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Abstract

Conventionally, fan stages are designed with more stator vanes than rotor blades. These
fan stages provide a tonal noise advantage as the blade passing frequency tone is cut-off.
Contrary to conventional cut-off designs, low-count OGV (Outlet Guide Vane) designs
are fan stages with fewer stator vanes than rotor blades. Low-count OGV designs benefit
from lower broadband noise due to the reduced number of stator vanes. However, the
blade passing frequency tone may no longer be cut-off. Therefore, we assess tonal noise
reduction mechanisms for subsonic low-count OGV fan stages. We use an analytical and
a numerical method to predict the rotor—stator interaction noise for different blade count
pairings. The results indicate that the mode phase propagation angle and the cut-on
factor are two acoustic parameters that dominantly influence the noise excitation. For
certain blade count pairings an acoustic benefit exists if the mode phase propagation
angle is congruent to the stator leading edge angle and / or if the mode is away from the
cut-off limit. Moreover, reducing the rotor tip speed allows, for some configurations, a
cut-off design even with fewer stator vanes than rotor blades (inverse cut-off). Overall,
the study shows promising possibilities to reduce tonal interaction noise for low-count
OGYV fan stages.

Keywords: Fan noise, low-count OGV fans, design-to-noise, tonal noise reduction,
inverse cut-off, urban air mobility

1. Introduction

The noise impact of urban air mobility (UAM) airplanes has attracted increasing
attention as these airplanes are expected to take off and land in highly populated areas.
Especially for electrically powered airplanes operating in urban areas, fan noise will be
a crucial challenge. Current UAM airplane concepts include, in addition to open-rotor
variants, airplanes equipped with low-speed shrouded fan stages. These fan stages may
be arranged either as a double configuration or as a distributed propulsion system. A
significant contribution to the overall noise impact of the aircraft will be caused by the
fan stages [Il 2]. Rizzi et al. [3] highlighted the demand to “document noise reduction
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technologies available for UAM” as one “high-level goal” for the development of UAM
airplanes. Referring to this demand, we intend to investigate and evaluate noise reduc-
tion mechanisms for low-speed shrouded fan stages of small airplanes. Our objective is
to provide a step towards the design-to-noise of fan stages.
Conventionally, fan stages are designed with significantly more stator vanes than rotor
blades. This approach leads to an advantage regarding tonal interaction noise since the
blade passing frequency tone, which is usually dominant, is cut-off. Although cut-off
designs have a tonal advantage, these designs are not beneficial regarding broadband
noise. The broadband noise source can be efficiently decreased by reducing the stator
vane count since this noise source roughly scales with the number of stator vanes [4].
Contrary to a conventional cut-off design, a low-count OGV (Outlet Guide Vane) design
is a fan stage with fewer stator vanes than rotor blades. Compared to a cut-off design, a
low-count OGV design is more advantageous with regard to manufacturing costs as well
as broadband interaction noise. However, the usually dominant blade passing frequency
tone may no longer be cut-off due to the reduced number of stator vanes. This may cause
a tonal noise penalty. In order to mitigate this tonal disadvantage, we investigate mech-
anisms that reduce the noise levels of the blade passing frequency tone. Our intention is
to outline and understand the acoustic effects that may provide a benefit for low-count
OGYV designs. As a long-term goal, we ask the research question: Can low-count OGV
designs compete with the noise levels of conventional cut-off designs? As a first step
towards answering this question, we put an emphasis on the tonal noise excitation and
assess three noise reduction mechanisms for subsonic low-count OGV fans: The mode
phase propagation angle (1), the mode cut-on factor (2) and the inverse cut-off of the
blade passing frequency tone (3).
There are few studies in the literature regarding the acoustic potential of low-count OGV
designs. Dittmar et al. [B] [6] examined different low-count OGV fan stages and compared
the noise levels to conventional designs. The results indicate that low-count OGV designs
benefit from lower broadband noise and a reduced noise annoyance. Schwaller et al. [7]
experimentally investigated different rotor—stator blade count pairings and measured the
far-field noise. They confirmed that low-count OGV designs have benefits with regard
to broadband noise and identified a reduction of the higher harmonic blade passing fre-
quency tones. Thereupon, Kroger et al. [§] conducted a multidisciplinary optimization
of a low-count OGV fan stage. Regarding aerodynamics, they concluded that a reduc-
tion from 42 to 14 stator vanes is feasible and even suitable. Regarding acoustics, they
observed an increase in the first blade passing frequency tone. To address this noise
penalty, Giacché et al. [9] performed an acoustic optimization of a low-count OGV fan
stage. The optimized OGV had a modified leading edge profile with non-uniform sweep
distribution. They showed that the modification decreases the noise levels of the blade
passing frequency tone [9]. Recently, Jaron [4] examined low-count OGV designs regard-
ing their potential to reduce tonal noise and identified that certain blade count pairings
benefit from a weaker excitation of the dominant modes. The study indicates that the
relative angle between the mode phase propagation angle and the stator leading edge
angle is a reason for a lower noise excitation [4]. However, the impact of the mode phase
propagation angle on the noise excitation is not fully understood yet. Therefore, we
further investigate this effect within the present paper.
To examine the tonal noise reduction mechanisms, we perform a variation of the rotor
and stator blade count. The idea is to identify promising blade count pairings that lead
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to lower noise levels. Casalino et al. [10] described this approach as a “best practice”
to decrease “the fan rotor/stator interaction noise”. For each blade count pairing we
predict the noise levels analytically. For selected blade count pairings we perform Har-
monic Balance simulations to validate the analytical prediction. The fan stage for the
noise assessment is described in Sec. [2] the analytical fan noise prediction method in
Sec. [3]and the numerical method in Sec.[d, The impact of the mode phase propagation
angle and the impact of the mode cut-on factor on the noise excitation are assessed in
Subsec. Afterwards, the relation between the inverse cut-off effect and the rotor tip
speed is examined in Subsec. [5.2

