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Symmetry Assessment of an Air-Blast Atomizer Spray

V. G. McDonnell,* C. D. Cameron,* and G. S. Samuelsent
UCI Combustion Laboratory, University of California, Irvine, California 92717

This study represents an evaluation of the extent to which conventional and recently introduced modern diag-
nostics can assess the symmetry of sprays formed by three atomizers of identical design. The conventional diag-
nostics include sheet-lit photography, which provides a measure of the gross flowfield asymmetries; patterna-
tion, which identifies nonuniformities in the gross mass flux distribution; and laser diffraction, which reveals
variations in line-of-sight measurement of Sauter mean diameter (SMD). The modern diagnostic is laser inter-
ferometry (phase Doppler), which measures local values of droplet size, two-components of droplet velocity,
and droplet volume flux. Symmetry is assessed in ambient conditions for four atomizer orientations (0, 60, 120,
and 180 deg), and comparisons are made beétween the diagnostic techniques. The results demonstrate that 1) con-
ventional and modern diagnostics are consistent in the assessment of symmetry, 2) patternation and phase Dop-
pler are most effective in establishing symmetry of mass flux, and 3) phase Doppler, although more tedious to
employ, provides the additional information necessary to establish the sources of detected asymmetries in terms
of non-uniformities in droplet velocites, size distributions, volume flux, and concentration.

Introduction

PRAY-FUELED combustion systems are receiving in-

creased attention with respect to design, internal flowfield
structure, and mixing processes between the fuel and air.
Among the principal questions is the extent to which the spray
field produced by a fuel atomizer is symmetric in the spatial
distribution of droplet size, droplet velocity, and droplet mass
flux.

Spray-field symmetry in gas turbine combustors is of partic-
ular interest. First, the prospects of relaxed specification fuels
combined with the increasing demand for improved com-
bustor aerothermal performance is leaving less tolerance for
variation in spray-field symmetry.! Second, the evolution of
two-dimensional numerical codes for gas turbine combustors
is founded on an assumption of spray-field symmetry,? a con-
straint that 1) may not be borne out in fact in model axisym-
metric geometries utilized in the laboratory, and 2) may pre-
clude consideration of combustor performance criteria likely
tied to spray asymmetries (e.g., hot streaks, lean limit blow-
out, high-altitude ignition). Third, spray measurements of
droplet size, droplet velocity, and dilute phase velocity typi-
cally assume spray symmetry, enabling data to be acquired
along only a single radius at various axial distances from the
atomizer.? The interpretation of such data is jeopardized in
the absence of spray-field symmetry. Fourth, the relationship
between atomizer performance in the combustor and atomizer
performance in a nonreacting spray characterization chamber
is not established and may be atomizer and combustor specific.*

Recently introduced modern diagnostics, coupled with con-
ventional methods, portend the capability of providing the
needed assessment of symmetry in both the isothermal and
combustor environment. The focus of this paper is to explore
the extent to which symmetry can be assessed by conventional
and modern methods in the nonreacting environment. This
report represents a first step in a study designed to address the
question of spray-field symmetry and the resultmg impact on
combustor performance.
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Assessment of Symmetry

Many techniques, some conventional and some new, are
available to evaluate the symmetry of sprays produced by at-
omizers. Photography, for example, provides a global view of
the spray field and a measurement of spray cone angle. The
use of sheet-lit photography allows the mterrogation of a

“slice’” in the spray field and greatly enhances, as a result, the
utility of photography in spray field characterization. This ca-
pability notwithstanding, photography is limited to the revela-
tion of only gross asymmetries in spray mass density: }‘md geo-
metric alignment. In addition, photography sufors from
ambiguity associated with 1) a nonlinear scattering-concentra-
tion relationship and 2) unknown size distribution influences
on scattering signature.

To provide a more quantitative and detailed assessment of
spray symmetry, patternation may be employed. Patternation
involves the physical collection of liquid mass at specified lo-
cations within the spray field. This classic technique provides
information about spray cone angle in addition to mass distri-
bution. With a sophisticated system, patternation can provide
reasonably detailed information.’ The principal drawbacks to
patternation are 1) the probable perturbation to the local
dilute phase and droplet flow, 2) the absence of information
regarding the spray field velocity and droplet size distribution,
and 3) the inability to apply the technique to the combustion
environment. )

Laser diffraction is a widely used method for the nonintru-
sive measurement of a spray and has been described in detail
elsewhere.®’ In the common application of this technique, a
line-of-sight measurement of the Sauter mean diameter (Ds,)
is obtained. Using sophisticated deconvolution techniques, the
local drop-size distributions may be obtained, from which
local volume-sensitive D5, values can be obtained.® (Note that
to avoid sighificant added complexity to the deconvolution ap-
proach, the assumption of axisymmetry is often made.) Still,
droplet velocities are not deduced.

