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Abstract

Wide open throttle dynamometer experiments are conducted on a firing 3.0L V6 engine
with a narrow-band silencer (Helmholtz resonator) in the induction system. The effect of the
silencer in the intake system is studied by performing the experiments both with and without
the silencer in an intake pipe connected to a prototype intake manifold with no zip tube and
air cleaner, while maintaining the overall length of the intake system. Instantaneous pressure
data is acquired at key locations for a number of speeds over the operating range (1000—5000
rpm). The sound attenuation characteristics of the Helmholtz resonator are determined in
terms of insertion loss. The results are presented in time-domain, as well as order-domain. The
present study also describes an ongoing effort towards employing nonlinear fluid dynamic
models in the time-domain for the prediction of acoustic and power performance of internal
combustion engines. The model predictions compared to the experiments at a number of
locations show reasonable agreement for the instantaneous pressure and sound pressure
levels. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

Pressure variation in the fresh charge of the induction system of internal com-
bustion engines is responsible for: (1) potential “tuning’ by ensuring the return of
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the initial rarefaction wave in the form of compression wave before the intake valve
closes; and (2) generation of airborne noise which propagates to ambient through
the inlet snorkel. Clearly, the former mechanism is desirable to increase the trapped
fresh charge for in-cylinder combustion processes leading to improved engine torque
and power output, whereas the latter is undesirable and needs to be suppressed.

The early work on the induction system of engines concentrated primarily on the
tuning aspects, and therefore on the improvement of volumetric efficiency [1-6].
With the exception of Kastner [2] who performed engine dynamometer experiments
on four-stroke single cylinder engines, these studies relied on simple one-dimensional
linear acoustic analysis of the intake systems. Morse et al. [1], for example,
employed an organ pipe analysis for the intake duct, which was then modified by
Engelman and his co-workers who coupled the intake duct and the cylinder volume
to resemble Helmholtz resonators. Such an approach can indicate where tuning
peaks might occur over the engine speed range, and because of its simplicity, has
been used extensively (see, for example, [7]). Driels [8] extended the Helmholtz
approach in the frequency domain by incorporating a valve model between the
cylinder volume and the intake pipe to approximate a realistic engine breathing
process. Selamet et al. [9] examined the effect of distributed analysis on the reso-
nance frequencies by comparing with the classical lumped approach.

The noise attenuation studies in the induction system of engines are relatively
recent. Eversman [10] introduced the acoustic wave finite element assembly proce-
dure to couple different elements in multiple-input, multiple-output branched sys-
tems. The technique is based on one-dimensional wave propagation combined with
the source strength and impedance model at the inlet valves. In applications to four
stroke four-cylinder and V8 engines, accurate predictions were obtained for the
system noise output. Later, Eversman and White [11] applied a further improved
version of the approach to the modeling and optimization of induction system
components of a four stroke V8 engine. In addition to longitudinal propagation,
transverse modes were also implemented where needed, as well as the car body
transfer function to assess the noise at the driver’s ear. Generating a good source
model for the inherently non-linear phenomenon at the inlet valves remains, how-
ever, as a challenge for the new designs. Employing the one-dimensional wave pro-
pagation combined with acoustic experiments in an intake system driven by a
speaker, Lamancusa [12] optimized the dimensions to minimize the low frequency
noise transmission. Nishio and Kohama [13] proposed a pulsating simulator to
evaluate intake designs with silencers in terms of volumetric efficiency and the noise
reduction at the design stage. Kostun and Lin [14] studied the effect of resonator
location on the sound attenuation in a simple intake system of a four-cylinder
engine. Based on the modal analysis combined with a one-dimensional frequency
domain approach, they showed that the resonator should be placed at or near
pressure anti-nodes for effective sound attenuation.

