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Abstract

This paper presents a comparison of acoustic flyover measurements conducted using
DLR’s Advanced Technology Research Aircraft for different aircraft configurations with
simulations performed in the Parametric Aircraft Noise Analysis Module. The focus
of the comparison is on quantifying the simulation uncertainty arising from the source
models used to describe the individual noise components (model uncertainty). Combining
the comparison of measurements and simulations with the model uncertainty analysis
allows for the identification of systematic deviations and modelling insufficiencies in the
simulation. Based on eight different aircraft flyover configurations, the study demonstrates
that the simulations match the measurements very well in six cases. The deviations
observed in the remaining two cases can be attributed to the selected source model for
the slat.
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1. Introduction

Noise simulations of departing and landing aircraft have been conducted for several
years, among others by the German Aerospace Center (DLR) using the Parametric Aircraft
Noise Analysis Module (PANAM) [1], by NASA using the Aircraft Noise Prediction Program
(ANOPP) [2], by Empa using sonAlR [3,4], and by JAXA [5-7]. To compare simulation
results with aircraft noise measurements and assess the quality of the simulation models, it
is essential to quantify the underlying simulation uncertainty. The definition of uncertainty
in noise simulations differs from that in noise measurements. Measurements exhibit both
random and systematic errors. Random errors arise from variations in environmental
conditions and measurement inaccuracies. They can be reduced through repeated mea-
surements. Systematic errors, in contrast, act in the same direction in every repetition of
the measurement and therefore cannot be eliminated by repetition. Systematic errors must
be avoided by the experimenter through careful preparation and diligent execution of
the experiments.

Simulations are not subject to random errors. However, simulation uncertainty arises
firstly from uncertainties in the input parameters (e.g., aircraft mass, flight altitude, engine
power setting), referred to as input uncertainty, and secondly from the fact that the source
models used for simulating individual noise components do not represent the real noise
emission perfectly due to model assumptions and simplifications, referred to as model
uncertainty [8-10].
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The comparison of noise simulations with measurements contributes to the evaluation
of simulation quality [11-13]. However, such comparisons alone, without an analysis of
uncertainties, do not provide information on the potential spread of simulation results or
on the sensitivity of the outcome to variations in input parameters.

The consideration of uncertainties in aircraft noise simulation using the DLR tool
PANAM began in 2019 [8]. In this study, the input and model uncertainties of the single-
event noise models in PANAM were quantified using a first-order second-moment (FOSM)
approach. Later, Romer et al. [9] compared the FOSM method for uncertainty estimation
with Monte Carlo simulations and higher-order polynomial chaos methods, demonstrating
that the FOSM approach provides reliable uncertainty estimates for PANAM at the lowest
computational cost. In Bertsch et al. [10], the uncertainty of flight trajectories simulated with
FLIPNA was included in the analysis for the first time, using the example of a supersonic
business jet. Since this investigation employed two simulation tools, PANAM and FLIPNA,
the problem could no longer be addressed using the FOSM approach, and a Monte Carlo
simulation was therefore conducted.

Considering uncertainties is of particular importance for future aircraft concepts
such as supersonic aircraft. As these designs are still in the preliminary development
stage, the quality of the input data required for noise simulations is lower, i.e., higher input
uncertainty. In addition, the source models for individual noise components are not tailored
to the specific aerodynamics and propulsion technologies of such aircraft (e.g., delta wings,
engines with low bypass ratio). This leads to larger model uncertainties compared to
well-studied conventional aircraft. For supersonic aircraft, uncertainty studies have been
conducted by DLR [10], NASA [14-17], and JAXA [5-7]. The comparison of the studies
shows that, despite the novelty of the aircraft design, the computed uncertainties of the
three research institutes are remarkably similar.

