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The aim of the study was to identify acoustic and structural modes in the spectrum obtained exper-
imentally inside an operator’s cab in a bulldozer. Measurements were taken inside the operator’s cab
in a caterpillar-track bulldozer Polremaco TD12NPH2E-2000, designed for work in underground mine
enclosures. The acoustic pressure spectrum was obtained for varied rotational speeds of the engine during
the free run of the machine. The reverberation time of the cab was determined basing on the pulse-type
excited pressure response, followed by identification of the spectral components registered by measure-
ments. Thus, identified frequencies were compared with natural acoustic frequencies registered inside the
operator’s cab and with frequencies associated with the valves and ignition frequencies due to rotational
speed and natural frequencies of structural vibrations of the cab’s walls. This study was conducted in an
attempt to reduce the noise inside the operator’s cab using passive methods.

Keywords: heavy duty machine, acoustic modes, structural modes.

1. Introduction

Bulldozers are a group of widely used heavy duty
machines whose operators are exposed to acoustic dis-
turbances and vibrations negatively impacting on hu-
mans. In considerations of the cab’s design and the
operating mode of the machine (and, consequently,
the type of acting disturbances), the obtained noise
spectrum is mostly of the broadband type (MISUN,
SVANCARA, 2001; Nizior, 1987). The issues associ-
ated with noise and vibration reduction in heavy
duty machines are addressed in more detail in the
works: (MICHALOWSKI, 2000; MICHALOWSKI, STO-
LARSKI, 1998) or in the study concerned with practical
applications (DZIECHCIOWSKI et al., 2001).

In the general case, modelling of an acoustic field
inside a cab, whilst the machine is in service, is a dif-
ficult task. Problems involved in modelling are ad-
dressed elsewhere (KoPpPMAN, 1982; Succr, 1987).
Widely employed methods of analysing acoustic fields
inside the vehicle cabs include the FEM methods
(NEFSKE et al., 1982; FREYMANN, 1999; TURNER,
TURGAY, 1998) and the boundary element method
(HARGREAVES, 1998). Due to the complex nature of

the analysis, these methods are also recalled to de-
termine the modal characteristic of the cab’s interior
(KoopMmaN, 1976; MYUNG-HO et al., 1993).

A most interesting approach to noise reduction
inside the machine operator’s cab involves the low-
frequency analysis with the use of Helmholtz res-
onators (STOLARSKI, 1995; XIAOFENG et al., 2012;
CHIu, 2013).

Another vital aspect to be addressed in research
aimed at noise reduction inside the cab is the analy-
sis of noise radiated by panel-type vibrating structures
such as cab walls (FREYMANN, 1999; KozIEN, WI-
CIAK, 2004; SUNG-HEE et al., 2012; RDZANEK, 2002;
RDZANEK et al., 2003; ZAWIESKA, RDZANEK, 2006;
ZAWIESKA et al., 2007; SZEMELA et al., 2013). At
the further stage, research work is aimed at reducing
vibrations of components through the change of the
system’s geometry (KOZIEN, NI1zIot, 1993; KOZIEK,
WICIAK, 2004) through application of piezoelectric
elements attached to specified points on the vibrat-
ing elements (KozieN, WIciAk, 2008; 2009; 2010)
or through application of specially designed com-
pact micro-perforated membrane absorbers for poly-
carbonate panels (MIN et al., 2013). The knowledge



654 Archives of Acoustics —

Volume 39, Number 4, 2014

of the spectral characteristics of the acoustic field
inside the cab can be utilised to effectively apply
active noise reduction methods is various applica-
tions (NELSON, ELLIOTT, 1993; STOEBNER, GAUL,
2001). The interesting idea for the noise control of
construction machines is proposed in (CARLETTI,
2013).

