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ABSTRACT

The muzzle blast is an auditory risk if the shooter or other
personnel are exposed close to the weapon. To evalu-
ate the risk, the signature of the blast must be measured
or synthesized for simulation purposes. Muzzle blasts
are highly directional. A common approach for simula-
tion is to assume a source model with scalar directivity.
This approach neglects the angle- and distance-dependent
changes in the frequency spectrum of the blast. Hence,
significant discrepancies occur between synthesized and
measured shooting signals. This paper presents two alter-
native approaches to describe the distance- and frequency-
dependent directivity of a muzzle blast. The first approach
is based on the ANX model by Salomons. In contrast to
the scalar directivity of the latter, here a separate source
energy is determined for each exit angle using cosine
transformation. This model synthesizes the blasts with
only a few parameters. For the second model, a trans-
fer function is given by the ANX model and a spherical
harmonic source describes the angle and frequency depen-
dency of the blast signature. Depending on the input data,
this model provides very detailed reconstructions of mea-
sured muzzle blasts even close to the muzzle.
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1 INTRODUCTION

The hearing load of the shooter when firing handguns is
primarily caused by the muzzle blast. The decisive in-
put variable of models for assessing the exposure and the
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risk of hearing damage is the sound pressure time curve
at the ear. For the investigation of such exposure models,
reliable source models of the muzzle blast are required,
which provide the sound pressure time signal. In addition
to the pronounced frequency-dependent directivity of the
muzzle blast, nonlinear effects in sound propagation must
be taken into account in the near field of the weapon.

2 FUNDAMENTELS: DIRECTIVITY OF
A MUZZLE BLAST

First, the special features of the directivity of a muzzle
blast are discussed.
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Figure 1: Level of octave bands as a function of the exit
angle in the transversal plane for a gun muzzle blast and a
loudspeaker (Genelec 8020c)

The level deviations of the octave bands over the azimuth
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angle in the transversal plane of a rifle muzzle blast and
a loudspeaker are shown in Figure 1. Measurement data
from the Genelec 8020c from the BRAS project was used
for the loudspeaker directivity[1]. The following aspects
become clear from the comparison of the level deviations
of the octave bands.

* The octave band-dependent level deviation of the muz-
zle blast is up to 20 dB depending on the angle of exit
and is therefore many times greater than that of the loud-
speaker

* The eccentricity - the level difference between the front
(firing direction) and the rear - of the muzzle blast is
most pronounced in the low frequency bands of 125 Hz
to 500 Hz and decreases towards high frequencies from
approximate 20 dB to 10dB

* Most of the energy of this rifle is emitted between
500Hz and 1 kHz

The propellant gases escaping from the tube during the
muzzle blast resemble a massively deformed sphere, as
indicated in the schlieren photography from Figure 2.

UNDEREXPANDED JET

Precursar Flow:

Yg = 1.40 (Air)
Me=1.48

R
Ro

=15

Propellant Gas Flow:

Figure 2: Flows occurring during the muzzle blast[2]

The first spherical sound front recognizable in the
schlieren photography is the so-called precursor, which
originates from the air pushed out by the projectile at su-
personic speed. The actual muzzle blast is formed by the
propellant gases behind the projectile. These also emerge
from the pipe at supersonic speed and flow into the still
air. This forms a so-called Mach plate, a well-known
phenomenon in fluid dynamics[2]. The muzzle blast is

therefore emitted neither from the muzzle itself nor from a
sphere around it, but from a disk[3]. This explains why the
directional effect is also directed forwards at longer wave-
lengths, while it tends to remain round at shorter wave-
lengths.

3 RAW AND REFERENCE DATA

In Figure 3 the 36 measuring points are outlined in the
horizontal plane.
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Figure 3: Sketch of the 360° measurement

There are three recorded shot signals per measuring point.
The distance between the microphones and the muzzle is
10m. The weapon used is a rifle on a fixture with a muz-
zle brake ! . Both the muzzle and the respective measuring
points are positioned 2 m above the approximately rever-
berant grass ground. This means that the ground reflection
hits approximate 2.1 ms after the direct sound. For the in-
vestigations presented here, only the direct sound compo-
nent windowed out using Hamming windows is consid-
ered. The full metal jacket ammunition corresponds to the
caliber 5.56 mm x 45 mm. In the calculations, an exit ve-
locity vg = 1200 m/s and a projectile mass m,, = 3.7 g were
assumed for this ammunition.