2. Baseline fan stage

For the acoustic analysis, the “Co / Contra Rotating Acoustic Fan Test rig” (CRAFT),
operated by the Department of Engine Acoustics of the German Aerospace Center, is
used [II]. The CRAFT rig can be equipped either with two counter-rotating rotors or
with a co-rotating rotor—stator stage [12]. The latter configuration is shown in Fig
For the acoustic predictions, presented in this paper, the rotor—stator stage is scaled by a
factor 2 : 1. The reason is that the thrust level provided by the scaled fan stage would be
sufficient to power a small twin-engine aircraft. Thus, the CRAFT rig is representative
for a shrouded fan stage of a small airplane, which could be operated in an UAM mis-
sion. Table [l]summarizes the design and sideline operating points for the scaled CRAFT
rotor—stator stage. The latter is used for the subsequent analysis since it is the loudest
operating point of the relevant acoustic noise certification points approach, sideline and
cutback.

Design  Sideline

fan diameter [m] 0.908
pressure ratio 1.039 1.050
mass flow [kg/s] 22.70 24.11
rotational speed [rpm)] 2194 2356
rel. rotor tip Mach number  0.31 0.33

Figure 1: CRAFT rotor-stator configura- Table 1: Design and sideline operating points for the
tion. scaled CRAFT rotor—stator stage.

3. Analytical fan noise prediction method

Different analytical and semi-analytical methods for predicting fan noise exist.
Casalino et al. [I0] provide a bibliographic overview of such approaches and empha-
size that these are essential for the design-to-noise of fan stages. In this paper, the fan
noise prediction is performed with the tool “PropNoise” (PN), developed by the Depart-
ment of Engine Acoustics of the German Aerospace Center [13]. Particularly, the noise
levels are calculated with the stand-alone module of PropNoise. The stand-alone module
provides an aerodynamic preliminary design of the fan stage and a fully analytical noise
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prediction. The input data are the fan geometry (e.g. diameters, blade count numbers,
chord lengths) and the design operating conditions as for example mass flow and rota-
tional speed. The steady and unsteady aerodynamics are calculated at a single meanline
position, which is considered as representative for the complete flow. The meanline radius
is located at 70% blade span. Subsequently, the aerodynamic solution is extrapolated in
radial direction. The data generated in the aerodynamic modules constitute the input
for the acoustic module, which relies on a radial-strip approach. That means, the mod-
ule determines the response of the blade to an aerodynamic excitation for each radial
strip as if the problem was two-dimensional. Afterwards, the source term is integrated
in radial direction in order to determine the sound pressure amplitude and the sound
power propagating within the duct segments [I3].

The subsequent acoustic analysis relies on the evaluation of the phase propagation angle
Cmn and the cut-on factor auy,, of an acoustic mode of azimuthal and radial order (m,n).
In the ray tracing theory, the phase propagation angle describes the propagation of an
acoustic ray in a duct. According to [14, [I5], in absence of swirl, (,,,, is defined as

—M, + amn)

1
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¢E, = —sign (m)cos™! (
In Eq. the superscript + indicates the direction of propagation, where + is used
for the downstream direction and — for the upstream direction. The phase propagation
angle depends on the sign of the azimuthal mode order m, the axial Mach number M,
and the mode cut-on factor a,,,. As described in [I3] [I6] and under consideration of a
solid body swirl, this factor is given by

e \/1(1Mg) (lm(f”T’;Ms)z. (2)

In Eq. the variable o,,, is the (n + 1)* zero of the first derivative of the radial
eigenfunction at the walls, k is the acoustic wave number, R is the duct radius and M
is the swirl Mach number. At the stator entry, the duct radius is R = 0.454m, the
swirl Mach number is M, = 0.13 and the axial Mach number is M, = 0.15. Note that
Eq. is only valid for piecewise linear rays. Under consideration of flow swirl, the rays
would be curved. Flow swirl is only considered for the calculation of the cut-on factor,
as indicated in Eq. .

The cut-on factor is a criterion to determine the propagation capability of acoustic modes
within a duct [I3]. For propagating modes, a,,, is a real number and ranges between
0 and 1. Towards the limit of 0, the modes still propagate, but are close to cut-off and
for well-propagating modes, @, tends towards 1. For non-propagating modes (cut-off
modes), uy,, has an imaginary part which leads to the exponential decay of the acoustic
pressure [13] [16].

