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A numerical investigation of a propeller with swirl recovery vanes, for which experimental data exist, is performed.
A second swirl recovery vane geometry, with shorter vanes to avoid the impingement of the propeller tip vortices, is
also investigated. For the baseline swirl recovery vanes, the efficiency of the propulsive system increases by 2.4 % with
respect to the isolated propeller. This is obtained by converting angular momentum in axial momentum. A reduction
of the swirl angle in the near wake by 48 % is found. Most of the thrust is generated at the root of the vanes. Leading-
edge impingement noise is the dominant source. The vanes cause noise to increase by 20 dB with respect to the isolated
propeller in the axial direction, where noise from the propeller vanishes. In the axial direction, sound pressure level
spectra show tonal peaks at harmonics of the second blade passing frequency, while in the other directions, peaks are
present at harmonics of the first blade passing frequency. However, the overall isolated propeller noise is 23 dB higher
than the noise generated by the swirl recovery vanes. Shortening the vane length causes a 13% reduction of the thrust
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generated by the vanes with respect the baseline case but no variation of the far-field noise.

Nomenclature

thrust coefficient

chord, m

propeller diameter, m

advance ratio

rotational velocity, revolutions/s
power, W

blade radius, m

local blade radius, m

thrust, N

velocity, m/s

axial velocity component, m/s
tangential velocity component, m/s
pitch angle, deg

local chordwise coordinate, m
efficiency

azimuth angle, deg

criterion for vortex visualization, s~
density, kg/m3

phase angle, deg

swirl angle, deg

= angular velocity, rad/s
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Subscripts

prop = propeller
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r = root

SRV = swirl recovery vane
t = tip

00 = freestream
Superscript

- = time average

I. Introduction

IRCRAFT propulsion systems based on propellers are well

known for their relatively higher propulsive efficiency with
respect to the ones based on turbofans. This is due to the higher mass-
flow rate and lower exhaust velocity [1], which permit a reduction of
fuel consumption of approximately 10% [2]. The propulsive
efficiency can be further increased converting angular momentum
into axial momentum by installing a second row of blades
downstream of the propeller. These blades can rotate [contrarotating
open rotor (CROR)] [3] or be stationary [swirl recovery vanes
(SRVs)] [1,4]. The lower weight and complexity of the SVRs,
particularly because of the absence of moving components, make
them more attractive than CROR.

Since SRVs generate additional thrust by changing the direction of
the momentum flux, their design and integration in the full propulsion
system need careful attention [3,6]. As a matter of fact, if not well
designed, they can even cause a reduction of the propulsive efficiency
[6,7] due to their extra drag.

The main design challenge is to account for the complex unsteady
fluid dynamics of the interaction between the propeller wake and the
SRVs. Both the impingement of the propeller wake on the SRVs and
the upstream effect of the SRVs on the propeller shall be taken into
account. In the wake of the propeller, a turbulent flow and tip vortices
are present; they impinge on the SRVs, causing unsteady variation of
both lift and drag during one propeller revolution [8]. For this reason,
the impingement, deformation, and convection of the propeller wake
and tip vortex helix on the SRVs [9] shall be considered. Once the tip
vortex helix impinges on the vane, it splits over the two sides of the
vane; the split vortices convect downstream following different
trajectories to finally merge at the trailing edge [10] where an
additional interaction with the SRVs’ tip vortex might happen,
depending on the length of the SRVs [5]. The variation of the
flowfield due to the deformation of the wake can have an additional
upstream effect on the propeller inflow, showing unsteady pressure
fluctuations with frequencies that depend on the number of SRVs [1].

For a propeller/SRVs propulsion system, few unsteady
experimental data are available in the literature. The most detailed
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dataset has been collected by Sinnige et al. [1]. The authors combined
experimental measurements with unsteady Reynolds-averaged
Navier-Stokes (RANS) simulations to investigate both aerody-
namics and aeroacoustics. The propulsive efficiency increased by
0.7% with respect to the isolated propeller even if stall occurred at the
root of the SRVs. The increase of aerodynamic performance,
obtained by recovering 46% of the rotational kinetic energy, resulted
in a noise increase up to 3—5 dB at a high thrust setting and 7 dB at a
low thrust setting. Noise increase was associated to the tonal peaks at
higher harmonics of the blade passing frequency (BPF) caused by the
impingement of the slipstream on the SRVs [11]. No increase of
broadband noise was found. The acoustic results of Sinnige et al.
differ from the experimental findings of Dittmar and Hall [12], who
reported no noise increase caused by the SRVs.

The aim of this paper is to report the investigation of the
aerodynamic flowfield and the aeroacoustic far-field noise for a
propeller/SRVs configuration, previously optimized for performance
using the lifting line theory, for which experimental reference data are
available [3]. Lattice-Boltzmann (LB) very large-eddy simulations
(VLESs) coupled with the Ffwocs Williams and Hawkings (FWH)
integral solution are carried out on the same configuration used by Li
et al. [5]. This represents the first dataset in which both the
aerodynamic and the acoustic fields are retrieved using a single tool,
thus allowing one to link far-field noise with the unsteady
aerodynamics. For further characterization of the flow mechanisms,
the baseline SRV are modified by shortening the vanes, to avoid the
impingement of the propeller tip vortices on the vanes.

