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Abstract

As noise pollution remains one of the biggest hurdles posed by thermal engines, increasing efforts are made to alleviate the
generation of combustion noise from the early design stage of the chamber. Since the complexity of both modern chamber
geometries and the combustion process itself precludes robust analytic solutions, and since the resonant, highly 3D pressure
field is difficult to be measured experimentally, focus is put on the numerical modelling of the process. However, in order to
optimize the resources devoted to this simulation, an informed decision must be made on which formulations are followed. In
this work, the experimental cyclic dispersion of the in-cylinder pressure is analyzed in two typical compression-ignited (CI)
and spark-ignited (SI) engines. Acoustic signatures and pressure rise rates are derived from this data, showing how while the
preponderance of flame front propagation and dependency of previous cycle in SI engine noise usually calls for multi-cycle,
more complex turbulence modelling such as Large Eddy Simulation (LES), simpler Unsteady Reynolds-Averaged Navier-Stokes
(URANS) formulations can accurately characterize the more consistent pressure spectra of CI thermal engines, which feature

sudden autoignition as the main noise source.

1. Introduction

Current approaches for reducing noise levels in internal
combustion engines usually involve a good amount of trial-
and-error, experimental tuning once the combustion chamber
design is frozen, or at best a large amount of exploratory
parametric permutations, as the geometry of the chamber and
the combustion itself are sufficiently complex so as to prevent
the development of robust analytical models.

Combustion noise in particular is increasingly relevant as
different innovative technologies are being developed such
as advanced combustion concepts [1], fuel blending, and so
on. While these concepts have the potential of improving
efficiency, lowering emissions or reducing the dependency of
fossil fuels, their impact [2] on the overall acoustic emission
and the perceived engine “quality” by the customer must be
carefully evaluated. Therefore, the knowledge about noise
fundamentals is essential to analyze the connection between
the combustion and the corresponding acoustics.

From a physical point of view, combustion noise is the re-
sult of the turbulence and combustion interaction and depend-
ing on the application, the contribution of each phenomenon
may be completely different. This is particularly relevant in
internal combustion engines (ICE), in which the pulsating
nature of the sound pressure due to the periodic firing inside
the engine cylinders increases the acoustic annoyance [3].

Although ICEs operation can be considered essentially pe-
riodic, the instantaneous combustion process in not exactly
replicated over consecutive cycles [4, 5]. This behaviour is
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characterized by a non-repeatability of instantaneous cylinder
pressure, commonly refereed to as cycle-to-cycle variation or
cyclic combustion variability (CCV), caused principally by the
cyclic, turbulent and unsteady character of flow and combus-
tion [6]. It unavoidably appears over the whole operation
range, indirectly affecting important engine outputs such as
performance and acoustics [7, 8]. Thus, a proper understand-
ing of the unsteady features of combustion is essential for
both identifying the main sources of CCV and minimizing its
undesired effects [9, 10].

At the same time, in order to optimize the process of the
engine design, focus is currently being put on 3D Computa-
tional Fluid Dynamics (CFD) simulations of the combustion
chamber. Using these models, manufacturers can perform
hundreds of parametric studies in parallel without the need
of an excessively high number of engine test cells, and char-
acterize the effect of the engine design in the performance,
production of pollutants, etc.

Adding to these CFD simulation outputs an accurate es-
timation of the combustion noise, both in overall terms and
in spectral signature that affects customer perception, would
allow manufacturers to include this parameter in the design
process, optimizing it altogether with the rest of relevant
metrics. However, the choice of numerical model should be
carefully considered beforehand, as there is a trade-off to be
made between computational requirements and accuracy of
the simulation.

