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PREFACE

This report presents éhe results of a program to develop and
evaluate techniques for the control of wheel/rail noise in urban rail
transit systems, The first part of the program, reported else-
where [1], included a literature review and a cost-~benefit analy-
sis to select, for further study, the most cost-effective wheel/rail
control treatments. In this document, we focus on the develop-
ment, improvement, and validation of the analytical tools to be
used in the design and assessment of noise control treatments and

the design, development, and testing of those treatments.
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1. INTRODUCTION

1.1 Background

Flanged metal wheels on metal rails have been used to sup-
port, guide, and move heavy loads with minimum rolling resistance
since 1805, when Richard Trevitheck of England designed the first
steam locomotive. For this locomotive, he used cast iron wheels
with flanges on the outside which ran on cast iron "edge
rails."” These were rails with a head geometry similar to
present-day rails but with no rail foot. Instead, the rail base
rested in a cast iron chair mounted on a stone block.

In 1827, the United States entered railroading with the
founding of the Baltimore and Ohio Railroad. American designers
reversed the European style, however, building wheels with
flanges on the inside. Soon, the tapered or conical wheel tread
was introduced, and by 1831, the "T-rail" section still used
today, was introduced by the Camden and Amboy Railroad. Shortly
thereafter, the stone blocks used as rail supports were replaced
by wooden railroad ties (a far-reaching change that stemmed from
a shortage of stone during the development of the first New
Jersey-New York railrcad line). Consequently, by the early
1830s, the wheel/rail system looked essentially the same as it
does today. Improvements made since that time have been pri-
marily in the areas of metallurgy, manufacturing, and standard-

ization.

There are a number of good reasons for the longevity of this
seemingly simple system, It is durable and self-gquiding, has low
rolling resistance, and has high load-carrying capacity. But it
has one major drawback for use in urban transportation vehicles -~
the intense noise generated by the interaction between the wheel

and rail while the vehicle is in motion. This wheel/rail noise



is generally divided into three very general categories [2],

squeal, impact, and roar.

Sqgueal is the term used to describe the intense noise, con-
sisting of one or more tones, heard when rail cars round curves
of small radius. As the transit car rounds the curve, its wheels
cannot run tangent to the rails because they are constrained by
the car's rigid truck - i.e., the axles cannot take up radial
positions in the curve. As the car turns the curve, then, the
wheels roll along the rail, but they also creep laterally across
the rail head as shown in Fig. 1., If the lateral creep, defined
as the wheel lateral velocity divided by the rolling velocity, is
sufficiently large, a small transient excitation of the wheel
will be reinforced by the friction forces at the wheel/rail
interface. The wheel response will then grow until a stable
amplitude is reached at one or more of the wheel natural fre-
quencies, This intense wheel vibration is then radiated as the
familiar squeal noise. 1In typical rapid transit systems, curves
of 700 ft or less will generate squeal.

Impact noise and rolling noise are generated by the same

source: irregularities on the wheel and rail running surfaces,
as illustrated in Fig. 2. For impact noise, the irreqularities
are typically wheel flats and rail joints. For rolling noise,
the small-scale roughness on the running surfaces of the wheel
and rail generates the noise. 1In each case, when the wheel
encounters the irreqularity, it must either rise up over it, push
the rail down out of the way, or do a little of each, 1In any
event, the rapid change in vertical velocity of the wheel and/or
rail results in a large force at the interface, which excites the

wheel and rail and causes them to radiate sound.

Squeal, impact noise, and rolling noise have existed from

the earliest days of rail transit. Surprisingly, 150 years
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FIG. 2. THE GENERATION OF IMPACT AND ROAR NOISE.
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later, there are still few treatments that can effectively reduce
these noises in a manner compatible with the operation of rapid
transit systems. In the 1970s, the Department of Transportation
addressed this problem by initiating a study into the sources and
mechanisms of wheel/rail noise [3]. The program described in
this report builds on that earlier work, developing durable, com-
patible, cost-effective treatments to bring the rail industry

closer to the goal of control of wheel/rail noise.

1.2 Overview

This program began with an intensive review of the open
literature combined with extensive contacts with rapid transit
and railrocad equipment manufacturers, rapid transit operators,
and researchers in the field of wheel/rail ncoise. The review
critically evaluated the most cost-effective treatments for the
control of wheel/rail noise, The results of this critical evalu-
ation, published as U.S. DOT Report No. UMTA-MA-06-0099-81-1 [1],

provided guidance for the remainder of the study.

Having identified and rank-ordered potential wheel/rail
noise control treatments, we constucted a detailed analytical
model of the generation of wheel/rail noise, The model was based
on the work in the aforementioned DOT study on the sources and
mechanisms of wheel/rail noise [3], but was substantially im-
proved in a number of areas, including a more sophisticated wheel
impedance model, modeling of the lateral wheel response, inclu-
sion of contact stiffness effects, and a sophisticated sound
propagation model that involved ground effects. The objective in
developing the model was to provide a design and evaluation tool

for the development of improved noise control treatments,

Before the analytical model could be used with confidence,
it had to be wvalidated. To do so, we carried out an extensive
series of tests on the Transit Test Track (TTT) at the U.S.




Department of Transportation's Transportation Test Center (TTC)
in Pueblo, Colorado. We used the State-of-the-Art Car (SOAC)Y, a
medern vehicle built by DOT around 1970 to demonstrate the latest
state-of-the-art technology for rapid transit cars. Figure 3
shows the SOAC on the screech loop at TTC (Pueblo), and Fig. 4
shows the two tangent test sections used during the validation
measurements. We measured noise, wheel and rail vibration,
roughness, impedance, and contact area, and sound propagation
effects. These data were then compared with the analytical model

predictions to establish the validity of the analysis.

After validating the analytical model, we exercised it for a
wheel/rail system typical of rapid transit systems throughout the
United States to establish critical parameters in the generation
of noise. Those results, together with the results of the criti-
cal evaluation, focused our efforts on a small number of noise
control treatments., For sgueal noise, we concentrated on site-
specific treatments, such as rail lubrication and the use of a
special antisqueal rail called a "hard-faced" rail. We also
looked at the effect of curve radius on the likelihood of squeal
occurring. For roar and impact noise, we focused on techniques
for wheel and rail smoothing and resiliently treaded wheels, a
new wheel design that takes advantage of the noise-reducing
capabilities of reduced contact stiffness and increased contact

area.

Hard-faced rails are being used experimentally in Eurocpe,
To examine their effectiveness at reducing squeal, we made
measurements on a curve in Hannover, West Germany, that had both
hard-faced and standard rails. We also requested information
from the Frankfurt and Stuttgart transit systems on their
operating“expeféénce. Rail lubrication, both ©il and water
spray, was examined on the screech loop at Pueblo. TTC personnel

carried out a series of measurements at our direction to examine
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the effectiveness of lubricating one rail or both rails. Tests
were carried out with and without restraining rail. [These tests
are not discussed in this report; they will be reported on sep-
arately by TSC personnel. We do, however, report on a comparison
of squeal occurrence on two transit properties - one that uses
rail lubrication on curves, the Chicago Transit Authority (CTA),
and one that does not, the Massachusetts Bay Transportation
Authority (MBTA).)

Using a specially developed device for measuring wheel and
rail roughness, we measured wheel and rail running surface rough-
ness after applying various wheel and rail smoothing technigques
(such as rail grinding and wheel truing). The analytical model
was then used to determine the anticipated reduction in noise
resulting from the application of various combinations of these

treatments.

Two resiliently treaded wheels were examined: a wheel with
a nickel titanium tread and a wheel of new design that incorpor-
ates a thin, removable steel tread. Scale-model wheels of both
types (1/3 to 1/4 scale) were tested on a roller rig {(by using a
large wheel to simulate a rail) to examine their acoustical

effectiveness and mechanical integrity.

A preliminary examination of slip-slide prevention systems
indicated that a major program would be regquired to determine the
effectiveness of those systems in reducing the noise caused by
wheel flats and to learn whether increased wheel truing or the
use of slip-slide prevention systems would be the most cost-
effective way to reduce wheel flat noise. Such a program was
beyond our resources., Therefore, we simply provided the elements
of a plan to address these issues, - QOther programs have also been

suggested to develop further such noise control approaches as the




use of hard-faced rails, wheel and rail smoothing techniques, and

resiliently treaded wheels.

1.3 Organization of the Report

Sections 2 and 3 of this report describe the development of
the analytical model and its validation, respectively. In Sec.
4, we present the results of exercising the model to determine
those parameters important to noise generation, Section 5 is a
discussion of the development and evaluation of a number of
wheel/rail noise control techniques, and Sec. 6 presents a number

of plans for continuing research.
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2. THEORETICAL ANALYSIS

2.1 Rolling Noise

The wheel/rail noise that predominates on tangent track in
the absence of discontinuities on the wheel and rail running
surface, such as wheel flats, réil joints, etc., is called "roar"
or "rolling noise," An earlier DOT study [3] showed that this
noise can be attributed to the small-scale roughness on the run-
ning surfaces of the wheel and rail exciting both into vibra-

tion. In turn, this vibration is radiated as wheel/rail noise.

That study also presented an analytical model that related
the radiated sound to the wheel and rail roughness. Although
that model showed reasonable agreement with measured data, it
became apparent early in the program that the following modifica-

tions were necessary:
+ Inclusion of the contact stiffness in the wheel/rail inter-
action model
« Improvement of the wheel/rail contact area filter model
«+ Improvement of the wheel impedance model

« Improvement in the prediction model for the wheel axial

response
« Inclusion of ground effects in the sound propagation mocdel

« Prediction of the average wayside noise during a train pass-
by rather than the noise at a particular train position
during the passby.

Figure 5 shows a block diagram of the analytical model after
inclusion of the above modifications. The model is divided into
two parts: wheel/rail interaction and sound radiation. 1In the

11
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next two sections, we discuss the modifications made to these two
components of the model.

2.1.1 Wheel/rail interaction

Contact Stiffness

Figure 6 is a schematic drawing of the interaction between
the wheel and rail. When the wheel and rail are pressed together
under lcad, there is a small amount of local deformation. This
local or Hertzian deformation is distinct from the gross bending
deformation of the rail and the modal response of the wheel. To
account for it, we have placed one small spring between the rough
surface of the wheel and the reference circle and another between
the rough surface of the rail and the rail reference line.

Referring to Fig. 6, we can write

]
o]

v i
Yoo =Y o+ W= tr - —0
WR RV Kow Ko

(1)

where Fy, is the interaction force between the wheel and rail, W
and r are roughness displacement on the surface of the wheel and
rail respectively, and Yy, and Y, are the wheel and rail gross
deflections, as opposed to the local Hertzian deflections. Under
the assumption of harmonic excitation of the form e_th, we can
take the derivative of both sides of Eg. (1) and obtain

ijV . ij‘V

Y. =Y. +w + + T 4+ , (2)
WR RY Koy Kon

.. _ d
where ( ) = 3t -

If the point impedance of the wheel in the radial direction is
Zwr and the point impedance of the rail in the vertical direction

is Zpys the relationship between the interaction for F and the

13
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wheel and rail velocity is given by:

e v
WR ZWR
F
. Vv
Y = = — . (3)
RV ZRV

Substituting Egs. (3) into Egq. (2) and solving for Fy in

terms of the roughness velocities W and R, we obtain

Z.._ Z (W + T
P o= WR "RV . (4)
Vo oz o+ -
WR RV WR RV CR
Substituting Eg. (4) into Egs. , we Obtain
) B RV (w + )
R T I : (5)
Zwr + Zry ~ J9ZyrZpy E} R
WR CR Cw
. ZWR (w + t)
Y = - (6)
v Iyr * Tpy ~ Julypipy Kl + Kl
CR CwW
If we define a stiffness Rp by
Pl el el (7
C CR CW

we can see immediately that K. is the total stiffness of the two
contact springs in series and is the total Hertzian contact
stiffness between the wheel and rail. Analytical estimates of Kgp
are readily available in the literature ([4]. For a new wheel
rolling on a new rail, the vertical deflection o« for a load P
forcing the wheel against the rail is given by

15




3 P 21 41 1
@ = —\ 13+ &7\ - (8)

3 I-v<

where E is the modulus of the wheel and rail, Ry is the wheel
radius, and Rp is the radius of curvature of the rail (usually 10
to 14 in.). The quantity £ is given in Table 1 as a function of

the angle 6, which is given by

(9)

TABLE 1. THE QUANTITY E IN THE EQUATION FOR THE HERTZIAN
DEFLECTION [4].

8 (degrees) E
1.453 30
1.637 40
1.772 50
1.875 60
1.944 70
1.985 80
2.000 90
1.985 100

Estimating K, from the relationship

C
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we can rearrange Eqg. (8), take the derivative of P with respect

to a, and obtain

_dp _ 3 3 la E 2 4RyRp
Ko *da = 3% 3 Plro+ =) - (10)
, 1-v2 W R

We will use this expression to estimate the contact stiff-

ness.

If the wheel and rail have random roughness on their running

surfaces with wavenumber spectra ¢Rw(k) and @RR(k), respectively,
we can estimate the frequency spectrum of the wheel and rail

velocity at the peoint of contact by

(pc) yA )
b (w) = L w2 [HUO) | [ gy (k) 405 (k) ] SE
YRy Zo4ln = Ju—n RV
WRT%Ry T J© K,
(pc) 7oy ? 2 dk
Yon 7 . “WR®RV
WR™T Ry ~ v K

(11)

where k = w/V. We have related the frequency spectrum of the

roughness at train speed V by

d{w) = (k) g%

Note that we have included the quantity |H(k)|? to account
for the fact that the components of roughness with very short

17




wavelengths are less efficient at exciting the wheel and rail.

We will calculate this quantity later in this section.

In general, we are interested in one-third octave or octave
band spectra rather than power spectra, as in Egq. (1l1). Con-

sequently, we can write

- ‘ L tAw/2
(pc) {pc)
S (w) ¢Y {w)dw
Y R
RV
_Aw

2

ZWR 2
- w2 [So(k)+Soo(k)] |H(k) |2
. ijWRZRV RW*™ RR
RV KC

ZWR+

{pc) wthw/2
S (w) =~ de. (w)dw

Y

b
2

2Ry
x — w? [SRW(k)+sRR(k)] |H(k) |2 ,

Z z

wrT 4Ry TI® TX

(12)
where .
¢Rw(k) dk

Ak
k=5~

SRW(k)

Ak
k+7—

S g (K) ‘S¢RR(k) dk (13)

A
k=3

and Ak Aw/V.
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In most of this report, Aw will be a one-third octave band,
and consequently the roughness spectra will also be in one-third.
octave bands in wavenumber.

In the next section, when we examine the calculation of the
sound radiation, it will be convenient to have the rail vibration -
averaged over time T, where T is longer than the time it takes
the train to pass. It has been shown [5] that the average rail
response is related to the rail response at the point of contact
by

(AVG) ()¢ "py¥pyYT) _(PC)

RV RV
where N is the number of axles in the passing train, "Ry is the

rail loss factor, and kgy is the bending wavenumber on the rail
given by

_ w 1/2
kRV B (rRVCI) ’ (15)

where rpy is the radius of gyration of the rail for bending in

the vertical plane and ¢, is the longitudinal wavespeed in the

L
rail. It is convenient for comparison with measurements to

express the rail response in terms of the acceleration

S(?X?)= No* (1-e "RvFRYVT)
- 2n VT
You RVF RV
ZWR 2
x 7 [H(k) |2 [Sppik) + SWR(k)] ,  (16)
WR™ “RV Ko
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where the relationship between velocity and acceleration spectra,

S;(m) = w25§(m), has been used in Eq. (16).

As with the rail, it is also convenient when calculating the
sound radiation from the wheel to have the average response on
the wheel rather than the response at the point of contact. The
wheel is a multimodal system. As we will see later, the ampli-
tude of its response to a harmonic point force of amplitude F is

given by
Yop = E A  cosne

where 8 is the angle measured from the point of application of
the force and A, is the modal admittance of the nth mode. The
time averaged squared response at location 8 is given by

2 F2

L] *
Yp> = “5— Ry {E % A, A cosne cosms} (17)

where ~ means complex conjugate. Consequently, at the point of

contact, the time average response is

.pc F2
U¥yg)?> = JTJ' |I§ ALl? | (18)

and the average squared response around the circumference of the

wheel is
(AVG) » P2 £y 27
(Yyp ) > = 5 Ry {g % AR S fo cosng cosmede} . (19)

The integral on the right equals 1/2 if n equals m and 0 if n
does not equal m. Consequently, Egq. (19) simplifies to

20



L(AVG) 5 2 2
(Y ) > = J_;__LX la . (20)
n

WR
(AVG)
Therefore, if S _(w) 1is the spectrum of the wheel response aver-
Y
W - .

aged arocund the circumference of the wheel, we can write

2
(AVG) g 1Az (pec)
s, (w) = —— 5 (o) (21)
Yur IE ALl YWR

Expressing the wheel response in terms of its acceleration,
we obtain

(AVG) g 1A, | 2 oy 2
= b 2
S.(w) w 5 , A [H(k) | [st(k)+sRR(k)] .
TWR iLa? , L, _4, _RVWR
n RV “wr™ Ko

(22)
We will calculate the values of AL later in this section.

Contact Area Filter

When the wheel rests on the rail there is a small, generally
elliptical, area about the size of a dime, in which the two are
in intimate contact. Components of roughness on the surface of
the wheel and rail with wavelengths much greater than the dimen-
sions of this contact area are unaffected by it. Those compoen-
ents of roughness with wavelengths on the order of or less than
the dimensions of the contact area tend to be averaged out and

consequently are less effective in exciting the wheel and rail.
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The quantity H(k) in Egs. (16) and (22) accounts for this
averaging out of the short wavelength roughness. In an earlier
study [3], an analytical estimate was made for H(k) for circular

contact areas given by

tan—!
a

2
|H(k) |2 = J, (kbsecy)dy (23)

4 1
® (kb)?

where b is the contact area radius, k is the roughness wave-
number, and a is a measure of the degree of correélation of rough-
ness across the wheel and rail running surfaces. If o is small,
the roughness is highly correlated. If o is large, the roughness
is poorly correlated. Since we have no data on the correlation
effecf, we will take the limit of Egq. (23) as o approaches zero,
i.e., roughness well correlated across the width of the contact
area. We obtain

, [Jl(kb)] 2
|H{k)|? = 4 %5 . (24)

Note that for elliptically shaped areas we estimate b by
b = Yy pq , (25)

where p and g are the major and minor axes of the ellipse.

This functién is plotted in Fig. 7 for b = 0.20 in.; a typi-
cal value for rapid transit systems, and it is referred to in the
figure as uniform weighting, as Egq. (24) results from uniformly
integrating the roughness over the contact area rather than
weighting the integral highest where the stress is highest, for
example.
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The function is very irregular for large k, and a smoothed
average value at these high wavenumbers, approximating the
filtering effect in octave or one-third octave band, would be
useful, For large kb, le(kb) ~ (2/1kb) cos? (kb+3n/4), and the
average value of this function is 1/(r7kb). At low values of kb,
Eg. (24) approéches 1. Consequently, a good smoothed estimate
for Eg. (24) is

|[H(k)|? = . (26)

This equation is also plotted in Fig. 7 for comparison with
the original function. |

If the contact area is circular; the normal stress is dis-

1/2 where b is the con-

tributed according to the form (b2-r2)
tact area radius and r is the radial distance from the center to
a point of interest in the circular area. Another approach to
calculating the filtering effect of the contact area is to assume
that the roughness is most effective in exciting the wheel and
rail where the stress is highest. We then weight the integral
over the contact area by the stress function. Using an approach
similar to that in Remington, Rudd, and Ver [3] and assessing
that the roughness is well correlated across the rail and wheel

running surfaces, we obtain

27 b
H(k) = —> de r dr (p2-r2) 1/2 Slkrcose (27)
2rb3
(o] (0]
2w
Noting that I (2) ='%F Sd¢ e_JZC°S¢, we can write
o)
b
H(k) = > S(bZ—rZ) /2 5 (xe)r ar . (28)
b3 ©
0]
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That integral has a closed form solution [6],

I, . (kb) .
H(K) = 3T I(l.5) —1e3 = 3 sinkb _ oskp| . (29)

(kb)1°3  (xpy2z | KP

The absolute value squared of Eg. (29) is shown in Fig. 7. It
too is very irregular for k large. Consequently, we have cal-

culated a smoothed average value as for Eg. (24),

|H(k)} |2 = 1 . (30)
(kb)*

4.5

1 +

Equation (30) is also plotted in Fig, 7. Either this equa-
tion or Eq. (26) would be appropriate in our analysis, and the
differences between them are small in the wavenumber region of

interest. We will use Eq. (26), uniform weighting, in the work
to follow.

Wheel and Rail Lateral Response

In an earlier model of wheel/rail noise [3] it was assumed
that the lateral or axial response of the wheel was equal to the
radial response. That assumption was based on laboratory
measurements of the wheel response to a point force applied radi-
ally at the tread., Since that time, measurements of wheel vibra-
tion on an operating transit car (see Sec. 3) have indicated that
that assumption is inadequate. Here we derive a more complex
model of both wheel and rail lateral response that correlates

better with measured data.

Figure 8 shows the interacting wheel and rail with the
forces and velocities at the point of contact. Since the wheel
and rail are constrained to move together in the lateral direc-

tion, we have assumed that the vertical force F, tends to
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FIG. 8. WHEEL/RAIL LATERAL RESPONSE.
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generate lateral motion in the wheel because it is a very asym-
metric structure, and in the rail because the point of contact is
rarely, if ever, at the centerline of the rail. In mathematical
terms, we define two vertical force to horizontal response cross-
impedances as follows:

Fv = Zwve Yua

Fy = Zrvn *RH ’ (31)
where ?WA is the axial wheel velocity and YRH is the horizontal
rail velocity. The lateral wheel and rail response in terms of

the vertical and horizontal forces is given by

Yua = 7 Yoop o
WVH WA
F F

5.{RH =7 _ - zH ’ (32)
RVH RH

where 2y, is the axial wheel impedance and Zgpy is the horizontal
rail impedance.

Noting that if no sliding occurs between the wheel and rail,

RH = ?WA at the point of contact, we can solve Eq. (24) for
YW

rGe

A in terms of FV'

F Z
¢ =¥ . = v 1 .2 ZRH (33)

WA RH (1 . ZRH) lZWVH ZpvH ‘WA

Zua

Both terms in the brackets would be expected to be large at
the axial resonant frequencies of the wheel. We have data on
Zpyyr but unfortunately we have no data on Zyyy. We would expect
the latter to depend strongly on the details of wheel geometry,

since ZyvH would probably be very small at the wheel resonant
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frequencies and very large at the wheel antiresonant frequencies,
Consequently, measurements on one wheel would probably not be
generalizable to wheels of different geometry. However, because
the rail is not so resonant a structure as the wheel, measure-
ments of Zpyy on one rail should be reasonably generalizable to
other rails, provided the size change is not too great. Con-
sequently, we will rely only on the second term in the brackets
of Eg. (33) to estimate the lateral wheel and rail response., As
we will see in Sec. 3, this approximation provides reasonable
predictions of the lateral wheel response. Using this simplified

version of Eq. (33) and noting that F _ = Z we can write

v = ZurYwr’

(pc) z F (pc)
5,8 = I R | — s () (34)
Yua WATURH| | Zpyy | YWR
{pc)
where 5 (w) is the frequency spectrum of the wheel axial response
Y
WA

at the point of contact.

