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3. VERIFICATION OF PREDICTION FORMULAS FOR WHEEL/RAIL NOISE

In this section we cescribe measurersnts of wheel/rail noise
e Champ Carry Tecnnical Center ftest track

that were performed at
of Pullman Standard (2-

T

S) in Hammond, Indiana, as well as a nun-
ber of scale-model Impact noise measuremsnts mads at BBN. We com-
pare both sets of measurements with predictlons based crn the
aralytical/empirical formulas of Sec. 2. At ?-3, we measured

the noise produced by the interaction of the steel wheels of a
small ®RT {personal ravid transit) vehicle with the rzils of the
test tracxk. Iceally, we would have teen able toc perform mea-
surements on a fulZ-sczale transit system, but the masnitude cf
trhe costs and the complexity of the lcgistics invelved dizccur-
aged us frorm taking that aprroach at this stage. In c
the PRT vehilcle has flanged steel wheels and the test tTrack nas
steel reils tasically the same, excert feor size, a2as fThcese in s
full-scale transit system, the wheel/rail interacticr anrd noise
prcduction mechar®sms should be essentially -ne s3ame in both
cases. Conseguent_y, 1f our predicticns agree with the measure-
ments ¢? ncise and vibration from the PRT venicle cn the test
track, there 1is strong reason toc believe tThat predictions based
on trke znalyses 1in Sec. 2 will also agree with measurements cn
“ull-scale transit systems. Simi_ar arguments aoncly Lo The

scale-model impact nolse measurenments.

3.1 Description of P-S Tests

3.1.1 The PRT vehicle

As mentioned above, P-S operates a sma’l PRT vehicle on a
test track at their Champ ZTarry Tecrhnical Clenter. This venicle,

criginzlly fabricated as z2n englneering test model, 1s snown 1in

Fig. 2.1-1. The PRET has fcour 14 in. (35.5 cm) ciameter steel

o
L9
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wheels, each ¢of which 1s individually powered by a hydraalic
motor., The ferward and aft bolsters (metal frames containing
the two hydraulic mectecrs and the asscclated wheel bearings)

are each suspended independently c¢n four coll springs with
hydraulic dampers. Figure 3.1-2 shows some details of fhe sus-
pensior system. Specifications for The vehicle are given in

Table 3.1-1,

TABLE 3.1-1. VEHICLE SPECIFICATIONS

Vehicle welght 6500 1b (2950 kg}
Wheel base 8 £t (2.43 m)
Width over side sills L5 ft {(1.38 m)
Length over end siils 12 £t (3.66 m)
Heignt cf the floor

above the rail ~2 7t {0.61 )
Extreme height of

vehicle L7 s {(2.13 )

3.1.2 Test track

The test track, shown in Fig. 2.1-3, is an cval ~1/3 mile
(0.23 m; around with a spur leading to twe successive 3C %
(9.2 m) radius curves. The oval contains 70 ft (21.4 m), 80 ft
(24,3 m), and 90 ft (27.4 m) radius curves and both welded and
bolted A3CE 60 1lb/yd (30 xg/m) steel rail at 42 in. (1.07 m)
gauge. The rall is laldé on wood ties 4 in. x 6 in. x 6 ft
(10 emm % 15.2 em x 1.83 m) on crushed limestone ballast. A
three-phase power rall 1s located on the irner side of the
oval and on the westerly side of the spur.
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Measurements ¢f squeal noise were made on the 30 £t (9.2 m)
and 9¢ ft {27.4 m) radius curves as shown in Fig. 3.1-3. 4
section of tangent welded rall north of the station on the west
leg of the oval was selected for measurements cf rcar ncise.
Two points, one just north of the roar nolse section and cne on
the east leg of the cval, were selected for impact noilse measure-

menrts.

3.1.3 Test wheels

XNcise and vibration measurements were made for three wheel
types — standard, resilient, and darped.¥ Tre standard wheel
was a 14 irn. {(35.5 em) running tread diameter flanged steel
wheel weighing approximately -40 1b (63.5 kg) and made by
Lnitea States Steel. A half section of the wneel is shown in
Fig. 3.1-4., 1In order to fit the wheel ontc the taper-lock
attachment on the vehlecle axle, trhe hub of The wheel was faced

down to approximately the dotted line in the figure.

AfTer testing the venicle fitted with the standard wheels,
we removed the wheels and arplied damping treatment to them®
as shown n Fig. 3.1-5. A 1/4 in. (0.63 cr) thick layer cf
damping materlal (Lord Corporation LD-400) was glued to the
side of the tread. We then glued a steel ring on top of the
damping material as shown 1in Fig. 3.1-5. The result was g

contrained darmplng leayer cdesigned to give the wheel a lcss factor

Fol

of petween 5 and 10% for axial vibration of the wheel. According

¥Note that a4 the completion cof the standard wheel tests, an acci-
dent cccurred in which the vehicle sustained considerable dai-
age. This damage, combined with modlifications made to the power
rall for the purpose of obifaining clearance for the wider tread
on the resilient and damped wheels, necessitated a 2-month delay
between standard wheel testling and tests ¢n the resilient and
damped wheels.
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to the predictions in Sec. 2.2, this amount of damping should
totally suppress squeal., Before applylng the treatment tc¢ the
PRT wheels, we similarly damped 2 14 in. {(35.5 cm} diameter
wheel¥* in the laboratory and measured the bandwidth of the wheel
resonances before and after the treatment. After the treatment
only one resonance at ~1800 Hz could be found; all otaers had
been totally suppressed. This ore rescnance had s lcss facter

of 1.3%, somewhat less than expected.

The third type of wheel tested was a 14 in, (35.5 em) dia-
meter Penn Cushion resilient wheel made bty Friedrich Krupp
Hittenwerxe A.G. 1n Germany and marketed in thils ccuntry zy
the FPenn Machine Co. A haif section cf the wheel 1s shown 1n
Fig. 3.1-6. The wheel is steel and weighs 92 1t (42 kg). The
tread is isclated from the web by rubber pads spaced at regular
intervals around the circumference, There 1s nc published
Information on the stiffness of the resilient layer, Z.e.,, the
deflection of the tread relative to the rim under Zoad. We
attempted to determine this stiffness by measuring the wheel
deflection under the welght cf thz PRT vehicle [.1625 1b
{736 xg)] per wheel. Unfcrtunately, the tests were incanclusive,
showing only that tre deflectlons were less than 12 mils {(0.25 mm) —
tre lower limit c¢f <fhe calipers we vwere using for the measurement.

3.1.4 Instrumentation

Both the noise radiated by the wheel/rail interaction and
the vibratlon c¢f the rail and bolster were measured during <he

roar and impact ncise testing. During the sgueal nolse test,

¥The wheel was the same as the PRT wheel except that the hub was
not faced,
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only the nclise rasdiated by the vehicle wgs measured, although

an attempt was made to telsesmeter wheel vibration data (see Fig,
3.1-2). Low dynamic range and hignh electronic noise in the trans-
mitter prevented us “rom ontaining good data.

The nolse was measured by a ricrophone hung on a boom
suspended from the vehicle such that the miczrophone was 3 't
(0.91 m) from the face of the wheel on the axis of the wheel,
Tne microphone always hung on the cpposite side of the vehicle
from the power rail. The arrangement of the microphone and

boorr is sheown in Fig. 3.1-2.

The bolster acceleration in the vertical direc<ion was
measured with an accelerometer attached to the metal frarme
forming the bolster. The accelercmeter was located near the

wheel nearest the boom microphone,

The rall acceleration was measured with two accelercmeters,
cne attached beneath the rail head to measure vertical rail
vibtration and one attached to the side of the rall read or the
center of the web tc measure horizontal rasil vibration.

Tne instrumertation cheain used for these measurerméents is
showr. in Figs. 3.1-7 and 3.1-3. Note that the chain éiffered
slightly between the standard wheel tests and the resilient and
damped wheel tests. Also, since no bolster acceleration data were
recorded during the sound pressure Zevel measurerents ¢f squeal
and rogr for resilient and damped wneels, a single-itreack Kudelsxi
Nagra I1Z tape recorder was used to record the sound pressure level

data.

3.2 Squeal Model Verification

A4s described ahove, sgueal nolse was measured for the PRT

e
venicle on curves of 30-7t {3.15 m) and 90-ft (27.4 m) radius. Thke
vehicle was run =hrough the curves at a range of spesds, and the

sgueal was measured by the boom-mounted ricrophone.
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3.2.1 Sound Tevel of squeal

Figures 3.2-1 and 3.2-2 show the measured scund level of the
squeal 2s 2 function of vehicle speed in the curve for the 90-ft
(27.4 m) and 30-ft (9.15 m) radius curves respectively. The
figures alsc¢c show the thecretical predicticns Zor trese conditions,
There 1s ccnsidersgble scatter in the results which may Te caused
by the differences In trac« cornditions at different times. FEow-
ever, ancther, more serious, source of uncertainty is the uncer-
tainty as to which wheel was sguealing. These ~easurements were
made with a microphcne placed only 3 £t (.315 m) from the side
of the car., Trere Is clearly a large difference in lewvel depend-
ing upon wnether a wheel close te the microphone or one far away
is squealing. The predicted levels Zor all four wheels sre plot-
ted 1in these figures, It seems that tne wheel c¢_osesc o the
microphone was rarely the one to squeal. On the 30-f5 (9.15 m)
curve, the levels for the other wheels sre within #5 4B of most
of the measurements. On the 93-7t (27.4% m} curve, the predictions
fer the wheels other <fthan tne ¢losest are zabout 5 d3 higher <than
The mean measured value. Eowever, bearing in mind the assump-
tions that had tc be made in the model and Zhe uncertainty ir the
cenditicn of the reil, trhe investigatcrs ceonsider this agreement

to be acceptable,

3.2.2 Squeal frequency

Tne frequency of each of the squeal events wss messursd an
the 30-rt (9..5 m) snd 90-ft (27.4 =) radius curves. The fre-
guency 1s extremely difficulf fo measure, since 1t 1s generally
qulte intermittent and conventilicnal analog filiters cannot be
used. dewever, using a digital fregquency counter, counting over
a tenth of a second, and using a sonogram (voiceprint) machine

orcved successiul.,
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The occurrence of squeal in terms of the freguency vs vehicle
speed is pletted in Figs. 3.2-3 and 3.2-4 for the 30-rt (9.15 =)
and 90-ft (27.4 m) radius curves. There seems to be l’ttle rela-
tlon between the speed and the frequency of the squeal. Kowever,
on the 30-ft (9.15 m) radius curve, sgueal a% 1.7% kHz is much
more common than at arny c¢ther frequency. Tals is not inconsistent
wlth the model, which states that the mode of lowest frequercy

will be ZThe most unstable and, rnence, =ost common mode.

Tne results of the freguency counter measurements for one
squeal frequency are shown 1in Fig. 3.2-5. A significant discrep-
ancy is noticeable. For the sgueal mode ccnsidered, the natural
rescnance frequency is 2050 Hz. However, sgqueal was rarely
otserved at this frequency, but was lower by about 15%, <he
squeal frequency varying frem 165C Hz to 1850 Hz. 3Similar fre-
gquency shifts are discovered for other sgueal modes. It should
be pointed ocut, aowever, that the wheel whose resonangze was mea-
sured was slightly different (See. 3.1) from that on the P-3
vehicle. This might sccount for part cf the frequency shift,

but not the spread in frequencies.

The sonogram analysis showed that even durlng a particular
occurrsence, the squeal frequency would vary by discrete steps,
with rare occurrences at the natural resonance frecuency. This
frequency shift is not proper’y understcod at this stage. It is
ncssible that it srlses from the loading of the wheel by the
rail. The discrete frequency Jumps would then occur as the wheel
passes over a rail joint. However, the calculzated frequency
shifts are'only about 1% as compared with the 15% observed.
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3.2.3 \Ultrasonic squeal

Durlng the series of tests on the FRT vehicle, we made an
unexpected discovery. On the tlght, 30-7t (9.15 m) radius curves,
squeal was found at a frequency of about 25 kHz, well abcve <he
normsl range of hearing. The sgueal was extremely Intense, beilng
150 to 160 dB, although there was somg uncertainty due to uncer-
tainty 1n the calibraticn of the recordlng apraratus. The squeal
was so 1lntense that it could be senged as a raspiness in the
sound. Thils ultrascnic squeal could cceur alcne or in conjunc-
tion with an audizle squeal. The mode of the squeal appears to
correspond tc a longitudinal standirng wave cperating transversly
in the wheel tread. The tread slcdes are nodes, with the center
an antinode. It is not «nown at thls stage if the ultrasonic
squeal occurs on other transit vehicles, bu:t this does appear to

be a very distinct possibilizy,

3.2.4 Relative sound radiation from wheel and rail

In <he model for wheel squeal, 1t was assumed that the
sound was radiated by the wheel. This assumption needed tc be
verified. Zor 3z freguency of 1.7% kHz, we can describe <he sound
radiated from the wheel or the rail in terms ¢f the acceleraticn
of the surface as follcws.

wheel SPL

58 + 20 log(g/R) 4GB

Rail SPL 75 + 20 log(g/vR) 4B ,

where g is the mean accelersticon of the surface and R is the
distance of the observer 1n meters. Now, the impedance of the
rail was measured as 3000 1lb sec/f< at 1.75 xEz and the impedance
of the wheel a2t this rescnance was measured as 7.5 1lb sec/ft.

Since equal and copposite forces act between wheel and rail, the



velceity ¢f the wheel at resonance must be L00 times greater than
the velocity of the rail. Therefore,

LP due to wheel

LP due tTo ra:-l

= 19 - 10 log % 43

Thus, for distances close to the track, the wheel radiation dom-
inates cver the rail radiation. However, as we move further awayv,
the noise due tc the raii decays less rapidly tnanan that cue to the
wheel, since the rail tehaves like a line scurce at high frecuency
and the wheel like a point scurce. However, when we go mere than
about one rail length [3L 7t (1.3 m)] away from the track, the
rail will no lcnger behave like a line source, because the vibra-
tions cannot propagate across a rall oint. Thus, even far from
the track, the wheel radiated sound will dominate over the rail
radiated scund. EKence, the assumption in the model that the

scund is radiated from the wheel is justified.

3.2.5 Testing of treated wheels

The standard wheels on the Pullman 2RT vehicle were replaced
by a set of resilient wheels (2enn Cushion) manufactured by Penn
Machine Cc. and a set of damped wheels made by B3N. The effec-
tiveness of both wheels at reducing or eliminating squeal was
investigated. The model of wheel squeal gives the following ex-
pression for the damping required to elimirate squeal:

Pv_ .
max

int mnw ., v
min

N

For tne PRT vehicle, P = 1500 1bv (6700 N), m = 5C 1b (22.7 kg),

and w_,, = 10* rad/sec. Thus, to avoid squeal
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with V In ft/sec., There 1s great uncertainty in the value of
Viax? the peak slope of the stick-slip curve. Values can range

from 2 to 30. If we take an arbitrary valuese cof vmax cf 10,

then we wlll not expec¢t sgueal for speeds of

Vo> 1/n. ft/sec .

For the Penn Cushicn wheels, when squezl cccurred, the ob-
served levels were lower than with a standard wheel by atout 10
to 15 d4ds. In fact, the squesl was comparable to the roar noise
and, hence, difficuls to measure. The loss fsctor of tnhe wheels
was measured znd found o be 8% (#2%). Thus, on the argument
presented above, we would not expect squeal at speeds atove & mph
{13 km/h)., On the 30-ft (5.1% m) radius curve, a weak squeal
was irdeed heard only as spesds up to 8 mph (13 km/h). However,
on the 9J-ft (27.4 m) radius curve, weak sgqueal was neard up to
25 mph (32 kri/h). This may be due tc a larger value of Vnax 0
the larger radius curve.

The B3N damped wheels alsc substantially reduczed the level
of sguezl, when squeal cccurred. Indeed, squeal was never heard
on the 90-ft (27.4 =) radius curve at any speed and oniy &% 4 and
6 mpn (6.4 and 9.8 kw/h) on <he 30-ft (9.15 m) curve.

