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Abstract: A novel sound quality simulation approach was proposed to optimize the acoustic performance of a four-cylinder
diesel engine. Finite element analysis, single-input and multiple-output technology, flexible multi-body dynamics, and boundary
element codes were used to acquire the hexahedron-element model, experimental modal frequencies, vibration velocities, and
structurally radiated noise of the block, respectively. The simulated modal frequencies and vibration velocities agreed well with
the experimental data, which validated the finite-element block. The acoustic response showed that considerable acoustic power
levels existed in 1500—-1900 Hz and 2300-2800 Hz as the main frequency ranges to optimize the block acoustics. Then, the optimal
block is determined in accordance with the novel approach, which reduces the overall value, high-frequency amplitudes, and peak
values of acoustic power; thus, the loudness, sharpness, and roughness decline to make the sound quieter, lower-pitched, and
smoother, respectively. Finally, the optimal block was cast and bench-tested. The results reveal that the sound quality of the
optimal-block engine is substantially improved as numerically expected, which verifies the effectiveness of the research approach.

Key words:
improvement

doi:10.1631/jzus.A1300055 Document code: A

1 Introduction

Vehicle noise perceived inside and outside the
passenger cabin is one of the most significant factors
in a consumer’s judgment of the durability and quality
of an automobile (Zuckerwar, 2010), which is driven
by various excitations (Hussain et al., 2007; Tsubo-
kura et al., 2010). Among the excitations, internal
combustion engine noise is inevitable and must be
considered due to its disturbance especially at higher
revolving speeds (Hao et al., 2007).

Diesel engine noise is constituted mainly of air-
borne noise and structure-borne noise (induced by
combustion and mechanical motion) (Giakoumis,
2011). The airborne noise has been substantially de-
creased due to optimal design of intake air cleaners
(Liu et al., 2010) and exhaust mufflers (Liu et al.,
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2012); its acoustic intensity is distinctly lower than
that of the structure-borne noise. Hence, the current
study aims to reduce the structure-borne noise and
enhance the sound quality of a four-cylinder diesel
engine. Regarding the structure-borne noise, it is
known that the engine-order vibration influences the
booming sound quality (Lee, 2008), which has been
well controlled before this study by optimizing the
damper at the free end and rubber mounting system of
the engine. Consequently, the acoustic performance
of the block is simulated and optimized to lower the
structurally radiated noise of the diesel engine in the
current study.

For a single structure uncoupled with a cavity
(like an individual engine), the structurally radiated
noise is dominated mainly by the global structural
modes, while for a structure coupled with a cavity
(like a vehicle with an engine and a cabin), the noise
is related to the coupled modes (Theodossiades et al.,
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2004). The current work aims to enhance the sound
quality of the diesel engine that is not coupled with
the cabin cavity or other cavities, in other words, the
structurally radiated noise is dominated mainly by the
global structural modes, especially the modes of large
components such as the block. Therefore, the global
modes of the block are selected to analyze and opti-
mize the radiated noise of the block and the engine.

Modal frequencies and excitation peak frequen-
cies can be separated by improving structural stiff-
ness, which is an effective approach to reducing the
structurally radiated noise. Hambric (1995) investi-
gated different approximation methods to optimize
broad-band radiated noise problems, using a rib-
stiffened cylindrical shell to prove the feasibility of
different methodologies. Wang et al. (2012) reduced
the structurally radiated noise of a diesel engine cyl-
inder head cover by considering the static stiffness
and multiple-objective function of Euclidean distance
with finite element analysis (FEA) and boundary
element analysis (BEA); however, the optimized
cover was excited by the original set of boundary
conditions, which affected the optimized structural
response results. Lin et al. (2008) built a flexible
multiple-body dynamic (FMBD) model of an internal
combustion engine and predicted sound and vibration
response of the block for noise reduction, with a
modal reduction technique to reduce the given dy-
namic finite element model to one with fewer degrees
of freedom while maintaining the dynamic charac-
teristics of the system (Craig, 1981), whereas the
engine sound quality (SQ) was not taken into account,
which might lead to a dilemma that binaural hearing
is unable to perceive acoustic power reduction.

