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Pressure data vs. Tail Gap
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Fig. 2 Static test results of pressure histories vs the tail gap.
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Fig. 3 Pressure ratio A P* vs X: experimental vs theoretical data.

ratio, which indicates higher values of pressure spike for smaller
X values). These findings show that Eq. (4) provides a reasonable
prediction of the pressure spike value once the burn rate and the rise
time are known.

Discussion

Variational principles® dictate that for equilibrium conditions to
occurbothsides of Eq. (2) should vanish. Keeping steady-stateterms
separatedfromthe unsteady terms enables separateequilibriumcon-
ditions for each of these states. This seems not only mathemati-
cally correctbutalso true to the physical meaning of the substantial
derivative decomposition procedure in the mass flow balance. The
geometric characteristiclength, which defines the ratio between the
void volume and the throatarea, was obtained* by mixing steady and
unsteady terms. In contrast, the physical interpretation of the new
equilibriumconditionsis that, when the throat area is changed, new
steady-state conditions and performance occur, and thus the stage
is set for different unsteady-stateequilibrium conditions. In the pre-
sented experimental tests, the throat area remained unchanged, but
pressure spikes occurred (see Fig. 2) as the X changed. Further-
more, the two motors reported in this study with different port area
and case diameter showed that variationsin X correlated well with
the pressure spike. Finally, note [Eq. (5)] that the connecting term
between the purely unsteady condition, X, and the purely steady
condition, K, is the geometric characteristiclength L*, which was
originally derived from mixed terms.

Conclusions

A new design criterion for unsteady equilibriumin SRM was de-
rived from the conservative mass balance equationin integral form.
This relation [Eq. (4)] shows the dependencynot only of the pressure
spike on grain properties (such as burn rate and rise time) but also
on a geometric parameter called the characteristic gap. The char-
acteristic gap X defines the ratio between the void volume and the
propellant burning surface. In basic motor design, it is sometimes
close in dimension to the physical gap between the throat and the
end-grainsurface. The new unsteady-stateequilibriumwas corrobo-
rated with the experimental data and was found to work consistently
as a design tool to predict pressure spikes early in the design.

More experimental testing is suggested. The correlation between
the X and the pressure spike should be clearly demonstrated in an
end-burning-type test apparatus. In contrast to SRMs with com-
plex grain geometry, end-burning-typetest setups will enable visual
verification of the relationship between the SRM geometric param-
eters and the design criteria of equilibrium conditions.

Acknowledgment

The researchreportedin this Note was fundedin part by the ASIE
program, Wright-Patterson AFB, Ohio 45433-7017, Contract no.
33657-95-C-0006.

References

ISutton, G. P., Rocket Propulsion Elements, 6th ed., Wiley, New York,
1992, Sec. 11.2,p. 384.

2Zucrow, M. J ., Aircraft and Missile Propulsion, Vol. 1, Wiley, New York,
1958, pp. 91, 92.

3Zucrow, M. J ., Aircraft and Missile Propulsion, Vol. 2, Wiley, New York,
1958, pp. 419-433.

4Barrere, M., Jaumotte, A., De Veubeke, B. F., and Vandenkerchove, J.,
Rocket Propulsion, Elsvier, New York, 1960, pp. 237-247.

SHill, P. G., and Peterson, C. P, Mechanics and Thermodynamics of
Propulsion, Addison Wesley Longman, Reading, MA, 1987, pp. 117-119.

%Brooks, W. T., Workshop Report: Burn Rate Determination Method-
ology, CPIA Publ. 347, Vol. 2, Chemical Propulsion Information Agency,
Columbia, MD, Oct. 1981, pp. 183-191.

TKruse, R. B., Fundamental of Solid Rocket Motors, Univ. of Huntsville
Press, Huntsville, AL, 1991, p. 27.

SYourgrau, W., and Mandelstam, S., Variational Principles in Dynamics
and Quantum Theory, Dover, New York, 1979, Sec. 4, pp. 145-152.

