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ABSTRACT

This study presents the initial findings associated with the noise emission tests that were carried out in prepa-
ration of the UWR Formula 3 car. Even though Formula 3 (F3) race cars are excluded from road vehicle noise
emission regulations (EU No. 540/2014), their emission is closely regulated by Fédération Internationale de
I’ Automobile (FIA) technical regulations. According to FIA regulations, the noise generated by participating cars
must not exceed 110 dB (A-weighted) under specific test conditions. The acoustic tests presented in this study
were carried out at RAF (Royal Air Force) Cosford airfield in the UK closely simulating FIA recommended
conditions. The tests were established to characterise the noise emission of the car during drive-by and stationary
conditions. In addition to measuring the Sound Pressure Level (SPL) emitted, the study was extended to eval-
uating the performance of a detachable muffler tip that is permitted under the FIA regulations. The study found
that the tested muffler-tip did not reduce the LAeq acoustic emission under any of the test cases considered.
Nevertheless, introducing muffler-tip worsened the LAeq levels by 0.2 dB which is within the standard acoustic
measurement uncertainty. Overall, the paper establishes the noise levels associated with F3 cars and the
requirement for customised muffler-tips as opposed to aftermarket ones for meaningful noise reduction without
adversely affecting performance.

1. Introduction

Literature on the levels of noise emitted by motor racing vehicles or
events in the UK are scarce. According to an Australian study conducted
by Tranter and Lowes [1], noise levels from Formula cars are similar to
those produced by a jet plane taking off. The authors also suggest that
noise pollution from motorsport penetrates buildings, and its impact
worsens in circuits close to densely populated urban areas.

From available data, NASCAR (National Association of Stock Car
Racing) have shown noise levels significantly higher than the acceptable
occupational daily dose of 85 dB as summarised in Table 1 [2]. Noise
levels in a Formula 1 (F1) event can go up to 140 dB, enough to cause
permanent hearing loss [3]. This sustained over an entire race event is
well above the HSE (Health and Safety Executive) regulations as listed in
Table 1. As such adverse health effects health effects noise pollution is a
serious concern for those involved in motorsports. Racing fans are also
exposed to such noise levels at race events that can cause permanent
damage to hearing [4-6].

The impact of noise emission associated with motorsport events can
vary depending upon the location. For example, noise emission can be
high if an event is in a high-density urban area. A new test method for
the measurement of noise emission was introduced as part of the 2011
revised EU regulation for motor vehicles [7]. The most important aspect
of the report was the introduction of more stringent limit values for noise
emission. These limit increases were based on the VENOLIVA [8] study,
which looked at both the social and health impacts of traffic noise which
are well documented [9-13]. However, literature on noise associated
with motor racing are still scare and an area that need significant data
collection. As such, there is a need to study the noise levels associated
with motor racing to raise wider awareness and development suitable
recommendations. The recommendations can be range from the use of
personalised ear protection to appropriate noise warning and acoustic
education [14-16]. This is increasingly important as according to World
Health Organisation (WHO) report at least 360 million people world-
wide have suffered from disabling hearing loss [17-19].

The University of Wolverhampton (UoW) runs a Formula 3 (F3)
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Table 1
Noise exposure limits and effects highlighting current levels associated with
motor racing.

Sound level (dB) Maximum allowable exposure Adverse effect

10 24 Hours None

60 12 Hours Annoyance

85 8 Hours Risk of hearing loss
88 4 Hours Risk of hearing loss
91 2 Hours Risk of hearing loss
94 1 Hour Risk of hearing loss
97 30 Minutes Risk of hearing loss

100 (NASCAR, F1, F3) 15 Minutes Hearing loss
106 (NASCAR, F1, F3) 7.5 Minutes Hearing loss
109 (NASCAR, F1, F3) <2 Minutes Hearing loss
112 (NASCAR, F1, F3) <1 Minute Hearing loss
130 (NASCAR, F1) 0 Painful/dangerous
140 0 Painful/dangerous

racing team under the name UWR (University of Wolverhampton Rac-
ing). The car as shown in Fig. 1 is set up by a team of students, techni-
cians, and academics at the school of engineering and driven by
professional racing driver Shane Kelly. Given the lack of data around
noise emission associated with F3 cars, it was necessary to study the
sound levels associated to derive guidelines for testing and preparation.

