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Stability and Emissions of Lean, Turbulent,
Premixed Flames with Very Lean Co� ow
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The potential for improving lean stability and reducing NOx emissions of combustion systems by employing
an ultralean, partially premixed fuel injection strategy was examined experimentally. The test con� guration was
a coannular combustor con� guration at atmospheric pressure with a simulated natural gas fuel. The core � ow
consisted of fuel premixed with air; the co� ow was either fuel premixed with air, suf� ciently lean to be below the
� ammability limit, or air only. The � ame was stabilized on axisymmetric, bluff body � ameholders sting-mounted
along the centerline of the combustor. Mounting the � ameholder from the inlet end of the combustor resulted
in a more stable � ame under lean conditions than was the case for the � ameholder mounted from above the
combustor exit. When either � ameholder was located suf� ciently far downstream from the core � ow nozzle tip,
an enhancement of lean stability was achieved by increasing the fuel content of the co� ow stream. This change
in stability can be accounted for by de� ning an effective equivalence ratio at the � ameholder location that takes
into account the presence of co� ow fuel and the core/co� ow mixing. The addition of fuel to the co� ow resulted in
up to a factor of 4 lower levels of total NOx compared with the case with fuel in the core � ow only. This decrease
in NOx was accompanied by a drop in peak temperature. The total exhaust NOx concentration was comparable
for all con� gurations when run close to their corresponding lean limits. These results suggest that changing the
distribution of injected fuel can have a bene� cial impact on the lean-limit stability and emissions characteristics
of turbulent, premixed combustion systems.

Introduction

T HE requirements for low emissions and concerns about � ame
stability have motivated numerous studies of a wide variety

of model and practical combustion systems. In particular, the use
of lean, premixed gaseous fuels or prevaporized liquid fuels has
been seen to result in a signi� cant decrease in exhaust emissions
compared with the direct injection of gas-phase or liquid fuels.1

However, signi� cant practical problems have to be overcome to re-
alize this potential reduction in NOx levels. One practical dif� culty
lies in achievingperfectpremixing.Perhapsmore seriously,the pos-
sibility of fuel autoignitionat high combustor inlet temperaturesand
pressuresmay pose a seriousobstacle to the practicalityof premixed
combustion in some applications. The use of a very lean, i.e., in-
combustible co� owing mixture with a core combusting jet might
allow the injection of signi� cant amounts of fuel into a combustor
while at the same time precludingautoignition. In addition, the use
of a very lean co� owing stream may have a bene� cial effect on the
stability of a central fuel jet.2

Although NOx production in premixed and partially premixed
con� gurations has been studied previously,3– 8 much remains to be
understoodabout the emissionsof complex, turbulent,hydrocarbon
� ames with nonuniform fuel/air mixtures. Sun et al.4 studied the
combustion of a rich mixture of methane and air injected through
a central tube. While maintaining a � xed overall equivalence ratio
for the combustor, they found that by decreasing the core burner
tube equivalenceratio they could reduce the amount of NOx formed
by nearly 20%. They also reported the existence of an optimum
fuel tube equivalence ratio for the minimization of NOx emissions.
Turns et al.6 mixed various amounts of inert diluent or air with the
fuel. They found the effectsof dilutionand premixing to be strongly

Received Oct. 24, 1996; revision received June 27, 1997; accepted for
publicationJuly14,1997.Copyright c° 1997by the authors.Publishedby the
American Institute of Aeronautics and Astronautics, Inc., with permission.

¤Associate Professor, Mechanical EngineeringDepartment. Senior Mem-
ber AIAA.

†PrincipalResearch Scientist,AdvancedPropulsionand Thermo� uidSys-
tems. Member AIAA.

‡Manager, Thermochemical Components.

dependenton fuel type,with partialpremixingleadingto an increase
in NOx for sooty fuels, e.g., propaneand ethylene,but a correspond-
ing decreasefor nonluminous� ames (such as CO or hydrogen). The
differencewas attributed to � ame radiationeffects on � ame temper-
ature.Driscoll et al.7 demonstrateda reduction in NOx emissionsby
roughly a factor of 4 by increasing the amount of partial premixing
in hydrogen/air � ames. They attributed the decrease in NOx emis-
sions to a decrease in � ame length and a reduction in the associated
residence time due to the partial premixing. Negeshi8 reported that
changing the � ow rate and compositionof a pilot � ame in a coaxial
burner also could impact the NOx emissions.

