/g), and @, is the
mass production rate of species k (g/cm?-s).
The diffusion velocities V, used in the above
equations are defined using a mixture-averaged
formulation,

Dy, = ——*— (8)

In these equations, X, is the mole fraction of
species k, D,,, is the diffusion coefficient for
species k in the mixture (essentially an “effec-
tive binary diffusivity” for k), D,; is the diffu-
sion coefficient of the pair k-j in a binary
mixture, and X is the total number of species in
the mixture (49 for GRI-Mech 2.11). A correc-
tion term is added to each diffusion velocity
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such that the net species diffusion flux is
zero [33, 34].

The boundary conditions include a flux con-
dition imposed to account for diffusion into the
convective stream at the nozzles,

x=0: F=P% 5_ —p0(3> ,T=T,
2 r/o
)

x=L: F=PL G- —pL(;—) ,T=T,,

- (10)
x =0 pqu + kaVk = (pqu)O’ (11)
and
x=0L: pqu + kaVk = (pqu)L' (12)

Species diffusion into the nozzles is allowed.
In the present study the fuel stream atx = 0
consists of fuel and air, while the oxidizer
stream at x = L consists of air only. Thermal
species diffusion, radiation heat transfer, and
buoyancy are neglected in the present analy-
sis.

The above equations and boundary condi-
tions constitute a one-dimensional boundary
value problem with F, G, T, and Y, as depen-
dent variables. The kinetic rates and transport
properties are found using the Sandia National
Laboratories Chemkin II and Transport utility
programs [33, 35]. The equations are discretized
using finite differencing techniques. Diffusive
terms are represented using central differenc-
ing, and convective terms are written as upwind
differences. Oppdif features a hybrid Newton/
time-integration procedure similar to the one
described by Grcar et al [36].

During execution of Oppdif, the initial solu-
tion was found using an assumed temperature

0

L M
-2 J G(x)(Xno + Xno,) MW
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profile, and the energy equation was solved
during subsequent iterations. Absolute conver-
gence criteria for Newton iteration and for time
stepping were both 1 X 1076, The initial grid
contained nine evenly spaced points but was
automatically adjusted by Oppdif and ultimately
included about 125 points for each solution.
The solutions yielded the same temperature
behavior for different grid sizes, and thus
were shown to be grid-independent. Oppdif
was executed on an IBM RISC 6000 com-
puter, and the run times often amounted to
several hours. The best way to minimize com-
putational time and increase chances of con-
vergence was to find an initial converged
solution and use that as the initial guess for a
subsequent run in which the fuel side equiva-
lence ratio was incrementally changed.

The method recommended by Takeno and
Nishioka [37] for computing the NO, emission
index in counterflow flames is used in the
present paper. The NO, emission index is writ-
ten as the ratio of the mass formation rate of
NO, per unit flame area to the mass consump-
tion rate of fuel per unit area,

L
MWNOxd)NO, dx

EINO, = — - . (13)

- J’ MWCHJ‘-‘)CH, dx
0

Using a common method of assuming all of the
NO exists as NO, for purposes of computing the
NO emission index, the molecular weight of
NO, is used for the entire calculation, and the
resulting formula is used to compute the emis-
sion index:

Wio,

dx

mix

MWy, L
2Fx=0XCH4,x=O MW . 0 +2
mix, x= 0

MW ’
G(x)XCH‘(———) dx

(14)

CH,

Mwmix



LOW STRAIN RATE PARTIALLY PREMIXED FLAMES 551

In this equation, X represents mole fraction and
MW,_;, is the molecular weight of the mixture.
The first term in the denominator represents
the total amount of fuel injected and the second
term (a negative number) represents the total
amount of fuel that bypasses the flame.

SELECTION OF OPERATING
CONDITIONS

The strain rate in counterflow flames is defined
as the radial velocity gradient tangential to the
flame surface [38], while Oppdif yields axial
velocity profiles in the direction perpendicular
to the flame surface. The axial velocity gradient
perpendicular to the flame surface scales with
the radial velocity gradient tangential to the
flame surface through the continuity equation.
Thus, in the present study, a “low strain rate”
flame was defined as a flame for which the axial
velocity gradient in the axial direction exhibits
large regions where its value is about 10 s~
This choice of strain rate is consistent with the
work of Chelliah et al.,, who used the axial
velocity gradient on the oxidizer side of a pure
counterflow diffusion flame to characterize the
strain rate [39]. The strain rates were main-
tained near 10 s~! based on the order of mag-
nitude of the strain rate in large regions of
coflow jet flames [32].

The method used in the present study to
achieve low strain rates consisted of imposing a
gradient in the radial velocity with respect to the
radial distance at the nozzle entrances. This
involved changing an Oppdif boundary condi-
tion, the proportionality constant between the
radial velocity and the radius assumed as part of
the similarity solution. Mathematically, this
amounts to setting the value of (v/r) or (—G/p)
at each boundary to a nonzero value (see Egs. 9
and 10). Physically, this amounts to imposing an
outward radial velocity component at each noz-
zle, at locations away from the centerline, which
increases with increasing distance away from
the centerline (See Fig. 1). This is a variation
from the usual plug flow boundary. The Oppdif
boundary condition was changed using trial and
error until a low strain rate condition was found.
To the authors’ knowledge, the present study
represents the first investigation of flames em-

ploying an externally imposed nonzero radial
velocity gradient at the fuel and air nozzles for
the Oppdif formulation.

The selected operating conditions yielded
nozzle velocities of 5 cm/s with nozzle radial
velocity gradients set to 12 s™!. To achieve
different levels of partial premixing, these fluid
mechanic boundary conditions were kept con-
stant while the proportions of fuel and air in the
fuel nozzle were changed to obtain a range of
rich equivalence ratios between @, = 1.6 and .
Once a solution was obtained for the 5 = 1.6
flame, this solution was used as an initial guess
for the next computation, which was performed
for an incrementally larger value of equivalence
ratio. The temperatures at the boundaries were
maintained at-300 K, and the nozzle separation
distance was fixed at 2 cm. Representative re- -
sults from flames with ®5 = 1.6, 1.8, 2.0, and
3.5, and from the pure diffusion flame are
detailed in this paper.