This objective was to understand the sound pressure levels of the car
in semi-free field conditions and the influence of removable muffler tips.
The influence of muffler-tip is analysed both experimentally and using
the Finite Element Method (FEM). FEM is a widely used technique for a
range of engineering problem [20-22], including the design of race car
components [23]. Acoustic modelling [24-26] using FEM has been
widely used to study the performance of various structures. Notable
works include the use of FEM to evaluate complex muffler designs by
Jones and Kessissoglou [27] who showed good agreement between
experimental and numerical techniques. Research by Mimani and
Munjal [28] successfully using FEM to evaluate the behaviour of an
elliptical muffler having an end-inlet.

Other works include the use of numerical modelling to evaluate the
destructive interference phenomenon such as the ones in the Herschel-
Quincke (H-Q) tube phenomenon [29-32]. The effects of expansion
chamber parameters like length, duct extension and diametric ratio
were studied by Kang and Ji [33]. A 3D FEA model for concentric and
extended tube resonators was developed by Munjal [34] to analyse
perforated bridge designs for improved acoustic performance. Despite
these studies, the use of numerical or experimental methods to analyse
the effect of detachable muffler-tip are yet to be studied.

Overall, the study establishes the sound pressure level of an F3 car
under semi-free field conditions (where reflections from the only ground
are considered) closely simulating FIA recommended guidelines for the
first time. Acoustic measurements were carried out to evaluate the noise
emission of the car during drive-by and stationary conditions. Further-
more, the influence of detachable muffler-tip on the noise emission level
of the car is also characterised both experimentally and using FEM.
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2. Methodology
2.1. Finite element analysis

This study employs a 3D FEM in the frequency domain using the
time-harmonic pressure acoustic application mode. As such, a modified
version of the Helmholtz equation for the acoustic pressure p was
considered as shown in Eq. (1):

()

where p is the density, c; is the sonic velocity and  is the angular fre-
quency. The equivalent fluid attenuation for the perforated section of
the silencer was modelled using Delany-Bazley and Miki models for
respective frequency where the complex impedance (Z,) is defined Eq.
(2) and the complex propagation constant is defined by Eq. (3):

Z.=R+jX (2)
y=a+jB 3

where R is the resistance, X is the reactance, a is the attenuation constant
and f is the phase constant modelled by Egs. (4)-(7) respectively:

b
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where f is the frequency and o is the fluid resistivity. The respective

Table 2
Coefficients used to obtain approximate functions for Delany-Bazley and Miki
models for FEM.

Coefficient Delany-Bazley Miki

a 0.0497 0.0699
b —0.754 —0.632
c 0.0758 0.107
d —0.732 —0.632
q 0.169 0.160

r —-0.618 —0.618
s 0.0858 0.109

t —0.700 -0.618

Fig. 1. UWR Formula 3 car.
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Perforated tube backed with 1 ecm fibrous material
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Fig. 2. Dimensions for the silencer considered for numerical modelling.
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coefficients for powers using in the respective equations to yield
approximation functions are summarised in Table 2. The proposed
working range for the Delany-Bazley model is 0.01 < f/o < 1 whereas
the Miki model can be extended to 0.01 < f/o.

The dimensions of the muffler used for FE modelling is as shown in
Fig. 2; two 3D quarter section (90° rotated) models were created one
without muffler-tip (Fig. 3a) and one with the tip (Fig. 3b). For both the
models the perforated absorption section of the silencer was modelled
with acoustic fluid elements with a resistivity value of 4896 N s/m*. This
material was lined along the periphery of the dissipative section of the
silencer at 1 cm thickness as shown in Fig. 3. All other areas were
modelled with acoustic fluid elements representing air with a density of
1.21 kg/m? and sonic velocity of 343 m/s.

Acoustic harmonic analysis was carried out using the ANSYS Para-
metric Design Language (APDL). The 3D 10-node acoustic tetrahedral
solid element (Fluid221) shown in Fig. 3b featuring the acoustic wave
equation and pressure degree of freedom (DOF) was used to model the
acoustic system under consideration. FLUID221 is a higher order solid
element that exhibits quadratic pressure behaviour suitable for
conceiving both the pressure part of the fluid medium and the interface
in a fluid-structure interaction problems [35,36]. A quarter section
model featuring Fluid221 elements with only pressure DOF was highly
beneficial in terms of computational time, as the symmetric element
matrices require less memory and can be executed efficiently.