A total of six additional measurement points from another
measurement campaign were used to investigate the prop-
agation models. There, the same rifle type with identical
ammunition was measured on an open shooting range. In
contrast to the 360° measurement, the ground here con-
sisted of gravel and a shooter was used instead of a fixture.
Four of the six reference points are outlined in Figure 4.

! According to the current state of the investigation, the muz-
zle brake influences the emitted sound from an angle of ~ 140°,
so that no clean blast is measured there.
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Figure 4: Sketch of reference measuring points

The two remaining measuring points C5 and C10 are in
the propagation path of measuring point C1 at a distance
of 5m and 10 m from the muzzle.

4 ANX SOURCE MODEL

This model was introduced in 2024 by Salomons[4] un-
der the title: Analytical model for sound of explosives
and firearms (ANX). It is based on a Friedlander blast[5],
which has two characteristic values with the peak sound
pressure P and the positive transit time 7'. The charac-
teristic values and the resulting sound pressure time curve
are sketched in Figure 5.

overpressure

time 5T
Figure 5: Friedlander waveform, with peak sound pres-
sure P and positive transit time 7'[4]

The special feature of the ANX model is the nonlinear
sound propagation. Here, the peak sound pressure P(r)
and the duration of the positive N-wave flank 7T'(r) are
distance-dependent variables that are determined accord-
ing to Equations (2) and (3). As the spectral energy of a
signal moves increasingly towards low frequencies with
increasing T'(r), a blast becomes more low-frequency

3119

Table 1: Relevant constants and reference values

K
0.38

C

340 m/s

to
1s

p
1.2 kg/m3

Pbo
20 uPa

1.2

with increasing distance from the muzzle according to the
ANX model.

The auxiliary variable r,, which depends on the source
energy I, limits the application range of the model with
r > 1.67, and can be determined according to Equa-
tion (4) with the values from Table 1. The source energy
of handguns is usually less than 20kJ which corresponds
to a maximum 7, of 367 mm. This means that the model
is suitable for most handguns from a distance of approxi-
mately 0.6 m applicable.

b0 =P (1= 75 )0
P(r) = Kch% m )
T(r) = K57\ [in(-) 3)
re=072¢ % @)

4.1 Scalar directivity

Salomons[4] uses a scalar approach with the directivity D.
This value can be calculated with the reference quantity
mgo = 75 g according to Equation (5). For small arms, the
propellant mass m is only a few grams, so that m < my
applies and the directivity is approximately 17.5 dB. The
directional correction term Cyg;; can be determined accord-
ing to Equation (6) and is for m < mg approximately
11dB.

The scalar, exit angle-dependent correction level AL(¢)
thus results in Equation (7).

17.5
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For the rifle considered here, the source energy £ =
250017 is assumed.

4.2 Source energy-dependent directivity by
cosine transformation

In this approach, an angle-dependent source energy E(¢)
is determined. Using the coefficients of a rifle of 5.56 mm
X 45mm caliber from Table 2, the angle-dependent
source energy can be determined by cosine transforma-
tion according to Equation (8). The angle-dependent
source energy can then be used to calculate the distance-
dependent signal parameters according to Equations (2)
and (3) from which the final signals at the receiver result.

Table 2: Coefficients for determining the direction-
dependent source energy of a rifle muzzle blast using the
5th order cosine transformation

Index ¢ 1 2 3 4 5
¢i/J 2521 | 1908 557 79 52

N
E(¢) = Zc ~cos(¢- (i — 1)) (8)

S SPHERICAL HARMONICS (SH)
SOURCE

As a further source model, a transformation of the mea-
surement data into the spherical frequency domain is con-
sidered. This was carried out with a 15th order spherical
harmonics decomposition, resulting in 256 complex co-
efficients for each frequency support point. The method
is described in more detail by Williams[6], among others.
The reconstructed signals of this source model naturally
only represent this type of rifle with the corresponding
ammunition.

6 PROPAGATION MODELS

This chapter deals with two different propagation mod-
els. Both deal exclusively with distance-dependent atten-
uation. For example, atmospheric attenuation components
that also occur during sound propagation are not taken into
account in these models.

The reference distance ry was used for the spherical har-
monics 10 m, as the data used for the decomposition was
available at this distance. For the ANX source model,
ro = 1 m was selected as the reference distance.

6.1 Linear sound propagation model

The linear propagation model uses the !/ approach com-
monly used in acoustics. The calculation of the sound
pressure time curve p,(t, ¢) at a distance r is shown in
Equation (9), neglecting the phase and other attenuation
effects.