The losgs factor of the damped wheel was generally tcoo laqge
to De measured by the rescnant amplicaticn technigue emplcyed,
except at 1850 Hz., This means that the loss factor was generally
well in excess of 10% except at 1830 Hz where 1t was cnly Z.3%.

In conclusion, it appears that bocth the resilient wheel,
with its significant leoss factor, and tne damped wheel dc signif-
icantly reduce or eliminate the wheel squeal.



3.3 Experimental Verification of the Impact Noise Model

Limited scale-model experiments at BBN and full-scale
experiments at 2ullman Stancard were carried cut to give scme
preliminary verification ¢of the analytical model developed in
Sec. 2.3. These experiments and their results are discussed

briefly i~ the foliowing two subsectlons.

3.3.1 Scale-model experiments

To validate experimenzally the analyftical model of 1mpact
noise generation caused -y rail discontinuities, we performed
a scale-mocdel study using BBN's l:B8-scale-model railway facility.
The facil’ty consists of a3 l:B-scale three-axle steel locomotive
bogle and aluminum maghesium alloy ralis. Both the bogie ard
the rail are precise geometric scae medels of an actual lcco-
motive truck and rail. Since the experimental program was re-
strlcted tc evaluation of the dependence of the impact noise cn
train speec and on the height aifference of the joint, no az-
tempt was made to scale exactly the dynamic oproperties of a

fuli-scale bogie and track.

The bogie frame, shown In Flg. 3,3-1, 1s made of cas<
iron and the wheels and axles are mace of steel, Tne suspen-
sion of the wheel set consists of brass leaf springs zearing
on the Journal boxes, which are free to move in the wvertical

direction but are restrained 1n the horizcental directicn.

The impcrtant parameters of <he scale-mcdel facility are:

Total weight of bogile: 2.9 1z (28.5 kg’
Weight of a wheel set

(axle plus two wheels): 6.37 1t (2.9 kg)
Weight of bogie frame: £3,.72 1b (23 kg)

179



FIG. 3.3-1. PHOTOGRAPH OF THE 1/8-SCALE-MODEL BOGIE.
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Spring constant of a

singie leaf spring: 1175 1b/in. (2.07 + 10% N/m)
Nominal wheel radius: 2.2 in. (5.6 cm}
Track gauge: 7.25 in, (18.5 cm)

The rail fastening arrangement, as shown in Fig. 3.3-2,
consists of model tile plates spaced 5 in. (12.7 cm) apar: and
nalled through a rubber pad onto a composition becard. At the
test rail join:t, the two adiacent fasteners on either side of
the Joint were replaced by vertically criented bcl<s separated
from the rail by rubber pads. The height of the rail cculd be
adjusted by turning the belts. This arrangement is shown in

Flg. 3.3-3.

The 15-7t (4,5 m) long test track was positicned rear the
center cof a semianechoic room. A 1/2-in. (1.27 cm) diareter
condenser microphone (B&K Type 4133) was placed #.5 in. (11.4
em) to the side of the rail and at the height of the rail head
at the Joint. The ground in the vicinity of thne joint
arnd the microphone was covered by a highly abscrptive layer of
fiberglass mat to avoid ground reflecticns which would inter-
fere with the direct sound., For certain runs the vertical ac-
celeration of the run-on rail was 3lso measured by a miniature
accelerometer mcunted on the underside of the rail., 3o0th the
impact socund and acceleration signals were displayed as a func-
tion of time on the screen of a calibrated oscillosccepe and
pnoctographed by a preoperly triggered camera. The blcex diagram
of the Instrumentation used 1in these scale-model experiments is
shown in Fig. 3.3-4.

The truck was accelerated to the reguired speed by an
initial manual pusnh and was running free by the time i1t reached

the porticon of the %track that contzined the experimental rail
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joint. The train speed was measurec by means of twc clpsely
spaced stationary switches located alongslde the tracx, which
were triggered by a beam that was rigidly attached tc the mov-
ing truck. The first switeh started an electrenic counter and
also provided the triggering signal for starting the horizontal
sweep cf the oscilloscope. The second switcn provided a short

electronic pulse used to stop the ccunter.

Rail Joint with Height Difference

The speed dependence of the peak impact sounc pressure was
evzluated for a rall joint with height difference h = 0.03% in.
(0.1 em) for travel in beth the step-up and step-down direc-
ticns. Filgure 3.3-5 shows the results of this test. For travel
in the step-up directionr, tne peak scound pressure level increases
menctonically with increasing train speed, with a character-
istic slcpe of 20 4d3 for a tenfold increase in train speed.

This behavior is in accordance with the speed dependence pre-
dicted by Eq. 2.3-33.

rcr travel in the step-down direction, %the peak scund pres-
sare level at low speeds coincldes with <that cbtained for the
step-up direction, as predicted by Egs. 2.3-29 and zZ.3-33.
However, above 50 in./sec (8.27 m/sec) train speed, the SPL wvs
speed curve levels ©off, thereby cornfirming the existence of 3
eritizal train speed, as predicted by Eq. 2.3-22, above which
the wheel separates from the rail. The critical train speed
calculated by inserting the avprooriate wneel radius, wheel
mass, and axle load intc Eg. 2.3-12 is VC = 52.8 in./sec
{(1.32 m/sec), whienh is confirmed by the experimental data.
Since Eg. 2.3-22 is zpplicable <o the rigid razil case, the
agreement between the measured and predicted critical speed
indicates that the experirental scale-model track can be ccon-

sidered essentiglly rigid.
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Figure 3.3-6 presents the experimental results cbtained
for a raill jolnt with a smaller height difference of h =
0,023 in, {(.05%6 cm), Fere again, the SPL vs train speed curves
obtained for travel in both the step-up and step-dewn directions
follew the characteristic speed dependence predicted by Egs.
2.3-29 and 2.3-33. Comparing Fig. 3.3-5 with Fig. 3.3-6, one
notes that the rail joint with the smalle» helght difference
generates consistently lower Impact sound levels for both
directions of travel as comparec to the rail joint with the
larger height difference, Equaticn 2.,3-32 predicts a sound
vressure level difference of ASPL = 10 log(hl/hz) = 137 log
(0.035/0.023) = 2.3 4B, which is smaller than the difference
‘ndicated by the measured data. It is believed that the reason
for this discrepancy 1s the lack ¢f accuracy in the mezgsurement
of small height differences.

3

ime history of the pressure pulse

Figure 3.3-7 is a phctograph of the oscillcscope trace of
the time histcry of the scund pressure as cbtaired for a step-
down rall joint. The leff-nand side of the trace ccrrespcnds
to the rolling noise before Zmpact. The Impactirg wheel gen-
erates an intense short-duration pressure pulse with a peak
amplitude much higher taar the amplitude of the rclling noise,
The short pulse width of approximately 1.5 msec indicates that
the intense dynamic interaction between wheel and rail must

takz place during a similar tire pericd.

An IZmportant finding of the experimental study is that the
duraticn of the pressure pulse seems to be practically 1nvari-
ant with train speed and joint height difference. Because of
the special triggering arrangsment, the photograph of the

cscilloscope trace did nct have sufficient time resolution to
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FIG. 3.3-7. TYPICAL TIME HISTORY OF THE SOUND PRESSURE CAUSED
BY THE IMPACT OF A STANDARD SCALE MODEL WHEEL.



reveal small variations in the time duration that may be caused
by nonlinear Hertzlan contact stiffnesses. Identification of
the majJor vparameters which determine the pulse duration requires
further detaliled studles.

Derendence cn arle load

To explcre the effect of statlc axle lozd on the peak im-
pact sound pressure generated by a traln passing over a2 non-
level rail Joint, runs were maae with and witnout added lcad.
The added load consisted of a £1.8 1o (28 kg) lead brick at-
tached to the center of the bogle frame. Tigure 3.3-8 shows
the results obtained for passages in the step-up direction;
they indicate that for thls direction of travel the peak Iwpsct
sound generated does not depend on axle load. This 1s because
the wheel is dynamically decourpled from the begile, and the im-
pact force 1is essentially the inertia force creazed by forcing
the wheelX tc move cn a path dictated by the rail joint geometry.
Both the independence of the peak Impact sound on axle load and
the 20 4B/decade slope of the SPL vs train speed curve in
Fig. 3.3-8 are in accordance with the analytical results pre-
sented in Eg. 2.3-33.

For travel iIn the step-down direction, the wheel is in
contact with the rail belcw criftical speed and the static axle
load does not influence the impact nolse. Above critical speed,
where the wheel separastes from the rall, the Increased axie
load, which prcduces a aigher downward acceleration of the
wheel, increases the Impact speed and the corresponding peak
impact sound pressure level. The experimental data presented
in Fig. 3.3-9 conflrm this characteristic dependence. Accord-
ing toc Eg. 2.3-25, the increase in peax 1impact sound pressure

level above critical traln speed should be given by
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ASPL = 10 logl (1+M/m)/{1+N'/m)], which would yield a 3-4d3 in-
¢rease in our case, instead c¢f the 2-d3 increase indicated by
the experimental data presented in Fig. 3.3-9. The 1-45 dis-
crepancy betweern the predicted znd megsured Increase is within
the overall accuracy of the experizent.

1

fpeed dependence of wheel accelaration

The peak wheel acceleration as a functicn of train speed
was investigated by attachling a minlature sccelerometer to the
tnderside of the journal box and running the experimental ve-
hicle in beth the stev-up and step-down directicons over a rail
joint wZth height difference. &s shown In Fig. 3.3-10, the
Journal tox acceleration level has the same characteristic
speed depencence as the corresponding peak sound pressure level

shown in Figs. 3.3-5 arnd 3.3-¢.

Level Rail Joint

Wlth the addizion of a rew Zishplate, the horizontal gsap
between the adloining rails was widened and the height ciffer-
ence was, as much as practically possible, eiiminated. Figure
3.3-11 shows the characteristic speed dependence cf the peak
sound pressure level generated by the passage of the experl-
mental vehicle cver the level raill joint. The slcpe o7 the
SPL vs train speed curve is 20 dB/decade, as predicted by Eg.
2.3-17. Note that the peak impact ncise level dces nct depend
on the direction of travel, indicating that the jcint was in-

deed level,

The analytical formulas presented in Egs. 2.3-17 and
2.3-33 indicate that, for the same =rein speed, the difference

in peak scund pressure level cbtained for a step-up Jfoint with

1
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height difference h and that obtained for a perfectly level
Jjoint with a horizontel gap of w i1s given as ASPL = 20 log
{(2v2ah/w). For a = 2.2 in. (5.6 em), h = 0.039 n. (0.1 cm),
and w = 0.125 in. (0.318 cm), the analytically predicted céiffer-
ence in peak sound pressure level wculd be ASPL = 16.5 dR®. The
ASPL determined by comparing the data presented in Figs. 3.3-5
and 3.3-11 is oniy 10 dB. The cause for this discrepancy is
primarily the presence of relling noise, which for a level rail
Joint s the same order of magnitude as the impact noise. This
pcint became evident during evaluaticn of the oscilloscope
traces, when the impact noise gzenerated by the level joint was

hard to separate from the rolling relse,

Since the impact noise generated by level rail joints is
negligible cempared with tne impacst noise genarated by rail
joints with even the smallest height difference and is only
slightly higher than ihe continucusly emitted rolling roise,
one can conclude that the level rail joint plays only a very

minor role in the generatiown of railvay notlse.

rr

Wheel Drop Test

To study the generation of wneel/raill impect nolse free
of the rclling nolse, we revoved s whneel set frem the bogie
and carried ocut a wheel drop test. In thils test, the wheel set
was positioned on the track and while one wnheel retained con-
tact with the rall the cther was lifted up to various heights
above the rail head and let free to drop on it. The time nis-
tory of the scund pressure caused by the impacting wheel was
again displayed on the screen of the os¢lllcscope and photo-
grarhed to obtain a measurement record for later evaluation,
The drop experiments were performed in the immediate vicirity

of the rail joint and alsc farther down the track at the midpoint
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between two successive rail fastening voints. The relative
location of the microphone for these tests was the same as that

used in the previously reported experiments.

Figure 3.3-12 shows the peak impact sound pressure level
as a function of the dropr height for %fhe two lccatiens. Since
the wheel velocity at the instant of impeact is properticral o
the square root of the falling height, the peax sound pressure
level should increase by 10 dB for each tenfcld increase of the
alling height; this behavior 1s confirmed by the experimental
data. The peak SPL c¢ttained away from the sxperimental rail
joint is 6 dB higher than that obtained near the ‘oint. This
difference may e attributable to larger bending stiffress and
larger equivalent impact mass of the rail at locations away
from the rall joint. Additional, more detailed, experirental
and analytical studies would be needed to explain this benaviocr

in a quantitative marner.

To test whether ¢r not the peak sounc pressure levels ob-
tained by the wheel drop test and those obtalned for a step-
down oint aboeve critical train spesed are compatible, we have

extrapolated the uveak souné pressure level from Fig. 3.3-12 dcuwn

to a heigat of h 2.039 in. {0.1 em), cbiaining 122 dB. Consider-

ing new that, in the case ¢f a step-down rai’ jcint of the same
heignt diflerence, the impact speed ¢f the wheel is _arger by
the factor of (1 + M/m)%, because of the additional accelera-
tiorn provided by the spring force acting on the wheelX, the
102-¢3 impact sound pressure level predicted from the drop test
must be increased by 20 log(l + M/m) = 10 log(l + 7.29/3.19) =
5.2 d3. Accordingly, the peak impact scund pressure level pre-
dicted for a step-down rail join%t with height difference

n = 0,039 in. (0.1 cm}, *s 107.2 43 at train speeds in excess of

trhe e¢eritical train speed. Since we have directly measured the
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peak SPL ¢of the step-down jcints under the above conditions,
we can check the accuracy of cur prediction by comparing the
predicted level cf 137.2 dB with the 107.5 cB obtained Zrom
Fig. 3.3-5,

ord
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Jemparison of Impact and Rozr loise

The relative importance of the irpact and roar noise wsas
determined froem photographs of the oscilloscope traces. The
photographs were used ftoc evaluate both the rms value of the
roar nolse Just pricor to the impact and the peak lmpact scund
pressure produced by the standard wheel traveling over a step-
up rall ‘oint with a height difference h = 0.023 in. (.059 cm).
Figure 3.3-13 shows the difference of the peak impact sound

pressure Zevel and the estimated rms-btased sound pressurs level
of the rolling noise as a function ¢f the train sgeed.

The data in Fig. 3.3-13 indicate that: (1) fcr this par-
ticular rail joint, wheel roughness, and rell rocughness, the
peak IZmpact sound pressure Level causec by the rail joint is,
on the average, 14 dB stove the level of the cverall rclling
noise; {2} both <he peak impact noise and the cverall rcllirg
noise have the same speed dependence — namely, both increase

by 23 d3 for each tenfold incresase in train speed.

It should be notec¢ thet the 20 log ¥V dependence of the
overall sound pressuare leve_ of the rolling noise and the

3C log V dependence of the A-weighted sound pressurs level of

1
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the relling noise are compatible.

Resilient Wheel

A limited progrsm of sca_e-model experiments was undersaken
to determirne what effect, 1f any, the use o resilient wheels
has on the nolse gererated by the impact between wheel ard rail
at a rail jcint. This work supplements the fcrmerly described

experiments employing a standard "rigid" wheel,

A single wheel of the six-wheel trucx was modified tc
accemmodate resilient mounts that dynamically decouple the
wheel ri~ “rom the hub. HMcunts with different spring constanis
were used to evaluate tne effect of mount =stiffness cn noise
radiation. The impact noise and vertical raill acceleration
caused by this wheel in rolling cver selected rall joints were
measured as a functicn of the rolling velocity of the truck.