Although Helmholtz resonator models [3,4] may help with the engine speeds for
tuning, such frequency domain approach can predict neither the engine performance
parameters, cam timing, and other critical design criteria, nor the time-varying
amplitudes of, for example, gas pressure. To overcome this deficiency, while retaining
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some of the simplicity of the frequency domain approach, Chapman et al. [15]
developed an innovative approach that is based on the linearized conservation
equations in the intake and exhaust ducts combined with in-cylinder thermodynamics.
The method consisted of three sub-models: (1) a series of coupled nonlinear Helmholtz
resonators used to describe the flow in the ducts; (2) an in-cylinder thermodynamic
model; and (3) valve port boundaries that drive the system of Helmholtz resonators.
Although the fluid compressibility in the ducts and the inertia in the volumes were
assumed negligible, a reasonable correlation was obtained between the computa-
tional and experimental results for the single-cylinder and four-cylinder engines
analyzed. While this method simplifies the duct calculations in a manner similar to
linearized acoustics, it is capable of predicting the absolute magnitudes of perfor-
mance parameters such as volumetric efficiency, as well as the time resolution of
pressure, velocity, and density in the ducts. This approach was later extended to
account for the spatial distribution by Matsumoto and Ohata [16], and Pearson and
Winterbone [17] who referred to it as the “rapid wave action simulation algorithm.”
The extension of this technique that also accounts for the exhaust side is also known
as the “hybrid” or “two-domain” approach. It is interesting to note that the fre-
quency domain—-time domain coupling has been successfully introduced ecarlier by
Singh and Soedel [18] in treating the discharge system of reciprocating multi-
cylinder compressors. Such approach has been used lately for the exhaust system
of internal combustion engines with reasonable accuracy (see, for example, [19]).
For a recent review on the analysis and design of silencers, the reader is referred to
Munjal [20].

The time-domain approach to treat the unsteady conservation equations in the
breathing system of engines is first proposed by Benson et al. [21] who employed the
method of characteristics. Since then a number of other numerical techniques have
been developed, including the finite difference approach of Chapman et al. [22] for
engine simulation. Silvestri et al. [23], for example, also compared predictions from a
commercially available time-domain model with experiments for pressure and sound
pressure level in an intake system. An interesting recent example for the successful
application of such a time-domain approach to production hardware is the devel-
opment of Ford split port induction concept by Stockhausen et al. [24]. They
essentially designed a dual runner manifold for Essex SPI engines using the input
from simulation code to optimize the brake mean effective pressure and volu-
metric efficiency as a function of runner diameters, primary and secondary runner
lengths.

The foregoing computational and experimental studies have been instrumental in
the design of induction systems for engine performance and/or noise reduction. The
task is challenging due to the desire to improve simultaneously the engine perfor-
mance and noise reduction, particularly within the underhood space constraints of
passenger vehicles. An improvement in the accuracy of predictive tools is needed to
meet this challenge with the firing multi-cylinder engines. Particularly since studies
of silencers with the engines have remained rather limited, further work on different
type of acoustic elements in the induction system of engines is essential for reason-
able prediction of sound propagation and reduction.
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The objective of the present experimental and computational study is to investigate
the sound attenuation behavior of Helmholtz resonator in the induction system. This
is achieved by performing experiments on a firing 3.0L V6 engine (1) with the
Helmholtz resonator, and (2) without the Helmholtz resonator in the intake system.
In order to isolate the effect of silencer, the experiments are conducted with a proto-
type intake manifold and by eliminating the zip tube (a corrugated flexible plastic
duct that connects the air cleaner box to throttle body housing) and air cleaner box
in the induction system. Comparing the sound pressure level at a number of locations
in the induction system reveals the insertion loss characteristics of the Helmholtz
resonator. The study provides: (1) the experimental findings for crank-angle resolved
gas pressure at a number of key locations in the induction system with and without
the silencer elements for three selected engine speeds (low: 1000 rpm, resonance:
1780 rpm, and high: 5000 rpm); (2) the overall sound pressure levels at the same
locations as a function of engine speed; and (3) half and integer orders (up to 10th
order) for insertion loss characteristics of the Helmholtz resonator. The present
study also employs the time-domain engine simulation model of Chapman et al. [22]
for the prediction of acoustic and power performance of firing internal combustion
engines. The model predictions for the pressure and sound pressure levels in the
intake system are then compared to the experiments.

