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Abstract

Diesel combustion noise has become a crucial aspect for the engine manufacturers due to its impact on human health and
influence on the customer purchasing decision. The interaction of the pressure waves after mixture self-ignition induces cavity
resonances inside the combustion chamber. This complex phenomenon produces high-frequency pressure oscillations, hence
traditional in-cylinder measurements do not provide enough information to characterise the in-cylinder acoustic field. In this
paper, a numerical methodology is proposed for assessing the Diesel combustion as a noise source and to overcome measure-
ment limitations. An optimisation procedure is also presented in order to determine the numerical calculation parameters,
boundary conditions definition and initialization. Results show that local flow conditions at the start of combustion have a
strong influence on the acoustic response of the in-cylinder noise source. These particular conditions are only achievable by
the proposed methodology which considers entire engine cycle simulations with the complete cylinder domain. Therefore,
traditional Computational Fluid Dynamic (CFD) approaches, such those used for predicting combustion stability or pollutant
emissions, are not suitable for reproducing the physical mechanisms of noise generation and they cannot be used for acoustic
purposes. The reliability of the proposed methodology to simulate the acoustic field accurately inside the combustion chamber
has been validated by comparison with experiments.
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1. Introduction

Noise is an often-overlooked source of environmental pol-
lution that has been stated as a serious health hazard. Long-
term exposure to noise can produce annoyance and deteri-
oration of sleep quality, raising the risk of serious diseases
such as permanent hearing loss and even hypertension. The
seriousness of these disorders have promoted several studies
focused on determining a safe threshold for the noise level.
The human acoustic perception is very sensitive to the inten-
sity and the frequency of the sound [1]. Hence, similar noise
levels can affect differently if they are emitted at distinct fre-
quency ranges [2, 3]. Furthermore, the differences in sub-
jective judgement of people increase the complexity of this
matter. The main issue is therefore to determine how much
noise a person can reasonably handle without consequences.

In the present society, where population density and hu-
man activities increase industry demands, transportation is
the main cause of noise. In particular, road traffic is by far
the biggest source of noise, ahead of other external sources
such as aircraft, industry or railway noise [4]. Noise coming
from road traffic is originated by the engine –engine noise–
and by the interaction of the vehicle with the environment
–aerodynamic and tyre noise. The impact of engine noise on
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the overall vehicle noise varies with the type of engine, and
it is highly linked with the combustion concept. While the
contribution of the combustion noise is moderate in spark ig-
nition (SI) engines, it significantly increases in compression
ignition (CI) Diesel engines.

Since the early nineties, Diesel engines have become the
leading power plant in Europe, especially on light-duty ve-
hicles, due to their performance, driveability and lower fuel
consumption. In view of the expected increase of road traffic,
public institutions have been forced to control the noise emis-
sions in Diesel-powered vehicles by limiting the engine noise
level. Thus, engine manufacturers are focused on reducing
the overall noise in Diesel engines to comply with future leg-
islations, and on improving the sound quality perceived by
the customer subjectively because of its influence on the pur-
chasing decision [5, 6].

The ignition of a volume element with a reactive blend act
as acoustic source by inducing pressure instabilities. These
perturbations can be generated as a consequence of the com-
bustion process itself and due to unsteady heat release. The
contribution of both promoters is remarkably different de-
pending on the application. While the combustion noise in
aero-engines is mainly produced by heat release fluctuations
due to the instabilities caused by flame dynamics [7, 8], in
CI engines the sudden pressure rise generated by the mix-
ture self-ignition and the following premixed combustion dis-
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Nomenclature
List of symbols Sub- and Superscripts
c speed of sound (m · s−1) cyl related to cylinder
(dp/dt)max maximum pressure time-derivative (kPa · s−1) norm normalized value
Eres resonance energy (Pa2 · s) ref related to reference cycle
f frequency (Hz) res related to resonance phenomena
n engine speed (rpm) comb related to combustion event
pcyl in-cylinder pressure (MPa)
t time (s)
u flux velocity (m · s−1)
x cell size (m)
εr relative error (%)
τ

spray
i ignition delay between sprays (µs)

misses any other source contribution. Therefore, in CI Diesel
engines, heat release fluctuations during the diffusion com-
bustion stage do not significantly contribute to the acoustic
response in a significant way.

Once the ignition occurs, the interaction of the pressure
and mechanical forces generates the acoustic excitation. Pres-
sure forces act directly on the cylinder surrounding surfaces
and produce noise emission through the engine block vibra-
tion. An additional vibration source arises as a consequence
of mechanical forces, which are induced by the pressure forces
transmitted by moving elements in the cylinder, piston slap,
clearances, friction and deformation [9, 10].