It is worth mentioning that one characteristic
of counterflow burners is that a radial outflow of
species exists. This results in unburned fuel
(CH,) bypassing the flame. The fuel bypass
fraction, calculated according to the method
recommended by Takeno and Nishioka using
the terms in the denominator of Eq. 14, ranged
from 23% of the fuel injected in the 5 = 1.6
flame to greater than 90% for the pure diffusion
flame. This is in agreement with the findings of
Dupont et al. [29], who found that for partially
premixed flames with strain rate of about 10s™!
the bypass fraction ranged from about 40% for
®, = 1.56 to about 90% for the pure diffusion
flame. While this fuel bypass affects the total
amount of fuel burned, it should not affect the
key structural features of the flames discussed in
this paper.

RESULTS AND DISCUSSION
Flame Structure

Figure 2 shows centerline velocity profiles com-
puted for the &5 = 1.6, 1.8, 2.0, 3.5, and pure
diffusion flames. The symbols shown on the
pure diffusion flame curve in Fig. 2 are included
to provide visual contrast between curves in this
and other figures throughout this paper. All five
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Fig. 2. Centerline axial velocity profiles for &5 = 1.6, 1.8,
2.0, and 3.5 flames, and for the pure diffusion flame.

of these velocity curves exhibit large central
spatial regions where the centerline velocity
gradient is between 5 s™! and 15 s~*. Thus, low
strain rate partially premixed flames can be
stabilized by imposing a radial velocity gradient
at the fuel and air nozzles.

One interesting feature of Fig. 2 is that the
“S-shaped” acceleration region that is usually
prominent in counterflow flame velocity profiles
[e.g., see Fig. 12 of Ref. 40, Fig. 2 of Ref. 41, and
Figs. 2 and 3 of Ref. 42] is not apparent in any of
these flames. This is surprising considering that
the partially premixed flames of Tanoff et al. did
exhibit profiles similar to the “S-shape” [31].
The top panel of Fig. 3 depicts the velocity
profile for the ®z = 1.6 flame with and without
the imposed radial velocity gradient at the noz-
zles. The figure shows that for the flame with no
imposed gradient (—G/p = 0 s™1), the velocity
profile is similar to those computed by Tanoff et
al. Thus, the imposed radial velocity gradient at
the fuel and air nozzles in the present flames
causes the flat velocity profiles. It is instructive
to further investigate the velocity gradients in
this flame. The middle panel of Fig. 3 depicts the
profile of the axial gradient of the axial velocity
(du/dx), while the bottom panel of Fig. 3 shows
the radial gradient of the radial velocity (dv/dr)
for the &5 = 1.6 flame. For the flame with
imposed radial gradients at the nozzles, both
(du/dx) and (dv/dr) exhibit values of about 10
s~ in large central spatial regions. It is apparent
from the bottom panel of the figure that impos-
ing nonzero radial velocity gradients at the fuel
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Fig. 3. Velocity profiles, axial velocity gradients, and radial
velocity gradients for 5 = 1.6 flame with and without an
imposed radial velocity gradient at the fuel and air nozzles.

and air nozzles causes the radial velocity gradi-
ent to remain essentially constant between the
nozzles. This behavior leads to less steep gradi-
ents in the axial velocity and results in large
regions of low strain rate in the flames.

Axial centerline temperature and major spe-
cies mole fraction profiles are depicted in Fig. 4
for the &5 = 1.6 flame to show the general
structure of the low strain rate partially pre-
mixed flames. The temperature rises on the fuel
side with a steep slope to an inner characteristic
temperature of about 1800 K, increases with a
moderate slope of about 400 K/cm to a peak of
2090 K, and then smoothly reduces to 300 K at -
the air nozzle. The shape of this temperature
profile is similar to those measured and com-
puted in laminar double flames previously [3-5,
17, 28, 29, 31, 43]. The steep temperature
gradients near the fuel and air nozzles are
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indicative of heat transfer to the nozzles. As the
fuel-side equivalence ratio is increased, the tem-
perature profile becomes less steep near the
fuel nozzle and more steep near the air nozzle.
For the &5 = 1.6 flame shown in the figure, the
premixed CH,/air flame exists nearx = 0.25 cm
and the CO/H,/air nonpremixed flame exists
near x = 1.2 cm. As ®, is increased in the
present partially premixed flames toward a pure
diffusion flame, the reaction zones blend to-
gether into narrower regions. In the pure diffu-
sion flame, all species concentration peaks oc-
cur in or very near a single, narrow reaction
zone.

Two interesting points can be made about the
CO, and H,O profiles shown in Fig. 4. First, the
peak CO, and H,0O concentrations are about
10% and 15%, respectively. Since these two
species have high concentrations in regions
where temperature is high, gas band radiation
losses could be significant in the present flames.
If radiation heat transfer were considered in the
present modeling, lower temperatures would
result. Thus, it is important to consider that one
of the limitations of the present Oppdif model is
that radiation heat transfer is neglected. The
second interesting point is that the CO, and H,0O
concentrations do not become zero atx = 2 cm.
This occurs because these two species diffuse
into the air nozzle.

The vertical dashed lines in Fig. 4 represent
locations of local CH and OH radical concen-

X, Distance from Fuel Nozzle (cm)

tration peaks. Each of these intermediate spe-
cies exhibits two peaks in its concentration
profile for the ®; = 1.6 flame. Tanoff et al.
reported two peaks in the OH profile but only
one peak in the CH profile for their computed
counterflow flame with ®; = 2.0 and ~150s~!
strain rate [31]. Based on the conventional
understanding that all hydrocarbons are con-
sumed in the CH,/air premixed flame zone of a
double flame, indeed only one CH radical con-
centration peak at the CH,/air premixed flame
location is expected. The double CH radical
peak behavior is a surprising characteristic of
the present low strain rate flames, and has been
reported in only one other study by Dupont et
al. [29].