These studies generally used variations in the premixed state of
the system by changing the stoichiometry and/or diluent level of a
core � ame in a combustor, often stabilized with the aid of a pilot
� ame. There have been relatively few emissions measurementsper-
formed for premixed combustion systems with a co� owing stream
containing additional fuel. In one such study, Karim et al.2 found
that the presenceof a small amountof fuel premixedin the surround-
ing stream greatly enhanced the � ame stability. Their con� guration
consisted of a diffusion fuel jet injected with a co� ow containing
added fuel. The current work examines how the presence of a pre-
mixed fuel/air co� owing stream, itself suf� ciently lean to be below
the � ammability limit, in� uences the lean stability limit, exhaust
emissions, and temperature rise of a lean, premixed combustor.

Experimental Facility
Experiments were performed at atmospheric pressure using the

axisymmetric, coannular combustor shown in Fig. 1. The core noz-
zle (19.6-mm diameter) was supplied with gaseous fuel premixed
with air. The co� ow (45-mm outer diameter) consistedeitherof fuel
premixed with air or of air only. All air and fuel � ow rates were me-
tered using calibrated choked ori� ces with an estimated accuracy
of §3%. The mixture equivalence ratios were determined from the
measuredair and fuel � ow ratesand were thusaccurateto within6%.
Shear layer mixing of the two streams commenced downstream of
the core nozzle lip. The combustionzone was enclosedby a circular
quartzchimney180or 270 mm in length.Upstreamturbulenceman-
agement was accomplished by several stations of perforated plate
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Fig. 1 Schematic diagram of combustor.

Fig. 2 Close-up of mixing geometry.

(not shown) and a section of honeycomb, followed by a 1.8:1 con-
traction in the co� ow stream (the core stream was not contracted).
The length of the contraction section was 65 mm. The cold gas ve-
locity in the core � ow, Ucore, was varied over a range of 10–20 m/s.
For all cases reported here, the core � ow velocity exceeded that of
the co� ow by the ratio Ucore=Ucof D 4:1.

Experiments were conducted using a natural gas simulant con-
sisting of 93% methane and 7% ethane. All inlet air and fuel/air
mixtures were unheated. The � ame was stabilized on a bluff-body
� ameholder mounted on a sting placed on the centerlineof the core
stream. Either of two bluff-body � ame stabilizers was employed
in this work: an inverted, truncated cone [90 deg vertex angle,
sting-mounted from below the combustor inlet (bottom-mounted)
as shown in Fig. 1] or a � at disk mounted from beyond the com-
bustor exit (top-mounted). In both cases, the � ameholder diameter
was 6.1 mm. The downstreampositionof the � ameholders, H=Dcore,
was adjustable, allowing placement of the � ameholder at any de-
sired station relative to the potential core region of the core � ow
(shown schematically in Fig. 2). In cases where the � ameholder
was situated within the potential core, i.e., H < Lpot, the fuel/air
mixture at the � ameholder was essentially that of the core nozzle
� ow. For � ameholder locationsdownstreamof the end of the poten-
tial core (H > Lpot), the mixing of core and co� ow streams led to a
fuel/air stoichiometry in the vicinity of the � ameholder in between
the valuesof the core and co� ow streams.The lengthof the potential
core was estimated from determination of the lean blowoff limit to

be approximately2.9 diameters downstreamof the core nozzle exit,
i.e., Lpot=Dcore ¼ 2:9.

The luminous � ame region was recorded on videotape, allowing
determination of the combustion lean stability limits by visual ob-
servation.Gas sampling was performed by a water-cooled stainless
steel sampling probe with the coolant maintained at a temperature
exceeding 100±C to preclude water condensation.Water vapor was
subsequently removed by a cold trap before the sample gas en-
tered the emissions analyzers. The sampled gas was analyzed for
NOx (NO and total NOx), CO, CO2 , O2 , and unburnedhydrocarbons
using standardchemiluminescent,nondispersiveinfrared,paramag-
netic, and � ame ionization detection instruments, respectively.The
repeatability of emissions measurements performed during com-
bustor operation was typically 6% or better. The concentration of
NOx in all cases exceeded the measured amount of NO, and be-
cause of the overall lean conditions of the sample gas, there was no
reason to expect a loss of NO during the conversion to NO2 in the
analyzer as has been observed under fuel-rich conditions.9 Time-
averaged temperatures were measured using a platinum/platinum-
13% rhodium thermocoupleassembly fabricatedfrom 25-¹m-diam
wire and coatedwith silicon oxide.The sampling probeand thermo-
couple were located 7.7 core nozzle diameters (150.9 mm) down-
stream of the � ameholder. The chimney length was selected in all
cases to maintain a constant distance from the � ameholder to the
chimney exit for each � ameholder position.