The sources described above are strongly dependent on
the sudden pressure rise due to the premixed combustion,
which is mainly dependent on the fuel-burning velocity, and
hence by the rate of heat release (RoHR). Moreover, this ve-
locity is controlled by the fuel injection rate, the EGR rate and
in-cylinder flow velocity (i.e., swirl flow conditions). Current
engines can control all of these parameters through flexible
devices such as common rail injection systems or advanced
ECU software among others. The presence of high frequency
oscillations along the in-cylinder pressure evolution is an-
other consequence of the combustion event. These oscilla-
tions are related to the unsteady process known as combus-
tion chamber resonance [11]. The interaction and the re-
flection of the pressure waves produce oscillation patterns of
the gas inside the combustion chamber, commonly known as
modes of resonance. The natural frequency of these modes
depends on the gas temperature and the combustion cham-
ber geometry. Hence all axial (longitudinal) modes and the
transversal (radial and azimuthal) ones of order higher than
third have associated frequencies out of the human hearing
range [12]. The amplitude of these pressure oscillations is
related to the achieved pressure gradients and the relative
position of the self-ignition zones in the combustion cham-
ber [13]. The variation of the combustion chamber geome-
try, the gas temperature and the local conditions during the
combustion event and for cycle-to-cycle makes the resonance
in Diesel engines a complex phenomenon. This event needs
to be taken into account because of the characteristic excita-
tion frequency span, which is in the highly sensitive human

perception range. Furthermore, Torregrosa et al. [14] and
Payri el al. [15] have proven the impact of the resonance
on the radiated engine noise level and on the sound quality,
respectively.

Previous works [16] have evidenced the strong influence
of the pressure transducer location on the recorded signals,
especially in the high frequency range. The main cause is the
difference in the oscillation amplitudes along the combus-
tion chamber due to the gas oscillation modes. Therefore,
traditional in-cylinder pressure measurements do not pro-
vide enough information to analyse the resonance phenom-
ena in detail. Hence, researchers have adopted different ap-
proaches in order to reach this aim: while some authors use
different pressure transducers along the combustion cham-
ber [17], others tend to use CFD models to understand this
phenomenon.

In line with the latter trend, the simulation of the turbu-
lence is the main limiting factor for reproducing the flow field
accurately. Direct Numerical Simulation (DNS) can achieve
very accurate results but the prohibitive computational costs
make it improper for real flow applications. Unsteady Reynolds
Averaged Navier-Stokes (U-RANS) is the standard approach
in most practical internal combustion engine (ICE) flows. The
low computational time demanded has promoted its wide
usage in the automotive industry. U-RANS methods assume
that velocity variations around the mean value are small and
due to turbulence [18]. These hypotheses only allow to ad-
dress cyclic variations which are due to isotropic turbulence.
Thus, anisotropic effects such as intermittency due to large
scale in-cylinder flow or misfires, are not reproduced cor-
rectly. Large Eddy Simulation (LES) methods appear as a par-
tial solution to overcome some limitations of U-RANS mod-
els. These techniques decompose the flow field into large and
small scales. The large scales are solved exactly whereas the
small ones are approached by several models [19, 20]. Ver-
morel et al. [21] has proven the suitability of LES methods
for simulating cycle-to-cycle pressure variations in a 4-valve
SI engine.

As described above, the resonance phenomenon could be
highly variable between consecutive engine cycles owing to
its strong dependence on local flow conditions. Thus, the
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Figure 1: Computational domains and mesh characterization of the engine architecture

best option to analyse this phenomenon could be to use a LES
approach in the CFD model. However, LES techniques are
still being very demanding in terms of computational require-
ments for ICE applications. Additionally, previous works [22,
23, 24] have evidenced the capacity of U-RANS to repro-
duce the high frequency pressure fluctuations. The predicted
amplitude of these oscillations are similar to the averaged
value of 100 measured cycles. These results have encouraged
the authors to explore U-RANS modelling in order to define
trends in the Diesel knock phenomenon for several operating
conditions and design parameters [25].

Hence, the main objective of this research is to explore
the capability of CFD for reproducing the combustion as a
source of noise in a four-cylinder CI engine. In the next two
sections, a description of the experimental set up and numer-
ical tools are presented. The results obtained are discussed in
Section 4. A validation of the numerical results is presented
in Section 5. Finally, the conclusions obtained from this study
are summarized in Section 6.

2. Experimental setup

2.1. Engine and test cell characteristics

The experimental characterisation has been carried out
in a light-duty DI Diesel engine. This is a 1.6 l, four-cylinder,
turbo-charged engine equipped with a common rail injection
system. All tests were performed with a 6-nozzle injector
with hole diameters of 124 µm and an included spray angle
of 150◦. The combustion chamber presents a conventional
head design with a re-entrant bowl geometry (see Figure 1).
This piston design provides a geometric compression ratio of
18. As a reference, the main specifications of the engine and
the injector are presented in Table 1.