Figure 5 depicts CH radical concentration and
temperature profiles for the &, = 1.6, 1.8, 2.0, 3.5,
and pure diffusion flames. For the &, = 1.6
flame, the primary CH concentration peak of
0.07 ppm (parts per million or uL/L) exists at
0.25 cm, with a smaller secondary peak of 0.01
ppm emerging at 0.8 cm. For the &g = 1.8
flame, there are smaller (~0.02 ppm) but equal
CH concentration peaks. For the &5 = 2.0
flame, the peak of 0.03 ppm at about 0.9 cm is
much larger than the peak near 0.5 cm. The
®p = 3.5 and pure diffusion flames exhibit
only one CH radical concentration peak near
the fuel nozzle, with magnitudes of 0.10 ppm at
1.1 cm and 0.40 ppm at 1.45 cm, respectively.
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Fig. 5. CH concentration profiles and temperature profiles
for &5 = 1.6, 1.8, 2.0, and 3.5 flames, and for the pure
diffusion flame.

Thus, for intermediate levels of partial premix-
ing, double CH radical peaks with very low
concentrations occur. At this point, it is worth
noting that the reaction rates in GRI-Mech 2.11
were optimized by Bowman et al. to predict the
peak CH radical concentration, the location of
this peak CH concentration, and the halfwidth
of the CH profile in low pressure, laminar,
premixed CH,/O,/N, flames [22]. In the present
flames, as the fuel side equivalence ratio is
increased, the CH radical concentration peak
nearest the fuel nozzle decreases in magnitude
while the CH peak near the air nozzle increases
in magnitude. Both CH peaks move away from
the fuel nozzle as the fuel-side equivalence ratio
increases. The double radical peaks are caused
by CH,, CH;, and CH, (CH,) surviving the
premixed flame zone and reacting in between
the two traditionally defined combustion zones
of the “double flame.” Close examination of
Fig. 4 reveals that a small but finite concentra-
tion of CH, survives the premixed reaction zone
and enters the region between the double
flames. Figures 6 and 7 depict the CH, and CH,
profiles for the present flames, respectively.
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Fig. 6. CH, concentration and temperature profiles for
®; = 1.6, 1.8, 2.0, and 3.5 flames, and for the pure
diffusion flame. Dashed lines mark CH concentration peak
locations.

Temperatures and CH peak locations are
shown. The figures demonstrate that CH, ex-
hibits double peak behavior, while CH; exists
throughout the zone between the CH peaks.
To gain a better understanding of this flame
structure, CH, molar production rates are
graphed in Fig. 8. Negative values of the pro-
duction rate indicate consumption. Tempera-
ture profiles are shown for reference, and ver-
tical dashed lines mark the locations of CH
concentration peaks. For the ®; = 1.6 flame,
the CH, is mostly consumed in the premixed
flame. There is also a consumption of CH, at
the location of the second CH peak which is
difficult to discern in the figure because of the
large scale of the ordinate axis. The &5 = 1.8
and 2.0 flames exhibit similar CH, consumption
behavior, but the rate of CH, consumption in
the central region increases with increasing ®.
The ®5 = 3.5 CH, consumption curve exhibits
two prominent CH, consumption peaks. As
already seen, the larger (compared to CH)



LOW STRAIN RATE PARTIALLY PREMIXED FLAMES 555

CH locations

-

I3
/| 1\
i \NAAA 3o nannd A AR RAN asaL) ol
1000F ff ...-T . Ol T N aT>5=1.a- 2000
- sool | T ! —
§ | ——> ] | . 1500
S eoof ! : | €
2 FHOHT | Alery | -
S S ) kg 1000
] 3 500
0 fm__:. ) 2 .Im‘ 1
I 15 e20]
1000F | -7 2 3
— sm - J' ' ‘. T "
£ . I -—.:—> b - K
g 600 £ ..' [CH,]| F g€
£ : | I K J L
g 40 | ! Y P
200F¢ {ﬁ X L
o b L,
00 05 10 15 20
X (crm) 1000 £ P
E 800 ¢
2 eof €
? [
O 400
o b
00 05 10 15 20

X {em)

Fig. 7. CH; concentration and temperature profiles for
®; = 1.6, 1.8, 2.0, and 3.5 flames, and for the pure
diffusion flame. Dashed lines mark CH concentration peak
locations.

hydrocarbon fragments such as CH; and CH,
exist at the point of CH, consumption near 0.7 cm
for the @5 = 3.5 flame, even though there is no
CH concentration peak here. The CH, con-
sumption region for the pure diffusion flame
spans a width of about 0.5 cm.

Figure 9 depicts CO production rates for the
five flames of interest. In the &5 = 1.6, 1.8,
and 2.0 flames (the ones with double CH
peaks), there is a zone of CO formation near
each CH peak. The CO is consumed near the
temperature peak. The ®, = 3.5 flame exhibits
one CO formation zone on the fuel side of the

single CH peak, one CO formation zone at the *

location of the single CH peak, and one CO
destruction zone near the temperature peak.
The pure diffusion flame (®z; = =) forms CO
at the location of the CH peak and consumes
CO on the air side of the CH peak. While not
shown here, H, production rate profiles exhibit
similar behavior. These profiles demonstrate
that in a partially premixed flame, CO and H,
are formed in the CH,/air premixed flame and
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Fig. 8. CH, production rate and temperature profiles for
®p = 1.6, 1.8, 2.0, and 3.5 flames, and for the pure
diffusion flame. Dashed lines mark CH concentration peak
locations.

consumed in the CO/H,/air nonpremixed flame,
which is in agreement with conventional under-
standing of double flames.

