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Combustion Air Jet Influence on Primary Zone Characteristics
for Gas-Turbine Combustors
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and
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Results are presented of emissions and lean blowout measurements in a generic combustor primary zone of an
aircraft gas-turbine engine for the effects of opposed, circular combustion air jets of a range of sizes, positioned
half a dome height downstream from the dome. The primary zone was operated at simulated engine high-power
conditions and representative dome and liner pressure drops. Most of the NOy is generated in the jets. Although
an optimum jet size is identified, the lowest overall emissions resulted from a no-combustion air-jet configuration;
air jets are necessary, however, to confer lean blowout stability and short flame length.

Nomenclature
F = 10091437 /3 72 temperature correction factor (to 400 K)
H,; = combustordome height
K, = flow criterion
m = mass flow rate through combustor, Ibm/s
n = apparentreaction order
P = combustor pressure, atm
T, = temperatureof inlet air, K
V = combustor volume, ft}
Ap = pressuredrop across combustor
AT = temperaturerise across combustor
Piir density of air under combustor inlet conditions
¢ equivalenceratio

Introduction

URING development of combustors for industrial and aircraft

gas-turbineengines, the issues of adequatelean blowout (LBO)
margin and low exhaust emissions are both important aspects in the
design process. It is increasingly more difficult to ensure that de-
signs have adequate stability margins concurrently with low emis-
sions and high temperaturerise. Achievementof flame stability over
wide ranges of engine operating conditionsis a function of the pri-
mary zone of the combustor; the flame structures established in the
primary zone will also control the exhaustemissions. Many aircraft
engine combustors use transverse air jets introduced through the lin-
ers to provide a nominal termination of the primary zone. These air
jets also supply some part of the total air necessary for complete
combustion of the fuel. Almost nothing exists in the open literature
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concerning the interactionsof the jet and dome flows in determining

emissions or lean blowout stability.

Program Objectives

The overall intent of the study was to understand the detailed
behavior of the major flame-holding region (the primary zone) of a

generic modern combustor for aircraft gas-turbine engines.

The comprehensive objective was to determine the major flow-
field featuresof arepresentativeprimary zone and to understandhow
they control lean stability together with gaseous emissions genera-
tion. It was intended to establish how these specifics are affected by
liner and dome pressure drops, and combustion air port positions,

shapes, sizes, and arrangements.

Combustor Configuration

The experimentalcombustorusedin this study was modified from
oneusedin an earlierprogram! and was designated the PW 150 tech-
nology combustor.? The purpose of the combustor was to provide
an approximate representation of the salient flame-holding features
of a gas-turbine annular combustor in a simplified geometric con-
figuration having high optical access. The combustor cross section,
therefore, represented a compromise between the requirements of
simplicity for modeling purposes and uncomplicated optical access
forapplicationof laserdiagnostics.The cross section was square,but
generouscircular-arcfillets were provided in the cornersto suppress

vorticity generation that might result in spurious flame holding.

The PW 150 combustor for the present program (Fig. 1) con-
tained a high-swirl (HS) airblast atomizing fuel injector® (modified
for gaseous fuel operation) and its dome interfacing system. The
combustor included uncooled solid metal top and bottom combus-
tor liner plates that accommodated suitable arrays of combustion
air jets. Typical flame structures are shown in Fig. 2 for 0.375-in.-
(9.53-mm) diam plain circular jets positioned at half-dome height
downstream and operating at an overall equivalence ratio of 1.2
with a liner pressure drop of 2.7%. One side combustor liner plate
(at 90 deg to the liner plates containing the air jets) contained a fit-
ting for a torch igniter and the other had a quartz window for visual
access. The combustorlength was 490 mm, and the combustorhad a
153-mm hydraulicdiameter. The combustoroutlet was restricted by
a 45% geometric blockage orifice plate® to provide representative
backpressure of the remainder of a real combustor. The presence of
the backpressure plate also prevented the recirculation of external

air from downstream back into the combustor.
407
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Fig. 1 Laboratory-scale gas-turbine combustor primary zone, show-
ing fuel injector and dome configuration.

Fig. 2 Natural light flame photograph showing flame structure for the
0.375-in.- (9.53-mm) diam air jets at the half-dome height position.

In the configuration described, the modified combustor repre-
sented, in simplified form, the features of the dome and primary
zone regions of a generic gas-turbine combustor.

Efficacy of PW 150 Combustor

The PW 150 combustor represented a “single-cup,” planar seg-
ment of an annular combustor and simulated the primary zone only.
It was operated at atmospheric pressure. Therefore, given these lim-
itations it is necessary to justify its acceptability for the intended
purpose.

A planar segment of any combustor sacrifices an important as-
pectofreal annularcombustorsin that the cross-sectionalflow areas
above and below the combustor midplane surface are symmetri-
cal, which they are not in reality as a result of liner curvatures.
The biggest effects of this difference are seen in liner temperatures
and the exit mean radial temperature profile, neither of which is of
interest to the present program.

Having physical side walls (reflecting), the single-cup combustor
has symmetry in lateral boundary conditions rather than periodic-
ity in lateral boundary conditions as in a complete annular system.
This means that significant interactions taking place between ad-
jacent cups in a real annular combustor will not be present in the
single-cup model combustor. This discrepancy could clearly ex-
ert some influence on the overall emissions. However, the general

behavior of the individual cup module of an annular combustor that
is made up of a circumferentialarrangementof such modules should
not be substantially changed. Therefore, the single-cup combustor
does allow a useful study to be made of the general characteristics
pertaining to individual module behavior.

