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Predicted and Measured Modal Sound Power Levels for a
Fan Ingesting Distorted Inflow

L. Danielle Koch
National Aeronautics and Space Administration
Glenn Research Center
Cleveland, Ohio 44135

Abstract

Refinements have been made to a method for estimating the modal sound power levels of a ducted
fan ingesting distorted inflow. By assuming that each propagating circumferential mode consists only of a
single radial mode (the one with the highest cut-off ratio), circumferential mode sound power levels can
be computed for a variety of inflow distortion patterns and operating speeds. Predictions from the refined
theory have been compared to data from an experiment conducted in the Advanced Noise Control Fan at
NASA Glenn Research Center. The inflow to the fan was distorted by inserting cylindrical rods radially
into the inlet duct. The rods were placed at an axial location one rotor chord length upstream of the fan
and arranged in both regular and irregular circumferential patterns. The fan was operated at 2000, 1800,
and 1400 rpm. Acoustic pressure levels were measured in the fan inlet and exhaust ducts using the
Rotating Rake fan mode measurement system.
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Introduction

If proposed blended wing body concept aircraft featuring embedded engines are to become a reality,
engineers will need to have design tools capable of accurately calculating the noise produced by a fan
ingesting distorted inflow. Experiments in the NASA Glenn Research Center (GRC) Advanced Noise
Control Fan (ANCF) rig are being used to gain insight into the physics of fan inlet distortion tone noise.
Data from the experiments in the ANCF are being used to validate several tone noise prediction methods
currently under development.

Reference 1 describes an experiment conducted in the ANCF and presents an initial attempt to predict
the circumferential mode sound power levels. In that work, cylindrical rods were arranged in
circumferentially irregular patterns upstream of the fan rotor, and both far field and in-duct measurements
of the sound pressure levels were acquired. As described in Reference 1, extensions were made to the
work of Sofrin and Mathews(Ref. 2) to model the noise produced by the asymmetric rod placement. In
that attempt, though, absolute sound power levels were not calculated. A dominant term in the equation
for estimated sound power level was scaled to match one of the data points, thus anchoring the predictions
at to a single measurement so that some comparisons could be made between the differing rod
arrangements at a given fan rotational speed.

The present report describes refinements to the methods developed in Reference 1. The refinements
allow one to calculate absolute circumferential mode sound power levels, thus avoiding the need to
calibrate the model by anchoring the predictions to a measurement, as was done in Reference 1. By
assuming that each circumferential mode consists of a single radial mode (the first one), the cut-off ratios
for the first radial can be computed and used in the circumferential mode sound power level calculation.
In this way, predictions can be made for various distortion patterns and operating speeds.

This improved method, while still ignoring the contribution from the higher order radial modes, is
nevertheless useful for quick, parametric design studies involving inlet distortion patterns. Insight from
this work is being used to develop a tone noise prediction code capable of estimating both circumferential
and radial sound power levels based on the methodology used in the V072 Rotor/Stator Interaction Code
(Ref. 3) for more realistic models of the fan geometry.

Experiment

The experiment was conducted using the GRC Advanced Noise Control Fan that is housed within
AeroAcoustic Propulsion Laboratory (AAPL). The ANCF, shown in Figure 1, is 1.2 m (48 in) in diameter
and the centerline of the fan is 3.0 m (10 ft) above the floor. For these tests, no stator vanes were installed
downstream of the rotor. The rotor had 16 blades set at a 28° pitch angle for all test conditions.

An Inflow Control Device (ICD) was used to condition the flow entering the fan, removing large-
scale turbulence and ground vortices. The inlet plane was located 0.92 m (36.2 in.) or approximately
0.75 L/D ahead of the leading edge of the fan at the tip location. The exhaust plane was located 1.2 m
(45.44 in.) or approximately 1.0 L/D downstream of the trailing edge of the fan at the tip location.
Downstream of the test section, centerbody diameter increases to 0.71 m (24 in) to mimic a nozzle area
contraction, yielding a hub-to-tip ratio, o = 0.500.