Based on the acoustic pressure of an azimuthal mode m and the in-duct Green’s function
g, an expression for the modal pressure amplitude can be formulated. According to
the derivation which is presented in [I3} [I6], the modal amplitude for the in-duct case
and Tyler—Sofrin modes is formulated as

R
AX =i.B / Ge. e hetie—imlie o gy (3)
i
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In Eq. (3), B is the number of rotor blades, r is the duct radius at the hub, R is the
duct radius at the tip, k, is the axial wavenumber and x;p and 0 are the axial and
circumferential leading edge positions. The in-duct Green’s function ¢, is given by

o 1 ) Jm(krrs) + anym(krrs) (4)
Imn =4z R kR s Fo
where J,, are the Bessel functions, Y;, are the Neumann functions, k, is the radial
wavenumber, rs is the radial coordinate at the source position, Fj,, are normalization
factors and the quantity Q. is equal to zero for hollow ducts [13, [I7].
In Eq. , the quantity o includes several source terms, i.a. a term for the lift noise
component oy,. This term is given by

oL :ikn/ fe - emtkilg, (5)
0

where f¢ is the chordwise distribution of lift, k; is the chordwise wavenumber and [
is the chordwise position of the noise source on the blades [16]. From Eq. it can
be obtained that the lift-generated tonal noise component is affected by the normal
wavenumber k,, [13]:

mM,

ko = (k= T2 sin(Gh, = Xep) (©)

According to Eq. @, the relation between the mode phase propagation angle - and
the stator leading edge angle X, influences the normal wavenumber and thus affects
the source term o, for the lift noise component and its modal amplitude A% .
Following the derivation presented in [16] 18], the acoustic modal power under consider-
ation of a solid body swirl is determined from

1 oy, (1—M2)?
Py, = ? 5 1A%, (7)
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where pg is the static density and aq is the speed of sound. In the following, the tonal
sound power levels at noise generation, i.e. at the stator leading edge, are analyzed.
The tonal wake interaction noise can be classified as unsteady lift-generated noise. The
driving physical mechanism for this noise source is a time-dependent variation of the
pressure distribution on the blade surface. The pressure variation is caused by the rotor
wake which impinges on the stator leading edge. A dipole noise source results from this
interaction between the blade profile and the incoming flow, as schematically illustrated
in Fig. 2] Hence, the tonal wake interaction noise can be represented by dipoles located
at the stator leading edge [19].

In PropNoise, the blade profiles are modeled as infinite thin flat plates which are staggered
at an angle X relative to the engine axis, where X;  is the stator stagger angle at the
leading edge (see Fig. [2). The main radiation axis of the dipole source is perpendicular
to X at the source position. In the subsequent analysis, the mode phase propagation
angle (pn, will be put in relation to the stator stagger angle at the leading edge X 5 in
order to evaluate the impact of these quantities on the noise generation. Note that (o,
and Xy are defined positive in —@ direction. In reality, typically twisted stator vanes
are used which means that the leading edge angle radially changes. This is considered for
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the numerical simulations. However, for the analytical noise prediction, untwisted stator
vanes are used. Thus, the leading edge angle is treated as constant in radial direction
and the approach illustrated in Fig. [2|is valid.

main
radiation axis

dipole e
source /.

blade _ infinitely thin
profile flat plate

Figure 2: Relation between mode propagation angle and noise generation at the stator leading edge.

The difference between the stator leading edge angle and the mode phase propagation
angle is denoted with A and for the subsequent analysis A is scaled to the range [0, 90 deg].
Accordingly, A can be determined from

A = { |Cmn_XLE|7 %men_XLE‘ §90deg (8)
|180 - |Cmn - XLE||7 if |<mn - XLE‘ > 90deg

As seen in Eq. , Eq. and Eq. @, if the mode phase propagation angle is exactly
congruent to the stator leading edge angle, the acoustic mode will not be excited (A =
0deg, (mn = X15)- In that particular case, the phase propagation angle of the acoustic
mode is perpendicular to the dipole radiation axis. On the contrary, if the mode phase
propagation angle is in line with the dipole radiation axis, the strongest sound excitation
occurs. In that particular case, the phase propagation angle of the acoustic mode is
perpendicular to the stator leading edge angle (A = 90 deg).

Further, Fig. [2[ exemplarily shows the propagation directions of upstream (—) as well
as downstream (+) propagating positive and negative azimuthal acoustic modes m. For
instance, m™ > 0 is a positive and downstream propagating acoustic azimuthal mode.
The sign convention of the azimuthal modes can be determined by applying the curl right
hand rule in the direction of the x-axis.

4. Numerical fan noise prediction method

A numerical fan noise prediction is performed for selected rotor—stator combinations.
The in-house Navier-Stokes solver “TRACE” [20] 2], specifically developed for turbo-
machinery applications, is applied to numerically predict the unsteady flow field. We use
TRACE to perform Harmonic Balance simulations (HB simulations). The HB method
applies a Fourier transformation of the Reynolds Averaged Navier Stokes equations
(RANS equations) and solves them in the frequency domain for selected frequencies,
which are non-linearly coupled [22H24]. The closure of the RANS equation system is
achieved with the Menter SST k — w turbulence model [25]. For both the rotor blade
row and the stator vane row one flow passage with phase-shifted boundary conditions
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in circumferential direction is modeled. As a consequence, the simulation results only
include those flow effects that are circumferentially periodic with the number of rotor
blades and stator vanes.

