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EXECUTIVE SUMMARY

Noise of track-laying vehicles has historically been a problem which interferes
with speech communication, produceF hearing loss, damages sensitive vehicle-
mounted components, and )ermits aural detectability at great distances. Prior
studies have determined that the dominant sources producing interior noise [4]
are the idlers, the sprockets, and the roadwheels, with the engine being a

secondary source. The dominant source for external vehicle signature [12] is
the exhaust, with the suspension being a secondary sourc;.

The purpose of this study was to design, fabricate and determine the noise
reduction provided by an experimental low-noise roadwheel/roadarm. A prototype
idler and an experimental sprocket have been fabricated which provide 15 and
8 dB noise reduction, respectively [4,6].

Mobility measurements and noise-to-force transfer ratios were made on the hull,
roadarm, and roadwheel to identify vibrational energy paths from the roadwheel
to the vehicle interior and to aid in determining the optimum location for the
isolation mounts. Mount attachment must be at positions which provide the
greatest stiffness to provide maximum noise reduction. These measurements were
also used to estimate the noise reduction which would be obtained by various
isolation concepts.

The low-noise roadarm system consists of a pair of rubber isolators placed
between the roadarm and the hull, a steel tube encircling the torsion bar, and
an isolator at the far end of the torsion bar. This system isolates the entire
roadwheel/roadarm system from the hull and transfers twisting moments of the
roadwheel to the far side of the hull where they are reduced in magnitude. The
rubber isolators have adequate structural integrity and will withstand several
times the force that would crush or buckle the attached roadwheel.

Noise reduction produced by this isolated roidarm design was dc•ermined by

obtaining the difference in interior noise-to-force ratio between the standard
roadwheel/roadarm and the low noise system. Roadwheel noise reduction achieved
by this system was 22 dB at the critical frequency of 250 Hz which effectively
meets most, but not all, of its goals of being quiet, practical and durable.

This reduction of roadwheel noise, when combined with reduced idler and sprocket
noise, will permit overall vehicle noise to approach the limits of MIL-STD-1474;
total suspension system noise reduction when combined with a low-noise exhaust
system will reduce aural detectability distance. In addition, the vehicle would
have much lower vibration levels, which will reduce vibration-induced stresses
on sensitive components.

The present low-noise roadwheel/roadarm is an experimental design which has
proven the concept that isolation of the roadwheel/roadarm provides noise reduc-
tion approaching the desired goal. A future effort will refine this concept by
providing greater compliance while maintaining load capacity, improving practi-
cality, maintaining economy of manufacture, possibly providing direct inter-
changeability for existing vehicles, and incorporating a water seal.

(1)



1. INTRODUCTION

This study was conducted by the FMC Corporation under the joint sponsor-
ship of the US Army Human Engineering Laboratory (HEL) and the US Army
Tank-Automotive Command (TACOM) as part of the ongoing effort to achieve
significant noise reduction in tracked vehicles. (For a list of previous
studies, see Appendix A.) Reduction of the interior noise level to noise
limits given in MIL-STD-1474B, Category B, would allow crewmembers to
operate without wearing earplugs (in addition to helmets) and improve
communications between them. Reduction of externally emitted noise could
reduce the distance at which the vehicle would be audible. The present
study particularly addresses the control of suspension-induced noise from
the roadarms and presents an experimental design to this end.

The overall goal of the program is to develop the technology necessary to
reduce the interior noise of a lightweight tracked vehicle to 100 dB(A)
at 3U mph. Initially, the program identified dominant and secondary
noise sources. Three dominant noise sources, the idler wheels, sproc-
kets, and roadwheels are approximately equal in magnitude. The total
roadwheel contribution to the overall noise level must be limited to 9b
dB(A), as must the contributions of the sprocket and the idler, tc
achieve interior noise level of 1JOdB(A).

Reducing roadwheel noise is the focus of the present study. The acoustic
energy input mechanisms from roadwheel-induced vibratory forces were
determined. Four noise reduction design concepts were evaluated, and one
was chosen for fabrication and testing. Substantial noise reduction was
achieved; however, the estimated A-weighted noise of the experimental
roadarm exceeded Lhe design goal of 9b dO(A) by 5 dB.

2. BACKGROUND AND NOISE REDUCTION GOALS

2.1 Interior Noise in Tracked Vehicles - General Discussion

A schematic representation, Figure 2.1, shows the major vibration sources
and paths in a typical tracked vehicle. Most interior noise in tracked
vehicles originates from the track interaction with the drive sprockets,
idler wheels, and roadwheels. The engine and power train are typically
secondary noise sources. Specifically, in the M113 vehicle, the sproc-
kets, idler wheels, and roadwheels contribute noise of approximately
equal loudness at 30 mph; all other sources contribute much less acoustic
energy.

During vehicle operation, the suspension and engine/power train compo-
nents transmit significant levels of vibration energy to the hull.
Because the entire hull surface vibrates (and radiates noise), the inter-
ior noise levels consist of both direct and reflected sound. Previous
theoretical and practical studies have shown that the interior noise can-
not be appreciably reduced by acoustic barriers or noise absorptive
materials (see Appendix A).

(2)
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Thus, the only remaining noise control option is the isolation of the
noise and vibration sources themselves. To do this, the energy paths
between the sources and the hull need to be determined and modified.

The ruadwheel-generated noise is created by the vihration caused by the
roadwheels rolling over the rough inner surface of the track. As the
roadwheels pass over the pinned connections of the trackshoe-;, the track-
shoes tend to tip, causing the roadwheels to impact the trackshoes (see
Figure 2.2). Idler and sprocket wheel vibration are caused by chordal
action between the trackshoes and the idler and sprocket wheels [4].
Referring to Figure 2.1, the interconnected nature of the suspension
vibration and interior noise is evident.

