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Effects of Unmixedness in Piloted-Lean Premixed
Gas-Turbine Combustors

J. C. Barnes* and A. M. Mellort
Vanderbilt University, Nashville, Tennessee 37235

The characteristic time model (CTM) represents the dominant physical processes related to combustor
performance in terms of characteristic times. Properly formulated, these characteristic times will correlate
effects of variations in combustor geometry, fuel characteristics, and operating conditions. Here, a CTM
for NOX emissions is used to investigate the sensitivity of NO formation in piloted-lean premixed com-
bustor to fuel/air unmixedness. The CTM analysis presented here also suggests an experimental method
of evaluating premixed performance under fired conditions that is discussed in a companion paper.

Nomenclature
C, c = time mean fuel mole fraction measured at a point

in the premixer exit plane
Cav = fuel mole fraction computed assuming perfect

premixing of the main fuel and airflows
CO = carbon monoxide
dcb = diameter of the centerbody, m
f / a | st = stoichiometric molar fuel to air ratio
/lip = ignition perimeter, total circumference for

flameholding at premixer exit plane, m
/no = characteristic length for thermal NO formation,

m
m = slope of a linear equation
ma = total combustor airflow rate, kg/s
mat<t>=i = effective airflow to the pilot flame in the primary

zone, kg/s
NO = nitric oxide
NOA = oxides of nitrogen, NO and NO2
NO^EI = oxides of nitrogen emissions index, g NO2/kg

fuel
NO2 = nitrogen dioxide
n = pressure exponent
p - pressure, atm
r — correlation coefficient
s = standard deviation in equivalence ratio about <£m

divided by <pm
T = temperature, K
rin = inlet temperature of combustor airflow, K
T^m = adiabatic flame temperature at the main

equivalence ratio (<£m), K
7^=1 = adiabatic stoichiometric flame temperature, K

= cold-flow velocity of the fuel/air mixture at
flameholder/premixer exit, m/s

Vref = reference velocity, velocity computed based on
rha* An> 71n» and the maximum combustor
diameter, m/s

V^=i = stoichiometric flame zone velocity, m/s
yfjn = mass fraction of total fuel flow to main injector
6 = swirl angle

lip
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p - density, kg/m3

crc = standard deviation in fuel concentration about Cav
(7y = standard deviation of the y values for the

observed x values
(7$ = standard deviation in equivalence ratio about (f>m
rno = characteristic kinetic time for thermal NO

formation, ms
rres = combustor residence time based on reference

velocity, ms
T*/,no = characteristic fluid time for thermal NO

formation, ms
Trf.mo = characteristic fluid time for total NO formation,

ms
rrno = characteristic kinetic time for total NO

formation, ms
4> = overall combustor equivalence ratio based on

total air and fuel flow rates
<£eddy = local equivalence ratio of a single eddy
(j)m = equivalence ratio computed assuming perfect

premixing of the main fuel and airflow
^(</>eddy) = probability density function corresponding to a

time-averaged spatial distribution in equivalence
ratio in a lean-premixed flame

Subscripts
a = air
eddy = single reacting eddy
/ = fuel
in = inlet value
m = flow through the main injector, i.e., the premixer
<p < 1 = lean premixed flame
</> = 1 = pilot diffusion flame

Introduction

L EAN-PREMIXED (LP) combustion is a technique for
pollutant emissions control that is seeing increased appli-

cation in gas turbines as an alternative to conventional, diffu-
sion flame combustion. The LP combustor is distinctly differ-
ent from the diffusion-flame combustor in that a significant
portion of the combustor air is mixed with fuel upstream of
the primary zone. In the low-emissions mode, a combustor of
this type ideally produces a homogeneous lean fuel and air
mixture and thereby eliminates the stoichiometric eddies found
in conventional, diffusion flame combustors. Premixing thus
allows for greater control of local equivalence ratios so that
Zeldovich NO (also called thermal NO), which becomes sig-
nificant at temperatures greater than approximately 1800 K,
can be minimized. Similarly, by maintaining sufficient com-
bustor residence times at temperatures between 1300 and 1700
K, final CO levels are negligible if local quenching is avoided.
However, the fuel and air are not usually perfectly premixed
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Fig. 1 Schematic of a generic piloted-LP combustor operating in the piloted-LP mode. The pilot fuel burns with the hot, vitiated products
of the main flame in stoichiometric proportions.

