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Introduction 

This paper addresses the airborne noise characterisation of 

automotive internal combustion engines. Here, the engine is 

assumed to be a distributed volume velocity source, as 

opposed to the conventional power source assumption. From 

a practical point of view the reconstruction of the volume 

velocity distribution is however hampered by the instable 

characteristics of the IC engine noise and vibration field. In 

this paper this issue is further analysed and the consequences 

for characterisation procedures discussed. 

Non-periodic features 

Before concentrating on the actual source characterisation it 

is instructive to revisit some of the basic characteristics of 

the main excitation mechanism, the combustion. In general 

the cylinder pressure is studied in the crank angle domain 

taking advantage of the cyclic pattern of the combustion 

process. The sampled pressure signal is segmented in blocks 

of exactly two engine revolutions, periodicity is assumed, 

and the “instantaneous” frequency content is obtained 

through a DFT. In reality, however, subsequent combustions 

are only similar from a macroscopic point of view, but they 

actually never exactly repeat themselves, even under strictly 

stationary operational engine conditions. The combustion 

signals are consequently never truly periodic and the 

assumption of periodicity constitutes an approximation. In 

the present paper the issue is approached from a slightly 

different point of view. The idea is to study the combustion 

using a relatively long signal observation window rather than 

the conventional segmentation in single cycles. The 

underlying thought is that the artificial period forced upon 

the signal by the windowing should be sufficiently long to 

contain the characteristic features of the combustion, 

including the typical cycle-to-cycle irregularities. The results 

presented in this paper refer to a 4-cylinder common rail 

Diesel engine at roughly 2000 rpm under stationary full load 

conditions. The cylinder pressure signal observation window 

was chosen slightly more than 18 s corresponding with 

exactly 602 engine rotations (301 combustion cycles). This 

time window was assumed to be sufficiently long for the 

signal to be, even if periodically repeated, representative for 

the combustion. The corresponding narrow band spectrum is 

shown in Figure 1. At first sight this figure appears similar to 

the line spectrum of a truly periodic signal with a 

fundamental frequency at 16.7 Hz corresponding with the 

combustion frequency and a large number of harmonics. A 

closer look (see zoom in Figure 1), however, shows that each 

of the tonal components, also referred to as orders, displays 

sidebands which stem from the stochastic, non-periodic, 

components of the signal. This spectral structure turns out 

rather common for many pseudo-periodic signals and is 

among others observed in physiological signals of living 

beings, such as heartbeat and speech, or in the sound of 

musical instruments (see for instance [1]). 

 
Figure 1: Cylinder pressure spectrum (bandwidth=0.055 Hz). 

The sidebands in Figure 1 indicate modulated combustion 

orders. As a matter of fact the spectrum of Figure 1 can be 

converted, one band after the other, into a line-spectrum with 

amplitude and phase modulated orders using the complex 

demodulation (CDM) approach (see [2]). The technique 

consists of the multiplication of the time series by a complex 

exponential in order to shift the centre frequency of the 

investigated band to zero, followed by low-pass filtering and 

back-transformation into the time domain. In Figure 2, for 

example, the resulting amplitude modulation of the four 

cylinder pressures at 835.36 Hz (50th combustion order) are 

displayed for a time segment of 3 s.  

 
Figure 2: Amplitude modulation of cylinder pressures at 50th order. 

The modulation at 835 Hz turns out substantial and displays 

a Gaussian distribution in time. The cross-correlation 

functions of the modulation time series indicate that the 

modulations pertaining to the different cylinders are 

uncorrelated, at least for time lags up to 18 s. This was 

expected since the combustion irregularities in the different 

cylinders are mutually independent. Due to these modulation 

effects the IC engine is thus expected to produce a pulsating 
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acoustic field at single frequencies (engine orders), provided, 

of course, the combustion represents the primary excitation. 

In Figure 3 the energy ratio of the harmonics and their 

sidebands is shown as a function of frequency. This figure 

indicates that the modulation effects will be negligible in the 

low frequency range and progressively grow important with 

frequency. 

 

Figure 3: Energy ratio of the harmonics and their sidebands. 

Since, at a given engine order, the modulating functions 

pertaining to different cylinders are uncorrelated their 

combined spatial excitation pattern will change continuously 

and randomly. This feature causes the vibration modes 

dominating the structural deflection shapes to vary 

continuously causing the surface velocity pattern to change 

uninterruptedly and in a unpredictable manner. In order to 

assess the impact of such velocity field variations on the 

radiated sound field a numerical experiment has been 

performed, the results of this experiment are illustrated in 

Figure 4. This figure shows the iso-pressure level contours 

of the farfield pressure radiated by a baffled Euler-Bernoulli 

beam under stationary conditions. The beam is simply 

supported at the ends and excited by 4 equi-distant forces. 

 

Figure 4: Variation of beam radiation pattern due to 

different force distributions. 

The two contours in Figure 4 were obtained using force 

amplitude distributions corresponding with two 

instantaneous values of the pressure distribution in Figure 2 

at respectively t=12.3 and t=14.2 s. From this figure it may 

be concluded that the IC engine sound field may, inside a 

narrow frequency band, not only pulsate but also 

continuously change its directivity pattern. This feature is 

confirmed by sound pressure measurements on a sphere 

(R=0.7) enveloping the above mentioned diesel engine (146 

microphones at constant polar and azimuthal angles of 20 

degrees). Figure 5, for instance, shows the pressure 

distribution at 1140 Hz (76th combustion order at 1800 rpm) 

obtained from two successive acquisitions lasting 1 s.  

 
Figure 5: Measured sound pressure distribution variation around 

an IC engine for stationary engine conditions (1140 Hz). 

The spatial pressure distribution indeed shows, despite the 

stationary operational engine conditions, a substantial 

variation of the directivity pattern of the sound field between 

successive time frames.  

Characterisation 

It is clear that any technique based on spatially coherent 

information of the pressure field (holography, inverse source 

reconstruction) requires instantaneous acquisition of the full 

pressure field, i.e., multi-channel data acquisition. It is also 

clear that the above mentioned narrow band information, as 

such, shows insufficient repeatability to be useful for source 

characterisation purposes. A possible way to cope with the 

modulations is to integrate the results over frequency bands 

containing several combustion orders. Such integration also 

has other effects: the sound radiation of sub-areas of the 

source tend to become omni-directional and can be 

approximated by monopoles at their centre. The volume 

velocities of the monopoles are mutually de-correlated and 

may be achieved by measuring both the power emission of 

the areas and the radiation impedances at the chosen 

monopole positions (see [3]). This characterisation in terms 

of monopoles allows to link the emissions of sub-areas to 

sound pressure at the receiver position via measurable 

transfer functions and to give target values to the emission of 

different source areas.  

Conclusion 

IC engine noise and vibrations are characterised by 

randomly modulated orders which must be summed in 

frequency bands in order to constitute a stable basis for 

source characterisation.  

Techniques depending on spatially distributed information 

require instantaneous acquisition of the full field. 
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