The inflow to the rotor was distorted by installing smooth cylindrical rods upstream of the rotor, as
shown Figure 2. Four distortion patterns were tested, as shown in Figure 3, using the 30-rod mounting
ring. Table 1 lists the angular position of the rods for each configuration. Data was also collected without
the rods in place, denoted Configuration 5. The rods were 1.27 cm (0.5 in) in diameter and were 31.75 cm
(12.5in) long, resulting in a 6.35 cm (2.5 in) gap between the bottom of the rods and the rotor hub. The
centerline of the rods was 14.29 cm (5.625 in) upstream of the rotor leading edge at the tip, or
approximately one rotor chord length upstream. Data was recorded at three speed settings: 1400, 1800,
and 2000 rpm.

Two 15-microphone arrays were used to record the farfield sound distribution from the ANCF.
Farfield microphone measurements were acquired synchronously with shaft speed at a rate of 256
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samples per revolution, which allows for processing up to the 128™ harmonic of the shaft frequency, or
equivalently, up to the 8" harmonic of the blade passing frequency (BPF) for this test (Ref. 4). Since the
focus of this research is aircraft engine fan noise reduction, typically the trends in the first three
harmonics are studied the most.

In-duct acoustic pressure measurements upstream and downstream of the rotor were acquired with the
Rotating Rake (Ref. 5). The Rotating Rake system is a continuously rotating radial microphone rake that
is inserted into the duct, generally at either the inlet entrance or exhaust exit plane. The system utilizes
spinning mode theory and Doppler-shift physics to separate circumferential modes and the cylindrical
wave equation solution to reduce the radial modes. It provides a complete map of the acoustic duct modal
magnitudes and phases present in the fan duct.

Fan Tone Noise Predictions Based on the Sofrin-Mathews Model

Tyler and Sofrin (Ref. 6) used linear harmonic approximations to describe the unsteady pressure
distribution at the interaction plane between the rotor blades and stator vanes. In their formulation, the fan
stage is idealized by assuming that it is placed in an infinitely long annular duct, and that the blades and
vanes are equally spaced in the circumferential direction. The vane row can be either upstream or
downstream of the rotor. In a stationary reference frame, the pressure distribution in the interaction plane
is periodic in both space and in time and is represented in terms of Fourier series. Recognizing the
implications of symmetrical placement of the vanes and blades, Tyler and Sofrin derived conditions when
the circumferential sound power levels are maximized (m = nB * kV). Stated in another way, the Tyler
and Sofrin expression can be used to identify which circumferential modes, m, will be generated in an
idealized ducted rotor-stator interaction problem knowing the number of blades, B, number of vanes, V,
and the harmonic index, n.

Later, while investigating tones present in cut-off fan stage designs, Sofrin and Mathews (Ref. 2)
similarly described the pressure distribution at the interaction plane between a rotor and a stator, assuming
the stator vane circumferential locations deviated a small amount from uniform spacing. Removing
circumferential symmetry in the vane row complicates the description of the pressure distribution in the
interaction plane. Sound power level estimates are needed for each of the circumferential modes in order
to determine which mode may dominate.

Reference 1 describes how the Sofrin and Mathews’ (Ref. 2) relations could be expressed in a form
convenient for representing irregularly spaced vanes without the small deviation angle assumption. One
shortcoming in the work reported in Reference 1, though, was that absolute circumferential mode sound
power levels were not computed. Rather, a dominant term in the estimated sound power relation was
calculated. Values of that dominant term were then scaled so that all the predictions for a single operating
condition were anchored to a single data point. However, if one is willing to make an additional
assumption, absolute estimates of the circumferential mode sound power levels can be made and
comparisons between different operating conditions and varying rod placement can be made.

Sofrin and Mathews (Ref. 2) express sound power in a constant area annular duct with the following
equation:

1 o0 o0 e¢] N
w zﬁz‘i Z ZamnucmnpcmnuAmnu 1)
N=lM=—00 p1=—0c0

Circumferential sound power levels can be estimated if you neglect radial variations in pressure and

calculate values of the cut-off ratio for the first radial mode only (for each circumferential mode and each
harmonic):
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where, as was described in more detail in Reference 1,
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Comparison of Measurements and Predictions

We can now examine the sound pressure and power levels for each rod configuration and for each
fan speed. The far field microphone array data is presented in the directivity plots of Figures 4 and 5. The
1-BPF tone sound power levels are shown in Figures 4 and the 2-BPF tone sound power levels are shown
in Figure 5. It is interesting to note that the 1-BPF tone farfield levels for Configuration 2 (6 rods 12°
apart) are consistently lower that the 1-BPF tone for Configuration 1 (6 rods 60° apart) for all speeds and
nearly all angular positions, though it is not so easy to describe trends in the 2-BPF tone measurements
for these two cases. Looking just at the asymmetric rod cases, we can also observe that the 1-BPF tone is
greatest for Configuration 4 (8 rods irregularly placed), followed by Configuration 2 (6 rods 12° apart),
with Configuration 3 (15 rods 12° apart) yielding the lowest 1-BPF tones for all speeds and nearly all
angular positions in the far field. Again, trends in the 2 BPF tones are not as consistent.