Results
Lean Stability Limits

Combustor lean stability limits employing both the top-mounted
and bottom-mounted� ameholdersare shown in Fig. 3. For all cases
shown here, the � ameholderswere mounted close to the core nozzle
exit, well within the potential core at the location H=Dcore D 0:32:
As seen in Fig. 3, the additionof fuel to the co� ow had no impact on
the � ame stability, con� rming the absence of core � ow/co� ow mix-
ing at the location of the � ameholder in this case. A correlation for
the stability limits of premixed � ames can be expressed in terms of
a Peclet number, Pe ´ UBO D=v, where UBO is the blowout velocity,
D the � ameholder diameter, and v the cold kinematic viscosity.10

The correlationshown in Fig. 3 was developedfrom argumentspre-
sented by Spalding11 and Ballal and Lefebvre.12 Spalding initially
suggested a correlation of the form

UBO D=a D const.SL D=a/n .1/

where SL is the laminar � ame speed. The exponent has the value
n D 2 for Pe > 104 and has the value n D 1:5 when Pe < 104 . The
change in the correlation exponent evidently re� ects changes in
the nature of the � ame stabilization with different � ow conditions.
Speci� cally, changes in the hot wake structure impact the � ame
stability, as the � ame will blow off when the time that the fresh
gas is in contact with the hot recirculation zone becomes too short
for ignition.13 These changes can be characterized in terms of the
� ameholderReynoldsnumber Re ´UBO D=v. Zukoskiand Marble14

reporteda distinct change in � ame stability at a Reynolds number in
theneighborhoodof 1£104 , abovewhicha fullydevelopedturbulent
wake exists. In the current investigation, the � ameholder Reynolds
numbers and Peclet numbers were, respectively, in the ranges 4 £
103 · Re · 8 £ 103 and 3:9 £ 103 · Pe · 7:9 £ 103 , indicating
use of the lower value of the exponent in the correlation, n D 1:5.

The constant factor in the correlation cited in Eq. (1) can be
expressed in terms of a shape factor CS , which accounts for the
geometry of the � ameholder, and a blockage correction factor Ba

(Ref. 12). Matching the correlationsat the pointUBO D=a D 104 gives
the required expression for blow off velocity for the current study
as

UBO D=a D 10[CS.1 ¡ Ba/]0:75.SL D=a/1:5 .2/

There is some variation in the laminar � ame speed SL as reported
in the literature. The correlation given by Eq. (2) was evaluated
in this work using � ame speed data for methane fuel reported by
Van Maaren et al.15 The blockage correction was not large, as the
� ameholderwas always locateddownstreamof the core nozzle exit.
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Fig.3 Leanstability limits. Closed symbols, top-mounted� ameholder;
open symbols, bottom-mounted � ameholder; and ——, correlation
[Eq. (2)] based on laminar � ame speed data by Van Maaren et al.15

Fig. 4 Effect of co� ow fuel on lean stability limit for top-mounted
� ameholder.

The lean stability limit for the top-mounted� ameholder is in rea-
sonable agreement with the correlation presented earlier, as seen
in Fig. 3. A noticeably leaner stability limit was observed for the
bottom-mounted � ameholder at each � ow condition. The differ-
ence in the experimentally determined stability limit substantially
exceeds that due to the difference in the geometric shape factor be-
tween the value of CS D 1:6 employed for the disk (and used in the
correlationshown)andCS D 1:4 for the 90-degcone.The bulk of the
observed difference is likely due to a combination of fuel/air mix-
ture preheating due to heat conduction along the length of the sting
and also sting boundary-layer effects, both of which are operative
for the bottom-mounted � ameholder only.