Operation of a study at atmospheric pressure requires that there
be no changes in combustor flow patterns between the study and
the application operating at high pressures. Application of the laws
of partial modeling* shows that the aerodynamic processes deter-
mining the combustor flow pattern are established by combustor
geometry, air pressure drops across the combustor dome and liners,
and Reynolds number; Mach numbers are sufficiently low that they
exert no effects on flow pattern. Temperature changes caused by
heat release from chemical reaction cause changes in velocity and
velocity gradientsat all pointsin the combustor, and these can result
in some local effects of significance; but if the Reynolds number is
high and Mach number is low, these might be neglected overall.
Generally, the main features of flow pattern should not be affected.
Overall fuel-to-airratio exerts an effect through the influence of fuel
momentum. This has little significance except near the fuel injector
where the liquid spray is dense. Fortunately, airblast atomization of
liquid fuel from high-flow-number fuel injectors, as used in most
modern combustors, ameliorates even this local effect because the
fuel has little momentum of its own and is dispersed across the com-
bustor by the air motions. Gaseous propane was used as the fuel for
these simulations. Given the fine atomization of liquid fuel achieved
by airblast atomization together with the high droplet evaporation
rates existing at high-power engine conditions, propane was con-
sidered as appropriate for the simulation.

These arguments produce the useful half-truth that, to first order,
the flow patterndependsonly on the combustor geometry and the air
pressure drop across it. Following Spalding,* dimensional analysis
leads to the flow criterion K s, where

n',l2

=— 1
App::'zD4gU ( )

where the characteristic dimension D is taken as the combustor
dome height H,, and g, is Newton’s constant if English units are
used. The flow criterion shouldbe a constant, as close to unity as pos-
sible, between the model combustor and the application. Equation
(1) forms the basis for the well-known water-analogy combustion
tunnel,’ through which many successful practical combustors have
been developedin the past. The additional term AT/T,;, should also
be accounted for.

At conditions representative of the tests, the PW 150 combustor
was operated such that the ratio was

=1.22 2)

in comparison with a primary zone of a combustor in a 32-atmo-
sphere engine at take-off power, and the ratio,

(AT/ Tliz)rig

=1.67 3)
(AT/TH'z)engine

The value for the K, ratio is quite acceptable; the value for the
AT/T, ratiois a little high. However, because AT/T,, only affects
the local temperature and velocity gradients but not the overall size
and shape of the flame structures, it can be concluded, therefore,
that the PW 150 combustor can reproduce reasonably well and, to
an acceptable degree, the flow patterns of an engine combustor.

Description of the Rig

The rig was mounted horizontally in a test cell of Wright Lab-
oratory, Wright-Patterson Air Force Base, Ohio. Compressor air
after being dried to very low dew points was supplied to the dome
region of the combustor by a flow conditioner, passing first through
a pressure regulator then through an orifice plate for flow measure-
ment. The flow was controlled with a Fischer controller and valve.
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The dome air was then passed through a 48-kW electric heater that
utilizes a cascade control system to control the delivered air tem-
perature to the rig. This particular heater could deliver 20 1b/min
(9.07 kg/min) of air at 500°F (533 K).

A separate air supply and control system was incorporatedto de-
liver air to the liners. The air was supplied by a 2200 psi bottled air
trailer with the flow controlled by pressure and with sonic venturis
for flow measurement; it was also dried to very low dew points.
The air was then passed through a 15-kW electric heater before
the air line was split to deliver air to the top and bottom liner jet
bosses. A thermocouple located in the liner jet boss provided tem-
perature feedback to the heater controller. This heater could deliver
5 1b/min (9.27 kg/min) of air at 500°F (533 K). Pressure transducers
connected to static-pressure taps located in the dome and liner jet
plenum provided a measure of the pressure drops across the dome
and liners.

Gaseous propane was supplied from bottles that were ganged
together. The propane was metered via turbine flow meters with the
flow controlled by Fisher controllers and Badger research valves.
The propane was filtered before being delivered to the rig. The
fuel-air mixture in the combustor was ignited by a propane torch
inserted through a port located in the side wall of the combustor
in the near-dome region. The torch was withdrawn, and a blanking
plug was inserted into the igniter port following a successful light.
Cooling water and glycol for the emissions probe were pumped
from areservoirthrough the probe where a thermocouplemonitored
the exiting fluid from the probe. Before returning to the reservoir,
the heated glycol was run through a heat exchanger to reduce its
temperature.

Range of Experimental Variables

The geometric arrangement of the combustor for this study con-
sisted of the airblastatomizing fuel injector (modified for operation
on gaseouspropane) mounted with itsinsert swirlerand cooleddome
heat shield in the combustor dome (Fig. 1b) and an associated pair
of circular combustion air ports contained in the upper and lower
walls of the combustor; the air ports were inline with the injector
centerline. Although the pair of air ports could be situated 1.0, 0.75,
and 0.5 dome heights (H,) downstream from the dome, only data
for the H, /2 position are presently given. Air port diameters were
0.75,0.5,0.375,and 0.25in.(19.05,12.7,9.53 and 6.35 mm, respec-
tively), and the equivalent geometric area of the 0.5-in.-diam port
in the form of four individual jets of 0.25 in. diam on a pitch circle
of 0.575 in. (14.6 mm) diam. Only data for SJ ports are presently
given.