A

A& sketcn of the resilient wneel is shown in Fig. 2.3-14.
The hub portilion of a standard cast irer wheel (same as used In
the rigid wheel experiments) was machined out, leaving only the
rim. The “ub was replaced by an aluminum disx fastened to the
axlz 1inboard of the rim. Rubber vibration iscletion units,
arranged symretrically around the periphery of the disk, suppcrt
the rim, These units, acting in shear, provide the resiliency

in the wheel.®

Tests were carried ocut bteth with four and with eight
rubber-in-shear uni%s in place, thereby providing two values

cf wheel spring rate., The shear units used sre manufactured

¥This arrangement is similar In concept tc¢c the SAB resilient
wheel.
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by the Barry Corporaticn (Serial No. A21-041). They have a
neminal spring rate in shear cf 120 1b/in. (2.12 « 203% N/7), so
that the wheel spring rates obtained are rougnly 480 and 960 1b/
in. (8.5 « 10" and 1.7 « 10° N/m). The larger of these twc
rates provides a scaled static deflection {under scale loading)

comparable to the values published for the 343 resilient wheel.

The truck, with the resilient wheel always —ounted on the
leading axle, was rolled at wvarious speeds and in both direc-
tions over two rail joints. Cne Jcint had a vertical rei. mis-
alignment cf 0.039% in. (1 mm) and & negligibZe, but nonzero,
hecrizeontal gap. The seconc Joint had no measurable vertical

rail misalignment and a horizontal gap of C.125 in. (3.15 mm).

Jor the sound pressure level measurerments, the microphone
was placed about 4.5 in. (1.4 em) from the track, on the near
side, level with the razl head. Vertical acceleration of <he
impacted rzil (the rail downtrack from the joini) was measured
by mounting an accelerometer on the underside of the r3’]1 i=-
mediately adjacent to the jcint. The instrumentation used for
both sound pressure level and acceleration measurements was
identical to that employed Zor the corresponding tests involv-

ng a standsrd wheel.

Figure 3.3-15 shows the peak sound pressure levels mea-
sured at the rail joint having a2 0.039 in. (1 mr) vertiecal
misalignment for the resilient wheel with eight resilient
mounts. Repeating the runs with the same wheel but wlith four
resilient mcunts yielded practically identical results, indi-
cating that the wreel nub 1s dynamically decoupled frcm the
rim, even for the stiffer construciion contairing elight of the
resilient mcunts. The shzave ¢f the peax SPL vs train speed
curves obtained for the resilient wheel is similar tc that

octained with standard wheels.
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In Fig. 3.3-16, the data of Fig. 3.3-5 are shown along
with comparable data obtalned rrevicusly for a standard rigid
wheel. The resilient wheel vroduces abou:t 8 dE less ncise as
all velocifties. If one assumes that the rim of the resilient
wheel 1s dynamically decoupled frem the hut {(so that the hub
and zsxle are not disturted by the Jjoint), then the effective
moving mass for the resilient wheel would be that of the hub
alone. The ccrresponding cuantity for the rigid wheel would be
the wheel mass plus one-third cf the axle mass, or nearly one-
nalf the mass of an axle set. AT any given truck velocity, the
impulsive loadings between wneel and rail at the joint are prec-
pcrtional to these masses. _7 the acoustic radiation is propor-
tional to the 1mpulsive loading, then we get for the reduction
in SPL:

m
raDT - . wheel _ . . 3.19 o -
ASPL = 20 105 - = 20 105 —j-Tl.S = 7.5 dB s

which agrees well with the experimental data.

& rather limited nur~ber of data were ccllected for the
level Jjoint; %hat is, the rail joint with no discernible verti-
cal misalignment but with 2 horizontal gap cf 0.125 in, (3.2 mm).
These data seem to Indicate 2 30 lcg,,v wvariation in neak SPL
with train speed. No explarnation for this is offered at

vresent.

Some measurements of rail acceleration were also made.
These showed the same qualitative behavior as the SPL dsta,
although wilth ccnsiderably miore scatter.

On the basis of the datva obtalned, we conclude tne follow-
irg:
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1, Compared with the scale model hard wheel, the scale
model resilient wheel provides a substantlal reducticn of the
peak sound pressure level obgerved when the rail rolls over =

norlevel rail joint.

2. The extent of the reductiocn of the peak sound pressure
is substantially iIndependent of the cdirection of travel ana
ferward speed and fer essentially »igid razls is propeorticnal
tc the ratio of the respective effective masses of the Impact-

ing wheel (i.e., total wheel mass/rim mass),

3. Practically no differerce 1is observed between peax
scund pressure levels obtained with scale mcdel resillient wheels
ccntaining four as compared to eight rutber-in-shear mcunts,
indicating that the wheel hut was effectively deccurled from
the rim even for the stiffer construction containing the eizght

mounis.

3.3.2 P-S tests

Impact testing was verfcrmed at the 2ullman Stancdard Champ
Carry te=t track using the PRT vernicle. The test tracx and vehicle
are deseribed in detail in Sec. 2.7. Our series ol experirents
invo_ved taking measurements s milar so these of the scale-model

study with the PRT veniecle fit=zed witn standard steel wheesls.*#

“ne cata zcquisition system was that described in Sec. 3.1

anc i1llustrated in Fig. 3.1-7. Tne tape recorded *“ransients were

-

later reduced using the transient zapture capacilities of 3

Federal Scientific Corp. UA-3C0 real-time analyzer.

¥Although measurerments were taken with the PIT veniele fisted with
darmved and resilient wheels, funding and fime limitsticns have
prevented our reducing, analyzing, and presenting <hat imgpact
data here.

N
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Figure 3.3-17 shows the peak impact scund pressure level
vs traln speed data obtained on the experimental rail joint for
travel 1n both step-up and step-down directions. The Joint
represented In Fig. 3.3-17 had a height difference of 0.17 in.
(4.3 mm) and was situated abcve the center of a tle. The joint
was apparently rigid, since neither rail end was visibly de-
fiected as the vehicle passed over the Joint and transferred
the load from one rail end to the other. Both the 20 longV
dependence of the peak SP. snd the existence of a critical
speed for travel In the step-down direction are evident from
the experimental data. Actually, the critical train speed in-
diczted by the experimental data agrees closely with the value
of 15.5 mph {24 kr/h) calculated from Zg. 2.3-12 using the
appropriate parameters of the experimental vehicle.

In conclusion, the results of the full-scale and scale-
model ewperiments strongly suggest that the analytical model
developed for predicting the dependence of the impact ncise on

train speed, geometry, and the dynamics of the suspension sys-

tem tg basically sound,
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3.4 Comparison of Roar Noise Predictions with Measured Data

We here ccompare analytical predictions of rcar noise based
on the analytical formulas developed in Sec. 2.4 with measure-
ments of ncise from the P-S5 PRT vehicle on a welded section of
the P-S test track. The PRT vehicie was equipped with three
different types of wheels: standard 14 in. (0.35 m) diameter
steel wheels, 14 in. (0.35 m} diameter Penn Cushior resiliernt
wheels, and damped wheels modified from the standard wheels
as described irn Sec. 3.1. We diszuss below the measuremerts,
the analytical ncise predictions, and the agreement between the

two for each of these wheels.

3.4,1 Standard wheels

Measurements

We conducted several tests on the PRT wvehicle scuipped
with standard 140 1b (£3.5 kg), 14 in. (0.35 m) running tread
diameter steel wheels. HNoise and vibration measuremsnts wers
taken as the vehicle passed over a welded secticn of the test
tracx st P-S (=ee Sec. 3.1}). Apprcximately one month befcre
these measurements, we measured the rcughness of the rail
secticn usirg the roughness measuring device described in
See. 2.4,

The rail section measured was 15 ft (3.1 m) long and situated
~250 ft (76 m) nerth of the terminal just tefore the switch ocnto
the £ curve. ¥We measured the roughness of twe parallel strips,
or lines of contact between the wheel and the rail, on thse

outside rail. The -/3-octave band wavenumber spectra of the



two strips are shown in Fig. 3.4-1. There is considerable dif-
ference in rcughness at high wavenumber between them. Since it
is not possible toc know at all times exactly where the wheel
ccntacts the rail, the soread in rail roughness will lead to

a2 band of uncertainty in our predictions cf rcar neise.

In addition to measuring rail roughness, we also measured
the rougnness of one of the standard wheels using a setup
similar tc the one descrized in Sec. 2.4. The wheel was mourted
in a2 lathe and measured for rouchness bhefore and after 1t was
turned smooth. Figure 3.4-2 compares the roughness spectra
before and after turning. The turned wheel 1s considerably
smoother and, in fact, is sufficiently smoother than the rail

that for all practical purposes 1ts roughness can be neglected.

The remaining three standard wheels were also turned smocoth
and mounted on the PRT venicle., A microphone and a wind screen
were then mounted on a boom and attached to the vehiecle 3 ft
{0.91 m) from the face of the lead wheel, in 1line with its
axis, as shown in Fig. 3.4-3. The microphone was used tc
measure roar noise when the vehilcle entered the test secticn
where the rail roughness had heen measured. Its osutput alcng
with the acceleration o the bolster was recorded as described
in Sec. 3.1. At the same time that roar noise and bolster vibra-
tion from the moving PRT were belng recorded, two accelerometers
mounted to the rall in the center of the test section recorded
the raill vibration as described in Sec. 3.1. Bolster accelera-
tions were typically 10 dB belcw rail acceleration and will

therefore be considered no Ifurther here.

2.1
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Tor the neclse and vitration tests, the PRT wvehicle was
driven over the test section in both directions at 10, 20, anc
25 mph (16, 32, and L% km/h). A mark was placad cn the velce
crack of tcth the tape recorcers as the vehlcle rezched the
center of the test sectlion. In the laberatory we reduced the
data to 1/3-cctave band spectra by passing the recorded signalis
through a Gereral Radio real-time analyzer. We will compare

these cdata with predictions ir the following sections.

Analytical Predictions

Using the analytical fermulas of Sec. 2.4, we zan predict
the SPL at the wayslde due to passage of the FRT vehicle through
“he test section for ccmparison with our measured data. This
SPL 1s ccmposed of radiation from the rall excited ty each of
two wheels on one side of the vehilcle and radiation from each

of These twc wheels.*

Tor the ASCE 60 1:z/yd (30 kg/m) rail of the P-S test track,
“he width of the head is 2-3/8 in. (6 c¢m) ard the width of <he
foot is 4-1/4 in., (10.8 em). The wheels are 14 in. {0.35 m)
in diameter. These parameters yield the fcllowing expressions
for the SP. radiated by the rail due tc excitation by a single

wneel,

S?LR = -12.5 + 10 log og * 10 log

2
pew . \ 5 bh_-
+ 10 log[(—pn) Qnﬁ(k)ﬁkl + G(nR,nL) (3.4-2)

*We are neglecting radiation “rom the wheels and rail on the
opposite side of the wvehicle. Because the microphene Is so
close to the wheels andéd rails on cne side, this should result
in at most a 1 or 2 dB error in our predictions.



and the SPL radlated by a single wheel,

7 2

2
SPL, = -12 + 10 log |5=—| + 10 log ‘Hcp(k)
: Wter
+ 10 1o (992)2 o _(k)bk|- 20 log & (3.4-2)
H g N R og—3— s (3.4=2;

wnere R' 1is the distance from the observer to the wheel of

interest.

I< will alsc be useful to corpare vredicticns of rail re-
sponse with measured response. The rall acceleration level ALR
due to thne excication of a single wheel 1s easily obtained from
the results of Sec. 2.4 as

ZH 2
A = i
ALg = 10 log 7+, + 10 log }Cp(k)
| ;
B
+ 10 log [E— ¢ R(k)ax] - 4,360l s (3.4-3)
g2 m ‘

where the %serm 4.36nL “ncludes the fact that the wheel and the
measurement peint on the rall may be separated by distance L.

The wheels each weigh ~_40 1b (64 xg) and have & tread
cross secticon {neglecting the flange) of 4 in. x 1 in. (10 cm x

2.5 ecm). The 60 1b/yd (30 kg/m} rail has & radius of gyration
of 1,57 in. (4 cm). Using the analytical formulas of Sec. 2.1.L1,
we can estimate the wheel and rail impedances. The estlimates

are shown 1n Pig. 3.4-4, where (based cn impedance measurements
of tme 14 in. (.35 r) diameter wneel) the freguency at which

the wheel impedance drops has been chosen to be 1600 Ez.
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In fact, because of some uncertainty as to just where the break
occurs, we will assume that from 125C to 2000 Hz, Zw & ZR such
that

z= [ 7

2R
Tt T

W
lz 7,

1
=T

R R

The welght ¢f the PRT vehicle is -7000 1b (3280 kg), which
gives 1750 1b (7700 N) lcad applied to each wheel. The radius
of the rail head is given as 12 in. (0.31 m). The contact patch
then is zn ellipse with major and minor axes c¢f length 0.12 ir. x
0.23 in. {3 mm x 5,9 mm). As befcre, we will approximate this

by a circle having a radius b of

b =

o=

V{0.12)(0.237 = 0.083 n., (2.1 mm)

The contact patch wavenumber filfer car then be estimated from
Tig., 2.L-2 of Sec. 2.4. Using the estimate “or the cortact patch
wavenumber fllter and <he rail roughness data cof Fig. 3.4-1%, we
obtain Fig. 3.4-5, which displays the dimensionless roughness
excitation applied to the wheels anc ralls at 1C, 20, and 2%

mph (16, 32, and 42 km/h}.

The wheelbase of the PRT vehicle is § £t (2.45 r). Equation
3.4-2 demonstrates that only the radiation from the wheel opposite
the microphone is significant, and from Sec. 2.4 it can be shown
that below 2000 Hz only the excitaticn in the rail produced by
that wheel 1ls slignificant in causing the rail tc radiate sound.

Above 200C Hz both wheels cause the rail to radiate egually.

¥The turned wheels are much less rough than the rails.

n
=
(98]
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Comparisons of measured and predicted radiated sound and
rail vibration are shown in Figs. 3.4-£ through 3.4-11. In gen-
eral, the agreement is guite goocd except that at low freguencies
we tend to underpredict the radiated scund.* If we had included
the local Hertzian stiffness, these low-freguency levels would
have been raised approximately 3 dB {see Appendix C}, which would
certainly improve the agreement. However, within the limits of
the approximate mcdels used to develon the predictions, the
agreement 1s as good as c¢ould be expectad. The major conclusions
0 be drawn from the resulis are that the wheel dominates the
sound radlatiocn at lcw freqguencies (<315 Hz) and high frequencies
(>2000 Hz) and that the rall dominates 1n the mld freguencies
{400 Hz to 16C0 Ez). At lcw freguencies the wheel impedance is
only slightly larger than the rail impedance, implying that re-
sponse levels are comparable, However, the rail 1s an inefficient
radiatcer at these low freguencies, which resul:cs ir wheel radia-
tion domira<ing. In the mid freguencies, the rail impedance is
much less thar the wheel 1mpedarnce, implying higher rail response
levels; sirce the ralil is an efflcient radilator, the scund radila-
tlon from the rall dominates. A% high Trequencies the wheel in-
pedance drops below the rail impedance, resulting in higher wheel

response and, hence, higher sound radiation levels.

Figures 3.4-9 through 3.4-11 show measured vs predicted
vertical rall acceleration levels at three speeds. Rall acceler-
ation 1s well predicted at 25 m=pa (40 km/h) but cverpredicted at
20 mph (32 km/h) and 10 mph (16 km/h). Part of the discrepancy

¥Previocus measurements of the propulsicn ncise from the vehicle
[Gramse and Spence (1974)] made with the vehicle jacked up shcw-
ed that the vehicle was 15 to 20 d3(A) noisier when running on
the rails at 10 to 25 mph (16 to 40 km/hr) *“han when jacked up,
providing at least one indication that wheel/rail noise domi-
nates propulsion nolse,

A®]
n
o
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may resu_t from the fact that crne-half seconc aversges were used
to cbteir the rail vibration dazta in Figs. 3.4-9 through 3.4-11.
A mark on the volce track of the recording tape Zndicated when
the wheel was directly cver the accelercometers in the cenfer of
the rail test section. Unfortunately, becguse of the rapic decay
of vibration along tne ralill, at some freguencies the averagesa
measured levels can be considerably lcwer than the oceak Zevels
when the wheels are directly sbcve tne accelerometers. Ve have
tried to correct for this effect in The predictions by assuming
that the averaging begins when the vehicle 1s centered cver the

accelercometer and that the mean souare rail vibraticon decays like
1 . . . - . . .
e™'" where n s given in Sec. 2.1.3. The predicticons are then

corrected oy

- o - A —T. 7
e NL/2 1 _o7ndy L l-e nid-L/2)  _,-nL/2

¢

[o X

n

Ch

where 1L 2s wvehicle wheel:tase, § £t (2.U5 m}, and 4 s ths
distance the vehicle travels during the averzeine tire. Un-
fortunate’y, small errors In putting the tlrme mzyrk on the tace
or In beginning integraticn of the gatz during data reduction
can result in consicderably reduced acceleration levels. These
may be two c¢f the causes for the measured acceleration levels

falling below the predicticns.