A relatively new diagnostic, phase Doppler interferometry,
provides the capability of measuring droplet size and droplet
velocity at a point.® Recent comparisons between single-
component phase Doppler and laser diffraction are encourag-
ind with respect to correspondence relative capability, and op-
eration of both methods.>*8

The present work utilizes all of the above techniques in a
complementary and comparative manner in an effort to estab-
lish the utility of each technique in assessing the spray-field
symmetry of atomizer in the absence of reaction.
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Approach

The approach is to adopt three test articles (atomizers) of
the same model and apply the following spray-characteriza-
tion techniques to assess the extent to which each is effective in
delineating spray-field symmetry: 1) sheet-lit photography, 2)
patternation, 3) laser diffraction (Malvern), 4) laser inter-
ferometry (Aerometrics Phase Doppler). Each atomizer is
characterized at four orientations (0, 60, 120, and 180 deg)
and the various axial locations shown in Fig. 1. At each orien-
tation, 1) a sheet-lit sequence of photographs is secured for the
full spray field; 2) three replicate sets of patternation are ob-
tained at one axial location; 3) Malvern laser-diffraction meas-
urements of Sauter mean diameter (SMD) are obtained for the
full axial extent of the spray, from 25 mm to 300 mm (includ-
ing stations at 50, 85, and 150 mm); and 4) phase Doppler par-
ticle analyzer (PDPA) measurements of droplet size, droplet
velocity, and droplet flow rate are acquired at axial locations
of 50, 85, and 150 mm. At each axial location, phase Doppler
(PD) data were obtained at up to 40 radial points on a full-
diameter traverse.

Experiment

Atomizer

The atomizer design utilized in this study is shown in Fig.
2.10 1t is a production air-blast atomizer for use in a helicopter
gas turbine engine. The atomizer features swirled, centrally in-
jected air and, via an outer shroud, swirling external air. The
fuel is filmed onto a circular surface (via six ports which inject
the fuel tangentially) and sheared between the two air pas-
sages.

Methanol is adopted as the liquid fuel due to the suitability
of the resultant data for modeling. In particular, the vapor of
methanol has nearly the same mass density as air (1.33 vs 1.2
kg/m?) and, when injected into ambient conditions at — 10°C,
liquid methanol evaporates isothermally and thereby mini-
mizes both density gradients in the gaseous environment and
temperature gradients within the droplets. The atomizer is op-
erated at an air-to-fuel ratio of 1.0 and a mass flow of 0.0021
kg/s for each phase. (These flow rates correspond to the
‘‘cruise’’ operation of the atomizer.) For this study, several at-
omizers of the same model number were evaluated. The paper
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reports on the detailed assessment of three such nozzles,
denoted here as nozzles A, B, and C.

Spray Characterization Facility

A schematic of the test facility is shown in Fig. 3. The diag-
nostics remain fixed, oriented about a square cutout in the
table which measures 900 x 900 mm. The test article is directed
downward from the end of a 28-mm tube which supplies fuel
and atomizing air to the atomizer. This tube is connected to a
vertical traverse; the full tube traverse is attached to a support
structure that is, in turn, attached to the table via a two-
dimensional horizontal traverse system. Hence, 3 degrees of
freedom are available to the test article. In addition, the tube
in which the test article is secured is free to rotate about
the centerline, permitting measurements at any degree of
orientation.

Rigid plastic walls and a plastic sheet form an enclosure that
surrounds the entire traversing/support system and insures a
stagnant environment by isolating the spray field from room
perturbations. Air introduced into the structure to meet en-
trainment requirements is removed via an exhaust system lo-
cated in the fuel collection plenum. A stainless steel mesh sep-
arates the exhaust entrance from the structure to preclude
local suction and insure that the exhaust suction is distributed
over the large area of the plenum.