When conducting studies on airport noise reduction with current aircraft, a compre-
hensive understanding of the influence of model uncertainties is important. Therefore, the
aim of the present study is to investigate model uncertainties isolated from other sources of
uncertainty. This is achieved by comparing simulations with data obtained from flyover
measurements under flight conditions that are accurately known and associated with only
minimal uncertainties. Measurement data fulfilling these criteria were acquired during a
campaign in Cochstedt using DLR’s A320 research aircraft (Advanced Technology Research
Aircraft, ATRA). Operational parameters such as flight altitude, speed, engine rotational
speed, and configuration are well known with only little uncertainty [18-20]. However, the
acoustic measurement chain is subject to uncertainties. Calibration measurements have
shown that the uncertainty of free-field microphone measurements ranges between 0.36 dB
and 0.52dB [21]. A digital aircraft model of the ATRA including the engine performance
map is available and enables a full-blown simulation, i.e., flight performance, operating
conditions, and noise prediction [13]. Due to the low flyover altitude of approximately
200 m, the influence of the atmosphere on the transmission to the microphones is negligible.
Consequently, aircraft noise simulations were conducted under standard atmospheric con-
ditions. As a consequence of the high quality of the measurement data and the validated
digital aircraft model, it can be assumed that deviations of the input data from the real
aircraft and environment are very small, i.e., no input uncertainty is accounted for.

The campaign comprised flyover measurements at idle thrust. Jet noise was included
in the simulations. However, the simulations showed that it does not contribute to the total
sound pressure level SPL. Therefore, jet noise is not further discussed in the present study.
Fan noise and aerodynamic noise sources are of the same order of magnitude, and their
noise ranking depends on the operating condition. Therefore, these measurement data are
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well suited to investigate the sensitivity of the various source models integrated in PANAM
with respect to noise impact and to estimate the total uncertainty of the simulation results.

2. Aircraft

The flyover measurements were conducted using the Airbus A320-232 ATRA operated
by DLR [18-20]. The ATRA, shown in Figure 1 as sketch of the digital model, serves as a
flight test platform that can be flexibly adapted to various research missions. It is equipped
with IAE V2500 engines, each providing a maximum thrust of 111 kN. Table 1 summarizes
the major specifications of the aircraft. The ATRA features a data acquisition system that
records position data, true airspeed (T'AS), and engine rotational speeds.

The digital twin of the ATRA for noise prediction was generated using the aircraft
design code Preliminary Aircraft Design and Optimization (PrADO), developed at TU Braun-
schweig [22-25]. The engine performance map of the IAE V2500 was obtained from the
external tool GTlab, which is developed by the DLR Institute of Propulsion Technology [26].
A comparison of the digital twin to available aircraft data showed good agreement [25].
The mean deviation of the simulation of the maximum sound pressure level from the

measurement for all studied flyovers was 0.64 dB. However, the differences depended on
the flight configuration (flap, slat, and gear position). For some flight conditions, the mean
differences reached up to 1.33dB [13].

Figure 1. Sketch of the digital model of DLR’s experimental aircraft ATRA.

Table 1. Major specifications of DLR’s ATRA [27].

Airbus A320-232

Length 37.57m
Wingspan 34.10m
Operating empty weight 433t
Maximum takeoff mass 75.5t
Engines TAE V2500
Engine thrust 111 kN per engine

3. Flyover Measurements

The flyover measurements were conducted in 2016 at the Cochstedt test airfield [18-20].
A data acquisition system is installed on the ATRA that records position data, true airspeed, and
engine rotational speeds. In addition to recording the aircraft’s position with ATRA’s onboard
data acquisition system, the altitude was determined using a ground-based camera system.
By calibrating the onboard position data with the measurements from the ground-based camera
system, the accuracy of the position determination could be significantly improved. For this
study, the associated input data uncertainty was neglected.

To measure the impact of ground noise, 27 ground microphones were placed along the
runway beneath the flight path. As illustrated in Figure 2, the microphones were arranged
in three rows under the flight path. The outermost microphones were positioned laterally
at a distance of 170 m from the flight path. For this analysis, only the data recorded by
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the centerline microphones 5, 14, and 23 are considered to avoid the influence of ground
attenuation in lateral radiation. All microphone measurements were recorded using the
“Slow” time weighting.
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Figure 2. Flight trajectories and microphone positions of the flyover measurements. Color code
according to Table 2.