In this study, FEA (Zienkiewicz et al., 2005),
FMBD (Boysal and Rahnejat, 1997; Perera et al.,
2010), and BEA (Brancati et al., 2009; Brancati and
Aliabadi, 2012) are integrated to analyze the modal
attributes, dynamic responses, and radiated noise,
respectively. Their performances are validated by
corresponding experiments to ensure the accuracy of
subsequent simulations. The novel sound quality
simulation and optimization approach is proposed and
also applied to block structure modification. Finally,
the radiated sound powers from the engine and block
surfaces are reduced; simultaneously, the loudness,
sharpness, and roughness of the structurally radiated
noise are decreased to make the sound quieter,

lower-pitched, and smoother, respectively, which
improves the sound quality of the diesel engine. The
flow chart of the research approach is shown in Fig. 1.

Geometric model ﬁ FE model ﬁ Natural $ Experimental validation
of the block modes (If errors are permissible?)
[ ! !
-
[No Yes
Yes| Bench test: Dynamics: obtain the
SQ optimization BE analysis e <: ;
validation structural response
e ———
| No
. Yes
FMBD and BE $ Whether SQ is # Block cast and END
analyses improved as expected? SQ evaluation

Fig. 1 Flow chart of the diesel engine sound quality simu-
lation and optimization procedure

2 Sound quality simulation and optimization
theory

Sound quality includes subjective and objective
evaluations. Its engineering application dates back to
the late 1980s. The subjective evaluation is based on
experimental psychology, which is not discussed here
in detail, while the objective evaluation establishes
the relationship between psychological and physical
parameters of sounds with the methods of neural
network technology, time-frequency analysis, and
objective parameter regression analysis (Lee, 2008).

Loudness, which directly affects other sound
quality parameters such as sharpness and roughness,
is the most fundamental parameter in sound quality
objective evaluation theory (Menard er al., 2008).
Therefore, a simulation model of the structurally
radiated sound loudness is proposed in this study, of
which the result is utilized to calculate the sharpness
and roughness. The structural optimization is im-
plemented in accordance with the acoustic attributes
of every sound quality parameter to reduce the loud-
ness, sharpness, and roughness, in order to make the
sound quieter, lower-pitched, and smoother, respec-
tively, and improve the sound quality.

Considering the masking effect of a sound,
critical bands are generally employed to describe the
relationship between frequency selectivity and bin-
aural hearing (Parizet and Koehl, 2012), and divide
the audible frequency range (16-20 kHz) into 24
frequency bands (0-24 barks). However, in acoustic
simulation issues, the specific frequency ranges are
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selected as the computational domain for some spe-
cific targets, which can not only solve engineering
problems, but also save considerable computational
time. If the sound quality attributes of an acoustic
event need to be analyzed like the radiated acoustic
energy from the engine block surface concentrated in
1000-3000 Hz (Mao et al., 2013), very few critical
bands are selected for analysis, which severely affects
the result accuracy. Consequently, equivalent rec-
tangular bandwidths (ERBs) (Sayles and Winter,
2010) take the place of critical bands in this study and
divide the audible frequency range into approxi-
mately 40 bands, which improves the acoustic sensi-
tivity of binaural and monaural hearing by taking the
acoustic transfer function of the cochlea into consid-
eration. The relationship between the equivalent rec-
tangular bandwidth » and frequency f is defined in

Eq. (1):

7 =21.3661g(0.004368 f +1). 0

The excitation of a sound that reaches the cochlea is
expressed as E. Accordingly, the excitation level is
expressed as

L, =101g(E/ E,), (2)

where Ej is the reference excitation, representing the
excitation at the output of the auditory filter centered
at 1000 Hz produced by a 1000 Hz sinusoid presented
at 0 dB sound pressure level in free field with frontal
incidence.

In addition, the excitation at absolute threshold
for monaural listening Ety varies with frequency, but
it remains approximately constant above 500 Hz
(Mauermann et al., 2004), as listed in Table 1.

