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ABSTRACT
The structure of the two-phase flow produced by a
SNECMA/GEAE CFM-56 swirl cup is characterized
using flow visualization and phase Doppler
interferometry. Three operating conditions are examined,
corresponding to 3.5, 7, and 15% power levels for the
engine. Detailed measurements are obtained for the 3.5
and 7% power conditions. The results obtained are
contrasted to previous results obtained in an idealized
environment with the goal of assessing the relevance of
such data to practical conditions. The results reveal that
the increase in power has little impact upon the general
structure of the flow and that even the atmospheric results
provide the basic structure associated with the actual
conditions. This is attributed to the similarity in pressure
drop for each of the cases considered. Increasing power
does lead to a systematic reduction in drop size despite
exceeding crossover points for the duplex atomizer used.
This difference is attributed primarily to inlet temperature
changes.

INTRODUCTION

Mitigation of emissions from gas turbine engines
requires better understanding of the basic processes
occurring within the combustor. Trial and error
approaches have been successful in meeting emissions and
performance targets to date. More desirable, long term

solutions require a more systematic approach to
understanding the physics occurring and the parameters
which affect them. As experimental and numerical tools
mature, insights into such processes become available.
Typically, the extent to which predictions can be utilized
depends largely upon the degree to which they can be
affirmed or refuted by experimental data, necessitating a
hand-in-hand growth in sophistication and levels of
difficulty.

In an effort to gain better understanding of the basic
phenomena occurring within complex practical systems
currently in operation, the UCICL has been obtaining
detailed measurements in the flows downstream of a
SNECMA/GEAE CFM-56 swirl cup. The basic structure
of the flow field has been documented (Wang, McDonell,
and Samuelsen, 1992). In addition, studies have been
conducted examining the sensitivity of the results to
scaling and hardware variation (e.g., Wang, et al., 1992;
Wang, McDonell, and Samuelsen, 1993; McDonell, Lee,
and Samuelsen; 1994a). In addition to time-averaged
structure, transient phenomena has also been examined
(Wang, et al., 1993). These studies have provided great
insight into the general structure of the gas phase as well
as details regarding the complex behavior of drops. In
order to remove many sources of ambiguity, these studies
were conducted in idealized environments (e.g., ambient
combustor temperatures and pressures and in the absence
of reaction). Such an environment was a critical starting
point which resulted in (1) unambiguous insights which
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Figure 1. Schematic of the Facility.

would otherwise be missed and (2) detailed, complete data
sets which have provided comparative results for
development of numerical predictions (e.g., Tolpadi,
Burrus, and Lawson, 1993).

Recently, extensions of this work to reacting flows
with ambient inlet temperatures and pressures have been
made (McDonell, Lee, and Samuelsen, 1994b) which help
to bridge the results from the idealized environment to a
more typical combustor environment.

The current study is another extension of the previous
work which examines the structure of flow fields
downstream of a CFM-56 swirl cup produced by realistic
operating conditions. As a first step, results are obtained
in the absence of reaction.

the pressure vessel. For the present study, optical palettes
are arranged on either side of the vessel to support the
diagnostics utilized. The facility is isolated from the user
via a control room which has feedthroughs for traverse
movement and operation of the diagnostics. Additional
details regarding the vessel operating characteristics and
structure are provided elsewhere (Drennan et al., 1992).

Figure 2 presents details regarding the internal flow
distribution of the pressurized and heated inlet air. Since
independent control over two air streams is not currently
available, a flow distribution plate was inserted into the
chamber ("screen plate"). By designing the plate to
provide about twice the flow to the swirl cup, a reasonable
environment surrounding the spray is maintained. The
objectives of the plate design are to (1) provide screen air
to suppress recirculation of mist back up into the
measurement plane, and (2) mimic the boundary
conditions utilized in the previous atmospheric work.