Further insight into the flame structure can
be gained from the O, production rate profiles
shown in Fig. 10. Temperature profiles are
shown, and the vertical dashed lines indicate
CH peak locations. For all flames except the
pure diffusion flame, two distinct oxygen con-
sumption zones exist. Based on inspection of
Fig. 10, one of these two zones is associated with
the CH,/air premixed flame and the other with
the CO/H,/air nonpremixed flame. For the
three flames that exhibit double CH concentra-
tion peaks ($p = 1.6, 1.8, and 2.0), the central
CH peak occurs at the inside edge of the O,
consumption zone associated with the CO/H,/
air nonpremixed flame. The single peak of the
®p = 3.5 flame also exists at the inside edge of
this zone. Figure 11 depicts mole fraction pro-
files of key flame radicals, H atom, OH radical,
and O atom (X4), for the &z = 1.6 flame.
Temperature and CH peak locations are in-
cluded. The two flame zones corresponding to
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Fig. 9. CO production rate and temperature profiles for
¢, = 1.6, 1.8, 2.0, and 3.5 flames, and for the pure
diffusion flame. Dashed lines mark CH concentration peak
locations.

the two distinct O, consumption zones are evident
from the double peaked H, OH, and O profiles
in the figure. Each CH radical peak is associated
with one of these flame zones. Although not
shown in this paper, enlarging the scale of the
molecular O, profiles in the vicinity of the
central CH peak revealed that the O, reacting
with CH, at this location originates in the air
nozzle and penetrates across the stagnation
point and into the rich region of the CO/H,/air
nonpremixed flame. The O, penetration into
the counterflow flame is in agreement with
previous results from pure diffusion flames [40].
Thus, it can be inferred that the CH peak
nearest the fuel nozzle “belongs” to the CH,/air
premixed flame, while the CH peak nearest the
air nozzle “belongs” to the CO/H,/air nonpre-
mixed flame. This is a unique computed struc-
ture which to the authors’ knowledge has not
been detailed previously. Hereafter in this pa-
per, the CH peak near the CH,/air premixed
flame location will be referred to as the “pre-
mixed flame CH peak,” and the CH peak near
the edge of the CO/H,/air nonpremixed flame
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Fig. 10. O, production rate and temperature profiles for
®; = 1.6, 1.8, 2.0, and 3.5 flames, and for the pure
diffusion flame. Dashed lines mark CH concentration peak
locations.

oxidation zone will be referred to as the “non-
premixed flame CH peak.”

Figure 12 depicts a summary of the location
of the stagnation plane, the location of the
temperature peak, the locations of the CH and
OH radical peaks, and the region for which the
premixed CH, and air mixture is flammable (at
room temperature and atmospheric pressure)
with ®p = 1.6-4.0. The flammable region is
defined as the region in which the methane fuel
to air ratio on a mass basis is between 0.0268
and 0.0955 [44]. The following equation defines
the fuel to air ratio, with X; and MW, represent-
ing the mole fraction and molecular weight of
species j, respectively:

X CK-L,M‘N'CI-{4
XoMWq, + Xy MWy,

FA= (15)
Two interesting points about the structure of
low strain rate partially premixed flames are
inferred from Fig. 12. First, the premixed flame
CH peak occurs outside of the region where the
CH/air mixture is flammable at room temper- -
ature. Although not shown on the graph, the
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other CH,; radicals (i = 0, 1, 2, and 3) exhibit
concentration peaks very near the CH peak and
also outside of the flammable region for CH,
and air. To the extent that hydrocarbon inter-
mediates mark the reaction zone in a premixed
flame, this behavior indicates that CH, combus-
tion occurs outside of the traditionally defined
flammability limits in these partially premixed
flames, in agreement with results of previous
studies [3, 31]. The second interesting feature of
Fig. 12 is the relative positions of the stagnation
plane and the flame zones. Beginning with
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&g = 1.6, as the premixed gas stream becomes
more fuel-rich (®, increases), the stagnation
plane moves toward the fuel nozzle. In order
to understand this behavior, it is useful to
recall that there are two acceleration regions
in a partially premixed flame: one associated
with the heat release of the CH,/air premixed
flame near the fuel nozzie and the other
associated with the heat release of the CO/H,/
air nonpremixed flame near the air nozzle.
The location of the stagnation plane is
strongly affected by the acceleration and peak
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velocity achieved in the CH,/air premixed
flame. As the premixed gas stream becomes
more fuel-rich, the acceleration and the max-
imum velocity experienced by the premixed
flame lessen. As these become smaller, decel-
eration of the fuel-side gases to zero velocity
requires a smaller physical distance. Hence,
the stagnation point moves toward the fuel
nozzle. This explanation is supported by the
findings of Tanoff for partially premixed
flames with higher strain rates [31]; these
authors reported that the structure of their
flames was dominated by the fuel-side velocity
gradient of the premixed flame. The double
CH radical peaks always occur together on
the fuel side of the stagnation plane. For
flames with @5 greater than 2.5, CH radical is
no longer formed by the CH,/air premixed
flame, and only the nonpremixed flame CH
radical peak exists. The CH,/air premixed and
CO/H,/air nonpremixed flames begin to
merge, although the O, consumption profiles
demonstrate that there are still two distin-
guishable flame zones. The flames with @
greater than 2.5 are termed “merged” flames
in the present paper, although it is important
to note that two flame zones are still distin-
guishable. The merged flame crosses over
onto the oxidizer side of the stagnation plane,
which is the expected position relative to the
stagnation plane for a pure diffusion flame [40].
It is interesting to further compare the
present flame structure with that discussed by
Tanoff et al. [31]. These authors computed the
sensitivity of flame structure to overall strain
rate and equivalence ratio for &5 = 1.3-2.0
and pure diffusion flames with strain rates be-
tween 100 and 900 s™!. Their strain rate was
defined based on the air side velocity gradient.
These authors found that the structure was
sensitive to the maximum fuel-side velocity gra-
dient, and that this gradient could be used to
predict the equivalence ratio corresponding to
the transition from a double flame to a merged
flame. At their lowest strain rate (~100 s_l), the
fuel-side velocity gradient ranged from about
200 s™! for ®; = 2.0 to about 3000 s~! for
®p = 1.3. They found that this configuration
yielded a double flame below ®z = 1.5, while it
yielded a merged flame above this equivalence
ratio. This “transition” fuel-side equivalence
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ratio increased with decreasing strain rate. In
the present study, the maximum fuel-side veloc-
ity gradient ranged from 2 s™! for &, = 3.5 to
about 100 s~! for @, = 1.6, and the transition
from double flame to merged flame behavior
occurred at @5 = 2.5. The higher “transition”
equivalence ratio for flames with the present
low strain rate is consistent with the inverse
dependence of this quantity on strain rate found
by the above authors.

