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Inlet Acoustic Mode Measurements Using a Continuously
Rotating Rake
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Comprehensive measurements of the spinning acoustic mode structure in the inlet of the advanced ducted
propeller were obtained using a unique method that was first proposed by Sofrin. A continuously rotating
microphone system was employed. Three inlet configurations with cut-on as well as cut-off stator vane sets were
tested. The cut-off stator was designed to suppress all modes at the blade passing frequency. Rotating rake
measurements indicate that several extraneous circumferential modes, possibly due to the interaction between
the rotor and small interruptions in the casing tip treatment, were present. The cut-on stator produced the
expected circumferential modes plus higher levels of the unexpected modes seen with the cut-off stator.

Introduction

HE next generation of fan engines will likely employ a

marriage of turbofan and propeller technologies to achieve
significant noise and fuel consumption reductions. The ad-
vanced ducted propeller (ADP) model used in this investi-
gation was designed and built by Pratt and Whitney, a Di-
vision of United Technologies, and tested in the NASA Lewis
9- by 15-ft Anechoic Wind Tunnel. Typical of propeller tech-
nology, the ADP allows for the in-flight adjustment of the
blade pitch angle. This provides reverse thrust and optimum
performance over a wide range of conditions. The duct pro-
vides the noise suppression advantage of a conventional fan
engine. Since future engines are expected to use still higher
bypass ratios, fan noise is likely to be the dominant engine
source.

One of the most important features of fan tone noise is its
modal structure. Knowledge of these spinning modes helps
to identify the generation mechanism, control duct propa-
gation (thus, mode knowledge is needed for acoustic treat-
ment design) and control far-field radiation. Previous at-
tempts at direct mode measurements'— have faced formidable
practical difficulties such as: very large axial and circumfer-
ential arrays of wall microphones that are not practical for
the short ducts of ultrahigh bypass engines, and radial mea-
surements upstream of the fan that introduce a wake that
interacts with the rotor, thus causing extraneous modes. A
continuously rotating microphone technique first proposed by
Sofrin* overcomes the problem of wake-generated modes,
reduces the number of microphones and the duct length re-
quired. This technique has been implemented for the first
time in this investigation. Two important features of this tech-
nique are as follows:
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1) Each circumferential mode order generates a signal at a
different frequency.

2) The interaction of the rotating rake wake with the rotor
produces a signal at only one frequency, the one that corre-
sponds to the rotor locked mode. This mode cannot propagate
in a duct when the fan tip speed is subsonic (such as the ADP).
A complete discription of the measurement technique and
data analysis is presented in Ref. 5.

The objective of the present study is to measure the modal
structure in the inlet of the ADP for three inlet lengths and
two stator vane blade numbers. One stator was designed to
have no cut-on modes at the blade passing frequency (BPF)
while the other was designed for a single circumferential or-
der. The far-field acoustic results as well as a preliminary
analysis of some mode measurements for the ADP were re-
ported in Ref. 6.

Apparatus and Procedures

Anechoic Wind Tunnel

The NASA Lewis 9- by 15-ft Anechoic Wind Tunnel is
located in the low-speed return leg of the supersonic 8- by 6-
ft wind tunnel. The test section Mach number was held at
0.20, which provides a takeoff/approach test environment.
The tunnel acoustic treatment provides anechoic conditions
down to a frequency of 250 Hz, which is well below the lowest
BPF of the ADP model.

Model Fan

The ADP model featured a 16-bladed rotor 43.81 cm (17.25
in.) in diameter. Three inlet lengths were tested as shown in
Fig. 1. The rotating rake was always installed so that the
measurement plane was at the minimum diameter of the inlet
(throat). This location should have the least number of cut-
on modes. The cowling was supported by the stator vanes
and there were no struts or pylons crossing the fan stream.
Two stator vane sets were tested. The 40-vane stator should
have had no cut-on modes at the BPF for any speed in the
operating range. The 22-vane stator should have produced
only the —6 circumferential order. The maximum tip speed
of this fan is 275.2 m/s (903 ft/s) at 12,000 rpm. This corre-
sponds to a rotational tip Mach number of 0.81.

