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ABSTRACT level of accuracy is requested regarding both fielt-
air flow field and ground far-field pressure sigmat The
RUMBLE activities on the sonic boom prediction
capabilities include several items:

to validate the numerical methods for sonic boom

prediction, to accurately characterize the neddfie

Several concepts of supersonic commercial aircsdt
emerging and most of them aim at flying over lahde
main obstacle for the development of a supersonic
aircraft remains the loud and sudden sonic booinbfgel ’

the population overflown during the cruise. As Ibeom
designs gain in maturity an acceptable sound lerehe
sonic booms could be reached. However the accdiptabi
level has still be defined by the regulation auities as
well as the means to evaluate it. The sonic booomdo
level on the ground depends on the nearfield sigaaif
the aircraft together with the state of the atmespht
goes through. This paper examines the influencthef

aerology on a low boom signature. The propagatson i*

predicted using the eikonal equation. The aeroltgy

signature and predict the sonic boom effects on
ground using experimental data from wind tunnel
near-field measurements, flight tests data, and-cod
to-code verification,

to validate wind tunnel techniques for high accyrac
near-field signature measurement in cruise conutio
to develop and validate models for indoor sonicrhoo
prediction accounting for building response,

to design the aerodynamic shape of a low boom
demonstrator for the preliminary design of a low

boom demonstrator,

to provide recommendations on sonic boom
prediction process complying with certification
procedures.

This paper deals with the prediction of the

provided by the Integrated Global Radiosonde Arehiv
database, from which one thousand atmosphericlgsofi '
altogether have been extracted at 24 locatiorsvell the
world. This database contains a representativeofet
atmospheres, allowing a code-to-code benchmarking.  ropagation in the atmosphere from the aircrafthe
comparisons done in a collaborative effort with £asdt ground, generated by a low boom concept. The main
Aviation and ONERA are in a quite good agreement. physical phenomena are addressed using the rayeth
Disparities can be explained through the analydis o The influence of the turbulence in the Planetary
numerical method implemented in the codes. The Boundary Layer is neglected.
sensitivity analysis of the propagation of the sdmbom Section 2 summarizes the theoretical background of
shows that, despite dispersions on the aerology, th the ray method, focusing on the techniques anchgaki
maximum overpressure and the rise time of the press N0 account the specificities of the sonic boom.
signal are close together. In contrast, the extdrthe ~ Comparisons between the codes BANGV and DABANG
carpet, derived from the cut-off rays on the grqund used by ONERA ‘_'md sz‘ssa“!t Aviation, r_espeqtlvatye,
exhibits a larger deviation. presented in Section 3, including the configuratiohthe
ISO-Standard atmosphere and the IGRA database.
Section 4 describes the sensitivity analysis of the
1. INTRODUCTION propagation of the sonic boom on the ground, peréar
Unlike procedures used for subsonic aircraft, wherethrough the various conditions available in the AGR
ground noise measurements could be backward-database.
propagated to the aircraft source and then forward-
propagated for prediction in prescribed reference
conditions, the sonic boom generated by a supersoni
aircraft does not enable us such an approach due t
nonlinearities and strong atmosphere effects duong
range sound propagation.

As specified in the European RUMBLE project [1],
future sonic boom regulation and certification soke
will rely heavily on simulation. As a result, indition to
measurements, the sonic boom prediction will have t
play a key role in the future supersonic certifimat
process. Henceforth, prediction capabilities witlghh

2. THEORETICAL BACKGROUND ON
PROPAGATION OF THE SONIC BOOM

%he main specificities of the two codes DABANG and

BANGV for predicting the signature are listed below

more details can be found in [2] to [4]. The cod#sew

for sonic boom propagation under the following

configurations:

« Any shape of the aircraft is possible; the neddfie
signature can be modeled by the so-called Whitham
F function or with a cylindrical pressure distribori



at a given distance of the aircraft, derived frdra t
CFD or the wind tunnel measurements.

Various aircraft trajectories can be handled, sagh
cruise, maneuver and acceleration.

A stratified meteorology without turbulence (no
temporal fluctuations in the media during the
propagation) is assumed, with profiles of
temperature, wind, relative humidity and density.
The interpolation is done using cubic splines.

A flat and absorbing ground is considered, usirg th
4 parameters model proposed by Attenborough [6].

The two codes are based on the same ray theory

stating that the sound propagating along rays ocan b
determined according to the Fermat principle. Théory

is the well-known high frequency approximation,
assuming locally plane wave propagation. The anmtdit

of the wave form is predicted along rays, throubh t
cross-section of the ray-tube, using the Blokhintze
principle. The numerical implementation follows the
formulation derived by Candel [5]. It is based dre t
integration of a system of 13 Partial Differential

Figure 1. Nearfield signature on the aircraft, NASA
C25 low boom Concept [8].