In the following, the descriptions of the computational setup, of the
geometry, and of the adopted methodology are reported in Sec. II.
The computational setup is validated in Sec. III by comparing the
numerical results against experimental and RANS data. Aerody-
namic and acoustic results for the baseline configuration and the one
with shorter vanes are reported in Secs. IV and V, respectively. The
main findings of this work are summarized in the Conclusions.

II. Computational Setup
A. Geometry

The propeller geometry [5] equipped with the SRVs is shown in
Fig. 1. The propeller is a 1:9 scaled model of a Dowty Rotol propeller,
used on the IPTN N-250. It features six blades and a diameter D of
0.4064 m. The hub of the propeller is 0.084 m in diameter, the root
chord ¢, is 33 mm, and the blade pitch angle $ equals 30 deg at 70% of
the radius R. The SRVs are positioned on a fairing of diameter 0.31D.
Their leading edge is at 94 mm behind the propeller trailing edge at
the root. The SRV chord is 60 mm at the root (0.31D) and 40 mm at
the tip (¢, sgv). The vanes were modeled with the lifting line theory
using as input the velocity field from RANS simulations by Li et al.
[5] in which the optimal circulation distribution was determined by
maximizing the thrust of the vanes. The nacelle extends until the end
of the domain to avoid any recirculation in the back and mimic the
wind tunnel support of the propeller.

The freestream velocity V, is set at 29 m/s, and the propeller
advance ratio J =V /nD is 0.6, where n = 119 rev/s is the

- .
/40 mm
_ 5
= o
= g SRV
o =
-~ [a )
S
L X 94 mm .60 mm

Fairing

—
Fig.1 Geometry of the propeller with installed swirl recovery vanes.

rotational velocity. For this configuration, an additional increase of
2.620% of thrust is expected based on the measurements of Li et al.
[5]. To freestream turbulence is set to 0.5% to match the reference
experiments and computations.

Even if it is known that shorter vanes do not generate as much
thrust as the longer ones (i.e., the interaction between the tip vortex
and the vanes has a relevant effect) [5], a second configuration with
shorter SRVs is investigated to evaluate the influence of tip-vortex/
vane interaction on the radiated noise. They are obtained by
shortening the vanes to an outer radius of 0.84D to avoid direct
impingement of the blade tip vortex on the SRVs.

A reference system centered at the propeller plane, with the x axis
oriented in the axial downstream direction and y and z axes oriented
so as to form a left-hand oriented reference system, is adopted.

B. Methodology

The LB method is chosen because it has been validated for
aerodynamics and aeroacoustics studies for similar phenomena
[11,13-16]. Its implementation in the commercial software 3DS-
Simulia PowerFLOW 5.4b is used. For a detailed description of the
method, the reader can refer to the work by Succi [17] and Shan et al.
[18], while one can refer to the work by Chen et al. [19] for a review.

The LB method solves the Boltzmann equation on a Cartesian
mesh, named lattice. The discretization used for this particular
application consists of 19 discrete velocities in three dimensions
(D3Q19), involving a third-order truncation of the Chapman—Enskog
expansion. It was shown that this scheme accurately approximates
the Navier—Stokes equations for a perfect gas at low Mach number in
isothermal conditions [20]. The equations are solved with an explicit
time integration approach, and the stability of the solution is obtained
with a unitary Courant-Friedrichs—Lewy number. To obtain the
particle distribution, a collision term, based on a unique Galilean
invariant [21], and an equilibrium distribution of Maxwell-
Boltzmann [20] are adopted.

AVLES model is implemented to take into account the effect of the
subgrid unresolved scales of turbulence. Following Yakhot and
Orszag [22], a two-equations k — € renormalization group is used to
compute a turbulent relaxation time that is added to the viscous
relaxation time. To reduce the computational cost, a pressure-
gradient-extended wall model is used to approximate the no-slip
boundary condition on solid walls [23,24]. The model is based on the
extension of the generalized law-of-the-wall model [25] to take into
account the effect of the pressure gradient.

The compressible and time-dependent nature of the transient
numerical solution together with the low dissipation and dispersion
properties of the LB scheme allow extracting the sound pressure field
directly in the near field up to a cutoff frequency corresponding to
approximately 15 voxels per acoustic wavelength. In the far field,
noise is computed by using the FWH equation [26]. The formulation
1A, i.e., a solution of the FWH equation, developed by Farassat and
Succi [27] and extended to a convective wave equation, is used in this
study [28,29]. The formulation is implemented in the time domain
using a source-time dominant algorithm [30].