Background —Ducted Fan Acoustic Modes

This section presents a brief overview of the topic of ducted
fan acoustic modes and fan noise generation mechanisms. A
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general understanding of this material is required in the dis-
cussion to follow. This topic has been the subject of an ex-
tensive body of research over the past several decades.”

The pressure field in a cylindrical duct containing an axial-
flow fan consists of a spinning pattern with distinct maxima
and minima. This pattern exhibits a characteristic, repetitive
(**modal’) shape. This shape can be described mathematically
as a superposition of periodic functions, containing m periods
in the circumferential direction and n periods in the radial
direction. A rotating pressure pattern whose shape can be
described using a characteristic function at one unique spatial
frequency is referred to as a mode. Single-frequency patterns
of this type in the circumferential direction are referred to as
m modes, and in the radial direction as n modes.

The mechanisms that generate acoustic modes in an axial
flow fan may be divided up into three classes: 1) rotor-alone
modes, 2) rotor-stator interaction, and 3) inlet flow distortion-
rotor interaction. It may be shown that the rotor-alone mech-
anism generates a rotor-locked circumferential mode and its
harmonics. These modes have m numbers equal to integer
multiples of the number of blades B.

The effect of rotor-stator and inlet distortion-rotor inter-
action is found by modifying the rotor-alone analysis to in-
clude a periodic inflow disruption with spatial order V. In the
case of rotor-stator interaction, V is equal to the number of
equally spaced stator vanes. In the case of inlet flow distor-
tion, V is equal to the number of distortions, assuming equal
spacing in the circumferential direction or the spatial har-
monic content of nonuniform spacing. The m modes gener-
ated by interaction phenomenon are given by the following
(k = = any integer, # = BPF harmonic, 1,2,3 .. .):

m = hB — kV (1)

Positive m numbers indicate rotation in the same direction
as the fan. Negative m numbers indicate rotation in the op-
posite direction. The spin rate of each m mode depends on
its order (all spinning modes produce tones at the BPF and/
or its harmonics):

Q,, = hBwlm )

where (), is mode speed and w is fan speed.

The far-field tone noise generated by an axial flow fan
results from the propagation of spinning modes out of the
duct. Duct propagation is studied analytically by solving the
homogenous wave equation subject to boundary conditions
at the duct walls. If the spin rate of a mode is sufficiently
high, the sound pattern propagates in a spiral fashion down

the duct and radiates to the far field. If the pattern spin rate
is low, the modal amplitude decays exponentially with dis-
tance from the source. The decay rate is usually very large
over a small distance, and modes with spin rates less than the
critical minimum produce negligible far-field noise. This min-
imum spin rate is referred to as “cut-off.”” For a narrow an-
nular duct, cut-off occurs when the spin rate drops below the
speed of sound. Various simple formulas exist to predict the
occurrence of cut-off. The following general rules may be
stated:

1) As fan speed increases, so does the circumferential Mach
number at the wall. This allows more and more modes to cut
on and begin propagating. This is seen in far-field noise levels,
which increase with higher fan speeds.

2) For a given fan speed, a larger duct throat diameter will
allow more modes to propagate.

3) As fan speed increases, modes with low m and n orders
cut on first.

4) The rotor locked mode (order m = B), and all modes
of greater order, can only propagate for blade tip Mach num-
bers above 1.0.

To summarize, the occurrence of a given mode in the duct
depends on the mode generation mechanisms (rotor alone,
rotor-disturbance interaction, and rotor-stator interaction).
The propagation of a mode to the far field depends primarily
on duct geometry and fan speed.