For pure diffusion flames, it is useful to express
variables in terms of the mixture fraction (Z)
and the scalar dissipation rate (SDR) [45, 46].
The present low strain rate partially premixed
flames possess a hybrid structure between that
of pure diffusion and that of pure premixed
flames. Thus, it is of interest to present the
mixture fraction and scalar dissipation behavior
of the present flames for comparison to previ-
ous work on pure diffusion flames (see com-
ments by Bilger and by Chen, Ref. 31). The
mixture fraction is defined as the mass fraction
that originated as CH, in the fuel stream, and is
calculated as

MW, MW
z=3 Y,-<Nc)( Mw‘f) +2 K(NH)(—MW%’).

(16)
Here, N~ and Ny, are the number of carbon and
hydrogen atoms per mole of species i, respec-
tively. This definition of mixture fraction yields
a value of Z = 0.055 for stoichiometric condi-
tions for CH,. The scalar dissipation rate may
be interpreted as the inverse of a characteristic
diffusion time [47], and is defined for the
present geometry as
SDR = 2D (62)2 -1 17
B ax) S - 7
Here, D is the species diffusion coefficient
selected by Norton et al. {46] and by Bilger [45],

D = 1.786 X 107°T'%52 cm?s. (18)

This diffusion coefficient is a power-law fit to *
data for CO in O, [45]. For the purpose of
finding the SDR, the spatial derivative of the
mixture fraction is calculated using a simple
truncated first-order Taylor series. This results
in scattered values in areas of coarse grid reso-
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lution or unevenly spaced grid points. No at-
tempt was made to smooth the curves; the SDR
behavior was explored here for the purpose of
providing a general flame structure for compar-
ison. Figure 13 depicts the mixture fraction and
scalar dissipation rate profiles for the &5 = 1.6,
1.8, 2.0, 3.5, and pure diffusion flames. Tem-
perature profiles are shown, and vertical dashed
lines indicate the locations of the CH peaks.
The range of the ordinate axis of the pure diffu-
sion flame graph is larger than that used for the
partially premixed flame graphs. For ®; = 1.6,
SDR exhibits one peak at about 0.06 s™! near
the CO/Hy/air nonpremixed flame. For &5 = 1.8
and 2.0, a second peak appears in the SDR
curve. For &5 = 3.5 a strong double peak
structure is evident in the scalar dissipation rate,
with both peaks having values less than 0.10 s,
This double peak structure is in qualitative
agreement with scalar dissipation rate profiles
calculated by Drake and Blint for CO/H,/N,/air
counterflow pure diffusion flames with strain
rates on the order of 10 s™7, although the present
peak SDR of 0.06 s~ to 2.5 s~ ! is lower than the
4 s~ computed for their flames [42]. Figure 13
shows that the scalar dissipation rate peaks at
2.5s7! at an axial location of about 0.4 cm in the
low strain rate pure diffusion flame. Norton et al.
reported peak SDR values as high as 8 s™!
based on measurements performed in Wolfhard-
Parker diffusion flames [46].

In summary, above &5 = 2.5, the present
flame structure can be described as a CH,/air
premixed flame merged with a CO/H,/air non-
premixed flame. Below &, = 2.5, the two flame
zones are more physically separate, and the
CO/H,/air nonpremixed flame contains a small
region containing hydrocarbon concentration
peaks on its fuel-side edge. While there are
seemingly three characteristic combustion zones
in this flame, it is not a “triple flame,” in the
classic sense. This is because the flow velocity is
in a direction parallel to the mixture fraction
gradient. In contrast, the velocity of a triple
flame is perpendicular to the mixture fraction
gradient. It also is not a “double flame,” in the
classic sense, because for some operating con-
ditions there are two hydrocarbon concentra-
tion peaks. The present structure is best de-
<cribed as a special case of the partially

remixed double flame. Nishioka et al. [48]
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Fig. 13. Mixture fraction (Z) and estimated scalar dissipation
rate (SDR) along with temperature profiles for 5 = 1.6,
1.8, 2.0, and 3.5 flames, and for the pure diffusion flame.
Dashed lines mark CH concentration peak locations.

stated that the general type of flame (in their
case premixed, diffusion, and partially pre-
mixed) is the most important parameter for
determining NO behavior. The next section of
this paper describes how the unique structure
reported in this paper might affect NO forma-
tion.