The parameter of interest from the FEA analysis was the difference in
SPL with and without the muffler-tip. Consequently, the sound source
was modelled as an inward normal velocity of excitation (v,) at the inlet
nodes of the silencer. This was modelled as a function of unit pressure p,
density p and sonic velocity ¢ using Eq. (8):

v, = ;—f (8)

Using the resultant amplitude from Eq. (8), the finite element

3D-10 note solid element

Muffler-tip —9

()

Fig. 3. Finite element meshed quarter model showing (a) without muffler-tip and (b) with muffler-tip.

solution for the pressure on the normal velocity excitation surface are
obtained. The impedance boundary condition was also applied at the
inlet port IMPD boundary flags. At the exit nodes (silencer outlet) in-
finity boundary conditions were specified to model an open domain. A
mesh sensitivity analysis was carried out and found that the best results
were obtained when the maximum element length (e;) satisfied ten el-
ements per wavelength as shown in Eq. (9):

e =-— 9

The FE model was solved for a case with and without end caps using
an E5-2620 CPU at 2.1 GHz (12 CPUs) with 65,536 MB RAM coupled
with NVIDIA MAXIMUS setting coupling a Quadro K6000 and Tesla
K20. The FEA model used in this work averages 21,712 nodes and
13,255 elements and takes approximately 21 min to complete.

2.2. Experimental test

A total of four experimental test cases were considered for the initial
assessment: two drive-by and two stationary test conditions. The test site
was RAF Cosford and consisted of a level dense asphalt with no porosity.
The surface was free from snow, grass, loose soil, or other sound-
absorbing material. The tests were conducted on an open surface with
the axial flow of the exhaust facing in a direction free from large
reflecting surfaces. The average temperatures close to the microphone
were between 7 and 10°C; the hygrometer reading was between a
relative value of 81 %. Background noise was monitored between noise
emission measurements to make sure that ambient and wind-induced
noise was at least 10 dB below the A-weighted SPL.

The microphone positioning for the test cases was as shown in Fig. 4.
During drive-by, noise emission levels were measured for a speed of 40
(£5) mph and 60 (+5) mph. A class 1 broad-band Sound Level (SL)
meter meeting the requirements in accordance with IEC 61672-1 [37]
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(b)

Fig. 4. Acoustic test setup for case (a) drive-by and (b) stationary.

(a)

& .

(b) ©

Fig. 5. Silencer of the UWR F3 car, (a) full silencer (b) with end caps and (c) without end caps.
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Fig. 6. SPL levels obtained from finite element simulation.

was used for the measurements. The microphones were mounted on a
tripod to avoid data contamination from movement during measure-
ment runs. In addition, a full windshield was used to limit the influence
of wind loading and exhaust flow on the measured data. The micro-
phones used were calibrated using IEC 60942:2003 [38] class 1
complaint acoustic calibrator.

For stationary noise emission, the vehicle was placed in neutral, and
the engine rpm was gradually increased to 75 % of the rated engine
speed as measured from the on-board tachometer. The noise emission
levels were then measured for the car using the silencer (Fig. 5a) with

and without the end caps as shown in Fig. 5b and c respective. The
microphone was placed at no more than 0.5 m from the exhaust ter-
minal. For all test cases, the microphone was positioned to coincide with
the same lateral plane as that of the exhaust in parallel with the ground.
The measurements were carried out for both the A-weighted and 1/3rd
octave band range Sound Pressure Level (SPL).
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Fig. 8. Finite element SPL (dB) distribution with the silencer for (a) with end cap at 1000 Hz, (b) without end cap 1000 Hz, (c) with end cap at 1600 Hz and (d)

without end cap 1600 Hz.
3. Results and discussion
3.1. Finite element analysis

The purpose of the FE study was to analyse the influence of muffler-
tips on SPL, it was deemed useful to develop an acoustic model incor-
porating a simplified attenuation model. Fig. 6 presents the SPL obtained
from the FE simulation for a case with and without muffler-tips. The
simulation was conducted for a frequency range of 40 Hz-8000 Hz at a
one-third octave band. The frequency range was limited because of the
simplified attenuation coefficient used to model the boundary
attenuation.

Comparing the SPL values, a similar trend can be observed with
respect to experimental results. The key variable of interest here is the
difference between SPL levels with and without end caps and not the
numerical accuracy of the SPL values in comparison with the experi-
mental test. For the current study, numerical values for SPL cannot be
expected to be in the same range as the experimental test as the
amplitude of noise source was modelled using an arbitrary value which

is standard practice.

Fig. 7 shows the sound pressure level difference (SPLD) for experi-
mental and FEA with and without muffler-tips. Comparing the results,
the highest difference of 2.3 dB at 200 Hz, followed by 2 dB at 160 Hz
was observed. On all other frequencies, the differences were below 2 dB,
which can be considered a good agreement with experimental test data.
The peak and valley at 160 dB and 200 Hz can be due to the influence of
the Eigenmodes, consequently, these can be considered critical fre-
quency for this geometry under FEA analysis.