Following this introduction, Section 2 describes the dynamometer experiments.
The insertion loss due to the Helmholtz resonator at a number of key locations in the
induction system are reported in Section 3 along with the overall sound pressure
levels. Section 4 compares the model predictions of the pressure and sound pressure
levels to the experiment at selected locations. Finally, Section 5 ends the study with
concluding remarks.

2. Dynamometer experiments
The wide open throttle (WOT) dynamometer experiments are conducted on a

Ford 1992 3.0L V6 (Taurus) engine, which used a pair of intake systems connected
to the prototype intake manifold at the throttle body as shown in Fig. 1: (1) An
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Fig. 1. 3.0L V6 Prototype intake manifold and intake system with and without the Helmholtz resonator:
pressure transducer and thermocouple locations. Units are in centimetres.
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“Intake system with the Helmholtz resonator”, where a straight pipe with the
Helmholtz resonator in the “‘test section is connected to the prototype intake
manifold; and (2) An “Intake system with straight pipe””, where the Helmholtz
resonator in the test section is replaced by a straight pipe and the overall length of
the intake system is maintained. These experiments are also referred to as the intake
system with and without the Helmholtz resonator. In these experiments, the zip tube
and air cleaner are removed from the induction system to isolate the effect of the
silencer elements. In order to minimize the effect of exhaust system elements in this
study, a “Base exhaust” system with a straight pipe equal in length to the 1993
production exhaust system is used in both experiments. The primary objective of the
experiments is to determine the insertion loss due to the Helmholtz resonator. The
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Fig. 2. Dynamometer experiment: the L, in the intake system with and without the Helmholtz resonator
at locations (a) 81, (b) 86, and (c) 72. O, straight pipe: [], Helmholtz resonator.
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intake system is instrumented with absolute (piezoresistive) pressure transducers to
quantify the insertion loss and flow losses. The numbering convention used to define
the pressure measurement locations is also shown in Fig. 1. Locations 8§1-86 are in
the primary runners, 70-72 are in the plenum of the prototype intake manifold, and
90-93 are in the “intake pipe”. The intake pipe sections of different cross-sectional
area are connected by gradual transitions. Consistent with the direction of air flow,
the immediate upstream location of the silencer element is 91 while location 92 is the
immediate downstream location. The location 93 is 180° across the pipe from the
axis of the Helmholtz resonator. The intake duct connects to atmosphere with a
bellmouth entrance. The engine and dynamometer facility, the steady-state and
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Fig. 3. Dynamometer experiment: the L, in the intake system with and without the Helmholtz resonator
at locations (a) 92, (b) 93, and (c) 91. O, straight pipe: [], Helmholtz resonator.
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time-dependent pressure data acquisition, and the data processing are described in
Ref. [25], and will not be elaborated here.

The dimensions of the narrow-band silencer, the Helmholtz resonator, used in this
study are given in Fig. 1. The resonance frequency, f;, for a Helmholtz resonator
attached to an anechoically terminated duct with no mean flow and wavelengths

much larger than any characteristic dimension is given by the lumped parameter
model as
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where ¢ is the speed of sound, A, is the cross-sectional area of the connector (neck), /. is
the connector effective length, V' is the resonator volume and A, is the cross-sectional
area of the main duct (pipe). Experimental observations, however, usually deviate from
Eq. (1) due to simplifications involved in reducing distributed, multi-dimensional
phenomena to lumped parameters [9,26]. The transmission loss characteristics of the
Helmholtz resonator considered in this study were investigated earlier analytically,
computationally and experimentally (with an extended impedance tube) with no
mean flow and anechoic termination [9], which yielded a primary resonance fre-
quency of 89 Hz. The 3rd order of the V6 engine corresponds to the fundamental
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firing frequency where maximum noise may be expected. Therefore, several engine
speeds are specifically chosen around 1780 rpm (3x1780/60 =89 Hz) for the experi-
ments with and without the resonator. The engine speeds for the pair of experiments
with and without the Helmholtz resonator are tabulated in Table 1. The range 1000—
5000 rpm corresponds to 50-250 Hz in terms of the fundamental firing frequency.