For cases where the � ameholders were mounted farther down-
stream .H=Dcore > 2:9/ from the core � ow nozzle tip, increasingthe
fuel contentof theco� owstreamresultedin a decreasein coreequiv-
alence ratio at lean blowout. Representativelean stability results for
these cases are shown in Fig. 4, where the top-mounted� ameholder
was mounted at a downstreamdistance of H=Dcore D 6:4. At a given
cold gas inlet velocity, the core equivalence ratio at blowoff de-
creased substantiallywith the addition of fuel to the co� ow air.

The results of the current work indicate that the co� ow fuel was
entrained into the core � ow and played an important role in � ame
stabilization at the � ameholder, even when the co� ow mixture it-
self was well below the � ammability limit. Note that the observed
decrease in core equivalence ratio at lean blowoff generally did not
imply a lower overall equivalence ratio for the system; the amount
of fuel in the co� ow stream actually resulted in a slight increase in
overall equivalence ratio.

The improvement in the lean stability of the � ame due to the
addition of co� ow fuel can be characterized in terms of an effec-
tive equivalence ratio at the � ameholder, which can be de� ned to
take into account the mixing of the core and co� ow streams. The
effective equivalence ratio Áeff can be expressed in terms of the
stoichiometriesof the co� ow and core streams as follows:

Áeff D ®Ácof C .1 ¡ ®/Ácore .3/

where the parameter ® is used to characterize the amount of mix-
ing. The extreme values of the mixing parameter are ® D 0 for no
core/co� ow mixing, e.g., H=Dcore D 0:32, and ® D 0:52 for the ide-
alized case of complete core/co� ow mixing .H=Dcore À 5/. The
maximum possiblevalue of ® exceeds 0.5 due to the slightly higher
volumetric � ow rate (velocity £ area) of the co� ow relative to that
of the core � ow. One approach to determine ® is to assume that, for
� xed core/co� ow velocities and � xed geometry, i.e., � ameholder
type and location .H=Dcore/, the effective equivalence ratio at lean
blowoff can be taken to be a constant. In this case, only the distri-
bution of the fuel changes, allowing differentiationof Eq. (3):

d Áeff=d Ácof D ® C .1 ¡ ®/.d Ácore=d Ácof/ D 0 .4/

which allows solving for the mixing parameter, giving ® D .1¡
d Ácof=d Ácore/

¡1. The � ame stability results do, in fact, indicate,
for given velocities and a � xed � ameholder position, a suf� ciently
lineardecrease in core equivalenceratio with increasingco� ow fuel
to allow the determination of the degree of mixing and effective
equivalence ratio at the � ameholder using this method.

Calculated effective equivalence ratios at lean blowoff for both
� ameholders at several downstream locations are shown in Fig. 5.
The bottom-mounted � ameholder was not extended to the position
H=Dcore D 6:4. The curves shown were faired through the data for
the close-mounted � ameholders, i.e., at H=Dcore D 0:32. The value
of the mixing parameter for the bottom-mounted � ameholder was
® D 0:12 at the location H=Dcore D 5:1I the correspondingvalue for
the top-mounted � ameholder at the same location was ® D 0:13.
As expected, the value of the mixing parameter increased with
downstream distance, rising to a value of ® D 0:27 for the top-
mounted � ameholder at H=Dcore D 6:4. For the case of the bottom-
mounted � ameholder, the effective equivalence ratio calculated for
H=Dcore D 5:1 agrees fairly well with the corresponding values for
H=Dcore D 0:32, suggesting that the effective equivalence ratio con-
cept does characterize the impact of the mixing of the core and
co� ow streams upstream of the � ameholder on the � ame stability.