Table 1 Excitation level at absolute threshold for
monaural listening in 1/3 octave band
JS(Hz) Eqry (dB) S (Hz) Ery (dB)

50 28.18 200 8.08

63 23.90 250 6.30

80 19.20 315 5.30

100 15.68 400 4.50

125 12.67 500 3.63

160 10.09 >500 3.63

Ey has been converted to decibel units (i.e., 101g Ety)

The specific loudness is defined as the loudness
in an equivalent rectangular bandwidth with the unit

of sone/ERB, representing the loudness distribution
characteristic in the frequency range of interest (Su-
zuki and Takeshima, 2004):

C( 2E
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where C is a constant with the value of 0.04687, and
G is the low-level gain of the cochlear amplifier at a
specific frequency, relative to the gain at 500 Hz and
above (which is assumed to be constant). In general, if
Ery is a factor £ higher than the value at 500 Hz and
above, then G is equal to 1/k. The value of a is the
correction relative to the value of G, of which the
relationship is listed in Table 2.

Table 2 Value of the parameter « as a function of pa-
rameter G

G (dB) a G (dB) a
-25 0.267 -10 0.222
-20 0.250 -5 0.211
15 0.237 0 0.200

G has been converted to decibel units (i.e., 10lg G)

Finally, the overall loudness N of a sound for
monaural presentation is acquired by summing the
values of the specific loudness N' across the ERB
scale of interest, as defined in Eq. (4).

N=[ N, @

where r; and r, represent the lower and upper
equivalent rectangular bandwidth rates of the com-
putational domain, respectively.

As stated above, loudness is the decisive char-
acteristic quantity for calculating sharpness and
roughness.

Sharpness, in the unit of acum, is a measure of
the high frequency content of a sound, which is ex-
pressed as
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S " L'(r)rg(r)dr, (5)

where S is sharpness, and g(r) is a weighting function
of different equivalent rectangular bandwidths, ex-
pressed as

" I, 0<r<25, ©
)=
g 0.066e"""", 25<r<40.

Roughness, in the unit of asper, is one of audi-
tory perception characteristics related to frequency
modulation and amplitude modulation for sounds
with frequency modulation at middle frequency
around 70 Hz. In general, roughness R is calculated in
accordance with modulation frequency fn.q and ex-
citation level difference ALg:

R=03f,,[ AL (r)dr. (7

3 Block mode analysis

The main parameters of the in-line four-cylinder
diesel engine in this study are listed in Table 3.

Table 3 Main parameters of the diesel engine

Engine parameter Value
Cylinder number 4
Cylinder diameter 93 mm
Compression ratio 18

Rated condition 75 kW, 3600 r/min
250 N'm, 2000 r/min

900 mmx545 mmx571 mm

Maximal torque condition

Outline dimension

The significance of analyzing the structural
modal characteristics is embodied in two aspects:

1. Natural modes, as structural inherent attrib-
utes, are used to validate finite element model accu-
racy and ensure subsequent computation reliability by
regulating the natural frequencies of numerical and
mock-up models to permissible deviations (less than
10%).

2. The first several structural modes are domi-
nated by global modes. While under excitations of

these modal frequencies, global structural responses
can be easily triggered or amplified, which will radi-
ate structural noise.

According to finite element theory, in contrast
with tetrahedron elements, hexahedron elements pos-
sess the advantages of faster solution speed, stronger
distortion resistance, and higher computation accu-
racy (Owen and Saigal, 2001). Therefore, the hexa-
hedron elements are employed to implement the block
discretization process. The finite element model of the
block is constituted of 182548 elements (Fig. 2a). The
block material is gray iron HT230, with the density,
elastic modulus, and Poisson’s ratio being 7280
kg/m®, 120 000 MPa, and 0.265, respectively. Mean-
while, the boundary element model of the block is
acquired with 6807 elements and 6280 nodes
(Fig. 2b). Its element size is small and precise enough
for the acoustic simulation in the frequency range of
interest in Section 5.

(b)

Fig. 2 The engine block model: (a) finite element model
with hexahedron elements; (b) boundary element model

For evaluating the accuracy of the finite element
model, the first 10 modal frequencies and vibration
shapes from the simulation and experiment are ob-
tained. The simulated modes are acquired by solving
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eigenvalues with the Lanczos algorithm. The ex-
perimental modes are acquired by single-input and
multiple-output technology using a perfectly flexible
rope which has no influence on obtaining the natural
modes. The measuring points on the block surface
should be away from the structural vibration nodes
where no responses can be acquired or the signal-to-
noise ratio is low. The measuring points on the block
surface and the first four simulated modal shapes are
shown in Figs. 3 and 4, respectively. Table 4 lists the
first 10 modal frequencies from the simulation and
experiment.