As shown in Table 2, eight different configurations (A1, A2, B1, B2, C1, C2, D1, D2)
were investigated during the flyover measurements. The parameters varied among the
configurations, including the positions of the flaps, slats, and landing gear, as well as flight
speed (true airspeed TAS ~ 70m/s and TAS ~ 90m/s) resulting in Reynolds numbers
ranging from 2.0 - 107 to 2.7 - 10”. Compared to a previous assessment of the 2016 flight test,
a more detailed distinction between the configurations is applied. In addition to the analy-
sis presented in Bertsch et al. [13], different velocity regimes are investigated separately.
Configurations tested at lower flight speeds are denoted by a “1” in the configuration
label, whereas those conducted at higher flight speeds are marked by a “2”. For each
configuration, between five and nine flight repetitions were conducted. Within a given
configuration, the true airspeed varied by no more than approximately 2m/s from the
mean value presented in Table 2. As illustrated in Figure 2, the flyovers were performed
at altitudes between 100 m and 350 m. The objective of the measurement campaign from
which the data were obtained was to examine the acoustic emission of airframe noise
sources with minimal interference from other noise sources, which was achieved by oper-
ating the engines at idle thrust (see Bertsch et al. [13]). The tracking of landing approach
trajectories has shown that, among the investigated configurations, A2 and D1 are the most
relevant for aircraft of the A320 family during final approach [1]. Since the aircraft was
flown at idle thrust during the measurements, the altitude decreased gradually during each
flyover. The lateral deviation of the flight path from the centerline of the microphone array
was less than 10 m in all cases except for a single outlier. The trajectories in Figure 2 are
colored according to the color code shown in Table 2.
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Table 2. Aircraft configuration settings during the flyover measurement campaign.

Config. Gear, % Flap, ° Slat,° TAS, m/s Color Code Number of Flights

Al 0 20 22 69 o 7
A2 0 20 22 92 o 6
Bl 0 40 27 72 5
B2 0 40 27 89 o 9
C1 100 20 22 69 5
c2 100 20 22 92 o 5
D1 100 40 27 71 7
D2 100 40 27 90 () 7

4. Noise Simulation
4.1. Simulation Tools

The simulations of noise impact are carried out using PANAM [1]. PANAM calculates
the frequency-resolved noise emission of individual noise sources on an aircraft as a
function of emission angles based on parametric noise models. These noise sources can be
classified into airframe and engine noise sources. The airframe noise sources are further
divided into those originating from the clean airfoil, trailing-edge devices (flaps), leading-
edge devices (slats), spoilers, and landing gear. The engine noise sources are categorized
into jet noise and fan noise. Since jet noise does not make a significant contribution to the
overall sound pressure level in any of the investigated cases, it will not be further discussed.
Other acoustic sources are also not taken into account as they are negligible for the noise
impact of the studied aircraft under the test flight conditions. Based on the noise emission,
the sound propagation through the atmosphere is described using the sound propagation
model ISO 9613 [28] and the influence of the ground effect is accounted for using the
ground attenuation model described in ECAC Doc. 29 3rd Edition [29]. Table 3 provides an
overview of the source models, sound propagation and ground attenuation models used
in this study. A detailed description of the calculation methodology can be found in the
literature [1,28-36]. For the present study, the measured trajectories and engine rotational
speeds (N1) served as inputs for the simulations of the individual flyovers. At this point, it
is important to emphasize that the flight operation is not simulated; instead, the measured
parameters are directly provided to PANAM.

Table 3. Source and transmission models used for the noise simulation in PANAM. The model
uncertainty values stem from literature and are explained in Section 4.2.

