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Pylon Trailing Edge Blowing Effects on the
Performance and Noise Production of a Pusher
Propeller

Tomas Sinnige* and Leo L. M. Veldhuis'
Delft University of Technology, Delft, the Netherlands

This paper discusses a study of the effects of pylon trailing edge blowing on pusher
propeller performance and noise emissions. Experimental investigations were performed
in a low speed open jet wind tunnel, using a powered propeller model and a generic pylon
model. The pylon blowing system was integrated in the aft part of the pylon, and consisted
of a novel “Uniform Blowing Rod” aimed at providing a uniform outflow from its outlet.
The numerical analyses were executed using a combination of the existing propeller lifting
line code XROTOR and a set of analytic methods from the literature combined to assess
the effects of pylon installation on the propeller performance and noise emissions. Mea-
surements of the velocity distributions in the blown pylon wake showed that application
of the blowing system reduced the integrated velocity deficit by up to 60% compared to
the unblown configuration. The mixing of the external and blown flows was not optimal,
as a result of which the blown wake profiles did not become completely uniform. Evalu-
ations of the propeller forces and moments showed that the effects of installation on the
time-averaged propeller performance are small, with differences of at most 2% for advance
ratios below 1.4. Furthermore, excellent agreement was obtained between the computed
and measured performance for the isolated propeller. With respect to the propeller noise
emissions it was observed that installation of the pylon upstream of the propeller strongly
increases the noise levels. Depending on the propeller operating point, noise penalties of
up to 15 dB were measured. The application of pylon blowing clearly reduced the pro-
peller noise emissions over the entire advance ratio range, with reductions of up to 7 dB
compared to the unblown case. The noise reductions were highest at the highest blowing
rate, indicating that the most effective blowing rate might not have been reached.

I. Introduction

Growing concerns about the environmental impact of aircraft operations and increasing fuel prices have
led to the demand for more fuel-efficient aircraft. One of the technologies with the potential to offer a
significant reduction in fuel burn is the open rotor engine, which allows the bypass ratio to be increased to
values unattainable by turbofans. This results in a step change in propulsive efficiency, with estimations for
the corresponding reduction in fuel burn at around 25-30% 13

The high propulsive efficiency offered by open rotor engines however comes at the cost of a number of
disadvantages compared to turbofans, thereby presenting challenges for the successful implementation of
open rotors on next-generation aircraft. The major disadvantage of the open rotor engine is its associated
high level of noise emissions. The most significant noise sources are the propeller blades, of which the emitted
noise is not shielded by a casing as is the case for turbofans. Assuming a contra rotating open rotor (CROR)
configuration, tonal noise is generated by each rotor individually as well as by the aerodynamic interactions
between the two rotors. Broadband noise emissions may become significant at mid to high frequencies, but
are neglected in the remainder of this paper.

In addition to the isolated noise sources, installation of the open rotor on the aircraft introduces another
noise generating mechanism. Interior noise and ground clearance reasons dictate a pylon-mounted placement
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at the aft end of the fuselage, with a pusher configuration considered in most of the studies presented in
the literature. In this configuration the wake shed from the upstream pylon impinges on the front rotor,
resulting in unsteady blade loading and associated noise emissions 2% The pylon — open rotor interaction
mainly affects the noise levels associated with the front rotor tones, while the rear rotor tones show some
effect and the interaction tones remain unaffected 81 Note that apart from the impact on the propeller
noise emissions the fluctuating blade loads also affect the propeller performance.

II. Pylon Trailing Edge Blowing

The pylon installation effects originate from the impingement of the pylon wake on the propeller. The
resulting non-uniform propeller inflow leads to unsteady blade loading with associated performance and
noise emission penalties. Based on the interaction mechanism it can be expected that the installation effects
can be reduced or even completely removed by eliminating the pylon wake. The flow control techniques
that could be used for this purpose can be divided into active and passive methods. From the literature
it is concluded that especially the active technique of pylon blowing can be very effective in reducing the
pylon — propeller interaction effects, and has indeed been successfully applied in a number of independent
numerical and experimental studies @124 The concept of pylon wake elimination through pylon blowing
is illustrated in Fig. [1| which presents an idealized example in which the pylon wake is filled up completely.

Pylon wake + Pylon blowing = Filled pylon wake

\

Figure 1. Schematic drawing illustrating the concept of pylon wake elimination through pylon blowing.

The potential of pylon trailing edge blowing to reduce the adverse installation effects experienced on
rear-fuselage mounted open rotor engines forms the main topic of this paper. Both experimental and nu-
merical investigations were performed. It should be noted that available experimental apparatus limited the
current study to single-rotating propeller applications, in contrast to the contra-rotating technology typically
projected for future applications of open rotor engines on next-generation passenger aircraft.