C. Computational Volume and Boundary Conditions

The simulation volume is defined as a rectangle with length of
25.7D and width and height of 15D. The center and origin are defined
by the intersection of the propeller axis with the propeller plane. At
the inlet, a velocity boundary condition with velocity equal to V , is
set. At the outlet, the pressure is set to the ambient pressure
101,325 Pa. At the other edges of the domain, freestream velocity
boundary conditions are set. No-slip boundary conditions are applied
on the propeller, SRVs, spinner, and fairing. A free-slip boundary
condition is applied to the nacelle, which extends to the outlet plane.
A volume of revolution is generated and contains the propeller and
spinner with a clearance from the surfaces of 19 mm.

Twelve variable resolution (VR) regions are used (Fig. 2). The
resolution increases by a factor of 2 from one VR region to the next.
The finest region (VR12) is defined by an offset of 0.030c, from
regions around the leading edge (LE, in orange), trailing edge (TE,
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Fig. 2 Distribution of the VR regions in the near field.

green), and the tip (blue) of both the propeller and vanes to capture the
high surface curvature and the accompanying pressure peaks
accurately. The region around the propeller TE has been added in
order to capture the shape of the trailing edge accurately. A similar
discretization is adopted around the SRVs. The VR regions around
the tip of the SRVs have been extended in the spanwise direction to
capture the propeller tip vortex development over the SRVs
accurately. For both the propeller and SRVs, the LE and TE regions
are defined to be approximately 10% of the local chord. The propeller
tip region has a similar size, and the vane tip region has a spanwise
length of 0.08D.

An acoustic sponge is implemented by exponentially varying the
kinematic viscosity per unit temperature from 0.005 m?/(s - K) at
3.3Dupto 0.5 m?/(s - K) at 4.9D. This is adopted to avoid spurious
reflections from the edge of the domain contaminating the acoustic
sampled data. Simulations are seeded with the end result of the
preceding simulation with a coarser grid.

III. Grid Independence Study and Comparison with
Experiments

The grid independence study and the comparison with the
computational and experimental results from Li et al. [5] are reported
in this section. First, the isolated propeller configuration, or SRV off
case, is analyzed to ensure that the main flow features are well
captured. Then, the case with the baseline SRV installed, or SRVs on
case, is presented.

A. Isolated Propeller
__The time-averaged thrust coefficient for the isolated propeller
Crprop» defined as

_ T,

_ __"prop
Crprop = D" ()
and the overall sound pressure level (OSPL), expressed in decibels
using a reference pressure of 20 x 107 Pa, are used as integral
parameters for the convergence analysis. In Eq. (1), Trop 18 the time-
averaged thrust generated by the propeller, p,, is the freestream

0.33 : 106
(E ]
105.5
0o 031
s 105
&
S 03

—0—CTprop from LBM
- = CTprop from RANS
........ C7prop from Exp.
—e—OSPL from LBM

0.29

0.28¢ 1
50 100 150 200 250 300

VRI12 resolution [voxels/c,]

04

OSPL [dB]

density, and # is the rotational speed in revolutions per second. The
OSPL is computed using the FWH analogy on a ring with radius 20R
and centered at x/D = 0.2. Both quantities are plotted in Fig. 3 (left)
for four grid resolutions, expressed as voxels per propeller blade root
chord in the most refined region (i.e., VR12). The four grids are
obtained by increasing the resolution of all the VR regions in the
computational domain. In the same figure, reference data from
computations and experiments are reported [3] as constant C_Tpmp
lines. In Fig. 3 (right), the OSPL directivity patterns for the four grids
are also plotted to ensure that also far-field data converge. For the far-
field noise, no reference measurement is available.

Both Cyppop and OSPL at & = 90 deg show an underestimation
with respect to the experimental data for low grid resolutions. Grid
convergence is achieved for a resolution of 200 voxels/c, for both
quantities. Excellent agreement with the reference data, both
experimental and computational, is obtained for the FTprop' On the
contrary, for low grid resolution, an overestimation of the OSPL for
angles in the range —30 deg <@ <30 deg and 150 deg<6<
210 deg is found. For the OSPL, the maximum difference between
the two finest grids is 1.4 dB for 8 equal to 205 deg.

The assessment is extended to the time-averaged near-wake
velocity field to ensure that the wake is well captured. In Fig. 4 (top),
profiles of both the time-averaged axial V, and tangential V, velocity
components at x/D = 0.24 are plotted for the four grid resolutions.
For the resolution of 200 voxels/c,, the comparisons against
experiments and RANS are reported in the bottom row. The
experimental uncertainty is indicated by the yellow band.

Results show only minor differences between the two finest
resolution cases for 0.4 < r/R < 0.5. This is attributed to the fact that
by using the finest grid smaller structures are better captured
particularly in the slipstream of the propeller. However, the variations
can be considered negligible, and the comparison with the reference
experimental and computational data shows good agreement. Only
an overestimation of the tangential velocity component, but smaller
than 3% of V ,, is found.