Z.2 Selection of the MI13A1 as the Test Vehicle

The M1I3AI was chosen as the test vehicle for this study. Its advantages
are thiat it is currently in production, is widely distributed, shares
many features in common with other larger vehicles, and parts are readily
available. Numerous noise measurements of the M113AI have been taken in
previous studies, so its acoustic characteristics are well-documented [4).
Noise reduction concepts from this stun, may be applicable to other
tracked vehicles containing similar des..n features.

2.3 Interior Noise Levels in the M113AI

When the M113A1 is moving, noise levels in the crew and driver's area
exceed comfort, communication, and hearing conservation standards. More
specifically, they exceed the limits specified in MIL-STD-1474B,
Category B. This standard provides maximum alluwable levels for systems
requiring electrically aided communication and noise-attenuating helmets
or headsets. The octave band spectra of the M113AI at 15, 2b, and 32 mph
are shown in Figures 2.3, 2.4, and 2.b [4], respectively. The relative
contributions of the idlers, sprockets, and roadwheels are shown in
Figure 2.6 [4]. The dependence of A-weighted and octave hand noise
levels on speed is shown in Figures 2.7 and 2.8 [4] at the crew and
driver's positions, respectively.

2.4 Roadarm Noise Measurements and Development of Noise Reduction Goals

In previout investigations the roadarms were shown to transmit
significant vibration energy from the roadwheels to the hull [4]. By
vibration isolation techniques, this energy path could be partially
blocked, thus reducing the interior noise level.

During the first vehicle noise study sponsored by HEL [43, the contribu-
tion of the roadwheels to interior vehicle noise was measured. To
isolate the roadwheel noise contribution, it was necessary to eliminate
other noise sources by removing the idler wheel assemblies, track tension
adjusters, shock absorbers, and final drives. The track was shortened by
removing an appropriate number of shoes, and vehicle weight was allowed

(4)
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to tension the track. Because of interference between the track and the
torsion-bar end of the roadarm, the No. 1 roadarm was installed in a
leading, rather than in its usual trailing, position. The vehicle was
then towed around a test track and the interior noise levels were
measured. Figure 2.9 shows the vehicle in its roadwheel noise test
configuration.

There was concern that modifications in track tension and track entry
angle to the leading roadwheel would distort the results of the roadwheel
noise tests. However, based on roadarm acceleration data, these road-
wheels-only measurements appear to he valid estimates of normal roadwheel
noise.

Figures 2.10 and 2.11 [4] show the contribution of the roadwheels to the
noise at the crew and driver positions measured during the roadwheels-
only noise test. Since the maximum vehicle speed attainahle during the
roadwheels-only noise measurement was 25 mph, a straight-line extrapola-
tion of the curves between 2? mph and 25 mph in Figures 2.10 and 2.11 was
used to obtain an estimate of the roadwheel contribution at 30 mph. The
extrapolation indicates that the noise level would he between 111 and 115
dR(A) in the crew area and between 11? and 114 dR(A) in the driver's
position depending on how much of the A-weighted curve 4s used for the
extrapolation. An average estimated roadwheels-only noise level of 113
dR(A) at 30 mph is essentially as high as that due to a single idler or
sprocket.

2.5 Noise Reduction Goal for Roadarms

To develop a vehicle with an overall interior noise level of 100 dR(A) at
30 mph, total roadwheel-generated noise must he redtjued to 95 dR(A)-a
suhstantial noise reduction of IR cR(A). At lower speeds, the roadwheel
noise is much less than that of the idler or sprocket, as shown in
Figure 2.5. At 15 mph, the required noise reduction is only 4 dB(A).

The 1/3-octave hand noise reduction goals were calculated by taking the
roadarm noise spectrum shown on Figure 2.12 fcr a vehicle speed of
25 mph, and adding 3 dB to obtain the estimated 1/3-octave band spectrum
at 30 mph. From this estimated spectrum the 1/ 3 -octavp hand roadwheel
noise goal spectrum (also shown on Figure 2.12) was subtracted to obtain
the 1/3-octavw hand roadwheel noise reduction goals. These calculations
are shown in Table 2.1.

(10)
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Standard Roadwheel
Noise Spectrum 110 112 111 112 107 103 100 98 95
at 25 mph
Estimated Roadwheel
Noise Spectrum 113 115 114 115 110 106 103 101 98
at 30 mph
Roadwheel s-Only
Noise Spectrum Goal 101 98 95 93 93 92 92 91 90
1/3-Octave Band
Noise Reduction Goal
For Roadwheels 12 17 18 22 17 14 11 10 8

(All Values are dB re 125 160 200 250 31b 400 500 630 800
20p Pa)

1/3-Octave Band Center Frequency (Hz)

Table 2.1 Calculatiin of 1/3-Octave Band Roadwheel Noise Reduction
Goals Which Would Achieve Category B of MIL-STD-1474B for M113
Crew Area Noise at a Vehicle Speed of 30 mph.

3. DESIGN OF AN EXPERIMENTAL ROADARM

Four concepts were considered for the experimental quiet roadarm design.
Each concept was accepted or rejected based on its effectiveness in
reducing noise-generating forces and its practicality. These four design
concepts are discussed in the following sections along with the design
goals and mechanical design criteria.

3.1 Design Concepts

Four engineering design concepts were considered in developing the
experimental noise controls:

(1) Compliant roadwheel rim or tire

(2) Add-on exterior lower side plate or frame

(3) Isolated chassis

(4) Isolated roadarm

3.2 Design Goals

The design goals for the experimental roadarm are:

o To reduce interior noise level in the M113AI to 95 dB(A) or less for
10 roadarms combined (roadwheel-only component, excludes noise from
idler and sprocket wheels).

(14)



o To develop a sufficiently durable roadarm to withstand normal vehicle

loads and stresses imposed during testing.

o To provide simplicity and economy of manufacture.

o To reduce exterior noise to lessen aural detection distance.