To

prlt:6) = by (£:6)- ™ ©

6.2 Nonlinear sound propagation model

This model describes the nonlinear sound propagation of
an N-wave with spherical expansion in a homogeneous
environment according to Pierce[7]2. The implementa-
tion of this model is based on the ANX model according
to Section 4.

To determine the distance-dependent transfer function, the
angle-dependent energy F(¢) of the sound source is first
required. If this is not available, but for example sound
pressure time curves at the known source distance r, the
energy of these signals can be estimated. To do this, the
exposure level Ly of the signal must be calculated. From
this level, the auxiliary variable r, can then be estimated
according to Equation (10)* . With the constants and ref-
erence quantities from Table 1, the source energy can fi-
nally be determined with Equation (11).

TK3Bp%c3rd rg 1

LE = 1010g < P ln(r/'r ) ) (10)

pardty  Amr?

% Chapter 11.9
3 According to Salomons[4], the deviation is less than 1 dB
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2 (Tx\?
per (3
In the next step, the creation of the transfer function is out-
lined. The angle-dependent source energy E(¢) is used
to generate an ANX signal p,, (¢, ¢) for the reference dis-
tance ro and a second signal p,. (¢, ¢) for the desired source
distance r. Using Fourier transformation, these two sig-
nals are transferred to the frequency domain and the quo-
tient is formed, which corresponds to the transfer function.

By multiplying the source signal, which has also been
transformed into the frequency domain, with the transfer
function, the frequency response of the signal at a distance
r at the angle of exit ¢ can be determined. The back trans-
formation into the time domain results in the shot signal at
the observation point with nonlinear sound propagation.

7 INVESTIGATION

In this section, the source models presented are examined
with regard to their applicability in the vicinity of the muz-
zle. For this purpose, the predicted hearing load as well as
the sound pressure time curves and frequency responses
are considered.

Table 3: Nomenclature of the abbreviations

Scalar Directivity scalar directivity according to Section 4.1

Cosine Trans. energetic directivity according to Section 4.2

Linear linear propagation model according to Section 6.1

NL nonlinear propagation according to Section 6.2

The abbreviations used in the following can be taken from
Table 3.

7.1 Predicted hearing load

The AHAAH model[8] used to determine the hearing load
was developed explicitly for shooting noise. It is an ap-
propriate hearing damage prediction method and is cur-
rently used by the US military[9], among others. The
AHAAH settings unwarned, no hearing protection and
frontal sound incidence were used consistently for all cal-
culations.

The following statements can be derived from the hear-
ing loads presented in Figure 6 over the angle of exit at a
distance of 10 m.
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Figure 6: Hearing load over the angle of exit in 10 m muz-
zle distance

* The predicted hearing load of the measurement signals
decreases with increasing angle until the influence of the
muzzle brake from ~ 140° causes it to increase again

* The curves of the spherical harmonics reconstructions
with linear and nonlinear sound propagation are identi-
cal due to the reference distance ryp = 10 m and deviate
only slightly from the target values

* The hearing loads according to the ANX models with
scalar directivity decrease approximately linearly over
the angle of exit. As expected, the values are higher
with the linear propagation model, as both the stronger
additional level drop and the shift in the spectrum are
neglected. The correlation with the values of the mea-
surement are only low for the ANX source models with
scalar directivity

* The ANX source model with cosine transformation di-
rectivity significantly overestimates the target values in
a linear propagation calculation. In combination with
the nonlinear propagation model, the method provides
appropriate hearing exposure predictions for angles <
140°

Next, the models are analysed on the reference data ac-
cording to Figure 4. For this purpose, Figure 7 shows the
hearing loads at the reference measuring points removed
in I m to 10m and the following statements can be de-
rived.

* The predicted hearing load of the measurement signals
tends to decrease with increasing distance to the muzzle

* At the measurement points B and C1 near the muz-
zle, the spherical harmonics values deviate signifi-
cantly from each other depending on which propagation
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Figure 7: Hearing load at the reference measuring points
according to Figure 4

method was used. The deviations with the nonlinear
propagation model are significantly lower compared to
the target values

¢ The ANX model with scalar directivity significantly un-
derestimates the actual hearing load for the most part,
regardless of the propagation model

* The ANX source model with the cosine transformation
directivity and nonlinear sound propagation provides al-
most identical hearing damage risk as the measurement
data When using the linear propagation model, the over-
estimation of the hearing load increases with the dis-
tance to the muzzle

7.2 Reconstructed shot signals

For further investigation, the measured and reconstructed
signals at two measuring points on the circle after Figure 3
as well as two relevant positions at 1 m muzzle distance
are considered in more detail.