Table 1: Engine and injector specifications

Engine type Direct-injection CI
Number of cylinders [-] 4 in line
Displacement [cm3] 1600
Bore - Stroke [mm] 75 - 88.3
Connecting rod length [mm] 13.7
Compression ratio [-] 18:1
Number of valves [-] 2 intake and 2 exhaust
Injector nozzles 6
Nozzle holes diameter [µm] 124
Included spray angle [deg] 150

The gear box was assembled with the engine block in or-
der to maintain the vibration patterns as close as possible to
real operation. In addition, an asynchronous electric brake
was directly coupled with the engine for controlling the en-
gine speed. The latter was physically and acoustically iso-
lated with sound damping panels so as to prevent possible
interferences in the engine noise measurements. The test
bench was installed inside of an anechoic chamber which of-
fers free-field conditions for frequencies above 100 Hz.

In-cylinder pressure was measured with a Kristler 6055Bsp
piezoelectric transducer placed in the middle of the intake
valves at the glow plug location (as can be seen in Figure 1).
The noise radiated by the engine block was measured using
a free-field microphone [14] and a Head Acoustics HMS III
system [15]. The pressure and noise signals were sampled
using a dedicated acquisition system and recorded during 50
consecutive engine cycles. All signals were also registered
with a sample frequency of 50 kHz, ensuring a free-aliasing
bandwidth similar to the human hearing domain –20Hz to
20kHz– according to de Nyquist criterion [26].
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The rate of heat release, combustion phasing angles, max-
imum pressure time-derivative and maximum in-cylinder pres-
sure were calculated from the in-cylinder pressure trace by
means of the energy equation and some simplifications [27,
28]. The energy equation was solved assuming uniform pres-
sure and temperature throughout the whole combustion cham-
ber volume, giving the instantaneous mean temperature and
the heat release.

2.2. Combustion noise characterisation

The characterisation of the combustion noise is based on
the in-cylinder pressure decomposition proposed by Payri et
al. [29]. According to this method, it is possible to iden-
tify three frequency bands in the pressure spectrum, each
linked to one of the three engine cycle parts: compression-
expansion phase, combustion event and resonance phenomenon.
This procedure also allows to identify which parameters are
those most influential in each frequency band. Taking advan-
tage of this information, subsequent investigations [14, 15]
have found cause-effect relations between the source and
both the objective and subjective effects of noise. Torregrosa
et al. [14] have demonstrated the relation between the en-
gine radiated noise or overall noise (ON) and three indica-
tors: one operation indicator which quantifies the effect of
the engine speed, and two combustion indicators that rep-
resent the in-cylinder pressure rise and the high frequency
gas oscillation inside the combustion chamber, respectively.
Then, the overall noise can be obtained by

ON= C0 + Cn In + C1 I1 + C2 I2 (1)

where Ci are coefficients dependent on the engine size and
concept.

The operation indicator, In, depends on both the engine
speed (n) and the idle engine speed (nidle) as

In = log
�

n
nidle

�

(2)

The first combustion indicator, I1, which characterizes the
sudden rise of pressure during the combustion event is de-
fined as

I1 =
n

nidle

�

(dp/dt)max1

comb + (dp/dt)max2

comb

(dp/dt)max
comp

�

(3)

where (dp/dt)max1

comb and (dp/dt)max2

comb are the two maximum
values of the pressure time-derivative during the combus-
tion, and (dp/dt)max

comp is the highest peak of the pressure time-
derivative during the compression-expansion phase.

The last combustion indicator, I2, is related to the reso-
nance phenomena inside the combustion chamber and it is
mathematically expressed as

I2 = log

�

E0
Eres

Ecomp

�

(4)

Here E0 is a convenient scaling factor and Eres is the signal
energy of the resonance pressure oscillations. As is usually
considered in the in the field of signal processing, the latter
is defined as

Eres =

∫ EVO

IVC

p(t)2res d t (5)

where p(t)res is the resonance pressure signal and intake valve
closing (IVC) and exhaust valve opening (EVO) timings are
the limits of the integral. This parameter characterises the
global amplitude of the pressure oscillations due to the res-
onance phenomenon. Similar metrics such as peak pressure
rise rate (PPRR) or ringing intensity (RI) are widely used in
the literature for the same purpose. However, Shahlari et al.
[30] has evidenced their weakness for characterising the res-
onance phenomenon when the combustion strategy, engine
platform or operating conditions change. Thus, Eres offers
better reliability to quantify the amplitude of the pressure
oscillations because it is based on the pressure trace and not
on indirect parameters [31]. Additionally, in some of the fol-
lowing studies, the resonance energy is normalized (Enorm

res )
by a reference value Ecomb defined as

Enorm
res =

Eres

Ecomb
(6)

Ecomb =∆p2
comb∆t (7)

where∆pcomb is the maximum increase of the mean pressure
due to the combustion event and∆t is the time span in which
this maximum is achieved. This normalisation procedure is
necessary for comparison purposes, because in most cases it
is not possible to reproduce exactly the same RoHR trace if
any numerical parameter is varied.

Payri et al. [15] verified that the same two combustion
indicators also correlate with the perceived sound quality of
the combustion noise. The sound quality is quantified by a
mark ranging from 0 to 10 which represents the customer
satisfaction degree as

MARK= 10− C3 I1 − C4 I2 (8)

here Ci are other coefficients dependent on the engine size
and concept.