The solution to this trade-off is not universal, since each
case may pose very different challenges. In this paper, the
differences between combustion noise produced by CI en-
gines versus that produced by SI engines, which are the most
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Nomenclature

BMEP brake mean effective pressure
CCV cycle-to-cycle variation

CFD computational fluid dynamics
CI compression-ignited

DNS direct numerical simulation
EGR exhaust gas recirculation

ICE internal combustion engine

LES large eddy simulation

NVH noise, vibration and harshness

ON overall noise

PISO pressure implicit with splitting of operator
PRR pressure rise rate

RANS Reynolds-averaged Navier-Stokes

RNG renormalization group

SD standard deviation

SI spark-ignited

SPL sound pressure level

URANS unsteady Reynolds-averaged Navier-Stokes

representative internal combustion engine families, are con-
sidered. Experimental in-cylinder pressure data is recorded
along several cycles for both engines, deriving from this data
heat release rates and acoustic spectra, which coupled with
cycle-to-cycle dispersion sheds light on how the different com-
bustion processes impact the acoustic behaviour and which
are the consequences of these differences when selecting a
numerical approach.

2. Background

In this section, a very brief introduction is provided to
ICE combustion-specific noise, followed by a review of recent
investigations on ICE cyclical dispersion.

2.1. Combustion noise

The issue of combustion noise in relation to the in-cylinder
pressure trace has been studied experimentally for a long time,
but it is not until the work of Priede and Grove [11, 12] in
the decade of 1960 that clear differences are drawn between
the raw pressure measured in the chamber along the differ-
ent engine cycles, that includes the effect of the mechanical
compression and the mean combustion pressure rise, and the
resonant oscillations inside the combustion chamber specifi-
cally caused by the combustion.

While the noise contributions due to the mechanical com-
pression-expansion process are easy to model analytically,
and the mean combustion contribution is relatively simple
to reproduce by an adequate modelling of the low to middle
frequency [13, 14, 15, 16] rise in pressure and temperature,
the combustion chamber acoustic resonance remains a more
elusive phenomenon to characterize [17].

To gain a better understanding of this complex wave reflec-
tion phenomenon, CFD simulations have proved [18, 19, 20,
21] to be a valuable tool, although they are often limited in
scope by avoiding actual combustion modelling and focusing
instead on synthetic pressure pulses. Thereby, a consensus on
the best way to model combustion noise does not yet exist.

2.2. Cyclic dispersion in combustion

A variety of studies [22, 7] established the origin of CCV
in random fluctuations of a wide range of parameters that can
alter the combustion process. The modification of the local
conditions of the charge [23], the energy transferred to the
fluid during the ignition event (in SI engines), the interaction
of the flame kernel with the glow-plug electrodes, and also
with the combustion chamber walls, are just a few examples
in which the turbulence plays an important role.

However, recent studies made by Finney et al. [6] demon-
strated that cyclic variability are not only originated by stochas-
tic fluctuations in the flow field, they postulate that the CCV
exhibit a real deterministic behaviour result of the particular
conditions reached during the previous cycles. An example
of this behaviour is the rebound effect that a partial burning
cycle can be succeed by a cycle with a higher expected output
due to the unburned fuel present in the residual gases [24].

The most early research on this matter, involving mod-
elling tasks [25, 26, 27] and the analysis of the most relevant
sources [28, 4], focused on SI engine where the cycle variabil-
ity is considerably more noteworthy than in CI engines. All of
them demonstrated how it is possible to reproduce the main
sources of the cyclic variability in a wide range of operating
conditions with a LES scheme [29] and an adequate mesh
resolution.

These authors also showed, through a statistical analy-
sis of the pressure trace and the brake mean effective pres-
sure (BMEP) parameter, variability values comparable to that
observed in the measurements on both stable and unstable
conditions: lean mixture, external nitrogen-diluted (N,) and
knocking-like combustions. According to these findings, sim-
ulations under LES schemes can reproduce accurately the
phase-averaged mean and dispersion of the in-cylinder pres-
sure, reproducing the stochastic and deterministic variability
of the complex phenomena involved in a SI engine combus-
tion.

Other authors [30] showed how a combination of URANS
[31, 32] with a extremely refined mesh can reproduce the
experimentally observed CCV. Results predicted the cyclic
variability that comes from the large flow structures variation
from one cycle to the next in stable combustion conditions.