Concentration Measurements in a
Mixing Module for Lean, Premixed,
Gas-Turbine Combustors

D. Douglas Thomsen,* R. V. Ravikrishna,’
Clayton S. Cooper,* Yanan Jiang.®
and Normand M. Laurendeaul
Purdue University, West Lafayette, Indiana 47907-1288

Introduction

ECENT government emission standards mandating low NO,
levels in advanced gas-turbine engines have led to the use of
lean, premixed combustion.! Lean, premixed combustion reduces
thermal NOy by preventing the creation of the high-temperature,
stoichiometricinterfacesfoundin traditionaldiffusion flames. How-
ever, the advantages of this technique depend upon the flame burn-
ing at the same lean equivalenceratio at all locations and times. The
exponential dependence of NOy on temperature causes relatively
small spatial or temporal variations in equivalenceratio to produce
substantialincreases in NO, emissions.? Thus, mixing efficiency is
a critical property of any proposed lean-premixed combustor.
One proposed design for achieving the goal of well-mixed lean
combustion for natural gas applications, while minimizing the
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Fig. 1 Diagram of swirler-vane/fuel-tube assembly showing coordinate system used for this study. The distance from the fuel tube to the far edge of
the assembly, along the y axis, is ~ 25 mm.
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Fig. 2 PLIF images of fuel mole fraction as a function of fuel-tube angle for the first fuel-tube configuration. Images taken ~ 17 mm from the center
of the fuel tube. Color-coded bar to right of image represents fuel mole fraction.
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danger of flashback and instability, is the lean premix module de-
veloped by Rolls-Royce/Allison.® This module consists of 16 fuel
delivery tubes located between air swirl vanes at the entrance to a
radial-inflow swirler. Each delivery tube has holes placed along its
length for fuel injection. Locating and sizing the fuel-injectionholes
to optimize the mixing within each swirler-vanefuel-tube assembly
is vital to obtaining short premixers. Hence, experimental measure-
ments of fuel concentration at the swirler-vane exit are needed to
validate the utility of the current design.

Acetone laser-induced fluorescence (LIF) is one technique that
has recently been used as a tracer for concentration measurements
in gaseous flows.*~% As a laser-based technique, it does not disrupt
the flowfield. Moreover, acetone has a fairly broad ultraviolet ab-
sorption spectrum and a spectrally isolated, although broad, visible
fluorescence spectrum. In addition, acetone’s high volatility makes
iteasy to vaporize so as to obtain large concentrationsin a simulated
gaseous fuel stream.

This Note reports on acetone planar LIF (PLIF) measurements of
average fuel concentration at the exit plane of a swirler-vane/fuel-
tube assembly corresponding to the Rolls-Royce/Allison Radial
Swirler Plus Nozzle lean premix module. These measurements
are used to identify regions of spatial unmixedness and to study
the effect of fuel-tube configuration on this unmixedness. The
project was designed to utilize simple, mean measurements in an
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effort to quickly identify design corrections in the experimental
assembly.

Experimental Methods

The UV-excitationspectrum of acetone is fairly broad [~100 nm
full width at half-maximum (FWHM)] and is centered at approx-
imately 275 nm (Ref. 4). For this work the excitation wavelength
is generated by employing the second harmonic (A =532 nm) of
a Quanta-Ray DCR-3G Nd:YAG laser to pump a Molectron DL-II
dye laser. The resulting beam produced by the Rhodamine 590 dye
is then frequency doubled to obtain the desired excitation wave-
length of 280 nm (10-ns FWHM, 6 mJ/pulse). The excitation beam
was focused using a 1000-mm focal length lens coupled with a
cylindrical lens to vertically expand and collimate the excitation
beam. An aperture/slit assembly, positioned immediately before the
swirler-vane/fuel-tube assembly, was used to clip the wings of the
sheet (~10 mm tall x 200 um wide). A wideband interference filter
spectrallycenteredat465 nm and havingan 80-nm FWHM was used
torejectlaser scatteringat 280 and 532 nm while retaining the linear
acetone fluorescence. The spectrally filtered PLIF image was spa-
tially amplified, discretized, and registered using a 12-bit Princeton
Instruments ICCD detector (Princeton Instruments ST-130), which
incorporated a 578 x 384 pixel charge-coupled device. Typically,
150 fluorescenceevents were integratedon chip for each image, with
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Fig. 3 PLIF images of fuel mole fraction as a function of fuel-tube angle for the second fuel-tube configuration. Images taken ~ 17 mm from the
center of the fuel tube. Color-coded bar to right of image represents fuel mole fraction.
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each event gated over an ~30-ns period. Image analysis and reduc-
tion were performed on a laboratory Sparc station using PV-WAVE
v.6.01 software (Visual Numerics, Inc.).

