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Abstract

To resolve aeroacoustic phenomena of helicopter rotors with CFD computations, very detailed, finely dis-
cretized, big and consequently expensive simulations setups are required. As the significance of the noise
emission of helicopters is continuously increasing in terms of certification and regulation, a more efficient but
also reliable and sufficiently accurate simulation method is mandatory. With today’s computational power free
wake methods fulfill all of these attributes, as they can predict the main drivers of aeroacoustic noise emissions of
rotors for the most certification relevant flight states correctly. Within the recent years at IAG the free wake method
FIRST has been developed at IAG, which can be weakly coupled to flight mechanic tools such as CAMRAD II
and (G)HOST. By means of a BVI forward descent flight state, FIRST is validated comparing the aerodynamic
and aeroacoustic results to CFD computations and acoustic flight test data.

1 NOTATION
BVI blade vortex interaction
BPF blade passing frequency
CAA Computational Aero-Acoustics
CFD Computational Fluid Dynamics
CSD Computational Structure Dynamics
EPNL Effective Perceived Noise Level
FW-H Ffowcs Williams-Hawkings
GP ground plate
MR main rotor
PNLT tone corrected Perceived Noise Level
R rotor radius
rc vortex core radius
r
R relative blade radial station
SPL Sound Pressure Level
TAS true air speed

2 INTRODUCTION
Society’s noise sensitivity increased during the recent
past while the mission profile of helicopters has been
continuously extending. On this account, it is compul-
sory to consider a helicopter’s noise emission already
in early design phases.

Recent advances in the field of higher order meth-
ods and the increasing power of high performance
computation clusters enabled very accurate predic-
tion of the aero-acoustic footprint of helicopters by

CFD solvers [1] [2]. However, enormous computational
power is required to investigate even a single flight
case, which is inadequate for general industrial pur-
poses during the design phase of rotor systems. Espe-
cially during landing approaches in slow descent flight,
helicopters show strong, unpleasant noise emission
when rotor blades interact with the blade tip vortices of
the preceding blade. In the past low fidelity free wake
methods showed already qualitative agreement on re-
solving this aeroacoustic phenomenon called blade
vortex interaction (BVI) [3].

Todays available computing power allows increas-
ing spatial and temporal discretization of free wake
simulations, by which their reliability, prediction qual-
ity and agreement with CFD results and experimental
data is further improved. Considerably, this makes free
wake methods a first choice when BVI noise estima-
tion is required in conjunction with limited computing
resourcesor for exploration of large design spaces.

In recent years, the free wake IAG Rotor Simula-
tion Tool (FIRST) was developed by the Institute of
Aerodynamics and Gas Dynamics, which allows fast
examination of different rotor and complete helicopter
configurations with regard to BVI noise. For validat-
ing the aeroacoustic capabilities of our CFD tool chain
in combination with the newly developed free wake
solver FIRST, a 6° slow forward descent BVI flight sit-
uation of the Airbus Helicopters’ H145 main rotor is
investigated and compared to recently published CFD-
computations and experimental data.



3 METHODS

3.1 Free wake

FIRST is a stand-alone aerodynamics solver for multi-
rotor systems based on the instationary potential the-
ory: For stationary, three-dimensional and frictionless
cases, e.g. for a stationary forward flight of fixed wing
aircrafts, the wake can be modelled by a continuous
chordwise vorticity distribution representing the span-
wise gradient of the local lift, featuring two strong tip
vortices. In instationary situations, e.g. for maneuver
flight of fixed wing aircrafts or the forward flight of a
helicopter, the upstream conditions for the wings re-
spectively for the rotor blades are continuously chang-
ing. Thus, the local lift distribution underlies a temporal
variation, which leads to changes of the vorticity distri-
bution of the wake.