However, in high unstable combustion conditions (misfire due
to high EGR dilution), the predicted cyclic variability is not
representative of the real engine operation.

Therefore, since URANS can only predict the cyclic varia-
tions of the largest flow structures, it is not capable to recreate
the stochastic variability of the smallest flow structures, com-
promising an accurate prediction of the combustion and its
effects, specially in unstable combustion regimes. The after-
mentioned studies also revealed how the contribution of the
deterministic phenomena increases as the combustion sta-
bility rises, whereas the stochastic fluctuations due to the
turbulence have a crucial contribution in unstable combustion
regimes.

In contrast, the research related on the CCV prediction in
CI engines is scarce and only a few basic studies were made
in URANS schemes [33, 34]. These studies are focused on the
cyclic dispersion produced from variability in the operating
conditions (e.g. trapped-mass, EGR and other relevant pa-
rameters), rather than on cyclic dispersion due to the random
behaviour of turbulence and its impact on combustion.

Application of LES schemes [35] in these engine simula-
tions is even more limited, although for instance Tillou et al.
[36] proposed a numerical study of the pressure field vari-
ability of a single spray combustion into a constant-volume
chamber under diesel-like conditions. The results give an idea
of the variability of the combustion, specifically on that related
to the effect of the stochastic fluctuations in the turbulent flow
field.

While the aforementioned studies have shed some light
to the main sources of the cyclic variability, clear evidence is
still lacking about the advantages of LES in the simulation of
this particular issue in CI engines. The remarkably low CCV
observed during the steady operating conditions questions if
the variability of source phenomena in the flow field is signifi-
cant. Therefore, a detailed experimental analysis of the CCV
is presented in this paper, with the purpose of finding whether
it would be feasible to achieve an accurate and representative
solution of the acoustic signature of the combustion at a given
operating condition with simpler URANS models.

3. Experimental setup

In order to obtain representative data for this study, two
engines of both CI and SI type have been measured in the
test cells available at CMT — Motores Térmicos. The engines
were selected taking into account current design trends in the
automotive engine market. The main specifications of both
engines are included in Table 1.

Both engines have been fully instrumented, including in-
cylinder piezoelectric pressure transducers. This kind of sen-
sor was directly installed at the combustion chamber in the
SI engine whereas it was introduced through a glow plug
adaptor in the CI engine. Since the latter may add some
high-frequency disturbances in the pressure signal due to res-
onances within the gap between the adapter and the mounting
bore, a custom glow plug adapter with reduced gap length (at

Table 1: Engine specifications and operation settings of the
engines used in this work.

Engine type CI SI

Fuel Diesel  Gasoline
Number of cylinders [-] 4 2
Unitary displacement [cm®] 400 300

Bore [mm] 75.0 70.5
Stroke [mm] 88.3 76.8
Compression ratio [-] 18:1 10:1
Engine speed [rpm] 2000 2000
Load [%)] 68.2 97.9

Table 2: Accuracy of the instrumentation used in this work.

Sensor Variable Accuracy [%]
Piezoelectric sensor In-cylinder pressure 0.7
Thermocouples Temperature of all fluids  0.35

Encoder Engine speed 0.006
Piezoresistive sensor ~ Intake/exhaust pressure  0.65

Torque meter Torque 0.1

Fuel mass flow meter ~ Fuel mass 0.2

Air mas flow meter Air mass 0.12

the cost of reduced life of the sensor) was designed, ensuring
that natural frequencies of the cavity were beyond 35 kHz and
thus that acoustic measurements such as those reported in
this work (< 20 kHz) could be performed free of disturbances.

Additional details of the experimental facilities can be
found in previous investigations [37, 38]. In Fig. 1 a schematic
of the test cell used for the measurement of the SI engine is
provided. The CI engine test cell follows a similar design. In-
stantaneous pressure data from a single cylinder was acquired
at high frequency by means of a Yokogawa oscilloscope, for
50 complete engine cycles, which were enough to correctly
characterize CCV without excessive data size. Operation of
the engine was controlled by an in-house control system, en-
suring that the operating condition was kept constant during
the measurement of the cycles. In Table 2 the accuracy of
the instrumentation utilized in both experimental facilities
are presented as a reference for assessing the uncertainties of
measurements.