As seen in Fig. 4 and Table 4, the first mode of
the block at 625 Hz includes global torsional defor-
mation; the second mode at 921 Hz involves bending
deformation; the third mode at 1232 Hz consists of
twisting and sheering deformation around the cylin-
der axis; and the fourth mode contains bending de-
formation which has vertical orientation with the
second one.

In addition, Table 4 indicates the deviations
between the first 10 simulated and experimental
modal frequencies, ideally controlled below 5%, ex-
cept the deviation of the fifth mode which is 5.7%. In
general, the finite element model of the block pos-
sesses high accuracy in accordance with engineering
permission (which is usually assumed as 10%) for
subsequent computation reliability.

Fig. 3 Measuring points on the block for the natural
modal test: (a) anti-thrust side of the block; (b) top sur-
face of the block

(a)

(b)

(c)

(d)

Fig. 4 The first (a), second (b), third (c), and fourth (d)
natural modal shapes of the block

Table 4 Comparison of results from the simulation and
experiment for the first 10 natural mode frequencies of
the block

No Test frequency Calculated Deviation

’ (Hz) frequency (Hz) (%)
1 628 625 0.5
2 953 921 -34
3 1225 1232 0.6
4 1523 1471 -34
5 1649 1631 -1.1
6 1758 1658 =5.7
7 1833 1820 0.7
8 1855 1859 0.2
9 1905 1948 23
10 2030 2014 —0.8
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4 Dynamic prediction of the diesel engine

The finite element model of the diesel engine,
including the block, cylinder head (cover), crank-
shaft, flywheel, oil pan, intake/exhaust manifolds,
gearbox, and auxiliaries (brackets, electromotor,
pumps, etc.), is constructed to calculate and evaluate
the structural dynamic response. All these numerical
models are composed of hexahedron elements and
verified by modal experiment; their materials and
element numbers are listed in Table 5. In Fig. 5a, the
flywheel side of the engine is connected to the gear-
box to make the numerical model as integral as the
bench test, which can enhance the dynamic simula-
tion accuracy.

Table S Basic parameters of the main finite-element
components

Component Material Element number
Block HT230 182548
Crankshaft Steel 89172
Cylinder head HT230 99656
Cylinder head cover ~ Aluminum alloy 21712
Flywheel Steel 5532
Oil pan Steel 5842
Intake manifold Aluminum alloy 5771
Exhaust manifold Steel 5516
Gearbox Aluminum alloy 9201
Auxiliaries Aluminum 15324

alloy/Steel

The rated condition (75 kW, 3600 r/min), under
which the diesel engine possesses maximal output
power, is selected to analyze the structural dynamic
response of the block. For pledging simulation accu-
racy, the complete finite element model is constructed
and cramped at the brackets (zero displacement at the
bracket undersides) to form a three-point support;
besides, correct connections between the components
are required to ensure operating reliability. As shown
in Fig. 5b, the damper at the free end of the engine
(where no power outputs) is of great importance to
attenuate torsional vibration of the crankshaft; more-
over, different bearings are used to assemble corre-
sponding components. For instance, the thrust bear-
ings take the responsibility for keeping the crankshaft
from shuttling in the axial direction.

In addition, accurate excitations imposed on the
structures are significant factors for assuring precise
dynamic results. The block is subjected to several

excitations in the following ways: (1) the in-cylinder
combustion induced gas pressures transmit to the
block through cylinder head bolts, (2) the cylinder
liner-piston contact induced lateral forces transmit
through cylinder liners, and (3) the valve system mo-
tion induced impact forces directly apply to the block
(which are valve seating forces) or transmit from
bearings to the block (which are shaft rotation in-
duced forces).

| Piston

Connecting rod

Bearing

1
Crankshaft |

Damper

[ Thrust—H
/
Block_,.-' bearing_gi‘;

(b)

Fig. 5 Simulation models of the diesel engine: (a) finite
element model; (b) dynamic model