Contrary to some simple stationary cases, there is
no analytical solution. Hence, the problem needs to be
discretized and solved numerically. Therefore, FIRST
uses a spatial discretization in spanwise direction of
the wake. The vorticity layer is modelled by discrete
linear vortex filaments, which edge points are freely
moving in space due to the induction of all other ele-
ments. Within every time step the currently induced
velocity at the endpoints of each filament is computed.
The wake development is then achieved by integration
using a explicit 5th order Predictor-Corrector scheme
based on the Adams-Bashforth and Adams-Moulton
method.

The disregard of friction would lead to physically
unlikely high flow speeds close to discrete vortex fila-
ments, for which reason vortex core models are used
to stabilize the method and express the induced ve-
locity correctly. FIRST is featuring the Rankine, Scully
and Vatistas vortex model [4] [5] [6] [7]. A further side ef-
fect neglegting of friction is the complete absense of
dissipation. Thus, if no empiric dissipation model is ap-
plied, the vortex strength of each filament of the wake
is being constant. FIRST supports vortex dissipation
and aging models.

Due to the method complexity the best strategy to
accelerate the solution beside the application of Fast
Multi Pole methods, is to reduce the number of vortex
filaments accounted. FIRST features vortex aggrega-
tion and dropping on the basis of their distance to de-
fined areas of interest. This allows a variable reduction
of the resolution with increasing distance to the com-
ponents investigated, without losing absolute energy
conserved within the flow field.

FIRST features lifting line, lifting surface and lifting
body models as well as displacers (like a fuselage).
Movements of different structure components, as e.g.
blades and the fuselage, are represented by a freely
configurable motion tree. FIRST is shared memory

parallelized using POSIX threads on the intra-node
level and uses MPI for inter-node communication.

Linking against IAG-developed libraries used for
structure deformation and load evaluation [8] [9] pro-
vides interfaces for automated weak and strong cou-
pling to different computational structure dynamics
(CSD) and flight mechanics tools (as e.g. CAMRAD
II [10] or (G)HOST [11]). As FIRST is sharing the cou-
pling interface libraries with FLOWer, the weak cou-
pling tool chain used with FLOWer can be reused in-
cluding the coupling controlling tool HeliCats [12].

3.2 Flight Mechanics (FM) and Struc-
tural Dynamics (CSD)

For helicopter applications, a proper reproduction of
the flight state including the aero-elasticity of the ro-
tor blades is mandatory. Especially in forward flight,
blade elasticity influences the aerodynamic behavior
and force generation substantially.

At IAG, the structural deformation of the rotor
blades is modelled using the Comprehensive Analyti-
cal Model of Rotorcraft Aerodynamics and Dynamics
(CAMRAD II) code as part of a weak coupling scheme:
The CAMRAD II code provides solutions for the blade
deformation and flight kinematics, modelling the ro-
tor blades as Euler-Bernoulli beams with isotropic ma-
terial and elastic axes. For aerodynamics load esti-
mations a low-fidelity aerodynamics model based on
lifting line theory and two dimensional steady airfoil
data tables is used there. These initial deformation
and trim-angle values are used for performing a CFD
based aerodynamics simulation, providing load results
of high-fidelity. Correcting the internal low-fidelity loads
evaluation of CAMRAD II with the CFD results, the
CSD internal aerodynamics are successively replaced
by the CFD, respectively free wake based loads, lead-
ing to blade dynamics based on CFD/free wake loads
with deformation and deflection calculated with CSD.

In order to fit the specified global forces and mo-
ments, in case of an isolated rotor trim the collective
and two cyclic control angles are determined with a
fixed rotor orientation, known as the wind-tunnel trim.
For a complete helicopter, three additional degrees of
freedom are taken into account for the spatial fuselage
orientation and the tail rotor thrust. This approach is
designated as a free-flight trim.

3.3 Aeroacoustics (CAA)

For computing the aeroacoustic nose emission, the
IAG developed CAA code ACCO [13] is used.