Convergence for the resolution of 200 voxels/c, for the isolated
propeller configuration is further confirmed by the comparison of
the nondimensional time-averaged pressure distribution at 70% of
the propeller blade radius reported in Fig. 5, in which the local
coordinate over the chord is indicated with {. The time-averaged

180

50 voxels/c,
—-==-100 voxels/c,

200 voxels/c;,
~ = 300 voxels/c,

Fig. 3 Grid convergence study for the isolated propeller configuration. Four grid resolutions, expressed as voxels per root chord, are investigated.
(Left) Time-averaged thrust coefficient C; and OSPL for 6 equal to 90 deg at a distance of 20R. (Right) Directivity pattern of OSPL at a distance of 20R

(LBM = lattice Boltzmann method, Exp. = experiment).
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Fig. 4 Grid convergence study for the isolated propeller configuration. F
Dependence of the time-averaged axial velocity component V, (top left) and
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our grid resolutions, expressed as voxels per root chord, are investigated.
tangential velocity component V, (top right) on the grid resolution. For the

resolution of 200 voxels/c,, the comparison with experiments and RANS for the same quantities is reported in the bottom figures. Data are extracted at

x/D = 0.24 as indicated by the black line.
1.1~ ‘ T . : .

0 0.2 0.4 0.6 0.8 1
/el
Fig.5 Comparison of the time-averaged pressure distribution obtained

from the LB method for a resolution of 200 voxels per root chord with the
RANS simulations.

A ——0

CT prop [']

—e—LBM| |
Exp.

250 300

50 100 150 200
Resolution [voxels/c,]

pressure is nondimensionalized with respect to the freestream
dynamic pressure p.. The small difference near the stagnation
point can be attributed to the lower resolution of the LB simulation
(minimum y ™ equal to 12) with respect to the RANS (y* equal to 1);
the differences at the trailing edge are attributed instead to a small
difference in the geometry between the two simulations (i.e., the
trailing edge for the LB simulations is more blunt than in
the RANS).

B. Propeller with Swirl Recovery Vanes

The convergence study is carried out also for case with the SRVs
installed. For this configuration, grid convergence is verified using
the time-averaged thrust coefficient of the propeller C_Tpmp and the
ratio between the time-averaged thrust generated by the SRVs and the
one generated by the propeller (Tsgys /Tpmp). Results are reported in
Fig. 6, in which they are also compared with experimental results.
Similarly as in Fig. 4, the experimental uncertainty is indicated by the
yellow band.

0.03‘
0.025 @_,_.e\_e\—o
|
= 0.02+ !
& 0015
S 001!
[&~
0.005 —e—LBM| |
Exp.
0

50 100 150 200 250 300

Resolution [voxels/c,]

Fig. 6 Grid convergence study for the propeller with the SRVs. Four grid resolutions, expressed as voxels per root chord, are investigated. (Left)
Time-averaged thrust coefficient of the propeller C7 .- (Right) Ratio of the time-averaged thrust generated by the swirl recovery vanes and the propeller

Tsrvs/ Tpmp. Results are compared against experimental results.
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Fig.7 Comparison of the time-average axial V, and tangential V, velocity components upstream (top) and downstream (bottom) of the swirl recovery
vanes (x/D = 0.24andx/D = 0.45, as indicated by the black lines) between the computational results obtained for the resolution of 200 voxels/c, and the

experiments.

180

— 50 voxels/c,
—--100 voxels/ ¢,

200 voxels/c,
- =300 voxels/c,

Fig. 8 Grid convergence study for the propeller with the SRVs. Four
grid resolutions, expressed as voxels per root chord, are investigated.
Directivity pattern of OSPL at a distance of 20R.

As for the previous configuration, convergence is reached for
resolution equal to 200 voxels/c,. No major variation in the
convergence of C_Tpmp is found with respect to the isolated
configuration. The contribution of the SRVs, which generates about
2% of the time-averaged thrust generated by the propeller, shows that
the integral effects of the impingement are well captured with the
resolution of 200 voxels/c,.

The suitability of the discretization strategy is further confirmed by
the comparisons of the time-averaged velocity components obtained
from computations with the experimental ones. Both V, and V, are
plotted at x/D = 0.24 (upstream of the SRVs) and x/D = 0.45
(downstream of the SRVs), respectively, in the top and bottom rows

of Fig. 7. Very good agreement is found between the two datasets.
The figure further shows that V, increases and V, decreases behind
the SRVs; i.e., thrust is generated by converting angular momentum
in axial momentum.

The grid independence is further assessed for the installed
configuration plotting the directivity plots of the OSPL at 20R for
different resolutions in Fig. 8. As for the isolated case, and similarly
to what was found for the Tsrys, convergence is reached for the
200 voxels/c, resolution, which shows variation smaller than 1 dB
with respect to the 300 voxels/c, resolution case.