NO Formation

Figure 14 depicts the net NO production rate
profiles for the ®5 = 1.6, 1.8, 2.0, 3.5, and
pure diffusion flames. Temperatures are shown,
and the locations of the CH radical concentra-
tion peaks are marked. The range of the ordi-
nate axis of the pure diffusion flame graph is
larger than that for the other flames. The
®d; = 1.6, 1.8, and 2.0 flames exhibit three
significant NO reaction zones apiece. These are:
(1) NO destruction beginning at the premixed
flame location and persisting in the region be-
tween the double CH concentration peaks, (2)
NO formation on the air side of the nonpre-
mixed flame CH peak, and (3) NO formation
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Fig. 14. Net NO production rate and temperature profiles
for &, = 1.6, 1.8, 2.0, and 3.5 flames, and for the pure
diffusion flame. Dashed lines mark CH concentration peak
locations.

near the nonpremixed flame temperature peak.
The ®; = 3.5 flame exhibits a wide NO
destruction zone on the fuel side of the CH
peak and two overlapping but individually dis-
tinguishable NO formation zones on the air
side. The pure diffusion flame contains a single
narrow NO destruction zone on the fuel side
and a single narrow NO formation zone on the
air side of the CH concentration peak, similar to
that measured in a Wolfhard-Parker coflow
burner [21] and predicted for counterflow
flames [28]. For each operating condition shown
in Fig. 14, the dividing point between the region
of NO destruction and the region(s) of NO
formation occurs at the location of its nonpre-
mixed flame CH peak. The small formation and
destruction zones near the air nozzle for all
flames at temperatures near 1200 K result from
the interconversion of NO with NO,; the exis-
tence of these zones is in qualitative agreement
with the calculations performed at higher strain
rates by Nishioka et al. [28].

A more detailed analysis reveals that the NO

destruction zones are caused primarily by reac-
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Fig. 15. Local NO production rates via three thermal reactions
{£), 13 rebum reactions of the type CH; + NO (), and 22
remaining reactions which include but are not limited to
Fenimore reactions (f), along with temperature profiles for
@y = 1.6, 1.8, 2.0, and 3.5 flames, and for the pure diffusion
flame. All curves computed using full N, chemistry. Dashed
lines mark CH concentration peak locations.

tions of NO with hydrocarbon fuel fragments
denoted by CH;(i = 0, 1, 2, and 3). These
reactions are commonly called “reburn” reac-
tions [21, 30]. Figure 15 shows the results of the
more detailed analysis. Temperature profiles
are shown, CH peak locations are indicated,
and the range of the ordinate axis is larger for
the pure diffusion flame than for the other
flames. In the figure, the curve marked ¢ repre-
sents the contribution of the thermal NO mech-
anism, and is the net sum of the reaction rates,
during the full calculation, from GRI-Mech 2.11
reactions numbered 178 to 180. The curve
marked r represents the reburn reactions, and is
the sum of the reaction rates of the 13 CH; +
NO reactions (GRI-Mech 2.11 numbers 244 to
256). The curve marked f is the sum of the
kinetic rates of the 22 additional reactions in-
volving NO that are included in GRI-Mech
2.11. These reactions include but are not limited
to the Fenimore mechanism, the N,O mecha-
nism (GRI-Mech reaction numbers 182, 199,



LOW STRAIN RATE PARTIALLY PREMIXED FLAMES 561

and 228), and the reactions that involve the
interchange between NO and NO, (GRI-Mech
reaction numbers 186 to 189). Strictly isolating
the contribution of the Fenimore reactions
(sometimes called “prompt”) to NO formation
is difficult because Fenimore initiation reactions
form intermediate species (N, HCN, etc.) which
can participate in the thermal and in other
reaction pathways. Since the NO mechanisms
share common species and thus affect each
other, no attempt is made in the present work to
assign percentages to the relative contributions
of each one to the total amount of NO formed.
The far more interesting result here is the
spatial distribution of the NO reaction rates and
the regions where the different NO mechanisms
come to bear.

Several interesting points can be made about
Fig. 15. First, as previously stated, the NO
destruction zones are caused by CH; + NO
reburn reactions. The reburn species leading to
the most rapid NO consumption is CH,, in
agreement with the findings of Dupont et al. [29].
The reburn zones are significant because of
their physical location; NO is produced in the
formation zone(s) and is transported into the
physically separate destruction zone before it is
consumed. The second interesting feature of
Fig. 15 is that the NO formation zone near the
nonpremixed flame CH peak in the partially
premixed flames is contributed to by both the
thermal mechanism and by the reaction set
which includes the Fenimore mechanism. The
temperatures at the reaction rate peak in this
zone are 2000 K in the @z = 1.6 flame, 2024 K in
the @5 = 1.8 flame, 2028 K in the &, = 2.0 flame,
2035 K in the &5 = 3.5 flame, and 1986 K in
the pure diffusion flame. All of these tempera-
tures are above the 1800 K minimum usually
estimated as the limit for thermal NO forma-
tion. Thus, the fact that the temperature is
above the threshold for thermal NO formation
does not mean that NO formation is dominated
by the thermal mechanism. The final point
worth noting is that there are NO destruction
features in the ®p = 2.0, 3.5, and pure
diffusion flames which are caused by the reac-
tions that include the Fenimore mechanism. A
thorough analysis revealed that these negative
NO reaction rates result almost entirely from
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Fig. 16. Path-integrated NO formation and consumption
rates for low strain rate partially premixed flames with
¢, = 1.6-4.0. A vertical line marks the transition from
double CH peak behavior to single CH peak behavior.

consumption of NO by reaction number 274 in
GRI-Mech 2.11:

HCCO + NO & HCNO + CO (19)

This reaction was termed the “initiation reac-
tion of the HCN recycle route” for NO by
Nishioka et al. [48].