in LP combustors. Therefore, emissions from LP combustors
are not as low as perfectly premixed flameholder results doc-
umented in the literature indicate they could be.

To investigate NO formation in advanced gas-turbine com-
bustors, Barnes et al.1 collected experimental data from an in-
dustrial, natural gas-fired, can combustor rig. This combustor
is referred to here as "combustor A" and operates in a stable,
low-emissions mode at full power. However, a pilot (diffusion)
flame is required to maintain combustion at low load condi-
tions. Thus, combustor A is termed a piloted-LP combustor.
A schematic of a generic piloted-LP combustor is shown in
Fig. 1.

In the combustor A tests, independent variations of equiva-
lence ratio, inlet pressure (8-14 atm), inlet temperature
(550-750 K), and residence time (13 and 23 ms) were per-
formed. Barnes et al. used these data to develop a preliminary
characteristic time model (CTM) for NOA emissions from pi-
loted-LP combustors. The CTM for gas-turbine combustor
emissions assigns characteristic times, which are based on
combustor geometry, fuel characteristics, and operating con-
ditions, to the dominant processes of combustion related to
performance and pollutant emissions. Linear ratios of these
characteristic times, or of sums of the times weighted with
empirical constants, describe the emissions index of NO*.
Here, after a brief summary of the piloted-LP NOY CTM, the
model is used to investigate the sensitivity of NO formation
in piloted-LP combustors to fuel/air unmixedness, of necessity
measured under cold-flow conditions. Barnes and Mellor2 dis-
cuss some of the difficulties associated with measurements
during combustor firing and suggest an alternate method based
on exhaust plane determinations of CO emissions.

Characteristic Time Model for Piloted-Lean
Premixed NO* Emissions

The NOA model for a staged (piloted-LP) combustor must
include terms that account for NO formed in both the LP and
pilot diffusion flames. In applying the CTM to the pilot flame,
it is assumed, following Tuttle et al.,3 that diffusion flame NOX
emissions index (g NO2/kg fuel) is proportional to a Damkb'h-
ler number (the ratio of a fluid mechanic time to a chemical
kinetic time):

=1 = 4.41(1 - yf,ln)(Tsl,no/Tno) ± 1.02 (1)

Here, TsltDO is the characteristic fluid mechanic time for stoi-
chiometric eddy dissipation and rno is the characteristic kinetic
time for thermal NO formation, both in the postflame region.
The subscript 0 = 1 denotes the pilot diffusion flame, and the
correlation slope and standard deviation are from Newburry
and Mellor.4 The mass fraction of the total combustor fuel flow
to the pilot flame (1 — >>/,,„) is included to account for the fact

that the number of stoichiometric eddies varies with the mass
flow of fuel to the pilot flame.

Tuttle et al.3 defined the kinetic time as

rno = 10~12 exp(67,976/7V=1) (2)

where the pre-exponential factor, in milliseconds, is selected
such that the characteristic time ratio in Eq. (1) is on the order
of unity. The global activation temperature (67,976 K) for dif-
fusion flame NO formation was deduced empirically from Ar-
rhenius graphs and, following Tuttle et al.,5 the appropriate
temperature associated with the NO-forming eddies is the stoi-
chiometric adiabatic flame temperature, also denoted by sub-
script 0=1 . Note that in a piloted-LP combustor having the
configuration shown in Fig. 1 and operating with both pilot
and main fired, the former is supplied with hot, vitiated air
from the LP flame. Therefore, the stoichiometric flame tem-
perature must be modified to account for inlet air vitiation and
preheating effects.