The structured grid has an O-C-H topology around the blades. In spanwise direction, the
grid consists of 90 cells, of which 9 cells are placed in the rotor tip gap. In circumferential
direction, the grid resolves the smallest considered acoustic wave length with more than
35 cells per wave length. On the airfoil surfaces, the size of the first grid cell resolves the
laminar sublayer of the velocity boundary layer (y* < 1). In total, the computational
grid of the rotor—stator stage consists of more than 17 - 106 cells.

Several criteria are used to evaluate the convergence. For instance, the mass flow and
pressure are monitored at the inlet and outlet of the computational domain to assess the
behavior of these flow quantities as the solution evolves. For the HB simulation an ad-
ditional acoustic convergence criterion is specified: Monitor plots trace the sound power
levels (PWL) of the propagating modes of the first and second blade passing frequencies
(BPF1, BPF2). For the converged solution the sound power levels have reached a con-
stant value and the residuals are smaller than 10~°. Compared to the initial solution the
residuals have dropped by at least three orders of magnitude.

An extended triple plane pressure mode matching (XTPP) method is applied to extract
the acoustics from the simulation [26]. The XTPP approach is based on the method
originally developed by Ovenden and Rienstra [27]. The extension of the method en-
ables to better distinguish between convective and acoustic perturbations and leads to
an improved prediction of tonal noise [26].

5. Results

Based on the scaled CRAFT geometry, a variation of the rotor and stator blade count

is performed using the stand-alone module of PropNoise. The CRAFT rig has 18 rotor
blades and 21 stator vanes. This is the initial configuration for the blade count variation.
The variation is carried out at constant solidity to achieve a similar aerodynamic blade
loading. Thus, the chord length changes between the configurations. For instance, the
lower the number of rotor blades or stator vanes the longer the blade or vane chord.
The initial configuration is used to determine the chord lengths of all other blade count
pairings based on the condition that the solidity is constant. Further, the distance
between the rotor trailing edge and stator leading edge remains constant. Hence, the
propagation distance of the rotor wake up to the stator leading edge is identical for all
configurations.
Figure[3|shows the analytically predicted sound power levels of the BPF1 tone for different
rotor—stator blade count pairings. All low-count OGV configurations are framed in green
and the dotted yellow line shows the BPF1 cut-off border. Within the low-count OGV
design space, we identified three subareas with lower overall BPF1 sound power levels.
We named these subareas “A”, “B” and “C”. In Subsec.[5.1]we analyze the acoustic effects
that cause blade count pairings in areas “A” and “B” to have lower sound power levels
than adjacent blade count pairings. In Subsec. 5.2 we put the focus on the configurations
from area “C”.
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Figure 3: BPF1 sound power level for different rotor—stator blade count combinations.

5.1. Phase propagation angle and cut-on factor

The studies by Guérin et al. [28] and Jaron [4] indicate that the sound power de-
creases if the phase propagation angle of an acoustic mode is congruent to the stator
leading edge angle. To better understand this effect, we examine selected configurations
from area “A” in more detail. For this purpose, the number of rotor blades is kept
constant and set to B = 35. This ensures that the width and depth of the rotor wakes
remain identical. The number of stator vanes varies between V' = 11 and V = 14. The
configurations with V' = 12 and V' = 13 stator vanes belong to area “A”. For equidistant
blades, the triggered azimuthal mode orders m are a function of the rotor blade count
B and stator vane count V: m = hB — kV, where h € Ny and k € Z (Tyler and Sofrin’s
rule [29]). For each azimuthal mode order m several radial mode orders n may be cut-on.
Each mode has a different propagation direction and thus a different phase propagation
angle. Therefore, the angle A between the stator leading edge angle and the mode phase
propagation angle changes. This leads to a weaker or stronger noise excitation of the
acoustic modes.
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Figure 4: Upstream and downstream sound power levels of the BPF1 for B = 35 and different stator
vane counts with unchanged, nearly congruent and perpendicular phase propagation angle relative to
the stator leading edge angle. For the unchanged case the inscribed labels indicate the values of A for
the dominant mode.

Figure [4 depicts the analytically predicted upstream and downstream sound power lev-
els of the BPF1 tone. The labels show the values of A for the dominant acoustic
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mode of each configuration. The dominant propagating BPF1 modes are summarized
in Tab. For a specific acoustic mode, A does not change in radial direction, since
Xr.g = —33deg = const. is used for the analytical study. An advantage of the ana-
lytical noise prediction is that particular acoustic effects can be examined individually.
To specifically assess the impact of the mode phase propagation angle on the noise ex-
citation, we manually manipulated A in the PropNoise code. We consider two cases
in Fig. 1) A phase propagation angle approximately congruent to the stator leading
edge angle (A = 10deg) and 2) a phase propagation angle perpendicular to the leading
edge angle (A = 90deg). In both cases the phase propagation angle is adjusted for all
propagating modes. The reason why A = 10deg is applied is that the acoustic modes
would not be excited at all if the phase propagation angles were exactly identical with
the stator leading edge angle. The dotted green line shows the BPF1 sound power levels
for A = 10deg. The dotted red line shows the sound power levels for A = 90deg. For
the latter case the phase propagation angle is in line with the dipole radiation axis. The
maximum sound excitation occurs in the direction of the dipole radiation axis. Conse-
quently, it is reasonable that the highest sound power levels are obtained for A = 90 deg.
According to the analytical prediction, the difference of the sound power levels between
A = 90deg and A = 10deg is larger than 20dB. In other words, the manipulation of
A indicates that for one configuration the sound power level could be more than 20 dB
lower, if the phase propagation angles of the propagating modes would be congruent to
the stator leading edge angle rather than perpendicular. Thus, the phase propagation
angle relative to the stator leading edge has a significant impact on the sound excitation.
In particular, the study confirms that acoustic modes having a phase propagation angle
congruent to the stator leading edge angle are excited weakly. The results with the actual
mode propagation angles, without imposing a fixed value for A in the analytical model
artificially, are in between the results for A = 10deg and A = 90deg.