The present flame structure is intriguing be-
cause it implies that the reburn NO consump-
tion zone can be narrowed or broadened
through control of the fluid mechanic strain rate
and the amount of air mixed in with the fuel.
From a practical standpoint, if one could phys-
ically increase the separation distance between
the NO formation and destruction zones and
broaden the destruction zone to increase its
influence, NO could be formed in one portion
of a flame and then transported into the de-
struction zone as a way to abate Fenimore NO.
This proves to be an overly optimistic goal,
however, because moving and broadening the
CH; + NO destruction zone does not necessar-
ily increase its influence on the net amount of
NO formed in the flame. This point is demon-
strated in Fig. 16, which depicts the integrated
net NO formation and consumption rates for
the present flames. Regardless of the number of
CH radical peaks or the location or width of the
NO destruction zone, the net formation rate is
higher than the net consumption rate for every
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partially premixed flame. Figure 17 shows the
ratio of the net integrated NO consumption rate
to the net integrated NO formation rate as a
function of fuel-side equivalence ratio. There is no
obvious change in the curve of Fig. 17 at &5 = 2.5,
so the flame structure change does not strongly
affect the relative importance of the NO de-
struction reactions. The figure demonstrates
that the importance of NO destruction relative
to NO formation increases with increasing fuel-
side equivalence ratio. In fact, NO destruction is
more important for the pure diffusion flame
than for the partially premixed flames.

The use of the term “reburn” to describe
CH; + NO reactions is borrowed from the
practical NO abatement technology known as
“reburn” or “fuel-staging” used to achieve
50-70% NO reduction in full-scale furnaces
and boilers [49-51]. In this strategy, the fuel and
air burn in a slightly fuel-lean primary zone,
followed by a rich reburn zone where extra fuel
(typically natural gas) is injected, and then enter
a burnout zone where additional air is injected.
In the burnout zone, most of the NO, HCN, and
NH; are converted to N, in a low-temperature
reaction. The temperature in the burnout zone
must be kept at or slightly below 1200 K in order
to effectively convert the fixed nitrogen species
to molecular N, [50]. In contrast, in a flame, the
low-temperature bwrnout zone may not exist.
The fixed nitrogen species (e.g., HCN) in the

( . .
) )L integrated NO formation rate as a
function of fuel-side equivalence

ratio.

40

present laminar flames are transported into a
high-temperature region where they are likely
to recycle into NO. Thus, an NO abatement
strategy would not only involve physically sepa-
rating the consumption and formation zones in
the flame; it would also involve forcing the
intermediates formed by the consumption reac-
tions to progress toward N, rather than the
preferred NO at high temperatures. Inducing
the latter behavior becomes the challenge.
Because of the fact that the CH, + NO
reactions form intermediate chemical species
that are likely to form NO again, some research-
ers have chosen to define the “reburn” reactions
as ones that consume NO and directly terminate
into molecular N, such as NH; + NO (i = 0, 1,
and 2) [52]. _
Figure 18 shows the net NO, formation rate,
the net CH, consumption rate, and the calcu-
lated EINO,, which is the ratio of the first two
terms, as a function of fuel-side equivalence
ratio. The curves of Fig. 18 experience a change
in slope at the point where the CH radicals
switch from double to single peaks. The change
in slope of the CH, consumption rate curve at
®p = 2.5 indicates a change in the flame
structure, while the change in slope of the net
NO, formation rate curve indicates a corre-
sponding change in the NO, formation behav-
ior. However, as previously shown in this paper,
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Fig. 18. Net NO, (NO + NO,) formation rate, net CH,
consumption rate, and NO, emission index for low strain
rate partially premixed flames with &5 = 1.6-3.5. Vertical
lines mark the transition from double CH peak behavior to
single CH peak behavior.

the change in the NO, behavior is not necessar-
ily caused by NO destruction reactions.

The EINO, results range between 2.2 g/kg
and 2.5 g/kg of fuel, and are higher than the
values measured for coflow partially premixed
flames (0.8 g/kg to 2.0 g/kg fuel) [14, 15] and
those computed for counterflow partially pre-
mixed flames (0.5 g/kg to 1.0 g/kg fuel) [28)]. The
higher EINO, for the present lower strain rate
flames is consistent with previous findings that
total EINO, becomes larger as strain rate is
lowered [28]. Although not shown in the figure,
the EINO, for the pure diffusion flame is about
1.6 g/kg of CH, burned, which is consistent with
the importance of destruction reactions in this
flame reported earlier in this paper. Figure 18
shows that the present flames exhibit a local
EINO, maximum at &5 = 2.5, in contrast to

the exhaust EINO, minimum measured at
about @5 = 2.0 in laminar and turbulent coflow
partially premixed flames [14-16]. These two
results do not necessarily contradict each other
since the present emission indices are spatially
integrated quantities for counterflow flames
with low strain rates, while the experimental
emission indices are global exhaust measure-
ments for coflow flames which exhibit a range of
low to high strain rates. The EINO, computa-
tions for counterflow flames depend strongly on
the fuel bypass behavior, while the assumption
is made that all fuel is completely burned in a
coflow flame. This comparison draws attention
to the difficulty of interpreting EINO, data
from counterflow flames where bypass flows
of fuel (CH,) and intermediates (CO, H,,
etc.) escape before combustion is complete.
For this reason, emission index results from
the two types of flames must be compared
cautiously.

COMPARISON WITH PAST STUDIES AND
FURTHER DISCUSSION

The double CH radical peaks of the present study
agree qualitatively with those in large-domain, low
strain rate flames reported by Dupont et al. [29].
These authors found double CH peaks when the
strain rate, calculated as the eigenvalue of the
problem [26], was varied between 10 s™! and
20 s™*. They found the double peaks using the
GRI-Mech 2.11 mechanism and using the
Miller-Bowman mechanism [30]. Thus, the
unique low strain rate partially premixed flame
structure has been computed (1) in flames with
different physical mechanisms used to create
low strain, and (2) with different chemical
mechanisms.