As before, we are interested in the spectrum of the average

(AVGE)
response around the circumference of the wheel, S (w) . In a

YA

manner completely analogous to the derivation of Eg. (21) for the

wheel radial response, we can show that

(AVG) g [Bnl?  (pe)
s,(w) =25 (w) (35)
Yua |g B 2 Yy

where the B, are the wheel axial modal admittances. Combining
Egs. (34) and (35) and expressing the wheel response in terms of

the spectrum of its acceleration, we obtain
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2
{AVG) E |BnI Z (pc)
S.(w) = w??> o~ i : S (w) . (36)
T |g B, 1?2 12y

wa*ZRry| |2 v

WR
Substituting Eq. {12) into this equation, we can express the
average axial acceleration spectrum on the wheel in terms of the

wheel and rail roughness spectra.

Figure 9 shows the measurements of Zgyy for various forcing
points on the rail head of a 100 lb/yd rail on wood ties, The
measurements were made using the instrumentétion system shown in
Fig. 10. We will use these data in Eg. (36) to predict the wheel
lateral response.

The rail lateral response at the point of contact is the
same as that at the wheel, The average horizontal rail response
can be estimated in a manner completely analogous to the average
vertical rail velocity spectrum estimated in Eq. (14). Conse-
quently, the horizontal rail velocity spectrum averaged over time
T, where T is longer than the time it takes the train to pass at

velocity VvV, is given by

(AVG) N (1-e "REKRa ) VT _(pc)
S (w) = 5 7 T S (w) (37)
¥ "RH "RH Y
RH WA
where b is the rail loss factor for horizontal rail vibration,
kpg is the bending wavenumber for horizontal vibration given by
kew = () VP (38)
RH ¢

and rpy is the radius of gyration of the rail for bending in the
horizontal plane.
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Wheel Radial Impedance

The wheel is a very complex structure; dealing with its
dynamics in detail will probably require the use of finite ele-
ment techniques and;é,digital computer. However, using normal
mode techniques, we can make an estimate that is sufficiently
accurate for our purposes.

Using Love's [7] equations for the in-plane vibration of a
ring modified slightly to account for the stiffness in compres-
sion of the web, we obtain for the wheel

3N . 52u
Ry Kiu + == + T + XRy = mRy —

at?
- RgKaw + o3 - mR,, AW
at2
EI 2
G' = WR[BU“_E]
R,.* 382 36
S s wWRg =0 (39)
1
where E = = (1~jnw), E' is Young's modulus of the wheel, v 1is
1-v2

Poisson's ratio, and ut is the loss factor (damping), Iyg is the
in-plane bending moment of inertia of the wheel tread, u is the
radial displacement, and w the circumferential displacement of
the tread, K, and K, are the radial and circumferential in-plane
stiffnesses due to the wheel web, R, is the wheel radius, m is
the mass per unit length of the tread, and the last of Egs. (39)
results from neglecting rotary inertia. Other variables are
defined in Fig., 11.
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FIG. 11. VARIABLES IN THE WHEEL RADIAL RESPONSE EQUATIONS.
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Using Love's assumption of no extension of the central line

of the ring, we can further write that
(40)

@
£

[t
1t

(o)
@

If a harmonic point force of amplitude F is applied to the

the tread response will be in the form

tread at 8=0,
u(e,t) =] A cosnd e”Jwt | (41)
n
Substituting Egs. (40) and (41) into Eg. (39) and solving for
An, we obtain
2n 2
XnRWn
Ay = BT (42)
WR 2, 2 2 2 2 2. 2(n2
n<{(n<-1}< + (Ks+n<4K;) - m (n<+1)
x7 R < (Kp 1 Rycw
F
and Xn = "RW '

from which the admittance 7-— can be easily obtained as
WR

m. o - 2
1§ S F R /T
ZWr  n=1 F n=1 Elyr
(n2(n2-1)2 + R,Z(Kn?+K3) - mR Zw?(n?+1)

RWZ
| (43)
The stiffnesses K, and K, due to the web are derived in

Reference 5 as

Et
T RS
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EtW

KZ :ﬁn 7 (44)
where t is the average web thickness.

Equation (43) does not agree with measurements of wheel
admittance at low frequency (below about 500 Hz). As we shall

see below, measurements have shown that the radial admittance of
a railroad wheel becomes mass-like at low frequency. However,
Eg. (43) becomes spring-like at freguencies well below the first
radial resonance. We can correct our model to make it more rep-
resentative of measured data by modifying the first modal
admittance term in Eg. (43), as illustrated in Fig. 12. The
first mode is the rigid body displacement of the tread,

u{e,t) = A; cose eTIut

against the stiffness of the web.

In Eg. (33) the mass of the first mode is precisely the
tread mass, and the stiffness of that mode is precisely the inte-
grated stiffness of the wheel web for rigid body displacement of
the tread. Figure 12a illustrates this relationship
schematically and shows that the web stiffness is attached to
ground. Such a model would be valid if the mass of the wheel hub
and axle were very much larger than all other masses in the
system. The model of the first mode in Fig. 12b is more correct,
in that it shows that the web stiffness is attached to a mass
representing the hub and one-third of the axle mass.* Sub-
stituting the model in Fig. 12b for the first mode in Eq. (33),

we obtain for the amplitude of the first mode

*The axle is assumed to be pinned at its other end. Conse-
quently, its effective inertia is only one-third of its mass.
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TREAD

MASS
WEB
STIFFNESS
K=mR,, (K,+K;)
u,
T M, | My=27R,m
—r
TRy
(a} Original Model of the First Mode
TREAD
MASS
M, = HUB MASS +
1/3 AXLE MASS WEB
M STIFFNESS
2
K =7TRW {K."" Kz)
u,
t M, | M,=27R,m
HUB AND
AXLE MASS
—
R
w

(b) Modified First Mode

FIG. 12. MODIFIED FIRST MODE FOR THE WHEEL RADIAL IMPEDANCE.
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1 - (m/mL)2
A, = (45a)

—jwa{l—(w/wH)Z]

and for the total admittance of the wheel

. - 2
14 1 (w/wL)
Z._ " F .
WR —jwa(l—w/wH)
o —ijWnZ/n
¥ nZZ ETIur EtyRy 2 o )
—= n2(n2-1)?2 + 5 n{n2+1) - MR, w2(nZ+1)
2
Ry
where

M, = 2anm .

M, is the wheel hub mass plus one-third of the axle mass, and My
is the entire wheel mass, To be strictly in agreement with the
model of Fig. 12, My should be equal to the sum of M; and M,, but
that would leave out the mass of the web, which does contribute
to the admittance at low frequency when the wheel moves as a
rigid body. Physically, we are including the mass of the web
when the tread and hub are moving together in phase at low fre-
guency but excluding the effect of the hub mass on the resonant

frequency of the first mode.
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Equation (45) provides fairly reasonable agreement with
measurements of wheel impedance. Figure 13 shows an electro-
magnetic shaker set up in the field to obtain the radial imped-
ance of the 30-in., wheel on the State-ocf-the-Art-Car (SOAC).
Figure 14 shows the instrumentation chain, and Fig. 15 compares
measurements with the predictions of Eg. (45). The parameters
used in Eg. (45) to model the SOAC wheel are shown in Table 2,

Figure 15 shows that the measuremenfs and predictions agree
quite well, The one major exception is the strong peak in the
predictions at approximately 800 Hz. That peak is missing in the
measurements. In obtgining the measured data, we controlled the
force amplitude and plotted the velocity while sweeping in fre-

guency. Figure 15 1s the inverse of that velocity. Conseguently,

TABLE 2. PARAMETERS FOR THE SOAC 30-in. WHEEL.

Variable Description Value
Ry wheel radius 15 in,
m mass per unit length of tread 3.54 1b/in.
My wheel mass plus one-third of axle 661 1b
mass
M, hub mass plus one-third of axle mass (| 234.7
ty web thickness 1.0 in.
t tread thickness 2,375 in.
Wi tread width 5.0 in,
he flange height 0.875 in.
tr flange width 1.0 in, -
Ap cross sectional area of the tread 12.75 in,2
Ry hub radius 4.625 in,
Wy hub width 7.0 in,
Inr in-plane (radial) bending moment of 7.86 in.4
inertia of tread
Ty out-of-plane (axial) bending moment 28.14 in.%
of inertia of tread
Fq polar moment of inertia of tread 36.0 in.?
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FIG. 13. SETUP FOR MEASURING THE RADIAL IMPEDANCE OF THE SOAC
30-inu WHEEL.
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peaks in the impedance represent very low velocity. - The fact
that the measured impedance does not show the strong peak simply

reveals that we ran into the noise floor of our instrumentation
chain. '

There are some errors on the order of 10 to 15% in the pre-
diction of the natural frequencies, Since we are interested
primarily in one-third octave band predictions, those discrepan-
cies are acceptable, The deep valleys in the impedance data at
approximately 550 Hz and 1320 Hz are associated with axial reso-
nances of the wheel. They appear in the radial impedance data
either because the twisting of the tread associated with its
axial motion is sensed by the accelerometer on the tread or as a

consequence of the 1-in-20 taper on the tread of the wheel.

Since both shaker and accelerometer were oriented perpen-
dicular to the tread in the impedance measurements, there is a
small component of force in the axial direction as a conseguence
of the tread taper. In addition, the accelerometer is weakly
sensitive to axial motion of the wheel because of both its cross-

axls sensitivity and its orientation on the tread.

When the wheel is rolling on the rail, the taper on the
tread will not lead to any axial motion of the wheel, because the
wheel and rail are constrained to move together in the lateral
direction at the point of contact. On the other hand, any twist
induced in the tread from the force of interaction being applied
to one side or the other of the center of twist of the wheel
tread will induce axial motion in the wheel. However, we are
accounting for that induced axial motion by means of Eg. (45).
Consequently, in this model of the wheel radial impedance, we are
making no attempt to account for the axial resonances in the

radial impedance data.
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Axial Wheel Impedance

The modeling of the wheel axial impedance is somewhat
simpler than that of the radial impedance, partly because the web
of the wheel does not significantly affect the dynamics of tread
for motion in the axial {(cut-of-plane) direction. Using Love's
equations of motion for the out-of-plane vibration of a ring [7],

we obtain

EI y 2 2 b
WA 3'v € 3°v _ g2 3%V o I 3tv
RW2 5ok RW2 392 3t 2 3t2592
1 32p _
+ m (EIWA + C) . = - RWY
38

2 2 EI 2
L (EIg, + C) v, g 9% _ RWA B - o IR, 22 =0 ,(46)
RWZ ag? W 362 W 3t2

where v is the out-of-plane displacement of the tread and g is
the twist, as shown on Fig. 16, Iy is the moment of inertia of
the tread for bending out of the plane of the wheel, p is the
density of the wheel material, Y is the force per unit length
applied at the tread in the axial direction, and C is the tor-

sional stiffness of the tread given by [8]

@
H¥+

A
40

e

!

W

If the wheel is excited by a harmonic point force of ampli-
tude f in the axial direction at 8 = 0, the wheel response will
be of the form

vi8,t) “Jut

y B, cosps e
p P

J ¢ cosps e Jut | (47)
p P

B(e,t)
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FIG. 16. DEFINITION OF AXIAL DISPLACEMENT AND TWIST OF WHEEL
TREAD.
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Substituting Egs. (47) into Egq. (46) and solving for B
obtain

pr we

2 - 2,2
. [(cp + EL,) - o3 Re w.]Y?

S 4 L ’ EIWAP”+CPZ 2 2 %[
p + - +oLP%|w
Rwl 2 P MRy “*+o Lup

r

o Ju?f

2
Cp +EIWA )

R

(48)

: f
where for a point force ¥Y_ = —/—
P o “RW
Differentiating Eg. (48) and summing over all p to obtain

the velocity at the point of forcing, we obtain for the wheel
axial admittance

1y 2%
Zan 5 L
I 2 - 2,2
) E jw[CP +EIWA pJWRw W ]
p C+EI__\? |EI_ p“+C_2 c 2 EI
R |-p" WAy 1 WA P_ . (MR, 2+pT %) w? b+ WA _ pJ 02
RWZ RWZ RWZ ‘
(49)

where Zyp is the axial wheel impedance.

Figure 17 compares measured and predicted admittances. To
make the predictions, we used the parameter values in Table 2.
The axial admittance of the 30-in. SOAC wheel was measured in the
field, as shown in Fig, 18, The instrumentation chain was the same
as for the radial impedance measurements. Agreement between measured
and predicted impedances is quite good except at low frequency, where
our estimate of the first natural frequency of the tread is too low,

and we do not predict many of the low-fregquency resonances involving
interaction between the wheel and axle.
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FIG. 18. AXIAL IMPEDANCE MEASUREMENT OF THE SOAC WHEEL.
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Rail Impedance

An earlier study [3] showed that above approximately 250 Hz,
both the vertical and lateral rail impedances could be well
modeled by the impedance of an infinite beam having the same
bending stiffness and mass per unit length as the rail, i.e.,

1/2

Loy

20 pAplurpuc ) (1-3)

1/2
Zpm

ZpRAR(erHC£) (1-3) (50)

where PR is the density, Ap is the cross-sectional area, Cy is
the longitudinal wavespeed of the rail, rgy is the radius of
gyration for vertical bending, and rpy is that radius for lateral
bending. In Fig. 19, we compare the measured vertical impedance
of 100 1lb/yd rail on wood ties and ballast with the prediction
of Eg. (51). The rail was on an old industrial siding with tie
spacing varying between 22 1/4 in, and 25 1/4 in., The instru-
mentation used for the measurement was the same as that shown in
Fig. 8 for the cross-impedance terms Zpyye The measurements were
performed at three positions on the rail head: at the centerline
of the rail, as close to the gauge side of the rail as possible,
and in the middle, halfway between these two positions. This
middle position is probably most representative of where the

wheel rides on the rail, at least for new wheels and rails.

The predictions are seen to overestimate the impedance
amplitude by a small amount, and the effect of measurement posi-
tion is small, except at high frequency. Earlier measurements of
both vertical and lateral rail impedance [3]) at the rail center-
line showed somewhat better agreement between measurements and
predictions., In that case, the rail was 60 lb/yd and on
relatively new ties and ballast. The discrepancy in Fig. 17 may
be due in part to the presence of the ties in the older track

bed. These act somewhat as periodic supports to the rail, and
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their influence may be accentuated by the reduced flexibility of
the old compacted track bed. Munjal and Heckl [9] have shown
that the periodic support afforded the rail by the ties can lead
to reduction in the impedance below that of an infinitely long
beam in the 250-Hz to 2000-Hz range.

A more dramatic example of this reduction in the vertical
rail impedance was obtained when we measured the vertical and
lateral rail impedance on the Transit Test Track at the Transpor-
tation Test Center in Pueblo, Colorado. Part of that track is
composed of continuously welded 119 1lb/yd rail on concrete ties
and ballast, with the ties spaced every 30 in. Figure 20 shows
the shaker located under the raill between two ties. We placed
the shaker beneath the rail rather than above it so that we could
park the transit car wheel directly above the shaker, a position
allowing us to measure the sum of the wheel and rail impedance.
In an earlier model of wheel/rail noise [3], the equation for the
response of the wheel and rail had just the sum of the wheel and
rail impedance in the denominator. To measure that sum directly
is very attractive because it eliminates the need for accurate
measurement of the phase of both the wheel and rail impedance.
However, as we later learned in this program, the contact stiff-
ness between the wheel and rail plays a very important role in
their interaction. As a consequence, the equation predicting the
wheel and rail response [see Eq. (16)] does not have just the sum
of the wheel and rail impedance in the denominator; rather, it

has a term of the form

2.2
; WR™ RV
ZWR + ZRV - jw __Kc_ I3 . (51)
and the measurement of the rail impedance, as in Fig. 20 with the
wheel parked directly over the shaker, does not measure this
quantity. In fact, it is probably not possible to measure the

combined impedances in Eg. (51) directly.
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FIG. 20. SHAKER POSITIONED BENEATH RAIL AT TTC (PUEBLO) FOR RAIL
IMPEDANCE MEASUREMENT.
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In any event, when the rail impedance was excited as shown
in Fig. 20, the resulting vertical rail impedance was that shown
in Fig, 21. The horizontal rail impedance was measured simi-
larly, by forcing the rail at the side of the rail head. The

results of those measurements are shown in Fig. 22.

In both cases, the instrumentation chain shown in Fig, 23
was used. The one-third octave band spectra of force and velcc-
ity were obtained, and their ratios in each one-third octave band

were used to obtain the impedance.

There is a dramatic drop in the Zgy and Zgy relative to the
predicted impedances at 800 to 1250 Hz and 250 to 400 Hz, respec-
tively. We believe that this drop is a consequence of the
periodic support afforded the rail by the concrete ties. If one
were to model the rail as an infinite beam on periodic simple
supports, spaced the same distance apart as the ties, one would
expect to see dips in the impedance below that of a free infinite
beam. The dips would be expected to occur at frequencies cor-
responding to the rescnant frequencies of a finite length of that
beam, in which the length is equal to the spacing between sup-
ports and the ends are either both built-in or both simply sup-
ported. At other frequencies, the impedance would approach that
of an infinite beam [10], A few of the resonant frequencies of a
2.5-ft segment (the tie spacing) of 119 1lb/yd rail are given in
Table 3. The rail impedances in Figs. 21 and 22 correspond ap-
proximately to the characteristics of the above model. The dips

in the impedance occur near the resonant frequencies of
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Table 3; between the dips, the impedance approcaches that of an

infinite beam without supports.

TABLE 3. SOME RESONANT FREQUENCIES IN Hz OF A 2.5-FT SEGMENT OF
119 1b/yd RAIL.

Vertical Horizontal
Simply Sinmply
Supported Clamped Supported Clamped
897 2,018 342 769
3,589 5,556 1,367 2,136
8,075 10,988 3,076 4,187

The rail impedances measured at TTC are not typical of those
found on most track structures in the United States. Typical
construction is usually jointed rail on wooden ties and bal-
last., Whether the strong periodic structure effect on the TTC
rail is due to the use of continuously welded rail, the presence
of the concrete ties cor the very precise and reqular tie place-
ment is not known. We make no attempt here to include the
periodic support effects in our model of rail impedance but will

continue to use Eg. (50).

Rail Loss Factor

The rate of decay of vibration along the length of rail
affects the noise radiated by the rail., 1If the vibration decays
very slowly, the length of rail that vibrates significantly and

radiates sound is greater, and more sound power is radiated.

The rail loss factor for vertical vibration n appears

RV
explicitly in Eq. (16) for the average vertical rail response,

and the rail loss factor for horizontal vibration n appears in

RH
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Eq. (37) for the average horizontal rail response. As the next
section shows, this average rail response is used to predict the

average sound level during a train passby.

At TTC (Pueblo), the decay of rail vibration was measured by
exciting the rail with an impact hammer in the vertical and hori-
zontal directions obtaining one-third octave band spectra of the
corresponding vertical or horizontal vibration velocity at a
number of distances from the point of excitation. Figures 24 and
25 show these spectra. These data were then replotted vs dist-
ance for each one-third octave band, as illustrated in Fig. 26.

A straight line was fitted to the data points, and the loss fac-
tor was estimated from the slope of the straight line by means of

the following two equations:

_Av

n
RV ZkRV(4.34)

"RH T~ 2k_..4.34 ' (52)

where by and A, are the slopes in dB/ft for the decay of vertical
and horizontal rail vibration with distance, respectively, and

kgpy and kg are rail bending wavenumbers for vertical and hori-
zontal vibration, respectively.

Note that in fitting a straight line to the data points in
Fig., 26, the line intercepts -3 dB at the point of excitation,
not at zero dB, because at the point of excitation the response
is made up of two equal parts 90° out of phase: a near field
confined to the vicinity of the point of excitation and a propa-
gating component that carries vibration away from the point of
excitation in both directions. It 1is the decay rate of this
propagating component that we wish to estimate, and at the point
of excitation its amplitude is 3 dB below the total response,
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The resulting loss factors are plotted in Figs., 27 and 28
and compared with published data from Germany (Naake [11]) and
data from the Pullman Standard Test Track [3]. The figures show
that the rate of decay of rail vibration at TTC is much greater
than that measured anywhere else.

For the most part, fitting a straight line to the data and
identifying the slope, as in Fig., 26, presented little diffi-
culty. The exception was at the very high decay rates. At 250
Hz in Fig. 26, for example, a single straight line cannot be
fitted to the data points. At these very high decay rates, our
model of the rail as an infinite beam is probably too simple. A
more appropriate model would be a periodically supported infinite
beam. Such a model would in fact predict the very high decay
rates at low frequency that we have observed here. However, the
complexity of such a rail model is not justified, since for most
rail installatibns in the United States, these pericdic structure
effects seem to be much less significant than at TTC (Pueblo).
Consequently, for the purposes of obtaining a first-order model
of the rail response, we have estimated the rail loss factor by
simply drawing a line between -3 dB at the origin and the data
point at a distance of 5 ft. Since for these cases of rapid
decay of vibration, the rail vibration is very low beyond 5 ft
(20 dB or more below the vibration level at the point of excita-
tion) and the details of how the vibration decays beyond 5 ft are

important in estimating the average rail vibration,

To provide a check on these rail loss factor estimates, we
analyzed strip charts of the rail vibration (filtered in octave
bands) during the passage of the test train at a known speed. A
photocell at the accelerometer position provided information on
the wheel locations during'the passby. From these strip charts,
we estimated the decay of rail vibration with distance in front
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of the first wheel and behind the last wheel of the train. The

average of these two results is plotted in Fig. 26.

These results show a slightly lower decay rate near the
point of excitation, but they generally confirm the results ob-
tained with the impact hammer. At the greater distances from the
point of excitation, the higher relative vibration levels at high
frequency found during the train passage may be due in part to
the cross axis sensitivity of the accelerometer. At these higher
frequencies, the horizontal rail vibration decays more slowly
than the vertical. Since the wheel excites both horizontal and
vertical vibration at the point of contact, the horizontal rail
vibration may dominate at these greater distances, and the ac-
celerometer may sense the horizontal vibration through its cross-
axis sensitivity.

2.1.2 Sound radiation

In this section, we derive the relationship between the wheel
and rail vibration levels calculated in the previous section and
the average sound levels at the wayside. Average sound level is
the sound level at the wayside averaged over a time that is
longer than the time for the train to pass the microphone. 1In
terms of data analysis, this simply means that when analyzing the
signal from a wayside microphone, one selects an averaging time
on the one-third octave or narrowband analyzer that is longer
than the time during which the signal is within about 10 dB of
its maximum value. Using the average sound level has two major
advantages: (1) the mathematics becomes simpler, and (2) the result is
is more easily translated into the equivalent sound level Lgg, Or
the day-night equivalent sound level Lgy,, the most common meas-

ures for assessing ncise impact.