Moreover, in order to evaluate the source of combustion
noise at each operation condition the overall pressure level,
termed ’cylinder pressure level’ (CPL), is estimated using the
following expression:

CPL (dB)= 10 · log
P2

N

p2
0

(9)

where p0 = 20µPa and

PN =
1
N
·

fN
∑

f= f1

P( f ) (10)
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where N is the number of harmonics between f1 and fN ,
while P( f ) represents the Fast Fourier Transform of the pres-
sure signal (p(t)).

Since the resonance phenomenon has been traditionally
characterised by the amplitude of the excited oscillation modes,
it is convenient to establish a notation showing the spatial
pattern of each cavity mode. As a reference, Figure 2 presents
the terminology used in this paper to designate acoustic modes
in the combustion chamber [11].

First
transversal
mode (1,0)

Second
transversal
mode (2,0)

Third
transversal
mode (0,1)

Increasing frequency

symmetricnon-symmetricnon-symmetric

Figure 2: Cross-sectional views and notation of classical
acoustic modes in combustion chambers [11].

Finally, the relative error between measured and CFD cal-
culated pressure traces has been estimated as a function of
crank angle (εr(α)) in order to obtain the maximum relative
error during the cycle (εmax

r ). The relative error for an arbi-
trary variable (φ) is defined as

εr [%] =
|φCFD −φexp |

φexp
· 100 (11)

3. Numerical model setup

The commercial CFD code CONVERGE, based on the fi-
nite volume method, was chosen to implement the numerical
model. Figure 1 shows the three-dimensional domain which
includes the complete cylinder geometry and intake-exhaust
manifolds, allowing to perform full coupled open and closed
cycle simulations. The whole domain was discretised in a
structured grid of hexahedrons with a base cell size of 3 mm.
Several grid refinements were added to the original mesh
size in order to improve the accuracy for simulating the re-
flection and interaction of the pressure waves within the do-
main. Three levels of grid refinement were included in the
wall surrounding areas and along the whole cylinder when
the combustion starts. Three supplementary levels of grid
refinement were also activated in the spray zones to repro-
duce precisely the complex phenomena related to the chem-
ical reactions and spray atomisation, break-up, coalescence,
etc. In addition, the code used an adaptive mesh refinement
algorithm (AMR) to increase the spatial resolution in areas
where flow velocity and temperature variations are meaning-
ful. The number of cells depended on the simulation param-
eters and varied among 1.5 × 106 cells at the Bottom Dead
Center (BDC) and 0.5× 106 at Top Dead Center (TDC).

The renormalization group (RNG) k−ε model [32] with
estimated wall heat fluxes [33] was used to approximate the
turbulent flow properties. The injection event was modelled
by the standard Discrete Droplet Model (DDM) [34] whereas
the spray atomisation and break-up are simulated by means
of the Kelvin-Helmholtz Rayleigh-Taylor (KH-RT) model [35].
N-heptane was chosen as a surrogate to predict the physical
properties of diesel fuel. Concerning combustion event, the
code approaches the detailed chemistry of the domain with a
direct integration of the chemical reactions by means of the
SAGE (detailed transient chemistry solver) solver. A chemical
mechanism corresponding to a Primary Reference Fuel (PRF)
blend of n-heptane and iso-octane was selected as a surrogate
fuel. The iso-octane reactions were deactivated in order to
predict and simulate the diesel ignition features. Moreover,
the reaction mechanism for PRF oxidation was derived from
the ECR-Multichem mechanism [36], characterizing the fuel
chemistry with 42 species and 168 reactions.

The simulations encompass timings between IVC and EVO.
However, some simulations were calculated during the entire
cycle, among two consecutive EVO timings, in order to pro-
vide more realistic flow conditions during the combustion.
The computational time was optimised with a dynamic time
step strategy based on two different Courant number defini-
tions. The time step was calculated by keeping the Courant
number close to one and considering the cell size and a char-
acteristic velocity. Both dimensionless parameters, flow and
sonic Courant numbers, are defined as

Cu = u
4t
4x

(12)

Cc = c
4t
4x

(13)

where u is the flow velocity, c is the speed of sound,4x is the
cell size and 4t is the time step. In this procedure, the flow
velocity was taken as a characteristic velocity during the com-
pression and injection phases, whereas the speed of sound
was considered in the combustion phase in order to ensure
an accurate prediction of the pressure oscillations.