As basis for the computation serves the absolute
load distribution along the quarter chord of every rotor



blade over time. Therefore, the resulting pressure fluc-
tuations at the surface of the rotor blades are reduced
to local force vectors by sectional integration within
every time step.

Acoustic modelling is achieved by using the Ffowcs-
Williams-Hawkings (FW-H) equation
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where ρ
′ is the time averaged density fluctuation,

p the pressure fluctuation, ni the normal vector, vn the
normal component of the surface velocity, and δ ( f )
the Dirac delta function.

With the use of the wave equation on the left hand
side and Lighthill’s analogy, undisturbed freestream
conditions are assumed for the complete volume. The
right hand side of the equation represents the source
terms. As FIRST is a potential flow solver, only load
fluctuations (dipoles) can be directly provided. Noise
emissions resulting from volume displacement are
directly computed within ACCO using a threedimen-
sional surface mesh of the rotor blades and corre-
sponding movement information.

As free wake methods are based on potential the-
ory, no qadrupole source terms mainly resulting from
shear layer influences or turbulence and compression
shocks can be taken into account. Usually, for heli-
copter rotor simulations, only a small part of the re-
sulting aeroacoustic emission is alloted to quadrupole
terms. In the considered BVI flight state, the main
noise emission can be traced back to load fluctuations
on the surface of the rotor blades.

Having the FW-H equation solved, time domain
acoustic pressure can be calculated at arbitrary lo-
cations in space, called observers. Finally, the spe-
cific aeroaoustic values such as narrow-band spec-
tra, Sound Pressure Level (SPL) and Perceived Noise
Level (PNL) are derived from the acoustic pressure
information.

4 VALIDATION TEST CASE
Free wake methods allow good prediction of the po-
sition of the tip vortices and their strength within the
rotor disk area in terms of the required computation
power in relation to the quality of the results. The pre-
diction of aeroacoustic emissions for BVI flight states
is one of the most critical scopes of application con-
cerning its accuracy, as slight misplacements of the
tip vortices have strong influence on the aeroacoustic
results.

Consequently, to assess the acoustic predictive ca-
pabilities of the new FIRST based free wake process
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Figure 1. Schematic overview to the flight bound-
aries of the approach test conditions [14].

chain, a certification relevant slow forward, descent
flight state is chosen as validation test case. As speci-
fied within the helicopter noise certification rules and
regulations [14], three microphones are placed in a line
perpendicular to the flight path at the ground with a
distance of 150m to each other. As schematically illus-
trated in Figure 1, the helicopter follows its 6° descent
flight path orthogonally to the microphone array with a
flight speed correlating to the speed at its best rate of
climb. Thereby, the center microphone is overflown at
an altitude of 120m.

Differing to the noise certification procedure the ex-
perimental data is recorded using microphones which
were placed above ground plates (cf. Figure 2). So
the signal experiences a defined total reflection on the
ground plate (GP), contrary to simulation results. This
can be considered during evaluation of the pressure
time signals derived from the simulations by their dou-
bling. Aeroacoustic key values are computed accord-
ing to the ICAO evaluation procedure. For the evalua-
tion, the microphones signals are considered as mea-
sured in form of pressure-time signals.

The aerodynamic and aeroacoustic results are
compared to CFD results published by Kowarsch et. al
2015 [1] and to experimental flight test data recorded
during the noise measurement campaign of the H145
in 2012 [15]. Table 1 summarizes the main attributes of

Attribute
Rotor blades 4
Rotor radius 5.5m
Rotor rpm 96.6%
TAS 70kn
Flight path angle 6.0°
Hight over microphones 120m
No. of microphones 3
EPNL (ICAO) 90.3EPNdB

Table 1. Main attributes of the H145 MR geometrie
and of the flight test conditions and results.



the H145 main rotor as well as the averaged testing
conditions. For the further numerical investigations the
wind speed data is not considered.

