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Abstract

The NASA Glenn Research Center’s (NASA Glenn) Advanced Noise Control Fan (ANCF) was
developed in the early 1990s to provide a convenient test bed to measure and understand fan-generated
acoustics, duct propagation, and radiation to the farfield. As part of a complete upgrade, current baseline
and acoustic measurements were documented herein. Extensive in-duct, farfield acoustic, and flow field
measurements are reported for a variety of configurations. This paper is a follow on to an earlier paper
describing the operation of the ANCF.

Introduction

The NASA Glenn Research Center (NASA Glenn) has been involved in several programs (Advanced
Subsonic Technology, Quiet Aircraft Technology, and the Fundamental Aeronautics Subsonic Fixed
Wing) whose goals were the reduction in transport aircraft noise attributed to the turbofan engine. A
component of turbofan noise (Ref. 1) is the fan noise caused by rotor-stator, and other interactions, coupled
to duct propagation that radiates to the farfield. The Advanced Noise Control Fan (Ref. 2) (ANCF) test bed
was built in the early 1990s (Refs. 3 and 4) to evaluate noise reduction concepts and to provide a database
for Computational Aero-Acoustic (CAA) code verification. In 2008, the ANCF fan blades and ICD were
upgraded prompting the need for an updated baseline acoustic and aecrodynamic performance database.
These measurements are reported in this paper to present information relevant to potential usage of the
ANCEF for noise reduction, code verification, and/or measurement system evaluation.

The ANCEF is a highly configurable 4-ft diameter ducted fan located in the Aero-Acoustic Propulsion
Laboratory (Ref. 5) (AAPL) at NASA Glenn. The AAPL is a hemispherical anechoic (above 125 Hz) test
facility used for noise measurements. An exterior view of the 65-ft-high dome is shown in Figure 1. The
ANCEF, shown in Figure 2, operates inside an enclosed, compact, farfield arena designed (Ref. 6) such
that it is in an anechoic environment. This allows for the continual acquisition of farfield data without
moving the rig, or impacting the overall productivity of the other AAPL test rigs.

The nominal operating condition of the ANCEF is 1800 revolutions-per-minute—corrected (rpmc)
resulting in a tip speed of 375ft/sec, an inlet duct Mach number of ~0.15, and a fundamental blade passing
frequency (BPF) of ~500Hz. The fan speed can vary from 100 to 2400 rpmc. The ANCF can be run rotor
alone, and the pitch of the 16 fan blades (B), nominally 28°, can be adjusted to 18° or 38°. A variable
count stator hub is attached to the center-body downstream of the fan to test rotor/stator interaction
conditions. Stator counts can vary and can be set at any angle. Inlet flow disturbances can be simulated
using circumferentially distributed radially-extended rods installed in front of the rotor.

It is not the intent of this paper to provide in-depth analysis of the aero-acoustic data but rather to
provide a general description of the range of data available. Databases can be made upon request.

The reader may refer to the Appendix throughout the paper for orientation. Figure Al shows a flow
chart of the aero-acoustics physics and measurement philosophy. Figure A2 presents a three-dimensional
line drawing of the ANCF in the AAPL.
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Figure 1.—Aero-Acoustic Propulsion Laboratory (AAPL). Figure 2.—Advanced noise control fan.

TABLE I.—CONFIGURATIONS TESTED
[All were 200 rpmc increments.]