The fuelinjector was designated as the HS injector, and its design
features were representativeof current airblastatomizer technology.
It had a nominal swirl number (based on vane angles and mass
weighted for the swirler flow splits) of 1.41. The total air passage
effective area was 0.176 in. (113.55 mm?), with an outer to inner
passage flow split of 2.8. The outer swirler vane angle was 55 deg,
and the inner swirler vane angle was 70 deg. The inner passage swirl
number was 1.91. The insert swirlers were angled 12.5 deg into the
injector centerline, and the swirl angle was zero in this instance.
The purpose of the insert swirlers is described in Sturgess et al.**
Dome cooling air was introduced with, but separated from, the insert

Tapered at 0.3438 deg.
to meet 0.25 in. tubing

swirler air and was turned to flow radially outward along the dome
surface by a circular deflector plate. The total effective airflow area
of the dome excluding the fuel injector was 0.16 in? (103.23 mm?).

The pressure drop across the dome was held fixed at a nominal
4.3% to represent the typical engine experience. To assess its im-
portance, the pressure drop across the air ports was initially varied
over the range of 1-5% of the upstream pressure. For the 0.50-in.-
(12.7-mm) diam jet, the pressure drop range was extendedto as high
as 12% in order to explore the effects of jet overpenetrationand high
turbulence. The dome was also run alone (0% jet pressure drop) to
assess the contributionto the total emissions of the injector separate
from those of the closely coupled combustionair jets. Pressure drop
across a combustor is in practice not a free variable but is set by en-
gine performance considerations.Generally, the allowable pressure
drop acrossadome s alittle higher than thatacross liners because of
the recovery of some dynamic head from the compressor. For much
of the work to be presented, the dome pressure drop was held fixed
at a nominal value of 4.3% of the upstream pressure, and the liner
pressure drop was 3.0%. These values are representative of typical
engine conditions. Under these conditions all of the transverse jets
with differentinitial diameters penetrated to the combustor center-
line. The inlet air temperatures for the separate dome and transverse
jet supplies was a nominal 500°F (533 K). This value was chosen
to help satisfy the simulation criteria and to ensure generation of
sufficient NOy without large burn up of CO, so as to permit easy
detection of trends and effects in these two pollutants.

With fixed dome and liner pressure drops, for each air-port size,
axial position, and pressure drop, the fuel flow rate was varied to
coverarange of overall equivalenceratios such that the minimum in
the CO curve and the maximum in the NOy curve could be fully es-
tablished.It was demonstratedthat fuel momentum was not affecting
the emissions results.

For the blowout data the air-port pressure drop with a given geo-
metric configuration and inlet air temperature was set in the range
of 1-5% at a given dome pressure drop. At each air-port pressure
drop the fuel flow was incrementally reduced until a lean blowout
occurred.

Description of the Emission Measurements

The emissions sampling probe was a water-cooled quick quench
type. This single-pointprobe was constructed of stainless steel and
had an inconel tip. Combustion exhaust was drawn into the probe
through a 0.059-in.«1.5-mm) diam orifice of a converging nozzle.
The inside passage diverged to the inside diameter of the sampling
tube, which was 0.25 in.-(6.35-mm) diam stainless-steeltubing with
a 0.180 in. (4.57 mm) inside diameter. The diverging passage in
conjunction with the low pressure inside the probe created a short
supersonic expansion, which reduced the temperature of the gas
stream. This, combined with the water cooling,effectivelyquenched
the combustion reactions inside the probe. The probe contained a
3-in.«(76.2-mm) diam 90-deg bend and was mounted on a mechan-
ical traversing stand. Figure 3 shows a detail of the emissions probe
sampling tip.

The sample transfer system consisted of the sampling probe and
heated transfer lines. The probe was connected to L.in.-(6.35-mm)

4
stainless-steeltubing that was electrically heated and enclosedin an

0.100 in.

0.059 in. L

Water in —>l _‘:D //2%17 - ﬁ

Fig. 3 Sampling tip of the emissions probe.
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insulated outer cover. The line was maintained at 320°F (433 K) to
preventcondensationof the sample. The line passed fromthe test cell
into the control room and entered an oven, also maintained at 320°F
(433 K), where the sample stream was passed through two partic-
ulate filters and entered a bellows pump that provided the driving
force for the sample flow. The line was then split into two sections,
oneleadingdirectly to a Beckman Model 402 total hydrocarbonana-
lyzer and the main sample stream leading into a second oven where
the line was tapped three more times for delivery to a Beckman
Model 955 NOy analyzer,a Beckman Model 864 CO, analyzer,and
aBeckmanModel 865 CO analyzer,respectively. The sample stream
passinginto the NO, analyzer was measured wet. This oven and the
lines leading from it were maintainedat 160°F (344 K), which s just
above the dew point of the exhaust emissions. The sample streams
leading to the CO and CO, analyzers were first passed through a
dryer, where the water content in the sample was extracted through
a semipermeable membrane. A hygrometer measured the dew point
at the dryer outlet; this temperature was necessary for correcting
the dry concentrationsback to wet concentrations when making the
emissions calculations. The procedures for measuring wet concen-
trations of hydrocarbonsand NOy emissions and dry concentrations
of CO and CO, emissions and for controllingthe temperaturesof the
lines are in accordance with the sampling technique and measure-
mentof these emissions as set forth in the Aerospace Recommended
Practice, ARP 1256A, and Appendix 3 of International Civil Avi-
ation Organization (ICAO) Annex 16, Volume 2. Although oxygen
measurements were not included in any of the emissions calcula-
tions, a Beckman Model 755 oxygen analyzer was used to sample
the stack exhaust, which contained the accumulated exhaust passed
through each of the analyzers, plus any bypassed sample exhaust.
NOy was corrected to a humidity of 0.0063 Ibm water per Ibm air
(0.00286 kg/kg).