The design criteria that evolved from these goals were used to guide
design decisions. Testing was designed with the following in mind,

o Hull modification should be minimized.

o Existing hardware should be used wherever possible.

o The average static load on each roadwheel during testing should be 10%
of the total vehicle weight, or 2,500 lbs, in the vertical direction.

o The maximum dynamic loads on the roadwheel are assumed to be 7,000 lbs
in the vertical direction and 5,000 lbs at the roadwheel rim in the
transverse direction. (This approximates the largest forces
encountered when moving over rough terrain.)

o The nominal shear stresses on rubber compliant elements should be
restricted to a recommended value of 60 psi except for transient
conditions or where preloading greatly reduces rubber fatigue [8].

3.2.1 Compliant Roadwheel Rim

The compliant roadwheel concept employs a springy tire to absorb shock
and vibration. This concept is similar to a pneumatic tire on an
automobile, except that the tracked vehicle tire would probably be solid
to maintain combdt effectiveness.

Advantages

The advantages of the compliant roadwheel rim concept are that:

o This is a bolt-in design. An existing roadwheel is simply removed and
a compliant rim roadwheel installed.

o There are no hidden parts to fail.

o The design can be made mechanically very simple.

o There is possibly little or no weight penalty.

o The noise reduction occurs at the source so that noise emitted from
the track and roadwheel disks is reduced, as well as hull-emitted
noise.

(15)



o If it were possible to use a partially pneumatic, partially solid
tii-e, track block tipping might be reduced and resistance to
propulsion (drag) may be reduced with consequent fuel savings and
performance increase.

Disadvantages

The disadvantages of the compliant roadwheel rim concept are:

o Cost wnay be high because there are 20 wheel halves per vehicle.

o If there is a weight increase, it would be multiplied by 20.

o In order to be acoustically effective, the tire would have to be
rather soft, which may lead to thermal problems.

o The durability may be inadequate, and would be very difficult to
assess without extensive and time-consuming testing of a prototype
tire.

o If a partly pneumatic tire were adopted, it would need a run-flat,
"get-home" capability.

The effectiveness of the compliant tire concept may be estimated using a
vibration isolator model. The imaginary "isolator" would be between the
track and the roadwheel's metal disk. Using the measured mobilities of
the wheel disk and rubber tire and the methods discussed in Section 4.2
of this report, the noise reduction may be calculated. Calculations for a
variety of roadwheel compliances are shown on Figure 3.1. These noise
reductions are relative to the existing hard rubber tire. It may be seen
that, theoretically, the compliant tire will produce useful noise
reduction. For a compliance of approximately 3,000 lbs/inch, or softer,
the minimum noise reduction goal of 20 dB in the 250 Hz octave band is
estimated to be achieved.

The model used to estimate noise reduction of the compliant roadwheel has
inherent uncertainties that may be misleading. The advantages and
disadvantages of the model are discussed next.

The advantages of the model include:

o All vibration dynamics of the wheel disk and roadarm are included in
the model.

o The model is very flexible because the insertion loss can be digitally
calculated for a tire with various values of compliance and damping.

o Proposed changes in the track or roadwheel disk can be quickly
evaluated, using a digital computer.

(16)
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The shortcomings of the model are that:

o The insertion loss calculation is hased on measurements of an existing
tire, which is greatly affected by the estimate of the amount of
surface contact between the tire and the track.

o Only vertical forces were modeled. Horizontal forces may become
significant during turns when the steel track guides contact the
roadwheel disk.

o The dynamics of track block tipping are not simulated.

The compliant tire was not selected for development because there is a
significant technical risk in being able to meet the noise reduction goal
while maintainng the minimum durability goal of 2,000 miles. A tire
stiffness of 3,000 lb!in seems to approach the practical lower limit for
a compliant tire. Even with the 3,00U lb/in compliance, the predicted
noise reduction would not be achie~ved, especially the goal of 22 dB
minimum in the 2bU Hz octave band.

3.2.2 Lower Side Plate Isolaticn

The second concept consisted of a lower side plate or frame isolated from
the hull lower side plate by rubber isolation mounts (see Figure 3.2).
The roadarms would then be bolted to the isolated plate or frame. This
concept was rejected because subscq6ert tests of hull mobility indicated
that the hull area, where the top edgE of the lower side plate joins the
sponson, has a high mobility. Thus, vibration energy would be easily
transmitted into the hull, even through vibration-isolation mounts. This
problem could not be overcome using very soft rubber mounts because of
the large deflections experienced by soft mounts under load.

3.2.3 Isolated Chassis

The isolated chassis concept is a logical extension of the isolated lower
side plate concept. This concept utilizes a separate chassis onto which
the roadarms, final drives and idler wheels are mounted, with the rest of
the vehicle mounted to the chassis on vibration isolation mounts. This
concept has the advantage of providing excellent interior noise reduction
capability while using standard suspension components. Although modifi-
cation of existing vehicles with an isolated chassis would be very
difficult and costly, incorporation of an isolated chassis into a new
vehicle design would provide improved noise reduction with very little
cost penalty.

(18)
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3.2.4 Isolated Roadarm

The fourth concept, the isolated roadarm, is shown in Figure 3.3. This
concept was chosen for further development primarily because it offered
the greatest noise reduction potential at the lowest cost. Two rubber
shock mounts isolate linear and rotational roadarm vibration from the
hull and support the vehicle's weight. A ti•he, extending across the
vehicle to bear moments caused hy the weight of the vehicle on the
roadwheel, is anchored at the far end hy another rubber isolator.

Advantages

The major advantages of the isolated roadarm concept are:

o Good force isolation qualities

o Simple, low-cost components

o Ouick and easy manufacture through use of off-the-shelf isolation
mounts

o Protected rubber (because of its location, partly inside the vehicle)

o "Get-home" capability even with rubber failure

o Extreme overload capability without ruhher failure

Disadvantages

Disadvantages are:

o Necessary hull modifications

o Possible reduction of hull damping, presently provided by the track
and suspension, which may result in less noise reduction

o Noninterchangeability with standard components

3.3 Design Considerations of Roadarm Isolator

The isolator effectiveness of linear (not rotational) loads for several
stiffnpsses was calculated as a function of frequency and is shown in
Figures 3.4 and 3.5 for vertical and horizontal forces. The estimated
noise reduction will be the same as the calculated isolation efficiency.
(The noise reductions for torques were not calculated because the rubber
mounts are very soft in rotation, L-using negligible vibration energy
transmission from torsional loads.) As may he seen, an isolator pair
(two mounts are required to share the load) with a minimum total spring
rate of 10,000 lb/in. will ideally provide a noise reduction for vertical
and transverse forces of 16 dB or more between 100 and 150 Hz. A minimum
noise reduction Of 21 dR may be expected at levels above 150 Hz.