Fan Farfield Rotating rake | Vane unsteady | Hotfilm | Steady pressure
configuration directivity, modes, pressures, traverses, traverses,

rpme rpme rpme rpme rpme
Rotor alone 1400 to 2000 1400 to 2000 none 1800 1800
14 vanes at 1/2C | 1400 to 2000 1400 to 2000 1400 to 2000 none none
14 vanes at 1C 1400 to 2000 1400 to 2000 1400 to 2000 1800 1800
28 vanes at 1C 1400 to 2000 1400 to 2000 none none none
13 vanes at 1C 1400 to 2000 1400 to 2000 none none none
26 vanes at 1C 1400 to 2000 1400 to 2000 none none none

Test Conditions

Baseline data were acquired over a corrected fan speed range of 1400 to 2000 rpme. Acoustic farfield
directivity, and Rotating Rake (Ref. 7) inlet and exhaust duct mode data were acquired at 200 rpmc
increments. These acoustic baseline measurements were acquired in several ANCF configurations: Rotor
alone (no stator vanes), 14 stator vanes at 1/2-chord spacing; 13, 14, 26, and 28 stator vanes at 1-chord
spacing. Stator-vane spacing is defined as the distance between the rotor blade trailing edge and the
stator-vane leading edge, at the hub, divided by the stator-vane chord dimension (5 in.). Stator-vane
unsteady surface pressures were acquired during the 14-vane configurations.

Flow measurement radial traverses using a 2-component hot-film probe, a static pressure probe, and a
total pressure probe, were acquired at several axial duct locations at a corrected fan speed of 1800 rpmec.
These measurements were taken in the rotor alone and with 14 vanes at 1 chord spacing.

Detailed descriptions of measurement systems are provided in Reference 1. Table I provides the test
conditions and data sets obtained.

Results

Acoustic Measurements
Farfield

Farfield acoustic directivities were acquired using 30 microphones placed at a 12-ft radius from
the duct centerline and 10 ft high. Fifteen of these were in an arc about the inlet exit plane (0° to 90°
measured from the inlet axis) and 15 were in an arc about the exhaust exit plane (90° to 165° with 180°
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Figure 3.—Example of farfield data reduction into harmonic bands.

being the exhaust axis). Reference 2 presented diagrams of the array locations. The time histories are
processed using ensemble averaging in order to analyze the tonal and broadband components separately
by extracting the tones generated by the fan (shaft orders and harmonics). This can be done exactly since
the data are acquired synchronously to the shaft rotation. The data is also broken down and analyzed by
frequency bands. The 1st harmonic band is defined as the integration about the 1st fan harmonic or from
0.5 to 1.5B; the 2nd harmonic band from 1.5 to 2.5B, etc.—where B is the number of blades, so the 1st
harmonic band is centered on 16 shaft orders and is the integration from 8 to 24 shaft orders (Fig. 3). The
original time histories and the extracted broadband are each analyzed in this manner. The fan harmonics
are simply “picked” off the spectra. The data can then be converted to Power Level (PWL) by squaring
the pressure and multiplying by the appropriate area, then normalizing by specific acoustic impedance.
Thus each farfield acoustic data run can be reduced to overall, broadband, and tonal power components.

Figure 4 shows the farfield directivity with 14 stator vanes installed at spacings of 1- and 1/2 -chord
compared to rotor alone, at a speed of 1800 rpmc. The tonal directivity of the 1st three fan harmonics are
in sub-plots (a), (b), and (c). The lobed-nature of tone propagation is clearly seen. The broadband
directivity of the 1st three fan harmonics are in sub-plots (d), (e), and (f). The strong +20 dB and lobed-
nature of tone propagation is clearly seen. A small increase (1 to 2 dB) in the broadband noise is seen.
The “tail-up” at 165° with the rotor alone (0 vanes) is due to residual swirl widening the exhaust —plume
generating wind noise on that microphone.

Figures 5 to 7 show the farfield directivity generated with 28, 13, and 26 vanes at 1-chord spacing, at
a speed of 1800 rpmc. The rotor-alone directivity is retained for comparison. The anomalous point in the
rotor alone speed line for the BPF aft arc at a speed of 1600 rpmc, is due to the foam wind screen being
blown off the last 2 microphones. The high-vane counts result in the 1st BPF cut-off (Ref. 8), hence the
very small tone levels measured at BPF as seen in Figures 5(a) and 7(a).