Measured and predicted circumferential mode sound power levels are compared Figure 6 to 11 for all
rod configurations and speeds tested. Figure 6 to 8 show the 1-BPF circumferential mode sound power
levels, and Figures 9 to 11 show the 2-BPF sound power levels. Again, these predictions ignore the sound
power distribution in the higher radial modes, ascribing all acoustic power to the first radial mode. This
assumption may be acceptable for this fan in particular, but may prove to be inadequate for other fans.
Measured sound power levels not predicted to be associated with the interaction of the rods and the rotor
blades is generated by the interaction of the rotor blades with other non-uniformities in the flow, such as
disturbances that may be caused by the struts securing the honeycomb in the ICD.

The good agreement between the predicted and the measured trends in mode sound power levels
indicates that the tone noise produced by this fan depends primarily upon the number and the
circumferential placement of the rods and blades. It is important to note that mode sound power levels
calculations involve a summation, and that tone sound power levels are minimized by cancellations of
terms in the summation. So while more circumferential modes may contribute to the tone noise generated
by a circumferentially asymmetric arrangement of rods, not all modes expected to propagate within the
duct are necessarily produced. This can be seen in the plots for Configuration 3 in Figures 6 to 8, for
example, where both predictions and measurements indicate that odd circumferential modes dominate.

Inlet distortion tone noise predictions based on the Sofrin and Mathews’ model do allow an engineer
to quickly generate a parametric study to assess the potential impact of obstructions placed near a ducted
fan rotor. What is gained in speed, though, may be lost in accuracy since sound power levels for all the
radial modes expected to propagate are not calculated. Also, many design parameters that can be adjusted
to optimize fan performance (axial distance between rotor and stator/rods, blade and vane shapes, etc.) are
not included in this model.
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Conclusion

This paper describes a refinement to a fan inflow distortion tone noise prediction method based on
theory first described by Sofrin and Mathews (Ref. 2) and extended by Koch (Ref. 1) for
circumferentially asymmetric distortion patterns. By assuming that each circumferential mode consists of
a single radial mode (i.e., the first one), the cut-off ratios for this radial can be computed and used in the
circumferential mode power level calculation. Circumferential mode power level predictions were
compared to measurements for all the tested configurations and fan speeds. This predictive capability is
another step towards developing tools to estimate the mode power levels produced by fans ingesting
distorted inflow, an area of concern for those developing aircraft with embedded engines.
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TABLE 1.—ANGULAR POSITIONS OF RODS

Config Rods Rod circumferential locations
1 6 0°, 60°, 120°, 180°, 240°, 300°
2 6 0°, 12°, 24°, 36°, 336°, 348°
3 15 0°, 12°, 24°, 36°, 48°, 60°, 72°, 84°, 276°, 288°, 300°, 312°, 324°, 336°, 348°
4 8 0°, 12°, 24°,108°, 120°, 192°, 216°, 348°
5 0 N/A
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Figure 1.—The Advanced Noise Control Fan in the NASA Glenn AeroAcoustic Propulsion Lab.
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Figure 2.—Cross-sectional diagram of Advanced Noise Control Fan for the inlet distortion tests.
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Figure 3.—Circumferential locations of rods tested.
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Figure 4.—Directivity plots for the 1-BPF tone for the three fan speeds tested.
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Figure 5.—Directivity plots for the 2-BPF tone for the three fan speeds tested.
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dotted line indicates the noise floor for the data set.
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Figure 10.—Measured and predicted in-duct circumferential mode power levels—2 BPF, 1800 rpm. The

dotted line indicates the noise floor for the data set.
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Figure 11.—Measured and predicted in-duct circumferential mode power levels—1 BPF, 1400 rpm.
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