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Figure 1: Truss-braced wing aircraft with distributed
propulsion system simulated with WMLES and body force
propeller model; Iso-contour of Q-criterium shows tip-vertices
and on aircraft surface instantaneous acoustic pressure is de-
picted.

Introduction

In recent times propeller-driven propulsion systems expe-
rience renewed interest due to their inherent high propul-
sion efficiency combined with reduced fuel consumption
and thus lowering the environmentally critical exhaust-
gas emissions. However, relative to datum jet propulsion,
increased noise emissions of propeller driven aircraft are
of concern.

One of the primary goals of the "EU Flight Path 2050”
initiative is to reduce noise levels by 65% until 2050. To
this end, the EU project INDIGO studies the layout of
novel short- to medium-range aircraft based on hybrid-
electric propulsion in combination with truss-braced ul-
tra high aspect ratio wings. Hybrid electric propulsion
offers the possibility to realize distributed propellers that
operate at reduced tip Mach numbers and thus reduce di-
rect noise emissions from the propellers.

Major concern then becomes installation noise from the
propellers combined with the airframe that can be traced
back to the interaction of propeller tip vortices with the
(high-lift) wing, alternating blade loads in the propeller
plane caused by varying back action from the wing on
the rotating propeller baldes, as well as the interaction
of the hydrodynamic propeller near field with the wing.

For a successful and reliably evaluation of novel out-of-
the-box aircraft concepts, efficient first principles based
simulations that rely on an exact and realistic full-
scale representation of the involved aircraft geometries
on Octree-Cartesian grids have proven extremely useful.
Compared to alternative meshing methodologies, the use
of Octree-Cartesian meshing with the sharp interface im-
mersed boundary method can save a large amount of
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labor cost in the preparation of the mesh for complex
realistic geometries.

FWH sampling surface

Figure 2: Octree Cartesian Meshes for isolated (right) and
installed case (left). Refinement regions for propeller wakes
and near aircraft. Yellow surface shows the FW-H sampling
surface.

This study investigates the acoustic installation effect of
distributed propulsion systems at the full scale airframe
using a body-force propeller model. A wall modeled large
eddy simulation (WMLES) strategy is used to solve the
large scale dynamics of the Navier-Stokes equations with
low dispersive and dissipative numerical schemes. This
way not only acoustics propagation is resolved by the
simulation but also the proper dynamics of propeller tip
vortices and their interaction with the airframe and cor-
responding sound generation mechanisms. Due to the
good dispersive and dissipative properties of the numeri-
cal scheme, the advection of vortices inside the flow field
is very well captured and conserved with only low artifi-
cal damping visible.

The simulation approach turns out to be numerical very
efficient, as vortex dynamics are resolved on a large
scale, while no attempt is made to resolved the turbu-
lent boundary layer at the propeller blades that can pro-
duce even for Lattice Boltzmann Methods a formidable
simulation problem in the multi-billion grid points range.

Vortex dynamics are very well captured whithout run-
ning into the N? scaling problem present for vortex panel
and/or vortex particle methods based on a naive direct
solution of the inherent Poisson problem without consid-
ering an FF'T based algorithm as e.g. being in use in the
DLR particle solver yaRPM, [1].

Numerical Method

A 4*h_order finite difference method based on the disper-
sion relation preserving (DRP) scheme proposed by Tam
& Webb [2] is used. The involved PIANO-IBM code uti-
lizes a block-structured Octree-Cartesian grid with bi-
nary refining between adjacent blocks. As the Octree-
Cartesian grids will not resolve the viscous sub-layers at
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Figure 3: ISO-Q-criterion of typical helical tip-vortices.

the wall, a wall model is applied there. The spatial nu-
merical treatment at boundaries with hanging nodes fol-
lows the approach proposed by Tam [3]. The numerical
scheme supports sound propagation with minimal dissi-
pation and dispersion over the entire computational grid,
refer to Fig. 2, hence a direct noise evaluation on the grid
is possible. The Ffowcs Williams and Hawkings (FW-H)
methodology is used to propagate the sound further out
to larger distances. The surface geometry is included us-
ing a sharp interface immersed boundary method (IBM)
based on a representation of the surface geometry in the
stereolithography (STL) format. With this approach the
following effects are considered: 1) the direct propeller
noise generation and propagation through the inhomo-
geneous flow field around the airframe; 2) induction of
the tip vortices as a consequence of a first principles
based simulation of all vortex dynamics governed by the
Navier-Stokes equations; and 3) the interaction of tip
vortices with downstream geometries and corresponding
sound generation. Blade loads are computed using pre-
computed polars from XFOIL and deducing the effec-
tive local blade angles from the resolved propeller wake.
This way a blade element momentum representation is
combined with an physical accurate description of the
induced flow that includes the effect of downstream ob-
stacles on it. The approach therefore is well-suited for
evaluating installation noise effects.