Model Uncertainty

Noise Source Model (Standard Deviation o)

Airframe noise models

Slat DLR [30,31] 1dB [8]
Flap DLR [31-33] 1dB [8]
Landing gear DLR [34] 1dB [8]
Engine noise models

- . 2 dB (isolated fan) [35]
Fan broadband & tonal Modified Heidmann [35] 3.6 dB (installed fan) [8,37]
Jet broadband Modified Stone [36] 1.5dB [8]
Transmission models
Sound propagation model ISO 9613 [28]

ECAC Doc. 29 3rd

Ground attenuation model Edition [29]
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4.2. Uncertainty

In addition to the measured sound pressure levels, Figure 3 presents the calculated
sound pressure level for the flyover in configuration A2, broken down into individual
source contributions (airframe noise in dashed cyan, engine noise in green) as an illustrative
example. To assess the prediction uncertainty of the simulation, the model uncertainties
of the individual noise models are considered. The estimation of model uncertainties
employed in this study is, where possible, based on specifications provided in the un-
derlying documentation for each respective model or based on engineering judgement
and experience. The model uncertainties are applied as derived within previous research
activities. Comparing the uncertainties assumed in this study shows a good agreement
to the documented choices of other researchers, e.g., June et al. [15] and Akatsuka and
Ishii [5]. For each airframe noise model, an uncertainty with a standard deviation of 1dB is
assumed [8]. The model uncertainty of the installed fan noise is composed of the model
uncertainty of the isolated fan and the uncertainty due to installation effects. These in-
stallation effects include acoustic lining in the inlet and exhaust duct, as well as shielding
and reflection effects at the wing. For the isolated fan, Heidmann reports model uncer-
tainties with a standard deviation of 2dB [35]. The uncertainty in the installation effects is
estimated with a standard deviation of 3 dB [8,37], resulting in a total model uncertainty
of 3.6 dB for the installed fan noise. The uncertainty of the jet noise is lower than that
of the fan noise, amounting to 1.5dB [8]. Overall, the estimated uncertainty of the two
engine noise components is consistent with the study by Envia et al. [38], who reported a
total uncertainty of 4 dB for the overall engine noise of a similar aircraft. The grey shaded
bands in Figure 3 indicate the error bands corresponding to one standard deviation of the
individual noise sources.

95
——Measurement
——Simulation
== Airframe
90 Slat
Flap
- Gear
—— Engine
85 1
3 80 A
£
<
T
& 751
70 A
65
60
-15 15

tins

Figure 3. Level time history of an ATRA flyover in configuration A2 (Flight No. 44), recorded with
microphone 5. Additionally, the simulated SPL 4 of the individual noise sources and the total SPL 4
are plotted. The uncertainties of the individual sources used in the simulation are represented by the
grey bands (see also Table 3).

The model uncertainties of the individual noise sources are combined into an overall
SPL uncertainty in two ways. First, the impact on the total SPL deviation is calculated by
increasing (or decreasing) the SPLs of all individual sources by one standard deviation.
Second, in a Monte Carlo simulation, the calculated SPLs of the individual noise sources
are randomly perturbed according to their standard deviations, and these individual SPLs
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are then energetically summed up to obtain the overall SPL. By repeating the simulation,
the distribution of the calculated overall SPL is determined. Figure 4 shows the evolution
of the mean value and standard deviation of the Monte Carlo simulation as the number of
calculations increases for one flyover simulation. From this, it is evident that 1000 iterations
are sufficient to achieve a converged solution. Whereas the calculation according to the
first method represents a type of worst-case approximation, the calculation according to
the second method yields a probability distribution of the simulation results.
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Figure 4. Evolution of the A-weighted maximum sound pressure level SPL4 ,,,, and its standard
deviation o with the number of Monte Carlo simulation runs for a flyover in configuration A1 (flight
No. 28) at microphone 5.

5. Results and Discussion

This chapter discusses the measured and simulated A-weighted level time histories
and the A-weighted maximum sound pressure levels of the ATRA flyovers. In Section 5.1,
a comparison is made between the A-weighted maximum sound pressure levels of the
studied configurations. The simulation results provide a detailed analysis of the aircraft’s
individual noise sources. Subsequently, the simulation results are compared with the
measurements in Section 5.2, taking the model uncertainty into account.