IV. Baseline Configuration
A. Aerodynamics

The influence of the SRVs on the aerodynamic performances of the
propulsion system is evaluated in terms of integral quantities such as
the time-averaged thrust coefficient Cr, time-averaged torque
coefficient C_Q, and propulsive efficiency n = TV, /P. They are
summarized in Table 1, in which these parameters are listed for the
isolated propeller and the case with SRVs. In the same table, the
subscripts prop and SRVs refer to the contribution of each
component, while the subscripts tot refer to the full propulsion
system.

Table1 Comparison of the time-averaged thrust
coefficient Cr, time-averaged torque coefficient FQ, and
propulsive efficiency 7 for the isolated propeller and the
propeller with SRVs. The subscripts prop and SRYV refer

to the data obtained for each of the two components

Isolated propeller Propeller 4+ SRVs

Crprop 0.3235 0.3241 (+0.19%)

Oprop 0.0546 0.0546 (+0.08%)

Mprop 0.5658 0.5664 (+0.10%)
Crsry —_— 0.0078

Mot 0.5658 0.5794 (+2.40%)
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Fig.9 Instantaneous thrust coefficient C; vs the phase angle ¢ during a propeller rotation for both the isolated propeller and the case with installed SRVs.
Both the propeller-only and total thrust are illustrated for the SRVs case. The figure on the left contains a rectangle that indicates the axis limits of the one

on the right.
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Fig. 10 Average swirl angle ¢ for the installed (SRVs on) and the
isolated propeller (SRVs off) configurations along the axial direction.

Results show that the installation of SRVs increases the propulsive
efficiency 7,,; by 2.4%. This is due to additional thrust generated by
both the SRVs and the propeller. The propeller time-averaged thrust
coefficient C_Tpmp increases by 0.19%, thus confirming an upstream
effect of the SRVs on the propeller as is also found experimentally [1].
A drawback of the installation of the SRV is that the additional thrust
is not constant in time but shows large fluctuations, as shown in
Fig. 9, in which the instantaneous Cr as a function of the phase angle

Vortex bridge
Blade tip vortex

\Vf:fex displacement o

0.0 0.5 1.0 15 2.0 25

Vane tip vortex

¢ is reported. These fluctuations might cause structural problems if
not accounted for. For this particular case, the amplitude of the
fluctuations is 0.24% of the time-averaged Cr, and its frequency is 2
BPF (A¢ = 30 deg) because of the presence of six propeller blades
and four vanes. The periodic impingement of the propeller wake on
the SRVs induces an additional unsteady upstream effect on the
propeller that shows a more fluctuating Cr (Fig. 9 right) with respect
to the case without SRVs.

As discussed previously, the additional thrust is obtained by
changing the direction of the momentum flux in the slipstream of the
propeller. To quantify the amount of swirl recovered through the
installation of the SRVs, the axial distribution of the swirl angle ¢,
averaged in the radial direction, is plotted in Fig. 10. Results show
that the SRV's weakly alter the distribution of ¢ upstream of the vanes’
leading edge. The swirl angle gradually decreases along the SRV’s
chord and, at the SRV ’s trailing edge, it increases in the axial direction
up to a constant value equal to 6 deg. In the wake of the SRV, the swirl
angle reduces by 48% with respect to the isolated propeller case.

The wake realignment is the cause of the reduction of ¢ and, as a
consequence, of the improvement of the aerodynamic performance.
To investigate the physics involved in the interaction, instantaneous
flow visualizations through isosurfaces of the A, criterion for vortex
identification, color-contoured with the nondimensional velocity
magnitude, are plotted in Fig. 11. Two views of the same time instant
are shown for clarity. Figures show that first the slipstream impinges
at the root of the SRV and then the tip vortex impinges near the tip.
This is caused by the sweeped leading edge of the SRVs and, mainly,
by the fact that the tip vortex and the slipstream travel with different

Vortex rollup

Fig. 11 Two views of the instantaneous flowfield visualized through the 4, criterion for vortex visualization color contoured with the nondimensional

velocity magnitude V.
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Fig.12 (Red) Thrust coefficient of single vane C7,, as a function of the
phase angle ¢ during a propeller rotation. (Blue) Swirl angle ¢ at
r/R=0.7andx/D = 0.24.
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Fig.13 Spanwise displacement of the blade tip vortex over the two sides
of the swirl recovery vane surface.

axial velocities (Fig. 7). Since the tip vortex travels with a lower
velocity than the rest of the slipstream, a time delay between the two
phases of the impingement exists. The axial velocity difference (i.e.,
about two times) is such that the tip vortex generated by a propeller
blade impinges immediately before the slipstream associated to the
following propeller blade (Fig. 11 left). As a consequence, each SRV
generates unsteady thrust as shown in Fig. 12, in which the
instantaneous thrust coefficient of a single vane Cr_ as a function of
the phase angle ¢ for a propeller rotation is plotted. In the same figure,
the swirl angle ¢ measured at r/R = 0.7 (i.e., where the slipstream
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impinges) and x/D = 0.24 (i.e., upstream of the SRV) is shown in
blue. Results highlight two peaks: the first small peak corresponds to
the impingement of the tip vortex generated by a propeller blade,
while the second one corresponds to the impingement of the
slipstream generated by the following propeller blade. The effect of
the wake slipstream is larger because the increase of swirl angle
associated with it (i.e., an increase of the local angle of attack seen by
each SRV) affects a larger portion of the SRV. The periodic features in
the wake cause a variation of the inflow angle of 10 deg. This causes
an unsteady increase of 20% of the Cr,, followed by a decrease, thus
causing a maximum fluctuation of 29%.