The tonal and broadband directivities are each integrated over the forward and aft farfield arcs to
obtain total tonal and broadband power (PWL) versus rpmc. These results are plotted in Figures 8 to 11.
The 1st three fundamental fan-tone components are presented respectively in sub-plots (a), (b), and (c);
the 1st three harmonic components are presented in sub-plots (d), (e), and (f). A general increase in PWL
versus RPMc is expected and seen.
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Duct Modes

The in-duct modal data propagating in the inlet and exhaust ducts were acquired at the
configurations/conditions listed in Table I using modal theory as described in the classic reference paper
by Tyler-Sofrin (Ref. 9) and first implemented at NASA GRC (Ref. 10). The vane counts presented were
chosen to illustrate the basic concepts of modal-generation and propagation.

The modal data from the rotating rake are presented in three-dimensional format. The base plane axes
are circumferential (m) and radial (n) order, and the vertical value axis is the PWL in the (m,n) mode.
Along the wall of the m-order axis the sum of all the radials provides the power in that circumferential
mode. The sum of all circumferential modes provides the PWL in the harmonic presented. The
measurement noise floor is generally the lowest level present on the vertical axis. Only modes that can
possibly propagate based on fan frequency and duct geometry are plotted, giving the plot the distinctive
triangle-shape of propagating modes. A typical modal decomposition provides information as to the
dominant modes present, usually those due to the rotor-stator interaction. Of secondary interest will be
other modes, which may be due to inflow distortions or other geometric disturbances. Tabulated on each
plot is the PWL in the expected rotor-stator interaction mode(s) and the total PWL in the fan harmonic.

Figures 12 to 16 show the modal decompositions in the inlet/exhaust for the 1st (a/b), 2nd (c/d), and
3rd (e/f) fan harmonics. The low vane counts (Figs. 13 and 14) show a single positive rotor-stator
interaction mode as predicted by the Tyler-Sofrin theory. The high vane count configurations (Figs. 26
and 28) show the nearly nonexistent modal presence at BPF, as this is the cut-off condition. As the
harmonic increases the presence of additional interaction modes are measured.

The rotor-stator interaction modes are plotted versus rpmc in Figures 17 to 20. The expected BPF
radial modes measured in the inlet are presented in (a) and for the exhaust, (b). The 2BPF interaction
modes are presented in (c) and (d). The +m (rotating with the fan) are plotted in (e) inlet, and (f) exhaust;
and —m (rotating against the fan) are plotted in (g) inlet, and (h) exhaust.

As can be seen in both the three-dimensional and the speed-plots, the +m-orders are generally higher
than the —m-orders due to the expected rotor transmission loss.
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Flow Measurements

Hot-Film Anemometer

Radial traverses from a two-component axial/circumferential type hot-film probe were acquired at
1-chord length behind the rotor, and from a two-component axial/radial type hot-film in front of the rotor,
both traverses performed were at 1800 rpmc fan speed. The hot-film system is a Constant Temperature
Anemometer (CTA) type.

The hot-film data was time-domain averaged over 500 fan revolutions using ensembles of one fan
revolution and blade passage width. The ensemble-averaged data is then analyzed to determine the blade
wake velocity and angle or other pertinent information. The ensemble-averaged data can be subtracted
from the original time history to obtain the turbulent velocity and angle. Figure 21 depicts this process. In
addition, for configurations with varying temperature across the passage, the dual over-heat technique
whereby hot-film data are acquired from two-traverses at different overheat ratios can be used. The data
sets can then be iterated to get an estimate of the temperature profile, as well as a more accurate estimate
of the velocity which for CTA is very sensitive to temperature. An illustrative example of this is shown in
Figure 22 for informational purposes only. This technique was not used herein.