In addition to the SPL, the numerical model allows visualising the
spatial acoustic distribution in the muffler. This allows characterising
the behaviour while considering the geometry of the muffler tip which
can aid personalisation for acoustic effectiveness. The SPL distribution
at 1000 Hz and 1600 Hz with and without the mulffler tips are presented
in Fig. 8(a—c). A difference in spatial SPL can be observed in both the
cases presented after the introduction of the muffler tip. This can aid in
optimising various aspects of the geometry of the silencer for targeted
acoustic outcomes. Based on the results obtained, the 3D simplified FE
modelling procedure presented can be used to predict the acoustic
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Fig. 10. Sound pressure levels measured when the car is stationary.

performance of a dissipative silencer. The FEA model presented is
effective as it is an approximation model and can be executed efficiently.
The SPL performance of race car silencers can help designers to test the
performance of design alterations without the need for prototyping.

3.2. Sound pressure levels

The unweighted one-third-octave band range measurements from
drive-by conditions at 40 mph and 60 mph are shown in Fig. 9. A slightly
lower SPL was be observed for 60 mph compared to 40 mph at low
frequencies (>100 Hz). Peak SPL values of 102.8 dB and 99.4 dB was
observed at 125 Hz for 40 mph and 60 mph, respectively.

Based on the one-third spectrum data, the A-weighted single number
rating LAeq was calculated to categorise the noise emission levels at
drive-by. LAeq, is the equivalent single number which refers to the single
number sound level that results in the same total sound energy being
produced over a given period [39-41]. LAeq is a fundamental mea-
surement parameter designed to represent a varying sound source over a
given time as a single number. As such the LAeq is a representation of the
energy contained within the sound at the point of the receiver. This is
useful in terms of the potential for sound to damage or disturb and is
extensively used in environmental noise standards and other regulations
[42-44].

For the F3 car, the LAeq values of 94.3 dB and 98.4 dB was calculated

for 40 mph and 60 mph, respectively. These values are consistent with
noise levels associated with professional racing and within the regulated
emission of 110 dB. Nevertheless, it should be noted that these are noise
exposure levels measured under semi-free field conditions and can be
expected to increase in the presentence of reflecting surfaces. Conse-
quently, adequate precautions are necessary by all personnel at the race
event to reduce the impact of noise exposure. In any case, exposure to
noise levels above 110 dB above 2 min is not recommended and ear
protection is recommended.

Fig. 10 shows the SPL levels measured at stationary with and without
the muffler end-tips. For the unweighted SPL, peak values of 112 dB and
112.5 dB were observed at 160 Hz with and without endcaps, respec-
tively. Comparing the performance, the endcap is contributing to a slight
increase in unweighted SPL at low frequencies. Furthermore, the per-
formance stayed the same with and without end caps at medium fre-
quencies and only negligible improvements were observed after
installing the end cap at high frequencies. As such the muffler-tip in its
current form (geometry, material, stiffness, and mass) is not contrib-
uting to the reduction of noise emission under stationary conditions.

The LAeq values at stationary with and without end caps were found
to be 109.8 dB and 110 dB respectively at semi-free field conditions. The
results were found to match the F3 regulated value of 110 dB. However,
the end cap slightly worsens the noise emission levels by increasing the
LAeq values from 109.8 to 110.0 dB. Consequently, it is worth
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recommending that high-performance ear protection devices are
necessary while testing the car. There is also a need for affordable high
efficiency personalised ear protection where acoustic metamaterial [45,
46] can be exploited for frequency dependent sound reduction. The
noise emission levels of 109.8-110 dB although consistent with motor
racing are above the safe limits of exposure under current HSE noise
regulations.

4. Conclusion

There have been no studies conducted in the UK in relation to the
noise exposure of an F3 car. As such this research provides evidence
about the noise levels that can be expected from a typical F3 car under
stationery and drive-by conditions. Based on the semi-free field tests,
noise emissions at 40 mph and 60 mph were found to be lower than
stationary conditions. Even though the highest SPL emission level
matched regulated 110 dB set by the FIA, this is above the safe level of
noise exposure as stated by UK HSE. Analysing the influence of
detachable muffler-tips permitted under F3 regulations, no significant
improvement in noise reduction was observed. Introducing the muffler
tips was found to slightly worsen the spectrum level measurements at
low frequencies. Overall, effective hearing protection devices are rec-
ommended to all personnel that work with the race teams and attend the
race event. The study also establishes a 3D numerical model with a
simplified attenuation model using the finite element methodology. A
good agreement was observed between the FEA and Experimental SPLD
values for almost all frequencies other than for two critical frequencies.
As such the numerical model developed in this study can be used to
characterise the performance of the muffler tips for motor racing.
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