Single isolated propeller test case

First, a single isolated propeller test-case is used. It fea-
tures a 2 m radius, 3 blades, and rotates at 11 revolu-
tions per second, resulting in a tip Mach number of 0.4.
The flow conditions are for an altitude of 8 km with a
flight Mach number of 0.6 and 0° angle of attack. Sim-
ulations were performed on the mesh later used for the
computation of cases with installed distributed proplu-
sion. The formation of tip-vortices is clearly visible in
the iso-Q-criterium shown in Fig. 3. Looking into the
acoustic pressure depicted in the propeller y — z plane,
Fig. 5, the expected spiral pattern up to the outer bound-
ary is observable for the acoustic pressure. An x-z- cut
plane shows a main radiation lobe in the propeller plane.
The second feature is the creation of a propeller slip-
stream. The wake is depicted in Fig 6 as a contour plot
of the time-averaged axial Mach number on a x-z slice
through the propeller axis. The lines mark the different
extraction positions in same color code as used in plots
Fig 7. Black indicates the extraction location right in
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Figure 4: Slice in x-z plane with acoustic pressure radiating
in propeller plane.

Figure 5: Slice in y-z plane with acoustic pressure showing
typical spiral pattern up to domains boundaries.

the propeller plane. Fig. 7 depicts Ma,-profiles for dif-
ferent axial positions behind the propeller (as marked in
Fig. 6). Highest velocities occur in the outer areas of the
wake. The flow is also further accelerated downstream of
the propeller. Fig. 8 shows profiles of turbulence kinetic
energy (TKE) at the same locations. The maximum is
found in the outer radius regions for the propeller po-
sition (black line), but further downstream it shifts to
smaller radii. TKE level exhibit an increase over the
whole radius for the more downstream-located extraction
position. Tab. 1 compares the non-dimensional target
thrust with the thrust given by the body-force propeller
model. Furthermore, a line-force model is shown, which
is based on pre-computed blade-element momentum the-
ory (BEMT) results. For the body-force propeller model
the thrust is slightly less than the target thrust but with
94% still in the expected required re-pitch range known
from other methods such as uRANS. Acoustic results are
shown in Figs. 9 and 10. The dark lines and symbols show

Averaged axial Mach
number on slices

Figure 6: Contour plot of the time-averaged axial Mach
number on a x-z slice through the propeller axis.
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Figure 7: Time-averaged axial Mach number on different
extraction lines.
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Figure 8: Time-averaged TKE on different extraction lines.

Table 1: Table with reference thrust and resulting thrusts by
different propeller model modes; line-force input and internal
blade element model dependent on local flow conditions.

Parameter value
Reference thrust [-] 0.208
Thrust in simulation (lineforce) [-] 0.208
Rel. Thrust in simulation % 99.82
Thrust in simulation (blade element model) [-] | 0.195
Rel. Thrust in simulation % 93.8

Figure 9: Directivities on circle with 80 m radius for dif-
ferent BPFs; The dark lines and symbols show the results
of LES with body force model and porous FW-H, line forces
computed by an external BEMT model directly extrapolated
via solid FW-H extrapolation (orange).
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Figure 10: SPL of the first harmonics shown at 27° radi-
ation direction. The dark symbols mark the results of LES
with body force model and porous FW-H, line forces directly
extrapolated via solid FW-H extrapolation (orange).

the results of LES with body force model and porous FW-
H extrapolation to microphones at 80 m distance. As an
alternative solution, the line-forces computed by external
BEMT model are directly extrapolated via solid FW-H
extrapolation.

Directivities are depicted in Fig. 9. The sound pressure
levels of one blade passing frequency (BPF) is plotted
over the radiation angle. First, comparing the shape,
both results show the main lobes slightly tilted down-
stream and the LES stays with higher levels at the ex-
treme angle range below 210° and above 330°. Second,
looking at the levels, the LES shows around 2 — 3 dB
lower levels at BPF 1 and around 5 dB lower levels for
BPF 2.