Among the above-mentioned excitations, the gas
pressures are experimentally measured by perforating
appropriate keyholes at the top of the combustion
chambers and arranging pressure transducers for data
acquisition. As a typical in-line four-cylinder internal
combustion engine, the power stroke sequence is in
the cylinder order of 1-3-4-2 with the constant crank
angle of 180° between contiguous power strokes
(Fig. 6a) to ensure structural stationarity, just as the
order for a V6 engine is of 1-5-3-6-2-4 (Fontanesi and
Giacopini, 2013). Fig. 6b shows the gas force on the
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piston top in the frequency domain. Generally
speaking, the force has considerable amplitudes be-
low 600 Hz, which mainly affects the engine vibra-
tion; however, its curve has peaks at higher frequen-
cies, which primarily influences the structurally ra-
diated noise.

The cylinder liner-piston contact induced force,
also known as the lateral force, is composed of two
aspects: (1) the quasi-static force induced by recip-
rocating inertial motion of the piston, relative to the
basic parameters and gas pressures of the engine; (2)
the secondary motion of the piston produced slap
forces, which occurs at the moment of piston revers-
ing and is caused by the factors of fluid lubrication,
cylinder liner-piston clearance, and radial elastic de-
formation of the piston.

(a) 1st cylinder --=-- 2nd cylinder
8 -—-=-= 3rd cylinder ------- 4th cylinder
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Fig. 6 In-cylinder combustion induced gas pressures
under different crank angles (a) and frequencies (b) at
the rated condition. Force has been converted to force
level in decibel units (i.e., 201gF)

Fig. 7a shows the lateral force in the third cyl-
inder under different crank angles, which is calculated
by piston dynamics (Wannatong et al., 2008), with the
cylinder-piston clearance of 0.108 mm. It is indicated

that the force can exceed 8000 N at the crank angle of
700° when the piston reverses.

Among the valve system motion induced exci-
tations, the valve seating force, camshaft bearing
force, and rocker bearing force mainly contribute to
the engine noise. Fig. 7b presents the intake valve
seating force of the third cylinder under different
crank angles (the top dead center is marked). In the
crank angle span of 0-246°, the third cylinder is pro-
ceeding an intake stroke during which the intake
valve stays open with the force remaining at 0 N.
When the crank angle reaches 246°, due to the end of
the intake stroke, the valve closes and the maximal
force occurs with the amplitude of 668 N. In addition,
other excitations, without distinct characteristics,
cannot be enumerated because of limited space.

Top dead center

T~
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1 1 1 1 1 1 1
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Crank angle (°)

Fig. 7 Excitations of the third cylinder: (a) cylinder
liner-piston contact inducted lateral force; (b) intake
valve seating force

Finally, structural responses (displacements,
velocities, or accelerations) from the block surface
can be obtained after imposing the complete bound-
ary conditions on the dynamic model of the diesel
engine.
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To validate dynamic simulation accuracy, a
bench test of the diesel engine is conducted to meas-
ure the vibration responses from the block surface
under the rated condition in a standard semi-anechoic
room. The effective frequency response ranges of the
signal sampling frequency and vibration transducers
are 10.24 kHz and 0-10 kHz, respectively. During the
bench test, the revolving speed of the diesel engine
remains stable at 3600 r/min; besides, random meas-
uring points, located at a certain distance from each
other to pledge the high independence of the experi-
mental data, are selected on the block surface (Fig. 5a).
In this study, vibration velocity levels are adopted to
evaluate the structural responses from the block sur-
face, as expressed in Eq. (8).

L, =201g(v/v,), (8)

where L, is the velocity level, v is the vibration ve-
locity of each measuring point, and v, is the reference
velocity with value of 5x10°° m/s.