The characteristic fluid mechanic time is defined as6

Trf.no = (3)

where the stoichiometric flame zone velocity is used to esti-
mate the velocity of stoichiometric eddies convecting through
the combustor

The ratio of airflow rates accounts for the mass fraction of
combustor airflow that accelerates the stoichiometric eddies
through the primary zone,6 and Vref is the combustor reference
velocity based on combustor cross-sectional area.

For the pilot flame in combustor A, the length scale asso-
ciated with thermal NO formation was defined by Barnes et
al.1 as

Co1 = Web/cos 0)-' + d~b
l (5)

This modification of Mellor and Washam's /no accounts for the
dcb determining the radial and axial extent of the centerline
recirculation zone; the cosine of the swirl angle 0 models the
augmentation of streamline lengths through the combustor pri-
mary zone caused by swirl.6 The mass flow ratio in Eq. (4)
was then arbitrarily set equal to 0.25 for combustor A so that
the slope in Eq. (1) applies to the pilot in this preliminary
model.

Subsequent analysis of the flow in combustor A has been
performed by Hamer and Robyi using STAR-CD. Reacting

$Hamer, A. J., and Roby, R. J., Hughes Associates, Inc., Personal
Communication, 1995 and 1996.
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flow was simulated using a three-step methane mechanism pro-
vided by Nicol and Malte§ and a somewhat coarse mesh. Four
cases were considered in which yfjm was varied first, from 1.0
to 0.5, and for the latter fuel split overall <£ and combustor
pressure were then changed independently. The air s wirier in
the premixing passage, not shown in Fig. 1, was also modeled.

Results indicate that the flow pattern suggested by Fig. 1,
Eq. (5), and the corresponding mass flow ratio of 0.25 are
incorrect. The swirl at the exit of the premixing passage is
sufficiently strong that for yftm =1.0 the recirculation pattern
fills the primary zone (as in a conventional combustor). As
yfjn is decreased to 0.5, a strong pilot jet flows along the com-
bustor axis and disrupts the recirculation zone. An annular
double-vortex pattern results, as found for flows without swirl
by Lightman and Magill7 and Roquemore and Britton.8 The
flow from the premixing passage follows the outer shear layer
surrounding the recirculation zone, but the entrainment of pre-
mixer effluent is predicted to decrease by a factor of approx-
imately 3 when yfjn equals 0.5 based on computed tracer gas
concentration contours.

These observations will require modification of Eq. (5). The
STAR—CD estimates of mass flow will be compared with those
resulting from the methodology of Mellor and Washam,6 as
will the length scale associated with pilot NO formation. How-
ever, it is anticipated that any resulting change in the slope of
4.41 in Eq. (1) will be negligible; therefore, in the following
text the preliminary model of Barnes et al.1 will be utilized.

This model demonstrates that when combustor A operates
in the piloted-LP mode, thermal NO production in stoichio-
metric eddies originating in the pilot flame region comprises
the dominant fraction of total NO production for yftin less than
approximately 0.70. Barnes et al. correlated pilot-dominated
combustor A NOA. data with a standard deviation of approxi-
mately ±11 ppmvd (parts per million by volume, dry), 15%
02.

The following global expression was assumed for the LP
flame:

where m is a best-fit slope based on regression analysis. The
appropriate fluid mechanic time (r^mo) is computed following
Magruder et al.9

rsl,mo = (7)

In Eq. (7) Vlip is the axial cold-flow velocity of the fuel/air
mixture at the flameholder/premixer exit plane, and /lip is the
ignition perimeter, defined as the total circumferential length
around the open fuel/airflow path through the flameholder exit
plane (/lip characterizes the anchored flame base length at the
flameholder lip that is one factor that determines the surface
area of the LP flame; Vlip characterizes the velocity of the fuel/
air mixture through the LP flame zone).