5 TRIMMING
For validation purposes, only the main rotor of the
H145 is considered. To get an accurate trimmed flight
state as reference for the aeroacoustic validation com-
putations, a setup is chosen which corresponds to a
good compromise concerning temporal and spatial ac-
curacy and computational costs. Based on experience,
the rotorblades are modelled as lifting surfaces with
five equidistant distributed chordwise panels and 25
spanwise panels distributed using sinusoidal distribu-
tion function. The temporal discretization is chosen at
2°.

As shown in Figure 2, the induced velocity profiles
of the different available vortex core models only dif-
fer for radii r

rc < 2. Young has shown that the physical
vortex core size rc behind a helicopter rotor blade lies
between 10−2 and 10−3R [16]. To get spanwise resolu-
tion representing a continous vortex layer trailing the
helicopter rotor blades, the distance between vortex
trailers needs to be of a size of the vortex core ra-
dius which correlates to 100-1000 spanwise trailers. If
less trailers are used, either the core size needs to be
increased to non-physical values or the velocity field
behind the rotor blade is not smooth anymore. Due to
the method complexity, increasing the number of trail-
ers has a significant influence on the computation time
required for running the simulation. However, experi-
ence shows, that even with 15 trailers or less and vor-
tex core sizes greater than 150mm good aeroacoustic
agreement can be achieved [3].

Consequently, for all productive computations the
number of trailers is chosen much smaller than re-
quired for modelling vortex cores based on a physi-
cally correct resolution. On this account, the detailed
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Figure 2. Comparison of the induced tangential
velocity of different vortex core models.

modelling of the viscous vortex plays a minor role in
terms of the aerodynamic and aeroacoustic results.
For all computations within this study, the Rankine vor-
tex model is selected, because of its numerical simplic-
ity (and consequently speed). To show the stability of
the free wake implementation a vortex core radius of
only 25mm is chosen. As for usual forward flight states
dissipation becomes only significant, when the wake
has left the influence area of the rotor, disregarding of
dissipation has no noticeable influence to the solution,
which is why vortex dissipation and aging have been
disabled to reduce the number of empiric parameters
within the validation process.

The goal of the trim setup is to get a validated
reference solution which features as few as possible
empirical parameteres. Therefore the application of
acceleration methods as vortex filament aggregation
and dropping is renounced. All vortex filaments are
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Figure 3. Development of the trim angles by trim
iterations. CFD reference values by Kowarsch et al. [1]



dropped after they left the influence area of the rotor
disk after two complete rotor revolutions.

For validating FIRST, the isolated rotor configura-
tion is weakly coupled to CAMRAD II using the wind
tunnel trim scheme. HeliCats is used to control the
complete trim process. For computing the structure
dynamics the same model as used for the reference
CFD computations by Kowarsch et al. [1] is applied.
As the used lifting surface model allows only a very
rough evaluation of local pitching moments, only the
sectional forces are used for correcting the internal
blade element aerodynamics of CAMRAD II. When
correcting only parts of the aerodynamic loads within
a weak coupling scheme, the not-corrected parame-
ters are updated with the values provided by the in-
ternal aerodynamics model of the flight mechanic tool.
Practically, this means when only correcting the forces,
CAMRAD II uses the polar values for the pitching mo-
ments, which corresponds to the corrected aerody-
namic forces provided by the free wake model.

The first retrim is executed after 720 time steps,
what corresponds to four rotor revolutions, to ensure
a complete convergence of the solution. All follow-
ing retrims are executed after 360 subsequent time
steps. For the trim computations FIRST is run on a sin-
gle node of the Hazel Hen computation cluster of the
HLRS at Stuttgart. Parallelization is achieved using
shared memory in combination with 24 POSIX threads.
As with this configuration a 360° trim run takes only
18min, which is less than the CAMRAD II execution for
retrimming, no further parallelization is required. Ex-
perimentally, the parallelization was extended to use
two nodes with 24 threads each, what reduced the
required wall clock time to 10min.