Figure 23 presents the mean radial profiles for 0- and 14-vane configurations. For the inlet, the mean
flow velocity is shown in Figure 23(a) and the mean radial flow angle in Figure 23(b). For the exhaust,
the mean flow velocity is in Figure 23(c) and the mean circumferential flow angle in Figure 23(d).

Figure 24 shows the parameters averaged for one passage behind the rotor (0 stator-vanes installed).
The passage flow velocity at each radial location was divided by the mean flow velocity at that radial
location, in order to highlight the circumferential variations. Figure 24(a) shows the axial flow velocity,
Figure 24(b) the mean flow angle, Figure 24(c) the turbulent flow velocity, and Figure 24(d) the turbulent
flow angle, behind the rotor. The profiles show distinct wakes and tip vortices.
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Figure 21.—Ensemble averaging of hot-film traverse.
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Stator Vane Unsteady Surface Pressures

Time histories were acquired from microphones flush mounted in the surface of one stator vane.
Three chord lines and one span line were instrumented. Both the suction and pressure sides were
instrumented and acquired simultaneously. The location of these microphones is shown in Figure 25. The
unsteady surface pressures were acquired at 1800 rpmc with the stator vane positioned at 1/2- and
1-chord; though the leading edge tip microphones tended to clip when the vane was at the 1/2-chord
position.

The data are processed in harmonic band decomposition a manner similar to that of the farfield,
without the area weighting. The data can also be processed in passage format similar to the hot-film.
Figure 26 presents the BPF tone levels on the 3 span wise lines and Figure 27 the chord-wise BPF tone
levels. In each plot (a) and (b) present the magnitude of suction and pressure sides while (¢) and (d) the
phase of suction and pressure sides, respectively. The 2BPF tonal signal distributions are shown in
Figures 28 and 29, and the 3BPF in Figures 30 and 31.

The magnitude of broadband signal distributions are plotted in Figures 32 to 34 for the 1st three
harmonic bands. The span-wise distributions for the suction and pressure sides are in (a) and (b) while the
chord-wise line is shown in (¢) and (d).
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Figure 25.—Location of unsteady pressure taps on stator vane surface.