Table 1

Engine speeds in dynamometer experiments

Intake system with and without Engine speed (rpm)

Helmbholtz resonator 1000, 1400, 1600, 1780, 2000, 2200, 3000, 4000, 5000

5
Order

Fig. 6. Dynamometer experiment: sound pressure level versus order at 1780 rpm in the intake manifold
with straight pipe and Helmholtz resonator at locations (a) 81, (b) 86, and (c) 72: —, straight pipe;
— —, Helmholtz resonator.
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3. Insertion loss (IL)

The time domain pressure data may be converted to frequency/order domain
information through a discrete Fourier transformation [27]. The sound pressure
level in dB (decibel) for each frequency component, L, ;, is then expressed in terms
of the root mean square value of pressure as L, ;=20 log; P}’;{':f"', with P =2x107
Pa. Here orders are used instead of frequencies, where mth order is defined as
m X %, n being the engine speed. The insertion loss, /L, is the difference in the

sound pressure levels measured at a specific location without and with the acoustic

Fig. 7. Dynamometer experiment: sound pressure level versus order at 1780 rpm in the intake manifold
with straight pipe and Helmholtz resonator at locations (a) 92, (b) 93, and (c) 91: ——, straight pipe;
— —, Helmholtz resonator.
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filter: for a specific frequency component, Insertion Loss; (/L;) = Ly without filter—
Ly with sitier- Clearly, the same definition applies to the overall sound pressure level,
Ly, as well. The locations upstream and downstream of the silencer element
are defined in reference to the direction of mean fluid (air) flow and not the sound
propagation.

Dynamometer experiments are conducted at various speeds from 1000 to 5000
rpm (recall Table 1) to investigate the effect of the Helmholtz resonator on the
intake system. The following discussion is presented in terms of (1) the Ly, tracking
with speed, and (2) the time-domain pressure traces and the corresponding L, which
are confined to the resonance speed 1780 rpm for clarity. The results are deferred to
the Appendix for the low (1000 rpm) and high (5000 rpm) engine speeds.
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3.1. Overall sound pressure level tracking with speed

The Ly, as a function of speed in the intake manifold (locations 81, 86, and 72) for
the system with and without the Helmholtz resonator is shown in Fig. 2. By defini-
tion, the overall IL due to the Helmholtz resonator is the difference in the Ly, with
straight pipe and Helmholtz resonator. The L,, in the intake primary runners [Fig.
2(a) and (b)] is nearly identical at all speeds except the low engine speed (1000 rpm).
It is interesting to note that at 1000 rpm, the Ly, in the intake primary runners is
about 8 dB higher in the intake system with Helmholtz resonator than with the
straight pipe. Such behavior may be attributed to a quarter-quasi-standing wave
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pattern with the introduction of resonator at that particular location and a funda-
mental frequency of 50 Hz, which will be shown later, in the Appendix, to be
dominant at this speed. In the plenum [Fig. 2(c)], the Ly, is also higher by 10 dB
with the Helmholtz resonator than with the straight pipe at 1000 rpm. The Ly, in the
plenum exhibits settled differences (£2 dB) for engine speeds 1400-2200 rpm and is
nearly identical at the higher engine speeds. Thus, the effect of the resonator on Ly,
(1) is negligible in the intake primary runners for all speeds, except in the neighbor-
hood of 1000 rpm, and (2) persists in the plenum to an extent beyond 1000 rpm.
The Ly, as a function of engine speed in the intake pipe (locations 91-93) for the
system with and without the Helmholtz resonator is shown in Fig. 3, which clearly
reveals the characteristics of a narrow-band resonator. At the downstream location

5
Order

Fig. 10. Sound pressure level versus order at 1780 rpm in the intake system without Helmholtz resonator
at manifold locations (a) 81, (b) 86, and (c) 72: ——, experiment; — —, MANDY.
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Fig. 11. Sound pressure level versus order at 1780 rpm in the intake system without Helmholtz resonator
at intake pipe locations (a) 92, (b) 93, and (c) 91: ——, experiment; — —, MANDY.