Identification of the acoustic field inside the ma-
chine operator’s cab is a major step in the vibro-
acoustic analysis (ENGEL, 2000; PLEBAN, 2014). Of
particular importance is the information about the
frequency spectrum of the noise being measured and
identification of the types and the sources of particu-
lar frequency components. These analyses can be per-
formed in the context of future research work. The
author’s most far-reaching goal is the reduction of
noise levels inside the operator’s cab in a bulldozer
intended for work in underground mines, in order to
improve the acoustic conditions experienced by the op-
erator (ENGEL, 2000; KAZIMIERSKA, GREBOSZ, 2001).
The authors’ research efforts are focused on identifi-
cation of frequency components in the acoustic pres-
sure spectra at the selected points inside the cab,
identification of frequencies associated with the mo-
tor operation (rotational speed, valve frequency, ig-
nition frequency) and of natural frequencies of se-
lected elements of the cab walls. As the entire cab
volume has to be considered in anticipation of the
wave phenomena, the analysis is restricted to the low-
frequency range, up to 300 Hz. A similar study is re-
ported in the work (SUNG-HEE et al., 2012). Certain
aspects of the issue being addressed have already been
presented at conferences (DZIECHCIOWSKI, KOZIEN,
2014a; 2014b).

2. Analysed machine

Measurements were taken inside a operator’s cab
in a bulldozer Polremaco TD12NPH2E-2000, shown in
Fig. 1. The schematic view of the cab is shown in Fig. 2.
The machine is powered by a series supercharged
compression-ignition engine Cummins QSB 6.7, with
six cylinders, four valves per each. The internal di-
mensions of the investigated operator’s cab are 1.3 x
1.05 x 1.25 m (length x width x height). The total sur-
face area of the walls equals 8.82 m? and the glass pan-
els occupy 0.98 m?. The cab is made of steel sheets
varying in thickness and reinforced with steel profiles.
It is integrated with the machine frame. When con-
nected to the bulldozer frame and covered with a roof
structure, the cab becomes a closed volume. The floor
in the bulldozer is made of two panels. The interior
walls in the cab are covered with the sound-absorbing
materials (polyurethane foam covered with perforate
fake leather), as shown in Fig. 1b. The remaining sur-
faces are made of steel sheets varying in thickness and
toughened glass (windows). The dimensions of major
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Fig. 1. Bulldozer Polremaco TD12NPH2E-20:
a) general view, b) interior).
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Fig. 2. Schematic view of the operator’s cab (internal
dimensions).

panels making up the cab are summarised in Table 1,
giving also the material specification and the method
of fixing. Developed view of cab walls is presented in
Fig. 3.
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Table 1. Major plates elements in the cab.

Plate No. Description Material Dimensions [mm] Edge fixing
Floor plate 2 Steel 18G2A 1270%x400x 16 Welded along the perimeter
Rear plate Steel 18G2A 1110x1300x5 Welded along the perimeter
Side plate Steel 18G2A 510x1300x 10 Welded along the perimeter
4 Roof opening Steel 18G2A 647x647x12 .Screwed.down along .
the perimeter via a rubber packing
5 Side window — front part | Toughened glass 418 x670x5 Fixed on a rubber packing
6 Side window — rear part | Toughened glass 192x390x5 Fixed on a rubber packing
7 Window panel — door Toughened glass 478x 7505 Fixed on a rubber packing
8 Front window panel Toughened glass 575x570%x5 Fixed on a rubber packing
9 Front panel Steel 18G2A 840x1250x 10 Welded along the perimeter
10 Floor panel 2 Steel 18G2A 1270x400%x 16 Welded along the perimeter
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Fig. 3. Developed view of cab walls.

3. Measurements and analysis of results

The experimental program included the measure-
ments of:

1. Impulse response of the acoustic volume. The ex-
perimental set-up is shown in Fig. 4.

2. Acoustic field response in the service conditions
(during the idle run of the engine and for three
rotational speeds: 750 rpm, 1600 rpm, 2300 rpm).
The experimental set-up is shown in Fig. 5.

The first group of results (impulse-type excited
measurement data) was utilised to determine the re-
verberation time Ty, in accordance with the proce-
dure specified in the standard ISO 3382-2:2010. This
standard states that the reverberation time To is to be
determined from the average slope of the energy decay
curve obtained from part of the decay curve between
—5 dB and —25 dB. The values obtained for three ana-
lysed frequencies are given in Table 2. The acoustic en-

Microphone

4

Sound and Vibration Analyser ’/

Laptop
SVAN PC ++ sofware

SVAN 958

Fig. 5. Equipment for spectral analysis in the service con-
ditions.

Table 2. Reverberation time Tg for the given octave bands.