The working points in both engines, also included in Ta-
ble 1, were chosen to be representative of their usual oper-
ations, at mid-high levels of speed and load, while at the
same time adjusting the precise settings to ensure experimen-
tally that Overall Noise (ON) levels were approximately equal
in both cases, approximately 90 dB, in order to perform a
meaningful and fair acoustic comparison.

4. Results and analysis

In this section, the measured CCV is analysed for both the
CI and SI engines described in the previous section. As a first
step, the variability of the in-cylinder pressure is analysed
in time and frequency domains in order to identify its main
sources. In addition, further insight is sought in the case of
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Figure 1: Schematic of the engine test cell used in the mea-
surement of SI combustion cyclical dispersion. In-cylinder
pressure traces used in this work were captured with a fast
piezoelectric sensor, marked with an encircled “P” symbol

the CI engine by evaluating the CCV of the Pressure Rise Rate
(PRR). Finally, the effect of this variability on the external
acoustic emission is studied.

4.1. Pressure trace spectral decomposition

To begin, experimental pressure data was processed, de-
composing the raw pressure trace of each cycle into its com-
ponents following the technique already pioneered by Priede
[11] and further extended by Payri et al. [39, 40]. This is done,
first, by subtracting the low-frequency “pseudo-motored pres-
sure trace”, exclusively caused by the compression-expansion
process itself. Although this signal can be theoretically ob-
tained, it was measured in this work by switching off fuel
injection in just the studied cylinder during one isolated cy-
cle while the combustion was kept in the other cylinders
[39]. This procedure was repeated six times through the
50 recorded cycles, thereby allowing to estimate an average
pseudo-motored signal while the operating conditions were
maintained.

Once that this purely mechanical contribution is subtracted,
the “excess” pressure signal that remains is related to the
combustion process [41, 42]. From the point of view of the
frequency, now it is possible to determine a cut-off frequency

between both signals. As it can be seen in Figure 2, in which
data from CI engine is plotted as an example, the spectrum
of pseudo-motored signal practically matches the averaged
spectrum in the low frequency range. The difference among
both traces (b-c) plotted in light red in the bottom graph of
this figure, reveals that the minimum gap is around 0.4 kHz.
This frequency was therefore considered as the first cut-off
frequency for the CI engine. A similar value (0.43 kHz) was
obtained for the SI engine by applying the same procedure.

An additional difference must be established however be-
tween the homogeneous pressure rise caused by the heat
release of the combustion, and the resonant gas oscillations
inside the chamber caused by the reflections of the pressure
waves [18, 19, 37]. This resonance-dominated part of the
pressure spectra can be isolated through a high-pass filter, the
cut-off frequency of which can be determined following the
method suggested by Strahle [13] for diesel engines, where
the spectrum of the cycle-averaged pressure trace (instanta-
neous mean of the 50 recorded cycles) is compared to the
average of all 50 spectra. When a significant difference ap-
pears between both traces at a certain frequency, then this
can be regarded as the start of the frequency range dominated
by the resonant pressure wave oscillations. As it can be seen
in Fig. 2, this frequency for the CI engine was determined by
the point at which the gap between both traces exceeds 1%
of difference.

Regarding the cut-off between these two combustion con-
tributions in the SI engine, the observed large CCV makes it
more difficult to distinguish between them and it also evinces
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Figure 2: Visual representation of the frequency cut-off de-
termination following the selected pressure decomposition
algorithm.



that the criterion used in CI cannot be applied. Therefore the
frequency cut-off point of the resonance range has been kept
between both engines in order to facilitate the comparison.