Rotating Rake

Figure 2a is a photograph of the rotating rake installed on
the inlet of the ADP model. The rake is attached to a ring
gear surrounding the inlet. This gear rotates at exactly 1/250
of the fan speed and is phase locked to the fan. A control
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Fig. 2 Rotating rake installed on the inlet of the ADP model: a)
photograph of installation and b) details of rotating rake installation.
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system using a stepping motor drives the ring gear and rake.
This control system can be described as an electronic gear
box. The angular relationship between the fan and the rake
is in general held to within +0.2 deg of the ideal. Five min-
iature pressure transducers are mounted on the rake (Fig.
2b). The pressure signals are transmitted across the rotating
boundary by telemetry. By running the rake at two different
radial positions, measurements at nine different radii were
obtained, along with one repeat radial location. The design,
installation, and operation of the rake and control system are
described in Ref. 10.

The rotating frame of reference provided by the rake sep-
arates each circumferential mode order m into a different
frequency by Doppler shift. This happens because each m-
order mode spins at a different rate that is inversely propor-
tional to its order [Eq. (2)]. For m = B, where B is the rotor
blade number, the mode rotates at the same speed as the
rotor. This mode is referred to as the rotor locked mode. On
the rotating frame of reference the rake wake-rotor interac-
tion is seen at the same frequency as the rotor locked mode.
Thus, the rake wake-rotor interaction only contaminates one
potential mode measurement. This mode only appears when
the rotor tip speed is above the speed of sound, which is not
the case in the ADP model.

The data for each radial position is fan synchronously dig-
itized. A very narrow-band complex spectrum is obtained by
time-domain ensemble-averaging synchronous to the rake.
This spectrum contains a cluster of tones centered on the BPF
and its harmonics. For each tone that corresponds to an m
order, the phase and magnitude at each radius is used to
calculate the radial order. A least-squares curve-fit using Bes-
sel functions corresponding to annular ducts is employed for
this calculation. A more complete description of the data
collection and analysis is presented in Ref. 5.

Results and Discussion

The long- and medium-length inlets were tested with both
the 40- and 22-vane stators, whereas the short inlet was tested
with the 22-vane stator only. All the test data were obtained
with the short spinner and nozzle, takeoff blade setting angle
(11 deg less than cruise), and the axial skewed grooved rub
strip. Mode measurements were made for four different rotor
tip Mach numbers, M, = 0.65, 0.73, 0.77, and 0.81, corre-
sponding to the following corrected rotor speeds: 9600, 10,800,
11,400, and 12,000 rpm. Both the BPF and 2-BPF modal
structures will be presented. A more complete set of results
is presented in Ref. 11. Although the spectral data was avail-
able for the 3-BPF modes, there were an insufficient number
of radial measurement locations available to resolve the high-
est-order radial modes present at this frequency.

Spectral Data

The effect of rotation on the rake signal can be seen in Fig.
3. These spectra were obtained using an on-line signal ana-
lyzer during testing. They have a very narrow resolution band-
width (0.0005 shaft orders) as a result of fan synchronous
digitizing. When the rake is stationary all of the modes of the
BPF appear at one frequency (16.000 shaft orders). When the
rake rotates, a Doppler shift occurs that splits the BPF tone
into many different frequencies, each representing a different
spin rate, and thus circumferential order. It should be noted
that the tone corresponding to m = 16 is spurious and a result
of the rake wake interaction with the rotor. The separation
between m orders in terms of shaft orders is equal to the rake-
fan speed ratio. In this case, the m orders are 1/250 or 0.004
shaft orders apart.

As discussed above, the circumferential modal decompo-
sition was obtained from a very narrow-band spectral analysis.
This analysis used fan rotor synchronous digitizing and time-
domain rake synchronous ensemble-averaging to produce a
magnitude and phase for each m order at each radial location.
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Fig. 3 Effect of rake rotation on pressure spectrum, long inlet, 22
vanes, M, = 0.81, 2.3 em (0.91 in.) from wall.
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Fig. 4 Effect of normalization on BPF mode amplitudes, long inlet,
22 vanes, M, = 0.77: a) as measured and b) normalized.

Next, a radial mode analysis was performed using the radial
distribution data for each m order as the input to a least-
squares curve-fitting program. Bessel eigenfunctions were used
in calculating the radial coefficients. A complete description
of this process can be found in Ref. 5.