III. Experimental Setup

The experiments were performed in a low speed open jet wind tunnel, using a powered propeller model
and a typical pylon model. A novel “Uniform Blowing Rod” was integrated in the aft part of the pylon. A
number of measurement techniques were applied to measure the pylon wake profiles, propeller performance,
and propeller noise emissions.

ITI.A. Wind Tunnel Facility

All experiments were performed in Delft University of Technology’s Open Jet Facility (OJF). This closed
circuit wind tunnel with open test section has an octagonal outlet with width and height equal to 2.85 m
and provides a maximum wind velocity of 30 m/s. To remove spatial velocity deviations and to reduce the
flow’s turbulence level, the settling chamber is equipped with a honeycomb flow rectifier and five screens.
This results in velocity deviations smaller than 0.5% in the vertical plane at two meters from the outlet,
with a longitudinal turbulence intensity level lower than 0.24%. To reduce noise levels, the inside of the
entire tunnel is covered with perforated plates installed on mineral wood and sound absorbing foam. The
fan however does not feature any special noise reduction measures’® A cutaway drawing of the OJF is
depicted in Fig. 2
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Figure 2. Cutaway drawing of Delft University of Technology’s Open Jet Facility (OJF).

III.B. Wind Tunnel Models

The wind tunnel tests involved the use of two scale models: a powered propeller and a pylon. To simulate a
pusher configuration the tractor propeller model was placed behind the pylon.

III.B.1. Propeller Model

The powered single-rotating propeller scale model was made by Fokker during the development of the con-
ceptual Fokker F—29. The model has a diameter of Dp,op = 0.3043 m, a hub diameter of Dy, = 0.084 m,
and is equipped with up to eight blades which can be removed independently. In the current study the
eight-bladed configuration was selected. The blade angle at 75% of the blade span can be adjusted as de-
sired, and was set to Sy.75r = 41°. The propeller is driven by a Tech Development (TDI) 1999A pneumatic
motor, with the air supply obtained from the central air supply system of Delft University of Technology’s
High Speed Wind Tunnel Laboratory. A four-component Rotating Shaft Balance (RSB) is integrated in the
propeller model as discussed in more detail in Subsection [[IL.D] The entire propeller test rig was leased by
Delft University of Technology from the German-Dutch Wind Tunnels (DNW).

The propeller model was positioned at 30% of the pylon chord behind the pylon during the measurements
performed in the installed and blown configurations. Note that this spacing is at the high end of the spectrum
of pylon — propeller spacings considered during comparable pylon — propeller interaction studies available in
the literature 2EBBILISIGIT However, taking into account the geometry of the powered propeller model it
was not possible to position the propeller any closer to the pylon. A technical drawing of the complete setup
of the propeller in the installed configuration is presented in Fig. ] A photograph of the isolated propeller
in its test setup in the OJF wind tunnel is shown in Fig. [4] followed by a close-up of the propeller in Fig. [f]

Left view

Isometric view

2822

114
>t

450

Figure 3. Technical drawing of the installed propeller setup. Scale 1:75, dimensions in millimeters.
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Propeller

Figure 4. Isolated propeller setup inside the OJF wind tunnel. Figure 5. Propeller close-up.

III.B.2.  Pylon Model

The pylon was designed based on typical pylon characteristics used in comparable pylon — propeller in-
teraction studies®ZHILIZIGIT 4hq taking into account the minimum dimensions required for a successful
integration of the blowing system in the trailing edge region of the pylon. As a result, the pylon had a
straight, untapered planform with the cross-section formed by a NACA 0012 profile modified to have a
trailing edge thickness of 1.1% of the chord. The pylon chord length was equal to 1.33 times the propeller
diameter, while the span of the pylon was selected based on the available space in the test setup, resulting in
a span of b,y = 0.450 m. Zigzag tape was attached to both sides of the pylon at 25% of the chord from the
leading edge. The pylon model consisted out of five pieces: a solid front part, the blowing system inlet part,
the blowing system part, and trailing edge extensions attached to both sides of the aft part of the pylon.

An overview of the pylon characteristics is given in Table [I} a technical drawing of the pylon model is
depicted in Fig. [6

Table 1. Pylon model characteristics.

Parameter | Symbol Value
Chord Cpyl 406 mm | 1.33/Dprop
Span bpyl 450 mm | 1.48/Dprop
TE thickness tTE 4.5 mm 0.011/¢
Sweep angle Apy 0°
Taper ratio Apyl 1.0
Airfoil - NACA 0012 (modified)

ITI.C. Uniform Blowing Rod

The core of the pylon blowing system is formed by a Uniform Blowing Rod (UBR). Developed in conjunction
with FlowMotior[} the UBR is designed to provide a uniform outflow from its outlet. The UBR basically
consists of two components: an interior air channel with a variable cross-sectional shape along the span, and
an outlet channel with a constant cross-section and vanes placed at constant spacing to align the flow which
exits the UBR.