3.4.2 Damped wheels

For the damped wheel tests, damping was apn_ied to the
standgzrd wheels, whicn were turned smcoth tefcre the tests
¢
AY

began g2 See, 3.1 for descrivtion of damping treatment).

The data were gathered in the szme manner as for the standard
wheel tests. According tc the analvtical models of Sec. Z.4,

227



we would expect no change 1n roar nolse to result through the
use of damped wheels, since under radial forcing the wheel
response 1is primarily nonresconant. Thls expectation is con-
firred by Figs. 3.4-12 through 3.4-14, which corpare the wayside
SPL from the damped wheels to the nolse from the standard wheels
for three speeds. In general, the Zevels are cormparable.

3.4.3 Resilient wheels

According to our model, resilient wheels should modifwv
wheel/rall noilse in two wavs. FPFirst, the wheel 1rvedance »ill
change, which will affect the relative levels of wheel and rail
resconse. Second, if ths web on the wheel s effectively
vibration isolated from the tread, then wheel »zdiatior should

be reduced.

Using the device described ‘n Sec. 2.4, we measured the
roughness of crne ¢f the Penn Cushlon resi’ient wheels deseribed
in Sec. 3.1. The 1/3-oc¢ctave tand snectrum of roughriess amnlitude
is shcwn in Fig. 3.L£-15., MNote there is sore =gatter in She datsa
wlth rctation speed., The solid curve that follows the data
from the lcwes® rotation sreed is the one that will be used 1in
the following predictions. The wheel rcughness below k = 10 rad/in.
(4 rad/cm) is much less *han the rail roughness. However, above
that va-ue of k, wheel and rall roughness hecnme comnarable.¥®
CombiIning thils data with tne ralil roughness datza described in
Sec. 3.4.1, we obtain Fig. 3.4-16. This figure nlots the
dimensionless wheel/rail roughness, including the filtering
effect of the contact patch {the same filiter characteristic

that applies for the standard wheels).

#*This 1s in contrast <o the standard wheels which after turning
were everywhere less rcugh than the raill rcughness.
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SPECTRUM OF ROUGHNESS AMPLITUDE (dB re 1 in.)
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The radisi irpedance of cne of the resilient wheels was
measured by simply resting the wheel (unattached to an axle)
oen its hub and forcing It at the tread wilith an electromagnetic
shaker in the same way used to measure the impedance of the
14 in. (35.5 em) dilameter standard wheel described in Sec. 2.1.1.
The results of the impedance reasurement ares showrn in Fig. 3.4-17
along with the predicted impedarce of the 60 1b/yé (30 kg/m) rail
used In the P-5 test track. The wheel impedance was measured 1n
1/10-octave bvands. In the figure, the dotted vertions of the
curve of impedance amplitude show that impedance data averaged

in 1/3-octave bands.

The phase between ferce and velccltv alse shown in Figz, 3,8-17
was measured with a cclari<y coincidence correlazor. It measured
the phase zngle beitweer force and acceleration and obTained the
rhase angle he<ween force and velocltv ty subtracting G0°. A
difficulty 1is that this <vrne of nhase reter glves an angle
between 0° and 180° and cannot tell whether ferce or acceleraticn
1s leading (1.e., a +5° or =5° vhase shift between forcs and
acceleration would beth be measured as 5°). Thus, the sign of
the real part of the irvedance is uncertain. “rdinzri’vy, this
ambigulty causess no vroblems unless the wheel and ralil imnedarnce

are nearly equal. In “ig. 3.4=17 this cccurs around 5C% Hz and

around 1250 Hz. However, by reascning zhyslcally we see that a
negactive real part of the imnedance implles negative damping,
wnich cannot ocecur 1in 2z passive system. Asf a result, <he phrase

shcwn in Fig. 3.4-17 must be ccrrect.

The resilient pads Ttetween the tread and wet tend to isolate
the web from excitation applied to the tread. To examine this
isolation, we supporited orne of the resilient wheels at 1fs hub as

for the impedance measurement and used an electromagnetlc shaker
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to excite the wheel 1n the center of the tread face 1In the radial
direction. Acceleratlion measurements were then recorded at filve
positions around the tread and around the web using a B&K 4333
accelercometer through an Ithaco preamplifier Intc a Xudelski
Nagra III tape recorder. The data were later reduced in the
laboratory in 1/3-octave bands using a2 General Radio real time
analyvzer. The ratio of the tread aceeleraticn (average of five
pelnts) to the web acceleration {average of five points) 1s shown
in Filg. 3.4-18%, In what follews we will assume that the wheel
radlates primarily from the web and use Flg. 3,5-18 %o relate
tread to web acceleratlon.

*¥The dafta in this figure were criginally 10 4B higher, i.e., the
web appeared to be 10 48 better isclated frcm the tread than
shown., These data indicated that the resonance of the tread
and web masses on the isolating pads separating the two was
around 100 Hz. Measurements cf the pad stiffness obtained by
measuring the deflection of the tread relative tc the web under
the welght ¢f the PRT vehicle gave a lower bound for the stiff-
ness of 2-10° 1b/ft (2.9+107 N/m). With <he tread mass at
£0 1b (27.2 kg) and the hub {(web) mass at 27 1b (12.3 ke) this
stiffress 1mplies an antiresonance (peak) in imvpedances at
~250 Hz and a resonance (minimum) in impedance =2t 3200 Hz. Be-
cause the stiffness of the wheel is a lower bound, these
frequenczies are lower bounds. In fact, the imvpedance measure-
ments suggest that these frequencies shculd be 300 t¢ 400 Hz
for the antlrescnance and 800 Hz for the resocnance, imclving
that sigrificant attenuatiocn would not cccur until above 300
to 400 Hz. Based on this simrle model and taking the anti-
rescnance to occur at 400 Hz, the dotted curve in Fig. 3.4-18
shows what one would vredlct for attenuation with nc damping.
The dampilng introduced by the elastomer causes the discrepancy
near 4C0 Hz. As a result, we conclude that there must have
besen a 10 dB errcr In recording one ¢f the attenuation settings
and we will use the corrected curve of Fig. 2.4-18 in the
calculations tha*t follow.
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At the Pullman Standard test track, the PRT vehicle was
fitted with the four Penn Cushion resillent wheels ard measure-
ments of wheel/rail ncise taxen as with the standard wheels using
the sarme sectlon of track as a test section. The data are shown
in Figs. 3.4-19 through 3.4-21 for vehicle vassage speeds of
10, 20 and 25 mph {16, 32 and 40 km/h) alcng wiltn the data from
the standard wheel tests. The major differences that one notices
are the strong dip in the noise at 800 Hz that correlates with
the dip in wheel impedance at 800 Hz and the higher levels at
high freguencies due to the higher roughness on the resilient

wheels as comparea to the pollshed standard wheels,

Using the same method we used for the standard wheels, we
have combined Egs. 3.4«1 and 3.4-2, the above roughnesses and
impedances, the the radiation efficiency models of Sec. 2.1.3
to predlict the sound radiated by the wheels and rails. These
predictions are shown in Flgs. 3.4-19 through 3.4-21. 1In general,
the authors believe that the agreement between predlction and
measurements 1s qulte good, altnough 1in 2all cases we tend to
predict noise levels that are too low at 800 Hz. The noise at
the measurement pcsition, 3 ft (0.3%31 r.}) Trcm the lead wheel, 1s
due primarily to the radiation from the lesd wheel anc to the
rail vibration exclted by that wheel.* At 500 Hz, the drop in
wheel impedance causes the raill radlation to decrease and the
fact that the web is well 1solated from the tread causes the
wheel radiation to drop. In all likelihood, radiation from
other sources {drive rotors, tread of the second wheel, etc¢.)

keep the SPL from dropping as much as predicted.

¥As with the standard wheels, radiation from the rail due to
exeltation by both wheels on the =icrophene side c¢f the PRT
contributes significantly to the total nclse above 2000 Hz.
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4. TECHNIQUES FOR THE SUPPRESSION OF WHEEL/RAIL NOISE

The predictive formulas for wheel/rail noise verified
with measured data provided considerable Insight Into various
means by which wheel/rall nolse may be control_ed. Although
it is apparent that some 9f the factors affecting wheel/rail
noise cannot be modified, we nave examined cthers that may
be changed with beneficial results. Ir some cases, tre
suggested nolse contrcl techniques meric further szudy of
their utility and practicality.

4.1 Suppression of Wheel Squeal Noise
4.1.1 Articulated trucks

Wheel scueal 1scaused primarily by the cratbing of the
wheels of a truck in a curve. Thus, the most cbvicus techniguse
for eliminating wheel scuea’ is tc eliminate the crabbing of
the wheels. Cne way of doing this is fo use articulated trucks
whose front and rear axles can plvct about a vertical axls,
Sueh trucks could "steer" around curves. However, an articu-
_ated truck would be mechanically corp_ex and may "hunt",

or cscillate laterally at high speeds.

An alterrnative apprcach to ellminating cratbing would be
to design the axle suspension to be complliant, sc¢ that the axles
wou-d naturally steer themselves saround curves. The ccmpliance
might be achleved through the use of swing links and would have

to be very carefully designed,

4.1.2 Short trucks

According to our mcdel, the maxlimur curve radius at which
wheel squeal car occur 1s about 100 times the truck lengt

Thus one can elimlnate squeal on Zarge radlus curves by
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employing shorter trucks. TFor example, a 5=t (1.5-m) long
truck would not squeal on a curve with a radius greater than
500 ft (133 m). This technigue might be usaful on a svstem
such as BART where the tightest radius 1is abceut 525 £t {160 m).
Cf course, practical limitaticons, such as providing sufficient
space for traction motors, may make the design of sc¢ shert a
truck difficult.

4.1.3 Reduced wheel loading

The wheel sgueal stabilitv diagrams in Sec. 2.2 showed
that below a2 minimum wheel lcazding, squeal will not occur.
Trerefore, installing more wheels ¢n a2 car and/cor reducing
the weiZght of the car will make sguaeal less likely.

Unfortunately, increasing the number of wreels bv adding
& third truck te¢ a car or emploving six-wheel ftrucks ray in-
crease cost and complexitv to such 2n extent tThat such rodifi-
cations would be imoractical. BReducing the welghi of cars may
2lsc e difficult, fcr in recent vears there has heen a weight
reducing incentive 1n car desZgn and additicnal sigrificant
reduction in welght may be difficult toc achileve without going

to smaller, _ower caracity vehiclies.

4.1.4 Damped wheels

The wheel scueal mcdel reguires that the negative ircved-
ance due tc the sticx-slip phenomencn must exceed, in magnitude,
the positive darmping due to acoustlic radiation and internal

rechanisms in the wheel for soueal to occur. Under this 2ro-
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gram we were able to measure the natural lnternal damping of
railroad wheels. At the squeal “requencies, we found s loss
factor of 0.03%, a very srmall value, The radlation damping has
a similar value. The regative 1mpedance cf stick-slip has a
value about 100 times greater. Thus, cne possible methcd of
ellminating squeal is to increase the damping c¢f the wheel
greatly sc that it exceeds the magnitude of the damping due to
stick~slip.

Large amounts of damping materlal car be applied to the
wheel to increase its loss factor. Silnce subway car wheels
are very massive, the damping rmaterlal canrot be simply sprayed
or tonded ontc the wheel, but must e constrained between a
5tiff ring and the wheel itself. The lcss fector n recuired te

prevent squeal is given by

=l
>V
S
7 mwY
Take typical values of wheel loading P = 10,000 1b (44,500 M),
w = 3,000 radé/sec, medal mess m = 206 1lb (S8 kg}, and V =
vYaR where a = lateral zccelerztlon = 2% ¢ and B = radius of
curve in 7t {m). Then
r >
2vR

ppose arbltrarily thzt v, the slcrce of Zhe

s 15 gliven by
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where R 1s the maximum curve radius a* which scueal can occur.
o :
Then v = =« at R = 30 and v = 1 at R = R /5. Accerdingly, to
0
avold sgueal

5/R
2'\R0-R}

n >
where the curve radius s in Feeft. If we have a radius of
600 ft (183 =) IR, = 700 ft (213 m}], we require a loss factor
of 60% to prevent squeal, Eowever, a curve cf 200-f: (61 m)
radius recguires a loss factor of conly 6% and 2 50-ft (1.3 m)
»adiuvs curve reguires a loss feactor of only 2-%% tc prevens
squea.. The tighter curves need a lower lcss facticr to prevent
squeal because the slope of trne fricticn-creep curve decreases
as the creesp increases on the tighter curves.

Kirschner (1972) has reported the results of applying
darping treatment tc¢ sutway train wheels. The loss fagctor of
the constrained damping treatment was between 10% and 207,
depending upcon frecuency and temperature. rirschner observed
£hat this aamning treatment suppressec sgueal on She tighter
curves. However, i1t is unlikely that arny such moderate damping
“reatment can suppress squeal on the larger curves. 0On the
other nhand, the intensity of the squeal nolse c¢n these larger
curves will be lessened.

4.1.5 Resilient wheels

It has been found thet resilient subway wheels rarely
scueal, However, there i1s nothing in the model of wheel squeal
which predlcts that resilient wheels are any less likzly to
squeal <han regular ones. The meodel dces predict that the fre-
quency of the scueal may be lower than with & regulsar wheel

v
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since the resilient wheel 1s more compliant. Hewever, measure-
ments conducted under this program have determined that a
resilient wheel has a loss factor of about 10% compared to .03%
for a regular wheel. Indeed, this loss factor s comparable to
that fcr the damped wheel mentioned atove. Therefore, 1t 1is
not surprising that a resilient wheel is nearly as effectlve

as a damped wheel at suppressing sgqueal. The resilience itself
is irrelevant; 1t 1s the danpling associated with the resilience

that is important.

4.1.6 Wheel damping ring

For many years Lcndon Transport has been using a damping
ring loosely inserted into a groove cn the inside of the wheel
tread., When the wheel vibrates, the ring moves in the grcove
ard produces dampling by fricticr or air pumpirg. This tech-
nique is commoniy used in helicopter gears to reduce vibration.
Measurements were made under fnis program as to the effective-
ness o7 this damping ring. The ring was Zcund to increase the
damping by a factor of three or 30, but thne lcss factor was
st1ll conly abouf 0.17. This 1s not sufficient to suporess
squeal and the dampirg ring is wnot considered effective to
this end.

4.1.7 Wheel damping plate

The effectliveness of a wheel damping pleate was investigated
at the same time as the damping ring.* The damping plate is
bolted t¢ the face of the wheel. The damping produced ty the

¥The test involved bolting a 1/4 Zn. (6.3 mm) aluminum glate to

the Tace of a 1/2-scale-model steel railrozad wneel. dcles were
drilled and tapped into the web o7 the wheel such that when the
bolts holding the plate of Zhe wheel were tightened, the plate
pressed against the hub and the side of the trezd.
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plate was fourd to be greater and rore reproducible than the
ring. FEowever, the plate produced a loss factor of less than

1% (even though it scunded very dead), and this is no< generally
enough to prevent squeal.

4.1.8 Rail Tubrication

It is known that relative humidity above £0% reduces tha
static friction and the slope of tne “ricticn-creep curve and,
ccnsequently, will reduce the negative impedance cf <he sticx-
slip and suppress squeal. Hence, one method for suppressing
wheel sgueal is to Increase the relative numidity ty spraying
water on the rails. However, this step has a severe side ef-
fect and that i1s that i%f substantially inereasas the wezr on
wheel and rail. This increased wear happens because <he water
breaks dewn the prctective oxide layer on the steel, givirg
rise to metal %c metal contact that snables particles of metal
to be pulled cut ol the rail by the wneel and vice ver
Cerresive lubtricants, sucnh 2s scaps, have tne same offect:
they suppress squeal but increase wear greatly.