The nearfield signature used to initialize the ray
codes under track (azimuthal angle of zero degise),
plotted in Figure 2 . The propagation starts atréduziced
rangeR/L = 3, whereR is the 330 feet ant is the 110
feet body length.

Equations: 4 PDEs to determine the rays, 8 PDEs to

estimate the ray-tube cross-section, and 1 PDEHer
nonlinear age variable.

To account for the non-linearity of the propagation
the atmosphere, due to the significant magnitud¢éhef
peak overpressure in the sonic boom, the codeg soé/
non-linear Burgers’s equation, governing the digtarof
the signal, associated with an appropriate teclenitgu
automatically handle the shock position. The adcaist
absorption due to the thermo-viscous effects aral th
molecular relaxation of nitrogen and oxygen molestib
performed using a split-step algorithm.

3. CODE-TO-CODE COMPARISON

Dassault Aviation and ONERA use the codes presented:

in the previous Section, to validate the capabititythe
ray method to account for the main physical phermane
affecting the atmospheric propagation of a sonionbo
signal, representative of a low-boom aircraft stgra
The signal used as the common input is the nelat-fie
pressure signal from the NASA C25D low boom concept
(see Figure 1). This concept corresponds to the ANAS
low boom flight demonstrator defined in th&! ZIAA
Sonic Boom Prediction Workshop. It is the resultthod
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igure 2. Near field signature under tracR/L = 3,
NASA C25 low boom Concept.

The capability to predict the sonic boom primarypesd,
as well as the sonic boom signatures over thisetaip
presented for various atmospheric conditions agiven
aircraft trajectory, according to the test casefindd in
RUMBLE [7].

The 1SO-Standard atmosphere (ICAO 7488/3, 1993)
with a constant 70 % relative humidity is first

prediction using a Reynolds-averaged Navier-Stokesconsidered. Figure 3 illustrates the temperatuct the

(RANS) computation at flight unit Reynolds numbdr o
5.7 million per meter. Details of the comparisorreise
done at Computational Aero-sciences Branch, NASA
Langley and Ames Research Centers can be four@j.in [
The aircraft trajectory is defined as follows: ttreise
Mach number is assumed to be constant (no acdelerat
and equals 1.6; 0° and 180°
considered, and the altitude of the aircraft is6bimheter.

heading angles are

density profiles.

Altitude(km)
Altitude(km)

L
[
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Figure 3. SO-Standard atmosphere: temperature and
density profiles.



Figure 4 shows a quite good agreement between the

two codes of the signature predicted undertracky bo
terms of magnitudes of the positive and negative
overpressure of the shocks as well as the rise time
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Figure 4. Signature on the ground undertrack for
ISO-standard atmosphere. Dassault Aviation and
ONERA predictions.

The atmospheric condition from the Integrated Globa
Radiosonde Archive available on line is nhow consde
[9]. Data for the whole month of August 2012 from a
subset of 24 locations in the world have been akkzn
by NASA and transformed into a HDF5 Format, to be
used by RUMBLE partners. Figure 5 indicates the 24
locations from which data was extracted from IGRA.

Figure 5: 24 Locations all over the word from the
IGRA data base.

The objective is to compare: the cut-off angleg th
positive and negative overpressures on the groand,

the metrics: ASEL, BSEL, CSEL, and PL values. The -

comparison is done by looking at histograms of the
absolute difference between the values producethbéy
two propagation codes. The histogram’s number of
equally distributed bins is set with the hypothdbet the
probability distribution function associated witbhde-to-
code comparison should be Gaussian-like; theretbee,
Scott’'s normal reference [13] rule can be used. For
pressure and sound metrics we set the standardtibevi
to be a third of the expected precision, for cidtaofgle
comparison this criterion is relaxed because of the
scarcity of the results.

Values of the bin-width and expected precision are
presented in Table 1.

Cut-off angle| Pressure Sound
metrics
Bin-width 0.2° 0.02 Pa| 0.04 (dB)
Expected +0.2° +0.25 Pa| 0.3 (dB
precision

Table 1. Bin-width and expected precision on the
predictions by the ray method.

Figure 6 and Figure 7 show the statistical
comparisons between DABANG and BANGV for 794
atmospheres, on the cut-off angles, the overpressand
the metrics, for an aircraft heading east. The etque
precisions from Table 1 are represented with vairtied
lines. By convention, positive values imply thateth
BANGYV result is greater than the DABANG result, and
for negative overpressure and minimum cut-off ariyée
opposite is implied.
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Figure 6. Histograms of the difference between
BANGV and DABANG, aircraft heading east. Cut-
off angles and overpressures.
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Figure 7. Histograms of the difference between BANGV
and DABANG, aircraft heading east. Metrics: ASEL,
BSEL, CSEL and PL.