Modal Data

When all significant m orders are resolved into their radial
components, a complete modal picture can be seen in the
form of a three-dimensional bar graph as in Fig. 4a. The mode
amplitudes in Pascals are plotted against both circumferential
m and radial n orders. The case plotted here is for the 22-
vane (cut-on) stator and the long inlet at BPF, and a rotor
tip Mach number of 0.77. Before a discussion of the modal
plot begins it would be helpful to normalize the amplitudes.
The large amplitudes seen at the higher m and n orders {cut-
off ratio” near unity) are misleading when it comes to eval-
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uating their contribution to far-field noise or total power. The
modes (10,0, (11,0), and (12,0} are typical near-cut-off modes
with high levels and little or no acoustic power. These near-
cut-off modes are propagating at high angles to the duct axis
and therefore contribute much less to the overall noise sig-
nature for a given mode amplitude compared to modes prop-
agating at angles close to the axis. To compensate for this
effect, the amplitudes of all modes were normalized by mul-
tiplying them by the cosine of their respective propagation
angles. The propagation angles were calculated from mode
cut-off ratio and duct Mach number. The normalized ampli-
tude represents the component of the amplitude in the axial
direction. Figures 4a and 4b can be compared to see the effect
of this normalization. The largest differences occur at the
higher values of m and n. Note that modes (11,0) and (12,0)
do not appear in the normalized plot since they are cut-off.
The (10,0) mode is cut-on, but has a greatly reduced ampli-
tude. All the remaining modal data in this article will be
presented using the normalized amplitudes.

One limitation of the mode measurements in this investi-
gation is that, with only one axial rake location, the axial
direction of travel for any mode is not certain. A mode could,
in some cases, be traveling towards instead of away from the
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fan. Since the net acoustic power is traveling away from the
fan it might be reasonable to assume that most of the modes
are doing likewise. It should be kept in mind that any strong
reflections near the end of the fan duct could lead to erroneous
interpretation of results for a particular mode.

BPF Modal Structure

Figures 5 and 6 show a comparison of the BPF modal struc-
ture of the 22- and 40-vane stator sets, for both the long and
medium inlets. Since the short inlet was only run with the 22
vanes it will be shown separately. Figure 5 shows the effect
of a cut-on stator set (22 vanes) for both inlets at a low rotor
speed, M, = 0.65. The expected circumferential order of
m = —6 is very obvious. This m order is a result of the
interaction of the 16-blade wakes with the 22 vanes.

For the 40-vane stator no modes should be cut-on at the
BPF. As seen in Fig. 5 there are many modes present for the
40-vane stators. These extraneous modes also show up in the
22-vane cases. A closer examination of the extraneous modes,
including the higher speed shown in Fig. 6, reveals a trend
toward a pattern of four difference in m order. This Am =
4 pattern, and Eq. (1), suggest the interaction of the rotor
with a fixed four-lobed distortion pattern in the inlet. No
obvious cause for such an inlet distortion pattern could be
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found. Far-field tone directivity patterns® also suggest the
presence of extraneous modes. It is not unusual to see tones
in fans with cut-off stators, although the tone level seen in
this investigation may be unusually high.

A careful examination of the fan casing tip treatment used
for these tests revealed two possible sources for extraneous
modes. The casing treatment and rub strip consists of two
rows of axial slots skewed relative to the radius. The treatment
was fabricated in eight circumferential segments as shown in
Fig. 7. At each location where the segments join there was a
small area with no slots. This tip treatment provides stall
margin by changing the loading at the blade tip, thus, sym-
metrical interruptions could lead to a periodic loading change
at the blade tip. These blade loading changes should cause
extraneous modes of Am = 8 centered on m = 8. In addition
to these eight segments, four blade tip clearance probes were
installed through the treatment, 90 deg apart around the cas-
ing, in the center of every other segment. This could lead to
a periodic blade loading change of four per revolution as well
as 16 (the distance between the probe and either end of the
segment is 1/16 of the circumference). These periodic loading
changes lead to modes of Am = 4 centered on m = 12, and
Am = 16 centered on m = 0. The m = 0 mode is often the
largest in the BPF data. The mm = +16 modes for the 2-BPF
data will later be shown to be very strong.