An earlier study [5], showed that the sound pressure squared

at the wayside averaged over time T,<p?2> caused by radiation

TI
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from a single rail because of passage of a single wheel, is given
by

2 2
<p2>, = orv(Fp*ry) (p€) i o+ riR{PC) S (53)
P™2p I3 RV’ T ad RH’T
where e is the rail radiation efficiency for horizontal wvibra-
tion, Oy is the rail radiation efficiency for vertical vibra-

tion, pc is the acoustic impedance, 4 is the perpendicular dis-
tance of the observer from the rail, rp and ry are the rail foot
and head widths, respectively, hp is the rail height, and

v and <Y_2>_ are the horizontal and vertical rail velocity

2
YpE’T RV’T
squared, respectively, at a point averaged over time T.

Similarly, for the wheel,

O gy 2 Orqn A
WR'WR c)? v 2y 4 WA WA

2 AL AL AL AL 2 v 2
P >qp = —ggvr (P WR agur (PC)° <Yya> » (54)

where “WR and Oup are wheel radiation efficiencies for radial and
axial vibration respectively, Ayr and Ay, are the radiating areas
of the wheel for radial and axial vibration respectively, V is

the train velocity, and <§W§> and <§W§> are the average vibration
velocity on the wheel in the radial and axial directions, respec-

tively.

The above equations assume freefield radiation and do not
take into account reflections from the ground plane. If the
change in the sound pressure squared at the wayside due to ground
plane reflections is given by the function R(r), where r is the
source~receiver distance, the sound pressure squared at the way-
side from a line source with a stationary distribution of sound

radiation is given by

2 = e¢ Wie)de
P (t) - 4.” S R(r) r2 [4 (55)
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where W(&£)dg is the power radiated by an element df of the line
source. If the distribution of radiation from the line source
moves by at velocity V, as shown in Fig. 29, the average sound

pressure squared is given by

T/2 B 00 <]
1 1 pC W(g)de
2 = = 2 P 2 = -
<p >T T ps(t)dt 7 g psi{t)dt AT S S R(r) ” dt .
....T/z —oo —-_ =
(56)
Defining the variable x as
X =Vt + g
and noting that
rz2 = x2 +42 ,
we can rewrite Eg. {56) as
-] w 1/2
24542
Py = oo S W(g)de S dx R([d%+x7) (57)
- - (2%+x2)
The first integral in Eg. (57) can be written
i W(eyar = 0S5 Y2(£)dE = opcS<¥2y (58)
VT VT E1et = op T

— a0

where ¢ is the radiation efficiency, S is the radiating area per

unit length, and ?2(5) is the vibratory velocity of the line
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source, and where <§'{2>T is the

line source averaged over time

The second integral in Eq.

expressing x and r in terms of

i.e., x = dtany and r = dsecy.

substituting Eg. (58) into Eg.

2y = 9(0C)28 oy 2
P72 za Y77 |3
Equation (59)

(53), but multiplied by the inteqgral in brackets.

‘the angle ¢ defined in Fig.

velocity squared at a point on the
T.

(57) can also be simplified by
28,
Making this simplification and

(57), we obtain

i
2

R{dsecy) dy {59)

is essentially the same expression as Eq.

The average

sound pressure squared from two rails excited by the passage of N
axles then becomes
, opylPe) Blrgiry) opg(PCIhp )
<p )T = 2N 23 — <YRV>T + ia <YRH>T D({w,d) .
(60)
where
n
2
D(w,d) = 2\ R(dsecy)dy . (61)
0

A similar derivation‘Can be carried out for the wheel, which

yields for the passage of N axles

2
SurPwr(PC)
IavT

<p2>T = 2N

<Y 2> +

2
Oalwa (e
VT

<Y, 2>

WA D(U)rd) .

(62)
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Ground Effects

The quantity D(w,d) contains the effects of the ground on
the propagation of sound over it. The ground can be reasonably
well modeled as a finite impedance plane. The model that we use
here is based on some mathematics by Chessel [12], whose work
represents a compilation and summary of several other studies
[13-161.

The propagation of sound alcong a finite impedance boundary
was originally studied by Ingard [13] and Rudnick [14], using
different boundary conditions. 1Ingard assumed that the second
medium (the ground, in our case) is locally reacting - that 1is,
propagation in the second medium is ignored. Rudnick allowed for
propagation in the second medium. Chessel [12]) compared the
excess attenuation results when using both assumptions under a
wide range of geometrical and ground impedance conditions. He
found that the differences were at most 0.3 dB; insignificant for
our purposes. Using Ingard's equations and the variables defined
in Fig. 30, we obtain for the function F(r) in Egq. {(55),

R(r) = 1 + —2[0]2 + 2,10|cos(2™E 4+ gy , (63)
r'z r A
where r' = rR/r, Ar = tp = Fy and the phase lag of the reflected

wave,

8 = tan ![Im(Q)/Re(Q)}].

The quantity Q is the strength of the image source (see Fig. 30)
given by
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MODEL.
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Q0 = Rp + F(w)(l—Rp) . (64)

. The reflection coefficient Rp, relating the amplitude and
phase of the incident and reflected sound waves at the ground
plane, 1is given by

sing - z1/22
Rp T Sing + z,/2, ' (65)

where ¢, the reflection angle; z,, the characteristic impedance
of medium 1 (air); and z,, the impedance of medium 2 (ground) are
defined in Fig. 30. F(w), known as the boundary loss factor or
the amplitude factor, describes the behavior of the ground and
surface waves, w is often referred to as the "numerical dist-
ance." The following series expansions are used for the numeri-
cgl evaluation of F(w).

~ ~ o ~N
» n=1 :
for |w| < 10
- z (2n) !
F(w) = - §¥ —F/————
n=1 2"n1(2m)"
for |w| > 10 . (66)

For the locally reacting assumption, w is expressed as

N (sine + z1/22)2
w = (1/2)ik;r, &

+ S1n¢+z,/2,) (67)

k, is the wavenumber in air, and i = ¢/ -I.
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The characteristic acoustic impedance for medium 2, the
ground, is required for the evaluation of Rp, but has proven
difficult to measure directly. Delaney and Bazley [15] measured
the acoustic properties of a wide range of materials. The meas-
ured values of charactefistic impedance were shown to normalize
nicely as a function of frequency divided by specific flow
resistance per unit thickness (af).

Expressing the characteristic impedance z of the material as
z =R+ iy ,

the experimentally determined functions are

R__ ' o y—0+75

50C0 1+ 9.08(f/0f)

X - —0-73 v

505 ll.9(f/df)_ ’ (68)

where ppcy is the characteristic impedance of air, £ is fre-
quency, and P is in units of cgs rayls. Embleton [16]) has used
this model for characterizing the impedance of common types of

ground with the single-parameter flow resistance, Oge Embleton's

results were used for our estimation of o for the TTC site.

Equation (63) can be expanded to apply to one-third octave
band intervals. When one assumes a white noise spectrum, the

expression becomes

pAr) cos(nAr/x» + 8)

X WAL/ ’ (69)

R(r) = 1 + —=—|Q[2 + 2-|0|sin(
r|2 r

where

b = 2nAf/2f = 0.729
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1/2
n = 2r[l + (aAf/2£)2] = 6.325 -

for one-third octave band intervals. The center frequency of the
one-third octave bands is used for each band.

The expression for D(w,d) ‘can be obtained by substituting
Eq. (69) into Eg. (61)

m
2 nAr
2 |Q|2 IQ| . AT cos (_T_+B)
D(w,d) = = 1 + . + Slh 3 AT/ dy ,» (70)
0

where r = dsecy.

This integral is generally evaluated numerically.

Equations (60) and (62), along with Eg. (70), constitute our
formulas for predicting the average sound pressure at the wayside
given the average vibration levels on the rails and wheels.

In order to build our confidence in the validity of the
prediction of Eq. (67) and Eq. (70), we carried out a series of
measurements at the Transportation Test Center in conjunction
with the model validation measurements mentioned in the introduc-
tion and described more fully in Sec., 3. We selected a section
of tangent track on the Transit Test Track that was‘also used for
the measurements of rolling noise. The sound source used for the
propagation measurements was a high-efficiency, 4-in.-diameter
cone loudspeaker (JBL 2105) in a sealed éenclosure, This small
source was used so that it could be placed separately ét thé rail
height and the wheel height. Therefore, any differences in the
effect of the ground on the propagation from the rail could be
separated from the effect from the wheel. The loudspeaker was
calibrated in BBN's anechoic chamber for directivity and effi-
ciency {output re input amplitudé) as a function of frequency.
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From the calibration, "freefield" sound levels were projected for
the loudspeaker at the distances and angles used in the propaga-
tion measurements. These "freefield" levels were compared to the
sound levels measured at the site to determine the effects of the

ground on the propagation.

Figure 31 shows the test site and the speaker in position at
rail height and at wheel height. The geometry of the test site
and microphone locations are shown in Fig. 32. The geometry used
as input to the model was the same as that shown in the figure.
The specific flow resistance used for the ground was 1000 cgs
rayls. This value was selected on the basis of Embleton's [16]
descriptions of various types of ground and the associated flow
resistivities. For all of the comparisons presented below, the
microphone was positioned along a line 22.7 ft from the speaker
(see Fig. 32). Also, the microphone was at a height 6.3 ft above
the ground (4 ft above top-of-rail).

Figure 33 shows the curves for the measured and predicted
loudspeaker response with the loudspeaker at the wheel height
{wheel center 15 in. above the top of the rail) and the micro-
pPhone at the zerc degree (perpendicular) position, 22.7 £t from
the speaker. It may be of interest to note that the agreement
between measurement and theory in the low-frequency region (315
to 630 Hz) improved markedly when the source height in the pre-
diction model was lowered by 0.5 ft. Since the predicted sound
level at low frequencies is a strong function of site geometry,
this improvement may be explained by unobserved terrain variation

between the source and receiver.
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Figure 34 shows three curves representing measured and pre-
dicted loudspeaker response with the speaker at the rail
height. The two predicted curves show the expected sound levels
at the microphone, with and without the effect of the ground.
The "without ground" curve was derived assuming simple freefield
propagation., Note that this freefield curve agrees much better
with the measured data than does the prediction that includes the
image source and ground and surface wave contributions, We sus-
pect that this is due to the presence of the c¢lean, sound-
absorptive ballast [7] directly under the speaker. The ballast
effectively absorbs the sound from the rail that would be re-
flected off the ground. Figure 35 shows the ray path geometry
for the test site, confirming the fact that the sound from the
rail is reflected off the ballast, whereas that from the wheel is
reflected off the hard ground. Therefore, we suspect that the
ballast is highly absorptive and effectively absorbs the image
source, so that only the direct wave reaches the microphone with
significant intensity. The rail therefore appears to be in a

freefield environment,

To examine the ability of our analytical model to deal with
a line source, we averaged the measurements and predictions made
at four separate angles. The angles chosen were the zero-, 20-,

40-, and 60-degree positions (see Fig. 32).

Figure 36 presents the measured and predicted curves with
the loudspeaker at the wheel height. The agreement between the
measured and theoretical curves 1s better for this averaged con-

dition than for the single zero-degree position shown in Fig. 33.

Figure 37 presents the measured and predicted four-angle aver-
age curves for the loudspeaker at the rail height. Both the
freefield and the ground-corrected curves are shown, as before.

Again, it is clear that freefield propagation is a more accurate
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DIRT AND GRAVEL

FIG. 35. DIRECT AND REFLECTED RAY PATHS FROM THE WHEEL AND RAIL.
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representation for rail radiation than is ground-corrected
propagation.

For purposes of comparison, Fig. 38 shows the propagation
model's effect on wheel-radiated noise for a complete passby.
The curve was generated by using Simpson's Rule integration in
nine steps over an 85-degree angle, and is effectively a plot of
D{w,d), Egq. (61l), where 4 = 22.7 ft. The curve shows the correc-
tion to the freefield spectrum. For rail-radiated noise, the
correction is zero dB for all frequencies, as the loudspeaker
measurements show that freefield radiation provides the best
agreement. Ncte that the ground effect tends to enhance the
wheel radiation over the rail radiation for this geometry by 1 to
2 dB at the higher frequencies,

Radiation Efficiency

The radiation efficiencies of wheels and rails have been
examined in a number of earlier studies [3,5,18) and simplified
expressions have been developed for the dependence on frequency.
The expressions that we use here are

_ _ 2
°rv T °RE T o3 (71)
1+(T)
OWrR = wa = 2 . (72)

Equation (71) is the result of fitting a curve to reverbera-
tion room measurements of rail radiation efficiency. It works
well for rails of standard size for frequencies from about 250 to
8000 Hz. A more detailed analytical expression, based on a theo-
retical derivation that takes into account the details of the

rail geometry, is available in Ref., 3. The wheel is an efficient
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sound radiator, and Eq. (72) agrees reasonably well with labora-
tory measurements from 250-6300 Hz,

Summary

It is useful at this pbint to rewrite the final expressions
in this section in terms of the one-third octave band sound
pressure level spectrum Sp(w) averaged over the train passby.
For the rail we obtain

. o 2 5 (AVG) (AVG)
S, (w) = 27 (%~) opy{Tptty) S, (w) + opghoS (w) {D(w,d)
R o I C Ypy You
' {73)
and for the wheel,
: (AVG) (AVG)
N pC 2 .
Sp ((D) = 2d—‘ (p_‘) GWRAWR S.(U)) + O'WAAWAS.(‘-U) D(w,d) [}
W © Yur C Yya
(74)

where Po is the standard reference pressure,

Table 4 summarizes the input information required o use
Egs. (73) and {(74).

2.2 Impact Noise

Impact noise is generated by discontinuities on the running
surfaces of the wheels and rails. Flat spots on wheels, rail
joints, "burn-outs" on rails, and frogs are all responsible for
impact noise. The excitation of impact noise is, in principle,
identical to rolling noise, and all of the theoretical develop-
ment in the preceding sections for rolling noise is applicable to

the analysis of impact noise. A means is required for expressing
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TABLE 4.

ROLLING NOISE MODEL SUMMARY.

Variable Description Where to Find
(AVG)
S (w) one-third octave band vertical| Egs. (14) and (12)
YRV rail velocity spectrum aver-
aged over the train passby
n rail damping loss factor for input data
RV o . .
vertical vibration
kRV rail wavenumber for bending Egq. (15)
rpv rail radius of gyration input parameter
c, longitudinal wave speed in input parameter
rail
SRW(k) wheel roughness wavenumber input data
spectrum
SRR(k) rail roughness wavenumber input data
H{k) wheel/rail contact area filter| Eg. (26)
k roughness wavenumber
b contact area radius Eg. (25)
Y train velocity input parameter
KC contact stiffness Eq. (10)
R, 'Ry wheel and rail radius input parameter
T train passby averaging time input parameter
N number of axles on the train input parameter
{AVG)
5 (w) one-third octave band hori-- Egqs. (37), (34}, and
RH zontal rail velocity spectrum (12)
averaged over the train passhy
n rail damping loss factor for input data
RH \ . .
horizontal vibration
k rail wavenumber for bending Eg. (38)
RH . .
in the horizontal plane
rRH rail radius of gyration for input parameter
horizontal bending
ZRVH vertical to horizontal rail input data

cross impedance
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TABLE 4.

(Cont.)

ROLLING NOISE MODEL SUMMARY.

Variable Description wWhere to Find
({ AVG)
5, (w) one-third octave band spectrum | Egs. (21) and (12)
YuR of radial velocity at the
wheel tread averaged over the
circumference
Al amplitude of the radial admit-| Eg. (45a) and Table
tance of the nth wheel mode 2
(AVG)
S (uw) one-third octave band spectrum | Egs. (35), (34), and
YWA of axial velocity at the wheel | (12)
tread averaged over the cir-
cumference
B, amplitude of the axial admit- Eq. (48) and Table 2
tance of the nth wheel mode
Zrv vertical rail impedance Eq. (51)
R rail density input parameter
Ag rail cross-sectional area input parameter
ZRH horizontal rail impedance Egq. (51)
ZWR radial wheel impedance Egq. (45) and Table 2
Zwa axial wheel impedance Eq. (49) and Table 2
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the geometry of the discontinuities in terms of an “equivalent
roughness.," The wavenumber spectrum of that roughness will be
such that the time-averaged noise generated by the roughness
during a train passby will be the same as the time-averaged noise
generated by the discontinuities. Thus, we uniformly distribute
the discontinuity along the length of the rail or around the
circumference of the wheel. By so doing, we greatly simplify the
mathematics but lose our ability to predict some of the details
of the noise. For example, we can predict the impact noise
averaged over a time longer than the passby time o©of the train,
but we cannot estimate the time history of the sound pressure or
the effect of position along the rail in relation to the observer
of a rail joint or other discontinuity.

In this section, we calculate the equivalent roughness spec-
trum for a wheel flat and a rail joint in terms of the geometry
of each. |

2.2.1 Rail joints

Ver, Ventres, and Myles [19] have examined in some detail
the noise resulting from wheels impacting rail joints. They
found that the elevation change at a rail joint was mostly
responsible for impact noise. By contrast, gaps in the rail with
no elevation change produce very little noise. Ver, Ventres, and
Myles have also shown that stepup joints - where the wheel travels
fromlthe lower rail to the higher rail - are more important than
stepdown joints for speeds above the critical speed. Below the
critical speed, the two are equivalent. The critical speed, as
defined by Ver, Ventres, and Myles, is the speed above which at a
stepdown joint the rail and wheel came out of contact. 1In this
derivation, we will focus on step-up rail joints. Qur goal is to

derive an expression for an equivalent roughness in terms of rail
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joint parameters that can be used in the rail response equations
of Sec. 2.1.. '

Figure 39 shows the geometry of a wheel impacting a stepup
joint. In a manner analogous. to the derivation of Egq. (6) for
roar noise in Sec. 2.1, the Fourier transform of the radial wheel
response at the point of contact can be written

~ 2

. WR ~

Y = VO(U)) 7
WR _— . Zwr%Ry

RV ~ ¥R

(75)
+

WR o
where Go(m) is the Fourier transform of wheel velocity at the
point of contact that would result if the rail were rigid, i.e.,
ZRV >> ZWR and ZWR and ZRV ar? tbe radial wheel and vertical rail
impedance, respectively. The vertical wheel velocity at the rail
joint vy(t), if the rail were rigid, can be derived. from the
geometry of Fig. 39 as

. 2h.

1 vVt
volt) =V (_ (_;l)¥@_.__

; ih << ,
2 ‘&, R, Ry

2h, 2h.R, 1
). - (__%EE)]ﬁig t < (__%EE)A@

(76)

where V is the train velocity, h the joint height, and Ry the
wheel radius. The Fourier transform of Eq. (76) defined as

jwt

Gg(m) = %? ‘f Voft)-e—j dt

is given after some manipulations by
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FIG. 39. RAIL JOINT GEOMETRY.
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Q. = J ©w o . (77)

As the wheel rolls along the rail, it will encounter many
joints periodically, at time intervals T. 1If n is the number of
the rail joint after the first, the Fourier transform of vg(t) at
any point can be written
e+jmnT

~ =z .
von(w) Vg lw

r

and for a string of these impacts over interval 2NT, one obtains

N .
v (w) = ] Vilw) elunT (78)
=-N

Equation (78) is the Pourier transform of the rail velocity at the
point of contact with the wheel, assuming that Zy >> Zp. This is
completely analogous to the roughness velocity defined for random
small-scale roughness. Consequently, in the limit as N approaches
infinity, Eg. (78) would represent the Fourier transform of the

equivalent rail joint roughness velocity.

It is convenient to express this equivalent roughness in

terms of a power spectrum. To do so, note that

~ 1 T -
vT(m) = 5= {T vr(t) e

Jubt g¢, ¢ = N7,
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where v,.(t) is the time history for all the joint impacts strung

together over interval 2NT, The power spectrum is defined as [20]

(79)

v T+®™ T

sl ()] 2
o (v) = E {llmlt T }’

where E{ } means expected value. Substituting Eq. (76) into Eq.
(78) and the result into Eq., (79), we oObtain

P2 ; 2
sin<4q. cosf. sing, . .
o (w) = h2 iy i J) }llmlt 1l ) e]wnT .
M an2 | 2. & 22, N»= NT | 2 N
] ]
(80)
It is straightforward to show that
limit Y  jonT =
§+i E e]m = Fourier transform of Z §(t-nT),
-N n=-—-wo
where 8( ) is the Dirac delta function. Blackman and Tukey [21]

have shown that the Fourier transform on the right-hand side of

this equation can be expressed as

L= ]
2m 2tn
T Xmé(m- T) ’
and that
. N Sin(2N+1)wT/2 _ Y 4unT
Fourier transform of §  §(t-nT) = . = ) e .
SN sinwT/2 | N

Consequently, the limit in Eg. (80) can be rewritten as
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2 @
limit 1 Pf junT © _ limit 1 sin(2n+l)wT/2 20 7 2,
N»= NT L  Ne+= NT ~ sinuel/2 T B
n= (81)

The right-hand side of Eg. (8l) is zero unless (27n/T), where

n is an integer. With %I equal to nmt + e, where ¢ is small, the

above limit becomes for n odd or even

limit (2N+1)

2 2mn, _ 4« ot 2nn
N » = NT T )__5 6w )

S(w- T

- 'I'2 -

| ~18

Substituting this result into Eq. (80) we obtain

h,?2 sinznj (cosﬂj sinnj 2 n§m _—
¢ (w) = + - §{w - )
v Tl'T2 ﬂz QJ s‘;? ) N==-m T
] ]
2hR
W
ﬂj = v w . {82)

The function of 9@ in Eq. (82) is plotted in Fig. 40. We are
interested in the function for values of /2w from 0.3 (60 mph and
250 Hz) to 10 (20 mph and 3000 Hz). 1In that region, the function
is well approximated by 1/902, as shown in Fig. 40. Consequently,
Eq. (82) simplifies to

h.?
(I’V(m) - _.__g__.__
ﬂﬂjoz n

) . (83)

Nr~18
o
€

|

We are generally interested in one-third octave band rough-
ness displacement spectra. In a one-third octave band, there
are 2 x [0.23w/(2n/T)]* delta function spikes. Multiplying this
factor times Eg. (83) 1is equivalent to integrating ¢v(m) in fre-

quency. To be certain that the integral converges to the mean

*The power spectrum is double-sided; hence the factor of 2.
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FIG. 40.

APPROXIMATION TO THE RAIL JOINT EQUIVALENT ROUGHNESS
SPECTRUM.
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square velocity in any one-third octave band, we integrate both
sides of Egq. (79) in frequency from -« to = and obtain

© T T o

.. ) B i
/ ¢v(m)dm=EliTit % (%;) [ dtywoelty) [ dtovglty) [ e Julti-t2)4,.

— -1 -1 —

Noting that | edjm(tl_tz)dw=2ﬂ6(t1—t2), where §( ) is the Dirac

-0

delta function, we simplify the above equation to

T

% 1 2
T [ o, (w)de = E qlimit = [ vgttrath .

=T

The right-hand side of the equation is the time-average mean
square velocity. If vg(t) were filtered in a one-third octave
band, QV(m) would represent the spectrum of that filtered
signal. 1In order that | ¢v(w)dm be the mean square velocity in
that one-third octave band, we must multiply that integral by .
Finally, to transform the spectrum from a velocity to a displace-
ment spectrum, we must divide ¢V(m) by w2. Acqordingly, the one-
third octave band displacement spectrum Sj(w) is given by

h?2 0.46h.V2
5, (w) = [2 (220N)] () = (—1) = — .
w nﬂjT nRWw T

Recognizing that T = Lj/V, where Lj is the joint spacing,
and that k = w/V, where k is the roughness wavenumber, we obtain

for the "equivalent roughness" spectrum for rail joint impacts

0.46h.
S.(k) = ——3_ (84)

] ﬂRWk3Lj
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2.2.2 Wheel flats

Just as there is a c¢ritical speed for stepdown rail joints,
there is also a critical speed for wheel flats. Above that

speed, which is given by

_ F1
Veritical — [ag (1 + gM )}

where g is the acceleration of gravity, My is the wheel mass, and
F is the wheel load with the wheel and rail separate. We will not
deal here with speeds above the critical; rather, we will concern
ourselves with the condition where the wheel and rail remain in
contact. Consequently, we will expect this model to be wvalid

only below approximately 25 mph [19]. However, according to Ver,
Ventres, and Myles [19] the excitation from wheel flats should
level off above the critical speed. Therefore, our model should
still be useful.