(20)
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The isolator efficiencies shown in Figures 3.4 and 3.5 were calculated
from test data measured on the roadarm and the vehicle hull. The roadarm
measurements were made with the roadwheels resting on a firm surface and
then resting on a foam rubber pad. The calculated efficiencies shown in
Figures 3.4 and 3.5 used measurements where the roadwheels were on a firm
surface. Efficiencies calculated where the roadwheels were resting on a
resilient surface were similar except that the low frequency dips are
shifted in frequency.

For experimental design purposes, a mount was chosen with a stiffness
under normal load of 10,500 lb/in, per mount, or 21,000 lb/in, per mount
pair. This mount had a higher stiffness than desired, but was chosen
because it was the softest off-the-shelf isolator which would carry the
load and fit into the available space. Compared to the 10,000 lh/in.
stiffness discussed above, the noise reduction would he reduced by
approximately 7 dR above 125 Hz, and reduced hy a maximum of 10 dR
hetween 50 and 125 Hz. More importantly, this higher stiffness isolator
would resonate near or just below 100 Hz resulting in a predicted noise
amplification at this frequency.

Figure 3.6 is a photograph of the experimental roadarm used for testing.
The vibration mounts chosen are Rarry No. 512-4, with a linear spring
rate for each individual mount of 8,300 lh/in, unloaded and 10,500 lh/in.
under the normal load of 1,250 pounds. For each mouint, the shock over-
load capability exceeds 10,000 pounds.

4. TEST PROCEDURES

This section describes the apparatus, the procedures and the mathematical
hasis for the experimental roadarm tests. Experimental techniques used
in obtaining engineering data, chiefly mechanical point mobilities and
noise-to-force transfer functions, are also described in this section.

4.1 Identification of Roadarm Vibration Fnergy Paths

During testing of the isolated roadarm mount, it was noted that the
torsion bar was a significant transmitter of vibration energy to the
hull. A previous study conducted by Rolt Reranek and Newman (RRN) for
FMC [10], concluded that the torsion bar was not a significant energy
path, compared to the standard (nonisolated) roadarm mount. The ORN
study was conducted by isolating the anchor end of the torsion bar from
the hull and measuring the interior noise-to-roadarm-acceleration
transfer function. Essentially no difference was measured with the
torsion bar attached or detached from the hull.

The experimental isolated roadarm was initially designed to use the
standard torsion bar anchor to react against the roadarm torque. The
isolated roadarm design was later changed to isolate the torsion har
3nchor f-om the hull. With the torsion bar isolated, an average 10 dR

(24)
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insertion loss was measured for the isolated roadarm in the frequency
range of 160 to 800 Hz. This shows that the torsion bar is a significant
roadarm vibration energy path only if the more significant path through
the roadarm trunion bearing mount is first eliminated.

4.2 Mathematical Basis for Noise Reduction Predictions

The noise reduction achievable, using an isolator to decouple the roadarm
from the hull, is largely dependent on the ratio of the spring rate of
the isolator to that of the attachment points. A simplified model of the
roadarn, isolation system (Figure 4.1) was used to calculate the isolator
effectiveness [9]. For this conceptual model, where motions along one
axis at a time are considered and the mass of the compliant element is
insignificant, the isolator efficiency then obeys:

E I 1 M1  (4.1)

S R

and in decibels,

Ed = 2U log E (4.2)

Where:

M, = mobility (i.e., the complex ratio of vibration velocity-to-force)
of the resilient elements (the "isolator")

MS = mobility of the roadarm (the vibration "source")

MR = mobility of the vehicle hull (the "receiver")

E = isolator efficiency

Ed = efficiency expressed in decibels

The mobilities of the source and receiver were measured over a frequency
range of 30 Hz - 430 Hz; however, the mobility of the isolator was
calculated to be that of an undamped massless spring:

Where: M =i/k

M = isolator mobility

k = spring rate of the isolator

= radian frequency

(26)
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The calculated isolator efficiency as a function of frequency for various
isolator spring rates is shown in Figures 3.4 and 3.b. The efficiency
may be taken as the noise reduction predicted for each isolator spring
rate. Actual reductions in dB will range from about one-half to all of
the predicted amount.

4.3 Measurement Procedures for Mobilities and Noise-to-Force Ratios

Measurements of mobilities and noise-to-force ratios were made on the
hull, roadarm, and roadwheel rim. The resulting data were needed to aid
the noise control hardware designers by identifying regions of the hull
best suited for the attachment of vibration isolators and predicting the
noise reductions for candidate designs.

As has been mentioned previously, the noise reduction obtained from a
vibration isolator is as dependent on the rigidity of both attachment
points as it is on the softness of the isolator. However, practicality
dictates that vibration isolators in the suspension have limited deflec-
tions, which in turn requires rather stiff mounts. Because stiff mounts
do not reduce noise appreciably, the mounts must be attached at positions
of low mobility to maintain adequate noise reduction. Typically, these
positions will be at the corners of a structure assembled from plates.
The measurement procedures described in the following paragraphs were
used to find which corners had the least mobility.