Once the tip vortex helix impinges on the leading edge of the SRV,
it splits over the two sides of the wing; the vortex filaments travel in
the downstream direction along two different trajectories: toward the
root at the propeller advancing side (i.e., suction side) and toward the
tip at the propeller retraining side (i.e., pressure side) [1,15]. The
radial location of the split vortices on the SRV surface is shown in
Fig. 13. The two vortices show a relative displacement of about
10%R while convecting over the SRV. At the trailing edge of the SRV,
the vortex convecting over the retraining side of the SRV interacts
with the SRV’s tip vortex, while the other one rolls up because of the
shear forces caused by the velocity gradient in the wake of the SRV
(Fig. 11). The two vortices, subjected to these strong deformations,
reconnect downstream where also the rollup of the main vortex is
clearer. This confirms that, even if optimized, residual rotational
kinetic energy associated with the swirl is still present in the wake,
particularly in the tip vortex.

Figure 12 has shown that the peak of Cy, is associated to the
slipstream impinging on the SRV and that the root of the SRV
contributes to most of the aerodynamic performance increase. This is
better shown in Fig. 14, in which the thrust coefficient at each radial
section of the SRV is plotted for different phase angles. The
horizontal dashed line is the location of the blade-tip-vortex
impingement. Results show a dependence of the Cr,,, on the phase
angle and that most of the thrust is generated for r/R < 0.8. The tip of
the SRV contributes positively to the Cr_ . only when there is direct
impingement of the blade tip vortex (¢ = O deg, Fig. 12). This is
associated to the time-varying pressure imbalance between the
suction and the pressure sides of the SRV caused by the motion of the
two vortices originated by the blade tip vortex (Fig. 13).

The complex flowfield associated with the convection of the
vortices on the SRV causes strong variations of the surface pressure
distribution, thus creating a time-varying lift distribution with the
appearance of separated flow regions. This is visualized in Fig. 15, in
which the phase-locked pressure distributions at the location of the tip
vortex impingement r/R = 0.91 for three phase angles are plotted.
The local axial coordinate on the SRV ({srvy) is nondimensionalized
with respect to the local chord of the SRV (csgry). It evidences that the
convection of the tip vortex along two directions creates a strong
imbalance of the pressure forces over the two sides. Since this
happens at the tip of the SRV, each SRV is subjected to a strong
unsteady bending moment that needs to be accounted for in the
design phase.
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Fig. 14  Sectional thrust coefficient Cr_ distribution over a single vane in the radial direction for different phase angles ¢.
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Fig. 15 Phase-averaged pressure distribution on the SRV at the radial
location r/R = 0.91.

B. Acoustics

The impingement of the propeller blade on the SRVs has a direct
effect on the far-field noise because of the introduction of an
additional noise generation mechanism: leading-edge impingement.
The directivity plot of the OSPL on a sphere of radius 20R and
centered at x/D = 0.2 is plotted in Fig. 16 for the full propulsive
system (left) and for each component (right). Data are plotted for both
the SRVs on and off cases and are integrated between 0.5 BPF and
10 BPF.

The installation of the SRVs has an effect on noise only in the axial
direction (—30 deg <0 <30 deg and 120 deg <6 <240 deg)
with an increase of the OSPL up to 20 dB. In the other angular
directions, where the SRVs off case shows the largest noise
amplitude, the effects of the SRVs installation are negligible. The

90
120 100 60

210

270

——SRVs Off
—~-==-SRVs On

decomposition of the contribution of each component of the
propulsive system (Fig. 16 right) shows that the installation of SRVs
also has an effect on the noise generated by the propeller. This cannot
be associated to the higher FTprop generated by the propeller due to
the upstream aerodynamic effect (Table 1) because, in this case, an
increase in noise in all the directions is expected. Conversely, it
suggests that the noise increase associated to the propeller might be
caused by acoustic interference. However, the contribution of the
propeller is negligible with respect to the SRVs one in the range of in
which the noise increase is found for the full propulsive system. The
noise directivity pattern associated with the SRVs is almost uniform
for all the angles 6 because of the effect of multiple dipole sources.