For the top-mounted� ameholder, the effectiveequivalenceratios
for the � ameholder locations H=Dcore D 5:0 and 6.4 increasedsome-
what fromcorrespondingvaluesfor H=Dcore D 0:32, that is, the � ame
became less stable. The amount of this change appeared to increase
with increasingvelocity. The degraded stability might be related to
a � uid mechanical transition in the wake, which could occur at a
lower Reynolds number for the downstream � ameholder locations

Fig. 5 Effective equivalence ratio at lean blowoff. Solid symbols, top-
mounted � ameholder and open symbols, bottom-mounted � ameholder.
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Table 1 Centerline species and temperaturesa

Case H=Dcore Ácore Ácof Áeff Áoa UHC, ppm CO2 , % CO, ppm O2 , % NOx , ppm T, K

1 0.32 0.94 0.00 0.94 0.46 71 11.2 >2500 3 10.2 2098
2 5.1 0.94 0.00 0.83 0.46 1040 8.5 1200 6.7 10.68 1909
3 5.1 0.73 0.53 0.71 0.63 732 7.3 843 8.2 2.78 1835

At lean blowoff
4 0.32 0.66 0.00 0.66 0.31 4117 5.3 2088 10.8 1.44 1569
5 5.1 0.75 0.00 0.67 0.37 5402 3.7 >2500 13.4 2.09 1292
6 5.1 0.67 0.53 0.65 0.60 1029 7.8 981 8.3 2.53 1749

aAll values reported on dry basis; NOx corrected to 15% O2 .

Fig. 6 CO2 pro� les. The locationy/R = 0 corresponds to the combustor
centerline.

than for the close-mounted� ameholder (H=Dcore D 0:32) due to tur-
bulent mixing. This may be related to the observation by Zukoski
and Marble14 that the hot wake becomes unstable with increasing
Reynolds numbers (up to about 1 £ 104), leading to a shorter recir-
culation region and, consequently, a higher lean stability limit. By
contrast,for the bottom-mounted� ameholder, the � ame appearedto
become relatively slightly more stable with increasing downstream
� ameholder location (in terms of Áeff) than the corresponding top-
mounted � ameholdercases. In this case, the presenceof the support
stingupstreamof the � ameholdercone,with its associatedboundary
layer, would complicate the wake transitioneffect suggestedfor the
top-mounted � ameholder, possibly resulting in a different stability
trend.

Calculation of the value of the mixing parameter for different
� ameholder locations also allowed the approximate determination
of the point below which no signi� cant core/co� ow stream mixing
occurred, i.e., ® ¼ 0. This yielded the threshold value of H=Dcore ¼
2:9 cited earlier.

Exhaust Emissions and Flame Temperatures
Quantitativemeasurements of emissions and time-averaged tem-

peratures were performed for � ames both with and without fuel
in the co� ow stream. For all cases reported here, the sampling
probe and thermocouple were located 7.7 core nozzle diameters
(150.9 mm) downstream of the � ameholder. This location was suf-
� ciently far downstreamfrom the � ameholder so that near the com-
bustor centerline (y=R · 0:5, where y is the distance from the
combustor centerline and R the radius of the chimney) in general
less than 0.1% of the injected fuel was unburned, as determined
from the measurement of the concentration of unburned hydrocar-
bons.For the cases near the lean blowoff limit, up to 0.6% of the fuel
remained unburned at the probe sampling location for y=R · 0:3.
The measurement of emissions and gas temperatureswas only per-
formed for the bottom-mounted � ameholder.

Representative carbon dioxide concentration pro� les are shown
in Fig. 6. All emissions data in this work are reported on a dry ba-
sis (water vapor removed). The air velocities were the same in all
casesshown in Fig. 6, with the only differencebeing the � ameholder

positionand the fueldistribution,as indicated.The two caseswithout
co� ow fuel were run at approximately the same core � ow equiva-
lence ratio. For the case with co� ow fuel at H=Dcore D 5:1, suf� cient
fuel was added to the co� ow stream to create an incombustiblemix-
ture with an equivalenceratio of Ácof D 0:53. At the same time, the
core equivalence ratio decreased to roughly 0.05 above the point of
lean blowoff.

The highestobservedcenterlinecarbondioxideconcentrationwas
for the case of the close-mounted� ameholder(H=Dcore D 0:32). Be-
cause the � ameholder in this case was mounted within the inner jet
potentialcore (see Fig. 2), therewas less dilutionand turbulentmix-
ingbetweenthe � ameholderlocationand the samplingprobetip than
for cases where the � ameholder was mounted farther downstream.
For this reason, mounting the � ameholder farther downstream, e.g.,
H=Dcore D 5:1, yielded a noticeably lower level of centerline CO2,
even for a similar equivalence ratio. For � xed overall equivalence
ratios, themass-averagedCO2 level shouldbe identicalfor these two
cases. That this is not clear from the results shown in Fig. 6 was due
to high levels of CO and unburned hydrocarbons(beyond the useful
range of the analyzers) toward the periphery of the combustor, i.e.,
y=R > 0:5.