Figure 6 shows the modal structure for M, = 0.81. For the
22-vane case, the m = —6 order is much larger then the
previous speed. Also, the higher speed is responsible for the
mode (—6,1) to just start to be cut-on. Not only can the effect
of rotor speed on cut-on be seen, but, the inlet can also affect
mode cut-on. The medium inlet has a slightly larger throat
diameter than the long inlet. This allows a mode to be cut-
on first in the medium inlet as can be seen by the presence
of the (12,0) mode in Fig. 6b. Higher speed allows higher
radial orders, n to be cut-on as well, as can be seen for the
long inlet where n = 3 mode appears for m = 0. Only the
long inlet has the » = 3 mode because it has a higher hub-
tip ratio that allows this mode to propagate. The Am = 4
pattern is more obvious at this speed. The importance of the
m = 0 mode seems to be growing, particularly for the long
inlet. For this inlet, the (0,1) mode is the largest, even for
the ‘‘cut-on” 22-vane stators. The reason for this behavior is
not known.

It should be noted here that, the importance of an individual
mode cannot always be determined where more than one
radial order is present. The far-field radiation pattern is greatly
effected by the phasing of the individual radial orders. Also
note that the amplitude scale used on the plots is linear, thus
tending to exaggerate differences between configurations.

Another trend in the modal data is that the Am = 4 modes
are higher for the 22-vane (cut-on) stators. It is not known
what is responsible for these increased levels.

In another investigation,'> the complex mode amplitudes
for some of the configuration just presented, were used as
input to a finite element far-field radiation code. Both 40-
and 22-vane, as well as long and medium inlet cases, were
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Fig. 7 ADP casing tip treatment (axial skewed grooves).
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Fig. 8 BPF modal structure for the short inlet with the 22-vane stator.

run and yielded good agreement with the far-field measure-
ments. These results add confidence to both the mode mea-
surements and the code.

The modal structure for the short inlet, 22-vane configu-
ration is shown in Fig. 8 for the highest and lowest tip speeds.
When these levels are compared to the medium inlet with 22
vanes in Figs. 5 and 6, they are generally lower. Far-field -
results® show little or no difference. Due to the very short
length (length to fan diameter ratio of 0.21), the measuring
plane is extremely close to the fan, less than a wavelength.
There may be a near-field effect that in some way is respon-
sible for the lower levels. One expected near-field effect is
higher levels of cut-off modes. This effect was not observed
in the data; perhaps because, at decay rates of the order of
200 dB per L/D, the measurement was not close enough to
the fan to observe these cut-off modes.

2-BPF Modal Structure

Figures 9 and 10 show a comparison of the 2-BPF modal
structures for the 22- and 40-vane stator configurations for
both the long and medium inlets. Not only are there twice as
many m orders cut-on for this harmonic, but twice as many
n orders are cut-on as well. There are seven n orders (0 to
6) cut-on in some cases. This presents a problem, in that the
least-squares Bessel function solution for radial mode decom-
position can become less suitable and accurate with data for
only nine radial locations available. The quality of some of
the 2-BPF solutions for high » orders is less reliable than the
rest of the modal data presented.

Both the 22- and 40-vane stators have cut-on rotor-stator
interaction modes for 2 BPF. From Eq. (1), the 22-vane con-
figuration produces two m orders, m = 10, —12, whereas
the 40-vane configuration produces only one, m = —8. The
m = 10 for the 22-vane configuration can be seen in Fig. 9
where the lowest speed data, M, = 0.65, is shown. Only the
medium inlet data for the 22-vane configuration is available
here. This data shows three radial modes for m = 10, all over
100 Pa. The other expected /m order, m = —12, also happens
to be one of the extraneous modes (Am = 4), and so the level
due to the rotor-stator interaction is uncertain. In any case,
it has a low amplitude, and this counterrotating (negative m-
order modes rotate opposite to the direction of the rotor) is
not a significant contributor to the overall noise. The expected
mode for the 40 vanes is also counter-rotating, m = —8, and
again it has a relatively low level, which may not completely
be due to rotor-stator interaction. Low levels of counter-ro-
tating modes may be a result of these modes being reflected
from the rotor blades as they try to propagate upstream through
the rotor.'? Unfortunately, it is expected that the energy these
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modes carry would be transferred to the aft duct. The addition
of aft-mode measurements for this fan could prove valuable
in understanding the rotor-stator reflection and transmission
problem.