Fig. 8 shows the vibration velocity level com-
parison results from the dynamic simulation and
bench test of measuring points 1 and 2. As shown in
Fig. 8a, the changing trend and amplitude of the vi-
bration velocity level curve from the simulation agree
well with those from the bench test of point 1, in spite
of the reasonable disparity at some frequencies due to
inevitable errors of the boundary conditions such as
the added mass of the transducers and the necessary
simplification of the system. For a complex system
like an internal combustion engine, some excitations
and boundary conditions have to be simplified to
ensure the accuracy within minimal computational
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complexity. In Fig. 8b, the comparison results of point
2 are similar to those described for point 1. In general,
the changing trend and amplitudes of the vibration
velocity level of each measuring point in 0—3000 Hz
from the dynamic simulation are consistent with that
from the bench test, which proves that the numerical
diesel engine model and simulation results are precise
enough for engineering applications.

5 Sound quality simulation and optimization
of the block

5.1 Sound quality simulation of the radiated noise
from the block surface

The acoustic response from the block surface is
obtained by the FEA-BEA methodology. Once nor-
mal components of the block surface vibration ve-
locities are determined and validated as described
above, acoustic powers in the frequency range of
interest are computed via standard BEA codes (the
sound propagation medium is air). Then, in accor-
dance with the sound quality research procedure in
Fig. 1, the structural noise can be reduced by block
stiffness optimization to lower the loudness, sharp-
ness, and roughness, which will make the sound qui-
eter, lower-pitched, and smoother.

Commonly, the radiated acoustic energy of an
internal combustion engine block is centered in
1000-3000 Hz. Therefore, in this study we analyze
this frequency range so as to substantially cut down
the computational time. Fig. 9 presents the radiated
acoustic power levels from the block surface under
different frequencies. Under the rated condition, the
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Fig. 8 Simulated and bench-tested vibration velocity level comparison results from the block surface at point 1 (a)

and point 2 (b)
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overall value of the structurally radiated acoustic
power level curve of the original block is 86.2 dBA,
and considerable peaks exist in 1500—1900 Hz and
2300—2800 Hz. For instance, the acoustic power lev-
els at 1564 Hz and 2500 Hz are 71.5 dBA and
70.8 dBA, respectively. Besides, the loudness, sharp-
ness, and roughness of the noise radiated from the
original block are calculated according to
Egs. (4)—(7), with the values of 167.94 sone, 2.57
acum, and 0.72 asper, respectively.

77 Original block

Acoustic power level (dBA)
(2]
(2]

A VRV

60 217 4 A 4 7 8|
1000 1500 2000
Frequency (Hz)

281721%'s

2500 3000

Fig. 9 Radiated acoustic power level from the block sur-
face before and after optimization

As stated above, this study aims to reduce the
radiated noise from the block surface and improve the
sound quality of the diesel engine. Thus, optimal
design for the original block is implemented and
concentrated in the frequency ranges in which the
considerable peaks occur. Hypothetically, the acoustic
power overall value, high frequency peaks, and con-
siderable amplitudes of the radiated noise from the
modified block surface are decreased, which can
reduce the loudness, sharpness, and roughness, re-
spectively, and make the sound quieter, lower-
pitched, and smoother.

5.2 Sound quality optimization of the radiated
noise from the block surface

The block sound quality optimization should
fulfill the following preconditions: (1) engine per-
formances except noise, vibration, and harshness
(NVH) attributes should not be negatively affected,
(2) the new block can be cast and have no problems
like structural connection, and (3) the sound quality
parameters of the optimized radiated noise are lower

than those of the original status.

The optimized schemes are implemented to en-
hance block stiffness (in order to separate the modal
frequencies and the excitation peak frequencies, as
explained in Section 1), reduce the radiated noise, and
improve the sound quality. For each scheme, the
computational procedure in Fig. 1 needs to be con-
ducted again to obtain the structural response and
sound quality of a new block.

Therefore, various schemes are proposed to
achieve ideal frequency separation. Each new scheme
is evaluated via observing whether the acoustic power
levels of the block decline or not. If yes, this scheme
can be utilized to build the next better one; if not,
another different scheme should be proposed. After
this optimization procedure, optimal design at the
thrust side, anti-thrust side, and flywheel side of the
block is determined, as shown in dark color in Fig. 10.
The radiated acoustic power level of the optimal
block is compared with that of the original one in
Fig. 9. As a whole, the acoustic power levels in the
frequency range of 1000—3000 Hz are decreased,
especially at higher frequencies. For instance, the
acoustic power levels at 1564 Hz and 2500 Hz of the
optimal block are reduced by 1.8 dBA and 2.3 dBA,
respectively, and the overall value is 0.8 dBA lower.
Besides, the loudness, sharpness, and roughness of
the optimal block are acquired with the values of
157.24 sone, 2.39 acum, and 0.66 asper, respectively,
which substantially decline by 10.70 sone (6.37%),
0.18 acum (7.01%), and 0.06 asper (8.33%),
respectively.