Diagnostics

The sheet-lit photography is produced by expanding a colli-
mated S-mm Ar* laser beam (Spectra Physics Model 165
operating at 5 W in the multiline mode) through a cylindrical
lens. Photographs are obtained using a 35-mm camera (Olym-
pus II) and TRI-X (Kodak) film.

The patternator is a necklace-type design that provides 25
collection tubes space 4 deg apart on an arc with a radius of
100 mm. The tip of the central collector tube is positioned pre-
cisely at this radial distance (100 mm) from the atomizer. The
centroid of the patternator is located 85 mm from the tip of
the test article. This 85-mm station, along with the 150-mm
station, are two of the axial locations at which both Malvern
and phase Doppler data were collected (Fig. 1).

Laser-diffraction data were obtained using a Malvern
Model 2200, Care was taken to ensure that the full extent of
the spray was within the range of the instrument (300-mm
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Fig. 5 Laser-diffraction (Malvern) results.

receiving lens was used). Phase Doppler data were obtained
using a first generation prototype Aerometrics two-compo-
nent instrument. Additional details are provided elsewhere.*
The Aerometrics instrument, in contrast to the Malvern, pro-
vides detailed droplet velocity (two components) and droplet
size information. The instrument is capable of providing
satisfactory size measurements as evidenced by the extensive
verifications conducted in comparison with visibility and the
Malvern.**% Mass flux can also be obtained and thus direct
comparisons to patternator data can be made. The instrument
has demonstrated encouraging performance with respect to
mass flux in a droplet stream with a dominant axial velocity
component.® In droplet streams, such as that found in the
present case where three significant velocity components can
be present, the precise determination of the probe volume has
not been firmly established. Hence, an accurate determination
of mass flux cannot be measured with complete confidence
For the assessment of symmetry, absolute values of the mass
flux are not necessary and, in the present case, the data are
normalized to focus attention on the uniformity of the radial
profiles.

Symmetry Assessment by Independent Instruments

Photography
Still photographs using both a vertical and horizontal sheet
of laser light were obtained to provide a global, time-averaged

view of the full spray. Sheet-lit photography provides a means
to study a persistent asymmetry in the spray flowfield. Streaks
(high-spray density regions) and holes (dilute regions), for ex-
ample, can be readily detected. In the present case, the still
photographs did not reveal asymmetries in the spray fields as-
sociated with any one of the three nozzles selected for charac-
terization.

Patternator

The patternator provides qualitative and quantitative infor-
mation about the mass flux distribution in an atomizer spray
field. In Fig. 4, for example, the patternation results are pre-
sented for the three atomizers at three orientations: 0, 60, and
120 deg. (Data obtained at 10-deg increments revealed no ad-
ditional insight into symmetry of the atomizer spray field. As
a result, only data obtained at 60-deg increments are pre-
sented.) The ‘‘y-axis’’ label is the normalized bin height (i.e.,
volume) obtained by weighting the mass collected in a given
tube per unit time by the area of the annular sector generated
by a revolution of the tube about the centerline (vertical axis)
of the patternator. This weighted mass flux is normalized by
the maximum bin height measured in a given patternation.

The data reveal that nozzle B gives the most symmetric
spray for the three orientations selected. Both nozzles A and C
give asymmetries depending on the orientation: for example,
although nozzle C appears to produce a symmetric spray at the
0-deg orientation, asymmetries are evident at 60 and 120 deg.
Another measure of asymmetry is the distribution of mass on
either side of the patternator centerline. The mass is distrib-
uted almost equally on the two sides for nozzle B. For nozzles
A and C, the difference between the two sides is as much as
20%, depending on the orientation.

Laser Diffraction

The Malvern instrument was used to obtain line-of-sight
measurements of D, along the centerline of the spray field
(maximum D;, valves were less than 50 p). The results pre-
sented are for a Rosin-Rammler size distribution. Although
this is a qualitative measurement in terms of symmetry assess-
ment, the Malvern results do reveal repeatable differences in
the axial profiles of D, at different orientations of the test ar-
ticles (Fig. 5). Nozzles A and B show a relatively modest
spread in D, due to orientation. By comparison, significant
differences are apparent for nozzle C.

Although the relative symmetry of the three atomizer spray
fields is identical based on the Malvern and the patternator
measurements, a direct comparison between the patternator
and Malvern is not possible since both measure different
quantities. If fortuitously the mass flux variations deduced by
the patternator were due to a variation in Dy, (rather than
droplet velocity, size distribution, or D;;), the two should be
related. However, questions would still remain since 1) the
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patternator tubes in the necklace design are not all at the same
axial location, and 2) the patternator is vulnerable to perturb-
ing the local two-phase flowfield.