92 [Fig. 3(a)], the Ly, increases with the insertion of resonator for all speeds, except
for speeds of 1600-2000 and 1000 rpm. Except for 1000 rpm, the IL is positive for all
speeds at location 93 [Fig. 3(b)]. At this neck location, the Ly, reduction with reso-
nator is maximum at 1780 rpm (16 dB), and decreases with speed on either side in
the range 1400-2200 rpm. Thus, at the resonance frequency, the present narrow
band silencer produces a quasi!-pressure node. At higher engine speeds (3000 rpm
on or away from the resonance frequency), the IL is within 4 dB. At the important

! The pressure fluctuations at this point are nowhere near negligible, thus the location is not a pressure
node as defined in the classical sense. However, pressure amplitude at this point is significantly lower than
no-resonator case, thereby lending to the terminology “‘quasi-node”.
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upstream location 91 [Fig. 3(c)], the L,, reduction is significant only for engine
speeds around 1780 rpm. The L, attenuation is slightly negative for 1000 and 1400
rpm (within —3 dB), nearly negligible (about 2 dB) at the high engine speeds (3000,
4000, and 5000 rpm), and within 10 dB for engine speeds near 1780 rpm. Thus, the
effect of the Helmholtz resonator on L;, at the immediate downstream and
upstream locations is most pronounced near the tuned engine speed or frequency.

3.2. Intake wave dynamics: straight pipe versus Helmholtz resonator

The comparison of pressure versus crank angle in the intake system with and
without the Helmholtz resonator at 1780 rpm for the same locations of the preceding

5
Order

Fig. 12. Sound pressure level versus order at 1780 rpm in the intake system with Helmholtz resonator at
manifold locations (a) 81, (b) 86, and (c) 72: ——, experiment; — —, MANDY.
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section is shown in Figs. 4 and 5. Also included in Fig. 4(a) and (b) are the intake
valve opening (IVO) and closing (IVC) events for cylinder #1 and #6. In the intake
primary runners [Fig. 4(a) and (b)], the phasing of peaks and valleys of the pressure
wave, in general, remain the same, but the pressure amplitudes exhibit some differ-
ences. Unlike the primary runners, in the plenum [location 72, Fig. 4(c)] the pressure
wave form and amplitude is different with the Helmholtz resonator. The pressure
wave amplitude in the intake pipe (locations 91-93, Fig. 5) is lower in the intake
system with Helmholtz resonator than with straight pipe. The reduction in pressure
amplitude is maximum at location 93. Thus, the insertion of the Helmholtz reso-
nator changes the pressure wave form significantly in the intake pipe at the engine
speed with fundamental firing frequency corresponding to the resonance frequency

5
Order

Fig. 13. Sound pressure level versus order at 1780 rpm in the intake system with Helmholtz resonator at
intake pipe locations (a) 92, (b) 93, and (c) 91: ——, experiment; — —, MANDY.
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of resonator; while the impact in primary runners is not nearly as significant. Also,
worth noting in primaries [Fi%. 4(a) and (b)] is the period, T, of pressure waves being
closely represented by T = 4"‘(‘% during the valve closed period, /primary being the
length between the valve and the plenum. This is not surprising in view of the fact
that when intake valve is closed, the duct between the valve and the plenum could be
approximated as closed on one end and open at the other with relatively small bulk
motion.