The UBR design is characterized by the geometry of the initial cross-section (at the inlet plane, i.e. the
UBR’s root), after which the shape of the cross-sections of the interior air channel in spanwise direction
towards the tip are computed such that in theory a uniform outflow profile is obtained. This is done by
taking into account the boundary layer development along the UBR’s interior air channel in determining
the optimal local cross-sections. A simple rectangle was chosen as cross-section at the root of the UBR.

aFlowMotion - Consultancy for Heat Transfer and Fluid Dynamics: http://www.flowmotion.nl/index_uk.htm.
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Vanes are placed in the outlet segment to align the flow before it exits the UBR. The final shape of the
vanes was determined based on analyses of the UBR’s outflow profiles performed with ANSYS Fluent using
steady-state RANS simulations of the flow inside the UBR. A technical drawing of the final UBR design
integrated in the aft part of the pylon (without trailing edge extensions) is presented in Fig.

Bottom view
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Figure 6. Technical drawing of the pylon scale model. Figure 7. Uniform Blowing Rod geometry.
Scale 1:10, dimensions in millimeters. Scale 1:5, dimensions in millimeters.

ITI.D. Measurement Techniques

The wake profiles behind the unblown and blown pylons were measured by traversing a total and a static
pressure tube over a range of lateral positions behind the pylon. During all measurements the pylon was set
to zero degrees angle of attack. The tubes were installed on a computer controlled traversing system which
could translate in all three directions.

A four-component Rotating Shaft Balance (RSB) was integrated in the propeller test setup and was used
to measure the propeller forces and moments. The RSB features a ‘spokewheel’-type design with two pairs
of three spokes connecting an inner and outer ring. The inner ring is directly installed on the drive shaft of
the pneumatic motor, while the outer ring serves as mount for the propeller hub. All RSB measurements
were performed at a sampling frequency of 50 kHz and a measurement time of five seconds. Corrections
were applied for the effects of centrifugal forces and the pressure acting on the back of the propeller hub.

Two LinearX Mb1 high performance low voltage electret condenser microphones were used to measure
the acoustic pressures induced during the experiments. Both microphones were positioned outside the open
jet stream, at a sideline distance of 2.25 m from the centerline of the propeller. The frequency response of
the microphones is practically flat in the 50-2000 Hz range; for the response at lower and higher frequencies
calibrated correction factors provided by LinearX were used to correct the microphone data. Furthermore,
a correction was applied to account for refraction effects due to the presence of the shear layer following the
method outlined in Ref. |18 The microphone measurements were performed at the same sampling frequency
as used for the RSB measurements: 50 kHz. To convert the raw microphone signals into sound pressure
levels the microphones were calibrated every measurement day using a pistonphone.

IV. Numerical Setup

A numerical scheme was developed to compute the effects of pylon installation on the performance and
noise emissions of pusher propellers, following the schematic flowchart depicted in Fig.
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Isolated Installed

Isolated Installed : 2D analysis

Pylon wake profile =
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(XROTOR?) (Sears®*®) g (XFOIL*/RFOIL?)

Installed noise
(Hanson®)

Isolated noise
(Hanson?)

Figure 8. Flowchart of the numerical scheme developed to analyze pusher propeller performance and noise emissions.

IV.A. Pylon Wake Profiles

To compute the effects of installation of the pylon on the propeller performance and noise emissions the pylon
wake profiles need to be determined first. For this purpose the Schlichting wake model was used, which is
characterized by the following two governing equations (Ref. [19):

32
Au V10 [ege Yo |2
K(XW,YW)—M X_wll_ o ] (1)

by (Xw) = B/ 10cic Xy (2)

with by, the wake semi-width, ¢ the chord length, ¢4 the pylon 2D drag coefficient, Au the local velocity deficit
in the pylon wake, U, the freestream velocity, Xy, and Y, longitudinal and lateral coordinates measured
from the center of the pylon’s trailing edge, and 8 an empirical constant equal to § = 0.18™ The pylon
drag coefficient was computed using XFOII2,

Note that the blown pylon wake profiles cannot be computed using the developed numerical tool. In-
stead, for the computations related to the blown configuration wake profiles were used as obtained from the
experimental evaluations.

IV.B. Propeller Performance

The numerical assessment of the propeller performance is built around the propeller analysis and design
program XROTORZL. The installation effects are accounted for by correcting the isolated blade response for
the change in the dynamic pressure and the angle of attack in the pylon wake.

IV.B.1. Isolated Configuration

The isolated (steady-state) propeller performance was computed using the propeller lifting line program
XROTOR, which was released under the GNU General Public License in 2011.