Calibration was performed by flowing a gas stream of known
acetone concentrationthrough a tube and obtaining an image of the
acetone fluorescence in the resulting jet. The average value of this
fluorescencesignal, which representeda fuel mole fraction of unity,
was determined over a region in the center of the jet. The fluores-
cence image of the flow from the swirler-vane/fuel-tube assembly
was normalized by this value so as to yield an image displaying fuel
mole fraction. Nonuniformitiesin the laser sheet were accountedfor
by recording a Rayleigh scattering image of the laser sheet, which
was then used to normalize both the calibrationand the fluorescence
image.

A diagram of the swirler-vane/fuel-tube assembly is shown in
Fig. 1 along with the coordinate system used for this study. The
x coordinate is perpendicularto both the airflow and the fuel tube,
as measured from the centerline of the fuel tube. The y coordinate
is the distance along the airflow measured from the centerline of the
fuel tube. The z coordinate is parallel to the fuel tube. The angle
0 represents tube rotation about the z axis with positive rotations
being counterclockwise for the view shown in Fig. 1. The reference
angle for 6 is the angle at which the perpendicularbisector between
the two rows of fuel injection holes passes through the midpoint of
the lean premix module. Two different fuel-tubeconfigurationswere
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25 mm
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studied in the current work. The first had two rows of fuel-injection
holes, one with seven and the other with eight equally spaced holes,
offset from each other and separated by an included angle of 90 deg.
The second configuration differed only in the included angle that
was modified to be 120 deg. To match the molecular weight of
CHy, the fuel stream consisted of one standard liters per minute
(SLPM) of N, bubbled through 35°C acetone, as maintained by a
temperature-controllal water bath, followed by dilution with an ad-
ditional 5.07 SLPM of N, and9.05 SLPM of He, foracombined flow
rate of 15.97 SLPM and an acetone mole fraction of 0.00266. These
flow rates correspond to an overall equivalence ratio of 0.5 when
used with the desired airflow rate of 6 g/s (304 SLPM) and yield
roughly equal fuel and air velocities at the location of fuel injection
(~30 m/s).

PLIF Measurements

PLIF images of fuel mole fraction were obtained perpendicularto
the main airflow. Each PLIF image represents a specific distance y
from the center of the fuel tube. The primary goal of this study was
to determine the orientationangle 8, which optimizes the temporally
averaged mixing efficiency for each of two fuel-tube configurations
supplied by Rolls-Royce/Allison, and to determine the sensitivity
of the average mixing efficiency to small changesin 6. Starting with
the first fuel-tube configuration, Fig. 2 shows the effect of tube ro-
tation on fuel concentrationat the exit of the swirler-vane/fuel-tube
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Fig. 4 PLIF images of fuel mole fraction as a function of distance from the fuel tube for the second fuel-tube configuration (6 = 0 deg). Color-coded

bar to right of image represents fuel mole fraction.
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assembly (y & 17 mm). Figure 2 indicates that significant average
unmixedness exists at the exit plane of the assembly for the ref-
erence angle 6 =0 deg. The images also demonstrate that small
positive changes in 6 tend to further degrade the mixing efficiency
of this assembly. However, a small negative rotation to an orienta-
tion of @ = —20 deg resultsin a much more uniformfuel distribution
across the fuel/air jet.