To predict noise reduction due to isolating roadarm vibration from t',e
hull, it is necessary to measure the mobilities of the roadarm and ,ull
alonq all vectors where significant vibration energy will be transmitted
as forces or torques. For the roadarm, the mobilities were measured only
in the vertical and horizontal directions. It was assumed that the hull
would readily accept vibration energy in the form of a torque around an
axis which is parallel to the intersection of the bottom and lower side
plates. Thus, such torques must be eliminated in any practical design,
perhaps by a structural member extending across the bottom of the hull
and anchored in a suitable manner at its far end. Later analysis showed
this assumption to be correct, and only rudimentary measurements of"mobility in torque" or noise-to-torque ratios were necessary.

The mechanical point mobilities were measured using either an electro-
dynamic shaker or a small hammer as the vibration source and an accel-
erometer placed near the vibration source to detect the response. 1Both
channels of data were analyzed with a Hewlett Packard model b420A signal
analysis system. The basic test setup is shown in Figure 4.2. This
analyzer was interfaced with a Hewlett Packard 982bT computer. With
suitable programming, it was possible to predict the expected noise
reductions directly on a narrow band spectrum basis. This noise
reduction is identical to the isolator effectiveness "E" for practical
purposes (as described by equations 4.1 and 4.2).

(28)
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The roadarm mohilities were measured in two ways. First, the roadarm
without a wheel attached was measured while suspended by elastic cords.
In this configuration, the roadarm is essentially free to vibrate with
little interference from the supports. A small hammer and for,, gauge
provided the force input. Measurements were made dt several points and
along two axes, with the mosu significant data heing in the vwrtical
direction at the roadarm mount hearing. The measured mechanical point
mobility as a function of frequency is sh-wi in Figure 4.3. In the
frequency range helow 400 H?, there are no sharp roadarw resonances which
would impair noise reduction.

A more realistic mohility was measured at the same locations after
attaching a roadwheel. The roadarm was suspended as before at its
inboard end. For one set of tests, the roadwheel bottom rested on a soft
foam rubber pad in the position of the track on an assembled vehicle.
The other test was conducted with the roadwhecl sitting directly on a
hard floor. Again, the most significant mohility was in the vertical
direction; this simulates the actuial suspension. Figure 4.4 shows the
mobility as a function of frequency. Introducing the roadwheel added a
number of sharp resonances which are expected to produce corresponding
dips in the noise reduction obtained below 400 Hz.

The preceding procedures were used to measure the mobility on the roadarm
side of the proposed isolator. The following paragraphs describe
measurements on the hull side of the proposed isolator.

The initial hull measurements were made primarily to screen mounting
locations for the vibration isolators. The potentially good locations to
he checked were the bottom corner of the hull, that is, within several
inches of the corner of the box heam, and where the lower side plate
joins the sponson. It was also desired to quantitatively compare the
mobility for a twisting moment applied to the hox beam rather than a
force. For this purpose a test fixture was made which was simply a
length of stiff steel pipe extending 9 inches out from the hull with a
force being applied at its outer end. Mobility measurements were also
made at locations on the box beam, the bottom plate, and the lower side
plate. These positions and the corresponding mobilities relative to the
bottom corner of the hull measured at 250 H7 are shown in Figure 4.5.
The mobility measurements were initially made in a plane even with the
No. 3 roadarm mount position. This position was expected to have the
highest mobility of any roadarm position, that is, a vibration isolation
system would be the least effective here. Later measurements, made at
the No. I and No. 5 roadarm positions, verified that the No. 3 roadarm
position did indeed have the highest mobility.

Noise-to-force transfer functions were also measured at the same loca-
tions on the hull where mobility measurements were made. The purpose of
the noise-to-force measurements was to gain additional confidence in the
selection of mounting locations for the vilhration isolators. The map of
relative noise-to-force transfer function measurements at 250 Hertz is
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shown in Figure 4.6. The relatively small variatior, in the noise-to-
force trancFer functions at the centers of the box beam sides (-1 and +3
dB), compared to the large increase in mobility at these locations (+12
and +9 dB, Figure 4.b), indicates that the box beam has some local reson-
ances which do not effecti'ely radiate sound energy into the vehicle.

The results of the mobility and noise-to-force ratio measurements showed
that the location of the isolation mounts should be kept as close as
possible to the bottom corner of the hull for maximum isolation
effecti veness.

4.4 Test Procedure for Roadarm Mount Evaluation

Several procedu,'es for evaluating the noise reduction achieved by the
experimental compliant roadarm mount were considered, including the
following:

o Equipping the M113 with 10 compliant roadarm mounts and towing it
around the track.

o Modifying the existing electric drive test stand to provide for ground
effects and loading on the roadwheels.

o Ueveloping a new low-noise test stand and apparatus capable of
realistically simulating the normal downward force which the roadwheel
exerts on the track.

The above test procedures were rejected as a means of evaluating the
compliant roadarm mount because of the following practical constraints:

o The actual vehicle has 10 rcadarms, but it was not economically feas-
ible to fabricate and install more than one compliant roadarm mount.

o It was not feasible to test even one compliant roadarm mount on FMC's
elec~rically driven test stand because the test stand itself is too
noisy. Building a new quieted test stand would he a major expense and
may still produce too much sprocket engagement noise.

o In any stationary test stand, there would be significant technical
risk of improper simulation of the track-roadwheel dynamic
interaction, including track Dlock tipping.

The test method which was selected for the compliant roadarm mount evalu-
ation was to apply force to the roadwheel using an electrodynamic shaker
and weasure the resulting interior noise-to-force -atios. These ratios
were then used to calculate the noise reductions that would be achieved
for a vehicle with all 10 compliant roadarms. Because the hull has
different dynamic characteristics at each of the 10 roadarm mount pCsi-
tions, the one position used in the test is not necessarily representa-
tive of the other nine positions. The number 3 roadarm position was
selected for testing because this position has the highest noise-to-force
ratio of all roadarms (see Figure 4.7).
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Using an electrodynamic shaker to excite the roadarm has several impor-
tant benefits compared to driving the vehicle on a test track or
raising the vehicle on a stand and rotating the track. In evaluating the
noise reduction of the experimental roadarm, it proved to have the
following advantages:

o The force is highly controllable such as using a sine sweep for

resonance and nonlinearity identification.

o The force is consistently repeatable.

o The signal-to-noise ratio is adequate.

o The cost is low.

o The experimenter is safe while making measurements, alterations, and
observations within the immediate area of the track.