EXPERIMENT

_ 	 Facility

The experiments are conducted in a facility designed
to produce conditions found in conventional and advanced
aero-engine combustors. Figure 1 presents a schematic of
the overall facility. A 380 mm i.d. carbon steel pipe forms

Hardware Geometry and Conditions

Figure 3 presents a schematic of the CFM-56 swirl
cup. It features a pair of concentric air inlets, with swirl
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Figure 2. Internal Air Flow Schematic.

in each rotating in the opposite direction. Measurements
are obtained at three axial locations, ZJRp = 1.75, 2.75,
and 3.75 Rp, corresponding to the same locations at which
results were obtained for the previous atmospheric studies.
It is noteworthy that the swirl cup acts as a "hybrid"
injector, with drops produced from a combination of air-
blast atomization and pressure atomization. Based on
previous results, it is expected that the majority of the
drops produced come from the air blast mechanism
(McDonell, Lee, and Samuelsen, 1994a).

For the present study, operating conditions
corresponding to 3.5%, 7%, and 15% power are
examined. Detailed measurements were obtained for the
two lower power conditions. Windows of sufficient size to
permit detailed measurements at 15% power were not
available at the time the current study was conducted.

The production duplex fuel injector Parker Hannifin
produces for the CFM-56 engine is utilized for the present
study. In the production engine, the injector makes a
gooseneck bend, resulting in the fuel inlet port being
downstream of the injector outlet. While acceptable in the
engine, this posed problems for the unconfined, non-
reacting conditions considered in the present study. As a

Z= 3.75 Rp
® NOZZLE
m VENTURI
m RADIAL SWIRLER
® FLARE

Figure 3. Schematic of CFM-56 Swirl Cup.

result, Parker provided an injector which was not bent into
the gooseneck normally found. The result was an injector
than could be placed into the 150 mm diameter air feed
plenum illustrated in Figure 2. The modified injector
retained operating characteristics which fall within those
specified for the production injector. In all tests, Mil-C-
7024D calibration fluid is used.

Diagnostics

In the present study, flow visualization is conducted
using an 8 mm video camera (Canon E5 1). A broad band
sheet of laser light produced by a 1 W Ar+ laser (Lexel
Model 85) was produced using a -12.7 mm fl cylindrical
lens. Light scattered by drops at the angle shown in
Figure 2 (75 degrees) was recorded. For the current
manuscript, the images on the video tape were digitized
using a frame grabber (Imaging Technologies) and 10
random frames were averaged to provide the general time
averaged structure of the spray.

For detailed measurements of the droplet and gas
behavior, a two-component phase Doppler interferometry
(PDI) system was used for the present study (Aerometrics
PDPA Model 3 100-S). Figure 4 presents a cross section of
the vessel at the optical access height. Four optical ports
are available. In the present study, 150 mm diameter
Pyrex windows were utilized for the PDI measurements.
Smaller diameter (70 mm) quartz windows were utilized
for flow visualization of the sprays.
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Figure 4. Optics Layout.

As shown in Figure 4, a 30 deg. off axis collection
scheme is utilized. Although providing improved signal
to noise ratios, the 30 degree collection angle poses special
problems when using a liquid with a wide temperature
variation during the experiment. Since the measurement
technique relies upon knowing the refracting index of the
drops, any changes in this index will lead to potential
errors.

Figure 5 presents a theoretical impact assessment of
this phenomena for the calibration fluid utilized. The
results indicate that up to a 30% error in the measured
size of single drops can be realized using the optical
configuration in this study (30-deg. collection, refracted
light). This error is likely a maximum since the details
regarding the droplet heating process are not known for
this study (e.g., temperature distribution within the drop
vs. time), an error of 30% is conservative. Using other
collection angles can reduce this effect, but the current
facility is designed for 30-deg. collection of refracted light.

A primary concern in the present study is the effect of
spray density on the measurements. Since the PDI
instrument is a single particle counter, it is necessary that
only one particle be present within the sample volume in
order to make a correct measurement. Typically, in
"dense" sprays, the likelihood of encountering more than
one particle increases, resulting in increased rejections.

RESULTS AND DISCUSSION

Results are presented for the general characteristics of
the flow, followed by detailed results for the gas phase

Figure 5. Impact of Liquid Temperature on Refractive
Index and Measurement of 100 mm Drop for 30-deg.

Collection Angle.

behavior and the droplet details. For reference, data are
also presented from previous atmospheric studies
(McDonell, Lee, and Samuelsen, 1994a) with the objective
of relating the results from the two characterizations.