At the highest speeds (Fig. 10), the overall modal structure
for both vane sets remained similar to the lowest speed, except
for some drop in levels. As expected, the number of modes
present is higher (both m and n orders). The Am = 4 pattern
is very evident at most speeds and for both inlets. Just as in
the BPF data, the 2-BPF data for 22 vanes have higher levels
of the extraneous modes, particularly near and above the large
rotor-stator mode of m = 10. For the 40-vane stators, the
dominant modes are the extraneous modes (Am = 4), even
though there is a cut-on rotor-stator mode (m = —8). A
pattern of Am = 8 can be seen in much of the 40-vane data.
The m = 16, 0, and — 16 orders are usually some of the most
prominent. This is further evidence that the extraneous modes
might be a result of the casing tip treatment interruptions of
1/4, 1/8, and 1/16 of the circumference.

In most cases, the differences between the long and medium
inlet were small. For the short inlet, only radial mode solu-
tions for one speed, M, = 0.81, could be obtained. At the
lower speeds, much of the spectral data for the short inlet
had significant phase shifts between the two rake immersions.
With only five radial positions available for a single rake
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immersion (consistent phase angle data), there is insufficient
input for a solution for the seven radial orders required for
low m orders. Figure 11 shows the modal structure for the
short inlet with 22 vanes at M, = 0.81. Although the levels
may be somewhat lower for the short inlet, this may not be
significant, especially for the expected m = 10 modes, which
are the highest. When all the normalized amplitudes of the
radial modes are summed for m = 10, the largest difference
between inlets is less then 20%, which is small in terms of
decibels. The extraneous modes particularly at m = =16, 0,
and 20 can be fairly strong.

Concluding Remarks

This article presented the acoustic modal structure in the
inlet of the ADP turbofan model as measured by a unique
and previously untried method. The BPF and 2-BPF modal
structure for five configurations involving the inlet length and
stator vane number were measured in the NASA Lewis 9- by
15-ft Anechoic Wind Tunnel. The continuously rotating rake
technique employed here was able to measure both circum-
ferential and radial-mode order with no apparent interference
with the noise sources.

The modal structure for configuration with a cut-on stator
exhibited high levels of the expected m order. A complicated
and unexpected modal structure was observed in addition to
the expected one. These extraneous modes were present with
both cut-on and cut-off stators. The extraneous modes had a
pattern of Am = 4, 8, and 16, which was found to be the
same as a pattern of symmetrical interruptions of the fan
casing tip treatment. It seems that these small interruptions
in the treatment may have caused periodic loading changes
at the blade tip, which result in extraneous modes. Further
evidence is needed to confirm this rotor-casing treatment in-
teraction source. Higher levels of the extraneous modes were
observed when the rotor-stator interaction was cut-on.

Some indication of modal reflection from the rotor for
counter-rotating modes coming from the stator was observed.
This should be further investigated by measuring the modes
in the aft fan duct as well as far-field acoustics.

Much of the expected behavior of the circumferential and
radial-mode orders with speed was observed. The effect of
inlet length was difficult to estimate. There was some tendency
for the mode levels to drop with length. This was most evident
in the short inlet at BPF.

Since mode measurements were made in only one axial
location, the direction of travel of a mode is not certain. It is
generally assumed that most modes are traveling away from

the source. Duct termination reflections could confuse the
interpretation of the data. Additionally, the presence of many
radial orders makes it difficult to project modal changes to
far-field changes. These limitations restrict the interpretation
of modal data. There are many tools that could prove useful
to overcome these limitations. One is a duct to far-field ra-
diation code.”” Results from this code indicate good agree-
ment with far-field data, when mode data from this investi-
gation was used as input.
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