Rearranging the fuel distribution by premixing some of the fuel
into the co� ow instead of the core � ow resulted in an additional de-
crease in centerlineCO2 concentration,even for a somewhat higher
overall fuel/air ratio. The case with co� ow is also seen to exhibit a
slightly broader CO2 pro� le than the case with core fuel only, with
slightly higher amounts of CO2 away from the combustor center-
line. This broadening is consistent with the broader distribution of
fuel. This systematic decrease in CO2 concentration is also con-
sistent with the corresponding decrease in the calculated effective
equivalence ratio at the � ameholder for each case.

A summary of representative centerline emissions and tempera-
tures at the sampling probe location is presented in Table 1. The ef-
fective equivalenceratio was calculated for each case using Eq. (3);
the overall equivalence ratio Áoa was determined from the volume
� ow rates and equivalenceratio of the core and co� ow streams. The
� rst three cases (1–3) correspond to those presented in Fig. 6 dis-
cussed earlier. The second set of three cases (4–6) were run with
equivalence ratios very near the lean-blowoff limit (within roughly
0.015) in all cases. The concentration of CO and, especially, the
amount of unburned hydrocarbons increased signi� cantly as the
lean-blowoff limit was approached.The high level of CO measured
for case 1 is consistent with the expected equilibrium value at that
relatively high equivalenceratio. The CO levels for cases 3 and 4–6
are somewhat higher than those indicated for equilibrium.As these
cases are all closer to lean blowoff than case 1, an elevated level of
CO would be expected owing to the incomplete combustion.

The measured values of centerline CO2 and O2 concentration
can be compared with the theoretical equilibrium value for a given
equivalence ratio. Equilibrium calculations performed using the
CHEMKIN (Ref. 16) and STANJAN (Ref. 17) codes for the equiv-
alence ratio Áeff D 0:94 (case 1) gave values (on a dry basis) of CO2

and O2 concentration of 10.5 and 1.7%, respectively. The value of
CO2 is within 6% of the experimental value. The O2 value agrees
somewhat less favorably.The agreementis less satisfactoryfor cases
2 and 3, where the theoreticalCO2 valuesare on average16% above
the measured values. The reason for the discrepancy evidently lies
in the increased dilution and mixing that accompanied the cases at
H=Dcore D 5:1, which would be expected to reduce the amount of
CO2 while at the same time leading to an increased residual O2

concentration.
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Fig. 7 Total NOx pro� les, corrected to 15% O2 .

Typical measured NOx pro� les are shown in Fig. 7 for cases 1–3.
AllNOx emissionsdatawere correctedto 15%oxygenconcentration
on a dry basis. Nearly a factor of 4 decrease in peak total NOx con-
centrationon the combustorcenterlinewas measured when fuel was
in the co� ow comparedwith the case with fuel in the core � ow only
at a � xed � ameholder location.This decrease in NOx concentration
occurs in spite of the nearly 40% increase in the overall equivalence
ratio brought about by the addition of co� ow fuel. This reduction in
NOx level exceedsthat observedby Driscoll et al.7 for methane fuel.
(They did, however, observe a comparable reduction in NOx with
hydrogen fuel.) In their case, air was diverted from the coaxial � ow
and premixed with the core jet, resulting in a leanercore jet but with
the same total fuel and air � ow. (They did not have any fuel in the
co� ow.) The NOx behavior for diluted � ames was also discussedby
Turns et al.6 They observedthat the additionof an inert diluentor air
to the fuel streamin a jet � ame affected� ame structureand NOx pro-
duction. The decrease in the amount of available fuel in the central
jet, althoughkeeping the mixing unchanged,gave a shortened� ame
length, accompanied by a decrease in NOx for nonradiant � ames.
The combinationof shorter residence times and lower temperatures
yielded less NOx. The current work appears to retain some of the
bene� ts of fuel dilution, at least as regards NOx production, while
at the same time allowing the overall stoichiometry for the system
to increase due to the presence of fuel in the co� owing stream.
Also note that this decrease in NOx emissions is consistentwith the
correspondingdecrease in effective equivalence ratio.