As shown in Figure 3, convergence is achieved af-
ter eight trim runs respectively four hours of total wall
clock time. The number of retrims required is compa-
rable to the experiences made by coupling the CFD
code FLOWer weakly to the same configuration. Due
to the chosen setup with 26 trailers per blade with an
average distance of ca. 180mm in combination with
a vortex core radius of 25mm, no smooth induced ve-
locity field within the wake results. Although the global
aerodynamic characteristics of the flow field are re-
flected correctly, the solution will never converge com-
pletely from a numerical point of view. Because of the
spatial underdiscretization the exact positions of the
vortex filaments within the main aerodynamic struc-
tures are subject to stochastic effects. This problem
can be overcome by increasing the vortex core size
to values greater than the average spanwise trailer
distance at the expense of non-physical assumptions
for the viscosity within the vortex cores. To show that
in spite of the underdiscretization no divergence will
occur, the trim procedure is continued until 25 trim it-
erations are completed. Thereby, the method showed
excellent robustness. The uncertainties in the solution
let all trim angles stochastically vary within a bandwith
of less than 0.08°, which is below the accuracy that
can be achieved within flight tests.

In comparison with CFD and experimental data, the
resulting trim angles show very good agreement. Lat-
eral and longitudinal pitch fit the experimental data
even better, than the CFD solution. The offset of the
collective can be explained by the very rough aerody-
namic model of the rotor blade and the disregard of the
pitching moments for the trim. Hence, for further, more
detailed investigations, the usage of a more accurate
lifting body model is advisable, which allows to take
the local pitching moments into account for trimming.
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(a) Vortex layer visualization of the trim setup.

(b) CFD λ2-visualization [1].

Figure 5. Qualitative comparison of the free wake to the CFD solution.

6 AERODYNAMIC VALIDATION
AND ACOUSTIC ANALYSIS

For detailed investigation of the resulting flow field and
for aeroacoustic analysis the temporal discretization of
the free wake model is increased to a time step equiva-
lent of 1° to achieve an acoustic resolution of 22.5BPF.
The number of trailers per rotor blade was doubled (to
50) to accomplish a smoother vorticity layer. To get
a better understanding of convergence achieved, the
refined setup is restarted from scratch using the de-
formation information resulting after the eighth retrim.
As can be seen in Figure 4, complete convergence is
achieved after 2.5 revolutions, respectively 900 time
steps. The resulting global main rotor forces and mo-
ments match the values of the trim setup (dotted lines)

almost exactly. Retrimming with the refined solution
leads to changes of the trim angles of less than 0.05°.
This slight deviation lies within the accuracy of the tool
chain, which validates the usage of a coarser setup
for trimming purposes.

The detailed validation is separated into two the-
matical parts: The comparison of the aerodynamic
flow field with a higher order CFD simulation, and the
validation of the resulting aeroacoustic emissions, for
which flight test data is available.

6.1 Aerodynamic validation

Figure 5 shows the resulting vortex filaments of
the wake in comparison with a λ2-plot of the CFD-
reference solution. In both simulations the wake is



dominated by the rotorblades’ strong, compact tip vor-
tices, which roll up to two longitudinal main wake vor-
tices starting at ψ = 90° and ψ = 270°. Both the shape
and the location of the blade tip vortices within the
rotor disc area are correct. By refining the setup, the
average trailer distance is reduced to about 45mm,
whereby the vortex core radius of originally 25mm is
enlarged to 100mm. The roll up of the wake in com-
bination with the 1°-timestep leads to vortex filament
lengths of about 100mm.

As a consequence, underdiscretization of the vor-
ticity layer is still persisting, which becomes apparent
by means of the chaotic arrangement of the vortex
filaments within the major vortex structures. As the
rotor head is not modelled, the highly turbulent flow
behind, characterized by high density of small vortex
structures, is not reflected by the free wake solution.