The shaker has the following disadvantages:

o The relative importance of the roadwheel's vertical and horizontal
forces is unknown, and so must be estimated based on experience and
judgment.

o Force levels generated by the shaker are lower than actual vehicle
operational forces; consequently, nonlinearities in the bearings and
mount system may not be accounted for while testing with the shdker.
However, these nonlinearities are believed to be of minor importance
because the bearings were fully loaded to eliminate slack.

o The spectrum shape of input force is different than du-ing vehicle
operation; therefore, there is no direct comparison to noise levels
generated during vehicle operation. Instead, a noise reduction
comparison is only possible on a frequency-by-frequency basis, and any
A-weighted noise reductions must be calculated rather than directly
measured.

An electrodynamic shaker of bO pounds-force capacity was attached to the
roadwheel rim. The vibration force on the roadwheels during normal oper-
ation is mostly in the vertical direction, with side loads being intro-
duced during turns and in rough terrain. Accordingly, both horizontal
arid vertical forces were applied during the tests. Figures 4.8 and 4.9
are photographs of the test configuration. The vertical shaker force
test results were weighted most heavily when evaluating the noise reduc-
tion of the experimental roadarm mount.

For most of the tests, the input signal to the shaker was band-limited
random noise. The resulting interior vehicle noise was measured at a
point near the center of the crew compartment. Several practical
problems had to be overcome. First, to take up bearing slack, it was
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Figure 4.9 Experimental Roadarm' Test Setup wilth tile
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desirable to have the roadwheel support its normal load of approximately
2,bUU lbs. Second, it was not certain whether it would be more realistic
to test with the roadwheel on a hard surface or on a soft surface; both
conditions were tested. The hard surface consisted of wooden blocks.
The soft surface consisted of a board under the roadwheel which rested on
multiple layers of open-cell foam rubber. Each layer of foam was approx-
imately O.b inch thick totaling a stack of approximately 3 inches thick.
To prevent the foam from bulging excessively, cloth was bonded to one
surface of each foam layer. This arrangement simulated a soft but
resilient surface to support the full roadwheel downward force. Under
load, the foam compressed roughly half of its unloaded height.

The electrodynamic shaker was connected to the roadwheel using a quartz
force cell attached to a 1-inch cube of aluminum, which in turn was glued
to the roadwheel rim, as shown in Figure 4.10. The roadwheel tire was in
its normal configuration. To apply the vertical force, however, the
shaker would not fit into a position along a radius extending inward from
the roadwheel rim. Therefore, a rather unusual test fixture was designed
and fabricated, as shown in Figure 4.11. It consisted of a cantilever
beam with one end attached to the force cell and roadwheel rim, the
shaker attached a few inches away, and a mass attached to the opposite
end to act as a pivot point. The mass was supported on foam rubber.
This mass-pivot lever system worked well and required no modifications or
changes other than covering it to reduce radiated noise.

b. TEST RESULTS

Following engineering, design, and fabrication of the experimental road-
arm, it was tested for its noise reduction capability. The results of
the noise reduction testing, presented in this section, are interpreted
in Section 6.

5.1 Interior Noise Test Results

The ratio of acoustic noise due to the applied vibration force is the
noise-to-force transfer function. These noise-to-force transfer func-
tions were used as the basis for measuring the noise reduction capability
of the experimental roadarm (see Section 4.3 for a description of the
test procedure). The normalized interior noise level measurements, or
noise-to-force transfer functions for the standard or baseline roadarm
configuration and the experimental isolated roadarin, are shown in
Figures 5.1 and b.2. These measurements were taken in the center of the
crew compartment, with the force input to the roadwheel in the vertical
and transverse directions. (Transfer function values are shown in
Appendix B.)

By taking the difference between the standard and experimental roadarm
mount noise-to-force ratios at each frequency, the insertion loss was
calculated as a function of frequency. The insertion loss is plotted in
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Figure t.3 for both the horizontal and vertical directions. The
uncertainty in these values is discussed in Section 6, Interpretation and
Assessment of Data.

b.2 Exterior Noise (Acoustic Signature)

The reduction in acoustic signature (exterior noise) is derived by a
calculation technique in Section b.2. There are no measured exterior
noise test results for discussion here.

6. INTERPRETATION AND ASSESSMENT OF NOISE REDUCTION DATA

6.1 Interior Noise Reduction

The roadarm nIoise reduction measured for the isolated roadarm exceeded
all of the 1/3-octave band noise reduction goals above 160 Hz. The
following are possible reasons why the required noise reduction was not
achieved in the lower frequencies (160 Hz and lower):

o The rubber mounts which were used in the experimental isolated roadarm
tests had a higher spring rate than the optimum of 10,000 lb/in. This
caused the isolated roadarm resoflant frequency to increase, which
reduced or eliminated noise reduction in the low frequency 1/3-octave
baods.

o The low frequency 1/3-octave band insertion loss measurements may not
be very accurate. It was discovered in the latter stages of the iso-
lated roadarm tests that the exact miiiroi.uhone position in the crew
compartment is critical in the low frequency noise measurements be-
cause the sound pressure level in the b0 through 160 Hz 1/3-octave
bands is dominated by hull c.,vity resonances. The wavelength of these
resonances is such that a difference in microphone position of just a
few inches between subsequent tests, can account for a 3 to 7 dB
variation in the low frequency 1/3-octave band levels, particularly
near the center where nodes exi;t. The exact microphone position was
not measured for the baseline or standard roadarm tests. The placement
of the microphone in the isoiated roadarin tests, consequently, may
have deviated from che baseline test position by a few inches.