125 [Hz]
0.395

250 [Hz]
0.161

500 [Hz]
0.160

T20 [S]

ergy decay levels for the octave band with the central
frequency of 125 Hz, 250 Hz and 500 Hz are shown in
Figs. 6-8.
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Fig. 6. Energy decay for an octave band with the central frequency 125 Hz.
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Fig. 8. Energy decay for an octave band with the central frequency 500 Hz.
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During measurements of impulse response for
acoustic type of excitation the starting pistol shot was
used. The measurements were made for a number of
microphone positions (eg. in the corners of the cabin
and in the place of the head operator). In this paper
are presented sonograms for microphone positioned in
the cab corner in front of cab wall (Fig. 9) and the rear
of the cab wall (Fig. 10).

Spectral analysis of the acoustic pressure response
was performed for three rotational speeds of the
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engine (idle run) — about 750 rpm, 1600 rpm and
2300 rpm. A sonogram (Fig. 9) for the investigated
volume obtained with the use of the programme REW
v.5.0 shows the resonance at about 163 Hz. This fig-
ure also presents resonance at about 112 Hz, how-
ever it does not correspond to any calculated value
of resonant frequency. It is probably due to not
cuboid shape of the realistic cab. Figure 10 gives
the sonogram revealing the resonance effect at about
397 Hz.

131

o

-500
50 60 T 80 90

111.8 163.2

200 300 400 500 600 Hz

Fig. 9. Sonogram revealing the resonance at about 163 Hz.
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Fig. 10. Sonogram revealing the resonance at about 397 Hz.
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During the measurement process the sound pres-
sure level spectra in the cab were measured for the

rotational speed of the engine:

750 rpm, 1600 rpm,

2300 rpm. Sound pressure distributions for rotational
speeds 750 rpm, 1600 rpm, 2300 rpm are shown in
Figs. 11, 12 and 13.
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Fig. 13. Sound pressure level at 2300 rpm.

4. Source identification of acoustic frequencies

4.1. Engine components

The identification procedure takes into account the
following frequencies: due to rotational speeds ones,
according to valve ones (1) and connected with ignition
ones (2), where k =1,2,3,..., zy — number of valves,
z; — number of cylinders, s — stroke coefficient (four-
stroke engine: s = 0.5), fo — frequency of shaft rotation.

(1)
(2)
Identified spectral components of rotation, valve and

ignition frequencies are compiled in Table 3 and Ta-
ble 4 (DzIECHCIOWSKI, KOZIEN, 2014b).

fv = kzv fos,
f1 = kzrfos.

Table 3. Identification of rotation, valve and ignition frequencies at 750 rpm (in the frequency range up to 400 Hz).

Frequencies Measured Frequencies Measured Frequencies Measured
[Hz] acoustic [Hz] acoustic [Hz| acoustic
Rotation | Rotation | pressure level Valve Valve pressure level | Ignition Ignition | pressure level
calculated | measured [dB] calculated | measured [dB] measured | measured [dB]

12.5 12 63.8 37.5 38 74.4 150 152 62.2
25 26 46.8 75 76 74.1 300 299 54.3
37.5 38 74.4 112.5 111 71.2 450 451 47.7
50 50 54.6 150 149 65.7
62.5 62 53.9 187.5 188 58.1
75 76 74.1 225 226 63.3
87.5 88 66.8 262.5 164 64

100 100 73.8 300 299 54.3

112.5 111 71.2 337.5 337 54.7

125 126 59 375 375 57.7

137.5 135 61.4 412.5 413 53.1

150 149 65.7

162.5 164 64

175 176 54.2

187.5 188 58.1

200 202 40.4

212.5 211 52.9

225 226 63.3

237.5 240 42.3

250 252 40.9




Z. Dziechciowski, M.S. Kozieri — Identification of the Types of Measured Acoustic Modes Inside. . .

659

Table 4. Identification of rotation, valve and ignition frequencies at 2300 rpm (in the frequency range up to 400 Hz).

Frequencies Measured Frequencies Measured Frequencies Measured
[Hz] acoustic [Hz] acoustic [Hz| acoustic
Rotation | Rotation | pressure level Valve Valve pressure level | Ignition Ignition | pressure level
calculated | measured [dB] calculated | measured [dB] measured | measured [dB]
38.3 38 71.5 115 114 98.4 460 463 68.6
76.7 76 65 230 231 74.7
115.0 114 98.4 345 346 70.3
153.3 155 79.9 460 463 68.6
191.7 193 58.6
230.0 231 74.7
268.3 270 70.1
306.7 308 68.9
345.0 346 70.3
383.3 387 86.7
421.7 425 67.1

Internal resonant acoustic frequency of the cab is

given as:

fa:o.5-c-\/(

12
n2

) () (7))

(3)

where [, m, n =1,2,3,..., ¢ is the speed of sound; b,
d, h are the respective dimensions (length, width and
height) of a rectangular cab.