General Characteristics

Figure 6 presents images of the spray structure
obtained from scattering of a sheet of laser light in the
plane of the centerline of the system. The video tape
obtained was played into a frame grabber which averaged
10 frames of the video.

The images reveal the presence of a mushroom
shaped region with relatively weak scattering which is
quite similar to that seen previously (e.g., McDonell, Lee,
and Samuelsen, 1993; Wang, McDonell, and Samuelsen,
1993). With increased power, this region becomes more
pronounced, indicating that, despite the increased fuel
flow rate, the presence of drops in the centerline region
diminishes. In the present case, both temperature and
pressure are increasing with power, so the details
regarding the local void are difficult to ascertain.

The general intensity of the scattering becomes more
localized with increased power. A fairly uniform
scattering field becomes more "horseshoe" shaped. The
15% power case reveals nearly complete vaporization by
the bottom of the picture (about 50 mm from the exit of
the flare), and a great reduction in drop population in the
center of the spray.
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Figure 6. Time Averaged Images of Spray Structure.

Gas Phase Velocities

The structure of the gas phase flow field is
approximated by extracting velocities associated with the
smallest drops (less than 4 microns). For the present
device, previous studies indicate that the gas phase
structure is largely unchanged by the presence of the drops
(Wang, 1991). These results are presented in Figure 7 for
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Figure 7. Gas Phase Velocity Vectors and Turbulent
Kinetic Energy.

the two low power conditions. The vector quantities
represent the gas velocity in the r-Z plane in the presence
of drops. The vectors are overlaid upon contours of the
turbulent kinetic energy based upon '/2[u'2 + v'2 + w'2]
where u', v', and w' are the rms about the mean of the
axial, radial, and azimuthal velocity components,
respectively.

The gas phase velocities support what is suggested in
the images of the spray, namely that a strong on-axis
recirculation zone exists. The shape of the recirculation
zone remains similar for both power points. The lower
power level reveals stronger back flow at the exit of the
flare compared to the 7% power case. However, the back
flow velocities at Z=2.75 Rp are greater for the 7% case.
It appears that the increase in power pushes the
recirculation out of the swirl cup. This is also consistent
with slight increase in pressure drop associated with the
7% power condition.

The region separating the flow exiting the swirl cup
and the surrounding environment features high levels of
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Energy Levels for Atmospheric Data (McDonell, Lee,

Samuelsen, 1994a).
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turbulence due to the shear layer in this region. The 7%
power case features turbulence levels which are generally
higher than those found for the 3.5% power case. This is
attributed to the slightly higher pressure drop associated
with the 7% power case. This is consistent with the
observation of modestly higher mean velocities for the 7%
power case. The levels of turbulent kinetic energy decay
rapidly in both axial and radial directions. Observing that
the higher pressures and temperatures combine to generate
a nearly negligible increase in absolute gas viscosity from
3.5% to 7% power, any decay in TKE is associated with
turbulent effects.

For reference, Figure 8 presents the gas phase flow
field for the previous atmospheric tests (McDonell, Lee,
and Samuelsen, 1994a). In this case, a 5% pressure drop
was used and inlet temperatures of 20-25 C were

maintained. The general flow field structure remains
nearly identical to those cases at elevated temperature and
pressure. One difference is the higher turbulent kinetic
energy levels for the atmospheric tests. This may be due,
in part, to the data protocol. In the atmospheric tests,
separate data were acquired for the gas phase velocities.
In addition, the higher liquid mass loading associated with
the actual operating conditions may lead to damping of
turbulence levels. However, the 7% condition reveals
higher turbulence levels, suggesting that any damping
which may occur due to increased liquid mass loading is
overcome by increased generation of turbulence due to the
increased pressure drop.
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Droplet Size

Figure 9 presents radial profiles of the drop
distribution Sauter mean diameter (D32). Results are
presented for the two cases considered in the present study
as well as for a previous study ("ATMOSPHERIC
DATA", McDonell, Lee, and Samuelsen, 1994a). Note
that the atomizer pressure drop for the atmospheric tests
was similar to that for the 3.5% power case.'l The results
reveal a systematic decrease in D32 with increased power.
This decrease is attributed to increased vaporization (the
temperature in significantly increased going from 3.5% to
7% power) as well as slightly improved atomization
associated with the higher pressure drop. Interestingly,
the 7% power point requires that the secondary fuel circuit
be operating. Intuitively, this would lead to an increase in
drop size. That this is not observed is further testimony
that the majority of the drops are produced by the air blast
mechanism of the film on the venturi being sheared by the
two counter swirling air streams. The drop distribution
appears reasonably symmetric given the practical nature of
the hardware. The degree of asymmetry is quite similar to
that observed in the previous atmospheric testing.