Figure 41 shows the geometry for the whHeel flat impact. The
gquantity vg(t) in the figure is analogous to vy(t) in Sec. 2.2.1
for the rail joint, i.e., it represents the vertical velocity of
the rail at the point of contact, if the wheel is rigid and the

ralil is allowed to move,

The Fourier transform of v,(t) is given by

sinf
~ g2 .1 F
volw) = j = -1 , (85)
4nRW QF QF
where QF = wl/2V. Repetitive impacts occur as the wheel goes

around and the flat impacts the rail again and again. For 2N

impacts of period T = 2nRW/V the Fourier transform becomes

F(w = 1 Tolw) e - “Jet ae L (86)
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where T = NT. The power spectrum is defined as [15]

s |V (w2
¢, (0) = E {hmlt —T—} . (87)

T+® T

Substituting Eq. (B84) into Eg. (85) and the result into Eq.
(86), we obtain

i 2 N = .

¢ (w) =:( L )2 S L limit 1 | N3N eJunT (88)

v 4rR, 02 Op N+ NT|[ Lo
Taking the indicated limit as in Sec. 2.2,1, we obtain

22 2 gy §Sin%p 1 )% = 2nn
9, (w) = (2?__) — T T §= Yoo8(w - T ) . (89)
R’ 2 Q% F n=-e

The function of Qp in the brackets is plotted in Fig. 42. We
will be using this result only for speeds up to about 25 mph;
consequently, we are interested in QF from about 0.3 to 10. 1In
that region, we will approximate the bracketed function of in

Egq. (89) by l—. That value was arrived at by squaring the func-
2

tion as indigated and integrating all the harmonic terms over one
wavelength. The approximation is compared to the actual function
in Fig. 42 and is seen to be a reasonable estimate over the range

of 2q that is of interest here., Equation (89) now simplifies to

22 2 4q 1 ot 2mn
3 (w) = (5=—=) (—) (=) Sl - .
v 4ra T2 QI% nZ—m w T )
Noting that T = 2nRW/V; that QF = uw/2V; that k = w/V; and

that the one-third octave displacement systems Sf(m) is related
to the power spectrum by

_ 1 0.23
Sf(w) = 27 (;;) (5?7T) Qv(w) ’

we can express the equivalent roughness spectrum for a single
wheel flat by
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0.1122
r2a3k3

Sf(k)_= (90)

In Fig. 43, we have plotted the equivalent roughness pre-
dicted by Egs. (B4) and (90). Also shown are roughness data
measured on MBTA revenue service wheels and rails [3]. Three
lengths of flat spots are shown along with the depth d, which is
estimated by

d (91)

_22
BRW :
All of the estimates look a little low. This apparent small
influence of wheel flats occurs, we believe, because these
roughness estimates are good only for predicting the average
noise during a passby. Consequently, the impacts from the wheel
flats tend to be averaged out in comparison with the steady noise

from the wheel and rail roughness.

To give ourselves some confidence in the equivalent rough-
ness expressions, we note from the results of Sec. 2.2,1 that
2 . T 2 '
v [ e (w)dw = TMMIEL et o tieyae (92)

>
e v T+ 271 o

The right-hand side of the equation can be readily integrated for
the rail joint and wheel flat cases by substituting the expres-
sions for vg,(t) in Figs. 39 and 41, respectively, into Eq.

(92). Carrying out that integration, we obtain

2 1
0.93 Y2 (&) 72 rail joint (93a)
s . T 2
limit l_ f vy (t)dt =
T+ 27T - V243
{ 3.29 " wheel flat . (93b)
8r BW
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To carry out the integration in frequency, we approximate

¢V(w) as follows:

2 2
h -0.15 < =% < 0.15
2n2T 2m
¢V(m) = Q rail joint, (94)
h2 1—2- s2[> 0.15
22T Q2
" 3
where T = Lj/V, and
22 2 2 5 3
¢ (w) = wheel flat,(95)
v g2 2 2 1 S
(4“RW) T_F E Ve > 0.4
F

where Tp = 2WRW/V.

Both equations are simply the result of fitting curves to
the functions in Figs. 40 and 42, respectively. The curves are

shown as a dashed line in the figures.’

Carrying out the integration, we obtain

2
0.91 E_E (E_) L@

L Ry
v2g3
8w3R%

Equations {96a) and (93a) and Egs. (96b) and (93b) agree quite

rail joint (96a)

ki Im ®V(w)dw =

3.46 wheel flat ., {96b)

closely, confirming our simplified models.

To further check the models, we note that if the rail joint

height is related to the wheel flat length by
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ho= b ' (97)

and the time interval between rail joints is the same as between
wheel flats,

ZRW =L . (98)

There is exactly twice the mean square velocity in the wheel flat
history as in the rail joint time history. This can be seen by
substituting for h in the rail djoint velocity equation, using Eq.
{97) and noting that the duration in time history of the sawtooth
is identical to that for the wheel flat, except that the wheel

flat velocity has two sawteeth and the rail joint just one.
Substituting Egs. (98) and (97) into (96a), we obtain

203
o (1) = 1.60 L% ,

v 8n3R%

which 1is very close to 1/2 of Eg. (96b), as expected.

2.2.3 Summary

Equations (84) and (90) express the equivalent roughness
displacement spectrum for step-up rail joints and wheel flats (at
speeds below about 25 mph).

Rail Joint Equivalent Roughness

0.46 h.
S. (k) = — (99)

J k3L,
ﬂRW .
Wheel Flat Eguivalent Roughness

0.112211w
Sglk) = ——— (100)

1T2Rv2qk3

103




where we have multiplied the wheel flat equivalent roughness by
nw, the average number of flats per wheel. Equations (99) and
(100) can then be substituted into Eg. (12), where they are added
to Sygr(k) and Szpr(k), the wheel and rail roughness spectra.
Equations (73) and (74) and the information in Table 4 can then
be used to calculate the average noise from the wheel and rail

discontinuities.

2.3 Squeal Noise

2.3.1 Theoretical background

It is now generally accepted that squeal noise is caused by
the lateral sliding of the wheels of the transit car truck across
the rail head as the car rounds a curve of short radius. The
severity of the lateral sliding is usually described by‘a param-
eter called the lateral creep, £, which is defined as the ratio
of the lateral velocity of the wheel at the wheel/rail interface,

v, divided by the rolling velocity Vv, i.e.,
=7
E=5 - | (101)

Figure 1 shows the geometry of the truck and curve that causes

this lateral creep, To first order, the lateral creep will lie
in the following range:

w_
2R

—_—

A=

T - , (102)
where W is the truck wheel baseland R is the curve radius. 1In
practice, however, the curve entry dynamics of the truck, the
amount of gauge relief in the curve, and the axial vibration of
the wheels all contribute to determining the actual lateral creep
that occurs. Rudd [22], using measurements of adhesion in the

presence of longitudinal creep in locomotive wheels, assumed that
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the lateral friction coefficient p could be approximated by an
equation of the following form:

W= g %F e(178/8) (103)

For large values of lateral creep, i.e., £ > Egs the fric-
tion coefficient decreases, as illustrated in Fig., 44. Rudd
showed that this decrease of friction coefficient with increasing
lateral creep, du/dE < 0, is responsible for generating squeal
noise. The friction forces at the wheel/rail interface feed
energy into the wheel and act like negative damping, in which the
loss factor is given by

P

n = ’
s MimiV £

o7}
T

(104)

jor

where P is thé wheel load, Mi is the modal mass of the wheel, Wy

is the modal resonant frequency, and V is the train velocity.

Consequently, the lateral vibration of the wheel will con-
tinue to grow at its resonant frequencies until nonlinear effects
begin to reduce g with increasing wheel vibration amplitude.
Rudd [22] has calculated the stable wheel vibration amplitude for
squeal to be given by

o £ - EO y&
Vg =V £ I(§) — ' | (105)
350 - £ :
where v, is the axial wheel velocity at the wheel/rail point of
contact, T is the steady-state lateral creep defined by Eqg.
(102), and the total creep is then given by

E = F + (v /V) sin w it

as illustrated in Fig. 44.
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Rudd's theoretical work has led to two major conclusions.
First, sufficient internal damping in the wheel will prevent
squeal, It is simply necessary that the wheel internal damping
exceed the maximum negative damping generated by the friction
forces at the wheel/rail interface, i,e.,

P d
n BE

> +—= |37 - (106)
INT © M.w,V |dg

Rudd's second conclusion concerns the maximum curve radius
at which squeal will occur. Sgueal occurs only when du/dE is
negative, and du/dt will be positive until & > £, in Eg. (103).
The quantity £, depends on the dependence of u on the lateral
creep and 1s a property of the wheel and rail material and
interface conditions. The steady-state creep E depends on truck
and curve geometry and the detailed yaw response of the truck

during curve entry. Rudd has estimated % as
- W
E = 0,7 B ' {(107)

which is approximately the midpoint of the range in Eg. (102),

Consequently, the maximum curve radius for squeal becomes

€o
R = . (108)

However, when Rudd carried out his theoretical work, no data
were available to determine how correct Eq. (103) was in modeling
the friction coefficient dependence on creep or what the proper
values of up and g should be. Consequently, one of the first
tasks in this program was the measurement of the lateral friction
VS creep.
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2.3.2 Lateral friction vs creep

To measure the lateral friction force vs lateral creep, we
made arrangements with Raychem Corp. of Menlo Park, California to
use a roller rig built by that corporation for its nitincl wheel
development program. The nitinol wheel was also examined under
this program and will be described later, A photograph of the
roller rig is shown in Fig. 45, and the rig is shown schematic-
ally in Fig. 46. 1t consists of a small, 7 1/2-in.-diameter test
wheel that is run against a larger, 30-in.-diameter railroad
wheel that simulates the rail. The rail wheel has had its flange
machined to simulate the head of a rail. The radius of curvature

is 5.83 in,

Figure 46 shows the test wheel mounted in bearings on a
table that, through an arrangement of Thompson ball bushings, is
free to move in three orthogonal directions. The table is con-
strained from motion by three force balances that measure the
forces on the test wheel in those directions. Loading between
the test wheel and rail wheel is accomplished by means of an air
piston that forces the table in the direction of the rail wheel.

In order to introduce lateral creep, we placed shims under
one of the two bearings supporting the test wheel, to rotate the
plane of the test wheel relative to the rail wheel. By so doing,
we introduced a relative velocity between the two wheels in the
axial direction. That velocity divided by the rolling velocity
is the lateral creep, as defined in Egq. (101).

Since the lateral velocity is given by the rolling velocity
times the tangent of the angle, 8, between the planes of the two
wheels, the creep is also given approximately by that angle in

radians, i.e.,

E =08 . (109)
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FIG., 45. THE RAYCHEM ROLLER RIG.
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In order to scale the tests, we operated under the principle
that the stresses in the contact area should be the same in model
and full scale, that the ratio of any dimension of the contact
area in the model to the comparable dimension in full scale
should be the same as the ratio of all other comparable dimen-
sions, and that the frequencies should scale. In mathematical

terms, 1f a is the scale factor, we can write

%model °full scale

Prodel = Prull scale (110)

1
“model -~ & “full scale

where ¢ is stress, b is a dimension of the contact area, and u is

frequency.

The implications of Eq. (110) are that

Vmodel = Vfull scale

P = o2

model (111)

Pfull scale '

where V is the rolling velocity and P the wheel load. Taking 30

in. as the diameter of a full-scale wheel, we find that the 7 1/2-
in. model wheel implies a scale factor of éne—fourth. Consequently}
to scale a 10,000-1lb wheel load, we used 625 1lb, However, the
radius of curvature of the simulated rail head at 5.83 in. cor-
responds in the full scale to 23.3 in., which is larger than the

10-in. or 1l4-in. radius typical of most rail heads.

Figure 47 shows the measured data for three runs at two
speeds and compares them with Rudd's original model, Eg. (103).
In the figure, the coefficient of friction is defined as the
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force measured by the lateral force balance in Fig. 46 divided by
the wheel load (625 1b). Considering the paucity of data when
Rudd made his original estimate, one has to be impressed with how
closely the data agree with his axis model. A somewhat improved
agreement is obtained if the parameters uy; and £, are shifted
slightly, as shown in Fig., 48.

During the tests, the lateral force would slowly increase
and then slightly decrease before a steady value was reached.
Consequently, the roller rig was run at each angle for approxi-
mately four minutes before a steady-state measurement of the
lateral force was recorded. In addition, we had to wipe lightly
(with a rag) on both wheels to remove excess material that was
ground off at the wheel/rail contact area. We noticed that if we
did not remove the ground-off particles, the coefficient of fric-
tion would increase to very high values as the particle went
through the wheel/rail interface.

2.3.3 Maximum curve radius for squeal

One of the important findings of Rudd's original work was
that squeal should not occur for curves with radii greater than
approximately 100 times the truck wheelbase. This value comes
from substituting Rudd's original estimate for £, = 0.007 into
Eq. (108). This conclusion is based on an estimate of the value
of lateral creep above which friction forces begin to decrease,
as well as on a guess at what the truck attitude ié during curv-
ing. Neither value is known with any certainty. Conseduently,
Rudd's conclusion can at best be viewed as a rOdéh'estimate.

To examine the influence of the ratio of curve radius to
truck wheelbase on the occurrence of squeal, we carried out a
detailed field survey on the MBTA in Boston, Massachusetts. We
rode MBTA's Blue, Orange, and Red Lines from beginning to end and

noted the occurrence of squeal and the presence or absence of a
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restraining rail in each curve that we encountered. To aid in
identifying curves, we made a map of the three rapid transit
lines that included the radius, direction, and length of each
curve. With this map, it was easy to identify each curve, even
when passing through at high speed. MBTA alignment maps were the
source of the radii data used, When transition curves were pres-

ent, we took the tightest occurring radius.

The cars were ridden during off-peak hours, July 25, 1980,
from 9:30 a.m. to 2:30 p.m. All trains had two cars with no
resilient or damped wheels. The truck wheelbase was 6 ft, 10 in.
for all vehicles.

High relative humidity may also influence the occurrence of
squeal. Consequently, we looked for a day with low humidity.
The weather data for July 25, 1980 were:

8:30 a.m, Temperature 72°F, 23°C
Relative humidity 51%

3:00 p.m. Temperature 84°F, 29°C
Relative humidity 40%

These low values of relative humidity should have had little

influence on the occurrence of squeal noise.

There are two types of track on the three lines of the
MBTA., The old rails are bolted, and the new rails, two sections
of the Orange and Red Lines - are welded; on these newly con-
structed lines, we found no restraining rails, and the radii of

all curves exceeded 1400 ft.

0ld Lines: {Bolted rail, tight curves, restraining
rail)

Blue Line: Wonderland - Bowdoin

Orange Line: Haymarket - Forest Hills

Red Line: Harvard/Brattle - Ashmont
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New Lines: (Welded rail, large curves, no restrain-

ing rail)
Orange Line: Oak Grove - Haymarket
Red Line: Andrew - Quincy Center

On the old alignments, we found 133 curves equipped with re-
straining rail with radii less than 2500 ft. Ten curves with
radii under 2500 ft had no restraining rail. Most of them were

very short,

At the two newly constructed sections, 17 curves could be
found with radii under 2500 ft. The tightest curve was 1432 ft.

Because of the limited number of curves without restraining
rail, we restricted our analysis to only those curves with re-

straining rails.,

In order to display the data, we grouped the curves by the
ratio of curve radius to truck wheelbase. Figure 49 shows the
curves classified into four groups with 28 to 36 curves per group
and presents the percentage of curves that squealed in each. To
show somewhat more detall, we have separated the group with the
lowest ratio of curve radius to truck wheelbase intoc two parts.
We have also distinguished between those curves where the squeal
was virtually continuous as the car passed through the curve and

those where the squeal was intermittent.

The data show that for curves with a ratio of radius to
truck wheelbase of 50 or less, squeal is virtually gquaranteed,
whereas if the ratio exceeds about 200, squeal is very unlikely.
Table 5 presents the data for curves with the ratio less than or
greater than 100. The table shows that Rudd's original conclu-
sion was fairly sound, and the ratio of 100 is a reasonable
dividing line, at least for a simple rule of thumb.
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TABLE 5. THE LIKELIHOOD OF SQUEAL FOR CURVES ON THE MBTA WITH A
RATIO OF CURVE RADIUS TO TRUCK WHEELBASE GREATER OR
LESS THAN 100.

Ratio No. of No. that

R/W Curves Squealed Percentage
15.5 - 50 49 43 88%
50 - 666 82 25 30%

2.3.4 Wheel damping to suppress squeal

If one uses Rudd's estimate of the damping required to elim-
inate squeal, the predicted wheel loss factors become impossibly
large. Figure 50 presents predictions of the required loss
factor based on Eg. f106). The calculation was made assuming
that the velocity through the curve was great enough to produce a
lateral acceleration of 0.1 g; the modal mass of the wheel was
taken as 1/2 of the tread mass; the truck wheelbase was taken as
6 ft 10 in,; and three frequencies were chosen that are typical
of the first three natural frequencies of axial vibration of a
railroad wheel, Recent data on the loss factors of specialized
railroad wheels that are known to suppress squeal indicate that
much less wheel damping will eliminate squeal [23]. Table 6 pre-
sents data from Saurenman [23] on the loss factor of four wheels
that substantially suppress or eliminate squeal, The Bochum
wheel and Acoustaflex virtually eliminate squeal [23}. The SAB
and ring-damped wheels, while reducing squeal noise, do not elim-
inate it. The data in Table 6 suggest that a wheel loss factor
of approximately 0.01 would be sufficient to eliminate squeal.
That factor is at least an order of magnitude less than predicted

by Rudd's theory.
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' TABLE 6. TYPICAL LOSS FACTORS OF DAMPED WHEELS [23].

Frequency
Wheel Type 500 1000 2000
Bochum 0.012 0.014 0.0072
SAB 0.0026 0.0016 0.00087
Acoustaflex 0.012 0.0051 0.0034
Ring-Damped Wheel 0.00085 0.00042 0.0019

It is not clear why the theory does so well in predicting
the maximum curve radius at which squeal will occur but misses by
so much in predicting the damping. The problem may be due in
part to Rudd's very simple model of the wheel as a spring mass
system. In principle, such a model is reasonable for a single
mode, but the identification of the appropriate parametex valges -
such as the effective modal mass - is ncot simple. It would gé
possible in principle to use Rudd's model of the lateral creep
forces in conjunction with the more complicated model of the
axial wheel dynamics developed here in Sec. 2.1.1. Although the
resources of this project do not permit us to do so, such an
effort would probably improve the predictions of the required
damping. In the meantime, existing data on the loss factor of
wheels that eliminate squeal will suffice to define the required

damping.
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3. FIELD VALIDATION OF THE ANALYSIS

3.1 Test Site

To ensure that the analytical model described in the pre-
vious section would be a useful tool for the design and evalua-
tion of wheel/rail noise control treatments, we validated the
model predictions with measurements in the field. The site
selected for the field measurements was the Transit Test Track
(TTT) at the Transportation Test Center (TTC) in Pueblo,
Colorado. Figure 51 shows the track, which is a 9.1-mile oval
consisting of six sections, each composed of different combina-

tions of rail weight, tie type, and tie spacing.

Three test sections on the track were selected. Test Sec-
tion No. 1 contained tangent track composed of 119-1b/yd continu-
ously welded rail on concrete ties spaced 30 in. apart in bal-
last., The ties were Gerwick (Santa Fe-Pomeroy) RT-7 M-38 ties
that had been modified to support the 150-1b/yd power rail. A
cross section of the track and a photograph of the site are shown
in Fig, 52. The microphones were located near station 38, where
the grade was 0.68%.

Test Section No. 2 contained tangent track composed of 100-
lb/yd bolted rail on 7-in, x 9~in, x 8-ft 6-in, hardwood ties
spaced 24 in. apart in ballast. A cross section of the track and
a photograph of the site are shown in Fig., 53. The microphones
were located near station 33, where the track was level. The
rail here and at Test Section No., 1 exceeds FRA class 6 and IRT
class 4 standards.

The third test section was the screech loop, a 150-ft radius
curve on which a number of noise tests were run., When acquiring
rail vibration data at this site, we encountered what appeared to

be severe electromagnetic interference, In addition, many of the
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wheel vibration data were so high that the accelerometers
appeared to be overloaded. Consequently, we have not analyzed

these data to any extent and will discuss them no further here.

The transit car used for all of the tests was the State of
the Art Car (SOAC) shown in Fig. 54. The SOAC program was ini-
tiated by the U,S. Department of Transportation to demonstrate
the current state of the art in rail rapid transit vehicle tech-
nology. The Boeing Vertol Co. was the prime contractor. St.
Louls Car was responsible for the stainless steel body, General
Steel Industries built the trucks, and Garrett AiResearch devel-

oped the propulsion and braking systems.

Two cars were built and first tested at the Transportation
Test Center (then the High Speed Ground Transportation Test
Center) in September of 1972. Each car weighed approximately
90,000 1lb. The principal dimensions are shown in Fig. 55. The
trucks were inboard bearing four-wheel trucks, using 30-in.-
diameter solid steel wheels,* and weighing approximately 14,500
lb. The suspension consisted of a rubber chevron primary and air
spring secondary. The propulsion system consisted of four 175-hp
(continuous) DC electric motors with separately excited fields;
each coupled to an axle through a double reduction helical gear
set with a ratio of 4.83 to 1. The traction motors and chopper
control units were forced-air-cooled by two 6.3-kW vane axial
fans. These fans were quite noisy and had to be shut down during
all noise tests as the vehicle coasted through the test sections,
so that they would not contaminate the wheel/rail noise. Another
source of contaminating noise was a 125-kW motor alternator used
to power auxiliary equipment and to excite the traction motor

field windings. This unit had an integral fan for cooling that

*The original configuration used Acoustaflex resilient wheels.
For our tests, the trucks were equipped with ring-damped solid
steel wheels from which the rings were removed.
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proved to be quite noisy. It, too, had to be shut down during
all test runs. All wheels on the SOAC were trued on the Hegen-
scheidt wheel truing machine at the Test Center Jjust before test-
ing began. This provided uniform and reproducible roughness on

the running surfaces of all four wheels.

3.2 Instrumentation

3.2.1 On-board instruments

On board the SOAC, instrumentation was installed to record

+ Wheel acceleration
+ Exterior noise
+ Speed

+ Time.

A speaker system was also installed outside the vehicle at
wheel height. The system was designed to provide a broadband
calibrated source oflsound, so that changes in the propagation of
sound from the vehicle to the wayside microphones caused by
atmospheric or weather changes could be monitored and corrected
when the data were compared to analytical predictions. However,
during the course of the wayside noise field measurements, the
weather and ground conditions were so uniform that no propagation

corrections were necessary.