In practice, span gases were used to calibrate the emissions an-
alyzers at the ranges of interest. The CO and CO, analyzers are
nondispersiveinfrared instruments,and nonlinear calibrationcurves
are used for their calibration over a wide range of span gases. The
otheranalyzersare linearinstruments thatrequire a singlerange cal-
ibration. Before each run, the calibrations were performed to less
than 3% error. The accuracy of the calibrations was verified both
during and after the test runs.

The emissions measurement system was interfaced to a Sun Mi-
crosystems computer and data acquisition system that converted
analyzeroutputvoltagesto concentrationvalues. The emissions cal-
culations made conformed to the methods contained in Aerospace
InformationReport (AIR) 1533 and Appendix 3 of ICAO Annex 16,
Volume 2.

During sampling, an equilibrium test condition was achieved
when the analyzers had stabilized; for further accuracy oxygen
stability ensured that the sampling system was saturated and an
equilibrium condition existed. Further, comparison of the metered
fuel-to-airratio to the measured exhaust fuel-to-airratio formed an
effectiverepresentationof the carbon balance between fuel reactants
and exhaust products. The agreements were always better than 10%
for metered equivalence ratios of unity and less.

For eachtestconditionit was first determined that the emissionin-
dices of NOy (as NO,), of CO, and of THC (as CH,) (EINO,, EICO,
and EITHC in grams/kilogram of fuel burned) obtained by placing
the probe at the center of the test section were the same as those
measured by means of an area weighted average procedure. The
emission measurements were obtained by traversing the probe both
horizontally and vertically through the center of the measurement
plane. The measurement plane was 14 in. (355.6 mm) downstream
from the dome. Because the emissions probe was introduced into
the combustor through the exit orifice plate of 45% blockage, the
radial extent of these traverses was determined by this orifice plate.
The extent of the radial profile traverses was £1.75 in. (44 mm)
from the combustor centerline. The area weighted average proce-
dure involved applying a curve fit to the emission measurements
obtained in each direction and dividing the area of the combus-
tor exit measurement plane into 11 concentric circles and into 21
sections. The interpolated points were chosen such that each point
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Fig. 4 Exampleof comparison of area weighted and centerpoint emis-
sions measurements.

represents an equal area of the exit plane. These points were used to
find the emission indices from the curve-fitting equation both in the
horizontal and vertical directions. An area weighted average was
then obtained from the average of these interpolated values. These
weighted average emission measurements were compared with the
centerpointmeasurements, and a typical comparison for EINO, and
EICO is shown in Fig. 4.

The figure indicates that well-mixed conditions occurred at the
probelocation,and the errorsinvolved were within £10%. The mea-
surement station of 14 in. (355.6 mm) downstream from the dome
was chosen to allow the complex flowfields from the combustion
air jet interactions to mix out so that relatively flat emissions pro-
files were obtained. Such flat profiles, in conjunction with the area-
weighting check procedure, allowed single-point measurements to
representthe variousemissions fields adequately. Of course, chemi-
cal reactions could continue beyond the jet-interaction plane before
the measurementplane was reached. Check calculations were made,
and these showed that CO levels continued to fall from the jet plane
to the measurement station but were still reasonably high and that
NOy levels changed very little. The area weighted averaging analy-
sis was performedat each and every test conditionand was observed
toexhibitthe same trends as shown in Fig. 4. Based on this analysis,
it was decided to present the emission measurements obtained by
placing the probe at the central location of the measurement station
in the present investigation.

Effects of Jet Pressure Drop

Figure 5 gives an example of the effect on emission indices of
pressuredropacross the air ports for the 0.5-in.(12.7-mm) jets as the
overall metered equivalenceratio was varied. The transverse air jets
were at the H, /2 position, and the fixed dome pressure drop was
4.3%. Minima for carbon monoxide and unburned hydrocarbons
are evident at overall equivalence ratios of around 0.42 and 0.7,
respectively,and NO, shows a maximum at an overall equivalence
ratio around 0.9. Increasing jet pressure drop increases the peak
NO, significantly, from around 3.4 g/kg at zero pressuredrop (dome
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Fig. 5 Effect of liner pressure drop on emission for the 0.50-in.
(12.7-mm) opposed air jets at the half-dome height position.

alone) to about 7.5 g/kg at 11.3% pressure drop. When the air jets
are present, there is little effect of jet pressure drop on the minimum
CO; however, the dome-alone data indicate that a CO minimum has
notbeenreached foroverallequivalenceratios down to about0.2. At
all other equivalenceratios the highest CO results from the highest
pressure drop. The highest pressure drop also results in the highest
emission indices of unburned hydrocarbonsover the entire range of
overallequivalenceratios. Again, thereis no systematicdependence
of unburned hydrocarbons on jet pressure drop. The low emissions
performanceof the dome alone (no transverseair jets) is noteworthy.
With the low levels of CO and THC emission indices recorded, the
combustion efficiency for all jet pressure drops was about 99.99%
up to an overall equivalence ratio of about 0.8 and then decreased
for higher equivalence ratios.