The sound pressure level versus order for the first several half and integer orders
(up to 10th order) corresponding to the pressure-time data of Figs. 4 and 5 is given
in Figs. 6 and 7. The L, in the intake primary runners [Fig. 6(a) and (b)] shows some
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variation with and without the Helmholtz resonator. The L, for the dominant 3rd
order in the plenum [Fig. 6(c)] is transparent to the presence of the Helmholtz reso-
nator, while the 7L for other orders exhibit some fluctuations. Thus, the effect of the
Helmholtz resonator is not substantial in the intake manifold. This fact is also
reflected in the summed information (L), as well as the pressure traces discussed
earlier in Section 3.1 (see Fig. 2). The L, versus order in Fig. 7 for the intake pipe
locations 92, 93, and 91 clearly demonstrates the effect of Helmholtz resonator on
the sound attenuation in the intake system. At these locations of the straight intake
system (solid line of Fig. 7), the L, of the 3rd order dominates. Introducing the
Helmbholtz resonator reduces the L, of the 3rd order at all locations in the intake
pipe. The /L for the 3rd order exceeds 40 dB at locations 93 and 91. Thus, comparing
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Fig. 17. Dynamometer experiment: pressure versus CAD at 1000 rpm in the intake manifold with straight
pipe and Helmholtz resonator at locations (a) 92, (b) 93, and (c) 91: ——, straight pipe; — —, Helmholtz
resonator.
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the L, in the intake system with and without the Helmholtz resonator reveals a very

effective L, attenuation at the upstream location and an insignificant impact of the
resonator in the intake manifold.

4. Computational approach

The numerical technique is a quasi one-dimensional time domain approach to
solve the balance equations for mass, momentum, and internal energy in ducts of
variable cross section. These relationships are discretized by employing the explicit
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Fig. 18. Dynamometer experiment: pressure versus CAD at 5000 rpm in the intake manifold with straight

pipe and Helmholtz resonator at locations (a) 81, (b) 86, and (c) 72: ——, straight pipe; — —, Helmholtz
resonator.
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finite difference method of Chapman et al. [22] as discussed by Selamet et al. [28].
The staggered mesh used in the discretization divides a duct into cells with vector
quantities located at node points and scalar quantities at cell midpoints. The ideal
gas equation of state is used to relate the thermodynamic variables and close the
system of equations. Intake and exhaust ports communicate with incylinder physics
during valve-open periods. In-cylinder physics is based on the first law of thermo-
dynamics combined with heat release and heat transfer models as described in Ref.
[22]. The predictions presented in this study use a grid size of Ax=0.5 cm.

The model predictions for the time-domain pressure and the corresponding L, are
presented next for a selected engine speed, 1780 rpm, in the intake system without
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Fig. 19. Dynamometer experiment: pressure versus CAD at 5000 rpm in the intake manifold with straight
pipe and Helmholtz resonator at locations (a) 92, (b) 93, and (c) 91: ——, straight pipe; — —, Helmholtz
resonator.
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the silencer element. Figs. 8§ and 9 compare the experiments and predictions for the
pressure variation in the intake system without the Helmholtz resonator at 1780
rpm. The model predictions are reasonable for the phasing of peaks and valleys in
the intake manifold (Fig. 8) as well as the intake pipe locations (Fig. 9), while the
predicted amplitudes exhibit settled differences. The L, corresponding to the pres-
sure-time data of Figs. 8 and 9 is shown in Figs. 10 and 11. In the intake primary
runners, the model predicts the relative contribution of various orders, in general,
reasonably well; however, the predicted L, may, at times, deviate from the experi-
ments (for example, at 7% order). In the plenum, the model predicts the important
orders (3rd, 5%, and 9th) reasonably well. Both predictions and experiments show the
dominance of 3rd order in the intake pipe, and the deviation of predictions from

5
Order

Fig. 20. Dynamometer experiment: sound pressure level versus order at 1000 rpm in the intake manifold
with straight pipe and Helmholtz resonator at locations (a) 81, (b) 86, and (¢) 72: ——, straight pipe; — —,
Helmholtz resonator.
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experiments at other insignificant orders (in terms of contribution to magnitude)
may be ignored.

Figs. 12 and 13 compare the L, predictions and experiments in the intake system
with the Helmholtz resonator. The model predictions for the relative contribution of
various orders in the intake manifold is, in general, reasonable. In the intake pipe
locations 92, 93, and 91, the model predicts the important orders well, while exhi-
biting some deviation at few orders such as 1% and 8th.