A rermaining possitility is nydrodynamic lubricants, which
are generally based cn hydrocarbons. These lubricants can te
applied to the rail just before the ftrain traverses the curve.
However, thev hzve a differenft disAacdvantzge, which Is that wnen

they contaminate the train wheels, they severely reduce the

braking efficiercy. OCne asttemcted sclution has been tc use a

hydrocarbcn of moderate vapor pressure, =uch as kercsene.

Zdeally, the lubricant will evaporase “rom the wneels scon after
h

i
the trein has traversed t
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4.2 Suppression of Impact Noise

Because impact noise is genrerated bty discontinuities in
the ccntact surface of rzll and wheel, it could be virtusasily
eliminated by perfect mairtenance of the track and rolling
stock. Observations made orn the scale rmodel as well as on
well-maintained tracd indicate that the impact noise can be
reduced to such an extent that it blends into the rolling noise

and becomes indlstinguishable from it.

3ased on the results of cur analyticai and excerimenta:
studies, we nave ldentified a numder ¢f tromising measures for
the control of impac:t nolse; they are listed below in crder of
their relative impcrtance., The Imp-iemertaticr cf ary core of
tne listed necilse zontrol measures may have a substantisl impact
on the initial investrent cr cost of mairtenance cof rolling
stock and track. Fcrmerly untried measures mey intrcduce new
prob.ems 1in installz<ion and mairtenance. Accordingly, the
effect of each noise c¢ontrol measure coniemplated for an exist-
ing or planned vehicle or trac« mus® be carefully studled by
the design englneer, the maintenance specielist, and the acous-
tical consultant tc¢ assure that all aspects ¢f cost, safety,

and nocise reduction benefits are considered.

4.2.1 UWelded rail

welded rall jeoints eliminate the largest rall surfacze dis-
conzinuitles. Accordingly, 1f wheel flats are alsc eliminated
or neld to a mirimum, impact reilse can be virtually eliminated,

except, of course, ai switches and signal juncstions.
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4.2.2 Limit of vertical misalignment at rail joints

Both the analytical and experimental studiss indicate that
the vertical misalignment of the rail head at rail joints :Is
cne of the prinecipal scurces c¢f impact noise. The gap betwesn
the adjoining rall ends has negiigitle effect con impact noise
1f the vertical a2lignment 1s perfect.

Tolerances for vertical misalignment should be chosen so
that the joint is a step-down »ratner than a step-up Jjoint for
the principal direction of travel. With this specific choice
cf tolerances, the impact noise levels off above the criticesl
train speed {typically 25 to 30 mph [40 to 48 ¥m/hr]) and be-
comes masxed by the rolling noise at high train speeds. Since
most rapid trarsit tracks are traveled in one direction only,
thiﬁmnoise and vibration contrel measure could be implemented

son most rapid transis lines.

4.2.3 Limit of permissible wheel-flat height

The results of the analytical studies have indicated that
flat wheels behave exactly l1ike a step-down rail joint. Accord-
ingly, wheel flats must tTe controlled tc minimize impact nolse.,
Since impact noilse generated by wheel flats levels off above
the critical train speed, the impact noise caused by them would
be masked by the rc¢liling noise at high train speeds. However,
the impact prcocducing properties of wheel flats with rounded
"eorners" have nct been studieda sufficiently £c enable predic-

tion of their behavior at high train speeds,



4.2.4 PResilient wheel

Scale-model experiments with a resllient wheel running on

an essintially rigid raill indicated that the resilient wheel
Bl . A . P
genergtes substantially less impact noise than does a rigid

standard wheel. The decrease of the impact scund pressure gen-
erated at a rail Jjcin®t was proportional to <he ratic of the
toctal mass of the solid steel wheel and the rim mass cf the
resilient wheel.

Based on the results of full-scale experimernts repcried
in the literature, we expect that for resZliently suppcried rail
the decresase in nolise owling to use of a resilient wheel may he

substantlially smaller than for rigid rail.

4.2.5 Wheel radius and wheel mass

As Indicsted in Sec. 2.3, the ‘mpact nolze caused by »ail
Joints and by a wheel flat of the same height is proportional
to the ratio (h/a)%, where h I1Is the height and a is the wheel
radius. Accordingly, z larger wheel dliarmeter would help to
reduce irpact noise. However, a wheel. of larger radius usually
is heavier than a wheel with smaller radius. The noise reduc-
tion gained by the larger wheel radius may then be compensaced by
the Increase in wheel mass, so that no net reduction in impact
nolse 1s achieved. In addition, the allcwable range in the
wheel radius is relatively small compared with the pcssitle
variation in joint and wheel Z_at height. Thus, cne can safely
conclude that ilncreasing wheel radius is not a cromising méasure

for controlling impact noise.
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4.2.6 Axle load . o

Atcve critical train speed, wnere the wheel separates from
the rail and both the spring fcrce PD acting on the wneel anc -
the duration of separation ts determine the total change in‘
momentum TAV = Fots, the imvact ncise increases witn increasing
axle lcad. However, axle lcad is usually determined by “unctional
and economic considerations, and this para-eter can be ccnsid-

ered as unchangeable for the purposes of ncise control.

4.2.7 Hertzian contact stiffness

It 1s widely assumed that the impact durstion s controlled
by the Hertzian ccntact stiffness, A4ccordingly, measures which
wculd reduce the Hertgzlan contact stiffness (sce the discussion
0f the resiliertly treaded wheel Zn Z2ec. 4.3) would increase
the impact duraticn and, conseguently, would reduce the nigh-
frequency components of the impact noise, which ccmpcnents

contribute most strongly to the A-weighted sound gressure level,

4.2.8 Administrative measures

[N

Since impact noise increzses with increasing train spsed,
one can 1limit the level cf impsct nelse Ty restricting traln
speed in critical areas situated near malor impact producing
rzil irrezgularities, such &3 switches and frogs. Gf course,
measures such as this weould orly be aprlied on a temnporary
2as3is until noise ccocntrcl measures chat do not _imit system

y cou_d be installed.



4.3 Suppression of Roar Noise

Roar noise is producsd when the microroughnesses on wheels
and rails excite the wheels and rails which then radiate nolse.
The approaches that one might taxe tc suppress roar nolise can
be placed in three categories: (1} tc reduce tne radiation of
sound from waeels and rails, {(2) tc reduce the response of
wheels and reils, and (3) tc reduce the rougnness on wheels

and rails.

4.3,7 Reduction of radiation

Sigrificantly decreasing the radiation of sound from wheels
and rails by such simple approaches as recucing the raciating
area through the use ¢f spoxed wheels cr cutcuts in the rzils
is usually unrewarding and may lead 1n scme cases tc excessive
stresses and component failures. To achieve 2 10-dB reduction
irn rnolse by recucing the radiating area so as to reduce radiated
cower recuires a factor of 10 reduction in radiating area¥®, a
goal that 1s generally quite difficult fo achieve., There Is
one approach, the use of a low rail barrisr, that might, however,
be fruitful. Referring back o Sec. 3.4 (Figs. 3.4-6 to 3.4-8),
we find that at the frequency at which the wheel/rai’ noise spectrum
peaks, the rail 1s generally the dominant radiator. FMHodest reduc-
tions in the overall noise level (in excess cf 6 dB) could be

achieved by reducing radiation freom the rail aloeng.

¥Cf course, by carefully reducing the radiating area in such a
way as alsc to reduce the radiaticn efficiency, one can achieve
additional reductions in racdiation. For example, with spoked
wheels one ray achieve additional reducticn in radiated sound
due tc the zcoustic short-circulting acnleved by effectively
putting hcles in the web and thereby reduclng 1ts baffling
effect,
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Ragil Barrier

dne possible aprrcach to controliing rcar noise by recuc-
ing radiaticen from the rail would be the irnstzllatior of a low
barrier on each side of ezch rail in the track bed. The con-
cevt is shown graphically in Fig. 4.3-1, where barriers only
slightly higner than the raill head, with absorptive treatment
on the rall side, are attached to the ties. The barriers on
the oucer side of the rails would have to seal aga’nst the
ballsst and those on the inner side could elther sezal against
the bsllast cr extend over the surface ¢f the ties as shown.

A barrier 1 ft (0.3 m)} in height abcve the ties can Lower the

rail generated ncise on <he outsids oF the barrier ty 10 to 15
he

dB in the 50C tc 1530 Ez range. The two barriers c¢n the inner
sides of the rails could concelvably be e_iminated, Zut the
cuter barriers wculd thern have to be ralsed to zocut 2 ft (0.£1

nigh <o have the same noise raduction rerformance.

This type of low barrier, althcugh considerably chearper
and more compact than a full barrier, may no:t be gsractical in
some cases. Fcr example, trclley brake systems that werk by
pressing a lzrge shoe on the rail would be inccempatitle with
the barrier on tne inrer side of the rail., Also, the bdsrrier
extends ~6 in. (0.15 m) above the rail nead and, hence, there
may bte clearance protlems with <the inner barriers.

Absorptive %reatments would be cesirable ¢ the inner sur-
faces c¢f the barriers to prevent ccherent rellectlions from
incressing the noise levels inside transift cars. For example,
a 1 ft (0.3 m) spacing between barriers might cornceivably lead
to an accuastic resonance when this spacing equals hzlf an

\

acoustic wavelength {(or some multinle thereof). Abscrptive

treatments impervious to weather, oil, etc., are avallable,
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although occcasional cleaning would probably be recuired to

maintaln good perfcrmance,

4,3.2 Reduction of response

One means ty which the response of wheels and rzils can be
modified is to change the wheel and/or rail impedance. As a
general rule, though, modifying impedance is not an effective
technique for reducing wheel/rail nclse. The reason fcr this
is that for equivalent response levels the nolse radiatec by
the wheels or by the rails i1s about the same, except at very
low freguencies, where the rail radiation efficiZency is low,
Large changes in impedance simply change the primary respcnder
from the wheel to the rall or vice versa. The resulting noise
will in most cases change only & very few declbels. As an
examole, consider the situaticn in the freqguency region between

420 and 1000 Hz where tre wheel impedarce Z.,

; I3 much greater

than the rall impedance Z Because the »all response 1is

T

vroportional to Zw/(ZR+Zw) -~ 1 and ths wheel response is tro-

portional to ZR(Z”+ZP) ~ ZP/ZN << 1, the rail rsasdiaticn dcminates.
- i 1 .

Reducing Z,, so that ZW << ZP would simply reverse the situation
! L

and resultuin the wheel radiation dominating

Another approach to reducing response is to vibraticn
isolate tne primary radlating surfaces cf the wheel cr »raill
from the running surfaces where the excitaticn occurs. Tae
Penn Cushion resilient wheel used In the ?-5 test provides
isolation above BQO Hz by effectively isclating the web from
the tread. Unfortunately, little noise recduction is achleved,
because tne reil remains a significant scurce. Clearly,
for vibration iscolation to be effective, it would have to
be applied to both wheel anc rszil. One can concelive 07 a

"regilient rail" analcgous to the resiliert wheel in which

N
(o2
(9]



the rail head is effectively isolated from the foot. The
primary effect in tne mid toc high freguencies wouid be a
reducticn in the radiating area by a factor of 2 to 2. The
resulting 3- to 5-dB izprovemert in noise seems to be a small
gain when compared to the costs associated with the design,

manufacture, and instailation of new resilient rsails.

Darping 1s another approach commonly us=sd to reduce re-
sponse. It is effective only if the response is resonant. The
wheel response in the case ¢f roar noise 1s norresonant, and,
as was seen in Sec., 3.4.2, no real change In racdiated noise is
achieved with damped wheels. Some reduction in the effective
length of raill that radiates might be achieved by avplying damp-
ing. The damping results 1in an €7Zective increase in the decay
constant n described ir. Secs. 2.1.4 and 2.4, IZ nR > 1, where
R Is the distance from the rail to the receiver, then the ef-
fective racdiating length of rall is 1/mn. This relaticn implies
that a 10-dB reduction in necise frcm the rail wculd require a
tenfold Increase in n. It may be quiie difficult Zo acnieve
this increase, especlally below 1000 Hz where the rall deczay
constant is already guite large.

The last means for reducing resuncnse that we will consilder

is the enlargement ¢f tne contact ratch at the wheel/reil inter-

Y=y

i
face. In Sec. 2.4 we found that the wavenumper filtering c

o

the contact patch produced signiZicant reduction in wheel zn
rail resvonse to roughness, zsspecia’’ly at high wavenumbers. If
the size cf the cortact patch could be Increased, present roar

nolse “evels coculd be reduced sigrificantly. Cn

[¢]

suggested
techrnigue Zor dcing trhis is tc use a titarium <readed wheel.
Using the simple formulas for the ccntact vatch size in
Timoshenko and 3Joodier (1951), one can shew that a tyzical



dimension of the titanium wheel contact pateh is increased
over the same gimension of the steel wheel ccntact vaten

by the factor vi/2 (1 + ES/ET), where ET and ES are the

moduli of elasticity cf titarium and steel, respectively.

This implies 3 14% increase in %“he contact patch size.

For the wavenumber fiiter developed in Sec. 2.4, for a = 10

one can derive the anticipated reductleon in rcoar ncise for a
train with 30 in, (76 cm) diameter wheels passing at 50 mph

(80 km/hr) under a loading of 10,000 1b per wheel (44,500 N).*
The nolse reduction is showr in Fig. 4.3-2. Uslng the range of
nolse spectra from the MBTA in Flg. 2.4-14, we caleculate orly =

-

1 dB(A) reduction in ncise.

Regilient Treaded Wheels

4 concept for attaining a nignhly compliant tread on a
wheel and yet retaining good wear resistance of the tread
surface is shown in Fig. 4.3-3. The wheel 1s in many ways
similar to 2 resilient wheel in that a compliant layer is
interected between the running surface and the body of the
wheel. The major difference here 1s that the metal ring form-
ing the tread 1s much thinner than the tread cf a tyvpical re-
silient wheel.

Preliminary calculations have shown that 1f the tread is
constructed from 1/2 in. (1.25 cm) thick steel and if the com-
pliant material behind it (probably an elastomer with z low
lcss facter to reduce heating probliems) is also about 1/2 in,

(1.25 ¢r) thick with a modulus of around 10* psi (6.65 - 1907

®¥Fcr a rall head radius of 1
( x

(0.3 m), this gives a contact
pateh cf ~0.32 x 0.2€ in. 6.

6 m)

55
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N/mz), a factor of 2 enlargement of the contact patch is pos-
sible. Figure L,3-2 gives an estimate of the reductlion 1n

total wheel/raill nolse for a train equlpped with these resil-
iently treaded wheels operating under the same conditicns as
deseribed for the titanium “readed wneels. Agaln, using the ranece
of MBTA noise specsra irn Fig. 2.4-14, we calculate a 7 dB(A)} re-
duction in noise whieh is very encouraging. Also encouraging

is the fact that cne would anticipate strains placed on the
elastomer by the 10,000 1t (44,500 N) wheel load to be less

than 10%, whicnh should pose no prcblems with regard to

deterioratiocn.

Safety consideraticns will probably reguire use cf a
mechanical constraint £c¢ ensure the ring remaining attached to
the wheel should the elastomer fail. Interlocking teeth (or
thresds) similar to those in the Accustallex wheel, with elas-
tomeric material between the threads, would retaln the ring as
well as provide slide constraints tc resist shear loads at the
tread in the direction ¢ the wheel axis. ZBraking presents a
special prcblem that only In-service tests can resolve. Heat-
ing caused by tread traking has been known to cause deteriors-
tion of the elastomeric materials in existing resilient wheels,
The thinner metal tread used here may worssn these problems,
However, the use of disk brakes in place of tread braking is
being seriousiy consicdered In new subway car ccnstruction,
Disk braxes wculd eliminate the tread heating problem.