Visible in the flame structures seen in Fig. 2 is an intense cen-
tral flame at the confluence of the opposed air jets that projects
upstream slightly into the central region of the conical shear-layer
flame from the fuel injector. The size of the central flame increased
with increasingpressure drop. Computationalfluid dynamics (CFD)
analysis of a similar combustor and injector configuration’ revealed
that a football-like (ellipsoidal with the major axis in the same plane
but normal to the combustor centerline) recirculation zone was situ-

ated immediately upstream of the confluence of the penetrating air
jets. Flame appeared to be stabilized around this ball recirculation
in a stoichiometricinterface. Total emissions from the primary zone
will depend on the number, size, and local conditionsexistingin the
flame structures present. Obviously, operating conditions that in-
crease the number or size of flame structures will resultin changing
emissions values.

Dome Characteristics

The combustor can be operated with zero-combustion air jets to
obtain the characteristics of the dome alone. Figure 6 is a plot of
the emission index of NO, for the dome, as a function of metered
equivalence ratio taken from Fig. 5; the dome pressure drop was
4.3%. The measured NO, reaches a peak of about 3.6 g/kg at adome
equivalence ratio of 0.82. As the dome equivalence ratio exceeds
unity, NO, emission index falls as a result of unburned fuel leaving
the combustor.

To place the dome NOy into contextwith respectto fuel/air mixing
and the type of flame resulting, also shown on Fig. 6 are calculated
NOjy curves using two approaches: first, assuming “experimentally
perfect premixing” of fuel and air, and second, representing the
dome flowfield as a reactor network having a degree of partial stir-
ring. For the experimentally perfect premixing case the empirical
correlation of Roffe and Venkataramani® for lean premixed propane
and air systems was used. In this correlation the residence times
were estimated for volumes based on observed flame dimensions.
The very simple reactor network for the second examination was
based on CFD calculations for this injector and hole pattern, with
reactor dimensionsbased on observed flame dimensionsand having
the fuel heating value reduced to account for estimated heat losses
from the combustor. The network consisted of a perfectly stirred
reactor with a parallel plug-flow reactor that processed 13% of the
total flow that was recirculatedback into the perfectly stirredreactor.
These two calculationsrepresent perfect premixing in the dome and
well mixed butnot perfectpremixing. The effectof improved mixing
as represented by the two calculations is to increase the peak NO,
and to narrow the NO, curve across equivalenceratio; furthermore,
the peak NO, occurs at dome equivalence ratios around unity.

Comparing the measured dome NO, against the two calculations
demonstrates that the fuel was actually burned in the dome in far
from premixed form. The broadened burning limits and the shift of
the NO, down to about 0.8 equivalenceratio indicates this. This be-
havior occurs despite the use of a gaseous fuel, intimate association
of fuel and air in the fuel injector, and the existence of a flame that
is lifted from the injector. Nonetheless, although the dome is not
premixed, the NOy emission indices do still show a strong depen-
denceon dome equivalenceratio over the entire range covered. This
is indicative of partially premixed burning, with a level of fuel/air
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Fig. 6 Assessment of dome mixing characteristics.
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unmixedness that is greater than that taken in the reactor network
calculations.

Overall Burning Characteristics

If the flame in the dome alone is not premixed, the question must
be asked concerning what happens when the air jets are present.
Figure 7 is a plot of overall NO, Els for several jet systems at
H,/2 from the dome, including the dome alone, plotted against
dome equivalence ratio, at fixed dome and jet pressure drops. The
characteristic of the dome-alone NOy is that from Fig. 6.

The characteristics for the individual combustion air jets all col-
lapse onto a common curve for dome equivalenceratios up to about
1.15. For dome equivalence ratios of 0.55 and less, this collapsed
data is co-incident with the dome-alone data. Such behavior indi-
cates that basic flame characteristicsin the dome are unaffected by
the presence of the jets.

The NO, peak for jets being present is shifted from the nominal
0.82 equivalence ratio for the dome-alone to higher dome equiva-
lence ratios, in the range 1.3-1.55 for the smaller jet sizes and to
around 3.5 for the largest jet. The levels of NO, at the peak, and
the subsequent behavior on the dome-rich side of the peak, are de-
pendent on the individual jet size. Note, however, that the data for
the 0.375-in. (9.53-mm) and 0.50-in. (12.7-mm) jets are virtually
co-incident.

The shifted NO, peak from 0.82 with no jets to 1.3-1.55 dome
equivalenceratio with jets indicates that in addition to peak temper-
atures being reached at lower equivalence ratios (0.82 rather than
about0.92-1.0) as a result of unmixednesseffects some of the com-
bustion jetair is actually active in the dome. The co-incidenceof the
data for individual jets at equivalenceratios less than 1.15 suggests
that the dome aerodynamics are not strongly influenced, or least
modified, by the details of the air jets, that is, that any additional air
introduced into the dome takes part in chemical reactions in a re-
gion somewhat separatefrom the jets themselvesand that this region
is not far upstream in the dome itself. Flame photographs (Fig. 2)
identify a significant luminous region on the injector centerline, just
upstream of the confluence of the transverse combustion air jets.
This was identified by CFD as burning round a recirculation bubble
in this position. This bubble could be where the small quantity of jet
air is utilized in the dome. The centerline penetration of all jets at
3% liner pressure drop ensures that this bubble is present whenever
the jets are present, although its dimensions depend on the jet size.

Data Analysis Strategy
As Fig. 2 indicates, there are several regions of large heat release
existing within the primary zone overall flame structure. To evolve
low emissions configurations, it is desirable to understand the sep-
arate contributions to overall pollutant formation by these separate
burning regions.
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Fig. 8 Dependence of quantity of fuel burned in jets on overall equiv-
alence ratio, for two jet sizes.