For a more quantitative evaluation, the SPL of the first
harmonics is shown at 270° radiation direction. Visible
for both results is the typical decay to higher harmonics
with a lesser decay for the direct extrapolation case (or-
ange). The direct extrapolation case shows this trend for
all higher harmonics, while the LES results level out for
BPFs higher than 4. The cause might be the numerical
resolution limit resolving already a 50 dB range.

The acoustic results obtained from the WMLES simu-
lations were extrapolated to a half-sphere at a distance
of 1 km. Sensors are evenly distributed over the sphere
with 5° steps. The results are presented in Fig. 11 and
Fig. 12, with aircraft and propellers enlarged for better
orientation.

Distributed propulsion cases

The installation effect for distributed propulsion systems
is computed and compared for cases on the Casrtesian
grid with and without activated IBM both isolated and
installed. The aircraft dimensions are 40 m length, 50 m
span and 10 m height, with flight conditions at an alti-
tude of 8000 m and a flight Mach number of Ma,, = 0.6
with an AoA of 2°. The inboard propeller has a radius
of 2.5 meters, five blades, and a rotational frequency of
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Figure 11: OASPL on half-sphere with 1 km radius for iso-
lated case; propellers enlarged for orientation.

8 revolutions per second. The outboard propellers have
three blades, each with a radius of 2 meters, and the same
rotational speed of 11 revolutions per second. The config-
uration details are summarized in Tab. 2. The mesh gen-

Table 2: Distributed propellers parameters.

Index | R,m No. Rps, | May;y,| Pos, m

Blades| 1/s
1 25 |5 8.8 0.45 | 12.5,5.5,0.9
2 2.0 | 3 11. | 045 | 12.5,10.5,0.86
3 2.0 |3 11. 0.45 | 12.5,14.5,0.83
4 20 | 3 11. 0.45 12.5,19.25,0.79
5 2.0 |3 11. 0.45 | 12.5,23.75,0.75

eration process for a hierarchical Octree-Cartesian mesh
is fully automatic. Required information includes: ge-
ometry provided as STL, if a refinement is desired near
the surface; domain dimensions and boundaries; the far-
field resolution and desired refinement level and region
defined by a bounding box. The mesh generation pro-
cess takes approximately 1 minute to complete using one
core of a workstation. The domain size was chosen to
50 m x60 m x20 m divided into 20 x 15 x 5 blocks with
31 x 21 x 21 points each, resulting in 1500 blocks. Re-
finement in the wake and wall near regions lead to 10743
blocks and around 150 million points. The target far-
field resolution is 300 Hz corresponding to roughly 10
BPF's. The mesh for isolated distributed propellers con-
tains case related moderate 100 million points. Fig 2
displays both meshes, with the FW-H sampling surface
marked in yellow. This surface includes propeller wakes,
wing and half of the fuselage. The computational effort
required is approximately 1 hour wallclock time using 40
nodes of CARA cluster (128 cores/node) for one revolu-
tion.

Initially, considering the isolated case, it becomes evi-
dent that the highest sound levels occur near the cen-
terline, slightly downstream of the propeller position. In
contrast, the installed configuration exhibits a more dis-
tributed pattern. The highest level is observed in the
isolated case, where constructive interference appears to
be effective. To facilitate a quantitative comparison,
OASPL values were integrated over the spheres, yielding
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Figure 12: OASPL on half-sphere with 1 km radius for in-
stalled case; aircraft enlarged for orientation.

129 dB for the isolated case and 132 dB for the installed
case, resulting in an increase of 3 dB upon installation.

Conclusions

First, an isolated propeller was considered to compare the
propeller model with a direct force-FW-H extrapolation
technique that revealed main trends properly captured.
The simulation process of the entire aircraft benefits from
advanced automatic Octree-Cartesian mesh generation
capabilities with one minute grid generation time for a
150 million points grid. This enables efficient simulations
with a relatively low computational effort of approxi-
mately 1 hour wall clock time per revolution involving
40 nodes on the DLR CARA cluster and demonstrates
huge prospects for the simulation of installed propeller
noise of novel aircraft configurations. About 3 dB noise
increase is found for the installed variant.
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