The measurements of the impulse response of the

cab interior are well utilised in the analysis. The for-
mula (3) is recalled to determine the relevant frequen-
cies for the axial, tangent and oblique modes. Identi-
fied resonant acoustic frequencies are compiled in Ta-
ble 5 and Table 6 (DzIECHCIOWSKI, KOZIEN, 2014b).

Identification was based on comparison of theoretically
calculated values of resonance frequency and values of
frequency occurring in noise spectrum measured inside
the cab during engine operation.

Results of impulse response measurements shown
in the form of sonograms in Fig. 9 and Fig. 10 reveal
that the acoustic resonance within the investigated vol-
ume occurs at about 163 Hz and 397 Hz. Calculated
data compiled in Table 5 and Table 6 suggest that
these frequencies are associated with the axial modes
that originate inside the cab. The measurements of the
sound pressure spectra at varying engine speeds pro-
vide the preliminary information about the effects that
wave phenomena can have on noise levels within the
investigated volume.

Table 5. Identification of resonant acoustic frequencies at 750 rpm (in the frequency range up to 400 Hz).

Frequencies Measured Frequencies Measured Frequencies Measured
[Hz| acoustic [Hz| acoustic [Hz] acoustic
Axial Axial pressure level | Tangent Tangent | pressure level | Oblique Oblique | pressure level
theoretical | measured [dB] theoretical | measured [dB] theoretical | measured [dB]
132.3 132 62.1 208.2 208 44.0 264.9 264 50.5
160.7 161 62.5 210.6 211 52.9 350.3 346 47.4
163.8 164 64.0 229.5 229 54.6 384.3 384 50.1
264.6 264 50.5 309.6 308 50.4 388.2 387 55.3
321.5 319 45.0 311.2 311 47.3 447.5 448 45.7
327.6 328 42.8 347.7 346 47.4 450.8 451 47.7
396.9 398 59.1 353.3 349 46.0 458.5 457 47.9
482.2 480 43.9 360.8 360 46.1 477.7 480 43.9
364.9 366 44.7
416.4 413 53.1
421.1 422 47.9
428.2 428 50.0
429.4 431 49.8
459 463 47.4
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Table 6. Identification of resonant acoustic frequencies at 2300 rpm (in the frequency range up to 400 Hz).

Frequencies Measured Frequencies Measured Frequencies Measured
[Hz| acoustic [Hz| acoustic [Hz] acoustic
Axial Axial pressure level | Tangent Tangent | pressure level | Oblique Oblique | pressure level
theoretical | measured [dB] theoretical | measured [dB] theoretical | measured [dB]
132.3 132 72.5 208.2 208 62.2 264.9 264 68.1
160.7 161 69.4 210.6 211 69.3 350.3 346 70.3
163.8 164 69.4 229.5 229 70.7 384.3 384 83.8
264.6 264 68.1 309.6 308 68.9 388.2 387 86.7
321.5 322 65.8 311.2 311 65.0 447.5 448 55.0
327.6 328 64.6 347.7 346 70.3 450.8 451 53.3
396.9 398 68.1 353.3 349 68.5 458.5 457 55.3
482.2 480 63.4 360.8 360 67.0 477.7 480 63.4
364.9 366 68.8
416.4 413 68.7
421.1 422 66.6
428.2 431 63.5
429.4 434 63.5
459.0 463 68.6

4.2. Structural wall modes

There is no accurate analytical solution to the prob-
lem of natural vibration of polygon — shaped panels
with their edges clamped, therefore the analysis of nat-
ural vibrations of wall elements in the cab relied on
the FEM approach, and the calculation procedure was
supported by the Ansys package.