Figure 56 presents a block diagram of the on-board in-
strumentation. Three accelerometers were mounted on one wheel of
the car, as shown in Fig. 57, to measure axial tread and web
vibration and radial tread vibration. The signals from the ac-
celerometers were fed from the rotating wheel to the on-board
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FIG. 57. WHEEL ACCELEROMETER LOCATIONS.
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preamplifying and recording systems by means of a slip ring
assembly shown mounted on the wheel, in Fig. 58.* The right rear
wheel of the rear truck was instrumented for most tests, although
a limited amount of data were taken with the right rear wheel of

the forward truck instrumented.

Three different accelerometers were used on the wheel at
each location. The BBN 501 and 501ER are piezoelectric ac-
celerometers with an internal FET preamplifier. They are identi-
cal except that the 501lER has very low sensitivity for dealing
with very high-vibration environments, Because accelerometers
with internal preamplifiers tend to saturate and provide erron-
eous data when exposed to high-level transient vibration, we also
used a piezoelectric accelerometer with no internal preamplifier,
the B & K 4344,

A fourth accelerometer, mounted on the truck frame, was used
to determine whether sound radiation from that source could be
significant. Truck frame vibration levels were generally 30 to
40 dB below wheel tread vibration levels, and consequently are
not discussed further.

For a few runs, microphones were mounted on the car body
opposite the truck center at a height equal to the center of the
wheel, as shown in Fig. 59. Two microphones were installed, one
opposite each truck on the right-hand side. A number of runs

were made with this arrangement, during which we recorded both
sound and wheel vibration.

Train speed was obtained from two sources: an on-board
speedometer with a digital readout in the motorman's cab and a
pulse generator provided by the Test Center. The latter is shown
in Fig. 60. The wheel is spring-loaded against the rail to

*The speaker system described above can be seen at the left in
the top photograph.
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SLIP RING ASSEMBLY USED IN THE WHEEL VIBRATION
MEASUREMENTS (TTC PHOTOS).

58.

FIG.
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FIG. 59. CAR-MOUNTED MICROPHONE.

FPIG. 60. THE SPEED AND POSITION SENSOR PROVIDED BY THE TEST
CENTER {TTC PHOTO).
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ensure nonslip operation; it generates 2048 pulses per revolu-
tion, The pulses can then be recorded on a tape recorder and

later used to determine both position and speed of the train.

In case we later needed to synchronize on-board and wayside
tape recorders, the Test Center provided us with two radio re-.
ceivers for receiving a time code broadcast by the Center. The
output of these receivers (an IRIG time code, the same as pro-
duced by standard time code generators commonly used in instrum-
entation work) was recorded on one channel of each tape recorder.
The on-board tape recorder, a l4-channel FM recorder (Honeywell
Model 5600) set for intermediate band recording at 30 ips (DC-
10kHz), was provided by the Test Center.

3.2.2 Wayside instrumentation

The wayside instrumentation at the two tangent track test

sites was installed to record

« Rail and tie acceleration

» Wayside noise.

A photocell was also set up to detect the passage of the car
wheels past the line of microphones. A low-powered laser beam
was directed across the rails at the photocell; so that the pass-
age of each wheel would break the beam and cause a pulse from the
photocell that could be recorded. This system proved to be un-
reliable. Vibration generated during the passage of the SOAC
tended to move the laser so that it was no longer properly aimed
at the photocell and had to be constantly readjusted.

A block diagram of the wayside instrumentation system is
shown in Fig. 61. The tape recorder and preamplifiers were
mounted in an instrumentation van, shown in Fig. 62, that was

provided by the Test Center.
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THE WAYSIDE INSTRUMENTATION VAN.
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Rail acceleration was measured using six accelerometers, as
shown in Fig. 63. A seventh accelerometer was placed in the
center of an adjacent tie to measure vertical vibration. Wayside
noise in the welded rail test site was measured using four micro-
phones, placed as shown in Fig. 64. The placement was the same
at the jointed rail test site.

As with the on-board data acquisition systems, the tape
recorder was provided by the Test Center and set for intermediate
band recording at 30 ips.

In the course of recording the passby data, a problem was
encountered with the rail vibration measurements. Bursts of
noise were recorded in all rail accelerometer channels. These
bursts overloaded the accelerometers and occasionally destroyed
any usable data. Figure 65 illustrates the random occurrence of
these bursts. The vertical acceleration at the rail foot during
the passby of the SOAC on jointed rail at 60 mph is shown in Fig.
65a. There, two noise bursts occurred just as the train passed
over the accelerometers, destroying any usable data. 1In Fig. 65b,
we see two distinct noise bursts occurring well after the SOAC
passed over the accelerometers. For this run, we were able eas-
ily to extract usable data. It is interesting to note that in
the next run (Fig. 65c), under identical conditions, no noise
bursts occurred. The problem was most severe on the screech
loop where no usable rail vibration data were obtained and on
the jointed rail test section, where only limited rail vibration

data were usable,

The source of the problem remains a mystery; The noise
bursts occurred whether the car was under power or totally dead
(third rail deenergized and all car electronics shut down) and no
matter what combination of accelerometer instrumentation was

used. It also made little difference whether the accelerometers
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FIG. 63. RAIL ACCELEROMETER LOCATIONS {TTC PHOTO).
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were attached to the rail, electrically isolated from the rail,
or disconnected from the rail. In any event, this noise problem
prevented our acquiring many of the data that we wanted and made
the task of extracting good data from the tapes much more diffi-
cult,

3.2.3 Special instrumentation

Wheel and Rail Roughness

An improved device for measuring wheel and rail roughness
was developed as part of this program. Using the same principle
as in earlier devices [3], the roughness sensor has a probe with
improved capabilities for measuring roughness and is more port-
able. Figure 66 is a drawing of the device showing its principal
features, The roughness is measured by an accelerometer attached
to a spherical (l-in.-diameter) hardened-steel probe. The probe
is pressed against the surface to be measured using a spring
steel arm and pulled along that surface at a known speed. The
frequency spectrum of the resulting time-varying acceleration can
be easily related to the wavenumber spectrum of roughness.

For measuring rail roughness, the probe and arm are mounted
in the cart shown in Figs. 66 and 67. The cart is then drawn
along the rail at a known speed, using a variable~speed motor.
(If the cart were to vibrate excessively as it rolled along the
rail, that vibration - if transmitted down the probe arm - could
contaminate the roughness measurements. Consequently, we
monitored the cart vibration during all tests.) The roughness on
both tangent and curved track can be readily measured with this
device, as shown in Fig. 68, and the probe can be adjusted to
measure the roughness along any line on the rail head. The speed
of the cart is measured using a photocell device that gives four
pulses per rotation of the lead wheel. This measurement is

usually supplemented by stopwatch measurements of the time for
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the cart to pass between two fixed points. All these signals are
brought to a wayside tape recorder using BNC cables. This task
usually requires that someone walk beside the cart holding the
cables, as shown in Fig. 69, to keep them from interfering with

the motion of the cart along the rail.

To measure wheel roughness on the SOAC, one needs only the
probe, the spring steel arm, and some means for turning the wheel
at a steady speed. We used the Hegenscheidt wheel-truing
machine, as shown in Fig. 70, to turn the wheel at a steady
speed. The lower photograph shows the probe and spring steel arm
held back from the surface of the wheel. The truing machine
turns the wheel by means of two rollers that support the wheel at
the flange. If these rollers were to generate excessive vibration,
it could contaminate the roughness measurements. To ensure that
the vibration was not excessive, we mounted an accelerometer on
the wheel tread and brought the signal through slip rings to the

tape reccrder.

Typical acceleration spectra from the rail and wheel rough-
ness tests at TTC are given in Figs. 71 and 72. The acceleration
spectrum for the welded rail in Fig. 71 exhibits a smooth func-
tion with fregquency, except for two one-third octave bands, 50
and 63 Hz., The influence of the cart acceleration is partly
responsible for this.

As described above, acceleration levels from the cart that
pulls the roughness device along the rail were monitored during
the tests. When the transfer function relating vibration on the
cart to that on the probe is subtracted from these measurements,
one obtains curve 2 in Fig. 71. At 50 Hz, the probe acceleration
is 1 dB higher, because of the influence of the cart vibration.
However, at 63 Hz, logarithmic subtraction of the two levels does

not account for the slight increase in level of the probe
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FIG. 70. THE HEGENSCHEIDT WHEEL-TRUING MACHINE SET UP FOR
MEASURING WHEEL ROUGHNESS (TTC PHOTOS).
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acceleration. These roughness tests were made in very cold con-
ditions, and it is probable that the vibration isclation between
measured in the lab. However, this influence was seen only on
these two frequencies, i.e., the isolation being very adequate
(>13 dB) for the rest of the spectrum.

The wheel roughness data were measured with the SOAC mounted
on the Hegenscheidt wheel-truing machine, with the wheel driven
at a perimeter speed of 13.2 in.,/sec. Acceleration measurements
made on the rim of the wheel are compared to probe acceleration
in Fig. 72. In only a few bands is there the possibility of
significant contamination of the probe signal by truing machine-

induced wheel wvibration,

The acceleration data were reduced using previously deve-

loped relationships [3], i.e.,

_ 1
¢ (k)‘Ak-—EfD

RR a(w)ﬁm’

a
where ¢RR is the roughness spectra, Qaa is the acceleration

spectra, w = kug = 2nf, and u, is velocity of probe,

Assuming that the spectra are constant over one-third octave

band width, one can show that:

Lgg(k) = L, (£} + 19.75 - 40 log(f) - 20 longRp(f)l ,
where LRR(k) is one-third octave roughness spectra (re 1 in.},
and L 5 (f) is one-third octave acceleration spectra (re 1 g).
The term HRp accounts for the rail-to-probe transfer function,

which is given in Fig. 73.
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The rail roughness spectra for the welded rail test section
at the Transit Test Track are given in Fig. 74. Four separate
parallel runs were made along that portion of the rail head
(approximately 3/4-in. wide) that is worn from contact with the
wheel. The probe speed, Uy, is given for each run. The largest
spread in the data points is around k = 16 radians/in., which
corresponds to the 63-Hz, one-third octave band. As we mentioned
previously, there may be some influence from the cart vibration
at this frequency.

The points in Fig. 74 are plotted as a line in Fig. 75 and
compared with the previous measurements made on rails at the MBTA
and at the Pullman Standard Test Track [3].* The rail at TTC is
considerably smoother than the other two rails, reflecting the

extremely high quality of the rail at the Transit Test Track.

Roughness spectra obtained from the welded test section, the
jointed test section, and the screech loop are given in Fig,
76. All these measurements were made in the center of the region
on the rail head where the wheel contacts the rail. The screech
loop is much rougher than the.jointed or welded test sections.
The greater roughness is a consequence of the severe wear that

occurs between wheel and rail on this short radius curve,

Additional screech loop rail roughness is given in Fig.
77. The roughness spectra from two parallel runs in the wheel
track can vary considerably at high wave numbers, as is apparent

in curves 1 and 2.

Finally, roughness data measured from the wheels of the SOAC

are presented in Figs. 78 and 79. 1In Fig. 78, the roughness

*Note that for the previous MBTA and Pullman Standard roughness
measurements, we have smoothed the data in the 10-80 radian/in.
special frequency range where it appears that earlier roughness
measuring devices may have introduced some of their own dynamics.
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spectra for two different car wheels fall very closely on a
single curve. When compared with the data in Fig. 76, the wheels
are rougher than either the jointed or welded rail section.

The square points in Fig. 78 (Run 9) show the extremely
rough section of the wheel that was torn up going around the
screen loop. At high wave nunbers the spectra are 5 to 8 dB

higher than the screech loop roughness given in Fig. 76.

Figure 79 compares the present SOAC wheel roughness with
measurements made at the MBTA on a revenue service wheel ([3] and
at Pullman Standard on wheels of their small personalized rapid
transit (PRT) test vehicle [3]. Very similar spectra are seen
for all three car wheels, although the MBTA wheel roughness is a
little higher. This result is somewhat surprising, since we had
the SOAC wheels trued on the Hegenscheidt machine just before
carrying out the noise measurements that will be described later
in this section. Although the noise measurements were all made
within three days of truing the wheels, the roughness on the
wheels was not measured until almost a week after truing. The
delay occurred because the Test Center had difficulty finding a
means for rotating the SOAC wheels at the very slow, steady speed
needed to measure the roughness. When it was finally decided to
use the Hegenscheidt machine for this purpose, the SOAC had been
heavily used in the intervening period in another, unrelated test
program. As we explain later in this section, we believe the
wheels roughened considerably in that period, and that the wheel
roughness in Fig. 79 is considerably higher than was present on

the wheels during the noise measurements.

Contact Area

The contact area between wheel and rail is an important
parameter in the generation of wheel/rail noise, and we measured
that area during our tests with SOAC at the Test Center.
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To obtain measurements of the contact patch, we used a tech-
nigue pioneered by Dr. Sudhir Kumar of the Illincis Institute of
Technology. The technique requires that a strip of Scanning
Electron Microscope (SEM) replicating tape be inserted between
wheel and rail, as shown in Fig. 80. A small hydraulic jack was
used to lift the wheel, as shown in Fig. 80a, and the wheel and
rail surfaces were cleaned with solvent. Two thicknesses of 5-
mil tape were then inserted between wheel and rail, and the valve
in the jack was slowly opened so that the wheel would gently
settle on the rail. The wheel was left there for three minutes,
then raised and the tape removed. The impression left on the
tape 1s similar in shape to (but larger in size than) the actual
region of contact between the wheel and rail.

RKumar [24] has made laboratory measurements of the contact
area between wheels and rails with well-defined new profiles,
using his replicating tape technique. By comparing the measured
areas with theoretically predicted areas, he has developed cor-
rection factors relating measured area to actual area. For the
temperature at which these data were taken and for the ellipti-
city of the contact area (ratio of major to minor axes), Kumar
has estimated that the ratio of actual to measured contact areas
is 0.76.

A total of nine wheel/rail contact imprints were made.
These were analyzed by Kumar [25] and are shown in Fig. 8l1. The
test number and the number of the wheel for which the test was
conducted are shown in the figure. The areas are plotted as seen
by an observer looking down on the rail. Certain parts of the
imprint show a high stress character, which is marked with shaded
lines. Some of the imprints (Test Nos. 2, 3, and 5) were not
completely on the tape. These imprints were completed by

.extrapolation and are shown as dotted lines.
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(b) The replicating tape inserted.

FIG. 80. MEASURING THE WHEEL/RAIL CONTACT AREA.
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Detailed measurements of the contact impressions are pre-
sented in Table 7. The major axis of the ellipse, 2a, the minor
axis, 2b, and the area of contact (determined with the help of a
planometer) were measured by Kumar. The area measurements are
the average of three readings with an error estimated at * 0.003
in.2. Calculation of ellipticity (a/b) for the area of contact
was made and is shown as a/b experimental in the table. There is
significant variation, with wheel No. 7 having the highest
ellipticity and wheel No. 3 the lowest. The theoretical ratio of
a/b and the theoretical area of contact based on unworn wheel and
rail profiles are 1.045 and 0.134 in.?2, respectively. Using the
correction factor of 0.76 described above, Kumar has estimated
the true area of contact in the table. The measured contact
areas and ellipticities are generally more than the theoretical
values, probably because the wheels of the car have a slightly

worn, hollow profile.

3.3 Comparison of Measured and Predicted Rolling Noise

Using one SOAC operating at speeds from 20 to 80 mph on the
welded rail test section of the Transit Test Track, we measured
the noise and wheel and rail vibration and compared the measure-
ments with the predictions of the analytical model of Sec. 2.
Before carrying out that comparison, however, we used only that
portion of the analytical model that predicts wayside noise,
given the vibration of the components of the wheel/rail system
(see Sec. 2.1.2), in order to estimate the sound radiated by each

component.

Figure 82 shows the acceleration levels on the three com-
ponents of interest (wheels, rails, ahd?ties), measured as the
SOAC passed by on welded rail at 30 mph. The rail vertical ac-
celeration in the figqure is the output of one accelerometer on

the rail foot (see Fig. 63) and the horizontal rail acceleration

163




TABLE 7. SOAC WHEEL/RAIL CONTACT AREAS,

Measured Meas. Measured | Corrected
Wheel 2a 2b Area a Area
Test No. No. [in.] [in.] [in. 2] b [in. 2]
1 7 0.63 0.36 0.1l67 1.67 0,127
24 7 0.59 0.39 0.197 1.52 0.150
2B 7 0.58 0.41 0,180 1.42 0.137
3 6 0.66 0.53 0.293 1,23 0.223
4 6 - 0.66 0.52 0.247 1.27 0.188
5 2 0.63 0.48 0.260 1.29 0.198
6 2 0.59 0.48 0.230 1.22 0.175
7 3 0.53  0.48 | 0.177 | 1.09 0.135
8 3 0.56 0.47 0.183 1.20 0.139
Avg. 0.60 0.46 0.215 1.32 0.164
Theoretical 0.42 0.40 - 1.05 0.134
Wheel Diameter = 30 in.
Rail = 119 1lb/yd RE
Wheel Profile = 1/20 conicity

Max. Hertzian stress = 150,000 psi
Nominal Wheel Load = 107,000/8 = 13,375 1lb
Temperature = 46°F

Estimated correction factor = 0.76.
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is the output of the accelerometer on the rail web closest to the
foot (see Fig, 63). The wheel accelerations in the figure are
the outputs of the three wheel accelerometers (see Fig. 57). The
estimated sound radiated by the wheel, the vertical ahd hori-
zontal rail vibration, and the ties,* is shown in Fig., 83 and is

compared with the measured overall noise,

Although there is clearly some overestimation of the sound
radiated by the rail, a number of conclusions are possible, based

on the results in the two figures:

» The wheel web vibration is very low compared to the tread
vibration. Since the surface areas of tread and web are
comparable, we conclude that sound is radiated primarily by
the tread of the wheel.

+ The ties are not a significant source of wheel/rail noise,
except possibly at low fregquency.

« Vertical rail vibration accounts for most of the sound radi-

ated by the rail, except possibly at low frequency.

In order to simplify the comparisons in the remainder of
this section, we will use the above conclusions and focus only
on: (1) wheel tread vibration and sound radiatiocn, and (2) vertical
rail vibration and sound radiation. These simplifications may lead

to some underestimation of sound radiation in the low-frequency

*To estimate the tie radiation, we simply used the same relation-
ship as derived for the rail in Sec. 2.1.2 but corrected to
account for the difference in radiating area. The correction
factor is given by

An/L r
4(rF+rH§
where Aq is the area of the top surface of a tie, Lp is the tie

spacing, and rp and ry are the rail foot and head width, respec-
tively.
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bands, but they should provide adequate estimates of overall

sound radiation.

Figure 84 compares measurements and predictions for wheel/
rail noise from one SOAC operated at 30 mph on welded rail at the
TTC. The measured data were obtained as described earlier in
this section, and the predictions were obtained using the an-
alytical model of Sec. 2 with the measured TTC rail roughness
spectrum for welded rail in Fig. 76 and the measured SOAC wheel
roughness spectrum in Fig. 79. The range of the measured data is
shown as the cross-hatched areas in the figure. 1In general, the
data were reasonably repeatable except for the wheel radial
vibration, which shows a considerable spread. In fact, there
were three additional runs - one anomalously high and two
anomalously low - that we have not shown in the figure because we
doubt their wvalidity.

Two theoretical prediction curves are shown in each figure.
The solid curve is calculated, using measured wheel and rail
roughness spectra as described above. Those predictions are
generally higher than the measured data, especially for rail
vibration; radial wheel vibration above 1000 Hz: axial wheel
vibration between 1000 and 3000 Hz; and wayside noise between 630
and 3000 Hz. The discrepancy is probably caused by the use of a
wheel roughness spectrum that is too high. As described earlier,
there was nearly a week's delay between the noise and vibration
measurements and the wheel roughness measurements. During that
week, the test car was used heavily as a locomotive to pull the
other SOAC around the test track as part of another unrelated
program, We believe that, during that intervening week, the
wheels roughened considerably.

The solid curves in Fig. 84 represent an upper bound on the
predictions. As a lower bound, we have calculated the noise and
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vibration, assuming the wheels to be perfectly smooth. The
dashed curve in the figure shows the results of those calcula-
tions. Although they are strictly a lower bound, the calcula-
tions (assuming smooth wheels) provide excellent agreement with
the rail vibration measurements across the frequency range. The
rail vibration in the figure was obtained by adding together the
signals from the two accelerometers on the rail foot (see Fig.
63) and dividing the result by two before taking the spectrum.
Figure 84b thus represents the true vertical acceleration of the
rail, with all rocking of the rail about its axis removed.

The measured and predicted noise spectra also agree well, if
one assumes that the wheels are smooth. Below 630 Hz, the pre-
dictions are low; this was expected because tie radiation and
radiation from the horizontal vibration of the rail have been ne-
glected. The error is somewhat worsened, however, by the under-
prediction of the wheel axial vibration at 500 and 630 Hz, as
shown in Fig. 84d. That discrepancy is mainly due to the wheel
impedance model's tendency to predict too low a natural frequency
for the first axial wheel mode. At higher frequency, the smooth
wheel predictions agree quite well with the measurements up to
about 3000 Hz. The reason for the discrepancy between measure-

ments and predictions above 3000 Hz is unknown,

Finally, above 1000 Hz the measured wheel radial accelera-
tion agrees well with the smooth wheel predictions. At low fre-
quency, however, the measured acceleration is much greater than
the predictions. We now believe that this discrepancy between
measurements and predictions at low frequencies is an error in
the measured data and not necessarily in the predictions. At
low frequency, the radial accelerometer, because of its
location and orientation, is sensing axial acceleration and tor-
sional acceleration of the tread rather than radial accelera-

tion. Figure 85 illustrates why this error, or cross talk,
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occurs. Because of the geometry of the wheel, the radial ac-
celerometer was not mounted exactly perpendicular to the wheel
axis, Conseguently, some axial acceleration is sensed by the
radial accelerometer. For example, if the angle between acceler-
ometer axis and wheel axis is 75° rather than 90°, the axial
acceleration sensed by the radial accelerometer will be only 12
dB below the true axial acceleration. If the radial accelération
is low and the axial acceleration is high, such as at the axial
resonant frequencies of the wheel, significant errors in the
measured radial acceleration could result. The peaks in the
radial wheel acceleration at 500 to 630 Hz and 1250 to 1600 Hz
could be partially due to this cross talk,

Another source of error that could be significant at the
axial wheel resonant frequencies is the torsional acceleration of
the tread, as illustrated in Fig. 85. Axial vibration of the
tread is a combination of ocut-of-plane bending and torsion about
the tread axis. Since the radial accelerometer is not located
directly above the center of twist of the tread, some of the
torsional acceleration will be sensed by the radial accelerom-
eter. The degree to which the torsiconal motion of the tread will
contaminate the radial acceleration measurements is not known,
but one would expect the contamination to be most severe at the
wheel axial resonant fregquencies.

In the remainder of this section, we compare measurements
and predictions, assuming that the wheel is much smoother than
the rail. Although the predictions resulting from this assump-
tion are - strictly speaking - a lower bound, the results in Fig.
84 suggest that the wheel was much smoother during the noise and
vibration measurements than it was a week later, when its rough-

ness was measured.
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Figures 86 through 90 present a comparison of predictions
and measurements for speeds of 20 to 80 mph. In the following
cases, no data are available: rail vibration at 60 mph and rail
and axial wheel vibration at 80 mph. In addition, at 45 and 60
mph, the measured axial wheel vibration appears to be anomalously .

low, e.g., at 45 and 60 mph it is nearly the same as at 30 mph.