The experimental and computational results for the L, in the intake system are
compared in Fig. 14 with and without the resonator. In addition to symbols repre-
senting the experimental results, key transducer locations are also designated by
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Fig. 21. Dynamometer experiment: sound pressure level versus order at 1000 rpm in the intake manifold
with straight pipe and Helmholtz resonator at locations (a) 92, (b) 93, and (¢) 91: ——, straight pipe; — —,
Helmbholtz resonator.
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vertical bars. The computational model predicts the Ly, in the intake system with
straight pipe rather accurately. The predictions are somewhat lower than the
experimental data for the Helmholtz resonator. The variation is less than 4 dB in the
intake pipe for locations 91, 92, and 93 and about 3 to 7 dB at the bellmouth
entrance. Fig. 14 reveals the amplitude pattern as a function of location (shape of
quasi-standing wave), as well as the impact of silencer on this pattern. Note how
significantly the oscillations are modified by the insertion of the silencer, including
the drastic suppression of amplitudes at location 93. Fig. 15 shows the predictions
for Ly, in the intake system with and without the Helmholtz resonator at 1000 rpm
which exhibited a significant increase in L, (recall Fig. 2) particularly in exhaust

170
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Fig. 22. Dynamometer experiment: sound pressure level versus order at 5000 rpm in the intake manifold
with straight pipe and Helmholtz resonator at locations (a) 81, (b) 86, and (¢) 72: ——, straight pipe; — —,
Helmbholtz resonator.
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primaries. Note that the insertion of resonator in the intake system at 1000 rpm
causes a near quarter-wave between the intake valve and the quasi-pressure node in
the vicinity of location 92, leading to a crossing pattern and higher amplitudes on
either side, including the primary runner location 86. These predictions are con-
sistent with and shed further light on the low speed experimental results discussed in
the preceding sections involving Figs. 2 and 3, as well as those to be elaborated
further in the Appendix.

The foregoing comparisons demonstrate the ability of the time-domain model to
predict the pressure wave form and amplitudes, the significant orders of the spec-
trum contributing to the L,,, and the L,, in the entire intake system. While the

5
Order

Fig. 23. Dynamometer experiment: sound pressure level versus order at 5000 rpm in the intake manifold
with straight pipe and Helmholtz resonator at locations (a) 92, (b) 93, and (¢) 91: ——, straight pipe; — —,
Helmbholtz resonator.



406 A. Selamet et al. | Applied Acoustics 62 (2001) 381-409

sources of deviation are currently under investigation for further improvement, it is
known, for example, that the accuracy of the predictions increases with the reduc-
tion in grid size [9].

5. Concluding remarks

The insertion loss characteristics of a narrow-band silencer (Helmholtz resonator)
are studied experimentally and computationally in the induction system of a firing
3.0L V6 internal combustion engine. The influence of the Helmholtz resonator in the
induction system is demonstrated by using the time-domain pressure and the corre-
sponding L, data at key locations with and without the resonator in the system. The
narrow-band nature of the sound attenuation of the resonator is clearly demon-
strated by the significant overall IL at engine speeds with fundamental firing fre-
quency near the resonance frequency and insignificant reduction at other speeds.
With the exception of 1000 rpm, the intake primary runners are found to be nearly
insensitive to the presence of the Helmholtz resonator. The impact of the resonator
on the volumetric efficiency and therefore torque is hardly noticeable (within less
than 2%) at engine speeds with fundamental firing frequency near the resonance
frequency. While the grazing flow in the main duct is usually recognized to reduce/
deteriorate the sound attenuation performance of Helmholtz resonators [29], and
may lead to flow-acoustic coupling at discrete Strouhal numbers [30], no attempt is
made here to investigate this phenomenon, except to observe that the resonator
functions effectively at the design frequency and no unusual pure tones are measured
as an evidence of flow acoustic coupling. The latter may be due to the fact that the
chosen operating conditions may not fall within the discrete Strouhal bands. Such
coupling has been studied recently in detail for a side branch on an engine induction
system [31].