The discussion of the aerodynamic results has shown how the
different parts of the SRV's contribute to the thrust coefficient and how
they are involved in the interaction between the propeller wake and
the SRVs. To determine the acoustic consequences of the interaction,
the OSPL directivity plots for each component of the SRVs are
plotted in Fig. 17. They are obtained by splitting the surface of the
SRV blade as shown in the left figure and applying for each of them
the FWH solid acoustic analogy. Figure 17 shows that vane leading
edge, i.e., the region interested by the impingement of the propeller
wake slipstream, is the one that contributes the most to the far-field
noise with a dipole-like distribution in agreement with leading-edge
impingement noise. The middle part of the vane shows a more
uniform pattern because of the existence of multiple dipole sources
due to the impingement. The tip of the vane, subjected to the propeller
tip vortex impingement, contributes less than the leading-edge part to
the OSPL, in agreement with the aerodynamic results discussed
before. In this case, the vortices are still coherent while convecting on
the blades, thus justifying why the contribution of the vane trailing
edge is negligible with respect to the rest of the vane.

To investigate the effect of the SRVs at different frequencies, the
sound power level (PWL) as a function of the nondimensional
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225 315
270 |——SRVs Off: prop.
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Fig.16 Directivity plot of the OSPL computed on a sphere of radius 20R and centered at x/D = 0.2. Data are plotted for both the SRVs on and off cases
and are integrated between 0.5 BPF and 10 BPF. (Left) Full propulsive system and (right) separate contribution of each component.
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Fig.17 Contribution of each part of the SRYV to the directivity plot of the OSPL computed on a sphere of radius 20 R and centered atx/D = 0.2. Data are

integrated between 0.5 BPF and 10 BPF.
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Fig. 18 PWL as a function of frequency nondimensionalized with
respect to the BPF.
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frequency is plotted for the two configurations in Fig. 18. As
expected, results show a dominant tone at the first BPF with an almost
exponential decay at higher harmonics. The SRVs do not affect the
tone of the first BPF, which is associated with the propeller, but they
amplify all the tones associated to the higher harmonics and increase
broadband noise as well. It is worth mentioning that the power of the
tone associated with the first BPF is 20 dB higher than the second one,
so it can be stated that the installation of the SRVs does not have any
relevant effect on the total PWL perceived by a listener.

The sound pressure level (SPL) plots in 1/12th octave bands at
different polar angles, plotted in Fig. 19, show how the different
components of the propulsion system contribute to the far-field noise.
In the left column of the figure, the comparison between the isolated
propeller (SRVs off) and the installed configuration (SRVs on) is
reported, while in the right column, the contribution of each
component of the propulsion system is shown. In the axial direction
6 = 0 deg (the sameis found for @ = 180 deg butnot plotted for the
sake of conciseness), where the isolated propeller generates almost
no noise, the dipole nature of impingement noise is dominant
(Fig. 17); the configuration with SRVs shows tonal peaks at
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Fig. 19 SPLin 1/12th octave bands. On the left, the comparison between the SRV on and off cases is shown, while on the right, the contribution of each

component of the propulsion system is plotted.
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harmonics of the second BPF. The investigation of the dilatation
fields, not shown here for the sake of conciseness, shows that it is
caused by destructive interference between the acoustic waves
generated at the leading edge of the vanes and from the upstream
propeller. As already mentioned before, the presence of the SRVs also
has an upstream effect on the propeller that generates tonal peaks not
present for the isolated case. For other polar angles, in which tonal
noise associated with the propeller is dominant, it is evident that the
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Fig.20 Thrust coefficient of single vane Cy,, as a function of the phase
angle ¢ for a propeller rotation for the long and short vane
configurations.
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acoustic interference is not present anymore, and tonal peaks
associated with the leading-edge impingement noise are found at
harmonics of the first BPF. Since in Fig. 17 it can be observed that at
these polar angles the contribution of the middle part of the vane
becomes dominant, this component of the tonal noise can be
associated with the convection of the vortices over the blade, while
the turbulent nature of the slipstream can explain the increase of the
broadband noise.

V. Shorter Vane Configuration

A second geometry with shorter vanes is investigated to study the
effect of the propeller tip-vortex interaction on the aerodynamic and
acoustic fields, motivated by the fact that most of the C; is generated
at the root, while the tip contributes only to noise at high polar angles.
The vanes are cut such that the outer radius is equal to 0.84R to avoid
tip-vortex impingement. The rest of the geometry and freestream
conditions is the same.

Shortening the SRV length has a negligible effect on the C; of the
upstream propeller that reduces by 0.01%, but it has a relevant effect
on the performance of the full propulsion system. Figure 20 shows the
phase-locked thrust coefficient of a single vane Cr,, as a function of
the phase angle ¢ for a propeller rotation and for both the long and
short vane configurations. The fact that the propeller tip vortex does
not impinge on the SRVs leads to the absence of the first of the two
peaks shown previously in Fig. 10. Because of the shorter vanes, the
time-average Crsry reduces by 13% with respect to the long vanes
thus being equal to 2% of the propeller thrust. The thrust reduction is
larger than the thrust associated to the tip region (r/R > 0.84) for the
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Fig. 21 Sectional thrust coefficient Cr,, distribution over a single vane in the radial direction for two phase angles ¢.
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Fig. 22 Two views of the instantaneous flowfield visualized through the 4, criterion for vortex visualization color contoured with the nondimensional

velocity magnitude.
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Fig. 23 Average swirl angle for the baseline and shorter vanes
configurations along the axial direction.

baseline vanes that is equal to 1.9% of the total thrust generated by
the vane.