In general, the predictions agree well with measured data,
although there is a tendency for the predicted wayside noise to
overestimate the measured noise, especially at the higher
speeds. This tendency is illustrated in Fig. 91, where the pre-
dictions of overall noise level are seen to underestimate the
measurements at low speed, but to overestimate those measurements
at high speed.

3.4 Comparison of Measured and Predicted Impact Noise

3.4.1 Jointed rail

An elevation change usually exists across most rail joints
on revenue service track on rapid transit systems. Typically,
the rail on the side of the joint supporting the transit car is
lower than the rail on the other side of thé joint. Elewvation
changes of 1/8 in., are common [23]. The analysis in Sec., 2.2 was
specifically developed to deal with this geometry.

However, as illustrated in Fig. 92, the jointed rail on the
Transit Test Track at the Test Center is in such excellent condi-
tion that no measurable elevation changes across the rail joints
exist, even with the transit car parked with one wheel right next
to the joint. We considered creating an artificial elevation
change across the rail joints of the test section by adding shims

under one rail end at each jeint. We abandoned this plan, however,
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because of time and funding constraints and because we felt that
such artificial changes might not be representative of the noise-

generating properties of such joints in revenue service,

There is a gap and a slight dip at the joints (as illus-
trated in Fig. 93) but, according to the original theory [3],
little increase in noise should be expected from those discon-
tinuities. The wayside noise data in Fig. 94 are the same as on
welded rail up to 45 mph. Above that speed, the jointed rail
wayside noise data are 3 to 6 dBA higher. The reason for this
change is unknown. Equally puzzling is the difference in the
wayside noise spectra from welded and jointed rail, as illus-
trated in Fig. 95. The dashed curve from jointed rail and the
solid curve from welded rail in the figure should be slightly
different because the rail roughness is slightly different on
the two test sections (see Fig., 76), i.e., the jointed rail is
somewhat smoother. We have subtracted this difference in rough-
ness between the two test sections from the wayside noise spec-
trum on welded rail to obtain the dotted curve in the figure.
All other things being equal, the dotted and dashed curves in
Fig. 95 should be the same. However, the wayside noise from the
jointed rail is consistently higher in the mid frequencies.
Whether this higher noise is due to the joints or some other
source is presently unknown. For completeness, we also illus-
trate the difference in wayside noise spectra from jointed and
welded rail at 60 and 80 mph in Fig. 96.

Figure 97 compares wheel vibration at 30 mph on welded and
jointed rail. This is the only speed for which comparison data
are available. Wheel vibration on the jointed rail test section
is in the same range as on the welded test section.
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It was not possible to extract any rail vibration data from
the jointed rail test section because of the noise problem
described in Sec. 3.1.2 and no welded/jointed comparisons of rail
vibration are possible.

3.4.2 Wheel flats

One of the most common causes of excessive wheel/rail noise
on operating rapid transit systems is wheel flats. These are
usually generated during braking, when one wheel locks and slides

along the rail. This sliding creates a worn spot on the wheel.

In order to validate our model of wheel flat equivalent
roughness in Sec., 2.2.2, we attempted to generate flats on the
wheels of the SOAC by locking the wheels of the car and pulling
it with a locomotive. We initially thought that this would be a
controlled way of generating flats, but it actually proved to be
difficult. We were able to generate only the three flats shown
in Fig. 98 on three wheels of the lead truck. The flats were

generated from pulling the SOAC in reverse,

The geometry of the flats is somewhat different from that
used to estimate eguivalent roughness in Sec. 2.2.2. The raised
area behind the flat was not accounted for. That area appears to
consist of metal removed from the flatted area and redeposited on
the running surface of the wheel, The geometry measurements
shown in the figure were obtained with the car on a wheel-truing
machine. The wheel was slowly turned to expose the flat spots.

A dial gauge was used to obtain the height and depth, and a
straight edge was used to obtain the width and length.

The SOAC with flatted wheels was operated on the same welded
section of track that was used for the rolling noise tests.
Figure 99 compares the wayside noise at 25 ft from the car with
smooth and flatted wheels. The data, all for operation in the
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forward direction, show little or no increase caused by the pres-
ence of the flats, even though the banging from the flats could
be distinctly heard as the train passed. Since the 4-sec
averaging time* used to analyze the data is longer than the time
it takes the train to pass the microphone, the data in the figure
are the average noise during the train passby. That average
noise is not greatly affected by the impacts from the wheel

flats, which have a duration of only a few milliseconds [3].

Figure 100 compares the rail roughness at the test site with
the equivalent roughness due to the wheel flats. To estimate the
equivalent roughness, we have assumed that there are four flats
(0.5 flats per wheel) with a length of 1/2 in. The wheel flat
eguivalent roughness formula - Eq. (100) - was designed to model
that portion of the flat where material has been removed from the
wheel, region A in Fig, 98, Here, we are assuming that the geom-
etry of region B is the same as, but opposite in sign to, region
A, Although that assumption is not strictly correct, it does
provide a reasonable first-order estimate of the wheel flat
noise-generating capability. As Fig. 99 shows, these wheel flats
increase the apparent roughness only at long wavelengths. Figure
100c shows that the resulting theoretical increase in noise and
vibration is small and confined to low fregquency. Figures 1l00a
and 100b compare the measured wayside noise and rail vibration
(one accelerometer on the rail foot) at 20 mph. The figures show
at least qualitative agreement between the predicted increase in
noise and vibration and the measured increase. Unfortunately,
because the flats are so small and few in number, the increase in

noise and vibration is small. Since the scatter in the measured

*The data at 45 mph were actually averaged for 2 sec. These have
been reduced by 3 dB to normalize the data to a 4-sec averaging
time.
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data is almost as large as the change in noise and vibration
caused by the flats, it is difficult to validate the predictions
quantitati&ely with any certainty. However, Fig. 101 does indi-
cate that the analytical model provides a reasonable estimate of
the effects of wheel flats on noise and vibration.

3.5 Rail Response

The rail responds in a somewhat complex way to the passage
of a train. Figqure 102 illustrates that response for the SOAC
passing by at 30 mph,

For the vertical direction {Fig. 1l02a), we have summed the
signals from accelerometers 5 and 6, divided by two, and taken
the spectrum as shown in the figure. That result corresponds to
pure vertical translation of the rail. The spectrum of the dif-
ference of these two channels, also shown in the figure, corres-
ponds to the rocking of the rail about its axis. Except for a
peak at 630 Hz, the rail responds essentially in pure vertical
translation with little rocking up to 1250 Hz. Above that fre-
dquency, rocking becomes as important as vertical translation.
The spectrum of the signal from accelerometer 5 is also shown in
Fig. 102a. It illustrates that a single accelerometer on the
rail foot provides a good measure of the vertical translation of
the rail up to 1250 Hz.

For lateral vibration (Fig. 102b), similar signal processing
was carried out for accelerometers 1 and 4. The spectrum of the
sum of the two signals divided by two (i.e., the average) corres-
ponds to pure lateral translation, whereas the spectrum of the
difference corresponds to rocking about the rail axis. For the
most part, lateral translation dominates rockihg up to about 2000

Hz, although at 630 Hz rocking does become important.
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Figures 102¢ and 1024 present additional acceleration data
from the rail. Although these data are for only one speed, they
are typical of data taken at both higher and lower speeds. It is
particularly interesting to note that both lateral translation of
the rail and rocking peak in those frequency bands where the
axial wheel vibration peaks, are usually those fregquency
bands that contain the axial resonant frequencies of the wheel,
e,g., 500/630 Hz, 1600 Hz, and 2500 Hz. This observation is
consistent with the picture of wheel/rail lateral coupling

presented in Sec. 2.
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4. SENSITIVITY ANALYSIS

Having validated the analysis to the extent possible in the
previous section, we now use the analytical model to determine
the sensitivity of the noise radiated by the wheel/rail system to
changes in the values of the parameters defining that system. We
begin by selecting the parameter values of a baseline system. We
then calculate the wayside noise radiated by that system and
examine the estimated changes in the noise as we vary system

parameter values within realistic limits.

4.1 Baseline System
The baseline system that we will use in this section is
defined by:
+ Wheel and rail roughness as measured on the MBTA (see Fig.
103)
e 30-in.-diameter SOAC wheel
»+ 10,000-1b wheel load
« 100-1b/yd welded rail on wood ties and ballast
+ Rail loss factor as defined in Fig. 104
« Two-car train
+ Speed of 30 mph
+ Surrounding dround surface with a specific flow resistance

1000 cgs rayls, e.g., dirt and loose stones.

To compare the effects of various parameter value combina-
tions on the noise, we will use the overall A-weighted sound
level at 25 ft from the track centerline, averaged for 8 sec as

the train passes by.
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With the above system parameter values, we have calculated
wheel/rail noise and vibration using the analytical model of Sec.
2. Figure 105 presents predictions of wheel and rail noise radia-
tion and vibration. For these system parameter values, which are
typical of operating transit systems in the United States, the
rail dominates the sound radiation in the mid frequencies,
whereas the wheel dominates at high and low frequencies. Note
that at those frequencies where the wheel dominates the sound
radiation, the radial vibration of the wheel is primarily

responsible for that sound radiation.

4.2 Parameter Value Changes
The following parameters have been examined to determine

their effect on wheel/rail noise:

+ Wheel radius

« Wheel tread thickness

+ Wheel web thickness

+ Rail weight

+ Wheel damping

+ Wheel load |

+ Wheel/rail contaét stiffness

+ Wheel/rail contact area.

We also looked into the effects on noise caused by changes

in roughness from
+ Wheel truing

+ Rail grinding
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+ The presence of rail joints

+ The preseénce of wheel flats.

Wheel Radius

Figure 106 shows the changes in wayside noise at 25 ft from
the track centerline caused by changes in wheel size, For 24- to
36-in,-diameter wheels there is little change in noise, assuming
that other wheel dimensions such as tread thickness, tread

width, and web thickness, remain unchanged.

Wheel Tread Thickness

Changing the thickness of the wheel tread, nominally 2 3/8
inch on the SOAC, over a rangé of 1 to 3 inches has little effect on
noise, as shown in Fig. 107, although at very low tread thick-
nesses wheel radiation increases sufficiently so that overall
noise is slightly increased.

Wheel Web Thickness

As Fig., 108 shows, increasing the web thickness decreases
the sound radiated by the wheel., However, for this baseline
case, wheel radiation is already well below rail radiation and
this decrease in wheel radiation has little effect on total
noise,

Rail Weight

Increasing rail weight results in a small increase in total
noise, as illustrated in Fig. 109. Although the heavier rail has
a higher impedance and responds less than lighter rail, its
greater radiating area results in increased rail sound radiation.
The higher impedance of the heaﬁier rail also causes the wheel to
respond more than on light rail, causing increased wheel sound
radiation.
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Wheel Damping

Figure 110 shows that increasing the damping of the wheel
has little effect on the cverall radiated sound. Although wheel
damping is known to decrease squeal noise in the field, it has
little impact on rolling noise, The impact of wheel damping is
small because in rolling noise, the wheel and rail response amp-
litudes are limited to be no more than the amplitude of the
roughness on wheel and rail running surfaces, Increasing the
wheel damping simply increases its impedance at resonance and
decreases its impedance at its antiresonant frequencies. The
wheel response is greatest at its resonant frequencies, where the
wheel impedance is typically much less than the rail impedance.
Increasing the wheel impedance at resonance by damping will have
little effect on the wheel response until the wheel impedance
becomes comparable to the rail impedance. In general, damping
the wheel caﬁnot increase the wheel impedance at resonance enough
to make that impedance comparable to the rail's. Consequently,
little decrease in wheel sound radiation occurs with additional
damping.

The rail response, on the other hand, tends to be greatest
at the wheel antiresonant frequencies where the wheel impedance
is much greater than the rail impedance. For reasons similar to
those given for the wheel, the rail response decreases only

slightly with increases in wheel damping.

Wheel Load

Increasing the wheel load (see Fig. 1l1l) decreases the sound
radiation, but not substantially. For example, if one increases
the wheel load from 10,000 to 14,000 1b (a typical increase from
an empty to a full transit car), the decrease in noise would be
less than 1 dBA.
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The sensitivity of the wayside noise to wheel load is due to
two competing factors: increasing contact area and increasing
contact stiffness with increasing load. As we will see later in
this section, increasing the contact afea decreases the noise,
whereas increasing the contact stiffness increases the noise,

The former effect is stfonger in the example in Fig. 111, and the

noise decreases with increased load.

Contact Stiffness

When the wheel rests on.the rail, there is local elastic
deformation in both at the point of contact. This local deforma-
tion is different from the gross bending deformation of the rail
and the bending and torSionai deformation of the wheel that radi-
ate sound. If the contact stiffness is low enough, irrequlari-
ties on the running surfaces of the wheel and rail will produce
mostly local deformation and thereby réduce‘the sound radiated by

the wheel and rail. Figure 112 illustrates this effect.

However, substantial changes in contact stiffness are re-
quired to obtain significant noise reduction, and that noise
reduction is confined chiefly to the rail. Wheel sound radiation
actually increases slightly, mostly because of a well-damped®*
resonant interaction between the wheel mass and contact stiffness
at low freguency that dominates the wheel response. As the con-
tact stiffness decreases, the frequency at which this interaction
occurs moves lower. For example, as shown in Fig. 113, wheel
sound radiation is enhanced around 500 Hz, when the contact
stiffness is reduced from 3.107 1lb/in. to 3.10% 1lb/in. For still
lower contact stiffness of 10% 1b/in. and 3.10°5 1lb/in., the
enhancement occurs around 200 and 125 Hz, respectively. Because

the wheel sound radiation is dominated by low frequencies, this

*The resonance is damped because bending waves in the rail tend
to carry energy away from the point of contact.
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contact resonance begins to increase the sound radiation from the
wheel as the contact stiffness is first reduced. Further reduc-
tion in the contact stiffness pushes the contact resonance to low
enough frequencies that the A-weighting begins to reduce its
influence and the sound radiation from the wheel begins to

fall. The rail sound radiation, on the other hand, falls uni-
formly with decreasing contact stiffness. The contact resonance
does not influence the rail sound radiation, because the sound
radiation from the rail is not significant at the low fregquencies

where the contact resonance occurs.

Area of Contact

Increasihg the area of contact has a significant effect on
the noise from both wheel and rail, as illustrated in Fig. 114.
Note that the noise from the rail is more affected than the noise
from the wheel. We can see why this is so by referring to Fig.
105, which shows that the noise from the wheel is dominated by
noise at low frequency and by only a few bands at high fre-
quency. The noise from the rail, on the other hand, is dominated
by noise in the mid frequencies, The area of contact between the
wheel and rail acts effectively like a low-pass filter whose
roll-off frequency decreases with increasing contact area. For
the baseline case considered here, the roll-off frequency is
about 400 Hz. 1Increasing the contact area affects the rail
across the entire frequency region where rail radiation is
important, but it initially affects the wheel only in the few
bands at high freguency that are important contributors to wheel

noise.

Although contact area probably affects wheel/rail noise more
than other parameters, an increase in contact radius by a factor
of two only decreases noise by 5.5 dBA.

220



86 I

80—

78—

76—

A-WEIGHTED SOUND LEVEL (dBA)

70

68—

66 —

64 j | l 1 | | i | [
0 0.2 04 0.5 0.6 1.0

CONTACT RADIUS (in.)

FIG. 114. ESTIMATED EFFECT OF INCREASING CONTACT AREA ON WAYSIDE
NOISE AT 25 FT; TWO-CAR TRAIN AT 30 MPH.

221




Wheel Truing and Rail Grinding

The previous examples have illustrated the difficulty of
reducing wheel/rail noise once the wheel and rail running surface
conditions have deteriorated sufficiently to create a problem.
Here, we examine just how much we can realistically expect to
reduce wheel/rail noise by smoothing the running surfaces of the
wheels and rails. Figure 115 shows a bar graph of the overall
noise and wheel and rail sound radiation for the baseline system,

as well as for three additional conditions:

» Smooth wheels and normally rough rails
* Smooth rails and normally rough wheels

+ Smooth wheels and rails.

A smooth wheel or rail is one with the roughness spectrum
shown in Fig. 116. The curve in the figure is a lower bound on
roughness data from the open literature for ground-end lathe-
turned discs [26], as well as roughness data on a small 1l4-in.-
diameter railroad wheel that was turned smooth with great care on
a lathe [3]. We feel that those data represent the smoothest
surfaces that are practically achievable in the transit environ-
ment, In fact, as we shall see in Sec., 5, only one wheel or rail
smoothing technique has achieved surface conditions as smooth as
those shown in Fig. 116.

Figure 115 shows that if one could maintain smooth wheels

and rails, a reduction in noise of almost 12 4dBRA is possible.

Rail Joints

Using the "equivalent roughness model" of stepup rail joints
described in Sec. 2.2, we have estimated the change in the aver-
age sound level at the wayside during the passage of a two-carvr

train on jointed rail (39-ft joint spacing). The noise increases
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only slightly, even for fairly large height discontinuities at
the joints (Fig. 117). We suspect that even for very small joint
height discontinuities, the joint impacts will be audible. The
A-weighted sound level averaged over the time that the train is
passing is not very sensitive to these impacts because they have
a very short duration. Of course, the wheels and rails in this
calculation are fairly rough. If we had used smoother wheels and
rails in our baseline system, the rail joints would have had a

more significant effect on wheel/rail noise,

Wheel Flats

Flat spots on wheels are typically generated when sliding
occurs during braking, Figure 118 shows a wheel set with a large
wheel flat just before truing on an undercar milling machine.
Wheel flats result in significant increases in the noise from

rapid transit cars.

Figure 119 shows the effect of wheel flats on the average
sound level. Both the size of the flats and the number of flats
per wheel affect the average sound level., Once again, because
our measure of noise is the sound level averaged over the time
that the train is passing, wheel flats appear to be less noisy
than one would ordinarily expect. 1In fact, wheel flats much less
than an inch in length can be clearly heard above the din of the
average train. But because of the short duration of the impacts,

the effect on the average sound level is not dramatic,

The results in Fig. 119 are for a train speed of 30 mph. We
should caution the reader that at so high a speed the wheel flat
"equivalent roughness" model of Sec. 2.2 may somewhat over-
estimate the noisiness of wheel flats. The "critical speed,"
i.e., the speed above which the wheel loses contact with the
rail, is a little less than 30 mph, and the wheel flat model is
only good for those speeds where wheel/rail contact is maintained.
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FIG. 118. TYPICAL WHEEL FLAT.
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5. TREATMENTS FOR THE CONTROL OF NOISE

In an earlier investigation under this program [1], all
available information on wheel/rail noise contrecl treatments was
examined, and the most cost-effective treatments were identified.
From these, a number were selected for further study under this
program. For squeal noise suppression, a need was found for
site-specific treatments. Most squeal noise suppression treat-
ments are applied to the wheels. Even if only a few troublesome
curves exist on a system, these wheel-specific treatments would
have to be applied to the whole fleet of cars to be effective.
It would certainly be convenient to have a treatment that could
be applied only at the curves.

Rail lubrication and hard-faced rails are two site-specific
treatments. The former, which was examined in a series of tests at
TTC as part of another program, will not be reported on here. We
have, however, examined the effect of curve radius on squeal
noise for two transit systems. One, the MBTA, already discussed
in Sec. 2, had no curve lubrication: the other, the CTA, had
lubricators on most of its short-radius curves. In the sections
that follow, we will compare the two sets of data to determine
the effectiveness of curve lubrication in suppressing squeal on
an operating transit system. Hard-faced rails have been used on
an experimental basis in Europe with mixed results. We will
discuss those results in the sections that follow.

For rolling noise and impact noise, we decided to examine
wheel and rail smoothing techniques and a new concept of a resil-
iently treaded wheel. The results of Sec. 4 have confirmed this
decision. Of the few parameter changes that had any effect on
wheel/rail noise, one was wheel/rail contact area and the other,
to a lesser extent, was wheel/rail contact stiffness. The values
of both of these parameters can be varied by proper design of a
resiliently treaded wheel. Accordingly, we have designed, built,
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and tested a one-third-scale prototype resiliently treaded wheel,

described later.

The fact that wheel/rail noise is so resistant to change
implies the need to keep the running surfaces of wheels and rails
as smooth as possible. Section 4 has shown that a 12-dBA reduc-
tion in wheel/rail noise is theoretically achievable if wheels
and rails are kept as smocth as possible. In the following sec-
tions, we examine the smoothness achievable with various wheel-

truing and rail-grinding tgchniques.

5.1 Control of Squeal Noise

5.1.1 Bard-faced rails

The hard-faced (Anti-Quietsch Schweissung) rail is a
specially treated rail for squeal suppression manufactured by
Elektro-Thermit GmbH, Essen, West Germany. A cross section of
the rail is shown in Fig. 120. Two strips of weldment called
Etecta 5 Spezial, approximately 5 mm high by 12 mm wide, are laid
on the full length of the rail. The wheel runs on these strips,
and the claim is that no sgqueal noise is generated and rail wear
is reduced.’

Hard-faced rail has been installed on an experimental basis
on curves on the inner rail on a number of transit systems
throughout Europe (Hamburg, Hannover, Kd&ln, Mainz, Mannheim,
Munchen, Stuttgart, Wurzburg). We contacted a number of the
systems and carried out measurements on the Hannover streetcar

system.

The test site at Hannover is shown in Fig. 121. It was an
ideal site, with two curved tracks approximately 3 m apart, one
with hard-faced rail approximately 3 months old and one with-

out. Unfortunately, on the day that noise measurements were
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FIG. 120. HARD-FACED RAIL.
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HARD-FACED RAIL

STREET

FIG. 121. TEST SITE IN HANNOVER.
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made, trains did not squeal on either track. It had rained
earlier in the day and, although the rails appeared to be dry,
there may have been enough moisture on them to prevent squeal.
The rail was installed on the curve in Hannover to deal with a
squeal problem, and Hannover personnel reported that the rail did

eliminate squeal.

To obtain further information, we contacted two additional
systems in Germany. 1In 1976, the Stuttgart streetcar system
experimented with hard-faced rail. The rail did eliminate
squeal, but after 3 to 4 months,the squealing came back. In
addition, the rails d4id not wear as long as claimed. Stuttgart
transit personnel therefore felt that the additional cost of
hard-faced rail was not justified and the city is not using any
on its system.

The Frankfurt streetcar and subway system personnel used
hard-faced rail on a number of curves on both the streetcar and
subway lines. They are presently content wifh the performqnée of
the rail, but they still have several more years of'teséing to
carry out. They did mention that the hard-faced rail had to be
ground more often than normal rail to prevent corrugations{“

In summary, it appears that hard-faced rail does prevent
squeal, but it is uncertain how long the rail wears well and/or
suppresses sgueal. The next logical step would be to make a test
installation in the United States, either at‘the TTC screech loop

or on an operating transit system,

5.1.2 Comparison of MBTA and CTA squeal noise occurrence

In Sec. 2.3.2, we examined the effect of the ratioc of curve
radius to truck wheel base on the occurrence of squeal for the
MBTA. To obtain those data, we rode the system, noted the occur-

rence of squeal, and correlated those observations with the
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radius of the curves. For the Chicago Transit Authority (CTA), we
used the squeal occurrence data compiled by Silver, Bachus and
Priemer [27]. The radii of the curves and the presence of lubri-
cation and restraining rail were determined with the help of the
CTA. Approximately 108 curves on seven lines were analyzed,
ranging in radius from 90 ft to 2,200 ft.