A broad bookkeepingsstrategy was therefore adopted for the data
analysisas follows: Because combustionefficiency was 99.99+%, a
fuel-rich dome is assumed to burn with 100% oxygen-consumption
efficiency at all conditions so that the propane burned in the dome
is given by

(m/'.dome)bumed = 0-0638ma.d0me (4)

and the fuel burned in the jets is
(m [.jets )bumed = m/'.Tot, - (m f.dome)bumed (5)

Figure 8 shows an example, using the bookkeeping system, of
the nominal percent fuel burned in the jets as functions of overall
(metered) equivalenceratio for single pairs of opposed circular jets
of0.5in. (12.7mm) and 0.75 in. (19.05 mm) diam. The figure shows
that for both transversejets systems the amount of fuel burned in the
jetsincreases with increasing overall equivalenceratio. The 0.75-in.
(19.05-mm) jetsystem at givenoverallequivalenceratio burns much
more of the total fuel supplied than does the 0.50-in. (12.7-mm)
jet system. For the 0.75-in. (19.05-mm) jet system all of the fuel
supplied is burned in the dome for overall equivalence ratios less
than 0.25; for the 0.50-in. (12.7-mm) jet system all of the supplied
fuelis burnedin the dome for overallequivalenceratiosless than0.5.

Figure 9 shows the burning zone equivalenceratio variations with
overall (metered) equivalence ratio for dome and jets at each hole
configuration. The relationships between overall and dome and jet
equivalenceratios are, respectively, given by

ma.jets
¢d0me = (1 + m_)¢overall (6)
a,dome
and
m f.jets
jets — . 7
Py 0.063871, jeis ™

It can be seen from Fig. 9 that at any overall equivalenceratio the
dome with the 0.75-in. (19.05-mm) liner jets is much richer than
the dome with 0.5-in. (12.7-mm) jets. For the 0.75-in. (19.05-mm)
jets the dome is always above stoichiometric in the range of overall
equivalence ratios covered; for the 0.5-in. (12.7-mm) jets the dome
is either fuel lean or fuel rich, depending on the overall equivalence
ratio. For overall equivalenceratios up to unity, the jets are always
fuel lean for either jet size. As a consequence of the stoichiometry
distributions for the two jet sizes, the 0.75-in. (19.05-mm) jets burn
much more of the total fuel than do the 0.50-in. (12.7-mm) jets.
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Fig. 9 Stoichiometry breakdowns between dome and jets, for two jet
sizes.

Jet Contribution to NO, Generation

The principal of superpositionscan be used to obtain the separate
contributions to total NO, of the dome alone and then the air jet
system. Superpositions depend on the two elements being consid-
ered as not substantially changing each other. This has been shown
for NOy in Fig. 7. Therefore, the jet-NOy ElIs were obtained by sub-
tracting from the total NO, Els the NO, Els for the dome. The dome
Els were obtained from the dome-alone curve in Fig. 6 at the appro-
priate dome equivalenceratios for each jet system with a particular
overall equivalenceratio.

In Fig. 10 the Els of NO,, in terms of grams of NO, per kilo-
gram of total fuel burned, for the 0.50-in. (12.7-mm) and 0.75-in.
(19.05-mm) initial diameter transverse combustion air jets are pre-
sented with variationin overall (metered) equivalenceratio. For each
jet size the total NOy and the NO, generated by just the transverse
jet systems are given. The figure shows that the jet NOy reaches
zero for the 0.75-in. (19.05-mm) jets at an overall equivalence ra-
tio of 0.25 and for the 0.5-in. (12.7-mm) jets at an overall equiv-
alence ratio of 0.51. These values correspond to zero jet equiva-
lence ratios and zero fuel burned in the jets, as shown in Figs. 8
and 9. These agreements support the use of superpositions as a
means to extract jet NO,. At lower overall equivalence ratios all
of the NOy for both jet systems is generated in the dome, even
though the jets are present. For overall equivalence ratios of less
than about 0.25, the two overall NO, curves should run into each
other for a common curve representing dome-only (Fig. 6) burning.
Although the two curves are converging at lower equivalence ra-
tios, they are not co-incident for overall equivalenceratios less than
0.25.This is because there are slightly differentaerodynamic block-
age effects resulting from the two transverse jet systems and acting
upon the axially directed fuel/air jet from the injector/dome interface
region.

The strong jet-NOy effect is illustrated in Fig. 11, which plots
for each jet system the jet NO, Els, expressed as grams of NO, per
kilogram of fuel burned in the jets, against the jet equivalenceratio.
Expressed in this form, the fact that the 0.75-in. (19.05-mm) jet sys-
tem burns considerably more of the total fuel supplied than does the
0.50-in.(12.7-mm) jet system (Fig. 8) should be accountedfor. Data
are shown for all of the jet diameters evaluated. For jet equivalence
ratios less than 0.8-0.9 (where a NO, peak is expected for partially
premixed systems) the NOy for the 0.375-in. (9.53-mm), 0.50-in.
(12.7-mm), and 0.75-in. (19.05-mm) jets is essentially independent
of jetequivalenceratio. This suggeststhat the fuel burnedin these jet
systems at such lower equivalenceratios is in reality reacted in stoi-
chiometric interfaces associated with the fresh air entering through
the jets. The jet NO, Els consistently begin to decrease at higher jet
equivalenceratios. This is because unburned fuel is now exiting the
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Fig. 10 Contributions of jet NOy to overall NOy for two jet systems.
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combustorbecause the available stoichiometricsurfaces are burning
all the fuel that they can. The jet NO, EI plateau levels for the lower
jet equivalence ratios decrease with increasing jet initial diameter,
with the exception of the 0.50-in. (12.7-mm) jet system, which un-
expectedlyhas the lowest values. For the 0.25-in. (6.35-mm) jets the
jet NO, ElIs continuously decrease with increasing jet equivalence
ratio over the entire range covered. This suggests that because of
its small initial size this jet system might be less coherent than the
other jet systems. Although the jet systems are convenientlyidenti-
fied by the jet initial diameters, the flame structures associated with
each also include that of the central “football” recirculation zone.
For given operating conditions the sizes of these recirculationzones
depend on the jet dimensions.