YN

4.3.3 Reduction of roughness
Rail Grinding and wWheel Truing

Roughness on wheels and rails can be effectively reduced
by “urning the wheels or grinding the ralls. Carsful truing o~

the 14 in. (5.35 m) diameter wheels at Pullman Standard resulted



in up tc 20-dB reduction in <he roughness spectrum. Vheel tru-
ing carried out 2y the ¥M3TA at thelr Everett Shcp resulted in
significant reduction in roughness at low wavenumbers, although
the high wavenumber compcnents were not reduced. The high
wavenumter performance seemed to be caused by a tool chat:ter
oroblem which can be cerrected. <Clearly, careful truing of
wheels can produce significant reduction in <their roughness,
Reduction of roar nolse reauires that the rails also be ground.
£t the present time, there 1is no information available cn the
recduction of roughness through rzil grinding. If 1t 1s ccmnar-
able t¢ the reductions achlieved with wheel fruing, then a com-
binatian of wheel truing and rail grinding could resuvit in con-

siderable {10 to 20 4dB) veduction in roar noise.

Ancther unkncwn is at what intervals one must repeat the
truing and grinding to maintzin a2 given level of noise reducticon.
Alsc unzncwn 1s the effeet ¢f welded rail, antiskid brakins
systems, etc., onn the proper intervals. If the intervals are
too closely spaced, truing and grinding mayv not be economica’ly
feasible for contreclling roar nolse.

In any event, truing and grinding are potentially useful
technigues Zor reducing roar nolse. However; tne econoric
feasitillity of a regular schedule of truing and grinding rneeds
to be examined.
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5. SUGGESTED TESTING PROCEDURES FOR EVALUATION OF WHEEL/RAIL
NOISE CONTROL MEASURES

For purposes of evaluation, 1t is essential that test prc-
cedures which give accurate, repeatable results be availagble

for measuring the acoustic performance ¢f measures for the con-
trol of wheel/rail ncise. The insight gained from the snalyses
of Sec. 2 and the field testing of Sec. 3 has been valushle in

designing such procedures, presented in this section.

& draft international standard, ISO/DIS 3095, "Measurement
of Noise Emitted by Railbound Vericles," from the Internaticnax
Jrganization for Standardization (ISO) 1s appliceable in part to
the measurements under ccrsideration here. The fellowing sug-
gested procedures will reference articles 1in that standard when

appropriate.

5.1 General

Here we discuss those elements of the testing procedures
of general applicability to squeel, impact, a2nd rcsr noiss. In
later sections we discuss these elements of svecific applica-

bility to each of the three types cf wheel/rsil noise.

Purpose

The intent of the testing procedures presentec here is to
provide a means fcr reproducibly evaluating the acoustic per-
fecrmance of devices and procedures for the control of sgqueal,

impact, and roar noise.

Measured Quantities

Of particular interest here is the pesk A-weZghted sound
pressure level during passage of a vehicle., For dlagnostic

work, 1/3-octave band spectra of the sound pressure lLevel may

alseo be of interest,.
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Measuring Equipment

See Article 5 of IS3/DIS-305%3,

5.2 Evaluation of Squeal Noise Control Measures
Locustical Environment

In general, Article & of IS0/DIS-3095 is applicable. Hew-
ever, because it has been fcund that conditicns of high humidity
may surpress squeal, it is recommended that no testing be car-

ried out with ambient humidizy in excess of 70%.

¢y

rack and Vehicle Conditicns

o

The tracx and venicle wneel surfaces must be in reasonably
good conditlon, The surfaces co not have to be speciszlly
ground before <ne measurenents, but they must be devoid cf
corrugations or flat spots. <Since, for ctherwlse similar con-
ditions, wheel squeal scmetimes has been found to occur on worn
rails, but nct on freshly zground ones, it may be desirable to
select a worn raill to tesi for sguezl. Both rail and wheel
mast be clean and dry during tne test.

Miercphone Position

(S

Wheel squezal is a highly variable phencomenon that occcurs

cnly intermittently. Thus, p_acing a microphone 7.5 m (25 f3)
from the tracx, as recommended by ISC/DIS-309% Ariticle 2.1,
woild result in large uncertalnty as to the distance of the
trair from the microphone at “he exact moment of squeal. In

orde» to overcome this difficulty two alternative microphone

posltions are recommended:



{(a) Place the microphone at the center of curvature of
the track. The train will thus be at a constant, and known,
distance frerm the microphone as it traverses tne curve. The
scund level readings can te corrected teo a stardard distance by

assuming inverse square spreading.

(z) Flace a microphone 3 ft tc the side of the car, on
both sides, oppesite the center ¢f a truck. Tre scund levels are
measured simultaneously on beth sides ¢f the vehicle. The

higher of the two readings is taken.

Test Procedure
Tests may bz performed on any curve where sgqueal 1s of
concern. However, if & generalized set of measurements is re-

quired, tests should be conducted cr the smallest radius curve
enccuntered and a radias close to, Zut not greazer than, _0C
times the trucx length. (Both radii are required, because
eliminaticn of squeal on the sharp curve dces no%f necessarily
entail eliminatior of squeal on the large curve,) During the
tests the <rair shculd be loaded to its maximum cperating
welgne.

Two sets of tests will be performed: baseline tests with
the vehicle and track in their standard operating ccndition
and noise control tests with the noise control package(s) in-

stalled on the vehicle and/or track.

The tests should Le carried ocut a2t 3 range of speecds which
will give a lateral acceleration of from 0.5% to 5% g. This
should cover the range of speeds encountered in practice., The
vehicle snould be run in both directions down the track with a
total of at least three runs st each speed. If the spread in

peak A-weighted sound pressure level exceeds 3 dB(4) for any
speed, the measurements at *ha%® speed should te repeated,.
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5.3 Evaluation of Impact Noise Control Measures
Acoustical Environment

See Article 6 of ISC/DIS-3095.

Track Conditiowns

Both rails on the <rack section c¢pposite wnich measurements
are to be made should be smooth, straight, level, and Iree of

corrugaticns,

For these test cases 1n which a well-controlled wheel flat
can be cbtained on cne of the wheels ¢f the test vehleles, the
track test section shoulid be at-grade with smooth welded rail

Joints.

In those cases in which s track discontinuisy, e.z.,
a rail joiat with a height difference, is the 1lmpect nolse
scurce, any changes in the geometry c¢f the discontinuity during
vehicle passage should be noted. In additicn, both rails
should be free of all discontinuities <o at least 18 “t (5.5 m)

to each side of the disccocntinuilfy cf infterest.

Vehicle Conditions

If a rail discontinuity is the impact ncise source, then
the wheels of the venicle should be smooth, round, and free cf

all flat spots.

If a flat spo= or a sirgle wheel is the impact noise
source, the remaining wneelis should be smootn, round, znd free
of alil flat sgots.

The tes%t vehicle should be run throsugh the test section
loaded as 1in actual service with all auxiliary equipment turned

off. In gzeneral, althcugh impact noise will dominate propulsion

N
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noise for electric-powered vehlicles and may even dominate in
some sell-propelled vehlcles, whenever possible, measurements
should be performed with the vehicle coasting through the test
section, especially when the ncise control package(s) are in-
stalled, unless it can be shown that propulsion noise is at
least 10 dB(A) belcew wheel/rail nolse.

Microphone Position

Eecause of the localized nature cof impact excitation, 1t is
necessary to measure the impact ncilse in the vicirnity oI the
surface irregularity causing 1t; l1.e., tc separate it from the
relling nelse which is generated along the entlire track. For
the rail discontinuity measurement, position a staticrary
microphcne at 5 %0 6 &£ (1.5 to 1.8 —) horizontal distance fro:x
the rail at a neight corresponding to the center line of the
wheel., To minimize the interZerence effects of grcund reflec-
ticns, line the ground with a 6 in. (15 em) thick layer of
fiberglass bats tled down by a chicken wire screen, cor select
a slte where the ballast bed is carried on an earth berm and
the relative geometry of source, receiver, and ground is such

that there are no paths for geometrilec ground reflections.

Tc measure the impact noise generated by a wheel flat,
mount the microphone on a boom fastened to the vehlecle., This
arrangement, which 1s especlally convenient for experimental
vehicles running on experimental tracks, enables the recording
of many wheel impacts. The microphone distance from the vehicle
should be the maximum allowed by sideway cliearance and practic-
ability of boor mounting. A wind screen should be used, and it
may be necessary to vibration isolate the microphone.
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Teat Frocedure

Two sets of tests will be performed: baseline fests wich
the vehicle and track in their standard operating condition and
noise conircl tests with the noise control package{s) installed
on the vehicle and/or track. For =zach set of tests, the wvehicle
will coast through the track test secticn at speeds in 13 =ph
(16 km/n) increments up to the maximum oserating swveed o the
vehicle, The vehicle shsouid be run in both directions down <he
track with a total of at _east three runs at sach speed. Fer
the rall discentinuity test, there should be three runs in =ach
directicn, to gllcw examination of both step-up and step-dcwn
Joints. If the spread in pezk &A-weighted sound pressurs level
{

exceeds 3 &3(A) for any speed in a given directicn, the measure-
a

ments at that speed and that direction shoulc be repested.

<t

Wheel Drop Tes

Tre good agreement befween the impact noise measured by
running the scale-model exgerimernsal vehiczcle over a step-down
rail jeint with that predicted from the wheel drop tests Indi-
cates that the wneel drop test may be a universal encugch test
~to provide all the informaZticn needed to predict both the
amplitude and spectrum o2f all type of impact precducing rail and
wheel irregularities, especially at train speeds adove tne
critical <frain speed. I: is most lixkely that the wheel drop
test also can be used to evaluate The extent of impact nolse
reduction fcr any particular nolse control measure contermplated
without the neec fcr a much —ore expensive rolling test, although

more work is reguired to confirm this supposition.



5.4 Evaluation of Roar Nojse Control Measures
Acouctical Environment

See Article 5 of IS0/DIS-3035.

Traek Conditions

The rzils in the track seczion opposite which measurements
are to be ftaken should be smooth, straight, level, and frees of
corrugations, with smecoth welded jcocints. The measurements should

be performed at grade with the rail 124 on tie and ballsast.

Grinding of the rail or measurement of rall roughness is
generally not required If the rall is smeooth and free of dis-
continuities and Zf the section of rall to be tested is dedi-
cated to the testing program, i.e., if the rail will remain
unused between baseline tests znd tests with the ncilse contrcl
package(s) installed, If the raill section is to be extensively
used between basellne tests and tests with the noise control
package installed, it should be grounrd smcoth before each set

of tests.

Vehicle Conditicns

The wheels of the vehicle should be smccth and fres from
flats. If the running surfaces of th2 wheels are to be changed
between baseline tests and tests with the noise control pack-
age(s) instailed, the wheels must be turned smocth pricr <o
eacn set of tests. The vehlcle should e run through the rail
test sectilon loaded as in actual service witn all auxiliary
equipment turned off., In general, although wneel/rail noise
will dominate propulsicn noise for electric-powered vehicles
and may even dominate 1n some self-propelled vehicles, whenever

possible, measurerents shcoculd be performed with the vehicle



coasting through the test section, especially when the noise
contrcl package(s) are installed, unless it can be shown that

propulsicn nolse 1s at least 10 dB(A) below wheel/rail noise.

Microphone Positions

J3/DIS-30G65 Article 9.1 recommends that the microphons be
7.5 (25 £t) from the center of <he “trac«£ and 1.2 <0 1.5 m
t

) above the running surface of the rail.

Test Procedure

Two sets of tests will be performed: baseline tests with
the vehicle and track in their standard operating condition and
ncise contrecl tests with the noise control package(s) installed
on the vehiecle and/or trec4. Tor each set of tests, the vehicle
will coast through the track test section at speeds in 1C mph
(16 -km/r)} ircrements up to The maximum orera<ing sveed of %he
vehicle, The venicle shoulc be run in beth directlcns down <the
track with a total of at least <hree runs a%t eacn speed., If
the spreacd in peak A-welghted sound oressure level exceeds
3 aB(A) fcr any speed, the measurerents at that speed should be

repeated.
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6. CONCLUSIONS AND RECOMMENDATIONS

Thils report has presented the results of a comprehensive
study of the noise generated when a flanged metal wheel rolls on
a metal rail. Three very general categories of wheei/rail ncise
have been examined: squeal, impact, and roar. In this secticn
we review the mechanlsms that generzte wheel/rall rcise as well
as methecds for their controcl and then reccmmend further werk to
advance the state-cf-the-ar:t for wheel/raill noise control.

6.1 Review of the Wheel/Rail Noise Sources and Their Control
6.1.1 Squeal noise

Squeal, the Intense nolse composed 0f one or more tones and
occeurring when transit vehicles round sneort radius curves, is
produced by the "eraboing" cr lateral sliding of the wheels of a
truck as that truck rounds a curve. The crabbing is caused by
the fact that the finite-length wheelbase 0f the truck prevents
the wheels from running tangent to the rsails in the curve. This
lateral sliding of the wheel on the rall results in 2 sticking
and slipping mcticn that excites the resonance ¢ the wheel,
resulting 1n sn intense narrowband noise. Analytically, this
excltation can be mcdeled as a negative dampirzg. Ccntrol of
squeal noise is based primarily on preveniing crabbing through

the use of short-wheelbase or articulated trucis; eliminpating the

sticking and slipping through lubricaticn of the wheelsyand
rails; and damping the wheels to cvercome the negatiﬁ,

due to the sticxk-slip excitation.

6.1.2 Impact noise

Impact noise is generated when the wheel enccunters discon-

tinuities con the rail or reolis over Its cwn flat spofts. When



the wheel encounters a discontinuity, its vertical wvelocity
abruptly changes, resulting in an irteractive force that exciztes
totn the wheel and the rail and causes them <¢ radiate sound.
Step-up rail Joints are the mest sericus cause c¢f impact noise,
especially at high speec. Effective ncise control measures in-
velve the use of welded ra2il, wheel truing, cortouring of the
"run-on" rail end, and, in general, gocd main<ereance procedures.

6.1.3 Roar noise

Roar roise is produced by microrougnnesses ¢on the running
surfaces cf wneels and rails that excite both structures to radil-
ate scunc. Scund radiation from the rail tends to dominzte roar
noise, the wheel contributlon generzally belirg imporianst cnly a:
low frecuencilies. Thne contact patch at the interface between the
wheel and the rail acts like 3 filter, sttenuating the excitaticn
produced by thcse ccmponents cf rcughness whcse wavelerngtas are
on the crder of the slze of the contact patch. Ccntrol of roar
nolse is accomplished prirmarily by grinding rails and trualng
wheels to reduce %the rcughness excitatlon; by increasing the size
of the contact Dnatch to increase the filtering effect; and by
installing a low barrier along the raiis tc remove the sound

contribution due to the rall,

6.2 Suggested Future Work
6.2.1 Squeal noise

Nature of the Stick-Slip Turve

One of the greatest uncertainties In the understanding of
wheel squeal concerns the nature ¢f the variation ci the friction
force with the slip veloclty of the wheel. A very crude formuia-
tion, x exp(-x), was taken for the model, Zor want of any better



infermation. We know this formulation tc be wrong, since it im-
plies That the friction geces tc zero as the sliding velocity goes
to infirity, but, nevertheless, all predictlons of the wheel
squeal model are based upon this errcneous assumpticon. It appears
that, as far as rough estimates are concerned, <hils error is not
toc important; however, 1f we are to make predictions with sn
accuracy of better than 20 or 30%, we nust find cut more about
the stick-slip curve. The best way of cbtaining this information
i1s tTo employ a model three-axle truck, as did Friedrich (1971),
yaw the center axle about a vertical axls, ard Tnen mornitor <he
lateral force on this axle as z function of yaw angle anrd lcad-
ing. The effects of rail surface finish, rail orcfile, and

iubricants can all bte investigated by this method.