5.1. Comparison of the Configurations

Since the flyovers were conducted at varying altitudes, the SPLs must be corrected
to a uniform flight altitude to allow for a meaningful comparison between configurations.
Figure 5 displays the maximum A-weighted sound pressure levels (SPL 4 yqx corr) after
correction to a reference altitude of 200 m above the microphone position recorded with
the three centerline microphones as points. The correction for flight altitude is carried out
based on the assumption of spherical sound propagation from a point source. Given the
relatively short distances between the aircraft and the microphones, atmospheric effects are
neglected in this correction. In addition to the sound pressure level, a correction of the flight
altitude also affects the duration of the acoustic signal. For integral noise metrics such as
the sound exposure level, altitude correction therefore results in slightly smaller deviations
compared to the maximum levels. In the following, only corrections to the maximum
sound pressure level are considered. Figure 5 also displays the 95% confidence intervals of
the maximum A-weighted sound pressure levels as error bars. Numeric values are given
in Table 4. The measurements within each configuration demonstrate high repeatability,
with confidence intervals narrower than 1dB. It should be noted that all flyovers were
conducted on the same day. Repeated measurements on different days would likely result
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in greater variation due to changes in atmospheric conditions. Moreover, the measurements
from the three centerline microphones are not completely independent. If the same number
of data points were obtained using only one microphone over three times as many flyovers,
a higher variability in the values would also be expected.

88 N [
87 T o
86 :“:
85 - i
84 3

83 - 1' o

82 -
81 -
80 A
79 A
78 A

SPLA,max, corr in dB

Al A2 Bl B2 Cl1 C2 D1 D
Configuration

Figure 5. Maximum sound pressure level normalized to a flight altitude of 200m (SPL A juax,corr)s
recorded with the centerline microphones 5, 14, and 23 for ATRA flyovers in different configurations
at idle thrust. The individual measurements are represented as points, the error bars represent the
95% confidence interval. The aircraft settings for the different configurations are shown in Table 2.

Table 4. Arithmetic mean and 95% confidence interval (CI) of the maximum sound pressure level
normalized to a flight altitude of 200m (SPL 4 yax corr) Of the aircraft ATRA at idle thrust.

Config. Measurement Simulation Difference
Mean (+Half-Width of 95% CI) Mean (+Half-Width of 95% CI)

Al 77.5 (£0.16) 78.9 (£1.42) +14
A2 82.7 (£0.20) 84.6 (£1.72) +1.9

Bl 80.0 (40.18) 80.0 (41.43) 0

B2 84.0 (£0.14) 84.5 (£1.78) +0.5

C1 79.3 (£0.15) 80.0 (£1.20) +0.7
2 86.3 (£0.38) 87.1 (41.44) +0.8
D1 81.1 (£0.15) 81.3 (£1.36) +0.2
D2 86.3 (£0.20) 87.0 (£1.38) +0.7

For each of the eight configurations, Figure 6 presents a measured and simulated level
time history for a single flyover. Time is set such a way that t = 0s corresponds to the
time for which the sound pressure levels of the simulations have their maximum. Since
the measurements were conducted at different flight altitudes, the SPL values between
individual flyovers are not directly comparable. At lower altitudes, the aircraft passes
the microphone more quickly, resulting in sharper, higher peaks. The simulated sound-
pressure-level time histories show the contributions of different sources over time. Since
the overall noise of the flyovers results from an energetic summation of the levels of the
individual noise sources, it is usually dominated by the loudest sources. As illustrated in
Figure 6, the ranking of the sources depends on the configuration of the aircraft.
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Figure 6. Level time history of ATRA flyovers for the different configurations at idle thrust, recorded

with microphone 5. The grey bands represent the simulations obtained by adding or subtracting one

standard deviation of the model uncertainty to all individual noise sources.

At time intervals greater than approximately 5 s from the point of maximum level, the

measured level time history exhibits fluctuations for some flights. These fluctuations are

attributed to unsteady atmospheric conditions. However, since the levels lie at least 15 dB

below the maximum sound pressure level, their contribution to the total acoustic energy

is negligible.