Isothermal conditions were imposed at solid walls such
as cylinder liner, piston surface, intake-exhaust manifolds,
etc. Wall temperatures required for these boundaries were
obtained by applying the lumped model proposed by Torre-
grosa et al. [37]. In full cycle simulations the inflow/outflow
boundary conditions were implemented to impose the mean
value of the experimental intake/exhaust signals (both tem-
perature and pressure). The strong influence of the pressure
transducer location on the pressure measurements, specifi-
cally in the high frequency range, has been proven in several
research works [16, 38]. Taking this into account, one mon-
itor point was placed at the same location of the experimen-
tal pressure transducer, in order to compare the experimen-
tal and simulated pressure evolution. In addition, pressure
traces were registered at a sampling frequency of 50 kHz to
provide enough free-aliasing bandwidth to cover the human
range of hearing.
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Table 2: Parameters definition for studies and validation

Study Domain Mesh size [mm] Sonic Courant number [-] Initial conditions Injections [-] Injector nozzles [-]
Mesh independence Complete cylinder 2, 2.5, 3, 3.5, 4 1 Uniform 1 1
Time step Complete cylinder 3 0.5, 1, 2, 10, 50 Uniform 1 1
Auto-ignition location Complete cylinder (simplified) 3 1 Uniform 1 1
Domain 60◦ sector, 180◦ sector, complete cylinder 3 1 Uniform 1 6
Initial conditions Complete cylinder, full 3 1 Uniform, GEP 1 6
Validation Full 3 1 GEP 3 6

The cluster used to perform all calculations is formed by
4 Fujitsu RX500 servers and 72 Fujitsu BX920 blades with
1280 cores. The return time for a complete cycle, 720 crank
angle degrees (cad), was about 130 h when the process was
distributed on 32 cores. In the same way, closed cycle simu-
lations need about 60 h to perform the calculation.

4. Model implementation

In order to implement the CFD model, five studies were
performed in order to evaluate the impact of several rele-
vant parameters on the frequency content of the in-cylinder
pressure. The first two studies were focused on establishing
the optimum value of two calculation parameters, the mesh
size and the time step. The third study can be considered as a
preliminary validation procedure. It used the optimum calcu-
lation parameters, obtained from the two preceding studies,
for reproducing results previously obtained by other authors
[16, 13]. The fourth evaluated the impact of assuming pe-
riodic hypothesis in the domain definition. The final study
compared the results obtained by using different definitions
of the initial conditions. Table 2 shows the complete informa-
tion about the configuration parameters used for the referred
studies.

The analysed parameters (base cell size, time step defini-
tion, self-ignition location, computational domain and initial
conditions) were selected taking into account previous inves-
tigations [13] and preliminary studies.

4.1. Mesh independence study

One of the most critical aspects in a CFD simulation is to
define a mesh that ensures an accurate solution while ensur-
ing that the computational time remains under reasonable
values. The code uses an internal algorithm to create a struc-
tured mesh based on hexhaedrons with a given base cell size.
This procedure ensures high mesh quality but it does not sup-
ply an appropriate mesh size. Hence a mesh independence
study is performed in this section in order to guarantee that
the domain discretisation does not affect to the most relevant
acoustic parameters.

The study has been made for the complete cylinder do-
main (see Figure 1) with a sonic Courant number close to
one, uniform initial conditions (thermodynamics, turbulence
and species) and with a one-nozzle injector which sets a sin-
gle excitation source. Five different mesh sizes are defined
with the base cell size parameter varying from 2 to 4 mm.
Figure 3 shows the results obtained in terms of frequency and
amplitude of the pressure oscillations for a monitor placed at

the same location of the pressure transducer. These results
evidence no influence of the mesh size on the frequency of
the three first modes of resonance [11]. However, a notice-
able dispersion is observed in the amplitude of the transition
frequencies between oscillation modes. The normalized en-
ergy of the resonance (Enorm

res ) shows the effect of this on the
global amplitude of the resonance oscillations. In addition,
it confirms that the global amplitude of the resonant oscilla-
tions does not change with meshes of base size close to 2.5
mm. Nonetheless, considering the increase in computational
cost, it was deemed sufficient to use a reference mesh size
of 3 mm which yields less than 5% error in the amplitude of
the pressure oscillation with respect to the mesh-independent
solution.
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Figure 3: Results of the independence mesh study. a) Compar-
ison of the pressure spectra traces, b) Differences in the global
amplitude of the pressure oscillations, c) Computational costs
of a single cycle simulation

4.2. Time step definition

As described in section 3, the CFD model uses the sonic
Courant number to fix the calculation time step during the
combustion event. This mathematical procedure establishes
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ison of the pressure spectra traces, b) Differences in the global
amplitude of the pressure oscillations, c) Computational costs
of a single cycle simulation

how many cells sweeps a pressure wave between two consec-
utive time steps of the calculation. Previous studies [22] have
mentioned the relevance of this parameter in the in-cylinder
pressure trace, specially in aeroacoustics. In this way, the fol-
lowing study analyses the impact of the time discretisation on
the frequency response.

The study has been carried out in the complete cylinder
domain with a base cell size of 3 mm, uniform initial con-
ditions and with a single excitation source (one-nozzle in-
jector). The different time step definitions are determined
by maintaining the sonic Courant number close to 50, 10,
2, 1 and 0.5, respectively. The pressure spectra at a moni-
tor placed in the transducer location are shown in Figure 4a,
where significant amplitude differences are observed in the
three main resonant modes. It can be seen that the pressure
oscillations due to the resonance phenomenon are attenu-
ated as the sonic Courant number increases. These trends
are confirmed by the Enorm

res curve in Figure 4b: the global
amplitude of the pressure oscillations drastically decreases
for sonic Courant numbers between 5 and 50 and it reaches
its maximum value for sonic Courant numbers below one.
Thus, considering the calculation time increase shown in Fig-
ure 4c the optimum time step definition was fixed by a sonic
Courant number close to one, assuring a suitable reproduc-
tion of the pressure wave interaction and reflection mecha-
nisms.