The result of applying this decomposition procedure to the
experimental engine data can be seen in Fig. 3. In the top plot,
the CI engine in-cylinder pressure is shown. Raw pressure
from a selected test can be seen in green, accompanied by
its corresponding components: mechanical compression in
red, mean combustion pressure in black, and the chamber
resonant oscillations in blue. CCV has been included in these
curves by shading representing the standard deviation (SD)
at each crank angle.

It can be seen that cyclical dispersion is low in this engine,
even when looking at the oscillations caused by the pressure
resonance in the chamber. Moreover, the dispersion does not
alter the oscillation pattern, which is maintained as a self-
similar process. The shape of the combustion pressure trace
is also constant along the different cycles.

On bottom plot of the same figure, data from the SI engine
is shown following the same decomposition procedure. In this
case, CCV is significantly larger than in the CI engine, both in
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Figure 3: Time evolution of the pressure traces in both engines:
CI (top plot) and SI (bottom plot). Besides raw pressure, each
contribution to the pressure is also included, along with their
standard deviation (shaded). Zoomed views are provided
highlighting the oscillations of the chamber resonance

the mean combustion pressure trace and in the oscillations
caused by the resonance in the chamber. Notably, dispersion
in the later, shown in the zoomed view, causes some cycles to
have very different oscillations than the sample cycle shown
in blue.

In Fig. 4 the same information has been plotted in the
frequency domain by calculating the spectrum of each decom-
posed pressure signal. This allows the quantification of the
CCV for each frequency, showing again the different pressure
contributions. In the case of the CI engine, CCV is only ap-
parent on the resonant range, and even in this case the clear
peaks already identified by Priede [12] remain unaffected by
the dispersion. At the medium frequency range dominated by
the mean combustion pressure between 0.4 and 4 kHz almost
no CCV can be detected.

In the SI engine shown in the bottom plot, where the
pressure rate is not so sudden and the heat release is more
progressive, CCV is much larger. Dispersion is already clearly
detected even at the lower 0.4 kHz mark, being prominent
even in the pure combustion phase before the resonance fre-
quency range.

Inspection of the in-cylinder pressure spectra often reveals
a constant slope region following the mechanical pressure
component that then ends with a flat spectrum region (see
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Figure 4: Pressure spectral density in both engines: CI (top
plot) and SI (bottom plot). Spectra have been separated based
on the prevalence of each source mechanism, including the
mean sound pressure level (SPL) and the standard deviation
(shaded) along all experimental cycles



bottom graph of Fig. 4). This turning point, which in this case
is also close to 4 kHz, can be regarded as the cut-off frequency
where the direct effect of combustion in the pressure spectra
vanishes and only resonant pressure fluctuations in the cham-
ber remain, without further excitations due to combustion. If
this singular behaviour would be reproduced at all operation
conditions, it could be considered an appropriate criterion to
establish the second cut-off frequency in SI engines.

While a resonance peak is also visible in the SI spectra, its
frequency is an order of magnitude higher than that of the
CI engine, peaking around 15 kHz where the attenuation of
both the human hearing system and the engine block itself are
much higher. Thereby, this resonance peak is of much lower
relevance regarding acoustic emission than the ones identified
in the CI engine, in which resonance peaks are located at 6.7
and 10 kHz.

Data shown in these figures already illustrates the reason
behind the prevalence of LES turbulence modelling in simula-
tions of SI engines, since the high variability of the pressure
traces inside the chamber makes the accurate resolution of
local oscillation necessary for the successful reproduction of
the combustion process.

On the other hand, the experimental data attests the sta-
bility of CI combustion. Fig. 4 shows how the mean pressure
rise caused by the combustion process itself features almost
no CCV, with almost all the dispersion constrained to the
higher frequency of the spectrum where wall reflections are
responsible for complex resonant features.

Thus, a turbulence model capable of reproducing the
macroscopic mean features rising from the combustion heat
release, along with the pressure wave motion and reflection,
should be able to successfully resolve these acoustic resonant
phenomena. For instance, Renormalization Group (RNG) k—e
models, resolved through a Pressure Implicit with Splitting of
Operator (PISO) algorithm, have been demonstrated in the
literature to correctly predict relevant processes of CI com-
bustion such as injection and autoignition, [43] rate of heat
release [44] and pressure wave propagation and reflection
through the chamber [18].