upstream downstream
(m,n)  @mn  Omn  Aldeg] || (myn)  amn  Omn  Aldeg)
V11 (2,1) 0.66 8.55 75.9 (=9,0) 0.56 10.65 82.6
V12 (-1,0) 0.994 1.25 28.2 (=1,0) 0.994 1.25 40.5
V13 (—4,0) 0914 4.95 12.7 (-4,1) 0.603 9.71 86.6
V14 (7,0) 0.62 8.43 78.4 (=7,0) 0.741 843 81.6

Table 2: Dominant propagating BPF1 modes for B = 35 and varying stator vane count and respective
values for amn, omn and A.

The effect may be slightly overestimated in the analytical prediction from PropNoise
since the stand-alone module uses flat plates to model the blade profiles [4, [13]. In addi-
tion, the analytical study is performed with untwisted stator vanes, i.e. the leading edge
angle is constant in radial direction. Consequently, for one particular acoustic mode, the
difference between the mode phase propagation angle and the stator leading edge angle
is also constant. Therefore, we perform a validation of the analytical results using Har-
monic Balance simulations. Contrary to the stand-alone module, the HB simulation uses
three-dimensional curved blade profiles. Thus, in the HB simulation the leading edge
angle radially changes and the dipole sources are distributed along the curved surface.
Figure [5| compares the noise prediction from PropNoise with the numerical results ob-
tained from the HB simulation. The numerical data have a constant offset compared to
the prediction from PropNoise. However, the numerical results confirm the analytically
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predicted trend and verify that also in the numerical simulation the phase propagation
angle significantly affects the sound excitation, even though twisted stator vanes are con-
sidered.

Besides the stand-alone module, PropNoise offers the option to perform an analytical
noise prediction based on RANS simulations [4]. For the RANS-informed analytical
noise prediction with PropNoise, all input parameters needed for the acoustics module
are extracted from a steady-state RANS simulation. The RANS simulation uses the same
fan geometry and blade profiles as the HB simulation. In Fig. 5] the results obtained from
the RANS-informed noise prediction are plotted in yellow. These results also confirm the
trend predicted by the stand-alone module and exemplarily verify that the assumption
of flat plates leads to a reasonable noise prediction.
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Figure 5: Upstream and downstream sound power levels of the BPF1 for B = 35 and different stator
vane counts. Labels indicate the values of A for the dominant modes.

The labels inserted in Fig. [f] show the values of A. These values are calculated at 70%
span. Comparing Fig. 4] with Fig. [5] indicates that the numerically calculated A is in
good agreement with the analytically predicted value. Regarding the upstream direction,
the phase propagation angle is almost congruent to the stator leading edge angle for the
configurations B35V12 and B35V13. Note that B35 indicates the number of rotor blades
and V13 the number of stator vanes. With regard to B35V13, the dominant Tyler-Sofrin
mode is m = 35 — 3 - 13 = —4. For this azimuthal mode the phase propagation angle is
almost congruent to the stator leading edge angle. Hence, the lowest difference A occurs
(A ~ 15deg). Due to the impact of the phase propagation angle the dominant mode
m = —4 is excited weakly, which is one reason why B35V13 has the lowest upstream
sound power level. Regarding the downstream direction, the phase propagation angle
tends to be oriented almost perpendicularly to the leading edge. The only exception is the
configuration B35V12. For this configuration PropNoise and the HB simulation predict
A = 40 deg, which is the reason for the lower downstream sound power level compared
to the adjacent configurations. In addition, PropNoise and the HB simulation predict
A = 30 deg for this configuration in the upstream direction. Thus, the configuration with
12 stator vanes provides a good compromise with regard to the phase propagation angle.
This is the first reason why the upstream and downstream BPF1 sound power levels of
this configuration are comparable or lower than the sound power levels of adjacent blade
count pairings.