The propeller blade section characteristics which are required as inputs to XROTOR were determined
using RFOIL22. Multi-variable optimizations were performed to obtain the values of the parameters used
in the lift and drag response models employed by XROTOR from the original raw lift and drag polars. To
correct for the effects of rotation on the blade section characteristics the empirical model developed by Snel
et al. was used (Ref. [23):

B
C;Ot = ¢; + tanh {A (E) } (C[ — Cllin) (3)

with A and B tuning parameters, set to their default values of A = 3 and B = 2, respectively?3 The drag
coeflicient was not corrected for rotational effects.
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1V.B.2. Installed Configuration

Following the isolated performance computations the installation effects for a single-rotating pusher propeller
are considered. In the installed configuration the inflow at the propeller disk is characterized by a non-
uniform velocity field due to the velocity deficit in the pylon wake. Cutting through the pylon wake, the
propeller blades experience an unsteady flow which leads to unsteady blade loads. The reduced inflow
velocity in the pylon wake region results in a locally reduced dynamic pressure and increased angle of attack.
The assumption is made that the final installed blade loading can be computed by following the principle of
superposition, hence the effects of the changes in the dynamic pressure and the angle of attack are considered
separately. A flowchart of the installed propeller performance computation routine is presented in Fig. [0

Computation of
Ac; and Acy
Computation of due to Aq Computation of
non-uniform total unsteady
propeller inflow Computation of Ci, Cg

Computation of

. Isolated cj, ¢
installed c;, cq b %%

Acy and Acy

due to Aa Computation of

installed prop.
performance

Figure 9. Flowchart of the installed propeller performance computation routine.

The change in blade loads due to the varying dynamic pressure is evaluated at the local angles of attack
computed for the isolated case. The assumption is made that the isolated lift and drag coefficients per radial
station are constant over the full rotation, hence Reynolds number effects are neglected. Furthermore, it is
assumed that the induced velocities corresponding to the steady-state solution apply at each polar angle ¢
without modification. The changes in the lift and drag coefficients due to the variation in dynamic pressure

Aq Aq .
at constant angle of attack Ac;® and Acy” —are computed using:

2
2
Ayl (1.¢) = ¢ (n) {%((nn)(b) - 1} 5)

with CZSS and 033 the steady-state (isolated) lift and drag coefficients, Wis, the undisturbed effective velocity,
Winst the local effective velocity in installed conditions, 1 the non-dimensional radial coordinate, and ¢ the
polar angle. The effective velocity in installed conditions is computed taking into account the velocity deficit
in the pylon wake:

Winst (1, 6) = \/ {Use + tta (1) — At (1, 0)} + {208 — uq ()} (6)

with R the propeller radius, u, and u the axial and tangential components of the induced velocity, and {2
the propeller angular velocity.

The change in blade loads due to the variation of the angle of attack in the pylon wake region is computed
using Sears’ method, which is described in Refs. [24 and [25. Only the lift coefficient is considered; the effects
on the drag coefficient are neglected. The computation of the unsteady blade response is performed in the
frequency domain. Therefore, the velocity deficit in the pylon wake is rewritten as a periodic gust in a
direction normal to the blade sections’ upper surfaces and then expressed as a complex Fourier series as
follows:

oo
Ve (:0) = D vg,, (m)e*? (7)
k=—o00
with k£ the harmonic order and Vgn, the Fourier coefficients of the normal gust velocity given by:
1 2w
Va0 = 57 [ Vi (n.0)e a0 (8)
0
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Having computed the harmonics of the unsteady gust resulting from the velocity deficit in the pylon wake
using Eq. , the effect of the gust on the propeller blade’s lift coefficient is computed for each radial
segment. The harmonics of the unsteady blade lift coefficient due to the change in angle of attack in the
pylon wake region AClAmo;k are computed using the Sears function (Refs. [26,27)):

Vgn,, ()
Wiso (1)

with S the Sears function. The original, incompressible Sears function Sp;—¢ is defined by (Refs. |241|25):

Acl® (n) =27

linst,

S (9)

Jo (0) K (i) +iJ1 (0) K (io)

SM:() (U) = [Jo (U) — iJ1 (O’)] C(O’) +iJ1 (O’) = Kl (10_) n KO (10')

(10)

with C' Theodorsen’s function, Jy and J; the zeroth- and first-order Bessel functions of the first kind, K

and KI€ 1 the modified zeroth- and first-order Bessel functions of the second kind, and ¢ the reduced frequency
(0="5 = 2@/{/24c :

Due to the rotation of the propeller the local effective Mach numbers of the outboard sections typi-
cally attain values for which compressibility effects can no longer be ignored. Therefore, a (low-frequency)
compressibility correction is applied to the result obtained from Eq. as follows (Ref. [28)):

Sri— 2 M2 M2 —iof (Mg
S (0’ Miso) — M=0 (g/ﬂlSO) {JO < 1;00> + 1J1 < 1;00—> } e B?so (11)
ﬁiso ﬁiso ﬁiso
with Mg the effective Mach number (Miso = Wiso/doo), Piso the Prandtl-Glauert compressibility factor
based on the effective Mach number, and f a correction factor defined by (Ref. |28)):
f (Miso) = (]- - ﬁiso) In (Miso) + ﬁiso In (]- + 6150) —In (2) (12)