4.2. Pressure rise rate analysis

However, the question remains as to what advantage could
be gained from switching to a more realistic LES turbulence
model. Literature is yet scarce on LES simulations of ICEs,
and the published research is mostly related to SI engines.
Trying to identify the most relevant sources of CCV seems to
be a common concern.

An analysis of the PRR, this is, dp/dt from the measured
cycles, may shed some light on CCV sources for the two dif-
ferent engines. For this purpose, in Fig. 5 the PRR has been
plotted along its cycle-to-cycle standard deviation for both
engines considered so far. The two axes of both graphs were
normalized by the same factor in order to allow a fair com-
parison between the engines. Hence PRR was normalized by
the maximum PRR registered in the SI engine, which corre-
sponds to the maximum PRR recorded along the two tests.

The temporal gap is identical in both graphs: zero coincides
with the start of the CI combustion while the upper value was
adjusted to guarantee a proper visualization of relevant data.

Focusing on the CI results displayed in the top plot, the
contribution of each of the three combustions (two pilots
and a main one) to the PRR can be clearly seen. Within the
pilot injection stages, two peaks can be clearly identified; the
maximum being related to the premixed combustion whereas
the other is a direct consequence of a short diffusion burning
phase. In the main injection phase however, only a soft change
in the slope delimits the transition between premixed and
mixing-dominated phases.

Moreover, it can be noticed that the largest cyclical SD
is located at the peaks of the premixed combustions, with
approximately 8% %SD. At the diffusion combustion phases
however, £SD descends to approximately 4%. Prior to the
combustion, £SD is only 0.2%. This is, dispersion magnitude
in the combustion phase appears to be around one order of
magnitude higher than that of the purely mechanical processes
such as variations of the injected fuel quantity, trapped mass,
deformations, heat transfer, etc.

Tillou et al. [36] simulated an environment where only
consecutive combustions of a diesel spray were considered
by using a LES scheme; since no mechanical compression or
air scavenging are taking place, only the variance due to the
combustion itself was present.
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Comparing the experimental CI engine PRR observed in
Fig. 5 (top) and Tillou et al. results, which show that the
maximum variation of the PRR during this process is approxi-
mately 5% (and thus, that +SD is be even lower), appears to
confirm that LES of CI combustion does not account for all
CCV sources, since in the CI case CCV is low enough that the
contribution of mechanical processes, which are difficult to
simulate, is not insignificant.

On the other hand, the bottom plot of Fig. 5 shows the
normalized PRR obtained from the SI engine data. It can
be easily seen that the maximum dispersion is substantially
higher in this case, since the maximum standard deviation
reaches values of 22%, even though the maximum value of the
cycle-averaged PRR is close to that observed in the previous
engine.

This fact highlights the completely different phenomena
involved in both engine concepts. In the SI case, some au-
thors [27, 26] have proved that local flow changes associated
to turbulent fluctuations become the major source of CCV,
rendering the effects of the system clearances secondary.

In fact, comparing the CCV prior to combustion in the
bottom plot of Fig. 5, it can be seen that the dispersion at the
combustion phase is two orders of magnitude larger, remark-
ing the value of the more comprehensive LES simulation in
the SI case.

4.3. Overall noise CCV

Once that we have evaluated which sources can affect
the variability of the pressure field, we can estimate how
this source phenomenon translates to the externally-radiated
noise, taking into account the attenuation due to the engine
structure which is highly non-linear and time dependent [46].

For qualitative analysis many research works estimate the
acoustic path between the source and free-field conditions by
a transfer function. This simplification does not allow for an
accurate prediction of the radiated noise level [37, 47], but it
is extremely useful for relative comparisons [48, 49]. Besides,
several combustion noise metrics are defined following this
method.