The results are shown in Fig. 122 and compared with the MBTA
results. For the most part, there is substantially less squeal
on the CTA for curves with a curve-radius-to-wheelbase ratio of
150 or less, Since over 45% of these curves are lubricated,
whereas only one curve with that ratio above 150 is lubricated,
one is tempted to attribute the reduction in sgueal occurrence to
the lubrication. However, Table 8 casts some doubt on that hypo-
thesis. A large percentage of the short-radius curves that did
not squeal were not lubricated. 1In fact, as shown in Table 9,
for the short-radius curves where squeal would be expected to
occur, the unlubricated curves apear less likely to squeal than
the lubricated ones. Therefore, it is incorrect to attribute the
decrease in the occurrence of squeal on the CTA solely to the use
of lubrication on curves. Other factors, such as truck design,

use of restraining rail, etc., may play a role.*

5.2 Impact and Rolling Noise

5.2.1 Wheel truing and rail grinding

The sensitivity analysis in Sec. 4 has clearly shown that
once the wheels and rails become rough and - as a result - noisy,
it is extremely difficult to control the noise, Changing most

wheel/rail system parameter values has little effect; therefore,

*All but eight of the curves with radius-to-wheelbase ratios less
than 150 had restraining rail. For curves with that ratio
greater than 150, only six had restraining rails,
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TABLE B. INCIDENCE OF SQUEAL AND LUBRICATION ON CTA CURVES.
Range of Lubricated Unlubricated Lubricated Unlubricated
(Curve Radius) | Qmrves that Curves that Curves that Curves that
(Wheelbase) Squeal Squeal do not Squeal | do not Squeal
15-42 11 3 3 5
43-70 8 4 1 9
70-150 1 3 7 11
150-260 0 8 1 13
260~-355 0 5 0 15
TABLE 9. PERCENTAGE OF LUBRICATED AND UNLUBRICATED CURVES THAT
SQUEAL.
Range of Percent of Lubricated Percent of Unlubricated
(Curve Radius) Curves that Curves that
{(Wheelbase) Squeal Squeal
15-42 79 38
42-70 89 31
70-150 19 21
150-260 0 38
260-355 - 25
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it is crucial to find ways to smooth the running surfaces of
wheels and rails and keep them as smooth as possible. Conse-
quently, in the course of this program, we examined the following
wheel-truing techniques:

+ Undercar milling machine

+ Undercar lathe

« Wheelset lathe

+« Belt grinder
and two rail-grinding techniques:

» Vertical axis rail-grinding machine

+ Grinding block machine.

We obtained data on the roughness after wheel truing and
rail grinding with each of these techniques. For the undercar
milling machine, data were available from Saurenman [23],

measured on the Southeastern Pennsylvania Transportation

Authority (SEPTA), For the wheelset lathe, data were measured in
an earlier program by BBN on the Massachusetts Bay Transportation
Authority (MBTA). For the remaining four smcothing techniques,

measurements were carried out at an operating transit property or
at TTC (Pueblo}.

In the following sections, we will discuss the roughness data
obtained using the device described in Sec. 3.2.3. Using the
analytical model of wheel/rail noise, we will then estimate the
change in wayside noise that would result from various combina-
tions of these smoothing techniques.

Undercar Milling Machine

A Stanray undercar milling machine at SEPTA is shown in Fig,.

123. Although in the photographs a wheelset removed from the
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FIG. 123. STANRAY UNDERCAR MILLING MACHINE.
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truck is being trued, removing the wheelset is not necessary.
Usually the transit car is brought up to the machine and the
particular wheelset to be trued is parked above the milling
cutters. Each wheel of the wheelset is supported at the flange
by two rollers, visible in Fig., 123. Two large mandrils fit into
locating holes at each end of the axle to locate the axle center
relative to the cutters. The mandrils can be seen in Fig. 123,
pulled back out of contact with the axle. The milling cutters,
one for each wheel, are located below the wheel and between the
rollers. In order to change wheel tread contour, the milling
cutter must be changed.

Figure 124 shows the measured roughness spectrum after tru-
ing, using the undercar milling machine at SEPTA and that same
roughness spectrum after running the car for 100 miles. The
roughness decreases after the short period of running in. This
reducticn in roughness is consistent with the observation that
the machinery marks from the milling cutter gradually disappear

after a short period of running the wheels on the rails.

As Fig. 124 shows, the degree of wheel running surface
smoothness achieved by this machine falls short of what we esti-
mate to be the practical limit of smoothness, especially at the
longer wavelengths, i.e., spatial frequencies less than 10
radians/in.

Undercar Lathe

During the extensive field test program carried out at the
TTC (Puebleo), we measured the wheel roughness on the SOAC after
truing on the Hegenscheidt undercar lathe at the test center.
Figure 70 in Sec. 3.2.3 shows the SOAC on the machine. In
principle, this machine operates like the undercar milling

machine, The major difference is that a lathe tool, rather than
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a milling cutter, cuts material from the running surface of the
wheel and flange. By inserting templates into the machine, one

can use the same tool to cut a variety of wheel contours,

Figure 125 shows the resulting roughness spectrum on the
wheels of the SOAC measured as described in Sec. 3.2.3. The data
were obtained after truing the wheels on the Hegenscheidt
machine, but only after the SOAC had been run on the Transit Test
Track for approximately 100 miles. Up to a spatial fregquency of
approximately 10 radians/in., the undercar lathe and the undercar
milling machine produce identical degrees of smoothness. Above
that spatial frequency, the milling machine produced a surface
finish that, after 100 miles of service, was superior to the
surface produced by the lathe after a similar wear-in period.
Unfortunately, we do not have data on the wheel roughness
immediately after truing with the lathe. The 100 miles of
service that we mention here is an approximation based on several
days of testing in which the SOAC was used as a locomotive to
pull another test car around the Transit Test Track. As we
described in Sec. 3.2.3, we believe this service roughened the
wheels considerably. Consequently, Fig. 125 may overestimate the
roughness from the undercar lathe.

Wheelset Lathe

The use of a wheelset lathe is a relatively old technique
that invelves the removal of the wheelset from the transit car
truck. The wheelset is then mounted in a lathe ana turned
smooth. 1In an earlier DOT procgram [3], BBN measured the rough-
ness on an MBTA wheel at the Everett shops after it was turned on
a wheelset lathe. The resulting roughness is shown in Fig. 126.
The roughness before lathe tdrning is indicated by the curve
labeled "Revenue Service Wheel" in the figure. Interestingly,
the roughness actually increased somewhat after lathe turning.
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There was some tool chatter in this machine, and the increased
roughness may be a consequence of the machinery marks from that
chatter. We were unable in this instance to measure the rough-
ness again after the wheel had been run in service for 100 miles
or so. We expect that as with the undercar milling machine,
these machinery marks will gradually wear away in normal service,

and the roughness will decrease.

Belt Grinder

For several years, the Toronto Transit Commission ([TTC
{Toronto)] has been using wheél grinding (belt grinder) as a
means of truing subway car wheels that had only relatively small
irregularities. The Commission still uses an undercar wheel
lathe for the large flat spots and general repair work. With the
cooperation of TTC (Toronto), we measured the running surface
rocughness on a subway car wheel immediately before and after belt
grinding, to determine the effectiveness of this smoothing

technique.

The belt grinder used at TTC (Toronto) is located at the
Davisville shop; it consists of two 106-in, x 4-in.-wide abrasive
belts that are pressed against each wheel of the rotating wheel-
set. Figure 127 shows a number of views of the machine. The
sequence of operation starts with the car being pulled up over
the belt grinder and hydraulic jacks raised to support the car,
as shown in Fig. 128. The rails below the wheelset to be ground
are then swung away, allowing the belt grinder access to the
running surface of each wheel. The wheelset is then rotated and
the belt grinder raised into contact with the wheels, as shown in
Fig. 129. The wheelset is rotated at 60 rpm by connecting an

external power supply to the traction motor.
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THE BELT GRINDER AT TTC (TORONTO).

127.
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FIG. 128. THE HYDRAULIC JACKS USED TO SUPPORT THE TRANSIT CAR ON
THE BELT GRINDER.
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FIG. 129. THE GRINDING OPERATION.
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A 90-durometer rubber pulley is used to support the grinding
belt during contact withrthe cér wheel, and 15-hp motor drives
the belts at 5800 ft/min. A power lift moves the whole belt
grinder up into the wheel running surface. Norton R827 belts (24
grit) are used.

Roughness measurements of the car wheels were made using the
BBN roughness device described in Sec, 3.,2.3. Since this device
requires the wheels to rotate at a constant velocity, the measure-
ments had to be made with the car mounted in the Hegenscheidt
undercar wheel lathe at TTC (Toronto) in the Greenwood shop. A
lathe speed of 15-1/2 rpm (22.7 in./sec) was chosen as a compro-
mise between the fastest speed possible with the least amount of
lathe vibration. Rubber mounting blocks were used to wvibration
isolate the measurement probe from the lathe. In addition, the
vibration level.on the lathe was monitored during all tests.

Roughness measurements were made pefore and after
grinding and finally after the car had‘approximately 520 miles
of in-service use. Since the belt grinder and wheel lathes were
in two different shops, the roughness measurements could not be
made immediately after belt grinding. However, we believed that
the seven miles between the Davisville and Greenwood shops would

not significantly change the surface roughness.

The instrumentation system used to obtain the roughness
measurements was essentially the same as that used at TTC
(Pueblo) (see Sec. 3.2.3), except that the data were recorded on
an FM tape recorder and later analyzed in the laboratory. Two
different wheelsets were measured and are identified as axle 1
and axle 3. Different tracks around the wheel perimeter on the
running surfaces were measured for each wheel to obtain several

samples of surface finish for each.
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A visual inspection of each wheel was made to ensure that
there were no flat spots on the test wheels, The surface condi-
tion of both wheels appeared to be very good, with only a slight
spalling on wheel 3, Under normal conditions, neither of the
wheels would have been called in for belt grinding. Figures 130
and 131 show typical one-third octave band acceleration spectra
obtained from the roughness probe for the three test conditions:

before and after belt grinding and after 520 miles in service.

Axle 3 (in Fig. 130) shows a 2- to 4-dB decrease in the
probe acceleration level measured between the before and after
belt grinding tests. After the 520 miles in service, there is'an
additional 1- to 3-dB drop in level at low fregquencies u to 20
Hz. The slight drop in level after this 520 miles in service is
to be expected, because a new running track forms after the helt
grinding. 1In Fig. 131, the probe acceleration measured on axle
1, the three spectra do not show the same orderly reduction in
level. The spectra have very similar levels, and no improvement
in surface finish appears with the belt grinder. This is prob-
ably due to the excellent surface finish that this wheel had

before any surface treatment was applied.

The vibration levels from the wheel lathe itself were moni-
tored for each test and are shown by the dashed lines in Figs.
130 and 131. These background levels are low compared to the
data (except for the 63-Hz band) and will be considerably attenu-
ated by the vibration isolation and damping in the probe support
mechanism,

The acceleration spectra have been converted to roughness
spectra in Fig. 132; they are compared with wheel roughness on
the MBTA and the practical lower limit of roughness that we
estimated earlier. The belt grinder nearly achieves the lower
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limit on roughness at the higher spatial frequencies and
represents a slight improvement over the undercar milling

machine.

Vertical Axis Rail Grinder

A vertical axis rail grinder is commonly used to reprofile
the head of the rail. Figure 133 shows one machine of this type
made by Speno and presently in use on SEPTA. It consists of a
number of short cars, each carrying two sets of grinding wheels,
one set over each rail, with their axes oriented vertically.

Each grinding wheel is spun at high speed pressed against the
rail head, and the whole train of cars is pulled along the track
by a locomotive. By orienting the axes of the grinders at
various angles off of vertical but perpendicular to the rail
axis, one can shape the rail head to nearly any contour desired.
At TTC (Pueblo), a vertical axis rail grinder made by Fairmont
was used to grind the screech loop during the time that we were
carrying out our field measurements. We used that opportunity to
measure the rail roughness after grinding. Figure 134 shows the
roughness measuring device in use on the screech loop. After the
loop was ground, grinding marks could be clearly seen on the rail
head as well as the worn path of the point of contact between

the wheel and the rail. Figure 135 shows the roughness spectrum
for that portion of the rail head where the grinding mark could
be clearly seen. If we compare Fig. 135 with Fig. 74, we find
that at high spatial frequencies the rail roughness is higher
after grinding than it was on the tangent track section where we
made our rolling noise tests. We believe that this higher rough-
ness is caused by the machinery marks left on the rail by the
grinder. With time, those marks will wear away and the rail
roughness should then become very similar to that in Fig. 74.
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FIG. 133. SPENO VERTICAL AXIS RAIL GRINDER AT SEPTA.
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FIG. 134. THE RAIL ROUGHNESS MEASURING DEVICE IN USE ON THE
SCREECH LOOP AT TTC (PUEBLO).
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Grinding Block Machine

The CTA and TTC (Toronto) both use a rail grinder consisting
of a rail car with grinding blocks mounted beneath the trucks. As
the rail car is pulled along, the grinding blocks are pressed
against the rails. After many passes, irregularities in the rail
running surface are ground away. Figure 136 shows the CTA rail
grinding car, and Fig. 137 shows the grinding block arrangement

under the similar TTC (Toronto) rail grinding car.

To assess the ability of this technique to smooth the rails,
we worked with the CTA to select a test site and measure the rail
roughness before and after grinding. The test site was a section
of the Evanston line on Track 4 North, adjacent to Loyola
Station. Figure 138 shows a number of views of the test site.
The track was in good condition because it was only five years
old and its use is limited to the rush-hour period, Monday to

Friday.

We chose a test section 16 ft long and made roughness
measurements on both the outside and inside rails. The section
of track around Loyola was relatively free from surface
corrugations, so that it was not poussible to obtain data on rail
with and without corrugations. The initial measurements were
made before any surface grinding was started. Next, we made
intermediate measurements after 7 and 8 passes of the grinding
machine. 1In a second trip to Chicago two weeks later, we
measured the roughness after a total of 54 grinding passes.
Usually, the grinding machine makes a total of approximately 80
grinding passes before the final finish is achieved. However,
the track at Loyola was initially in good condition, so fewer

passes were considered necessary.

The roughhess mesurements were made using the BBN roughness

measuring device described in Sec. 3.2.3. Acceleration levels
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FIG. 136. THE CTA RAIL GRINDING CAR.
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FIG. 137. THE GRINDING BLOCK ARRANGEMENT UNDER THE TRUCKS OF THE
TTC (TORONTO) RAIL GRINDING CAR, '
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THE CTA TEST SITE AT LOYOLA STATION ON THE EVANSTON

LINE.

138.

FIG.
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from the probe were recorded on an FM tape recorder and later
analyzed in the lab to obtain the roughness spectrum as a

function of wave number, The results are discussed below,

Figure 139 shows the roughness spectrum measured on the
outside rail before any surface grinding had been made (runs
6,7). This measurement is compared with our previous data
obtained from the welded rail at the test track at Transportation
Test Center (TTC), Pueblo, Colorado. The two rails show very
similar roughness levels, and it is apparent that the rail at CTA
is indeed in good condition, even before surface grinding. The
other data points shown in Fig. 139 were taken after 7 and 8
grinding passes. Very little difference is seen in the data
after only a few passes. In fact, at small wave numbers (long
wavelengths), the roughness appears to be slightly higher after
these passes than before grinding took place. The increased
roughness probably occurs because only the high spots on the rail
are touched by the first feﬁ grinding passes, leaving a rougher

truncated rail surface.

The finish roughness (54 passes) for the outside rail is
compared with the initial roughness in Fig. 140. The solid line
shows the average roughness levels taken from runs 6 and 7, while
the points represent finish grinding measured at three different
probe cart speeds. At wave numbers below k = 4 (wavelengths A »
1.57 in.), there is wvery little reduction in surface roughness
from the grinding. However, at wave numbers above k = 4, there
is a 2- to 5-dB reduction in roughness level. This reduction
represents a significant improvement in the rail roughness and
brings the spectrum level close to the lower limits of achievable

smoothness.

The corresponding roughness spectra for the inside rail are

shown in Fig. 141. The improvement in rail roughness at high
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ONE-THIRD OCTAVE BAND ROUGHNESS SPECTRUM (dB re 1in.)
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ONE-THIRD OCTAVE BAND ROUGHNESS SPECTRUM (dB re 1in.}
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wave numbers is only 2 to 3 dB after 54 grinding passes, However,
note that the initial rail roughness for the inside rail was

lower by 1 to 3 dB (at high wave numbers) than that measured on
the outside rail. The final rdughness levels after grinding for
both inside and outside rails are very similar (within % 1 4B for
most wave numbers). Also, the grinding on the inside rail (see
Fig. 141) appears to have improved the low wavenumber roughness

by 1 or 2 dB).

Figure 142 compares the rail roughness after grinding with
the estimated lower bound and with rail roughness on the MBTA.
Except for spatial frequencies below 5 rad/in., the CTA fail
grinder produces a surface finish that we consider the best
achievable. Possibly, with some redesign of the grinding block
support, improved performance could be obtained even at the lower
spatial frequencies (wavelengths from 1 to 6 in.). However, as
we shall see later, such redesign does not seem necessary to

achieve the full noise reduction benefits,

Noise Reduction

Using the baseline system configuration of Sec. 4 and the
analytical model of Sec., 2, we have estimated the wayside noise
that would result after applying the variods wheel and rail
smoothing techniques discussed above, Figure 143 shows the
estimated wayside noise 25 ft from the track centerline caused by
the passage of a two-car train at 30 mph on welded rail with no
wheel flats. In the figure, the terms "smooth wheels" on "smooth
rails" mean wheels or rails with a roughness on their running

surfaces equal to the lower bound roughness of Fig. 116.

Fach wheel smoothing technique is shown in combination with
the smoothest possible rails, and each rail smoothing technique
is in combination with the smoothest wheels. These combinations
show the greatest possible noise reduction achievable with each
technique.
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ONE-THIRD OCTAVE BAND ROUGHNESS SPECTRUM (dB re 1in.)
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The rail grinding block machine gives by far the greatest
noise reduction of the two rail grinding techniques examined. 1In
fact, the combination of CTA rail grinding and smooth wheels
produces little more noise than the combination of smooth wheels
and the best achievable rail surface finish (smooth wheels and
smooth rails). The best wheel smoothing technique is the TTC
{Toronto) belt grinder, although it does not produce a surface
finish nearly as good for noise reduction as the CTA rail
grinder.

Figure 144 shows the reduction in noise achievable with the
CTA rail grinder and the TTC {Toronto) belt grinder., Nearly 10
dBA of noise reduction can be achieved. Another 3-dBA reduction
appears possible if improved wheel smoothing technigques can be
found.

The above discussion indicates that dramatic reductions in
wheel/rail rolling noise are achievable through the proper selec-
tion of wheel and rail smoothing techniques. Of course, how long
the smooth running surfaces will last in revenue service is an
important question that we have made no attempt to address in
this study. If both wheels and rails are kept smooth, the run-
ning surfaces may remain smooth for some time. On the CTA, we
found that the rails were remarkably smooth before grinding. 1In
fact, they were as smooth as the rails on TTC (Pueblo) test
track, even though two years had passed since the last grind-
ing. Additional grinding did smooth the rails further, indicat-
ing that some roughening had occurred in the intevening two
years. However, the rails were still noticeably smoother than

revenue service rails on the MBTA, for example.

The results here clearly indicate the value of using the
rail grinding block technique - as on the CTA and TTC (Toronta) -
for rail smoothing where noise is the primary concern. Where the
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rails must also be reprofiled, a vertical axis rail grinder can
first be used and then the rail grinding block technigque can be
applied to further smooth rail for noise control.

Although the belt grinder used at TTC (Toronto) does seem to
be the best wheel smoothing technique available, an additional
3 dBA of noise reduction should be possible., A smoother wheel
finish might be achieved by using different belt speeds, wheel
rotation rates, or less abrasive belts. Such a finish might
apprcach the limits of surface finish that the rail grinding

block technique has already achieved.

5.2.2 Resiliently treaded wheels

The results of Sec. 4 showed that increasing the contact
area and reducing the contact stiffness between wheel and rail
can cause significant reductions in wheel/rail noise. Wheel
designs that use both incréased contact area and reduced contact
stiffness have come to be called resiliently treaded wheels.

These are distinct from resilient wheels such as the Penn Cushion

Wheel or SAB wheel, in which a very thick and heavy tread ring is
simply isolated from the rest of the wheel through the use of
elastomeric elements. The resiliently treaded wheel uses a thin,
light tread ring (or a special tread material) that is suffi-
ciently compliant to deform around irregularities on its own or
on the rail's running surface and to contact the rail over a

larger area.

As part of this program we examined the noise-reducing capa-
bility of two resiliently treaded wheel designs. The first, a
nickel titanium treaded (nitinol) wheel was designed and devel-
oped by Raychem Corp., as a railroad wheel to provide improved
adhesion. It was felt that the nickel titanium alloy in the
tread, because it is more compliant than steel, might provide
some noise reduction as a resiliently treaded wheel. Therefore,
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as part of this program, a number of laboratory tests were
performed on two scale model nitinol wheels to determine their
acocustic performance. A second wheel was designed, built, and
tested in the laboratory by BBN to study a design in which the
tread was made resilient by allowing a thin tread ring to deform
in bending. 1In this section, we discuss the laboratory tests

carried out on each type of wheel.

Nitinol Wheels

Nitinol or tinel is a general term for a broad class of
nickel titanium alloys first exploited for their "shape memdry"
properties. If cooled to below what is called the transformation
temperature, nitinol requires less stress to deform it than it
requires at room temperature. If after deformation the material
is warmed to above its transformation temperature, it will return
to its shape before deformation. When run against steel, nitinol
also has special friction properties that result in improved
adhesion under certain contaminated conditions; these properties
also prevent nitinol-treaded railroad wheels from squealing on
short-radius curves.

In the series of tests described here, we examined the
ability of a nitinol-treaded railroad wheel to reduce rolling
noise. We used the roller rig at Raychem Corp. described in Sec.
2 that was used to obtain lateral friction vs creep data for our
squeal studies. For these tests, the rig used a small (approxi-
mately 7 1/2-in.-diameter) wheel to simulate a continuocus rail,
larger (30-in.-diameter) wheel to simulate a continuous rail.
This larger wheel (rail wheel) is driven by an ac motor and can
operate at speeds in excess of 90 km/hr. The train wheel is
brought into contact with the rail wheel and rolls freely with
it. Radial loads, which simulate the transit car, are applied to

the test wheel. For an earlier, unrelated program, the rig was
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scaled to simulate an 18-in. wheel rolling on a rail with a
radius of curvature of 14 in. in the plane perpendicular to the
rail axis. As shown in Fig. 145, this results in a radius of
curvature on the simulated rail head of 5.83 in. If we wish the
7.5-in. test wheels to simulate 30-in. rapid transit wheels, the
radius of curvature of the rail head would scale up tc 23 in.

The radius of curvature of standard rail profiles is 10 in. or 14
in.; therefore, the simulated rail head does not scale prop-
erly. However, since we will be comparing simulated nitinol and
a simulated standard wheel, we do not consider the discrepancy in
rail head radius of curvature too serious.