Having computed the harmonics of the unsteady lift coefficient using Eq. @D in combination with Eq. ,
the local unsteady lift coefficients are obtained as a function of the blade’s polar angle ¢ by taking the inverse
Fourier transform of the harmonics:

oo

A ()= 3 Ache () (13)

k=—oc0

The changes in the lift and drag coefficients due to the effects of the reduced dynamic pressure and the
increased angle of attack in the pylon wake region are superimposed to obtain the final unsteady propeller
blade loads clUS and cgsz

oS (n,¢) = A (n,0) + Ach® (n, ¢) (14)
S (n,¢) = Ay’ (1.0) (15)

With the unsteady blade loads known from Egs. and , the resulting unsteady thrust and torque
are obtained by integrating the contributions of all blade elements:

Ny

1 .
TH38 () = Z EPWiz (Cgs (¢) cos; — CdUiS (¢) sin 901') cAnR (16)
=1
N,
: .
i (0) = §PW1‘2 (18 (¢) sin; + ¢ (¢) cos ;) cimi An; R? (17)
=1

with ; the advance angle (including induced effects) of blade segment i. Note that the assumption is made
that the additional lift and drag resulting from the installation effects act perpendicular and parallel to the
local effective velocity including induced effects.

Having computed the unsteady thrust and torque for a single-bladed propeller using Eqgs. and ,
the results are generalized to a B-bladed propeller by taking into account the proper phase shifts between
the various blades. Finally, the unsteady thrust and torque are added to the steady-state (isolated) results
to obtain the propeller performance in the installed configuration.
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IV.C. Propeller Noise Emissions

The propeller noise emissions are computed using the methods developed by Hanson2%B% The isolated
propeller is analyzed with the scheme discussed in detail in Ref. [29. For the installed configuration the
method for contra-rotating propellers discussed in Ref. [30is adopted. The current case with a fixed inlet
distortion due to the presence of the pylon follows from the contra-rotating problem by assuming an imaginary
front rotor with zero angular velocity and unity blade number. In all cases the assumption of a uniform lift
distribution was made, while the blade loads obtained from the isolated propeller performance analysis were
corrected for the shift due to the induced angle. Broadband noise emissions were neglected in all analyses.

V. Results

The experimental and numerical methods outlined in Sections [Tl and [[V] were used to analyze the UBR’s
outflow velocity profiles, the pylon wake profiles, the propeller performance, and the propeller noise emissions.

V.A. Uniform Blowing Rod Outflow Profiles

Figure [I0] presents the UBR’s outflow velocity profiles measured at zero freestream velocity and two different
blowing rates. The solid black lines indicate moving averages of the measurement data, while the spanwise
region between the vertical dashed lines corresponds to the position of the propeller blade behind the pylon.

— 18 T T T T T T T T T T T T T

@ | | S

= 16} : : - —

E ol | < I 1 —

D 12 L R Sl ' i .;'?" X B K o | UBR |— Ue

£ w0} ) ' : 1 Us e
— Z

gl | =

(%} —__

-~ 6t S U i

§ 4| O Q=600L/min| .. . . A | nlet

g 2 O Q=680 L/min|. .. ...l

O 0 1 1 1 1 | 1 1 1 I 1 | 1
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Spanwise Coordinate Z [mm] (root to tip)

Figure 10. Uniform Blowing Rod outflow profiles for two blowing rates; X\, = 0.1cpy1-

From Fig. it is observed that the UBR’s outflow is not as uniform in spanwise direction as desired.
This is likely the result of non-uniform inflow due to flow separation in the divergent inlet of the UBR. As
a result the velocity profile at the inlet was non-uniform, which then led to non-uniform outflow as well.

V.B. Pylon Wake Profiles

The velocity profiles measured in the pylon wake at a freestream velocity of U,, = 19 m/s are presented in
Fig. The wake profiles were measured at the position of the propeller plane used in the evaluations of the
installed and blown propeller performance and noise emissions (corresponding to a longitudinal wake-based
coordinate of X, = 0.3cpy1). The pylon blowing system was operated for a number of blowing rates Q
ranging from zero (unblown) up to the maximum blowing rate of 680 L/min. Note that the wake profiles
were obtained for the isolated pylon, i.e. the presence of the propeller was neglected.

The non-dimensional wake velocity profiles displayed in Fig. [11|show a continuously increasing reduction
in wake depth with increasing blowing rate. At blowing rates of 500 and 600 L/min a reduction in the
integrated velocity deficit of around 60% is obtained when compared to the unblown configuration. The
application of blowing from the extended pylon’s trailing edge does not have an appreciable effect on the
total wake width. This indicates that the the jet blown into the flow from the UBR’s outlet does not fully
mix with the external flow before reaching the axial position of Xy, = 0.3¢py1. As a result, the velocity
profiles measured at this position are not uniform but instead display a profile with one local maximum on
the wake’s centerline and two local minima left and right of the centerline.