At 3.5% power, a local peak in drop size is evident at
the centerline at Z = 1.75 Rp. This peak disappears by Z
= 2.75 Rp and is replaced by two peaks, one on either side
of centerline at radial locations corresponding to the radial
location of the flare exit. At Z = 3.75 Rp, these local
peaks have diminished significantly, and the profile
reveals a local minimum at the centerline and local
maximums at the extreme edge of the spray.

With increased power, the local peaks at Z = 2.75 Rp
are significantly diminished, and by Z = 3.75 Rp, a
relatively uniform distribution of drops sizes are present.
Since temperature and pressure are both increased with
increased power, it is difficult to interpret the change in
size with increased power.

Inclusion of the atmospheric test data reveal a very
consistent trend in the profiles. Note the strong similarity
between the profiles at Z = 1.75 Rp for the atmospheric
and 3.5% power cases. This agreement is quite satisfying
given that the experiments were conducted on two test
facilities over 6 months apart with differing PDI optical
configurations and different users.

With increased distance downstream, the local peaks
at r = 20 mm are more pronounced for the atmospheric
results. Since the atmospheric results feature a higher
pressure drop than the 3.5% power case, the increased

A A simplex atomizer with a flow number 2.0 was used in the atmospheric
tests compared to the duplex production injector used for the current study.

prominence of the local peak contradicts expectations
associated with changes in atomization.

The systematic reduction in the prominence of the
local peak at Z = 2.75 Rp with increased temperature
suggests that temperature within the swirl cup plays an
important role in increasing the uniformity of the drops
issuing from the swirl cup.

It is noteworthy that the validation of drops decreased
systematically while going from atmospheric conditions to
3.5% power to 7% power. At atmospheric conditions, 85-
99% of the particles were validated. At 3.5% power these
levels shifted to 80 - 95%. At 7% power, as few as 60% of
the samples were validated, primarily in the shear layer
region at the axial location nearest to the swirl cup. This
is attributed to increased drop concentrations in this
region. Beam steering effects may play some role as well.
The impact of rejected samples on conclusions drawn is
specific to each experiment, but recent studies have
indicated that biasing can occur (Edwards and Marx,
1992). Extrapolating these observations suggests that
successful measurements at higher power conditions may
be compromised by significant rejection of samples.

SUMMARY AND CONCLUSIONS

The two phase flow produced by a production engine
dome and fuel injector operating at actual engine
conditions was characterized using flow visualization and
phase Doppler interferometry. Conclusions drawn from
the study include:

• Drops persist in the non-reacting cases up to at
least 15% power. Increasing power leads to a systematic
reduction in the drop population at the centerline.

• At 15% power, the drops have evaporated within
50-70 mm of the exit of the device.

• Increase in power up to 15% has no remarkable
effect on the presentation of drops at Z = 1.75 Rp (i.e., the
initial trajectories and width of dispersion remain similar).

• The general structure of the gaseous flow field at
low power conditions is reasonably represented by
atmospheric data obtained at similar pressure drops. This
includes the general nature of the recirculation zone and
magnitude of velocities.

• The recirculation zone is "pushed" out of the
swirl cup at 7% power compared to 3.5% power.

• The levels of turbulence increase with increased
power corresponding to increased pressure drop. The
turbulence levels appear systematically lower than those
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levels measured at atmospheric conditions for similar
pressure drop.

• The droplet sizes produced by the device at 3.5%
power are well represented by atmospheric data at
locations near the exit of the flare sleeve.

• A systematic reduction in drop size is revealed
with increased power from 3.5% to 7%. Combining these
results with the atmospheric test results suggests that the
inlet temperature plays a significant role in mitigating a
local peak in the drop sizes within the shear layer.

• A systematic decrease in the validation levels
with increased power suggests significant difficulty in
obtaining high quality results from higher power operating
conditions.
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