For all other blade count pairings from area “A”, we observe a similar result to that
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shown in Fig. [f] and Fig.[5}] Our interim conclusion for area “A” is that the phase prop-
agation angle of modes propagating upstream is almost congruent to the stator leading
edge angle. These modes are excited weakly resulting in a significant tonal noise reduc-
tion.
In area “A”, the phase propagation angle particularly impacts the sound power levels of
the upstream direction. As an additional effect, the mode cut-on factor a,,, is identi-
fied to influence the sound power levels of the upstream and the downstream direction.
The mode cut-on factor provides the explanation why the overall sound power levels are
lower in area “A” compared to adjacent blade count pairings. The importance of ay,p,
for modes propagating in ducts was introduced by Rice [30], who identified this factor
as a basic parameter for noise propagation. In the following, we investigate the impact
of the cut-on factor on the noise generation.
Figure [6] plots the relation between the sound power level and the cut-on factor for the
dominant mode. The cut-on factor might be different for the upstream and the down-
stream direction since different azimuthal and radial modes may be dominant and each
set of modes has a different «,,,. The cut-on factor is calculated using Eq. . The
data points colored in red show the analytical prediction for the case that the influence
of the phase propagation angle is neglected. That means, A is again manipulated in the
PropNoise code and set to A = 90 deg. The results indicate that acoustic modes, which
are further away from the cut-off limit (aw — 1), are excited weakly and carry a lower
sound power. Close to the cut-off limit (o — 0), the sound power increases remarkably,
which is also shown in [3I]. According to the distribution of the red data points, the
relation PWL ~ —10log; (®mn) + yo describes the impact of the cut-on factor on the
sound power level. This correlation is deduced from the analytical modeling, which pre-
dicts that the sound power is inversely proportional to au,, (see Eq. , Eq. and
Eq. )
The data points colored in light and dark grey show the actual results from PropNoise
without the manipulation of the phase propagation angle. These data points exhibit a
larger scattering due to the impact of the phase propagation angle. For instance, for the
configuration B35V12 the upstream and downstream phase propagation angles of the
dominant Tyler-Sofrin mode m = —1 are almost congruent to the stator leading edge
angle. Therefore, the data point shifts to a lower sound power level while the cut-on
factor remains unchanged. The mode m = —1 is excited weakly due to the phase prop-
agation angle. By contrast, if A = 90deg is applied, the mode phase propagation angle
is perpendicular to the leading edge angle. As a result, the sound power level increases
and the data point is located close to the red curve. For B35V 14 both results, with and
without the manipulation of the phase propagation angle, are almost similar. The reason
is that for this configuration the phase propagation angles of the dominant azimuthal
modes m = £7 are perpendicular to the stator leading edge angle in any case.
Taking into account the configurations B35V12 and B35V14, the question arises: Why
does the mode m = —1 carry a lower sound power than the modes m = +77 The answer
is the influence of both, the phase propagation angle and the cut-on factor. Besides
the phase propagation angle of the mode m = —1, which is almost congruent to the
stator leading edge angle, the cut-on factor is close to 1. Both effects lead to a lower
sound power level. A cut-on factor close to 1 is the second aspect why the upstream
and downstream BPF1 sound power levels of the configuration with 12 stator vanes are
comparable or lower than the sound power levels of adjacent blade counts.
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Figure 6: Upstream and downstream sound power levels of the BPF1 as a function of the cut-on factor
o for B = 35 and different stator vane counts.

The interim conclusion formulated earlier can now be extended as follows: The sound
power levels of the blade count pairings from area “A” are mainly affected by the im-
pact of the phase propagation angle and the cut-on factor. For these configurations, low
azimuthal mode orders are dominantly excited, the upstream phase propagation angles
of the dominant modes are almost congruent to the stator leading edge angle and the
dominant modes are far away from the cut-off limit. These effects cause that the dom-
inant modes are excited weakly and carry a lower sound power. Thus, the two acoustic
phenomena reduce the tonal interaction noise.

In area “B”, the explanations are still valid and the same two phenomena impact the
sound excitation. Compared to area “A”, the difference is: The downstream phase prop-
agation angle is congruent to the leading edge angle but the upstream phase propagation
angle tends to be oriented almost perpendicular to the leading edge angle. This can
exemplarily be seen in Fig. [f] by comparing the upstream and downstream sound power
levels of the configuration B35V16. Upstream, the data point is located close to the
red line, which means that the phase propagation angle is almost perpendicular to the
leading edge angle. Downstream, the cut-on factor of the dominant mode is close to one
and the phase propagation angle is rather congruent to the leading edge angle resulting
in a lower noise level.

5.2. Inverse cut-off of the blade passing frequency tone
In this subsection we examine the low-count OGV configurations from area “C”. For
all blade count pairings from area “C” the BPF1 tone is cut-off. Conventionally, a cut-off
design is realized with stator vane counts larger than the rotor blade count (by factor 2
12



or more). However, if the tip Mach number is low enough, a cut-off design can also be
achieved with fewer stator vanes than rotor blades. This is called an “inverse cut-oft”
and corresponds to area “C”. Area “C” is a promising design space compared to the con-
ventional cut-off design space since the stator vane count is reduced significantly. Hence,
this region has the potential to decrease the stator-generated broadband noise and still
benefit from the cut-off of the blade passing frequency tone. Consequently, the question
arises why large high-speed fan stages are not designed with inverse cut-off of the first
blade passing frequency tone? Typically, for these fan stages, the rotor tip Mach number
is close to one, or higher. However, in this section we will show that the inverse cut-off
effect is restricted to smaller tip Mach numbers.
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Figure 7: BPF1 sound power levels for different rotor—stator blade count combinations and four rotor
tip speeds.