The influence of the freestream velocity on the amount of wake fill-up achieved using the pylon blowing
system is shown in Fig. which contains data measured at 19 m/s and 26 m/s.
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Figure 11. Pylon wake velocity profiles for various blowing rates; Uso = 19 m/s, X, = 0.3cpy.
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Figure 12. Unblown and blown pylon wake velocity profiles for different freestream velocities; X\, = 0.3cpy1.

Figure [12] shows that the amount of wake fill-up obtained by applying the blowing system decreases with
increasing freestream velocity. At a given blowing rate the increase in the non-dimensional velocity on the
wake centerline is smaller when the freestream velocity is higher. This is directly related to the ratio of the
freestream flow velocity and the velocity of the flow blown into the pylon wake. The latter needs to be larger
than the freestream velocity for the blowing system to be effective.

V.C. Propeller Performance

The propeller performance was analyzed to assess the effects of installation and pylon blowing on pusher
propeller performance. The performance was expressed in terms of the thrust coefficient C'7, the torque
coefficient Cg, and the propeller efficiency 7, defined as:

T

Cr = W (18)
Q

Co = 7pn2D5 (19)
J C

n = %sz (20)

with D the propeller diameter, J the advance ratio (J = %), n the rotational rate of the propeller in
revolutions per second, @ the torque, and T the thrust.

The RSB used to acquire the experimental data suffered from a low signal-to-noise ratio due to in-
terference effects with electromagnetic radiation from the wind tunnel motor. As a result, time-accurate
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experimental evaluations were not possible. The time-averaged measurement data on the other hand proved
to be reproducible. To remove high frequency noise from the experimental data a zero-phase digital filter

with cut-off frequency of 2500 Hz was used.

V.C.1. Isolated Configuration

The computed and measured propeller performance diagrams for the isolated configuration are depicted in

Fig. I3
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Figure 13. Experimental and numerical propeller performance diagrams; isolated configuration, Uss = 26 m/s.

The results shown in Fig. [I3] display the expected quasi-linear behavior for high advance ratios, while
at the lower advance ratios the non-linear blade section response results in a non-linear behavior. Excellent
agreement is obtained between the experimental and numerical results for the thrust coefficient, with dif-
ferences of at most 1% for advance ratios above J = 0.7. The larger differences at lower advance ratios are
as expected considering the high blade angles of attack experienced in this regime, reducing the accuracy of
the numerical analysis of the blade section characteristics. The correspondence between the computed and
measured torque coefficients is not as good as for the thrust coefficient. This is likely the result of inaccura-
cies in the drag coefficient data used in the XROTOR computations. Regarding the propeller efficiency it is
seen that the experimental and numerical results show relatively large differences, especially at the extremes
of the advance ratio range. These differences are a direct result of the offsets between the experimental and

numerical thrust and torque coefficients.

V.C.2. Installed Configuration

Based on the physics of the pylon — pusher propeller
interaction it can be expected that the time-averaged
thrust and torque increase in the installed configura-
tion. When rotating through the pylon wake the pro-
peller blades experience an increase in angle of attack
resulting from the locally reduced inflow velocity. This
leads to an increase in lift produced by the blade in the
wake region, resulting in distinct peaks in the thrust and
torque signals. Note that this increase is partially off-
set by the reduction in dynamic pressure in the pylon
wake. To illustrate the extent of the pylon wake region
on the propeller disk, Fig. presents an example of a
computed velocity deficit profile at the position of the
propeller plane.
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The propeller inflow depicted in Fig. was used to compute the installed propeller performance ac-
cording to the methods outlined in Subsection [V.B] The experimental data are not treated here since the
measured data sets showed an inconsistent behavior between results obtained at different freestream ve-
locities. This is likely the result of the fact that the small changes in the propeller performance due to
installation fell within the expected variability of the measurements performed using the RSB.

A comparison between the numerical isolated and installed propeller performance is presented in Fig.
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Figure 15. Computed effects of installation on the propeller performance; isolated (ISO) and installed (INST)
configurations, Uss = 26 m/s.

From Fig. it is concluded that the effects of installation on the time-averaged propeller performance
are small. For advance ratios below J = 1.4 the increase in the thrust coefficient due to installation is
less than 2% of the isolated value. For the same advance ratio range the time-accurate thrust and torque
signals displayed peak-to-peak variations of less than 4%. The small effects of installation on the propeller
performance are as expected considering the limited extent of the polar region in which the pylon wake is
present.

V.C.3. Blown Configuration

The propeller performance in the blown configuration was computed with the same methods as used for the
installed configuration, but now with a measured blown pylon wake profile (corresponding to the profile at
@ = 600 L/min shown in Fig. as input. It was found that the application of pylon blowing further
reduces the effects of the presence of the pylon on the propeller performance. For the same advance ratio
range as considered before (J < 1.4), the computed time-averaged thrust and torque coefficients in the blown
configuration were equal to their isolated counterparts. The corresponding peak-to-peak variations in the
time-accurate blown propeller performance results displayed fluctuations of at most 2%.