4.3. Auto-ignition location

In the past, some authors [11, 12] studied the resonances
inside ducts or chambers from the point of view of its ef-
fects in the frequency domain. One of their contribution was
the ability to identify the frequencies of the oscillation modes
through the solution of the wave equation for a circular cylin-
der

fm,n = αm,n
c
B

(14)

where the fm,n is the excitation frequency of the mode (m, n),
αm,n is the oscillation mode coefficient for mode (m, n), c is
the mean speed of sound which mainly depends on the in-
cylinder temperature, and B is the cylinder bore. Torregrosa
et al. [16] and Broatch et al. [13] showed the impact of the
RoHR on the frequency content of in-cylinder pressure. They
demonstrated how the amplitude of the resonant modes is
amplified as the maximum RoHR increases. Moreover, they
claim that the location of the self-ignition zones can influence
the frequency content of the spectrum between two consecu-
tive resonant modes and therefore, changing in a significant
way the global amplitude of the pressure oscillations (Eres).
These studies were made by assuming no piston motion and
they did not consider the effect of the expansion stroke on
in-cylinder temperature. Hence, the aim of the present study
is to reproduce the latter studies with a moving piston mesh
and to examine the evolution of Eres.

In this study, it is imperative to reproduce an analogous
RoHR profile as close as possible between simulations while
the location of the self-ignition is varied by the injector po-
sition. Therefore, a simplified cylinder version, presented in
Figure 5, of the complete cylinder domain is used to avoid
possible spray-wall interactions which could influence the fuel
energy release. In addition, an injector with only one nozzle
is considered to easily control both the ignition location and
energy release. The calculation parameters are presented in
Table 2 and they follow the same considerations as viewed
on the previous studies.

Two variations of a reference position were considered
in both cylindrical coordinates (radial and axial). Therefore,
the radial position of the injector was conveniently modified
in Figs. 5b and 5c to change the location of the spray ignition.
On the other hand, Figs. 5d and 5e display the results of mod-
ifying the ignition position along the axial coordinate of the
cylinder. All these graphs show snapshots of RoHR contours
at the middle spray plane and at the same percentile of the
heat release (10% of fuel burnt or CA10) that, in this case,
almost coincide with the same crank angle since the RoHR
is practically identical. Lastly, Figs. 5f and 5g show how
these modifications change the energy of resonance within
the chamber.

Examination of the two latter graphs reveals the effect of
varying the self-ignition location in the global amplitude of
pressure oscillations along both cylindrical coordinates. The
resonance energy rises as the combustion is moving towards
the cylinder walls, increasing the global amplitude pressure

7



R
o
H

R
 [
m

J/
ca

d
]

0.0
0.2
0.4
0.6
0.8
1.0

a)

b)

c)

d) e)

~ -0.5 mm

~
 -

1.
0

 m
m

~
 +

1.
0

 m
m

Relative radial position

R
e

la
ti
v
e

 a
xi

a
l 
p

o
si

ti
o

n

Simplified full cylinder mesh

Flat piston

Pressure transducer location

cut θ= 0

~ +0.5 mm

Relative axial position [mm ]
-1 -0.5 0 0.5 1

E
re

s
n

o
rm

[-
]

14.0

15.4

16.8

18.2

19.6

21.0
g)

Relative radial position [mm ]
-0.5 -0.25 0 0.25 0.5

E
re

s
n

o
rm

[-
]

14.0

15.4

16.8

18.2

19.6

21.0
f)
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oscillations (Eres). These results confirm the conclusions ob-
tained by Broatch et al [13], that self-ignition location affects
to the global amplitude of the pressure oscillations. By con-
trast, the variation of the Eres is lower and presents a nearly
constant trend when the ignition zone moves along the cylin-
der axis. Both studies remark the relevance of the injector
geometry (number of nozzles, included angle, nozzle diam-
eter, nozzle angle, ...) and spray characterisation (lift-off
length, spray length, liquid length, ...) on the resonance phe-
nomenon.

4.4. Computational domain

Traditionally, ICE simulations assume the periodic hypoth-
esis to reduce the mesh size and to decrease the calcula-
tion time. For example, some authors use sector domains
to predict the combustion stability and pollutant emissions
in a wide range of operating conditions or engine hardware
configurations [39, 40]. Most of these applications are sup-
ported by assessing chemical reactions and physical proper-
ties of the air-fuel mixture but none of them are based on
simulating pressure wave interaction and reflection mecha-
nisms. Hence this study was devised to determine the best
domain configuration for reproducing the acoustic field in-
side the cylinder.