In this case, the acoustic path was estimated with the clas-
sical approach proposed by Austen and Priede [45], which
assumes a linear behaviour between the source and the ob-
server. According to this theory, the engine structural attenu-
ation curve can be calculated as the difference between the
in-cylinder pressure and the radiated noise 1/3-octave band
spectra. Among all structural attenuation curves available in
the literature [50, 51, 37], the one obtained by Anderton [50]
in the early 80’s was selected to estimate the spectrum of the
radiated noise, as it is one of the most extended.

Combining both approaches it is possible to estimate the
overall engine noise (ON) of any operation condition as

2

P
ON(dB) =10-log;y = €]
P

0

where p, is a reference sound pressure of 20 uPa, which cor-
responds to the minimum human hearing threshold and Py
is defined as

fn
1
Py=1 -f;lp(f) @

where N is the number of harmonics between f; and fy, and
P(f) represents the Fast Fourier Transform (FFT) of the engine
radiated signal, which is obtained by subtracting the structural
attenuation curve [50] from the in-cylinder pressure spectrum
following Austen’s approach [45].

In Fig. 6 the overall noise obtained for each engine cycle
is plotted together with two common statistical values, the
mean and the standard deviation. As expected, the cyclic
dispersion of this parameter follows the same trend observed
in the pressure trace, it is considerably larger in the SI engine
than in the CI one.

Even though the levels of overall noise in both engines
were kept similar during the measurements (89.61 dB in CI
vs. 90.59 dB in SI), the standard deviation is significantly
higher in the SI engine, with 3.12 dB of deviation against the
1.47 dB measured in the CI engine.
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Figure 6: Cyclic variability of the overall engine noise obtained
by the classical approach proposed by Austen and Priede [45]
in both engines: CI (top plot) and SI (bottom plot). ON level
of each cycle is plotted (dots) along with the mean (solid black
line) and standard deviation (shaded)



The fact that almost all CI cycles are close to the mean
in terms of noise confirm that the small variations of the
combustion-related phenomena have a lesser impact on the
acoustic emission of CI engines. This also supports the use
of URANS schemes in this case, since a certain simulated
cycle can be very representative of the overall cycle-to-cycle
operation.

On the other hand, large cycle-to-cycle variations in terms
of acoustic output can be observed in the SI engine, up to
11.89 dB from the 94.44 dB of cycle 14 to the 82.55 dB of
cycle 15. This suggests that multiple cycle simulations should
be conducted when aiming to characterize the noise level
of SI engines, a task for which LES models are much more
appropriate.

5. Discussion

Experimental results presented herein show how inside
the CI engine cycle a complete oscillatory process, identified
as combustion chamber resonance, takes place from start to
finish, and that this oscillatory process is self-similar: there
is some cycle-to-cycle dispersion, but all resonant peaks are
conserved through the operation of the engine. This shows
that the macroscopic pressure wave propagation and interac-
tion process repeats in almost the same way for each cycle.
On the other hand, data from the tested SI engine shows how
the increased CCV typical of these engines can drown out the
resonance signal.

In terms of pressure spectral density data obtained through
component decomposition techniques, clear resonance peaks
have been detected for the CI engine at mid-level frequen-
cies that are known to be less attenuated by the mechanical
structures and by the human hearing itself. In the case of SI
combustion noise, a single, weaker resonant peak has been
shown at a higher frequency, which is thus more attenuated
naturally.

Influence of CCV in the acoustic signature of the engine has
also been demonstrated through a decomposition procedure,
showing how CCV of CI engines is confined to the resonant
region of the spectrum while in the case of SI engines even low
frequencies typical of the mean combustion pressure boost
present significant CCV.

Additional insight on CI CCV has been attained by analysing
the dispersion of PRR data, that highlights the contributions
of each combustion to the pressure boost. Comparison of
the magnitude of PRR CCV evolution, combined with pub-
lished LES data of repeated CI-like combustion in an idealized
environment, suggests that while dispersion in the pressure
excitation due to the combustion process itself is dominant,
mechanical effects in CI are only one order of magnitude
lower. This is thus the limit of improvement in CI noise CCV
simulation, as mechanical effects are notoriously difficult to
consider in numerical model.