Following Nicol10 the chemical kinetic time for LP NO for-
mation (Tmo) is (again in milliseconds)

r,no = H '/7*

(8)

where A through / are empirical constants. The appropriate
constants for Eqs. (6) and (8) can be computed by performing
multiple variable regression analysis for a given set of LP NOA
data. Barnes et al.1 correlated the combustor A NOX data for
which yfjm was one, i.e., the pure LP data, with either Eq. (8)
or a similar equation with D = G = I = 0 and obtained a
standard deviation of ±6 ppmvd, 15% O2. Barnes11 found the

§Nicol, D. G., and Malte, P. C., University of Washington, Personal
Communication to R. J. Roby, Hughes Associates, Inc., 1996.
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Fig. 2 Total NO* prediction vs 1 — yfjn for unmixedness param-
eter s = 0 using Eq. (9). The individual pilot and LP NO compo-
nents in Eq. (9) are shown for the s = 0 case. Total NO,, predictions
for s > 0 use Eq. (18). Experimental data1 are shown for the same
combustor operating conditions.

slope in Eq. (6) to be 4.43. Omitting Eq. (7) from the corre-
lation significantly increased the standard deviation.

Equations (1) and (6) are summed to model the combustor
A piloted-LP NOV emissions12

NO.EI = 4.41(1 - ^ + 4.43^ ^2£ (9)
Tno T,no

The standard deviations of the pilot NOA and the LP NO^.
model were noted in the previous text. The standard deviation
associated with the piloted-LP model is a function of y/m, i.e.,
the relative magnitudes of the modes of NO production

r} = [(1 - + (10)

Figure 2 shows the model prediction of total NO.YEI as a
function of (1 — y/>); the curves with unmixedness parameter
5- * 0 will be discussed later. Note that a nonlinear trend in the
data near yfjn = 1 is predicted by the fuel-mass-fraction-
weighted sum of the pilot and LP NOV correlations and is con-
sistent with that in the Barnes et al.1 experimental data. The
exponential decrease in LP flame NO with a linear increase in
pilot flame NO may yield, over a certain range of y/>m, a net
decrease in total NO.

In Eq. (9) it is assumed that the total amount of pilot
NO forms through the thermal mechanism at a rate that is a
function of the stoichiometric flame temperature. The consis-
tency of the results of Newburry and Mellor4 and Mellor and
Washam6 supports this assumption. However, with respect to
the LP NO component in Eq. (9), it is likely that spatial and
temporal concentration gradients (unmixedness) in the fuel/air
mixture at the premixer exit lead to a distribution in LP NO
formation rates. Nevertheless, for the preliminary model dis-
cussed earlier, unmixedness was ignored. Barnes et al.1 cor-
related all of the combustor A NOV data using Eq. (9), as shown
in Fig. 3, with a standard deviation of ±11 ppmvd, 15% O2.

Effect of Unmixedness on Lean Premixed
NO* Emissions

Razdan et al.13 measured the performance of two premixer
configurations. In configuration 1, fuel flows through oval-
shaped fuel tubes that project radially inward from the fuel
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Fig. 4 Comparison of NO* emissions using two premixer config-
urations. Results indicate a significant increase in NO.X. emissions
using configuration 1, which has the higher fuel/air standard de-
viation. Burner outlet temperature (BOT), was calculated from
the measured fuel and airflow rates.13

manifold. Fuel is distributed into the premixer air through six
small holes in each fuel tube. The fuel and air then flow
through a curved vane axial swirler. Configuration 2 was de-
signed to improve upon the mixing characteristics of config-
uration 1. The axial swirler has 12 hollow airfoil-shaped vanes
through which fuel is distributed to small holes on each vane's
leading edge. The number of fuel injection holes was increased
over that in configuration 1 to approximately 12 on each vane.