To investigate the formulated question, we analyze the impact of the change of the rotor
tip Mach number on the tonal rotor—stator interaction noise. The impact of the tip Mach
number is demonstrated by a study on the variation of rotor and stator blade count. This
study is performed with the stand-alone module of PropNoise. The fan entry flow Mach
number is kept constant at a value of 0.21, which is a typical flight Mach number for
small airplanes in cruise condition. In addition, the aerodynamic loading of the rotor and
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stator blades is kept constant. As a result, the fan pressure ratio and the fan diameter
differ if the tip Mach number changes. In particular, the fan diameter scales inversely
with the fan pressure ratio, which means that the lowest rotor tip speed corresponds
to the lowest fan pressure ratio and the largest fan diameter. For instance, due to the
variation of the rotor tip speed the fan diameter at the rotor tip d:; varies between
diip = 0.91m (for My, = 0.33) and dy;;, = 0.80m (M, = 0.41). The rotor tip Mach
number is calculated from My, = (N dyp m)/a, where N is the rotational speed and a is
the speed of sound at the rotor entry.

Figure [7] depicts how the sound power levels of the BPF1 tone vary with the rotor and
stator blade counts for four different rotor tip Mach numbers. The tip Mach number
0.33 corresponds to a fan pressure ratio of 1.05 and M, = 0.41 corresponds to a fan
pressure ratio of 1.072. These pressure ratios are realistic for low-speed fan stages of
small airplanes.

For all blade count configurations from area “C” the acoustic modes of the BPF1 tone
are not able to propagate. The BPF1 tone is cut-off following the inverse cut-off princi-
ple. If the rotor tip speed is increased above 0.4, the acoustic modes start to propagate,
the blade passing frequency tone becomes cut-on and area “C” shrinks until the effect
vanishes completely for larger tip Mach numbers. In other words, the smaller the rotor
tip Mach number, the wider the inverse cut-off area, which means that additional blade
count pairings become cut-off for lower rotor tip speeds. The variation of the rotor tip
Mach number leads to two main observations: First, a correlation between the rotor tip
speed and the inverse cut-off effect exists. Second, a decrease of the fan pressure ratio
and the rotor tip speed make an inverse cut-off design possible and establish new options
in terms of blade count selection within the low-count OGV design space.

Figure [7]indicates that the effect might be restricted to small rotor tip speeds. Addition-
ally, a narrow tip Mach number range exists, below which all blade count pairings from
area “C” almost simultaneously become cut-off. Thus, an inverse cut-off design is possi-
ble if the rotor tip Mach number is lower than a critical Mach number (M, < Miip orit)-
For cut-off modes, the factor au,, is an imaginary number (®(«) = 0). Therefore, in
absence of swirl, Eq. and R(«) = 0 lead to the relation

Mtip,crit = 1- M;% % (9)
Equation @D shows the correlation between the critical tip Mach number and the inverse
cut-off effect. In first approximation, the variable o,,q is equal to |m| in hollow ducts.
This simplifies the relation to My, crit & /1 — M2 |m|/B. As a result, Myp, crit only
depends on the axial Mach number M, and the respective blade count pairing, since
the dominant azimuthal mode order m can be expressed as a function of the rotor blade
count B and stator vane count V with m = hB — kV (Tyler and Sofrin’s rule [29]).
The critical tip Mach number linearly depends on the variable |m|/B, which is visu-
alized in Fig. for four different axial Mach numbers. The axial Mach number is
varied between M, = 0.1 and M, = 0.7 to illustrate the impact of the axial Mach num-
ber on Miip, crit, although the axial Mach number for the CRAFT rotor-stator stage is
M, = 0.15. It can be seen that the impact of M; on My, crit becomes relevant for high
axial Mach numbers. In case M, < 0.3, the impact of the axial Mach number is negligible
in good approximation. Consequently, the ratio of the triggered mode order and the rotor
blade number |m|/B determines the critical tip Mach number in this case. Figure
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depicts this ratio for all low-count OGV blade count pairings. For each configuration, the
lowest possible BPF1 mode order (Jm| = min(|1- B — kV])) is used to calculate |m/|/B.
To realize an inverse cut-off design for low-speed fan stages, only the blade count pairings
from area “C” are suitable. The reason for this is, as shown in Fig. that in area “C”
an inverse cut-off of the BPF1 tone can be achieved for Myip, < Myip, criv =~ [m|/B =~ 0.38.
The fulfillment of this condition may be possible for fan stages with low pressure ratios
and large diameters, e.g. fan stages for UAM airplanes. For all other blade count pair-
ings, which do not belong to area “C”, the ratio |m|/B is lower than 0.2. That means,
M, would have to be lower than 0.2 to achieve an inverse cut-off. This might not be
feasible for a fan design since Miip < Myip, crit = 0.2 might be too low for the given
thrust requirement. Overall, the approximation of My, rit confirms the trend shown
in Fig. [} Regarding the preliminary design of low-speed fan stages, the approximation
offers a convenient way to estimate for which blade count pairings an inverse cut-off of
the BPF'1 tone is possible.
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Figure 8: Approximation of the critical rotor tip Mach number M;p, crit-

In order to exemplarily verify that the inverse cut-off effect depends on the rotor tip speed,
we numerically examined the configuration with 18 rotor blades in combination with 11,
12, 13 and 14 stator vanes. Two different rotor tip speeds are considered, M;i, = 0.33
and My, = 0.38. The analytical prediction from PropNoise is compared with the results
obtained from the Harmonic Balance simulation in Tab. @ For M, = 0.33 both the an-
alytical and the numerical results predict that the BPF1 modes are not able to propagate
if 12 or 13 stator vanes are combined with 18 rotor blades. Thus, the Harmonic Balance
simulations confirm that the BPF1 tone is cut-off following the inverse cut-off principle
if the rotor tip Mach number is M;;, = 0.33. If the tip Mach number is increased to
M, = 0.38, the Harmonic Balance simulations also verify that the acoustic modes start
to propagate. Hence, the BPF1 tone becomes cut-on for the higher rotor tip speed.
Regarding the configuration with 12 stator vanes, the acoustic mode (m,n) = (—6,0)
becomes cut-on and regarding the configuration with with 13 stator vanes, (m,n) = (5,0)
becomes cut-on.