The complete cylinder domain, from now on denoted as
Approach 1, was used as a reference, and two additional do-
mains (60◦ and 180◦ sectors) were build by assuming peri-
odic conditions, identified by Approaches 2a and 2b respec-
tively. In addition, simulations use the same mesh configura-
tion with a base cell size of 3 mm, uniform initial conditions,
an injector with 6 nozzles and a time step fixed by a sonic
Courant number below one.

According to the spectra shown in Figure 6, the high-
est dispersion is identified in frequencies between 6 and 8
kHz, while significant differences are also observed in the sec-

ond transversal (non-symmetric) mode. This mode is clearly
identifiable in Approach 1 whereas it is not noticeable neither
in Approach 2a nor in Approach 2b. The third transversal
(symmetric) mode is only reproduced by Approaches 1 and
2b. Results show the capability of the sector approaches to re-
produce the pressure response at low to medium frequencies,
allowing their application for performance or emissions stud-
ies in which high frequency effects are negligible. However,
a complete cylinder domain with non periodic assumptions
must be considered for assessing in-cylinder combustion as a
noise source in the cylinder.
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Figure 6: Frequency response of three different computational
domains (Approaches 1, 2a and 2b)

4.5. Definiton of initial conditions

The last analysis is focused on evaluating the impact of
the initial conditions on the prediction of the acoustic source.
It compares two closed cycle simulations with a different def-
inition of the initial conditions at IVC. In the first one, termed
Approach 3, the initial conditions are taken from a previous
gas exchange process (GEP) simulation. It uses the full do-
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main, including intake-exhaust manifolds and valves, to de-
fine the flow field at IVC. The second one is the same Ap-
proach 1 considered in the previous study. In this case, the
initial conditions are spatially averaged from the calculation
of the same GEP, keeping the same mean values of species
concentration and thermodynamic and turbulence conditions
between both simulations.

Figure 7 shows the comparison between both approaches.
Here the in-cylinder pressure and the RoHR is plotted against
the crank angle degree after Top Dead Centre (cad aTDC).
As it can be seen, the time delay is slightly reduced in Ap-
proach 3 due to higher local temperatures inside the piston
bowl. Consequently, the amount of fuel in reactive condi-
tions is smaller and the maximum value of the RoHR is de-
creased. This effect causes significant differences in the pres-
sure spectra, especially in the high frequency band. The first
two transversal modes (both non-symmetric) are shifted to
lower frequencies, its amplitude is enlarged, and the third
transversal mode is totally attenuated. However, lower dif-
ferences are observed in the amplitude of the medium fre-
quency range (0.6 - 4 kHz). Since it has been demonstrated
that the sound pressure level (SPL) of the medium frequency
range is directly linked with the maximum pressure time-
derivative achieved during the combustion [22, 23], the small
scatter observed in this frequency span is a direct consequence
of the differences in (dp/dt)max.

A detailed study of the main physical mechanisms present
within the combustion chamber is presented in Fig. 8 in or-
der to identify which are the differences that condition the
behaviour of the pressure field. This picture shows two snap-
shots of the accumulated RoHR contours along the axial di-
mension of the cylinder at the start of combustion. The crank
angle for 10% of fuel burnt (CA10) was used to determine the
beginning of combustion. As commented before, the maxi-
mum of RoHR depends on the quantity of fuel in reactive
conditions at the start of combustion so that the colour scale
achieves higher values in Approach 1. Analysing the location
of self-ignition zones, the higher time delay causes deeper
spray penetration and the ignitions are brought towards the
cylinder walls. The energy release distribution in the com-
bustion chamber reveals a symmetric distribution of both size
and location of self-ignition zones in Approach 1 (Figure 8a).
By contrast, the energy release presents a random spatial dis-
tribution with Approach 3 (Figure 8b).

Moreover, in order to analyse the spray ignition sequence,
the combustion chamber was divided into six sectors (one
for each injector nozzle), and the RoHR profile was obtained
for each one. These profiles were used to estimate the start
of the combustion in all sectors by means of the CA10 pa-
rameter. Results are presented in a polar graph (Figure 8c)
in which the polar axis symbolizes the number of sprays or
injector nozzles and the radial axis represents the delay be-
tween ignitions (with respect to the first ignition).

Inspecting the sequence of the sprays ignition in Approach
1, it can be observed that they follow a certain symmetry: the
sprays located in opposed sides of the chamber have practi-
cally the same ignition delay. For instance, sprays 3 and 6
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show a delay of 6µs respect to the first ignition event whereas
the ignition of sprays 2 and 5 is postponed 8 µs. This singu-
lar behaviour is not reproduced by Approach 3, for which the
ignitions follow a random timing sequence due to the non-
uniform local thermodynamic conditions and species concen-
tration at the start of combustion.

As a summary, the physical mechanisms observed in Ap-
proach 3 influence the frequency content of the in-cylinder
pressure in a significant way. They are only reproduced by
simulating the flow field accurately in terms of thermody-
namics, turbulence and species concentration and therefore,
it is necessary to calculate the complete engine cycle to asses
accurately the acoustic source.