6.2 Acoustic Signature (Exterior Noise) Reduction

The exterior signature of the roadirir; and roadwheels consicss uf two
components: noise emitted due to hull vibration, and noise .,itted
directj from the roadarms and roadwheels. Noise caused by hull vibra-
tion has a spectrum shape similar to interior noise and is nelieved
dominant at and below 1,0U0 Hz, where it is likely to lead to acoustic
detection at a distance . Direct suspension-radiated noise, on the other
hand, includes squeaks, clattering sounds and rubbing sounds caused by
metal-to-metal contact which are not likely to lead to aural detection at
great distances.
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It was not practical to simply measure exterior noise reductions directly
because of interfering noises, both from the electrodynamic shaker and
environmental noise sources, such as the nearby highway and airport.
Therefore, the following technique was selected, which only allows
evaluation of the dominant hull-radiated acoustic signature,

The low frequency exterior noise reduction was estimated by a calculation
technique based on interior noise changes. This technique utilized
exterior noise data measured while the vehicle was towed at 10 and 20 mph

without the idlers and the sprockets with the track wrapped around the
roadwheels [4] and data providing the estiiiated difference between hull-
generated interior noise and exterior noise at 25 feet [11]. Using this
exterior noise as a baseline, this t echnique used differences in interior
hull-radiated noise to estimate differences in exterior hull-radiated
noise. Thus the interior noise insertion loss orovided by the compliant
mounts, subtracted from the hull-radiated exterior noise data for
25 feet, estimated the exterior noise contribution of hull generated
roadarm/roadwheel dependent noise (see Table 6.1).

20 mph 63 Hz 125 250 500 1K 2K

1) 20 mph interior roadarm noise data [4] 113 11? 108 102 92 87

2) Less difference between interior and -20 -20 -23 -22 -22 -19

exterior noise F11]

3) Gives Std. M113 roadarm noise at 25 ft. 93 92 85 80 72 68

4) Less measured compliant road- -4 -O -17 -15 -19 -20

arm mount insertion loss

5) Estimated hull-radiated signa- 89 92 68 65 53 48
ture at 25 ft to side, 20 mpn
for compliant roadarms

10 mph __ 63 Hz 12b 250 500 1K 2K

6) 10 mph interior roadarm noise data [4] 103 102 100 93 87 82

7) Less line 2 ahove -20 -20 -23 -22 -22 -19

8) Std. M.113 huill-radiated( noise at 25 ft. 83 82 77 71 65 63

9) Less line 4 above -4 -0 -17 -15 -19 -20

10) Estimated hull-radiatpd signa- 79 82 60 56 46 53
ture at 25 ft to side, 10 mph
for compliant roadarms

Table 6.1 Calculation of Estimated Octave Band Hull-Radiated Acoustic Signa-
ture for M113 Roadarm-Induced Noise at 25 Feet to Side for Experi-
mental Compliant and Standard Roadarms at 10 and 20 Miles Per Hour.
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Figure 6.1 shows estimated octdve band spectra of the hull-radiated
roadarm-induced acoustic signatures for the M113 vehicle with the
standard and vibration isolated roadarm mounts. The estimated signature
represents all 10 roadarms at 20 mph. Also shown are engine and exhaust
spectra for the standard ML13A] and a demonstration low-signature M113A1
operated by US TACOM.

The roadarm hull-radiated noise is primarily in the 63, 125, and 250 Hz
octave bands for the standard M113, and primarily the 125 Hz octave for
the vehicle with compliant roadarm mounts. The 125 Hz octave band
dominates because of the poor insertion loss at that frequency.

Considering the distance to inaudibility, at 20 mph and probably higher
speeds, the engine and exhaust acoustic signature is higher than the
standard roadarm-induced signat~.re in all octave bands. Therefore,
reducing roadarm-induced noise will have no effect on the distance to
inaudibility because engine noise will remain dominant for a standard
exhaust. On the other hand, noise produced by TACOM's low-signature
vehicle is about equal to the standard roadarm generated noise, and
higher than the quieted roadarm generated noise at most frequencies (see
Figure 6.1). Therefore, reducing the noise of the idler and the sprocket
in addition to that of the roadwheels would probably reduce vehicle
detection distance.

Although no data exist for 30 to 40 mph, an extrapolation is that the
roadarm noise is at least 10 dB higher at 30 mph, compared to 20 mph [4].
Therefore, at 30 and 40 mph, the distance to inaudibility should be
significantly decreased for TACOM's low acoustic signature MI13AI if the
compliant roadarms were installed and if the idler and sprocket noise
were also reduced.

The acoustic signatures estimated in this section are believed to be
accurate within approximately 6 dB. The signature reduction estimates
are limited by the accuracy of the interior noise insertion loss
information upon which the calculations are based.

7. CONCLUSIONS AND RECOMMENDATIONS

The experimental isolated roadarrm demonstrated a substantial reduction in
the roadwheel-generated interior noise. All of the 1/3-octave band
roadwheel noise reduction goals were met or exceeded except in the 125
and ibU Hz 1/3-octave bands. Although no direct measurement of roadwheel
dependent noise levels of the isolated roadarm design in actual vehicle
operation was possible, using the measured insertion loqs of the isolated
roadarm it is estimated that the experimental isolated roadarms would
produce a crew area noise level of 100 dB(A) at 30 mph. Improvements
planned for the prototype isolated roadarm should meet the design goal of
95 dB(A) roadwheel dependent interior noise.
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ROADARM-INDUCED, HULL-RADIATED ACOUSTIC SIGNATURE

A - --- Ten standard roadarms, 20 mph

B Ten experimental compliant roadarms, estimated

signature, 20 mph

ENGINE EXHAUST NOISE

- -- -- Maximum noise levels in 2-3 gear, 600 to 2000 RPM,
accelerator fully depressed, brakes "on",
standard M113AI production vehicle.