Phase Deppler

Full radial profiles of normalized droplet axial and azi-
muthal velocity (maximum mean axial velocity and azimuthal
are less than 20 and 2.5 m/s, respectively) for each of the test
articles are presented in Fig. 6a. The velocity field of both
nozzles A and B are relatively symmetric in contrast to nozzle
C. The aerodynamic center of nozzle C is clearly shifted to the
right of the geometric center (approximately 4 mm). Thus,
these data provide insight to a possible source of the previ-
ously deduced asymmetry in nozzle C, namely, a distortion
in the actual centerline of the spray from the geometrical
centerline. ’

Full radial profiles of the normalized phase Doppler flux
sensitive (maximum valves are between 80-100 p) D,, are
shown in Fig. 6b. As with the velocity, clear evidence of a geo-
metrical asymmetry in nozzle C is observed. These data also
reveal a probable source for the asymmetry in nozzle A,
namely, a significant variability in droplet size at the edge of
the spray.

Summary of Symmetry Assessment

The above results show that a reasonable correspondence
exists between the techniques used in determining asymmetry
in the flowfield of the test articles considered here. The results
also demonstrate that asymmetries in the flowfield are most
clearly delineated by phase Doppler and patternation. In the
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next section, emphasis is directed to a comparative study be-
tween these two techniques and the use of both for
quantifying, as well as identifing, spray asymmetry for one of
the atomizers examined above.

Comparative Results

Mass Flux: Patternator vs Phase Doppler

In addition to the droplet velocity and size information pro-
vided above, the phase Doppler instrument also determines
mass flux through the interferometric probe volume by 1)
combining the measurement of drop size with a measurement
of the probe volume cross section, and 2) correction for the
Gaussian intensity profile of the beam. For direct comparison
to the patternation data, spatially resolved measurement of
mass flux can be integrated over the annular areas associated
with each measurement point to provide an area-weighted
mass flux. The comparative results for area-weighted mass
flux, normalized to the peak mass flux in each data set, are
shown in Fig. 7 for nozzle A. The comparison reveals consis-
tency between the two methods.

An integration of the mass-flux profile for each method
yields a total flow rate of 1.66 g/s for the phase Doppler and
1.13 g/s for the patternator. This compares to an injected flow
rate of 2.1 g/s. Evaporation alone cannot account for the
missing mass. Other factors play a significant role. The testing
protocol selected for the present study, for example, ter-
minates the collection of phase Doppler data at the radial posi-
tion for which the droplet data rate drops below 5% of the
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maximum data rate measured at that axial station. As a result,
the phase Doppler data do not include droplets at the far edge
of the spray field. Since drops at the edge of the spray are
large, and possess a relatively large amount of mass, the inte-
grated phase Doppler mass flow rate is lower than the injected
flow rate. In other studies where more complete traversing has
been conducted, measured mass flows in the spray correspond
closely to that injected at axial locations away from the
injector.!! The loss of mass from the patternator, which col-
lects over the entire realm of the spray field, is attributed to
local perturbation and the unidimensional character of the
patternator design. The swirling component of the spray (see
Fig. 6a) contributes to the underprediction of mass. The
skewed angle of impact at the opening of the collection tube
causes the effective collection area of the tubes to be less
than for normal impact, which is assumed in the tube area
calculation.

In Fig. 7, both techniques indicate the presence of an asym-
metry in the distribution of droplet mass flux. An advantage
of the phase Doppler technique is the ability to simultaneously
measure the various statistics. Hence, in principle, the phase
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Doppler data can identify the source and explain the evolution
of the asymmetry. In the following, the data obtained by the
phase Doppler are examined to assess the cause of the volume
flow asymmetry.

To establish the nature of the asymmetry, the distribution
of droplet size in the spray must first be established. Consider,
for example, the 120-deg orientation of nozzle A: Presented in
Fig. 8 are normalized phase Doppler size distributions ob-
tained at radial locations of 12, 16, and 20 mm on either side
of the centerline. A high number of small drops are present at
12 mm, and relatively few small drops are present at 20 mm.
For the present atomizer and operating conditions, small
drops are entrained towards the centerline, whereas larger
drops possess enough momentum to be transported to the
outer edge of the spray field.