Hoise Control Technigues

The various ncise ccontrol technicues menticned in Sec. £.1
need tec be evaluated to deternine which are the rmost effective
and practical. A preliminary evaluation on paper can be performed
based on the present thecretical rodel for wheel squeal, with
more thought being glven to the suitability of shcrt trucks, to
a tentative design for an articulated truck, and to available
lubricants. Fur<ther attention should bte given to rail grinding,
which has sometimes been found to be an effective means of eliaf%'
inating squeal, althougn the reason Zor thls has not Leen fully

understood.

Study of dNoise Control Dzvices

A theoretical study cf the variocus noise contrel devices
suggested in Sec. 4 needs to be performed. These devices are
articulated trucks, short trucks, reduced wheel _ocading, damped
wheels, resilient wheels, and rail lubrication. The damped wheel

A9}
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appears to be the mest versatile method. However, 1t has two

problems: the darmping 1s temperature senslitive anc current de-
signs have dubicus structural integrity. Articulated trucks and
short trucks appear promising, except that they might give rise

to "hunting" (lateral oscillations of the wheel).

The varicus nolse contrcl techniques should te compared sys-
termatically and tests of the most vromising technigue saculd then
be performed on a small rapid :sransit wvehicle, such as the PRT
vehicle of Pulimar Standard. The effectiveness of the ncise con-
trol technique weuld be evaluated ir zccordance with the test
srocedures recommended in Sec. 5. In addition to tests of the
acoustic effectiveness of the technigue, its operaticnal serform-
ance shculd zlso be evaluated, ircluding such aspects as dura-
bility, maintainability, and cost. This prsgram would lead to a
practical method cf greatly reducing, if not e_iminazing, wheel
sgueal.

6.2.2 Impact noise

The results of our aralytical and experimental studles of
wheel/rail izpact noise, describec In Secs. 2, and 3, have en-
abied us t¢ predict the change in impact nolse,¥given changes 1n
wheel/rail geometry or %ransit vehicle coperating parameters. This
information has enabled us to suggest the nolse control techrigues
described in Sec. 4.2.

Cne shortcoming in our newly gained knowledge of impact
noise is uncertainty as to the duratien and spectral content o
the impact force. Further study is required to obtain a better
understanding cf this force, which would ensble us tTo evzluate
the relative magnitude of tne contributicns of wheel and rail tc

impact noise and allow us tc develcop additiona. innovativée noise
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control concepts. In addition, a number of the ncise contrel
measures suggested in Sec. 4.2 should be tried out in the field
in order to examine thelr feeslibility and optimize their design.

Trhose toples requlring further study are discussed below.

Pulse Durattion agnd Speetral Distribution of the Impact Sound

The analytical and experimental studies conducted within the
framework of this investigatlicn show that the peak amplitude of
the impact sound zaused by wheel and rail discontinuities is pro-
portional %t¢ the total change in momentum of the impacting bodies.
At the present tlme, we do rnot have enough detalled knowledge of
the 1mpact phenomena to predict the exsci time history of the
force pulse caused Ty the Impacting bodies. Accordingly, we are
not in a positicn to predict the spectral distributicn cf the
impact hoise cr tc determine if the wheel or the rail is the pri-
mary radiator. The limifted experimental data collected during
the scale-model studles seem tc ind’cate that the duration of the
accustic pulse is not sensitive to the traln speed or to the Tall-
ing Height. Censequently, it seems reasonable to assume that the
impulse duration must be cortirolled by the Hertzian contact stiff-
ness anda by the mass of the impzcting wheel and rsil. FHowever,

we do not have sufficient information to support this hypothesis.

We recommend that fursher analytical and experimerntal wcrk
should be carried cut %o identify the major variables influencing
the pulse duration and spectral contert of the impact force in

order to ald the development of inncvative nclse control measures.

Mazimum Tclerable Size oF Discontinuities

B}
For imperfectly maintained track and rolling stockx, the way-

side noise is controlled by the impacts generated by rail oints
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and flat wheels (Stlber, 1973). Accordingly, it is important to
know the extent to which these discontinuities can be controlled
by maintenance so that the wayside noise 1s reducec¢ to the level

of the rolling riolse alone.

Singce the established limits for wheel and raill discontinu-
ities may strongly influence raintenance cost, detalled, analy-
tical scale-mcdel and fall-scale experiments should be carried

out tc determine the net benefit and cost 2f the variocus limits.

Wheel Drov Test
v

RXesults of the limited scale-model experizents indicate that
the wneel drop test may be the single most efficient way of:
{1) testing the effectiveness of many planned noise control
measures and (2) cbtaining sufficient experimentel data to
predict beoth the amplitude and tie spectral distributlion of
the impact noise generated by all characteristic impact-producing

rail and wheel discontinuities.

Since the impulse respcnse determines the steady-state re-~
sponse ¢f the wheel/rzil system, the wheel drop test may also be
used to evaluate experirmentzally the =ffectiveness of varicus
noise control measures (such as resilient wheel, damped wheel,
damped rail, etc.)} on rolling noise. In addition, wheel drop
tests carried out uncer specizl contrclled conditions coulé yileld
sufficient informaticn to determine whether the radisted nolse is
due to the whole-body =oticon or to the elastic surface deforma-

tion of the wheel.

Because the wheel drop test is the simplest and most economi-
cal procedure for galning needea informaticn on wheel/rail noise,
we strongly recommend that 1ts use as a toc: for predicting im-
-paﬁt noise and as a test for the effectiveness of certain ncise



control measures should be the subjJect of a detalled scale-model
study followed by verification at full scale.

6.2.3 Roar noise

The analytical and experimental work described 1n previous
sections has resulted in a fairly comprehensive analytical model
of roar or rolliing noise. The 1nsight afforded by that model has
resulted in a2 number of 1nnovatlive concepts for the control of
nolse. Much further work could clarilfy several areas of uncer-
tainty in the analytical model and, as a result, increase insigh%
into means Zfcr the contrcl of roar noise., However, at the pre-
sent tirme, the most cost-effective approach is to begin develop-
ment and testlng of the innovative ncise-contrcl messures
described in Sec. 4.3. As a result, our suggestions given below
for further work heavily emphasize develcpmen® and testing rather

than further analysis.

Refinemente to Analytical Model

One area of the analytical model that 1s somewhat in doub%
is the microroughness spectrum, in particular, the spectrum of
roughness in the horizontal direction across the head of the rail
or 1n the axial direction across the tread of the wheel. This
detail of the roughness spectrum 1s crucial to a complete under-
standing of the filtering effect of the contact patch between the
wheel and rail and has significant nolse control implications.

The railrocad wheel 1s a mechanically very complicated struc-
ture. The details of the radial impedance of the wheel, esveci-
ally its sudder. drop in magnitude above 1000 Hz, have strong
implications as to whether the wheel or the rall Is the deminant
radiator 1In various frequency bands. The reason for the sudden

N
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drop 1in impedance 1is presently poorly understood. A finite-
element computer study combined with an in-depth Zaboratory study
could improve the understanding and possibly result in lowering
the frequency at which the drop oceurs, permitting develcpmer: cof
an all metal resilient wneel. This type of resilient wheel would
be more resistant than existing types to stresses at the wheel/
rail interface. An additional becnus to lowering the Irequency at
which the 1mpedarice drops s that the wheel would prcbatly become
the dominant radiation scurce, which czould then be control.led

througn the use of wheel skirts.

The rate of decay c¢f vibraticn alcng the rail is not pre-
sertly well understcod. Limited data are avaiiable conly for rail
mour.ted on tie and ballast, and these cata are not In good zagree-
ment in some freguencies. Additional Zamping data together with
analytical stucles of tie and ballast track ancé res’iiently mounted
track wi_l be necessary <o increase cur understanding o7 the damp-
ing mechanisms. Although considerable ingrease in rall damping
would be required to effect z sigrnificant reduction in wheel/rail
nocise, an improved understanding of the mechanism by which the
rall foundaticn Introduces :this darmping mizght maxe dramatic in-
¢reases in rall damping possible, fcr example, through the use of

highly damped resillient faszeners.

Resiliently Treaded Wheel

The resiliently treaded wheel concept of Ssc, 0.3 appears
highly promising. In-depth asnalytical studies are required to
ensure the development of a mecharnical design able to survive
the stresses, fatigue, and heating produced by braking and
running. These studies should be followed by inexpensive,
small-scale, field <esting (e.g., with the Pullman Standard PRT
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vehicle)} to exanine the viability of the mechanical design and
its noise centrol effectiveness. The construction of the small-
scale wheels weuld, of course, requlre the ccoperation of acous-
tic experts, rallroad wheel manufacturers, and materials experts.
After the design was refined on the small-scale vehlicles (wheel
loading would have to be properly scaled}, full-scale wheels
could be designed, buil<, and tested on a full-scale transit

system.

Rail Barrier

For modest reductions In wheel/rail noise, the low rall bar-
rier discussed in Sec. 4.3 presents an sconomically attractive
appreoach. A simple plywcod or chipboard tarrier could be con-
structed and field tested very inexpensively on a small-scale

raill system, such as the 2-3 2RT test track, or on tne full-scale

DOT test tracx a2t Pueblo, Colorado. More permanent barriers
could then be performance tested on actual £ransit systems.

=y

atl Grinding and Wheael Truing

Raill grinding and wheel truing are gererally accepied as ef-
fective techniques for the control of roar roise {and ¢f impsct
noise from wheel flats), provided that in order to achieve
the full noise control benefits, both procedures are per-

Tformed at regular intervals. Two major areas of uncertainty
remaln:
1. What reduction in rcughness {and, hence, in rcar noise)

is achievable through the use o existing techniques for grinding

rails and truing wheels?

n
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2. What maintenance intervals, 1.e., for regrinding and
retruing, are reguired to maintain the wheel/rail roughness at a

sufficiently low level?

Iten 1 ¢could bte falrly easlly evaluated by measuring the rough-
ness spectrum on wheels and rails (using the 33N roughness mea-
suring device) before and after truing or grinding was done with
existing devices. A natural oy-product of such a study would

be suggestlons for improved grinding and Sruilng practices, e.g.,
turning speed, depth of cut, grinding wheel coarseness, cte.

o

Item 2 reguires & more expernsive and time-consuming study,
but one that is c¢rucial to determining if rail grinding and wheel
truing are eccnemically viable ncise-ccntrcl techniques. & num-
ber of approaches are avallatle., As a first step, cne could
true the wheels on a transis car (preferably two cars, crne with
antilock brakes anc one without}, run the car on an cperating
transit system, and mcniter the charge in the wheel rcughness
spectrum at regular Intervals. Similarly, one could grind a
secticr of rail cn a transit line in regular revenue service and
moerniver the change in roughness with time. It would te necessary
to monitcr track secticons representing different operating condi-
tions, such as level tangent track, curved tracxk, track Iin sta-
tions, track Iin tunnels, track exposed o the eleme=nts, track on
elevated structures, and track with changing elevaticn. A study
of this type coulc resultc in reccmmendaticns of grinding inter-
vals for different track zeometries, The 7Tinal step In the study
wculd be to determine whether, by truing the wheels of all the
vehlcles using a given line and grinding all the rails of that
line, one can considerably 1ncrease the intervals between truing
and grinding. OCf course, the reed fcr such an expensive final
study would depend on the informaticn gained in the earlier stud-

ies.
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APPENDIX A: REVERBERANT CHARACTERISTICS OF PULLMAN STANDARD
TENSILE TESTING MACHINE ROOM

The tensile testing machine room at the Champ Carry Technical
Center of Pullman Standard is a large room [10* £t3(280 m?)] with
palnted concrete bleck walls. This roorm was used as a seml-
reverberant room for measuring the »adiation efficiency of a
rallroad wheel. A number of tests were performed in the room to
determine 1its suitabilillty for such measurements. With a standard
ILG broadband source* used for calibration, fthe sound ctressure
level (SPL) was measured feor three different source ccsitions
at six receiver positions to determine reverberant behavior
Shroughout the rocom.

Figure A-1 shows the room, the ILG scurce nositions, and the
micrcphcene positions all to an approximats scale of 1/4 in. eguals
1 ft (2.1 ¢m eguals 1 m). The measurement procedure was simply to
rount the micrcphone [1/2 in. (1.2%5 cm) B&K 4134] in cne position
and record (Kudelski Nagra TIII single-track tape recorder) the
level wlth the ILZ scurce in each of its three rositicns. The
microrhone was then moved to a2 new positicn and the levels agein
reccrded with the ILG sources at 1ts threse pesitions.

The spread in levels at micrcphone posision £ resulting
from the ILG source being mcved through 1ts three positions is
shown 1n Fig. A-2., Above 200 Hz the spread 1s less than 4 4B
and above 80C Hz the spread 1s less than 2 dB. Mierorhone posi-
tions 1, 3, and 4 nhave somewhat rore spread. In all taree cases,
higher levels at these pcsitions cccurred when the source was
nearby, suggesting that the micropheone was in the direct rather

than the reverberant fileld.

¥TL.G Industries, Chicago, Ill.
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For ILG source position 1 {(the pesitlon where the wheel
was to be tested), Fig. A-3 shows the spread n levels at the
six microphone vositions., If we dlvide the six rmicrophone
positions into two groups, those farthest awavy (2, 3, 5 and 6}
and those nearest (1 and L}, we find that the spread in the “irst
group 1s small, less tnan 4 dB above 200 Hz. Levels at micro-
phones 1 and 4 are consistently scmewhat higher, suggesting that
the microrhones are close enough tc the scurce tc be in the
direct field.

Although the above measurements suggest that the room i3
not ideally reverberant, by vlacing any socurce at source position
1 and measuring the SPL at microchone positions 2, .3, 5, and 6,
we can get a measure of the jpower radiated by that source that
is sufficiently accurate for our purposes.
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APPENDIX B: CONTACT PATCH WAVENUMBER FILTER

For simplicity conslder a circular reglen of radlus b on s
rall, Let x be the distance along the rall and let y be the
distance across the rail. Let the patch sense and filter (or
welght) the roughness r(x,y) on the rall such that the resulsing
sensed output r'(€,n) when the patch 1s centered at (£,n) (see
Fig. B-1) can be wriltten

P1(E,n) =f f h{Eox,n-y)r(x,y)dxdy | (B.1)

where h(E—x,n-y) is a general weighting function that takes on
finite values in the clrcle centered at (&£,n) but 1s zero outside
it, The function h{(&-x,n-y’ 1s analogous to the impulse respcnse
function for a linear system in the time domain. Recall that thne
Fecurier transform of the limpulse response function 1s the fre-
gquency respcnse ¢f the lirnear system. In a completely analogous
way, the Fouriler transform cf the function h{x,y) is the wave-
number response of, or the wavenurber filtering osrcduced by, the
contact pateh in Fig., B-1, 1.e.,

. _ * = . Jlk_xtk_y)
Hlky k) '_[m j:m alx,y) e Y T aygy (B.2)

For simplicity assume that the contact patch uniformly averages
the roughness contained within it., The function h{x,y) becomes
a pili box of radius b and height 1/mb? centered 2t x = 0, y = C,
Equation B.Z then becomes

I}

ok

1 /P "pioy? Jhx Jkgy 2J (ko)
rFay = —— 3 d [ .Q
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where k = 'k; + k;. Under sultable assumptlons of spatial aver-

agirg, the wavenumber spectrum sensed by the contact patch,
¢r,(kxky), 1z related to the actual wavenumber spectrum ¢r(kxky),
(again in complete analogy with “iltering of random signals in
the tire domain) by

432 (kb)
o (k. k ) = —b——m— o _(k_,k ), (B.4)
rooxy (b)2 =Xy

If when measuring the wavenumber spectrum, one uses a voint
sensor that moves along the rail in the x direction, the wave-
number spectrum that 1s sensed, ¢r(kx), is related tc the actual

spectrum by*

o

1. - ; N RN ’ -
2 () ./:W a8, G k) L (3.5

By analogy the wavenumter spectrum sensed by the contact
patch is

[ e
] = ds —_— q . .0
@P,\Ax) -/Cm Ky o $ (k k) (B.6)

¥One can see this by assuming that the autocorrelation of the

roughness R(éx,éy) 1s measured on the rail along a line in the

x direction yielding R(éx,o). This is related by the Fcurler
transform to the wavenumber specirum @r(kxkv) or
> JKeSy o Ty 0y
R(ﬁx,o) =j:m dkx e j:m Q:cycp(kx,ky; =j:m dx, e d>(kx)

which implies that ¢(k ) =J.' vk, ke ddk
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To gc any further reguires a knowledge of the ky dependerice ¢f
the roughness spectrum. This has never been measured and so we
make the assumptlon that ,

= ; 1 - ak .
Qr(kx,ky) = @’P(kx) m}: 3 O,n.x < ky < Q:{y

= ¢ , |k.| > ok

g X (B.7)

where ¢r(kx) is defined in Eg. B.5 and is the spectrum defined

by running a pocint sensor along the length of the rail (or the
circumference of the wneel)., Eguaticr B.7 implies a flat band-
limited spectrum in k_ where the wavenumber above which nho cenergy
exists is a multiple of the wavenhumber irn the x direction. This
implZes that for & giver wavenumber ccmponent in the x direction,
kx’ the autccorrelatior Is of the form sinakx5/akxﬁ, which further
implies a correlation length in the y direction proportionai to
Ax/a where AX is the wavelength in the x directicn. Substitating
Eq. B.7 in%o Eg¢. B.f and substituting ky = k, tané for ky, we have
U¢r(kx) tan ‘o

= -2 3 3
¢r,(ky) ”1(kxb sec8)ds . (B.8)

- 2
a(gxb) ;
Equation B.8 is, of course, an estimate based on a guess at
the ky dependence cf the wavenumber spectrum. Other guesses
might be equally vizble; for exanple, one might assume that
¢r(kx,ky) is bard limited at ko, where kn 1s independent of k-
This assumption implles a correlation length in the y direction

across the rall head or the wheel tread proporticnal to l/ko.