Both premixer configurations were tested in an atmospheric
pressure, cold-flow rig. In these tests a tracer gas consisting of
a known mixture of natural gas and air was injected through
the fuel holes, and local samples of fuel/air mixture were col-
lected with a traversing probe. The measured local mole frac-
tion, C, of tracer gas was normalized by the mole fraction
computed assuming perfect premixing of the total metered
fuel/airflow through the premixer cup, Cav. Measurements were
made at various radii and azimuthal positions in the premixer
exit plane. The standard deviation in the fuel/air measurements
for configuration 1 was about 12% of Cav, whereas for config-

Fig. 5 For c, the time-averaged fuel concentration computed at
each point in the premixer exit plane, and £>cf the diameter of the
coflow, example PDFs obtained at increasing radii (z) are shown.
The fuel concentration assuming perfect premixing of the mean
fuel and airflow rates is 0.05.16

uration 2 it was about 5.5% of Cav (perfect premixing would
correspond to a standard deviation of zero). Razdan et al.13

indicate significant discrepancies between the NOA levels from
the two configurations as shown in Fig. 4. As expected, the
increase in NOV between the two configurations correlates with
the corresponding increase in unmixedness.

Fric14 used the NO2 LIF technique of Gulati and Warren15

to measure cold-flow fuel/air mixing at atmospheric pressure.
The combustor is located inside a suction wind tunnel. The
fuel and air are supplied axially through concentric jets up-
stream of the flameholder. The premixer and combustor sec-
tions were made of quartz to allow optical access to the flame.
As in the Razdan et al. tests, mixedness measurements were
made under cold-flow conditions and later compared to rela-
tive changes in NOA emissions observed under fired conditions.
Mixedness was varied by changing the distance from the jet
exit to the flameholder and/or by diverting some air from the
coflow to the fuel jet (where all air to the coflow and all fuel
to the jet would yield the highest unmixedness at the exit plane
of the premixer for a given jet origin). LIF measurements
along lines of constant vertical height were sampled at a rate
of approximately 20 kHz; thus, spatial and temporal variations
in local fuel/air concentration can be measured.

Consistent with the findings of Razdan et al., Fric shows
significant increases in NOA because of spatial unmixedness
(on the order of 200% and greater). Also, by holding the time-
mean local fuel concentration constant and varying the rms
concentration, Fric was able to demonstrate that temporal un-
mixedness of 10% yields NOA increases on the order of 100%.
Finally, Fric computed fuel concentration probability density
functions (PDFs) like those shown in Fig. 5 for each vertical
height, z, in each of his test cases.

Model Modified to Account for Unmixedness Effects
If the main fuel and air mixture is not homogeneous, then

a distribution of equivalence ratios exists in the LP flame (Fig.
5). Following Mikus and Heywood16 and Fletcher and Hey-
wood,17 it is assumed that this equivalence ratio distribution is
Gaussian and is centered about the equivalence ratio computed
assuming perfect premixing of the main fuel and air. Therefore,
the form of the PDF for eddies in the LP flame, for time-av-
eraged standard deviation in equivalence ratio, denoted cr^ is

i exp dy ~ <fe,.)21

M J (i i)

A standard deviation of zero corresponds to the perfectly pre-
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mixed case in which all eddies in the LP flame burn with an
equivalence ratio equal to the mean.

Alternatively unmixedness can be expressed as a fraction of
the equivalence ratio computed assuming perfect premixing.
Following Mikus and Heywood this parameter is defined as
follows:

4—1

s =

Using Eq. (12) in Eq. (11) one has

exp

(12)

(13)

A graph of ^((fcddy) for s equal to 0.2 and </>,„ to 0.6 is shown
in Fig. 6. It is noted that individual eddy equivalence ratios
(0eddy) that are greater than the mean lead to increased NOA.
emissions via the exponential decrease in the NO formation
time with increasing eddy flame temperature [Eq. (8)].