Furthermore, the effect of these variations in the pressure
field on the overall noise has been experimentally demon-
strated. As the operating point of both engines was selected

to achieve the same overall noise level, it is easy to notice how
the SI engine features a much larger variation of acoustical
output between consecutive cycles.

These experimental observations are significant regarding
the simulation of combustion noise generation by a particular
engine. Self-similarity of CI resonance, coupled with low
combustion contribution dispersion, suggests that the analysis
of a single engine cycle is sufficient to understand its acoustic
behaviour.

Plus, the major contributors to the CI resonant field are
sudden pressure waves produced by the autoignition of the
fuel-air mixture that then travel and reflect within the cham-
ber. Hence, URANS numerical schemes that have been demon-
strated to properly resolve CI injection, combustion and pres-
sure wave oscillations are suggested to model the acoustics
of a CI cycle which, as demonstrated experimentally in this
work, will be then sufficiently representative of subsequent
cycles.

In the case of the SI engine however, where large CCV
is demonstrated, results show how this increased dispersion
has a significant influence on the acoustic output. The SI
noise signature is affected by CCV not only in the resonance
phase but also in the combustion-dominated part of the spec-
trum. Cycle-to-cycle radiation noise estimation attests this
variability, with large differences identified between the ON
of consecutive cycles.

These facts suggest that when numerical simulation of
SI combustion acoustics is sought, the selected turbulence
model should be able to properly resolve not only the sud-
den pressure boost of the ignition as in the CI case but also
the dynamics of the flame propagation and, in addition, the
variability between consecutive cycles. Hence, LES schemes
should be preferable when simulating SI acoustics, since its
preservation of unsteady components of pressure, velocity and
temperature from one cycle to the next allow more realistic
combustion conditions.

As shown in this paper, noise data from single SI cycle
is not guaranteed to be representative, and several cycles
should therefore be measured or simulated in order to obtain a
realistic mean ON level. Moreover, it should be noted that the
results presented herein are representative of steady operating
conditions, whereas if engine transients are to be considered,
CCV would be even more significant, exacerbating [52] the
noise issues discussed in this work and reinforcing the need
for multi-cycle measurements and simulations.

6. Conclusions

In this investigation, experimental measurements of instru-
mented ICEs belonging to the two most popular combustion
concepts, CI and SI, operating at the same ON level, have
allowed a comparison of their different cyclical dispersion
characteristics from the point of view of acoustical emission,
a critical factor given the increased market and regulator
pressure on combustion vehicles.



Combined with a review of the two main approaches
for the numerical modelling of ICEs, which is a crucial step
in the design process and also in the understanding of the
noise source behaviour, the following conclusions have been
reached:

1. Spectral decomposition of the pressure traces reveals
that in the case of CI engines the combustion contribu-
tion to the pressure trace CCV is very low, being chamber
resonance the main source. However, the analysis re-
veals that acoustic resonance in modern CI chambers is
a self-similar process.

2. Results from the SI engine analysis show higher disper-
sion already in the combustion contribution, with no
self-similarity of the acoustic resonance. Translated to
radiated ON, levels are shown to vary significantly.

These experimental findings allow the establishment of
some recommendations on the choice of turbulence modelling
in ICE acoustic simulations:

1. A well-configured® single-cycle URANS simulation can
offer representative CI noise spectra. This is of special
relevance for industrial applications.

2. However, LES schemes capable of improved CCV repro-
duction are advised if comprehensive acoustic charac-
terization of SI engines is sought through numerical
means.

7. Future works

In order to further confirm the conclusions reached in this
investigation about the influence of CCV in acoustic prediction
by numerical simulations, especially in the case of CI engines
where the cost of multi-cycle LES appears to be questionable
for ON and spectra prediction, work is underway to produce
a representative comparison between an URANS and a LES
simulation of the same CI engine.
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