In Figure 6 the location of the vortex structures at
an azimuth position of 75° is shown. It can be seen
that the second and third BVI events at the advancing
side are caused by the rollup of the vorticity layer of the
own wake and of the wake of the directly subsequent
blade, and not by the blade tip vortices themselves.
Only the first BVI event is caused by the blade tip vor-
tex of the preceding blade generated the revolution
before. These findings and also the exact locations of
the vortices match the results of the CFD reference
solution by Kowarsch et al. [1].

The sectional lift distributions over one rotor revolu-
tion of the CFD and the free wake solution are oposed
to each other in Figure 7. Slight differences can be
seen for azimuth angles between ψ = 90° and ψ = 150°
for relative rotor radii between r

R = 0.70 and r
R = 0.85.

In this area, the rolling up vorticity layer is generated,
which causes the second and third BVI events on the
advancing side. The deviation is mainly caused by
the simplified local pitching moments during the trim
of the rotor, which leads to a slight underestimation
of the geometric angle of attack, which corresponds
again to an underestimation of the sectional lift. All
other attributes of the lift distribution are qualitatively
and quantitatively correctly reflected.

The investigated descent flight state is mainly char-
acterized by the vertical inflow component. Due to the
loss of height, relating to the helicopter’s body frame,
the inflow is pointing upwards, which leads to a reduc-
tion of the power required and consequently to a reduc-
tion of the induced velocity. The reduced downwash
velocity in combination with upwards pointing inflow
cause the blade tip vortices to cross the rotor disc ver-
tically during their convection downstream, what leads
to strong interaction phenomena with the subsequent
rotor blades, called BVI. In Figure 7 the occurence of
BVI and the accompanying local fluctuations of the
sectional lift can be seen in both the free wake and
the CFD solution as yellow shades in the azimuth ar-

Figure 6. Location of the BVI generating vortex
structures for ψ = 75°.

(a) Free wake

(b) CFD [1]

Figure 7. Sectional lift coefficient of the free wake
solution in comparison to the CFD solution.



(a) Free wake (b) CFD [1]

Figure 8. Azimuthal (time) derivative of the sectional lift coefficient of the free wake solution in compar-
ison to the CFD solution.

eas between ψ = 50° and ψ = 90°, and ψ = 260° and
ψ = 320°.

For the investigated flight state, especially the BVI
events are of high interest as they are one of the main
drivers of the aeracoustic noise emission. The az-
imuthal derivative of the sectional lift (shown in Figure
8) gives a good first impression of the strength of the
BVI events and their expected corresponding noise
emissions. Both at the advancing and at the retreating
blade side the sectional lift gradients of the CFD and
the free wake solution are in good agreement. The
number of BVI events, and position of occurence are
correctly reproduced by the free wake solution. The de-
viation of the sectional lift within the second quadrant,
as mentioned before, causes a slight undererstimation

of the strength of the second and third BVI events at
the advancing side. The first event at the advancing
side and all events at the retreating side are captured
correctly in terms of their strength.

By comparison with the coarser discretized trim
setup, very limited differences for characteristics of the
sectional lift can be seen: All BVI events are already
catched (cf. Figure 9), but, due to the very limited tem-
poral resolution of just 11.25BPF, running an aeroa-
coustic analysis on the basis of this setup would disre-
gard a large share of the BVI spectrum. Furthermore,
the sectional lift gradients at the advancing blade are
severely underpredicted, which would lead to a signifi-
cant undererstimation of the resulting BVI noise.

(a) Sectional lift coefficient (b) Azimuthal (time) derivative of the sectional lift
coefficient

Figure 9. The trim setup’s sectional lift and its azimuthal derivative.