Before qualitative comparisons can be made between Eqs.
(11) and (13) and experimental data, however, a subtle differ-
ence between unmixedness measurements and the preceding
unmixedness model should be pointed out. Unmixedness is
deduced from local fuel concentration measurements taken in
the unburned fuel/air mixture upstream of the LP flame. These
local measurements are usually reported in terms of C. The
magnitude of the standard deviation in the local fuel mole
fraction (crc) with respect to the fuel mole fraction computed
assuming perfect premixing of the main fuel and air, Cav, is a
common definition of unmixedness, as discussed previously.
Equation (12) is based on this concept; however, Eq. (12) is
written in terms of the equivalence ratio computed assuming
perfect premixing and the standard deviation in local equiva-
lence ratio.

The conversion between fuel mass fraction and equivalence
ratio in a premixed, nonreacting fuel/air mixture is

(14)

Expanding the right-hand side of Eq. (14) in a power series
and ignoring nonlinear terms one has for </> « 1

(15)

Because reasonable agreement between Eqs. (14) and (15) can
be expected only for very lean combustor equivalence ratios,
and not the region of interest (</> = 0.5-0.6), direct comparisons
between the </> PDF model and measurements must be treated
with caution, particularly if a large fraction of local equiva-
lence ratios much greater than one exists in the sampling re-
gion, e.g., near the fuel injector, far upstream of the premixer
exit plane. Nevertheless, using Eq. (15)

o-c/(f/a\st)

and thus

(16)

(17)

By Eq. (17) standard deviations based on crc and Cav are only
approximately equal to s.

Comparisons between the unmixedness model and experi-
mental measurements can now be made to address the validity
of the Gaussian equivalence ratio PDF used in Eqs. (11) and
(13). For example, a histogram of the local fuel concentration
measurements of Razdan et al.13 can be fit as Gaussian, with
r of the best-fit 0.97. The high correlation coefficient indicates
that the Gaussian distribution function is an appropriate as-
sumption for the mole fraction data of Razdan et al. As noted
earlier, because the distribution in mole fraction is approxi-

Eddies with § > $m lead
to increased NOX

emissions

0.00

Fig. 6 Graph of Eq. (13) with </>OT = 0.6 and s = 0.20.

mately Gaussian, the distribution in equivalence ratio is Gauss-
ian as well.

The fuel/air mole fraction PDFs reported by Fric14 (see Fig.
5) appear to be Gaussian also. However, note that because Eq.
(13) characterizes equivalence ratio distribution at a given ax-
ial station, it is the distribution associated with the entire en-
semble of measurements shown in Fig. 5 that should be com-
pared to Eq. (13). Such results were not reported by Fric.
However, Mongia et al.18 report Gaussian fuel mole fraction
PDFs for various axial planes in a coaxial premixer that is
similar to that used by Fric.

Finally, the assumed Gaussian PDF can be compared to the
computed fuel/air mixing results,:): where STAR-CD was also
used to investigate fuel/air mixing downstream of the fuel in-
jector designed for the tests discussed by McDonald and Mel-
lor.19 Fuel travels through a single center manifold and is dis-
tributed through holes angled 45 deg upstream in each of the
fuel pegs. Airflow is unswirled and perpendicular to the fuel
spokes. Based on the experimental unmixedness results dis-
cussed earlier, one would expect time-averaged PDFs in equiv-
alence ratio to become more Gaussian with increasing down-
stream distance. Gaussian best-fits of the equivalence ratio
histograms for axial stations two and four pipe diameters
downstream of the premixer are shown in Fig. 7. As indicated
by the low correlation coefficients, the agreement between the
Gaussian best-fit and the predicted equivalence ratio distribu-
tion is poor, although improving with downstream distance.
However, note that discrepancies between experimental mea-
surements and computational fluid dynamics (CFD) predic-
tions of unmixedness were reported by Hautman and co-work-
ers,20'21 and Snyder et al.22 Specifically, Hautman and co-
workers found that CFD overpredicted the observed mixing
rate in their studies, so that local values of s deduced from
CFD, as in Fig. 7, should be considered too low.