Similarly, Figure 8 and Figure 9 show the statadtic

comparisons between DABANG and BANGV for 808

atmospheres, for an aircraft flying west.
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Figure 8. Histograms of th

(Logarithmic scale)

e difference between

BANGYV and DABANG, aircraft heading west. Cut-

off angles and overpressures.
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Figure 9. Histograms of th

e difference between

BANGV and DABANG, aircraft heading west:

ASEL, BSEL, CSEL and PL.

Concerning differences in cut-off angle, as much fo
west heading than east, more than 60% of the thae t

comparison is within the expected precision. Howeare
non-negligible number of comparison points are dirg
off precision. Moreover BANGYV statistically predica
narrower carpet. The source of this discrepancybleas
identified and comes from the difference in methody
used to determine cut-off angles in the two codes.
DABANG a ray is considered out of the cut-off zcae

soon as the ray is refracted

upward@+dt)> z(t), with

z(t) the altitude of the ray at timg and a bisection _
method is used to determine the maximum and minimumTable 2. ANCHORAGE: 50 meter altitude, run

angle for which the ray is not refracted upwards. |

BANGV an analytical solution of the cut-off angle i

implemented for which in some cases the solutidferdi
largely from the geometrical definition of the aff-
angle. BANGV now implements the two methodologies.

In terms of pressure differences most of the paings
outside the expected precision, this is particylarl
noticeable in the histogram in logarithmic scalevgh in
figure 8. BANGV predicts most of the time higher
positive overpressure and lower negative overpressu
is interesting to see that this statistical biaseftected
differently amongst metrics.
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Figure 10. Weighting for metric ASEL, BSEL
and CSEL (credit Peter J Skirrow).

Because of the weighting of the low frequency
content from ASEL, BSEL and PL the bias is lowered
and the difference distribution tends to be monstered
unlike CSEL which maintains the bias towards higher
values for the BANGYV code.

The difference observed is suspected to come from
different implementation of the acoustical absanpti
model. Further investigations are ongoing to deit@em
the difference of absorption and dispersion valgigen

by the model during the ray propagation betweerntlee
codes.

We now focus on the cut-off angles for the two
locations ANCHORAGE and PRETORIA, where the
largest differences between the two codes wererobde
While the overpressure differences between DABANG
and BANGV do not exceed one Pa, as shown on Table 3
and Table 3, the deviation in the cut-off angles esach
up to 5 degrees. It is here assumed that for these
locations, where the impact of the lateral ray be t
ground is sensitive to the conditions of the atrhese,
the two different techniques implemented in the exod
may explain the differences. In DABANG the impact
point is processed using a bisectalgorithm, while in
BANGV, under downward refracting atmosphere, the
emission angle of an horizontal ray can be detethin
numerically by relating the emission angle, here
straightforwardly computed, to the altitude at white
ray remains horizontal [4].

min cut-off (°) Max cut-off angle (°)

BANGV -48.53 50.35

DABANG -52.43 54.92

1346328000, August the 8@002, at 12:00.



Min cut-off Max cut-off angle (°) two cut-off angles. Under ISO-Standard atmosphere,
angle(®) without speed, the carpet is symmetrical to thgdtary
BANGV -48.53 50.35 axis of the aircraft, while in the real atmospheir,
DABANG -52.43 54.92 presence of a transverse wind, an asymmetry mayr.occ

_ ) Then, differences may also appear depending onifigead
Table 3. PRETORIA: 1523 meter altitude, run of the aircraft.

1343815200, August thé'2002, at 10:00 AM.

(X1,Y1) (x1y1)  (x1y1)

4. INFLUENCE OF THE METEOROLGY ON THE
LOW BOOM SIGNATURE

Carpet width

Previous studies have already analyzed in dethés t Carpet width
influence of the meteorology on sonic boom propagat

Along the ground track of a Paris to New York trifnse o)
to those used for Concorde, including an aircraft
acceleration [10]. Using the Whitham’s F-functions,

where the source term is adapted from an Airbuskmoc

up of a planned European Supersonic Commercial

Transport designed for carrying 250 passengersaahM  Figure 12. Definition of the width carpet. Left: ISO-
2 in cruise [11]; for a hypersonic Mach 6 cruisecmift ~ Atmosphere; right: real atmosphere.