The percentage of total NOy that is generated in the jets for each
initial jet size is plotted in terms of overall equivalence ratio in
Fig. 12. The percent jet NOy was obtained by multiplying the cal-
culated emission indices for the jets by the mass flow rate of fuel
burned in the jets, divided by the measured overall emission index
for the complete primary zone at the same equivalence ratio, multi-
plied by the total fuel flow rate. The figure shows that for the 0.75-in.
(19.05-mm) initial jet size more than half of the NO, originatesin the
jets for all operating equivalence ratios; for the 0.50-in. (12.7-mm)
jet the jet NO, only reaches 50% of the total for a stoichiometric
primary zone. The general behavior is for the percent jet NOx to
increase with overall equivalence ratio and to do so rather steeply
initially until a plateau level is reached. This behavior is repeated
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for each jet system, and the plateau level is lower for smaller jets
than for the larger jets. For the 0.75-in. (19.05-mm) jets the plateau
is at about 95% jet NO,; for the 0.375-in. (9.53-mm) jets it is about
85%, and for the 0.25-in. (6.35-mm) jets it is about 75%. The 0.5-in.
(12.70-mm) jet system has not yet reached its plateau level in the
range of overall equivalenceratios covered. This jet system appears
to be the exception to the general behavior. If overall equivalence
ratio is increased above unity, the percent jet NOy contribution to
overall NO, would eventually start to fall as the jet system became
overrich and unburned fuel left the primary zone. This behavior is
clearly evident for the two smaller jets and is becoming so for the
largest jet. The 50% jet NOy condition is reached at overall equiva-
lence ratios that increase with decreasing jet size. This corresponds
to the condition where the dome equivalenceratio exceeds unity in
each case. For the 0.50-in. (12.70-mm) jet system the 50% jet NO,
condition is reached at an overall equivalence ratio of 0.96. From
stoichiometry plots (Fig. 9) this correspondsto a dome equivalence
ratio of 1.7. This is a very rich dome condition compared to the
other jet sizes. This jet system generates lower jet NO, percentages
at all overall equivalence ratios than either larger or smaller jets.
Clearly, the 0.5-in. (12.70-mm) jet system behaves differently to
all of the others. This different behavior appears to be associated
with the football recirculation zone. For the 0.375-in. (9.53-mm)
and 0.25-in. (6.35-mm) air jets the recirculationzones are observed
to be physically very small. For the 0.75-in. (19.05-mm) air jets
although the recirculation zone is physically larger, it is small in
relation to the jet structures themselves. In the case of the 0.50-in.
jets, the recirculation and jet structures are observed to be compa-
rable in size. The relative dimensions of the recirculation bubble
and jet envelope flames can be appreciated from Fig. 2. A clear
implication of Fig. 12 in light of these observations concerning the
football recirculationbubble is that unburned fuel from the dome is
burned differently in the recirculation bubble than it is around the
jet structures. It is not difficult to accept that combustion around
the highly coherentair jet structures takes place stoichiometrically.
This being so, the hypothesis leads to the conclusion that combus-
tion in the recirculation bubble must therefore take place partially
premixed and at a local equivalence ratio less than unity. The jet-
system net NOy generated therefore would representa combination
of the NO, from these two sources, and the amount of NO, would
depend on how much of the fuel is burned around the jets and how
much is burned in the recirculation region. If a significant portion
of the total fuel processed by the 0.50-in. (12.7-mm) jet system is
reacted partially premixed in the recirculationbubble, then the NO,
of this system would be lower than anticipated from just the jet
diameter.

Overall Emissions Assessment
Figure 13 isaplotof overall NOy emissionsindicesagainstoverall
CO emissions indices for each of the jet sizes, including the dome
alone. The data for each jet size are limited on the left-hand side by a
0.5 primary zone equivalenceratio and on the right-handside by 1.1
primary zone equivalenceratio. Such a plot representsthe emissions
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Fig. 13 Overall emissions assessment for range of jet sizes.

trade between NOy and CO that might be made. A box can be placed
around the data for any particular jet size in the plot, bounded on
one side by the maximum CO, on the top by maximum NOy, and
on the remaining side and the bottom by the respective axes. Such a
box is a qualitative measure of the total emissions production of the
particular jet configuration. Data for any other configuration over
the same equivalence ratio range that fall wholly inside the initial
box represent a truly lower emissions configuration.

Review of the figure reveals several interesting facts. First, the
dome-alone configuration does truly represent the lowest emissions
configuration because it has the smallest box. Second, the 0.50-in.
(12.70-mm) jet does indeed represent some kind of optimum jet
configuration for this primary zone because its box is smaller than
the boxes for the other jets. It does not achieve its low NOy by
producing large amounts of CO. Third, the 0.75-in. (19.05-mm)
jet is the worst emissions producer, and this is through its jet NOy
generation. The levels of CO over the equivalence ratio range in
Fig. 13 are all at or very close to the appropriate equilibrium levels
for the test conditions. For lower equivalence levels outside the
range, there is an upward departure from equilibrium CO as a LBO
conditionis approached;similarly, at higherequivalenceratios there
is also an upward departure from equilibrium CO as a result of a
lack of oxygen.