NASA/TM-2009-215595 17



Span Location

l - 091 -8 0.74 —A— 0.49 |
140 180 A 10
150 |-
120 |-
il 5 08 |-
g OF _ h
g 30 | 207
A z i
£ 30 |- %08
* 60 |-
00 L 05 |-
<20 - 04 |
150 | i
100 | PO TN R T | 180 [T | Litosboveelinealyival 0.3 L Il . L ! 1 L 03 [P o | Lol
0 10 2 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 8O 90 100 100 105 110 115 120 125 130 185 140 2R8288°888888
CHORD (%) CHORD (%) SPL (dB) Tw " = e
3 g ; s ! PHASE (deg)
a) Suction Side - Magnitude c) Suction Side - Phase i 5
) g ) a) Suction Side - Magnitude c) Suction Side - Phase
140 180 1.0 1.0
% E 150 |
! 120 09 |- 09
130 | % -
125 |- el e sl 1
g120 gag i Bz Lo7
o = w - z z
s | o -3
a 24 b L = -
P s | E,:g B o8 %08
10 | 90 | 05 - 05
105 | ok i 120 | 04 | 04 |-
: K. i 150 | ;
100 beododidi Loodocdod 180 Lol | T T J) YN JSU ST PR BUUVN (PO PO e 2 A P [P UK LN (Y O PO S OO
0 10 20 30 40 50 60 70 B0 90 100 0 10 20 30 40 50 €0 70 80 90 100 100 105 110 115 120 125 130 135 140 sggo 2 ag
CHORD (%) CHORD (%) 8P (o) § S_ @ 888°88888¢8
. : ; PHASE (deg)
b) Pressure Side - Magnitude d) Pressure Side - Phase b) Pressure Side - Magnitude d) Pressure Side - Phase
Figure 26.—BPF tonal unsteady vane Figure 27.—BPF tonal unsteady vane
pressures along 3 chords. pressures along 20 percent span.
Span Location
- 091 -8 074 —&— 0.49
140 1.0 1.0
135 | 09 |- 09
mE 08 |- 08 |
FBF g z <y
@ s 207 | 207 F
120 w Z r4
- 7] < < b
& < 206 |- 06 |-
« %] @» :
15 | = ;
1o E 05 |- 05 -
105 | 04 | 04 |
100 tandi bl b bl Lisgabinael TR TR Y ¢ A 0.3i\\ii\\ OAS“L‘i‘i"“
0 10 20 30 40 50 €0 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100 100 105 110 115 120 125 130 135 140 288s888°8888¢g8
CHORD (%) CHORD (%) SPL (dB) Tww o faod
. . . . . PHASE (deg)
a) Suction Side - Magnitude c) Suction Side - Phase : ;
) ; ; a) Suction Side - Magnitude c) Suction Side - Phase
140 180
E 1.0 1.0
135 | 1:3
130 |- 90 | 09 - 09 |
125 | 580 08 |- 08 |
3 330 | — —_
=120 | w ok 207 | Rog [Eictsteieiomtniagadilte
o 2 z z
] <30 |- Z < H
15 | T - - 2
5 o 3 Zo06 206 |
HeE 90 |- 05 | 0s | i o
105 |- i e | 120 | : ;
; @ : 150 |- A 04 | 04 ! g
100 Lot Ll Ll dl 180 | P P OO O T OO L A i 1 i i (L
03 [N U O DU I TN | o3 bbbttt
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
CHORD (%) CHORD (%) 100 105 110 115 120 125 130 135 140 2288288°8288888
. SPL (dB) bR ¥ o
b) Pressure Side - Magnitude d) Pressure Side - Phase PHASE (deg)
b) Pressure Side - Magnitude d) Pressure Side - Phase

NAS

Figure 28.—2BPF tonal unsteady vane
pressures along 3 chords.

A/TM-2009-215595

18

Figure 29.—2BPF tonal unsteady vane
pressures along 20 percent span.
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Steady Pressure

Radial traverses of total and static pressure behind the rotor were acquired. The inlet traverses were
1-chord in front of the rotor while the exhaust traverses where located 1-chord behind the rotor. The static
probe has a goose-neck, therefore the static pressure measurement location is actually 2 in. upstream of
the total pressure measurement location. Since the rotor untwists, and the traverse path remains
perpendicular to the wall, the actual distance between the rotor trailing edge and probe is reduced with
immersion. As a result, the radial traverse immersion was limited to prevent blade contact. The pressures
from the traverses (all relative to atmosphere) are shown in Figure 35 with 0 and 14 vanes installed. Since
the vanes decrease the flow area, a decrease in the static pressure indicates the flow has been accelerated.
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Figure 35.—Steady pressure in front of and behind rotor.

Conclusions

The Advanced Noise Control Fan is a highly configurable 4-foot diameter low-speed fan that can be
used for a variety of research purposes. The ANCF recently underwent a series of upgrades. An updated
acoustic and aerodynamic-flow database has been presented that describes the entire aecroacoustic process
from generation to farfield observation as depicted in the Appendix. This database can be provided upon
request.
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Appendix

Flow Disturbances
(blade wakes, vortices, turbule

Blade ResponsF
Unsteady

- blade surface
pressures

Duct propagation
blade row transmissifon

SPL

| Acoustic coupling tbarfield

Farfielddirectvityy ——»
®

OVALS: Physically measurable quantity.
RECTANGLES: transfer function that can be investigated for noise reduction or code verification.

Figure A1.—Flow chart showing aeroacoustics physics and measurement philosophy.
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upgrade, current baseline and acoustic measurements were documented. Extensive in-duct, farfield acoustic, and flow field measurements
are reported. This is a follow-on paper to document the operating description of the ANCF.
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