6.2 Aeroacoustic validation

As a side effect of underdiscretizing the rotor blade’s
wake, very strong non-physical spikes result in the sur-
face pressure and consequently in the sectionally in-
tegrated forces (cf. 10(a)). They occur when a vor-
tex filament with strong vorticity passes a collocation
point of the surface very closely. As a consequence
of running the acoustic tool chain on this spiky aero-
dynamic solution, the computed noise emissions are
dominated by the spikes and thus significantly overes-
timated. To overcome this problem, the spikes need to
be filtered out without losing physically correct informa-
tion, especially concerning the load gradients. As the
spikes occur stochastically, this cannot be achieved
within the frequency domain. Instead, the spikes are
filtered out by averaging the sectional lift of multiple
rotor revolutions for each datapoint followed by elimi-
nating all datapoints, whose actual sectional lift value
is exceeding the averaged lift by 20%. For the result
shown in Figure 10(b) two complete revolutions were
taken into account, what consequently leads for a four
blade rotor to eight available values per data point.

The simulated fly-by maneuver takes about 40s. To
save time and computational ressources, and because
of the periodic behaviour of undisturbed rotor flows,
the aerodynamic solution is repeated multiple times
by ACCO, while it is being shifted in space accord-
ingly to the flight trajectory. Applying this procedure,
numerically caused non-periodicities of the flow field
lead to acoustic artefacts, which could ruin the aeroa-
coustic solution. To overcome this issue after elimi-
nating the corrupt data, the remaining datapoints are
re-averaged to force a periodic flow field as basis for
the aeroacoustic computation.

A first qualitative comparison of the free wake so-
lution to the CFD solution is performed on the basis
of the noise footprint (cf. Figure 11). Therefore, a sta-
tionary noise carpet is computed by placing a dense
mesh of observers moving with the helicopter’s body
frame 10m below the rotor disk. The noise footprint
shows a highly asymetric signature with a strong focus
on the advancing side in upstream direction. This is
expected in typical BVI flight situations. In comparison
to the CFD solution, two out of three local maxima of
the SPL distribution (marked with black borders) are
met concerning their location, while the one located
on the rear advancing side is underestimated. Quan-
titatively, the occuring maximum SPL values show a
good agreement.

To get a quantitative impression of the results, the
solution is compared with the flight test data of GP mi-
crophones published by Kowarsch et al. [1]. Since the
experimental data contains the complete helicopter’s
noise, the main rotor noise was being extracted by se-
lecting the tonal content of the main rotor (MR) from
the total signal using blade passing frequency filter-
ing. Figure 12 illustrates the microphone’s Perceived
Noise Level time-histories of the total and the filtered
MR signal in comparison to the free wake and CFD
results. The numerical data has been corrected by
adding +6dB to reflect the total reflection seen by the
GP microphones.

In comparison to the flight test data, the gradient
of the free wake solution while approaching the micro-
phone array is predicted quite well. However, the past
gradient is underpredicted and reaches for the retreat-
ing side and the center microphones values similar to
the CFD solution. The decreasing gradient at the ad-
vancing side is also smaller in comparison to the CFD
solution. This leads to diverging noise levels starting
five to six seconds past the flyover. At the center and
the advancing side microphone, the maximum values
of the PNLT signal are correctly captured, whereas

(a) Initial solution (b) Averaged and filtered solution

Figure 10. Initial and filtered sectional integrated pressures on the blade surface over a complete revo-
lution.



the maximum PNLT levels at the retreating side are
slightly underestimated by ca. 2.5dB. The trends are
captured within acceptable tolerances. Especially the
center and the retreating side microphones show a
good agreement with the flight test data concerning
their trend.

The certification relevant computation of the EPNL
values start at the maximum PNLT values followed by
the determination of the 10 dB down times t1 and t2.
Within this time span the PNLT value is piecewise in-
tegrated. So for accurate EPNL predition a temporal
and quantitative match of the maximum PNLT level
and of the -10 dB transits is essential. For certifica-
tion purposes within BVI flight situations mainly the
center microphone signal is of relevance, as it dom-
inates the noise emissions. The signal levels of the
advancing side microphone and of the retreating side
microphone are more than a magnitude smaller. As
for the center microphone the maximum value and the
−10dB transits show a very good agreement to the ex-
perimental values, good prediction of the EPNL value

(a) Free wake

(b) CFD [1]

Figure 11. Moving noise carpet 10m below the ro-
tor.
(The rotor disk area is marked with a white circle. The
local maxima are bordered in black.)
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Figure 12. PNLT time history of flight test micro-
phones.
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Figure 13. Comparison of EPNL noise levels. [1]

is expected, although its PNLT value falls below the
experimental data for five seconds during the flyover.