V.D. Propeller Noise Emissions

As mentioned previously, the unsteady blade loads resulting from the installation of the pylon upstream of
the propeller lead to additional noise emissions. Application of the pylon blowing system should fill up the
pylon wake, thereby reducing the noise penalty due to installation. To assess the magnitude of the noise
penalty due to installation and to verify whether the pylon blowing system could indeed result in reduced
noise levels, the propeller noise emissions were computed and measured in the isolated, installed, and blown
configurations. The experimental total noise levels were obtained by extracting the SPL of the first ten
propeller tones and subsequently summing these.

V.D.1. Isolated Configuration

The computed and measured total sound pressure levels for the isolated configuration are plotted versus the
advance ratio in Fig.
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Figure 16. Total sound pressure levels versus advance ratio; isolated configuration, Uss = 19 m/s, § = 110°.

Figure [16] shows that no agreement is obtained between the experimental and numerical data. This is
likely the result of a strong underprediction of the noise radiation efficiency for the combination of a high blade
number and a low tip Mach number. This behavior was confirmed independently by Dr. Brouwer from the
National Aerospace Laboratory of the Netherlandsﬂ At higher freestream velocities (around U, = 50 m/s
and higher) the numerical results were found to be more realistic. It is expected that for this velocity regime
the agreement between numerical and experimental results would be better.

The experimental data obtained in the isolated configuration also displayed a number of unexpected
characteristics. First of all, the sound pressure level did not continuously increase with decreasing advance
ratio (which would correspond to the higher tip Mach numbers at lower advance ratios). Furthermore,
in the advance ratio range 0.7 < J < 1.0 tones were measured at frequencies below the 1BPF, equal to
multiples of single blade passages. Also, for advance ratios below J = 0.9 the 3BPF tone was found to be
the loudest of the propeller tones, indicating that the inflow in the isolated configuration might have already
been non-uniform. Finally, the reproducibility of nonconsecutive measurements was lower than desired.

V.D.2. Installed Configuration

The propeller noise emissions in the installed configuration are shown as a function of the advance ratio in
Fig. Again, both the experimental and numerical data are considered.
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Figure 17. Total sound pressure levels versus advance ratio; installed configuration, Uss = 19 m/s, 8 = 110°, ¢ = 90°.

From Fig. [T7)it is observed that the agreement between the experimental and numerical data is much
better in the installed configuration than for the isolated propeller. In the installed configuration the unsteady
blade loading harmonics dominate the noise levels, thereby masking the underprediction of the noise due
to the steady blade loads encountered in the isolated configuration. The experimental data show a distinct
drop in noise levels for the advance ratio range 1.0 < J < 1.3. This is likely the result of cancellation of the
sound fields associated with the steady and unsteady blade loads.

A comparison between the isolated and installed noise levels at an axial directivity angle of § = 110° (see
Fig. presented in the discussion of the blown results) shows that the installation of the pylon upstream

bDr. H. H. Brouwer, National Aerospace Laboratory of the Netherlands (personal communication, October 2013).

13 of @

American Institute of Aeronautics and Astronautics



of the propeller significantly increases the propeller noise emissions. Depending on the advance ratio, noise
increases of up to 15 dB were measured. Note that in the advance ratio range 1.0 < J < 1.3 the isolated
noise levels are higher than the installed values, which corresponds to the observation made before that in
this advance ratio range the installed noise levels show a distinct drop due to cancellation of the sound fields
associated with the steady and unsteady blade loads.

The effects of installation significantly change the directivity pattern of the propeller noise emissions.
Computations performed at a freestream velocity of 50 m/s led to the axial and circumferential directivity
patterns of the sound pressure levels of the propeller noise as depicted in Fig. and Fig. respectively.
Again the SPL was defined at an observer distance of 3.3 times the propeller diameter.
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Figure 18. Computed axial directivity of isolated and Figure 19. Computed circumferential directivity of
installed noise emissions; Us, = 50 m/s, J = 0.9, ¢ = 90°. isolated and installed noise emissions; Uss = 50 m/s,

J = 0.9, 6 = 90°.

Figure [I8] displays that the effects of installation of the upstream pylon are especially pronounced in the
up- and downstream directions. Whereas for the isolated propeller the noise emissions vanish towards the
propeller axis, in the installed configuration this is no longer the case. Furthermore, the installation of the
pylon introduces distinct lobes in the circumferential direction as shown in Fig. The installed noise levels
are highest in the circumferential range approximately perpendicular to the pylon plane.