Since the engines are operating in idle, the jet noise is negligible and lies below the

level range shown in Figure 6. The engine noise, shown in green, is solely emitted by the

fan. It significantly contributes to the measured total noise only at lower flight speeds
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(A1, B1, C1, D1). In contrast, at higher flight speeds (A2, B2, C2, D2) at least one airframe
noise source dominates over the fan noise. The reason for this is that the noise generation
of aerodynamic noise sources strongly depends on the flight speed (theoretically sound
power P ~ v° [39]), whereas the influence of flight speed on the fan noise is not that high.
Moreover, it is noteworthy that the fan noise reaches its maximum in time, always after
the airframe noise maximum. Figures Al and A2 show the time level time history for
the centerline microphones 14 and 23. Qualitatively, the results are consistent with those
obtained at microphone 5.

5.1.1. Effect of Flight Speed

As depicted in Figure 5, the flyovers at higher speeds (A2, B2, C2, D2) in general exhibit
higher sound pressure levels than the slower flyover (A1, B1, C1, D1). The reason for this is
that the acoustic power of the noise sources increases proportionally to a power of the flight
velocity. Specifically, the emitted acoustic power scales with v° for slat and flap noise [1],
and with v° for landing gear noise [34]. For configurations A and B, the fan and slat are
dominant at lower speeds, while at higher speeds, only the slat is dominant. The increase
in speed results in an increase in 5.2 dB for configuration A and 4.0 dB for configuration
B. This corresponds to speed-dependence exponents of 4.8 and 3.7, respectively. For
configurations C and D, the fan and slat dominate at lower speeds, whereas the slat and
gear dominate at higher speeds. For these configurations, the higher speeds result in an
increase of 7.0dB and 5.2 dB, corresponding to speed-dependence exponents of 6.4 and
4.8, respectively.

5.1.2. Effect of Flap/Slat Deployment

First, the focus is on the comparison of the configurations flown at 70m/s (A1, B1).
Figure 5 reveals that increasing the flap and slat deflection angle from 20°/22°(Al) to
40°/27°(B1) leads to an increase in noise impact by 2.5dB. As shown in Figure 6, the
simulated noise source breakdown attributes this increase to a relative rise in slat noise.

At higher velocities (A2, B2), increasing the flap and slat deflection angle from
20°/22°to 40°/27°the maximum SPL also increases; however, the rise of 1.3dB is lower
compared to lower flight speeds.

When the landing gear is deployed, the deployment of the flaps results in smaller
increases in the maximum SPL. At low speeds (C1, D1) this increase is 1.8 dB, while at
higher speeds (C2, D2) the maximum SPL remains constant. This arises from the fact that
the gear noise is of the same order of magnitude as the slat noise. Hence, the additional
slat noise generated by full flap deployment has a less pronounced effect on the overall
maximum SPL.

5.1.3. Effect of Gear Deployment

Relative to the reference configuration (A1), deploying the landing gear (C1) results in
an average SPL increase of 1.8 dB (see Figure 5). Figure 6 shows that while the ranking of
slat, flap, and engine noise remains unchanged, the additional landing gear noise source
accounts for the increase.

Comparing flap/slat deployment with landing gear deployment at low speeds (A1,
B1, C1) shows that the effect of flap deployment on the maximum SPL is 2.5 dB, which is
stronger than the effect of landing gear deployment, leading to a 1.8 dB increase. This trend
reverses at higher speeds of 90m/s (A2, B2, C2): Under these conditions, flap deployment
results in an increase of only 1.3 dB, whereas landing gear deployment causes a rise of 3.6 dB.
The stronger increase in landing gear noise compared to the slat noise with increasing
speed is due to the fact that the sound power of the gear noise scales proportionally with
v° [34], whereas for the slat noise it scales with v° [40].
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SPL, in dB

SPL, in dB

SPL, in dB

5.2. Comparison of Measurement and Simulation

A meaningful comparison between the measurements and the calculations is only
possible when the associated uncertainties are taken into account. Figure 6 presents, in
addition to the measurement and simulation results, the range (shown in gray) that the
simulation would exhibit if the sound pressure levels of all individual noise sources were
increased or decreased by their respective standard deviation (worst-case approximation).
For comparison, Figure 7 displays the interval covering 95% of the Monte Carlo simulation
results, based on the uncertainties of the individual noise sources (see also in Section 4.2).
The comparison of the two types of uncertainty estimations in Figures 6 and 7 shows that
the interval between the worst-case approximation and the interval containing 95% of the
Monte Carlo simulations are similar.