As Kowarsch et al. mentioned, the extraction of the
complete tonal content of the main rotor is difficult.
Additionally, for the numerical solution reflection and
shadowing is not taken into account. This might ex-
plain the slight underestimation of the advancing and
retreating side microphones, which are within an ac-
ceptable range.

Figure 13 compares the resulting EPNL values
with the experimental data and the CFD results. The
EPNL values are quite well predicted for all three mi-
crophones (within ±1.8EPNdB). The highest devia-
tion occurs at the retreating side with −1.8EPNdB
whereas the value at the advancing side, where BVI
noise is dominating, is slightly overpredicted.

Although the exact trends of the PNL time histo-
ries are not perfectly reflected and requires further
investigation, the current development state of the
toolchain is able to predict EPNL values accurately–
nearly within the tolerances defined by the certification
regulations for experimental values. This enables the
usage of the tool chain for industrial design processes
of rotor systems.

7 CONCLUSIONS
The newly developed free wake method FIRST has
been validated comparing aerodynamic results of a
BVI descent flight state with CFD results, where the
main rotor trim angles, the load distribution on the ro-
tor disk, and its azimuthal gradient show good agree-
ment. FIRST showed excellent robustness when vary-
ing both the spatial and temporal discretization and
empirical parameters as the vortex core size. The free
wake based tool chain is able to predict BVI noise
emissions very accurately: the maximum deviaton of
the EPNL values to the experimental data is only
1.8dB. The EPNL values are slightly underpredicted
in comparison to the main rotor noise extracted from

flight test data. In comparison, the variation of flight
test data allowed within the certification process is
±1.5dB.

As the most critical part the modelling of the lift
generating structures was identified. A coarsely dis-
cretized lifting surface fails at predicting the correct
pitching moments. Lifting lines are not able to catch
three dimensional flow by design. Consequently, fu-
ture work will focus on the validation of the imple-
mented lifting body model with regard to its capabil-
ities of predicting of the sectional pitching moment.

To quantify the influence of the discretization or em-
pirical parameters as the vortex core size, a parameter
study has been conducted, which will be published in
the near future. Although the vortex core radius has
no influence on the stability of the solution and on the
resulting loads, within the parameter study the vortex
core radius was identified as a main influence factor
for the resulting aeracoustic values. Reducing vortex
core size to values smaller than the averaged trailer
distance causes an underestimation of the noise lev-
els. This leads to a stochastic movement of the edge
points of the vortex filaments within the major vortex
structures. In consequence, not all of the originally
chordwise directed vortex filaments being responsi-
ble for the BVI phenomenon are striking the rotor
blade with the same angle at the same time, which
reduces their influence on the loads occurring locally.
On this account, the aeroacoustic evaluation shows
lower EPNL values. The same applies to a spatial dis-
cretization chosen too coarsely. Besides its influence
on the aeroacoustic frequency spectrum, the temporal
discretization shows no significant influence on the so-
lution. Summing up, FIRST behaves as expected on
parameter variations and variations of the simulated
flight situations.

The accurate prediction of noise emissions in com-
bination with its robustness and performance makes
FIRST a trustable and powerful tool within industrial
rotor design processes.
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M., and Krämer, E., “Aeroacoustic Simulation of
an EC145T2 Rotor in descent flight”, 71th Amer-
ican Helicopter Society Annual Forum, Virginia
Beach, VA, 2015.
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