5. Validation

The numerical approach obtained as a result of the pre-
vious studies, was validated at an operating condition de-
fined by a medium speed (2400 rpm) and a medium load
(168 Nm). Usual validation methods compare the in-cylinder
pressure profile averaged over a given number of recorded
cycles. However, high frequency components of the noise
source cannot be assessed with this procedure. For this rea-
son the most representative cycle obtained by means of a sta-
tistical study was used as a reference for validation [22]. The
instantaneous in-cylinder pressure, registered with a moni-
tor located at the same point as the transducer, is compared
with the reference measured cycle in Figure 9a. The maxi-
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mum relative error (εmax
r ) in terms of in-cylinder pressure be-

tween the measurement and the simulation is 6.15%, there-
fore the pressure evolution is well reproduced by the CFD
simulations. RoHR traces present significant differences in
the mixing-controlled combustion phase, where the calcula-
tion underestimates the heat release rate. In addition, a slight
disagreement is observed in the first pilot ignition timing.

In Figure 9b the in-cylinder pressure spectra of all mea-
sured cycles are presented together with the simulated spec-
trum. Focusing on the high frequency range, the amplitude
of the first transversal mode (1,0) is well reproduced whereas
the second one (2,0) exhibits a slight overestimation. Higher
dispersion is observed in the medium to low frequency range
(0.5 - 2 kHz) which can be attributed to the errors in the
ignition timing of the first injection.

In view of this, an additional evaluation was performed
in order to analyse the impact of this scatter on the exter-
nal acoustic field. Three common acoustic parameters were
considered for this study, CPL, ON and the sound quality of
the engine noise (quantified by a mark), all of them detailed
in Section 2. They were estimated with the reference mea-
sured cycle and also with the CFD model prediction. Table
3 shows that both ON and MARK predictions present devi-
ations smaller than the measurements uncertainty (< 1 dB)
and the mark quotation (< 0.5), respectively. These values
evidence that neither ON nor MARK estimations are affected
by the disagreement in spectra at low to medium frequen-
cies, and therefore, no effect is observed on the prediction of
metrics related to the external acoustic field.

Table 3: Estimation of the metrics related to external acoustic
field

Parameters Experiment CFD
CPL [dB] 223.9 228.6
ON [dB] 90.34 90.86
MARK [-] 5.66 5.23
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6. Conclusions

The reliability for assessing the combustion process as a
source of noise by CFD modelling has been demonstrated in
this paper. The implemented model allows to reproduce the
behaviour of the in-cylinder pressure in both the time and
the frequency domains accurately, and it therefore provides
useful information about the physical mechanisms of com-
bustion noise generation.

10



In addition, results have shown the relevance of the local
flow conditions at the start of combustion for reproducing the
in-cylinder acoustic field. Thermodynamic conditions, turbu-
lence and species concentration define both the spatial distri-
bution and the temporal sequence of the self-ignition zones,
which are the main cause of the acoustic content of Diesel
combustion. These particular conditions are only achievable
by simulating the entire engine cycle with the gas exchange
process and with the complete cylinder domain. Hence tra-
ditional CFD approaches, such as those commonly used for
combustion diagnosis or emissions analysis, are not suitable
for simulating the noise generation mechanisms properly and
they cannot be used for acoustic purposes. Although the
model cannot reproduce cycle-to-cycle variations in the in-
cylinder acoustic field owing to its turbulence approach (U-
RANS), results have evidenced enough accuracy to predict
thermodynamic conditions and the acoustic field inside the
combustion chamber. Therefore, it is reliable for including
noise issues as an additional parameter, together with the
performance-emissions trade-off traditionally considered, for
designing Diesel combustion systems (combustion chamber
and injector configuration).

The sonic Courant number plays an important role in the
high-frequencies, since the amplitude of the oscillation modes
is decreased as it increases. This parameter must be set close
to unity during the combustion process in order to ensure
that only one cell is swept by a pressure wave between two
consecutive time steps of the calculation.

It has been also proved that the global amplitude of the
high frequency range in the pressure trace depends on the ex-
citation magnitude (RoHR) and also on the relative position
between the self-ignition location and the oscillation nodes
(zero amplitude zones).

In summary, the approach presented here can be used to
analyse the noise generation mechanisms inside of the com-
bustion chamber. Further analysis is nonetheless needed for
a better understanding of the internal acoustic field by ap-
plying more elaborated post-processing techniques, such as
Proper Orthogonal Decomposition (POD) or Dynamic Mode
Decomposition (DMD), in order to identify all relevant phe-
nomena [24]. In addition, the virtual model can be used
with different optimization techniques, such as genetic al-
gorithms or full factorial design of experiments, for defining
new combustion system designs, with optimal trade-off be-
tween consumption and both pollutant and noise emissions
[25, 40]. Finally, further efforts should be undertaken for
determining possible benefits of using a more complex tur-
bulence approach (LES) and for extending its application to
other combustion concepts [41].
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