Applying Eq. (13) to Eq. (9) one has

NO,EI|, = 4.41(1 -y/>m)- - + 4.43^I"Jo
(18)

The integrand represents NO formation in an individual eddy
in the LP flame with an equivalence ratio of c/>eddy. Equation
(18) reduces to Eq. (9) as s approaches zero. The lower inte-
gration limit is selected to match the lower limit of equivalence
ratio, and for nominal combustor operating conditions, the up-
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Fig. 7 Gaussian best-fit to the predicted equivalence ratio dis-
tribution at two and four premixer diameters downstream.

per integration limit of 1.4 is sufficient to capture more than
99% of the integral over the range ±00 (Fig. 8).

Recall that the LP NO component in Eq. (18) was calibrated
by Barnes et al.1 for equivalence ratios between approximately
0.5 and 0.8. Therefore, the LP model is extrapolated for </>eddy
outside of this range. The total LP NO formation model in Eq.
(18) should apply with negligible error to eddies with <£eddy
less than 0.80 (where nonthermal NO formation is most sig-
nificant). Because the kinetic time associated with eddies with
<kddy approaching one is more appropriately modeled by rno,
some error is expected with the extrapolation of the total LP
NO model in Eq. (18) for </>eddy beyond 0.80. Nevertheless, in
the preliminary analysis presented here, this error is expected
to be second order with respect to the value of the Eq. (18)
integral over all NO-forming eddies. Possible errors of this
type can be more appropriately evaluated when simultaneous
NOV and unmixedness measurements become available.

The </> PDF model [Eq. (18)] prediction of total NOAEI as
a function of (1 — y/>/M) at various values of s is also displayed
in Fig. 2. The expected trend of increasing total NOA with s at

I
§
13

2-

0.00

As the fraction of eddies with flame
temperature T^ cddy > T^ m increases,
the ratio of thermal NO to total NO increase
and the global NO formation activation
energy increases

Value of the integrand
inEq. (18)

I
1.20

I
1.60

Fig. 8 Graph of the integrand in Eq. (18) for <j>m = 0.6 and s
0.20.

y/>m near one is shown. Note that the effect of unmixedness on
total NOA. emissions decreases significantly as pilot NO for-
mation becomes more predominant with decreasing v/,,,,. The
standard deviation associated with the s = 0 case is computed
with Eq. (10). The model predicts that s can be increased to
approximately 0.15 before total NOA levels increase above the
standard deviation at y/,w = 1.

Summary and Conclusions
A CTM was developed for NOA emissions from an indus-

trial, piloted-LP, natural gas-fired, can combustor (combustor
A). The model is preliminary in that no attempt was made to
include the fuel/air unmixedness expected for the premixer,
and data for only a single geometry (that of combustor A) were
available. However, the piloted-LP NOV model for combustor
A includes terms that do account for NO formed in the LP and
pilot diffusion flames. CTMs for conventional (diffusion
flame) and LP combustor NOA emissions were modified and
applied to the combustor A data.

The individual pilot and preliminary LP flame NOA. models
are then combined to formulate a piloted-LP NOV model that
includes a model for fuel/air unmixedness. As a first approx-
imation the CTM for total piloted-LP NO formation is taken
as the linear summation of the individual pilot and LP NOA
models. The assumed Gaussian form of the PDF used to model
unmixedness is shown to be in agreement with PDFs computed
from available experimental data. Furthermore, the model pre-
dicts that a practical fuel/air preparation device resulting in an
unmixedness (s) of 0.15 will produce an increase in total NOA
levels of about 15% over the ideal case, for conditions typical
of those tested in this study. Verifying this result requires in-
dependent measurement of unmixedness and is highly de-
sirable.
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