It is useful to compare the results of the present
study with those from Nishioka et al. [28]. Their
higher strain rate flames (u = 16 cm/s, &5 = 1.5
to infinity) exhibited (1) an NO destruction
zone on the reactant side of the CH,/air pre-
mixed flame, (2) an NO formation zone on the
air side of the CH,/air premixed flame, and (3)
an NO formation zone near the CO/H,/air
nonpremixed flame temperature peak. Their
lowest strain rate flame (5 cm/s nozzle exit
velocity, &5 = 1.80) exhibited these same
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zones, except that zone (1) was physically
broadened relative to the high strain rate cases.
The present partially premixed flames exhibit
the same basic NO reaction zones, except the
locations of the zones change when there are
two CH peaks. The flames with double CH
peaks exhibit (1) an NO destruction zone which
begins on the reactant side of the CH,/air pre-
mixed flame and persists throughout the broad
region between the two CH peaks, (2) an NO
formation zone on the air side of the CO/H,/air
nonpremixed flame CH peak, and (3) an NO
formation zone near the CO/H,/air nonpre-
mixed flame temperature peak. Thus, the re-
sults of the present study agree qualitatively
with the broadening of the NO destruction zone
at lower strain rates found by Nishioka et al.
To the authors’ knowledge, this intriguing
calculated flame structure has not been identi-
fied experimentally in any laboratory flames. It
would be interesting if the existence of double
CH peaks could be confirmed experimentally.
Modern methods such as LIF can be used to
effectively locate double CH radical peaks if
they indeed exist in laboratory flames. It is
recognized that stabilizing low strain rate coun-
terflow flames by imposing radial velocity gra-
dients at the nozzles presents an experimental
challenge. Chelliah et al. stated that radial
velocity components were present at the fuel
nozzle for pure diffusion flames established on
small burners, while flames established on large
burners resulted in plug flow [39]. Thus, varying
the size of the counterflow burner may be a way
to obtain radial velocity gradients at the fuel
and air nozzles and thus achieve low strain
rates. Increasing the nozzle separation distance
is another way to establish low strain rate coun-
terflow flames. It should be noted that the
present analysis neglects the body force associ-
ated with gravity and the effects of gas phase
radiation heat transfer. The effects of buoyancy
and radiation could make stabilizing low strain
rate counterflow flames in the laboratory very
challenging. An alternative environment which
may include double CH concentration peaks is
the partially premixed cofiow jet flame. At least
one previous study reported detailed species
measurements in these coflow flames obtained
using laser diagnostics, but CH radical was not
measured [43]. Heberle et al. performed non-

L. G. BLEVINS AND J. P. GORE

quantitative measurements of CH using LIF in
these types of flames but did not report double
peaks [53]. If this unique structure were found
in coflow jet flames, the unusual EINO, behav-
ior of these flames reported in Refs. 14-17
might become better understood.

SUMMARY AND CONCLUSIONS

Partially premixed flames with low strain rates
were stabilized computationally using the Opp-
dif counterflow flame code with radial velocity
gradients imposed at the fuel and air nozzles.
Under these conditions, a unique flame struc-
ture which affects NO formation and destruc-
tion exists. Above ®5 = 2.5, the present flame
structure is described as a CH,/air premixed
flame merged with a CO/H,/air nonpremixed
flame. Below &, = 2.5, the two flame zones
exist on opposite sides of the stagnation plane,
and the CO/H,/air nonpremixed flame is char-
acterized by hydrocarbon concentration peaks
on its fuel-side edge. Thus, the flames with &g
below 2.5 contain two CH radical concentration
peaks, one at the location of the CH,/air pre-
mixed flame and one at the fuel-side edge of the
CO/H,/air nonpremixed flame. The CH, and
CH,, species also exhibit double peaked behav-
ior. One of the double hydrocarbon concentra-
tion peaks “belongs” to the CH,/air premixed
flame, while the other “belongs” to the CO/H,,/
air nonpremixed flame. This flame structure
exists because CH,, CH;, and CH, survive the
CH/air premixed flame and react at the edge of
the oxygen consumption zone associated with
the CO/H,/air nonpremixed flame.

There are several significant findings of the
present study concerning NO behavior in low
strain rate counterflow flames which exhibit the
structure described in this paper. First, in the
flames with two CH concentration peaks, NO is
produced in one or more formation zones, and
then transported into a destruction zone which
overlaps only partially with the formation zone.
Here, the NO is consumed by CH; + NO
reactions and by the HCCO + NO reaction. Of
the CH; species, CH, consumes NO most rap-
idly. The flames with double CH peaks exhibit
(1) an NO destruction zone which begins on the
reactant side of the CH/air premixed flame and

»n
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persists throughout the broad region between
the two CH peaks, (2) an NO formation zone on
the air side of the CO/H,/air nonpremixed
flame CH peak, and (3) an NO formation zone
near the CO/H,/air nonpremixed flame temper-
ature peak. Even though there is a change in the
flame structure at @5 = 2.5 which affects the
character of the CH, + NO reburn zones, there
is no noticeable change in the importance of
NO destruction reactions relative to formation
reactions at this equivalence ratio. In fact, the
importance of NO destruction relative to NO
“formation increases uniformly as &, increases.
Finally, the fuel-side equivalence ratio is the
most important indicator of how much NO is
destroyed relative to how much is formed in low
strain rate partially premixed flames, and NO
destruction reactions are more important in
pure diffusion flames than in partially premixed
flames for low strain rate conditions.

It is likely that a flame with multiple strain
rates, such as a coflow partially premixed jet
flame, will exhibit regions in which the NO
formation is similar to that computed for high
strain rate flames in Refs. 28 and 31 and regions
in which the NO formation is similar to that
computed for low strain rate flames in the
present study. The net effect of this complex
strain rate environment is the global exhaust
EINO, minimum reported in Refs. 14-16. To
the authors’ knowledge, the present computed
low strain rate flame structure has not been
identified experimentally, which is probably a
result of the difficulty of stabilizing low strain
rate flames. The discovery of this structure in
laboratory flames might provide insight into the
unusual EINO, behavior of partially premixed
flames. It is hoped that the present results will
provide motivation for future researchers to
search for this structure in laboratory flames.
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