5"2&: l? éhtis tﬁapler, éhe sensitivit)t/ Ict)f' t?.e tagrct};cf)g; Table 4 summarizes the prediction of the mean value
edicated to the low boom concept. It is first dethfor A=V x. and the standard deviationg =

the influence of the aerology at Stuttgart in Gempa R =
where an amount of 56 atmospheres are availabley Zk=11%k = M«|? where x represents a sample of the

allowing a relevant statistical study. Figure 1btplthe  POSitive overpressure, the Rise Time and the Ci“’imh _
profiles of the magnitude of the wind speed, the OVer theN samples at Stuttgart, and for the 0° heading

temperature, the relative humidity and the density. angle of the aircraft trajectory. It is observedittithe
standard deviation of overpressure and rise timeanes

weak, typically a few percent of the mean valuejlevh
for the width of the carpet it can reach 10 %.

(X2,Y2)

xxxxxxxxxx

nnnnnn

~

m o m 0 m 4
19.5 0.5 1418 | 10° 55 8

over pressure (Pa) Rise Time (§) Carpet width (km)

Table 4. Mean and standard deviation of the
overpressure, rise time and carpet width at Strittga

£ h P40 760 260
T(K)

Wind speed magnitude (m/s) Temperature (K)
Figure 13 finally summarizes the mean values aed th
standard deviation of the overpressure and thetirse
propagated under track, and the width carpet, lfer t
whole locations. In practice the number of samdesa
given location typically varies from 10 to 60, st the

total number of samples is about one thousand. For

5 A
5 Alm) 5

— = e Shiraz, only one sample is available so that nodsted
R i deviation is computed. On the right hand side & th
Relative humidity (%) Density (kg/m?3) graphic, STD and 0-STD bars correspond to ISO-
Figure 11. Set of 56 aerology profiles at Stuttgart, Standard atmosphere results with and  without
Germany. atmospheric absorption, respectively.

The relative humidity points out a great day to day
variability on the whole runs. The wind speed pesfi

also show strong variability, with an increase elds %0

10000 meters, coherent with prevailing westerlies 2

occurring at latitudes between 30 and 60 degrees. |

contrast, as expected, the density and the temperat " I I I I I I I I I I I I I
profiles decrease with the altitude with only weak 0

differences between the runs. The temperature dsese ogoi\e‘?omio“;s‘;&;@“}mﬁ@i&i@i’gdio@\y;ﬁoﬁi@if L
typically by 5 degrees °K per km up 12 000 meteent S’i@@:\;‘fdﬂ@&}?7@‘2@‘5’39/“’&“\ VET L
temperature when reaching the tropopause is roughly ° K& &

constant, and equals 220 °K, due to the disappearain
the atmosphere and the ozone layer. Figure 12 stimvs
ground carpet pattern (blue curve) and the widthhef
carpet (red line) of the sonic boom, determinedthoy

a) Overpressure (Pa)
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Figure 13.] : mean valuel] : standard deviation,
whole locations extract from the IGRA data base.

In general, for each location, the same tenderasem
Stuttgart can be observed: the standard deviatibn o
overpressure and rise time remains small. Moreover
comparing the whole locations, except at Seychelles
weak variations of the mean value arise: the oesgure
varies from 17 to 20 Pa and the rise time variethin
range 1.4 to 1.6 10s. In contrast, the variability of the
width carpet, which strongly depends on the winelesh (5]
is more significant. While this study is restrictaa the
aerology encountered during August, its generalgany

is in agreement with the one observed in [11], whir

was observed that the variability is low undertraankd is (6]
higher for lateral angles in terms of carpet widihd

boom amplitude.

(3]

(4]

(7]
5. CONCLUSION

A satisfactory agreement on the shape of the sigaat
under track is found, especially the positive ardative
overpressure and the rise time, between the twesod
DABANG at BANGV, both based on the ray method.
Differences in the width of the carpet can be obeeifor

a few locations. This can be explained by the presef
nearly horizontal rays along the ground, where the
prediction of the impact is sensitive to the algon
implemented in each code to find the cut-off raykis
aspect, encountered for a set of singular conftgansa is
investigated by comparing the ray trajectories thedage
function. It is assumed that, when solving the same

(8]

(9]

equations, the same results are expected. However f [11] R.

this kind of situations, the assumption of the nagthod
itself is no more valid. CAA methods based on the
Euler’s equations taking into account the scattgéafiect
and turbulence of the Planetary Boundary Layer lshou
provide more realistic results, with in contrast,
significant larger CPU time required.

The prediction on the propagation of the sonic boom
shows that, despite disparities on the aerology thed
climate related to the location, the over pressure the
rise time of the sonic bang on the ground remalasec

[10] R.

a [12]

together, with typical standard deviations of a feavand
103 s, respectively.

Further analysis using various trajectories inalgdi
manoeuvers and acceleration should be examined to
extend the validity domain of the ray results.
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