In Figures 8 and 9 the sound pressure time curves and
frequency responses at two representative measurement
points of the circular measurement are discussed. This
shows that, as expected, the spherical harmonics signals
are identical to each other and show hardly any deviations
from the measurement signals. The ANX approaches
with linear sound propagation significantly overestimate
the peak levels, in some cases by more than 6 dB. With the
nonlinear propagation model, the differences to the target
values are significantly smaller. With regard to the fre-
quency responses, all the source models considered pro-
vide reasonable reconstructions.

In Figures 10 and 11 the sound pressure time curves and
frequency responses are discussed in 1 m distance at dif-
ferent exit angles. For the spherical harmonics signals, the

EURONOISE
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Figure 8: Sound pressure time curve and frequency re-
sponse under 10° at 10 m distance
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Figure 9: Sound pressure time curve and frequency re-
sponse under 130° at 10 m distance

difference between them is 3 dB to 4 dB. The sound pres-
sure time curves with nonlinear propagation tend to show
higher similarities with the measured data. For the spectra,
the model with nonlinear sound propagation also depicts
the frequency responses above approx. 500 Hz better. Due
to the short useful signal length of 7 ms, the curves below
500 Hz are only partially reliable.

As expected, the ANX source models show no differ-
ences at this distance with regard to the sound propaga-
tion method. In terms of directivity, the peak levels of the
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Figure 10: Sound pressure time curve and frequency re-
sponse under 90° at 1 m distance (reference measuring
point B)
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Figure 11: Sound pressure time curve and frequency re-
sponse under 135° at 1 m distance (reference measuring
point C1)

cosine transform method are slightly higher than those of
the scalar approach. In addition, the spectra of the scalar
ANX model are lower-frequency than those of the cosine
transformation. Both ANX source models overestimate
the peak level of the measurement signals with 3dB to
8 dB, in some cases enormously. On closer inspection of
the spectra, this difference results primarily from the over-
estimation of the frequency components above ~ 3 kHz.
The sound pressure time curves at measurement point B

3123

shown in Figure 12 were filtered low-pass* at 4 kHz for
illustration purposes. A comparison with Figure 10 shows
that the peak level differences of the ANX models com-
pared to the measurement signal have fallen from above
3dB to less than 1 dB.
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-1000

30
time / ms
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Figure 12: Low-pass* filtered sound pressure time curve
under 90° at 1 m distance (reference measuring point B)

This aspect explains the high agreement of the AHAAH
hearing damage predictions by the ANX model with co-
sine transformation and nonlinear propagation, despite the
marked level differences. The reason for this lies in the
way the AHAAH model works. This model calculates
the auditory risk units for individual bark bands, whereby
the maximum value is decisive. For the gunshot signals
analysed here, the maximum ARU value is always in the
frequency range between 1 kHz to 2.5 kHz. The lower and
higher frequency signal components are therefore less sig-
nificant when predicting the risk of hearing damage. Re-
gardless of this, the ANX model tends to overestimate the
energy of the high-frequency signal components of this
gun muzzle blast, which requires further investigation.

8 CONCLUSION

It was shown that the ANX source model with cosine
transformation as the directivity generates more realistic
signals than the scalar approach, particularly with regard
to the predicted hearing load. The reason for this lies in
the oversimplified modelling approach of the frequency-
dependent directivity of a muzzle blast. The attempt to
model this with a single scalar factor logically results
in higher deviations than with the more complex cosine
transformation approach.

It also became clear that the quality of the shot signals
generated close to the muzzle increases when nonlinear
transfer functions are used instead of linear sound propa-

* 10th order Butterworth filter with 4 kHz cut-off frequency
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gation. For example, the ANX model with cosine trans-
form directivity and nonlinear propagation can be used to
properly predict the hearing load of the direct sound com-
ponent of the rifle muzzle blast, considered here as a func-
tion of both the angle of exit and the muzzle distance.

The results presented here are subject to some limitations.
For example, only the direct sound components of gun
blasts were considered. Investigations into the quality of
the source and propagation models in combination with
multiple reflections in closed systems are still pending.
The fact that only one gun was considered here repre-
sents a further limitation. For further evaluation, the meth-
ods must be applied to other weapons and validated. As
an alternative to the methods considered here, the We-
ber model is another source model to which the nonlinear
sound propagation can be applied as a transfer function.
Initial investigations into this appear promising.
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