D - - -Same, but for TARADCOM low-signature demonstration
Mll3AI vehicle. (Data taken ait 50 feet, 6 dB then
added for distance cQlnpensation)

100
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70 
M70
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Figure 6.1 Estimated Exterior Signature Spectra of M113 with Ten
Standard Roadarms, Experimental Compliant Roadarms and
M113A1 Exhaust at 25 Feet to the Left of the Hull
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Recommended changes to the experimental roadarm for the prototype work
include:

a. Reduce the isolator spring rate from 21,000 lb/in to as close to
10,000 lb/in as is practical.

b. Connect the roadarms opposite each other together to react the
moments generated by the roadarms into vertical forces at the
isolation mounts.

c. Incorporate a water seal into the isolation mount design.

d. Provide a means of torsion bar anchor such that the anchor is
isolated from the hull.

e. Toughen the design to provide more durability.

f. Incorporate a more practical isolator design with components built
into the box beam, thereby providing greater mounting stiffness to
the isolator.

g. Consider a design with possible direct interchangeability for
existing vehicles.

(50)
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PREVIOUS NOISE REDUCTION STUDIES

Essentially three methods exist for reducing tracked vehicle interior noise.

1. Reduce the noise and vibration at the source.

2. Modify the noise and vibration transmission paths from the source to the
vehicle interior.

3. Absorb the noise in the hull cavity to prevent reverberant buildup.

Studies conducted prior to HEL's initiation of the present work [E and 2] inves-
tigated the use of sound absorbers and acoustic barriers placed on the interior
walls of a vehicle to reduce noise. It was found that given constraints of
acceptable interior volume reduction and available areas to apply barriers and
absorbers, the vehicle noise could not be reduced to meet the requirements of
MIL-STD-1474B.

Another study [3] investigated the use of increased structural damping of the
hull to reduce its resonant response and thus reduce interior noise. Results of
that research showed that practical increases in damping produced only a slight
reduction in interior noise.

The HEL and TACOM sponsored studies prior to the present roadarm work, concen-
trated on reducing the noise and vibration sources and modifying the transmis-
sion paths. Only suspension noise sources were considered in these studies.
Other noise sources such as the engine, power train and final drive gearing have
been shown to be secondary sources [4].

The most important conclusions obtained from this research were:

1. The technology to reduce tracked vehicle noise does not exist and will
require development.

2. Very careful control of testing parameters is necessary to accurately
measure the incremental noise reductions obtained when evaluating potential
noise reduction methods.

3. At and below 20 mph, both idler and sprocket noise must be reduced to meet
the noise reduction goals.

4o Above 20 mph, roadwheel noise also must be controlled in addition to idler
and sprocket noise.
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b. Engine and power train noise is not significant compared to suspension

induced noise.

6. Vehicle interior sound absorptive treatments are not practical.

7. Making the idler and sprocket wheel rims more compliant is an effective
noise reduction technique.

8. The best spring material for compliant idlers and sprockets appears to be
either natural or synthetic base "natural" rubber. Steel springs would be
difficult to engineer into the limited space available.

9. Elastomers must be carefully evaluated when considered for use as spring
materials in order to select those with optimum mechanical and damping
properties.

1U. In a compliant idler wheel, axial as well as radial and tangential
compliance need to be investigated.

11. Local stiffening of the hull at the roadarm and idler locations provided no
significant changes to the mechanical impedances and, therefore, no noise
reduction potential.

12. A damping treatment applied to both sponsons provided appreciable sponson
vibration reduction at 500 Hz and higher frequencies. This treatment also
gave a modest vibration reduction of other hull plates and noise reduction
of approximately 0-2 dB(A).

13. To achive noise reduction by means of hull plate da,-ping, a promising
technique of constrained layer damping was found to be much less effective
than initially expected.

14. The computerized simulation of track dynamics, while producing promising
results, would require incremental refinement before it should be used in
designing lower noise suspension components.

lb. A compliant prototype idler wheel was designed and fabricated which was not
only rugged and practical but also demonstrated a 15 dB(A) reduction in
interior noise level compared to the standard idler wheel.

1b. A compliant experimental sprocket was designed, fabricated, and tested.
Measurements indicated that it was 7-8 dB(A) quieter than the standard
sprocket, while maintaining full torque carrying capacity. Further evalu-
ation showed that an improved design could produce greater attenuation.
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17. Statistical energy flow analysis of vibratory power accepted by the vehicle
hull and the idler attachment tr.;nsfer function analysis do not in
themselves provide enough information to identify possible modifications in
the vehicle hull which could result in lower interior noise levels.

18. Preliminary results of interior noise level prediction based on finite
element analysis data were encouraging and showed reasonable agreement
between measured data and predicted results. However, a very accurate
finite element model will be required to evaluate hull modifications to see
if they produce lower interior noise levels.

PUOUIT39TS (b4)
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ROADARM NOISE-TO-FORCE TRANSFER FUNCTION DATA

Noise-to-Force Transfer Function
1/3-Octave Band (dB re 20 uPa)
Center Frequency Standard Isolated

(Hertz) RoadarmI Roadarm

50 67.7 61.1

63 58.9 50.1

80 '8.4 58.6

100 50.1 52.1

125 51.7 46.1

160 48.0 49.6

200 61.4 38.4

250 70.2 37.6

315 68.b 44.9

400 62.3 42.4

5UO 64.4 50.9

630 60.1 41.9

800 54.0 35.4

1OO0 b3.7 34.9

12bo b8.3 36.1

1600 60.1 41.9

Note: Force input is in the vertical direction.
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ROADARM NOISE-TO-FORCE TRANSFER FUNCTION DATA

Noise-to-Force Transfer Function
1/ 3 -Octave Band (dB re 20 .Pa)
Center Frequency Standard Isolated

(Hertz) RoadarmI Roadarm

50 67.9 53.1

63 63.1 62.4

80 69.9 67.1

100 63.2 56.4

125 57.6 57.9

160 58.6 60.4

200 68.0 50.6

250 69.0 46.8

31b 69.2 59.6

400 65.6 55.1

500 65.1 47.9

630 61.1 45.6

800 56.8 36.4

1000 51.0 29.1

1250 54.7 35.1

1600 59.6 42.1

Note: Force input is in the transverse direction.
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