The results presented here are expected to somewhat depend on the design of the
resonator, its location, the intake system, and the engine. It may also be expected,
however, that the qualitative behavior and the trends presented in the study will
remain applicable for similar elements in the intake system of internal combustion
engines. While the use of “insertion loss” is extended to downstream locations of the
silencer elements, an alternative wording for these locations such as “insertion
impact” may possibly be more appropriate, as suggested in Ref. [25].

The predictions from a nonlinear fluid-dynamic (time-domain) model based on a
finite difference approach compared reasonably well with the experiments. Thus,
such a computational model is frequently used, in addition to engine performance
predictions, to study the trends in terms of amplitudes and frequency components,
reduce the number of alternatives, thereby accelerate the development process of
intake/exhaust systems at the design stage. While the one-dimensional approach
employed in the present study proves useful at relatively low airborne noise fre-
quencies typical of internal combustion engine induction and exhaust systems, it
currently faces the challenges of multi-dimensional propagation and the need for
sound quality analysis.
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Appendix

This appendix discusses the effect of Helmholtz resonator on the pressure wave
form and the corresponding sound pressure levels in the intake system at low (1000
rpm) and high (5000 rpm) engine speeds. Figs. 16 and 17 compare the pressure in the
intake system with and without the Helmholtz resonator at intake primary runner
locations 81 and 86, plenum 72, and the intake pipe locations 91, 92, and 93 for 1000
rpm. In the intake primary runners and the plenum (Fig. 16), insertion of the
Helmholtz resonator changes the pressure wave form and increases the amplitude.
At location 92 [downstream, Fig. 17(a)], the pressure wave forms are similar, but the
amplitude is lower with the Helmholtz resonator in the intake system in comparison
to the straight pipe. At locations 93 [neck, Fig. 17(b)] and 91 [upstream, Fig. 17(c)],
similar to the intake manifold and primary runners, the pressure wave form changes
and the amplitude is higher with the Helmholtz resonator compared to the straight
pipe. The amplitude variation due to the insertion of resonator at this speed is con-
sistent with the predictions presented in Fig. 15.

The crank-angle resolved pressure at 5000 rpm is shown in Figs. 18 and 19 for the
intake system with and without the Helmholtz resonator. Unlike the 1000 and 1780
rpm, the pressure wave form as well as the amplitude in the intake manifold (Fig.
18), including the intake primary runners and the plenum, is nearly identical with
and without the Helmholtz resonator. The intake pipe locations 92, 93, and 91 (Fig.
19), however, exhibit some differences in the pressure wave form and amplitude. The
weakened impact at this speed is expected in view of the fact that the fundamental
firing frequency is now 250 Hz, which is significantly above the effective frequency of
the Helmholtz resonator. The resonator continues to reflect lower order less sig-
nificant components corresponding to the design frequency, as will be discussed next
with spectral information, thereby leading to a secondary effect on the pressure
variation.

The sound pressure level versus order for the first few half and integer orders (up
to 10th order) corresponding to the pressure-time data of Figs. 16—19 is given in
Figs. 20-23. At 1000 rpm, the 3rd order in the intake manifold (Fig. 20) is dominant
both with and without the Helmholtz resonator. The insertion of resonator increases
L, at this order by about 10 dB. In the intake pipe location 92 at 1000 rpm [Fig.
21(a)], the 3rd, 6th, and 9th orders are significant with the straight pipe and the
Helmholtz resonator, and the IL for these orders is positive. At locations 93 and 91
for the same engine speed, the IL for the 3rd order due to the Helmholtz resonator is
negative. The IL at other orders may be neglected, since their contribution to the
Ly, is insignificant because of low L. Note that the insertion loss for the 5} order at
1000 rpm (91.67 Hz) which nearly corresponds to the resonance frequency of the
Helmholtz resonator is positive at all locations in the intake system. At 5000 rpm,
Fig. 22 demonstrates that the L, in the intake manifold is nearly the same for most
orders with and without the Helmholtz resonator. Note from Fig. 23 that the IL at
5000 rpm is significant in the intake pipe locations for the 1st order as this order
nearly corresponds to 89 Hz. At locations 91 and 93, the IL is considerable for the
lower orders (up to 2%), while it is, in general, insignificant at higher orders.
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