LBO Considerations

The finding that the dome-alone configuration, that is, no traverse
air jets whatsoever, gives the lowest emissions and raises the valid
question as to the need for the separate combustion air jets.

The combustion air jets are needed to reduce flame length and
to enhance lean stability. These are especially important for aircraft
applications. Figure 14 shows some limited stability data for the
dome alone and for the dome with the 0.50-in. (12.70-mm) jets at
the H,/2 position, in the form of blowout overall equivalence ratio
against the air loading parameter (ALP)°. The ALP is defined as

ALP = m/(VP"F) ®)

The blowouts were conducted at atmospheric pressure, with varia-
tion of dome pressure drop for the dome alone and liner pressure
drop at fixed dome pressure drop for the with-jet case. In addition
for the dome-alone case, two inlet air temperatures were used—
ambient and 500°F (533 K). The plot shows that for given ALP the
with-jets case blows out at lower equivalence ratio than does the
dome alone. For the dome-alone situation there were several flame
modes observed. Blowouts for the range of ALPs in Fig. 14 were
governed by lifted and attached flame conditions? The presence of
the combustion air jets exerts a backpressure on the flame and in
addition provides for flame holding on the jets when the flame is
lifted from the injector.
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Discussion

The study reveals that the use of transverse combustion air jets to
terminate and close the conventionalprimary zone of an aircraftgas-
turbine combustor results in a severe penalty in NOy emissions as a
result of the formation of stoichiometric fuel/air burning interfaces
around the jets. Most of the NO, formed originates in these inter-
faces. The lowest overall emission characteristic would be achieved
from a dome-alone primary zone. However, without the presence of
combustion air jets the dome-alone blowout stability is inadequate
for the wide turndown ratio necessary for the multipoint operating
requirement for aircraft applications. Truly low NO, dome-alone
configurations would demand improved fuel/air mixing compared
to conventional primary zones and selection of a fuel-lean design
point, together with staged combustionin order to achieve adequate
blowout stability. When a conventionaldome designis used and the
design requirements also include blowout stability as well as low
emissions, combustion air jets must be used.

It does appear possible to achieve adequate blowout stability,
together with minimized NO, emissions, by optimizing the com-
bustion air jet system. An example of low NO,/adequate blowout
marginoptimizationis shownin Figs. 15 and 16. Figure 15 givesthe
overallemission index of NOj in terms of primary zone equivalence
ratio at a high-powerdesign point for an opposed pair of jets situated
in line with the fuel injector at one-half a dome height downstream
from the dome. Dome and liner pressure drops are fixed and are in
line with current design practice. For a fixed geometry combustor,
a primary zone design point equivalence ratio of 1.1 gives a value
atengine idle power that will result in low CO emissions. Figure 16
shows that best lean blowout performance would be achieved with
0.50-in.«12.7-mm) diam circular jets. It can be seen from Fig. 15
that the 0.50-in. (12.7-mm) jets would give a NOy performance that
is equivalent to operating the primary zone very lean (0.5 equiva-
lence ratio) at design point. It should be understood that selection
of a 1.1 primary zone equivalenceratio would necessitate the provi-
sion of additional combustion air downstream of the primary zone.
Again, optimization of this jet system is then necessary.

The optimization involves a minimization of the stoichiometric
interfaces formed around the air jets, together with achieving some
partial premixing of jet air with unburned combustion products de-
livered from the dome. This apparently involves careful matching
of the jet system to the fuel/air distributions delivered to the air jets
by the dome. In the design process a heavy reliance on the computa-
tional fluid dynamics tool is essential to achieve the flame structures
desired. Experimentally, assessments of local equivalence ratios in
the primary zone would be demanded to evaluate these structures.
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Fortunately, one- and two-color optical diagnostic tools relying on
chemiluminescence are now becoming available for this purpose.

A key feature of the optimization appears to be the formation
of the football recirculation zones formed on the upstream side of
the colliding opposed air jets. The term recirculation zone gener-
ally implies a closed volume of fluid, within which little chemical
reaction takes place as a result of poor interchange with the sur-
roundings. However, dynamic behavior, wherein the recirculation
zone collapses and then reforms at a relatively high frequency, is
generally considered to be the mechanism for combustion in such
zones. Whereas dynamic behavior is almost certainly of some im-
portance here, it should be accepted the term “recirculation zone”
is not a very good descriptor of the “footballs.” These are actually
highly three-dimensional structures that wrap around the air jets in
complicated fashion. They are not closed bodies, but receive fresh
air from the colliding jets that give rise to them and discharge prod-
ucts into the wakes of the jets that they wrap around; flow from the
dome in engulfed as the footballs roll up.

The study indicates that combustor design requirements, such as
blowout stability and emissions, cannot be pursued independently.
They must be worked together.

Conclusions
1) Most of the NOy, generated in the generic primary zone appears
to originate from stoichiometric burning in interfaces around the
combustion air jet system.
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2) Minimum total emissionsare producedwhen all of the reactants
are introduced through the combustor dome.

3) Combustion air jets are necessary to reduce flame length and
confer lean blowout stability.

4) For reasons associated with minimizing the stoichiometricin-
terfaces around the jet and the amount of fuel thatis burned in them,
the 0.50-in.<(12.70-mm) diam opposed circular jets exhibit a clear
optimum for the primary zone when the jets are positioned half a
dome height downstream. This optimum is for minimum NO, and
lean blowout stability.
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