The two cases without co� ow fuel (1 and 2) exhibited similar
centerline concentrations of total NOx in spite of having different
effective equivalence ratios. This was likely a consequence of the
difference in residence time between the � ameholder and sampling
probe with the changing value of H=Dcore. Thus, whereas case 1
(H=Dcore D 0:32) had a substantially higher equivalence ratio than
its counterpart at H=Dcore D 5:1 (case 2), it also had a signi� cantly
shorterresidencetime for NOx formationowing to the locallyhigher
velocity.

The case with co� ow fuel was in fact somewhat closer to lean
blowoff than the cases without co� ow fuel, as mentioned earlier.
When the con� gurations represented in Fig. 7 were run near their
respective lean-blowout limits (cases 4–6), the difference in NOx

levels largely disappeared (see Table 1). These much lower levels
approached the lower detection limit of the NOx analyzer.

Numerical simulation of the NOx concentration for the condi-
tions of this investigation was performed using a PSR (perfectly
stirred reactor) code18 and the CHEMKIN II routines.Computations
were performed using the GRI-Mech version 2.11 for methane/air
chemistry. A plot of the calculated NO mole fraction, corrected
to 15% oxygen, is shown in Fig. 8 for residence times ¿ ranging
from 0–100 ms. Although the exact values of residence time on the
centerline between the � ameholder and the sampling probe are not

Fig. 8 Perfectly stirred reactor calculation of NO concentration, cor-
rected to 15% O2 .

Fig. 9 Gas temperature pro� les corresponding to the conditions of
Figs. 6 and 7.

known, limiting values can be inferred from the velocity of the core
stream at the temperatures indicated in Table 1 and from the cold
co� ow velocity. This suggests a residence time ranging from 2.5 to
63 ms, respectively.The calculated results shown in Fig. 8 suggest,
for this range of residence time, a drop in NO concentration of a
factor of roughly3–5 in going from an effectiveequivalenceratio of
Áeff D 0:83 to Áeff D 0:71. This is in reasonable agreement with the
observedexperimentaldecreaseof a factor of approximately4. This
analysis suggests that the drop in NOx is consistentwith the change
in effective equivalenceratio for the cases with and without co� ow
fuel at H=Dcore D 5:1 (cases 2 and 3). These computationsalso sug-
gest, for similar residence time, that the case at H=Dcore D 0:32 and
Áeff D 0:94 (case 1) would have a much higher level of NOx produc-
tion than the case at H=Dcore D 5:1 and Áeff D 0:83 (case 2), as the
effective equivalence ratio was a full 0.1 higher. The calculations
shown in Fig. 8 suggest that this factor would be in the range of
roughly 2–3. In fact, however, the residence time between the two
cases could not be the same and was considerablyshorter for case 1
(H=Dcore D 0:32) due to the relative lack of upstream mixing and
accompanying momentum transport. This drop in residence time
would imply a decrease in NOx production amounting to roughly
a factor of 2 for residence times on the order of 10 ms, effectively
offsetting the increase in NO due to the higher fuel/air ratio.

The measured gas temperatures corresponding to the emissions
measurementsfor the casesdiscussedearlierare shown in Fig. 9. All
thermocouple data shown were corrected for radiation error, which
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typically amounted to less than 50 K for the peak temperatures.The
noticeabledrop in peak temperature (up to 250 K) between the pro-
� les taken at H=Dcore D 0:32 (case 1) and that at H=Dcore D 5:1 (case
2) was a consequence of the more substantial amount of mixing
between the core and co� ow streams that had occurred at the probe
location. In addition, the shorter residence time due to the higher
velocity associatedwith the H=Dcore D 0:32 case served to minimize
the diffusion of energy, leading to a higher centerline temperature
than for the case of H=Dcore D 5:0. For the downstream � ameholder
location (H=Dcore D 5:1), the introduction of fuel into the co� ow
resulted in a modest drop in the peak gas temperature of roughly
100 K. This drop is qualitatively consistentwith the decrease in ef-
fective equivalence ratio at the � ameholder brought about by the
additionof fuel to the co� ow stream. This modest decrease in � ame
temperaturecould, however, representnearly an orderof magnitude
decrease in NOx production due to the Zeldovich mechanism19;20

for temperatures in the vicinity of 2000 K. The addition of co� ow
fuel also resulted in a broadening of the temperature pro� le com-
paredwith the case with core fuel only. In fact, the relativelymodest
difference in NOx level for the two cases with core fuel only, even
though the measuredgas temperatureat the samplingprobe location
differed by nearly 200 K, suggests a large role for the � ame-front
generated NOx chemistry, which is much less temperature depen-
dent than the post� ame (Zeldovich) mechanism.5