To sum up, the optimal scheme improves the
acoustic attributes of the block in the following
aspects:

1. The acoustic power level overall value is al-
most decreased by 1 dBA; hence, the radiated acous-
tic energy is 20% lower.

2. The loudness, sharpness, and roughness are
substantially reduced by more than 6%, which will
make the sound quieter, lower-pitched, and smoother,
respectively.

3. The optimal block, served as the main excita-
tion source for the radiated noise of other components
(especially thin-walled parts), can decline NVH re-
sponses of the components, which will finally im-
prove the engine sound quality.
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Fig. 10 Optimal scheme of the block (shown in dark
color): (a) thrust side; (b) anti-thrust side; (c) flywheel
side

6 Objective evaluation test of engine sound
quality

The free end of an engine, which is of great
importance for NVH study, has a significant influence
on the acoustic performance of a bench test and an
engine cabin. Besides, a sucking pump is placed at the
end of the exhaust bellows to rapidly discharge the
exhaust gas to outdoor space. Since the pumping
noise will disturb the acoustic response at the thrust

side and a uniform international standard for the en-
gine sound quality objective evaluation has not been
proposed so far, one measuring point that is one meter
away from the free end center is chosen to measure
the sound quality of the diesel engine.

Furthermore, a new block is cast in accordance
with the optimal 3D model to validate effectiveness of
the sound quality simulation and optimization theory.
Thus, a bench test for sound quality evaluation is
conducted after the replacement of the optimal block
under the rated condition to obtain the sound quality
parameters in the time domain and their overall val-
ues, as presented in Fig. 11 and Table 6, respectively.
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Fig. 11 Objective evaluation of the sound quality at the
free end before and after optimal design: (a) loudness; (b)
sharpness; (c) roughness
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Table 6 Overall values of the sound quality evaluation
at the free end before and after optimal design

Loudness  Sharpness  Roughness
Scheme (sone) (ag)lm) (asgper)
Original engine 309.52 2.01 0.63
Optimal engine 276.16 1.88 0.55
Deviation 10.78% 6.47% 12.70%

Under the rated condition, the loudness, sharp-
ness, and roughness of the optimized diesel engine are
33.36 sone (10.78%), 0.13 acum (6.47%), and 0.08
asper (12.70%) lower than those of the original one,
respectively. Besides, five acoustic experts are em-
ployed to subjectively evaluate the sound quality at
the free end under the same condition. The survey of
the acoustic performance change before and after
optimal design shows that the sound at the free end is
thought to be quieter, lower-pitched, and smoother
due to the decline of the loudness, roughness, and
sharpness, respectively.

To sum up, the results verify the feasibility and
effectiveness of the sound quality simulation ap-
proach in numerical and experimental ways, which
reduces the structurally radiated noise and improves
the sound quality of the diesel engine.

7 Conclusions

This study develops the sound quality
simulation-optimization approach and improves the
sound quality of the diesel engine, which is validated
by experiment. The innovative points and conclusions
are summarized as follows:

1. The novel sound quality simulation and op-
timization approach is proposed and applied to im-
prove the sound quality of the four-cylinder diesel
engine by block structure modification, which is the
first known case in this field.

2. The structural response from the block surface
is studied by flexible multiple-body dynamics and
validated by the bench test, which succeeds in
achieving similar changing tendencies to pledge the
subsequent sound quality simulation accuracy.

3. The optimal block is cast after comparison of
various optimized schemes. The bench tests of the
sound quality evaluation before and after the opti-
mization are conducted. We succeed in finding out

that the sound quality is substantially improved as
numerically expected.

4. In numerical and experimental ways, the
loudness, sharpness, and roughness are reduced suc-
cessfully, which makes the sound of the diesel
engine sound quieter, lower-pitched, and smoother,
respectively.
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