95 95 95
——Measurement ——Measurement ——Measurement
——Simulation ——Simulation ——Simulation
901 == Airframe 90 == Airframe 90 1 == Airframe
- Slat - Slat - Slat
4 Flap 4 Flap J Flap
85 == Gear 85 == Gear 85 == Gear
—— Engine % —— Engine % —— Engine
80 A c 80 A c
75 - 3 75- 2
Q Q
0 0
704 70
65 65
60 M/ — LN 60 2 :
-15 -10 -5 0 5 10 15 -15 10 15 15
tins tins tins
(a) A1 (No. 28) (b) A2 (No. 44) (c) B1 (No. 138)
95 95 95
——Measurement ——Measurement ——Measurement
——Simulation ——Simulation ——Simulation
90 == Airframe 901 == Airframe 90 1 == Airframe
- Slat - Slat - Slat
i Flap i Flap Flap
85 == Gear 85 == Gear ™ == Gear
—— Engine % —— Engine %
80 A c c
754 2 2
Q Q
0 0
70 A
65
60
-15 15
tins tins
(d) B2 (No. 139) (e) C1 (No. 106) (f) C2 (No. 111)
95 95
——Measurement ——Measurement
——Simulation ——Simulation
901 == Airframe 90 1 == Airframe
- Slat - Slat
4 LLL Flap 4 Flap
85 - Gear 85 - Gear
—— Engine [as] —— Engine
80 1 80
=
75 & 75
(%)
70 A 70 A
65 65
60 60
-15 15 -15
(g) D1 (No. 140) (h) D2 (No. 26)

Figure 7. Level time history of ATRA flyovers for the different configurations at idle thrust, recorded
with microphone 5. The grey bands contain 95% of the Monte Carlo simulations.
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For all configurations shown in Figures 6 and 7, the time of the maximum sound
pressure level and the level rise and fall close to the peak agree well between simulation and
measurement. The fluctuations observed in the measurements at lower levels before and
after the aircraft passes directly over the microphone suggest an influence from atmospheric
disturbances and from more complex ground reflections at shallow incidence angles.
A further reason for the larger fluctuations in this region is the increased influence of
background noise at lower SPLs. The simulation does not account for either atmospheric
disturbances or background noise.

As illustrated in Figures 6 and 7, the simulations yield a narrow uncertainty interval
for the expected total sound pressure level. This interval widens when fan noise becomes
dominant, since the model uncertainty of 3.6 dB standard deviation, this uncertainty is
significantly greater than the model uncertainties of the aerodynamic noise sources.

Figure 8 presents the measurements from the centerline microphones of the maximum
normalized SPL along with the corresponding 95% confidence intervals indicated by grey
bands (see also Figure 5). In addition, the intervals covering 95% of the Monte Carlo
simulation for the individual flyovers are shown as error bars, while those considering
all flyovers are represented by colored bands. Table 4 lists the arithmetic mean of the
maximum SPL from the experiment and the simulation.