Similar results are shown for the second fuel-tube configuration
in Fig. 3. As compared to the first fuel-tube configuration, this mod-
ule displays improved mixing efficiency at its base reference angle.
In response to changes in 6, positive rotation of the fuel tube once
again decreases the mixedness of the fuel-airflow. However, for this
case the base orientation, rather than a slightly negative fuel-tube
angle, seems to provide optimal mixing. The implicationis that fuel-
jet mixing occurs primarily via crossflow of preswirler air over the
fuel tube. As shown by Fig. 3, the second configuration has the ad-
ditional benefit of being less sensitive to small changes in fuel-tube
angle.

Finally, we determined how rapidly mixing occurred within the
fuel-air stream as a function of downstreamdistance. Because these
fuel/air streams enterinto a larger swirler assembly prior to combus-
tion, unmixedness at the exit of the swirler-vanefuel-tube assembly
is only a problemif it persists into the reaction zone. Figure 4 shows
fuel-concentration distribution as a function of distance from the
fuel tube, along the fuel-air jet, for the second fuel-tube configura-
tion (0 =0 deg). Although a fair amount of unmixedness occurs at
the exit plane (17 mm), nearly complete fuel-air mixing occurs at
~23 mm from the fuel-tube centerline and well before the end of
the swirler-vane module. In fact, at this location the average fuel
mole fractionis 0.083 as compared to the fully mixed mole fraction
of 0.05.

Conclusion

In conclusion, simple qualitative measurements of the type pre-
sented in this study can be crucial to optimization of fuel-air mixed-
ness and thus minimization of NOy emissions from lean premixed
combustors. Additional parameters such as fuel type, fuel/air mo-
mentum ratio, or air preheat temperature can be effectively studied
on both a spatial- and time-averaged basis via acetone PLIF mea-
surements of surrogate fuel.
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Introduction

URRENT demanding standards require accurate predictions

of NO, outflow from flames and combustors. Turbulent flows
hamper a detailed accounting of NO, formation; the standard ap-
proach considers only the thermal pathway in adiabatic conditions.
However, NO, formationinvolves differentpathways': thermal, ni-
trous oxide, prompt, nitric dioxide, and fuel.

This investigation introduces a treatment for heat losses by ra-
diation in optically thin nonsooting flames and explores the reac-
tion regimes of the various NO, pathways. The model is based on
the stretched laminar flamelet (SLF) approach, which considers a
turbulent flame to consist of thin laminar flamelets. Chemical pro-
cesses characterized by a timescale shorter than the Kolmogorov
time fx contribute to the definition of their structure, whereas those
involving a timescale larger than 7x occur in the distributed re-
action regime; a finer division discriminates between the regions
tx <t. <ty and f, > t;, where f; is the integral scale. Provided that
the processes are energetically insignificant (as in the case of NO, )
and uncoupled from faster paths a treatment can be devised for the
latter regime as well.

Central to the SLF approach is the identification of the charac-
teristic chemical time of the different NO, pathways. This paper
defines the elements required to investigate the reaction regime of
the thermal and N,O pathways.

Treatment of Heat Loss Effects via the SLF Approach

An extension of the SLF formalism to nonadiabatic combustion,
as suggested in Ref. 2, has recently been developed.? It is based
on the introduction of an enthalpy defect given in the following
equation, in addition to the conserved scalar (or mixture fraction,
defined in terms of enthalpy) Z and the scalar dissipation rate x,
(conditioned at the flame front):

that is, the gap between the actual enthalpy and that of an adiabatic
flame (h,, h s refer to oxidizer and fuel). State quantities in laminar
flames can then be expressed as

¢ =d(Z; x5 §) 2

so that average values can be recovered by convolution with an ap-
propriately defined joint probability density function (PDF) of Z,
Xc» and ¢. The approachrequires an additional equation for h, tore-
cover ¢ after averaging the linear relationship (1). The SLF model
for turbulent flames requires as an input a library of laminar flames,
with propertiesexpressed in form (2). Profiles must be organizedin
shelves, where each shelf contains entries for numerous . values
from equilibrium to extinction plus the inert (or pure-mixing) state,
and each shelf refers to a different value of ¢.
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