Returning to Fig. 7, both the patternation and phase Dop-
pler data reveal an asymmetry in the peaks of the distribution
at collection tubes 10 and 16. These tubes correspond to radial
displacements of =16 mm from the centerline. The phase
Doppler mass flux at —16 mm is 65% of the value at +16
mm. The volume mean diameter Dy, at — 16 mm is 84% of the
value at + 16 mm (30.3 u for the positive side, 25.5 u for the
negative side) which corresponds to 60% less volume for the
— 16-mm side.

The difference in volume mean diameter indicates that the
drops at — 16 mm are smaller than those at +16 mm. Since the
difference in mass flux is less than the difference associated
with volume mean, one conclusion drawn might be that less
droplets must pass through the probe volume at + 16 mm per
unit time than at — 16 mm. Examination of the normalized
count vs size distributions at 16 mm on either side of centerline
(Fig. 8) indicates that there are actually fewer total drops pass-
ing through the probe volume on the + 16-mm side.

This conclusion is verified by presenting the data of Fig. 8 in
a different manner. Figure 9 presents the same distributions in
the form of volume vs size. Note that, although there are sig-
nificantly more small drops on the — 16-mm side, the volume
associated with these drops is relatively small. Also, the
slightly greater number of larger drops on the + 16-mm side
causes a large discrepancy in volume. Figure 9 demonstrates
that the reduction in mass flux associated with the reduction in
the overall number of drops is offset by the increase in the
number of large drops. Note that simply because the drops are
large does not necessarily mean that a large volume flux will
exist. The number of drops per unit time, as well as size, influ-
ence the flux.

In summary, the patternator and the phase Doppler meas-
urements of mass flux are consistent. The measurement of
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Fig. 8 Normalized count vs size (nozzle A: 120-deg orientation).
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droplet-size distributions by the phase Doppler provides the
information necessary to deduce the specific source of the
volume flow asymmetry.

Additional Insight Provided by Phase Doppler

An additional attribute of the data acquired from phase
Doppler is the capability to couple droplet velocity with drop-
let size. By coupling the velocity with the volume flux deter-
mined from the size distribution, a measnrement of concentra-
tion can be deduced. Figure 10 presents the radial profile of
normalized number density (#/cc) overlaid on the mass flux
profiles shown in Fig. 7. Note that at the + 16-mm location,
an identical concentration of drops exists. Yet, Fig. 8 indicates
that more drops, especially small drops, are present on the
— 16-mm side. What Fig. 8 does not take into account is the
velocity of the drops. As a result, a misleading view of the con-
centration of drops may be portrayed. This is especially perti-
nent because the concentration of drops may be more impor-
tant than mass flux in consideration of problems associated
with gas-turbine combustors.

Figure 11 presents the data in yet another fashion, concen-
tration vs drop size, to provide additional insight into the issue
of asymmetry. Note that the concentration of small drops is
larger on the — 16-mm side, but that the concentration of large
drops is larger on the + 16-mm side. Comparison of these data
to those for the same radial locations presented in Fig. 8 shows
that very little asymmetry in concentration exists. The reason
that the asymmetry of concentration is less than for the
number of drops is that the velocity of the drops on the — 16-
mm side is greater than that of the drops on the + 16-mm side
(this is true for drops of all sizes). The higher velocity tends to
spread the drops out more on the —16-mm side and, as a
result, reduces the concentration at this location. Note that the
velocity does not directly affect the mass flux.

Conclusion

The conclusions of this study are as follows:

1) The conventional and advanced techniques utilized in the
present study are a) consistent with one another where compa-
rable measurements can be made (e.g., patternator and phase
Doppler mass flux) and b) consistent in revealing the relative
quality of symmetry between the three nozzles interrogated.

2) Point, spatially resolved measurements of droplet velo-
city, size, number density, mass fiux, and size distribution are
required to fully assess the spray-field symmetry of an atomizer.

3) Two-component phase Doppler laser interferometry
shows promise in the provision of the requisite data.

4) A thorough characterization requires a detailed survey of
a myriad of both atomizer orientations and all locations. Such
an effort is time intensive and data-storage intensive.

5) In the present study, an analysis of the phase Doppler
data reveals that the asymmetry in mass flux is caused by a
nonuniformity in the number of large drops produced by the
injector.