-
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APPENDIX C: THE EFFECTS OF LOCAL DEFORMATION ON RESPONSE

If the local Hertzilan contact stiffness of the wheel in con-
tact with the »all 1s small, this coculd reduce the effective
impedance of the wheel and rall and thus affect the response, We
can examlne the possibility in somewhat more detall by lineariz-
ing the contact stiffness and using the approximate model of
Fig. C-1, 1In that figure the contact stiffness Kc is split
between the wneel and the rall, and the motions on The surface of
the wheel and rall are each split intoc two parts: those due to the
contact stiffness, Vcw and Vcr’ and those due to the impedance¥,
Vw and Vr' It 1s the lazter motions that result in sound radla-
“ion from the wheel and rail, the mctions at the centact point

due to the ccntact stiffness being very localized,

Sclving fer V. and Vr we obtain

W

Vy = 2 v (2.1)
i ZR + Zw ¥ 2ZwZR/ZC rougnhness

Vp = 2 ZZWgzz 7~ Viougt (c.2
r R T Ly T R w/ o roughrness , C.2)

where Zc = EKc/jw and V is the roughness veloclty from

roughr.ess
the wheel and rail sensed as the wheels roll over the rail.

Clearly, 1if ZC >> Zw and ZC >> ZP’ then the above equations sim-
plify to the results in Egs. 2.4-5 and 2.4-6 and Egs. 2.4-14 and

2.4-16 are unaffected by the contact stiffness.

We know of nc formula for calculating Kc for two cylinders’.
in contact, 1.e., a wheel and a rall; however, we can estimate

¥This model implies that the Iimpedances have been measured urder
clrcumstances where the lmpedance of the ccntaect stiffness 1s

much greater than ZW or ZR
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Kc for an elastlc sphere pressed into a hzlf-plane as
/3

1
Kc = 1,22(E%ap) .

where E 1s the mocdulus of the material, a is the sphere radius,
and P 1s the load arplied tc the sphere. Sinulating the para-
meters of the PRT vehicle and wheel, for a 1t in. (33.5 em)
diareter sphere (to simulate a wheel c¢f similar radius) under
1750 1b (7800 ) load, we obtain K_ = 3.3 x 127 1b/ft (4.8 « 10°
N/m). Figure C-2 compares this contact impedsnce to the analyt-
fecal impedance models developed in Sec. 2:: for the PRT wheel and
“he Pullman Standard test track rai: [ASCE 60 1lbt/yd (30 keg/m)].
Above ~500 Hz the contact lmpedance tecomes ccmparable to cr less
than the wheel 1mpedance znd scme effec¢t would be expected.

Below 500 Hz 1little effect would be expected.

It i1s useful to distinzuish twe regions in Pig. C-2: the
reglcn wnere Zw >> ZR and the regilon where ZR >> Zw. In those
two reglons 1t 1s possible to simplify Egs. C.1 ard C.2, as is
shown in Table C.1. In region I the contact stiffness medifies

TABLE C.1. WHEEL AND RAIL RESPONSE INCLUDING CONTACT STIFFNESS.

Region Vw/vroughness VR/Vroughness
I Zo I, )
(Zy >> Zp) Ty T, * 7y et iR
iT Zc EE ZC
(Zp >> Zy) 2o T 20y I T 2y
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the wheel and rail respcnse by Zc/(Zc + 2ZR) ard in regicen II

the responses are modified by Zc/(Zc + ZZW). Consequently, to

examine the effects of the contact stiffriess, one need cnly exam-
. - r A -

ine ZC/(ZC + QZR) in regiocr I and Zc/‘zc + 2Zw; in »eglon II,

Using the analytical models of Sec. 2.1, we find that

i 3
" = lOH(Tﬁéﬁ)z (1=2) 32?532 (Region II)

[a]
I

3 N .+ 1lb sec
R 4y « 10 (Tgﬁg) (1-3) —FF (Region I)

o
It

. 6
7, = g 2802 10 1b sec (Regiorns I and II)

Figure C-3 shows “he resulting effects of the contact stifness

in the two regions.

In Sec. 2.4, all calculations were performed assuming that

ZC + o, As a result, in all these calculations

Z Z
¢ c

7457, 7 ¥z 1
C [ [V

R

and Fig. C.3 shows the correction factor that should be added

to all the roar noise predlctions in Sec¢s. 2 and 3 to correct

for the contact stiffness, Onliy at very high freguency (> 4000 Hz),
where ZC is much less than toth Zw and ZR’ ls this correction
significant.

n
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APPENDIX D: EVALUATION OF THE ROUGHNESS MEASURING DEVICE

Tc e:nsure that the roughness measuring device properly
measures surface rougnness at the wavelengths of interest, we
performed a detailed evaluaticn of ITs operatlon. In this
appendix we describe these measuremernts and the resulting conclu-

sions.

D.1 Isolation of the Probe

A schematic of the measuring device s shown in Fig. D-_,
The total signal as registered by the acceleroneter when the car-
riage is iIn motlion 1s given by

S =H )
5 H, S, + "Dsc + S, + 5, s (D.1)

where Sr and SC are the accelerations of the rail surface zand
carriage, respectilvely, as reccrded in an 1nertial frame moving
at a uniform speed u along the rail. Sb is mechanical background
noise, Se is electrical noise, and Hp, Hrh are the carriage-tco-
probe arnd raill-to-prote transfer functlions, The useful quantity

Sr must be "fill<ered" out from the rest cf the terms.

Through proper desigh of the csrriage and carriage-to-probe

coupling, we obtailned ]Hr | * 1 and lHrpSr| >> |HOSCI over a

large portion of the rangg of interest, which allows us to ignore
the seconcd term cf Eg. D.1. In particular, we polished the
carriage Trac« to reduce SC and applied strips of damping and
vibration insula<ion materizl along the transmission path
(Fig. D-1) between the carriage and probe tc reduce the magniltude
of E .

P

The last two terms, Se and Sb’ of Eq. D.1 are very small
most of tne time and can be neglected, except at very low frecuen-

cles, where the actual signal S_ becores Increasingly wesker for
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a glven speed u and 1s finally lost intc the background level Sb'
This subject of signal-tc-rolse ratlo will be discussed further

in subsequent sections,

D.2 Details of the Test Setup

Trhe main structural detalls of the finasl carriage design
are Ililustrated in Fig. D-1. We repeatedly changed the carriage
shape, teflon blocks, amount of damping, and accelerometer holder
in an effort to achieve a satisfactery signal-tc-noise =ratio,.
The final carrlage design is basically an aluminum channel seg-
ment partially ccated with damping material; 1t is coupled to
the I-beam by means of teflcn blocks. The probe conisists cf twe
pieces joined together with a soft teflon strip (hinge) which
serves as a low-pass filter. The arm containing the probe is ccated
with damping material and its ccupling to the accelerometer holder

includes two layers of vibraticn insulation material.

The accelerometer holder (Fig. D-2) has two threaded pieces,
14, and H,, that hold a 1l-In. dlameter ball bearing 3. An accelero-
meter A 1s attached to the upper diece Hz. The accelerations
registersed by the acelerometer and the ball bearing willl difler
as a result cf some finite compliance 1n the A to I, and H <To B
couplings, buf the difference is rnegligitle in the lcw-freguercy

range of interest.

This particular holder design arsc solves the prcoblem of
"spragging" resulting from an excessively worn-out surface of
contact. Whenever the worn-out patch exceeds 1/10 (0.25 in) of
an inch, one can obtain a new clesn spherical contact surface by
unscrewing H, and rotating the ball bearing to a new positiocn.

One of the basic assurmptions made in tnis project 1s thnat

the carriage speed remains constant throughcut an entire run,
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To achleve constant carriage speed, we used a high impedance
motor drlve and occasioral oil luzrication of the track., Hewever,
we omitted this type of lubricaticn durlng our second field trip
because the first fleld Trip established that 1ts results were
detrimental at low temperatures.

We scretlimes measured the carrlasge speed by reccrding the
time spacing of pulses correspending to 2 ct (0.21 m) intervals.
The carriage hacd a soft shimstcck arm on one end which when it
made contazst with track extensions [spaced 2 ©: {(0.€1 —) apart]
closed momentarily a circuit that gives a 6.7 volt pulse. In
most cases, however, we reasured the speed by using a3 stopwatch
tc measure the time it took “he carriage to traverse B ft (2.4L =7,

D.3 Measurement of Hp

The extent to which noise caused Ty ccntact between the
carriage and the I-beam 1s transmitted to the probe can be deter-
mined by the test setup of Fig. D-3a. Wnen the IZ-beam 1s shaken,
the acceleration levels Sp at the oprobe and SC at the carriage
are measured simultanecusly to yleld <re transfer function Hp

defined by

9]

H = _F
) q
P S,

=t should be noted that during this test the shaker, the Cean,
and the prcce are all isolated from the ground ard each other to
ensure tnat Sr # 0., In all cases Se and S, were found to be neg-
ligible compared to SC and Sr'

Tne response of both acce—erometers to <he pink noise used
as tne driving signal is shown in Filg. D-3b. It is clear that

wlth the exception of the 31.5 Hz and 315 Hz tands, vitraticn
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criginating at the carriage is attenuated by at Zeast 10 dBR on

its way to tae prcbe. TFurthermore, for typlcal metal strips that
were tested, the "rail" roughness in the above two bands was much
nigher than the csrriage rouganess; therefore, <here Is always s

very good signal-to-noise ratlec In all tands.
A better plcture of tThe behavior of H_ 1s shown in Figz.

D-3¢ which plets 20 log (JE_|) vs frequenc
jo]
average cver 4 runs definecd by

et 13

7, where Eo is the

I-_{, = . 3 is= 132,33"4 * <D'2)

0.4 Measurement of Hrp

The wvalidity of the entire rcughness measurement procedurs
presented here is based on the assumption that the probe and rail
maintain good ccntact while the carriage moves, HHowever, this
assumption does not always hold true. On very rough surfaces or
at very high carriage speeds, tie probe 11fts off the rall and
then bounces off a few times bhefore resuming smooth contact,
thus leading tc erroneous results., It 1s guite important, thern,

te defernine some vasic methods for malntaining good contact.

The arrangement used to determine the trhreshold for 1ifc-
off as weill as the transfer function H__ 1s shown In Fig. D-Hda.
The probe is shaken by an impedance heéd and the readings of the
prove and impedance head accelercmeters are recorded simultan-
eously. At each frequency (1l/3-octave band tones), the level
was increased until 1if<-ofI cccurred, i.e,, until the signal
developed a substantially distcrted fcecrm accompanied by an

audible rattle. Subsequently, tne level was decreased until the
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rattle disarpeared ard the sigral assumed its undistorted form.

The level at which 1lift-off commences {i.e., increasing
levels; was consistently higher than the level at which lift-off
stopped (decreasing levels), The driving acceleration of the

_atter case was defined as the threshcld of lift-off and found

To te always larger *han g/5.

In all measurements thas fcliow, tae signal was first tested
to ensure the absence of lift-cff before any data were accuired.

]
’ -lj

The test setun o

i
transier functicn H o definrned oy

} (D.3)

During the 1lift-off <est, heavy pieces of metal wvere supported
from the carriage to ensure that |SC| = 0, and the acceleration
of the Wilccxen impedance hezd and prcie were regorded simultan-
eously. The results of thls fest also appear in Flg. D-4. It

is noted that |S| = [Sr[ with & better than * 5 dB accuracy unt’l
w = 400 Hz, beyond which the accelercmeter response becones very
irregular dus to ccupling rescnances. The reduced version of

Hrp is shown In Fig. D-4c where we nave nlctted
2C 1o E .
c g rp|
We used The detailed form of the transfer function E iz reducing

re
all our roughness data.



D.5 Reference Rough=~Surface

The tests just described for the measurement of Hrp and HD
have been carrled out with the carriage at rest. To make sure
that this methed does work, we constructed arnd tested a surface
of (approxirately) known roughness,

We constructed a sinusoidal surface by epoxying a 2% in.
{(€.35 em) wide and 0.006 in. {0.152 mm) thick shimstock strip over
an array of % in. (3.535 cm) wide strips of the same shimstock
spaced 2 in, (5.1 e¢m) apart. Consequently, the pesak-to-peak rough-
ness amplitude was

E =6 mils {0.152 rm)

For a roughness wavelength X 2 in. (5.1 em), the acceleraticn

at a speed VO = U ft/sec (1.22 m/sec) from the shimstock would te

or =28 dB re 1 g rms amplitude.

The measured spectrum is shown in Figs, D=3, There 1s a dis-
tinct spike at 25 Hz of =10 dB re 1 g, which is lower than
our prediction. Ncte that in z2ddition to the pesak at 25 Hz,
there i1s ancther distinci peak at 50 Ez, the first harmcnic, Its
substantial level 1s explained by the irregularities of ocur hand-
made wavy surface, which is periodic but not perfectly sinuscidal.
The -8 d5 dilscrepancy can be easily explalned in terms of the
expected irncreased effectlive amplitude of the corrugation result-
ing from the use of glue in the construction of the wavy surface.
A 4- to 5-mil layer of glue would account for this difference,

which 1s a neot an unreasonable possibility.
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D.6 Conclusion

The above measurements show that the rcughress measuring
device operates properly, and that data produced by 1% in the 6-
to 200-Hz range are rellable, In additicn, the measured transfer
functicons can be used to reduce the new data, up to about 200 Hz,
Above that frequency, there 1s a strong resonance or antiresonance
at 400 Hz that makes data *taken near tha® freguency of guestion-
able vzlidizy.

The operating range 1n frequency can be easlly trans’ated

to the coperating range in wavelength by

where u 1is the carriage velocity. For a carriage velcclity of

3 ft/sec (0.91 m/sec), the 6-to 200-Hz frequency range implies 2
6 in. (15.2 cm) tc 0.015-in. (0.38-mm) wavelength range. Fo» a
transit vehicle traveling at 50 mph (83 km/hr) shls would glve =a
frequency range of ~140 Hz to ~6000 Hz, well in the range of
interest.



APPENDIX E: REPORT OF INVENTIONS AND INNOVATIONS

The following inventions and inncvations were made during

the course cf the program described in this revort:

+ A device for the measurement of wheel/rail rcughness,

pp. 133 to 147 and Apperdix D.
« The resiliently treaded wheel, pp. 257 to 260.
+ The lcw rail barrier, pp. 252 to 255.

+ The constrained layer damped wheel, pp. 161 to 164,
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