Evenifthe tip of the baseline SRV contributes weakly to the overall
Cr, its presence has an effect on the flow development over the entire
SRV. This is shown in Fig. 21, in which the radial distributions of the
phase-locked sectional thrust coefficient Cy for two phase angles are
plotted for the shorter vane and the baseline case. Results show
inboard reduction of the C7 for the shorter vane particularly at the tip
region where a negative Cy is found. This is caused by the generation
of a stronger vane tip vortex (Fig. 22) with respect to the baseline
case. The interaction between the propeller blade tip vortex and the
vane tip vortex happens only downstream of the vane where the
propeller blade tip vortex is deformed by the velocity field induced by
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the vane tip vortex. The rotation of the latter pushes the propeller tip
vortex away from the vane on the retreating side and toward the vane
on the advancing side. However, the distance and the relative strength
is such that, for the current configuration, no breakdown of the
propeller blade tip vortex is observed.

Since the propeller tip vortex does not interfere with the SRV, the
residual swirl angle in the wake of the SRV is larger than in the
previous case as shown in Fig. 23. Similarly to the previous
configuration, no difference is found upstream of the SRV leading
edge, while a reduction is visible downstream. In this case, the SRVs
reduce the swirl angle of 13% less than for the baseline configuration,
in line with the C7 results discussed before (Fig. 20).

Comparing the radial distribution of the time-averaged swirl angle
¢ for the two configurations (Fig. 24), it is confirmed that SRVs tend
to extract most of the energy from the slipstream of the wake and not
from the propeller tip vortex [1]. This explains why the SRV should
be long enough to interfere with the propeller blade tip vortex to
redirect as much momentum as possible [31].

The aerodynamic results confirmed that shorter vanes are not
beneficial from an aerodynamic perspective. To investigate the effect
on the acoustic, directivity plots of the OSPL and PWL vs the
nondimensional frequency are discussed (Fig. 25). The figures
clearly show that shorter vanes do not have any effect on the acoustic
field. Both the directivity plots of the OSPL and the PWL show
overlapping curves. This confirms the previous observations that
most of the noise is generated by the impingement of the slipstream at
the leading edge and that the contribution of the impingement of the
propeller tip vortex is negligible.

VI. Conclusions

A numerical investigation of a propulsion system constituted by a
propeller with swirl recovery vanes was carried out using the lattice/
Boltzmann method to investigate the relation between aerodynamics
and acoustics. The baseline configuration was the same as the one of
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Fig. 24 Radial distribution of the time-averaged swirl angle ¢ in front (left) and behind (right) the SRV.
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Fig. 25 (Left) Directivity plot of the OSPL computed on a sphere of radius 20 R and centered at x/D = 0.2 integrated between 0.5 BPF and 10 BPF.
(Right) PWL as a function of frequency nondimensionalized with respect to the BPF.
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Lietal. [5], optimized for performance using a lifting line approach,
for which reference computational and experimental data are
available. Numerical results were validated against the available data
to verify the accuracy of the computational methodology. A second
swirl recovery vane geometry, obtained by shortening the vanes to
avoid the impingement of the propeller tip vortices, was also
investigated.

For the baseline configuration, the efficiency of the entire
propulsive system increased by 2.4% with respect to the isolated
propeller because of additional thrust generated by both the SRVs and
the propeller. This was obtained by reducing the swirl angle in the
near-field wake by 48%. Drawbacks of the installation of the SRVs
are that the additional thrust shows large fluctuations caused by the
impingement of the propeller wake on the SRVs. The impingement
happens at a frequency equal to two times the BPF because the
propeller tip vortex and the slipstream impinge in two different
instants due to their different axial velocity.

It was found that most of the thrust was generated at the root of the
SRVs, ie., in the region interested by the impingement of the
propeller slipstream, while the tip, contributes to only 1.9% of the
SRVs thrust. The leading edge of the same region is the one that
contributes the most to the far-field noise for which the dominant
mechanism is leading-edge impingement noise. The installation of
SRVs causes noise increase up to 20 dB only in the axial direction
(=30 deg <0 <30 deg and 120 deg < @ <240 deg) because in
the other directions propeller noise dominates. In the range of @ with a
noise increase, noise spectra of SPL present tonal peaks at frequency
harmonics of the second BPF caused by destructive interference
between acoustic waves. For other @ angles, spectra show tonal peaks
at frequency harmonics of the first BPE. However, noise increase due
to the swirl recovery vanes is negligible with respect to the overall
isolated propeller noise that is 23 dB higher.

Shortening the vane length, to avoid the impingement of the tip
vortex, causes a strong reduction of the thrust generated by the vane
up to 13% with the baseline case but no variation of the far-field noise.
This suggests that the tip region of the vanes maintains the thrust
distribution of the root part with a very small noise penalty.
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