For quality control of nozzle production, it is likely that
patternation is sufficient, and the additional information pro-
vided by phase Doppler may not be of direct use nor the time
needed to provide such information justified. In support of at-
omizer design, however, the information provided by phase
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Doppler may become more significant. Clearly, the informa-
tion is desirable for the development of numerical models of
atomization and spray evolution.

Further work in this area includes 1) the assessment of gas-
phase flow symmetry on symmetry of sprays produced by
twin-fluid atomizers,!! 2) the assessment of the extent to
which ambient characterization can be extrapolated to actual
operation,* and 3) the assessment of atomizer symmetry on
the performance of practical combustors.

Acknowledgments

Funding for the present study has been provided in part by
NASA (NAS3-24350, Jim Holdeman, technical monitor) and
the Environics Division of the Air Force Engineering Services
and Research (FO-8635-86-C-0309, Wayne Chepren, technical
monitor). The authors gratefully acknowledge 1) the assis-
tance of Howard Crum, Brian Bird, and Russ Benson in the
acquisition of the data, 2) Will Bachalo and Mike Houser of
Aerometrics for critical discussions and support in the applica-
tion of the phase Doppler interferometer, 3) Ted Koblish of
Textron Excello for valuable technical insights into nozzle
design and fabrication, and 4) Greg Hill for assistance in the
development of data reduction programs.

References

1jackson, T. A., and Samuelsen, G. S., ““Detailed Characterization
of an Air-Assist Atomizer and Its Use in a Swirl-Stabilized Com-
bustor,”” AIAA Paper 85-1181, July 1985.

2Sturgess, G. J., Syed, S.A., and McManus, K. R., ““Calculation of
a Hollow-Cone Liquid Spray in a Uniform Airstream,”’ Journal of
Propulsion and Power, Vol. 1, No. 5, 1985, pp. 360-369.

3Jackson, T. A., and Samuelsen, G. S., “Droplet Sizing Inter-
ferometry: A Comparison of the Visibility and Phase Doppler Tech-
niques,”” Applied Optics, Vol. 26, No. 11, 1987, pp. 2137-2143.

“McDonell, V. G., Wood, C. P., and Samuelsen, G. S., “A Com-
parison of Spatially Resolved Drop Size and Drop Velocity Measure-
ments in an Isothermal Chamber and Swirl-Stabilized Combustor,”’
Twenty-First Symposium (International) on Combustion, The Com-
bustion Inst., Pittsburgh, PA, 1986, pp. 685-694.

SMcVey, J. B., Russell, S., and Kennedy, J. B., ‘‘High-Resolution
Patternator for the Characterization of Fuel Sprays,”’ Journal of Pro-
pulsion and Power, Vol. 3, No. 3, 1987, pp. 202-209.

5Dobbins, R. A., Crocco, L., and Glassman, 1., ‘““Measurement of
Mean Particle Sizes of Sprays from Diffractively Scattered Light,”
AlAA Journal, Vol. 1, No. 1,1963, pp. 1882-1886.

"Swithenbank, J., Beer, J. M., Taylor, D. S., Abbot, D., and Mc-
Creath, G. C., “A Laser Diagnostic Technique for the Measurement
of Droplet and Particle Size Distribution,”” Experimental Diagnostics
in Gas Phase Systems, Vol. 53, edited by B. T. Zinn, Progress in
Astronautics and Aeronautics, AIAA, New York, 1977, pp. 421-447.

8Dodge, L. G., Rhodes, D. J., and Reitz, R. D., *“‘Drop-Size Meas-
urement Techniques for Sprays: Comparison of Malvern Laser-
Diffraction and Aerometrics Phase/Doppler,”” Applied Optics, Vol.
26, No. 11, 1987, pp. 2144-2154.

Bachalo, W. D., and Houser, M. J., “Phase/Doppler Spray Ana-
lyzer for Simultaneous Measurements of Drop Size and Velocity Dis-
tributions,’” Optical Engineering, Vol. 23, No. S5, 1984, pp. 583-590.

1%Mongia, H. C., and Reider, S. B., ““Allison Combustion
Research and Development Activities,”” AIAA Paper 85-1402, July,
1985.

HMcDonell, V. G., and Samuelsen, G. S., “Influence of the Con-
tinuous and Dispersed Phases on the Symmetry of a Gas Turbine Air-
Blast Atomizer,”” ASME Journal of Engineering for Gas Turbines
and Powers, Vol. 11, Jan. 1990, pp. 44-51.