V.D.3. Blown Configuration

The goal of the pylon blowing system is to fill up the pylon wake, thereby reducing the installation effects
hence reducing the propeller noise emissions compared to the unblown case. To verify whether application
of the pylon blowing system indeed led to noise reductions Fig. presents the measured noise levels in the
isolated, installed, and blown (@ = 660 L/min) configurations.
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Figure 20. Total sound pressure levels versus advance ratio (experimental results); isolated, installed, and blown
configurations, Uss = 19 m/s, § = 110°, ¢ = 90°.
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Figure shows that the application of the pylon blowing system indeed reduced the propeller noise
emissions. Depending on the advance ratio noise reductions due to blowing of up to 7 dB are observed
when compared to the unblown, installed configuration. In general the propeller noise emissions in blown
conditions are still higher than for the isolated configuration, indicating that the installation effects are not
completely eliminated by the application of blowing. This is as expected considering the blown pylon wake
profiles discussed before, which did not become completely uniform due to insufficient mixing of the external
and blown flows.

All noise results discussed so far considered the combination of all propeller tones. Furthermore, only a
single blowing rate was considered. To further increase insight in the effects of blowing on the propeller noise
emissions, Fig. presents the tonal noise reductions measured at all blowing rates considered, for the first
six propeller tones separately. Note that these values are only valid for a single operating point (U, = 19 m/s
and J = 0.9). The orange dashed lines indicate the expected variability in the noise measurements.
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Figure 21. Tonal noise reductions due to blowing: effects of the blowing rate; blown configuration, Uss = 19 m/s,
J =0.9, 6 =110°, ¢ = 90°.

From Fig. it is concluded that the application of blowing reduces the sound pressure levels of the tones
for all but one of the blowing rates considered. The SPL of the propeller tones decreases with increasing
blowing rate, with the reductions becoming significant for all six tones at the blowing rates of 600 and
660 L/min. When blowing at a rate of 660 L/min the 1BPF tone is reduced by almost 4 dB, while the
reductions for the higher BPF multiples are even larger.

Considering the wake profiles presented in Fig. [L1]it might be surprising that the largest noise reductions
were achieved at Q = 660 L/min. The wake measurements showed that at a comparable blowing rate
(Q = 680 L/min) the application of blowing resulted in the introduction of a jet with higher than freestream
velocity in the center of the wake region. However, it should be noted again that the wake measurements
were performed using the isolated pylon model only. With the thrusting propeller present, the external
velocity at the position of the blowing outlet will be increased. Considering that the effectiveness of the
blowing system reduces with increasing external flow velocity (see Fig. , it is concluded that it might be
the case that the locally increased velocities ahead of the thrusting propeller demand a higher blowing rate
to fill up the pylon wake than required for the isolated case. As such, it might be possible that in powered
conditions the wake profile at the propeller plane shows a minimum integral velocity deficit for a blowing
rate of @ = 660 L/min, thereby explaining the best performance at this blowing rate. To test this hypothesis
wake surveys should be performed with the rotating propeller present behind the pylon.

It is expected that there exists a certain blowing rate for which the noise reductions due to blowing display
a maximum, after which the noise levels increase again for higher blowing rates. Considering that the noise
levels continued to decrease with increasing blowing rate for all blowing rates considered, it is concluded
that the most effective blowing rate might not have been reached. Additional tests should be performed at
higher blowing rates to verify this.
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VI. Conclusions

Experimental and numerical analyses of the effects of pylon blowing on pusher propeller performance and
noise emissions were performed. From the results obtained a number of conclusions were drawn.

e The application of the pylon blowing system resulted in reductions in the integrated velocity deficit of
up to 60% compared to the unblown configuration. The mixing of the external and blown flows was
not optimal, as a result of which the velocity profiles in blown conditions were not completely uniform.

e The agreement between the experimental and numerical propeller performance for the isolated configu-
ration was good, with differences between the computed and measured thrust coefficients smaller than
1% for advance ratios above 0.7. It was concluded that the effects of installation on the time-averaged
propeller performance are small, with increases in the thrust and torque coefficients due to installation
of less than 2% for advance ratios below 1.4. Accordingly, it was found that the effects of blowing on
the time-averaged propeller performance are small.

e From the experimental and numerical evaluations of the propeller noise emissions it was concluded
that the installation of an upstream pylon strongly increases the noise levels, with measured noise
penalties of up to 15 dB compared to the isolated case. The pylon blowing system was successful in
reducing the propeller noise emissions compared to the unblown case. Depending on the advance ratio
noise reductions of up to 7 dB were observed. Considering that the noise reductions increased with
increasing blowing rate, it was concluded that the most effective blowing rate might not have been
reached during the experiments.

The results presented in this paper confirm the potential of pylon trailing edge blowing to reduce the
adverse installation effects experienced by pusher propellers. Considering the significant fuel savings promised
by future engine concepts employing propellers in a pusher configuration, this is an important result which can
be used to develop potential solutions for the relatively high noise emissions associated with such propulsion
systems. Follow-up research using additional computational and measurement techniques is required to
increase the understanding of the mixing characteristics of the blowing system and its effects on the propeller
performance and noise emissions.
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