An assumption was made that cab walls should
be modelled as independently vibrating thin Kirchhoff
plates, in consideration of the manner they were fixed.
The cab walls are either welded or bolted to one an-
other and this connection is modelled as clamped. Fur-
thermore, it was assumed that in the case of side walls
incorporating glazed windows, they are fixed rigid
enough so that the entire modelled element should
be treated as a whole in the FEM procedure and
care should be just taken into account for the pres-

ence of different materials in different wall sections.
In consideration of the engineering design and con-
struction of the wall elements, not all panel elements
were subjected to the modal analysis. Some of them
are structured like ribbed plates and a simple model
of boundary conditions for the cab door is unavail-
able.

The description of investigated panels is provided
in Table 7. Properties of structural materials are:
o for steel:

— density 7800 kg/m?,
— Young modulus 210 GPa,
— Poisson ratio 0.29;

o for glass:
— density 2300 kg/m?,
— Young modulus 62 GPa,
— Poisson ratio 0.27.
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Fig. 14. FEM mesh for front panel (left — whole panel, right — corner).
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Table 7. Description of investigated panels.

Panel ID.

Description

Plate(s) No.

A

Floor plate 1

Floor plate 2

Back plate

Roof door

(s
1
2
3
5

Front panel

9, 10

o|gg|Ql®

Right wall

No damping is assumed for modal analysis. The

elastic shell element shell63 (Ansys) is used in analy-
sis. Maximal length of the side of quadrilateral finite
element does not exceed 0.1 m. Example of meshed
front panel is shown in Fig. 14.

Table 8 summarises the lowest natural frequencies

for particular panels and the corresponding frequencies
identified in the acoustic pressure spectrum in the low
frequency range.

Table 8. Identification of structural acoustic frequencies of the cab for the rotational speed of the engine 2300 rpm

(in the range up to 500 Hz).

Element ID.
Mode No. A B C D E F
FEM | MEAS. | FEM | MEAS. | FEM | MEAS. | FEM | MEAS. | FEM | MEAS. | FEM | MEAS.
1 114.,5 | 111.3 | 593.0 591 33.2 38.1 | 255.9 — 151.9 | 1494 | 1145 | 111.3
2 201.6 | 202.2 63.5 67.4 | 5209 | 527.3 | 210.8 | 2139 | 201.6 | 202.2
3 261.8 | 266.6 71.5 76.1 289.8 | 290 261.8 | 266.6
4 341.1 | 339.8 99.4 99.6 391.6 | 389.6 | 341.1 | 339.8
5 342.9 | 342.7 1116 | 111.3 431.6 | 430.7 | 342.9 | 342.7
6 474.6 | 4755 130.8 | 134.8 457.5 | 457 474.6 | 4755
7 486.3 | 483.4 145.5 | 149.4 526.6 | 527.3 | 486.3 | 4834
8 534.8 | 539 157.2 | 164.0 534.8 | 539
9 176.5 178.7
10 201.4 | 202.2
11 209.0 | 208.0
12 210.1 | 213.9
13 235.6 | 240.2
14 257.8 | 260.7
15 263.2 | 266.6
16 278.3 | 278.3
17 289.4 -
18 309.2 | 313.5
19 334.1 | 336.9
20 338.5 | 339.8
21 342.0 | 342.8
22 355.5 | 3574
23 375.8 | 375.0
24 386.3 | 386.7
25 415.7 | 413.1
26 428.2 | 424.8
27 434.3 | 430.6
28 437.8 | 433.6
29 452.5 | 451.1
30 469.5 —
31 493.3 | 495.1
32 499.6 | 501.0
33 509.7 | 509.8
34 510.0 —
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5. Final remarks

In the light of the underlying assumptions that
identification of acoustic frequency of the cab should
involve major simplifications as to actual shape of the
cab (acoustic volume), that cab walls should be mod-
elled as single panels with the clamp-type boundary
condition, and that frequencies of the rotating motion,
of the valve and of the ignition can be derived from sim-
ple formulas, it appears that most acoustic frequencies
in the operator’s cab were identified with a relatively
low error levels.

The employed identification method allows for con-
necting the spectral components of the engine-type
source with the relevant resonant acoustic ones. Some
of these components are of structural type (bending
vibrations of panels-cab walls). They were successfully
identified for most considered modes, even though the
FEM procedure relied on a simplified model of the cab
wall structure.

The obtained values of reverberation time suggest
that the internal acoustic parameters of the cab can
be altered through internal noise reduction by acoustic
damping.
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