As a result, an inverse cut-off design can be realized particularly for low-speed fan stages
with low fan pressure ratios and large fan diameters (compared to the size of the air-
craft). Thus, an inverse cut-off design using the blade count pairings of area “C” may
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be promising for fan stages of small airplanes operating in urban areas.

Vil V12 V13 V14
PN HB PN HB PN HB PN HB
M, =033  112.0 115.2 | inverse cut-off | inverse cut-off | 116.0 121.0
M, =038  112.0 — 113.8 117.3 | 118.7 123.0 | 114.8 —

Table 3: BPF1 sound power levels (in [dB]) for 18 rotor blades and varying stator vane count. Comparison
between PropNoise and Harmonic Balance simulation for two different rotor tip speeds in order to verify
the inverse cut-off effect. Note that “—” indicates that no HB simulation was performed for this
configuration.

6. Conclusion and discussion

With the noise assessment presented in this paper, we intended to provide a step
towards the design-to-noise of low-speed axial fan stages for small airplanes, which may
operate in urban areas. Particularly, we focused on fan stages with fewer stator vanes
than rotor blades (low-count OGV fan stages). We illustrated promising mechanisms to
reduce the blade passing frequency tone. In summary, our analytical and numerical noise
assessment led to the following findings:

e We showed that two acoustic parameters dominantly impact the tonal noise exci-
tation of low-count OGV configurations: The mode phase propagation angle and
the mode cut-on factor.

e While varying the rotor and stator blade counts, we identified three low-count OGV
design spaces, for which the blade passing frequency tone is either strongly reduced
or fully suppressed.

e For two identified low-count OGV design spaces, the phase propagation angle of

either the upstream or the downstream dominant mode was congruent to the stator
leading edge angle. In that case the acoustic mode is excited weakly and the sound
power level is low at noise generation. This mechanism was verified by means of
unsteady numerical simulations.
In addition, for the blade count pairings of those two design spaces, the triggered
acoustic interaction modes were far away from the cut-off limit. Hence, these
modes propagate well inside the duct segments. However, the results indicated
that modes that are further away from the cut-off limit are excited weakly and
carry a lower sound power at their generation. Therefore, regarding the noise
excitation, we concluded that certain low-count OGV designs acoustically benefit
from a combination of both, the impact of the mode phase propagation angle and
the impact of the mode cut-on factor.

e For the blade count pairings of the third low-count OGV design space, we observed
a cut-off of the blade passing frequency tone even though the number of stator
vanes was lower than the number of rotor blades (inverse cut-off). In particular,
the variation of the rotor tip speed indicated that decreasing the tip speed makes
an inverse cut-off of the blade passing frequency tone possible. The unsteady
numerical simulations confirmed the connection between the rotor tip speed and
the inverse cut-off effect. Further, our assessment showed that the effect seems to
be restricted to small rotor tip speeds. Thus, the inverse cut-off effect could be a
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promising tonal noise reduction mechanism for low-speed axial fan stages with low
fan pressure ratios.

As a first step towards answering the formulated research question, we focused on the
noise excitation and outlined several tonal noise reduction mechanisms for low-count
OGYV fan stages. The assessment emphasized that specific low-count OGV configurations
benefit from a weaker noise excitation, even though the BPF1 tone may be cut-on.
Further research should examine the following:

Although our assessment focused on the first blade passing frequency tone, higher
harmonics are also contributing to the fan noise and should be included in subse-
quent studies.

Regarding the inverse cut-off effect, the question of the robustness of the cut-off
design remains unanswered. In the analytical and the numerical noise prediction an
idealized geometry is considered. We assumed that all rotor wakes, which impinge
on the stator leading edge, are identical. This is not the case in reality since the
rotor blades may vary from another, e.g. due to manufacturing tolerances. Wakes
with different width and velocity deficit create new modes that can be cut-on and
thus mitigate the inverse cut-off effect.

We concluded that for certain low-count OGV configurations the resulting interac-
tion modes are far away from the cut-off limit, i.e. these modes propagate efficiently.
Therefore, the transmission of sound through the rotor would be an interesting as-
pect to examine. Philpot [32] states that the blockage of the rotor and the resulting
attenuation are larger for acoustic modes that rotate against the rotor rotation.
Acoustic modes that rotate in the direction of the flow swirl propagate less efficient
compared to modes that rotate against the swirl direction [4]. Therefore, for higher
swirl Mach numbers, the influence of the flow swirl on the mode propagation would
be a further aspect that should be considered to assess the noise reduction potential
of low-count OGV designs.

Another facet of the design-to-noise of fan stages is the noise reduction due to
acoustic liner. Regarding the noise propagation, the following question arises: Does
an acoustic lining change the observed trends of the blade count variation and can
those low-count OGV designs, which benefit from a weaker noise excitation, remain
competitive while including the liner damping?
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