The centerline temperatureschangedmarkedly for cases run near
the lean-blowoff limit (cases 4–6, Table 1). Although the effective
equivalence ratio was very similar for these cases (which is not un-
expected, because the effective equivalence ratio is de� ned based
on lean blowoffdata), the measured temperaturesvary considerably.
The highesttemperaturewas recordedfor case6, whichhad thehigh-
est overall fuel/air ratio. The somewhat lower fuel � ow rate for case
4 led to a lower � ame temperature than case 6. The lowest center-
line temperaturewas recorded for case 6. In this case the mixing and
dilution that accompanied this downstream location, in the absence
of added fuel in the co� ow, led to a relatively low � ame tempera-
ture. This complicated behavior, for similar values of Áeff, suggest
that the effective equivalence ratio concept may be somewhat less
useful in characterizing � ame temperatures than in understanding
� ame stability changes brought about by mixing upstream of the
� ameholder combined with the addition of co� ow fuel.

Summary
The potential to improve lean stability and to reduce exhaust

emissionsof combustionsystemsbyemployinga very lean,partially
premixed fuel injection strategy was explored experimentally in
a coannular combustor with a sting-mounted � ameholder on the
combustor centerline. For cases where the � ameholder was located
suf� ciently far downstream of the core nozzle exit, increasing the
fuel content of the co� ow produced a decrease in core equivalence
ratioat lean blowoutbut also generallyresultedin a somewhathigher
overallequivalenceratio.Mountingthe � ameholdersting at the inlet
end of the combustor consistently resulted in a more stable � ame
under lean conditions, for a given � ameholder location, than was
the case when the � ameholder sting was mounted from above the
combustor exit. This shift in lean stability can be attributed to a
decrease in velocity at the � ameholder owing to the boundary layer
on the sting, as well as preheating of the mixture upstream of the
� ameholder by heat transfer through the support sting.

For cases where the � ameholders were situated more than three
nozzle diameters downstream of the core � ow nozzle tip, increas-
ing the fuel content of the co� ow stream resulted in a substantial
decrease in core equivalence ratio at lean blowout. The stabilizing
effects of the addition of fuel to the co� ow can be characterized in
terms of an effective equivalenceratio, which accounts for the mix-
ing of the core and co� ow streamsupstream of the � ameholder.The
degree of this mixing was estimated from lean stability results for a
given � ameholder location and core and co� ow inlet gas velocities.
The effective equivalence ratio concept is successful in accounting
for changes in � ame stabilityover a range of velocities, � ameholder
locations, and core/co� ow stoichiometries.Deviations from the ex-
pected fuel/air ratio at blowoff can be attributed to changes in the
wake structure behind the � ameholders with changing Reynolds
number.

The introductionof co� ow fuel resulted in as much as a factor of
4 decrease in peak total NOx concentration, even while the overall
fuel/air ratio was increasednearly 40% by the additionof fuel to the
co� ow stream. This decrease in NOx formation was accompanied
by a decrease in the computed effective equivalence ratio. There
was also a corresponding modest drop in peak gas temperature of
roughly 100 K. The decreases in NOx concentration and gas tem-
peraturewere substantiallyless apparent,however, when cases with
and without co� ow fuel were run close to their corresponding lean
limits.

Numerical calculation of the expected NO concentration for the
conditions of this investigation was performed using a perfectly
stirred reactorcode.The indicated tradeoffs in equivalenceratio and
residence time as they affect NO concentrationlevels are consistent
with the results of the experiment.The NOx emission and centerline
combustion temperatures did not scale entirely consistently with
the corresponding effective equivalence ratio, suggesting that the
effective equivalence ratio concept may be somewhat less useful in
characterizingemissions and temperature rise than in predicting the
� ame stability of lean, premixed � ames with a very lean co� ow.
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