The comparison between measurements and simulations for the configurations B, C,
and D in Table 4 shows that the simulations SPL 4 4y corr OVerestimate the noise impact
by up to 0.8 dB. For these cases Figure 8c-h shows that the interval containing 95% of the
Monte Carlo simulations overlaps with the 95% confidence interval of the measurements.
By contrast, for the configurations A1l and A2 the simulation overestimates the noise by
an average of 1.4dB and 1.9 dB, respectively. Figure 8a,b indicate that the error bars of the
simulations no longer overlap with the measurement 95% confidence intervals. This sug-
gests that a systematic error occurs in the calculation of the aircraft noise. Figure 6a,b
show that, for these configurations (particularly A2), the slat noise is the dominant con-
tributor to the overall SPL. This shows that either the model uncertainty for slat noise
was underestimated, or that the slat noise model needs to be adjusted to achieve better
agreement between experiment and simulation. Improvements could, for example, be
achieved by employing a high-fidelity simulation of slat noise instead of the empirical slat
model currently used in PANAM.
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Figure 8. Maximum sound pressure level of ATRA flyover measurements at idle thrust and sim-
ulations for the centerline microphones 5, 14, and 23, normalized to a flight altitude of 200m
(SPL A ypax,corr)- The simulations are shown with error bars containing 95% of the Monte Carlo
simulations. The grey band represents the 95% confidence interval of the measurements.

6. Conclusions

In this study, flyover measurements obtained using the DLR’s experimental aircraft
ATRA were compared with simulations performed using the parametric noise assessment
code PANAM. The comparison considered eight different slat, flap, and landing gear
approach configurations at idle thrust for two different velocities. The focus was on
comparing measurement and simulation results, accounting for the model uncertainties
of the applied noise source models. For this purpose, Monte Carlo simulations were
performed to quantify the uncertainty range of the simulation results.

To the best of the authors” knowledge, this is the first study to combine the comparison
of flyover measurements with simulations and the assessment of uncertainties. Previous
studies have focused either on comparing measurements and simulations [13,41,42] or on
evaluating simulation uncertainties [5-7,10,14-17].
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The results indicate that the PANAM simulations of the maximum A-weighted sound
pressure level encompass the 95% confidence intervals of the measurement for six out of the
eight configurations. The results demonstrate that the PANAM noise simulation accurately re-
produces the actual noise exposure during the ATRA approach. Only for the two configurations
with flaps deployed at 20° and slats at 22° (configuration Al and A2), the PANAM predictions
of the maximum sound pressure level overestimate the measured data by an average of up
to 1.9 dB. Since slat noise is the dominant source in these two configurations, either the model
uncertainty for slat noise at a slat deflection angle of 22° is underestimated, or the slat noise
model systematically overestimates the emission levels for the investigated aircraft.

A comparison of flyover measurements with PANAM simulations for the ATRA was
already conducted by Bertsch et al. [13]. However, a detailed uncertainty analysis was not
within the scope of that paper. In their study, the simulations showed good agreement
with the measurement results, although the simulations tended to slightly overestimate the
observed values. For the ATRA, the deviations were below 2 dB, which is consistent with
the mean deviations between simulation and measurement reported in the present study.

To further improve the accuracy of the PANAM noise simulations, future work will
focus on calibrating the current slat noise model, which is based on parametric wind-tunnel
data, using acoustic high-fidelity simulations for selected flight conditions. However, due
to the high computational cost of such high-fidelity simulations, their direct use in total
aircraft assessment codes such as PANAM remains impractical; approximative approaches,
i.e., mixed-fidelity approaches, become essential.
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The following abbreviations are used in this paper:

ANOPP Aircraft Noise Prediction Program

ATRA Advanced Technology Research Aircraft

CI Confidence interval

DLR German Aerospace Center

JAXA Japan Aerospace Exploration Agency

NASA National Aeronautics and Space Administration
P Sound power, W

PANAM Parametric Aircraft Noise Analysis Module
PrADO Preliminary Aircraft Design and Optimization
SPL Sound pressure level, dB

SPL4 A-weighted sound pressure level, dB

SPL A max,corr Maximum A-weighted sound pressure level, corrected for an altitude of 200 m, dB
TAS True airspeed, m/s

g

Standard deviation
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Figure A1. Level time history of ATRA flyovers for the different configurations at idle thrust, recorded

with microphone 14. The grey bands represent the simulations obtained by adding or subtracting

one standard deviation of the model uncertainty to all individual noise sources.
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Figure A2. Level time history of ATRA flyovers for the different configurations at idle thrust, recorded

with microphone 23. The grey bands represent the simulations obtained by adding or subtracting

one standard deviation of the model uncertainty to all individual noise sources.
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