Of somewhat more concern, however, is the impedance of the
rail wheel, which does not properly simulate the impedance of a
rail. To make it properly simulate a rail would have required a
major development effort involving significant modification of
the existing roller rig. We decided to test the nitinol
wheel and the resiliently treaded wheel described later in
this section on the unmodified roller rig to obtain a
preliminary indicating of their performance. Later testing,
if justified, should be carried out on an actual rail

vehicle.

Tests were carried out for a steel wheel and two nitinol
wheels, all provided by Raychem. The geometry of the three test
wheels is shown in Fig. 146. The two nitinol wheels are marked
"A" and "C," indicating that each was fabricated from slightly
different alloys. In addition, the nitinol C wheel was composed
of a thin ring of nitinol on a steel wheel, whereas the nitinol A
wheel was solid nitinol. Although the composition of the nitinol
A and C allcys is considered proprietary by Raychem, Table 10
gives the approximate transition temperatures and elastic moduli

of each.
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TABLE 10. NITINOL ALLOY PROPERTIES.

Transformation Elastic Moduli

Temperature (°F) (psi)
Nitinol A Alloy -125°C 1.254107
Nitinol C Alloy - 70°C 1.1.107

Before the test, each of the three test wheels was machined
on a lathe and buffed to a high surface finish. The surface
roughness of each test wheel was measured using the BBN roughness
measuring device. Figure 147 shows the roughness measuring
device mounted on the roller rig, and Fig. 148 shows the rough-
ness spectra of the three test wheels and the rail wheel. The
circles and triangles show the steel wheel roughness for two
different speeds, whereas the nitinol C and nitinol A wheels were
measured at only one speed. Figure 148 shows the steel wheel to
be smoother than both the nitinol C and the nitinol A wheels.

The rail wheel is of comparable roughness to the nitinol wheels.
In the generation of rolling noise, the combination of the rail
wheel roughness and the test wheel roughness generates the
rolling noise. Consequently, when one compares the summation of
the steel wheel and the rail wheel roughness with the nickel
titanium C wheel and the rail wheel roughness, the difference
between these two combinations is small for most of the range of
wave numbers.

The area of contact between the rail wheel and the test
wheels was measured for both steel and nitinol wheels. These
contact patch areas were obtained using the SEM replicating tape
described in Sec. 3. The tape was inserted between the wheel and
rail and the load applied. Figure 149 shows the two contact
patches for 625 1lb and 990 1lb for the steel and nitinol C

wheels. Using the Hertzian theory of Sec. 2, we find that the
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ONE-THIRD OCTAVE BAND ROUGHNESS SPECTRUM (dB re 1 in.)
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FIG,

No. 1 STEEL WHEEL No. 2 STEEL WHEEL

625 |bs LOAD 990 Ibs LOAD
a/b =156 a/b =158
AREA =12.6 sq mm. AREA =17.9sq mm.
No. 3 NITINOL ‘C’ No. 4 NITINOL ‘'C’
625 lbs LOAD . 990 1bs LOAD
a/b =1.63 a/b=1.60
AREA = 20.4 sq mm. AREA =31.4 sq mm.

149, CONTACT PATCH AREAS FOR STEEL NITINOL C WHEELS
(SHOWN ACTUAL SIZE;.
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theoretical contact areas for the steel wheel and the nitinol
wheel at 625 lb load are 10 mm2 and 16 mm2, respectively. The
areas in Fig. 149 measured using the SEM tape are uncorrected,
In fact, as we discuss further in Sec. 3, those areas must be re-
duced by about 24% to account for the thickness of the tape and
other factors. Since the uncorrected measured areas are about
20% larger than the theoretical predictions, theory and measure-
ment agree quite well. For the ratio of the two axes of the
ellipse the theoretical prediction gives a/b = 1,18, The mea-
sured eccentricity of the ellipse is higher, on the order of 1.5
to 1.6.

Noise measurements were made with a 1/4-in. condensor micro-
phone located 1/4 in. from the wheel/rail interface. Figure 150
shows the associated instrumentation. Acceleration measurements
were made at two positions on the rail wheel, Accelerometer No,
2 was located axially on the steel rim of the rail wheel, and
accelerometer No, 3 was mounted on the center of the aluminum
hub. The slip ring system was mounted on the axle of the rail
wheel to bring the acceleration signals out to the tape recorder,
as shown in Fig. 151. The accelerometers were calibrated and
epoxied to the rail wheel with an electrical isoclator between the
wheel and accelerometer body.

In order to run these scale model tests in a meaningful way,
we had to determine how to scale speed and load. If we want the
contact patch filtering to be the same in the model and the full
scale, then

(kb)m = (kb)FS ' (112)
where k is the roughness wave number, b is the wheel/rail contact

patch radius, the subscript m means model, and the subscript FS
means full scale. If the model and full-scale wheel are
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geometrically similar, the model and full-scale freguencies are
related by

n P ! (113)

where o is the scale factor or the ratio of full scale to model
dimensions. Recalling that k = w/V, where VvV is the train speed,

we can rewrite Eg. (112) as

YPp . YrsPn  YpsPrs
= - 13
Vm vm VFS
or
_Pm_ Prs
Vm Vs

then the contact patch dimensions must scale with other wheel
dimensions.

Using Hertzian contact theory, we can show that

b P D i J7/2
;oo pmm (72 (114)
F FS FS

where D is the wheel diameter and P is the load between wheel and
rail. Substituting the scale factor « for the ratios of full

scale to model wheel diameter and contact patch radius, we obtain

For a 30-in., full-scale wheel, our nominal 7.5-in. scale
model wheel implies a scale factor of four, and our scaling laws
become '
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m FS
vm = vFS
P
_ 'FS8
P = 16 - (115)

For example, to simulate a full-scale wheel running with a
10,000-1b wheel load at 60 km/hr at 100 Hz, we must load our
model wheel with 625 1lb, run it at the full-scale speed of 60
km/hr, and analyze the data at 400 Hz.

The rolling noise for the nitinol C wheel was measured under
tangent running conditions for two different speeds, 60 kilom-
eters per hour and 88 kilometers per hour. The noise spectrum
measured under these two conditions, shown in Figs. 152 and 153,
are compared with the noise under comparable conditions from the
steel wheel. Also shown is the background noise. This last was
fairly high; we believe it was caused by a cooling fan in the
large electric motor that drives the rail wheel. The data above
315 Hz, however, are minimally contaminated with background
noise, This frequency in the scale model tests corresponds to
about 80 Hz for the full scale. Being able to simulate only

those frequencies above 80 Hz is adequate for .our purposes here,

If we scale the frequencies in Figs. 152 and 153 to full
scale (i.e., divide by 4); apply the proper A-weighting at the
full-scale frequencies; and calculate the overall A-weighted
sound levels, we find the results shown in Table 11. There is a
clear reduction in noise of 5 to 6 dBA at these two speeds.
Figure 154 shows the vibration of the rail wheel (for comparable
load and speed conditions to those in Fig. 153) measured at
accelerometer position No, 2 for both the steel and nitinol C
test wheels. The difference between steel and nitinol wheels is

considerably larger in the acceleration spectra than in the noise
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TABLE 11. SUMMARY OF NITINOL C WHEEL TEST RESULTS SCALED UP TO A
30-IN. WHEEL.

Speed
Wheel Type 60 km/hr 88 km/hr
Nitinol Wheel 92 4BA 96 dBa
Steel Wheel 97 dBA 102 dBaA

spectra. The nitinol C wheel provides considerable reduction in
vibration levels above 800 Hz or above 200 Hz when scaled to
full size.

The rolling noise for the solid nitinol A test wheel was
also measured under rolling noise conditions. Figure 155,
however, shows that the noise measured from the nitinol A wheel
was in fact louder than the standard steel test wheel. Why this
solid nitinol wheel did not show the same reduction as the banded
nitinol C wheel is presently a mystery. Since the elastic modulus
of the two alloys is nominally the same, one would expect the two
wheels to perform the same way. The source of the strong 800-Hz

resonance in the noise from this wheel is also a puzzle.

The 5- to 6-dBA reduction in noise from the nitinol C wheel
is larger than anticipated. The reduced elastic modulus of the
nitinol would be expected to reduce the contact stiffness for
nitinol on steel to about 61% of that stiffness for steel on
steel., Similarly, the dimensions of the contact area would
increase about 27%. For the baseline system of Sec. 3, the
analytical model would predict only 1 to 2.5 dBA of noise reduc-

tion for these changes in contact area and contact stiffness,

No matter what the source of the discrepancy, the nitinol C
wheel shows a significant reduction in rolling noise. Even

allowing for the fact that one must exercise some caution in
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extrapolating these results to the case of a wheel rolling on a
rail, since our rail wheel does not have the properly scaled
impedance, the observed 5 to 6 dBA of noise reduction is signifi-
cant. Unfortunately, however, nitinol does have a number of
properties that might make it unacceptable for use in rapid
transit systems, First, the material is very costly and second,
it would be expected to exhibit high wear on curves, since the
wear rate of nitinol when sliding on steel appears to be quite
high. For these reasons, we decided to examine a resiliently
treaded wheel design that incorporates only steel in its design
and relies on the bending deflection of the tread to introduce

resiliency.

Resiliently Treaded Wheel with Mechanical Resilience

The nitinol wheel is a resiliently treaded wheel that uses a
special material to introduce compliance at the wheel/rail inter-
face, Because of some of the drawbacks of usihg this unusual
material, we wanted to examine the possibility of introducing
tread compliance through purely mechanical means., Figure 156 is
a schematic of a concept that we decided to examine. The body of
the wheel and the tread are two separate pieces, The tread is a
ring supported continuously along its two edges - edge by the
body of the wheel and the other edge by a second, removable
retaining ring that bolts to the body of the wheel to allow for
easy changing of the tread ring. The tread ring is otherwise
free to deform in bending in the radial direction, This bending

of the tread ring produces the compliant tread.

To ensure that the tread ring will not slip, there is a
slight taper at the points where the tread ring joins the body of
the wheel and the retaining ring. When the retaining ring bolts
are tightened, the tread ring sits firmly against the body of the
wheel and the retaining ring. Although there are many possible
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FIG. 156. SCHEMATIC OF A CONCEPT FOR A RESILIENTLY TREADED
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techniques for introducing mechanical resilience into the tread,
the concept shown in Fig. 156 is mechanically simple, provides
for easy tread removal in case of damage (at least for inboard
bearing trucks), and is fairly safe. That is, if the tread

breaks, it remains on the wheel,

An issue of major concern is whether the tread is durable
encugh for use on train wheels, i.e., will the tread have a long
enough fatique life and will it be able to handle the loads from
the rail without failing? To learn more about the tread's dur-
ability, we modeled it as a long, thin, flat strip simply sup-
ported at its edges, with a force F applied at the center and
distributed over a circle of radius b, as shown in Fig. 157. . The
stiffness was estimated using formulas by denHartpg 8], and the
stress was estimated using formulas by Roark and Young [28]. The
proper calculation of the dimensions of the area of contact is
very difficult. Here we make only a first estimate of the semi-
axes of the contact area by ignoring the bending of the tread,
ignoring the deformation of the rail head, and assuming that the
tread confcrms to the rail head as the wheel and rail are brought

into contact. The resulting equations are given by:

3
Kc=__.EL_
0.185 W2
. _JF (1+v) &n (Eg_,) + 1
2nt2 . T o
ro‘ = (1.6 b2 + t2) /2 _ 0.675 t
2FRp\ 1/2 2F 1/2
b = a = , (116)
K K
C C
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FIG. 157. PRELIMINARY DESIGN.
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where E is the elastic modulus of steel; a and b are the semi-
axis of the area of contact parallel and perpendicular to the
wheel axis, respectively; R and Ry are the rail and wheel radii,
respectively; ¢ is the maximum stress in the tread; and the other
variables are defined in Fig. 157. Although the above equations

are very approximate, they wili suffice for our purposes here.

Table 12 uses Eg. (116) to predict stresses, contact patch
dimensions, and contact stiffness for various tread thick-
nesses, For a regular steel wheel,

KC = 1.2¢107 1b/in.

a=>b = 0.19 in.

TABLE 12. PRELIMINARY DESIGN ESTIMATES FOR THE RESILIENTLY
TREADED WHEEL.

t (in.) K, (1b/in.) a, b (in.) o (1b/m?2)
1.0 107 0.173 1.71-10" W =4 in.
0.9 7.36-1065 0.20 2.16 -10" Ry = Rg = 14 in,
0.8 5.19+10°% 0.24 2.7+10"% F =-1o,000 1b
0.7 3.48.106 0.29 3.6+10%
0.6 2.19+10° 0.37 4.74+10"
0.5 1.27-106 0.49 6.17+10"

The table shows that little benefit in terms of increased
contact area or decreased contact stiffness will result unless
the tread is thinner than 0.9 in. On the other hand, a tread
thickness of less than 1/2 in. will cause stresses that will be
difficult to manage. However, if the 1/2-in.-thick tread were

manufactured from 4340 alloy steel and heat treated to 150,000 psi
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ultimate tensile strength, the maximum stress of 60,000 psi
should be manageable, and the fatigue life should be in excess of

107 cycles.

We have used the contact stiffnesses and contact areas in
Table 12 in the analytical model for the baseline system of Sec.
4 to estimate the performance of the resiliently treaded wheel
for various tread thicknesses. Figure 158 shows that a 6.5-dBA

nocise reduction would be expected for a 1/2-in.-thick tread,

On the basis of these preliminary considerations, we fabri-
cated the 9-in,-diameter scale model test wheels shown in Fig.
159 - one standard wheel and one resiliently treaded wheel with
two thicknesses of tread. The wheels were designed to simulate a
28-in.~-diameter wheel like the one used by the CTA. Conse-
quently, the scale factor is 3.11, making the 0.16-in. tread a
1/2-in.-thick tread in full scale and the 0.23-in. tread a 3/4-
in.~thick tread in full scale. The scaling laws are the same as

for the nitincl wheel tests.

The tread rings of the two test wheels were fabricated from
4340 alloy steel, heat treated to 150,000 psi ultimate tensile
strength, The so0lid steel wheel was made from standard cold

rolled steel and was not heat treated.

All three wheels were tested on the Raychem Roller Rig for
these tests, as were the nitinol wheels. However, the radius of
curvature on the rail wheel axis was changed from 5.83 in. to 4.5

in.* so as to scale properly with the 9-in.-diameter test wheels.

*With the scale factor of 3.11, this radius corresponds to 14 in.
in the full scale, which is the head radius of 100 lb/yd RE rail
section.
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Before beginning the noise tests, we performed a series of
tests to measure the properties of the test wheels. 1In par-

ticular, we measured

+ Wheel roughness
» Contact stiffness
« Contact area

+ Tread ring stresses.

The surface roughness of the test wheels was measured before
the roller rig tests. Figure 160 shows the standard and the
resiliently treaded wheels to have very similar surface roughness
after their manufacture. However, during the roller rig tests,
at the higher wheel loads, thé surface of the standard wheel
became very worn, and it is likely that the roughness changed
considerably during the course of the roller rig measurements.
This roughening and wearing of the surface was a consequence of
our not hardening the standard wheel. The high contact stresses
at the higher wheel loads probably exceeded the ultimate stress
of the material in the contact area and led to the surface

deterioration.

The contact stiffness of each wheel was obtained by measur-
ing the deflection of the wheel tread under known applied
loads. The static load was applied through the vertical force
" balance with the test wheel pressed against the rail wheel. The
deflection of the test wheel tread was measured by attaching a
dial gauge to the tread, with the base of the gauge attached to
the rail wheel. Any displacement of the rail wheel under the
applied load was eliminated, since the gauge was referenced to
the rail wheel. Figure 161 shows the applied load vs the tread
deflection for each wheel, During the tests, a certain amount of

slack in the bearings of the roller rig had to be taken up at low
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loads. Consequently, some of the first few data points were
ignored in drawing the best fit through the data. The slopes of
the best fit line through these points are the contact stiff-

nesses for ech wheel,.

Table 13 gives the full-scale equivalent contact stiffnesses
and compares them with the estimated stiffness from Table 12.
Considering the approximate nature of our original estimates, the
agreement between the estimated stiffness and the stiffness that
we actually achieved is not bad. The close agreement between
estimated and measured stiffness for the 0.16-in. tread thickness
is probably fortuitous. The disagreement between measured and
predicted stiffnesses for the standard wheel may be a consequence
of the wear on the standard wheel changing the contact geometry,
or it may be due to inaccuracies in the measurement because of
the very small deflections with this test wheel.

TABLE 13. CONTACT STIFFNESSES (1lb/in.).

Estimated

Full Scale

Wheel Type Scale Model Full Scale Stiffness
Standard 2.5+10°8 7.78+10° 1.2.107
0.23-in. tread 7.694105 2.39.10° 4.34-10°
0.16-in. tread 4.10° 1.24.10° 1.27.10°

The contact area between the test wheels and the rail wheel
was measured for three loads and for each of the three test
wheels, The SEM replicating tape was again used, and the pro-
files are shown in Fig. 162, traced directly from the replicating
tape image. The long dimension is parallel to the test wheel
axis. The standard wheel contact patches are almost rectangu-
lar. Rectangular contact areas are typical of worn wheels and

probably reflect the wear that occurred on that wheel because
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it was not hardened. All wheels have nearly the same contact
patch dimensions for the same load, a result that was not
expected. Table 14 summarizes the contact patch dimension data
in Fig. 162 for the 1000-1lb load condition (9700-1b full scale)

and compares those dimensions with the estimates in Table 12.

TABLE 14. CONTACT PATCH DIMENSIONS FOR THE 1000-1b SCALED WHEEL
LOAD (9700-1b FULL SCALE).

Estimated
Scale Model Full Scale Full Scale

Wheel Type a b a b a b
Standard 8/64 | 5/64 [ 0.39 0.24 [ 0.18 0.18
0.23-in, wheel tread 7/64 | 6/64 | 0.34 0.29 | 0.26 0.26
0.16-in. wheel tread 8/64 | 5/64 | 0.39 0.24 [ 0.49 0.49

The standard wheel contact patch dimensions are nearly twice
what Hertzian theory would predict, probably because of the worn
track on the standard wheel. For the two test wheels, the cor-
respondence between the estimated and measured contact area
dimensions is poor, indicating that a more accurate means for

making design estimates is required,

Static stress measurements were obtained on the resiliently
treaded wheel using a number of strain gauge rosettes and single
gauges. The primary rosette was applied on the center of the
resilient tread (see Fig. 163). A single gauge was applied at
the edge of the tread, near the support. For each test, the

wheel was placed in contact with the rail wheel, the load was
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TABLE 15. PRINCIPAL STRESSES AT THE CENTER OF THE 0.16-in.-THICK

TREAD.
Position
No. Load (1b) o, (psi) oy (psi) 6 (degrees)
1 500 19,500 1,270 22.5
1 1,000 34,690 4,490 22.5
1 1,500 49,400 9,400 18.1
2 500 7,720 -7,720 -16.5
3 500 12,100 - -6,340 =270

TABLE 16. STRESSES IN THE TREAD NEAR THE TREAD SUPPORT FOR THE

Position
No. Load (1b) o (psi)
1 500 16,500
1 1,000 34,650
1 1,500 52,800
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applied, and then the 'wheel was slowly rotated until the maximum

strain position was obtained.

Figure 164 shows the gauge alignment, and typical traces of
strain vs circumferential position are shown in Fig., 165. Gauge
Al measures strain in the tread in the circumferential direction,
A3 in the axial direction; and S3 in the axial direction. The
principal orthogonal stresses and their orientation are shown in
Table 15 for the wheel with the thinnegt tread. The position
numbers refer to the positions in Fig. 165. Thé stress o, in the
table is oriented at angle 0 clockwise from the axial direction,
and o, is perpendicular to o;. Stresses at the support point are
shown in Table 16. 1In geﬁefal, the stfesses are less than anti-
cipated. The test load of 1000 lb corresponds in the full scale
to 9700 lb. For that load, the maximum stresses are only about
35,000 psi, Nearly twice this stress level could be managed with
4340 alloy steel tread, indicating that a still thinner tread
ring could be used. '

To examine the noise reduction capabilities of this wheel
design, we mounted the standard wheel in the roller rig as shown
in Fig. 166; ran the wheel at speeds from 10 to 80 km/hr; applied
loads from 500 to 1500 1lb; and measured the noise with a 1/4-in.
microphone at 1/4 in. from the contact point between the test
wheel and rail wheel. The mounted microphone is shown in Fig.
166. Subsequent tests were carried out after mounting the

resiliently treaded wheel in the roller rig as shown in Fig. 167.

Figure 168 shows typical uncorrected one-third octave band
spectra for the standard wheel, the resilient wheel (thin rim),
and the rig background noise level (noc contact between rotating
wheels). The background noise level from the rig was a problem
throughout the tests. Figure 169 shows the background ﬁoise for
each of the wheels turning separately and for them both turning
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together but not in contact. The noise from the drive motor for
the rail wheel dominated at low frequencies, while noise from
mechanical devices and bearings of the small wheel dominated the

mid range.

Detailed octave and one-third octave band spectra comparing
the standard wheel and the resiliently treaded wheel with the
thinner rim are shown in Figs, 170 through 173, For both wheels,
background noisg levels have been subtracted from the spectra,
and the spectra have been plotted against the "full-scale fre-
quency," i.e., the measured frequency divided by the scale
factor, 3.11. The spectra then correspond in frequency to what
one would expect to measure if the 9-in.-diameter test wheels
were in fact 28-in.-diameter. We have made this transformation
in frequency so that the spectra can be properly A-weighted and
overall levels calculated for easy comparison., Table 17 sum-
marizes the results obtained with the resiliently treaded wheel

with the thinner tread ring.

The data at 60 km/hr show the greatest noise reduction
between the standard and the resilient wheel, The octave band
data for theé standard wheel at this speed were taken very early
in the tests, possibly before the standard wheel had time to wear
in and form a larger contact patch. Note that the overall level
is also the highest at 60 km/hr.

Data were also obtained for two other microphone positions,
close to the large rail wheel and close to the small test
wheel. However, the signal-to-noise ratio between the rig noise
and the data was worse than at 1/4 in. from the contact patch.
Figure 174 shows a comparison of the standard wheel one-third
octave band spectra with the thick rim resiliently treaded
wheel. These data are uncorrected for background noise, and the

frequency scale has not been corrected to the full scale.
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TABLE 17.°

SUMMARY OF FULL—SCALEVNOISE REDUCTIONS ACHIEVED WITH
. RESILIENTLY TREADED WHEEL WITH 0.16-in. TREAD. RING.

Load
Test S Standard | Resiliently Noise
Speed | Condition Full Scale Wheel - Treaded Reduction
km/hr (1b) - (1b) - {dBA) Wheel (dBA) (dBA)
40 1,000 9,800 89.2 83.4 :
40 1,500 14,700 - 88.0 82.8 .
80 1,000 9,800 94.8:' 90.9 .
60 500 4,900 96.0 87.8 .
This wheel exhibited strbng peaks in the noiée spectrum in

the 400- to 800-Hz range.

with a contact resonance.

We ‘believe thése'peaks are associated

Properly shifted ih‘frequency to cor-

respond to full-scale conditions and A-weighted, the 3-dBA in-

crease in noise shown in Fig. 174 from the resiliently treaded
wheel will be changed to a slight decrease in noise.

Overall, the performance of the resiliently treaded wheel

with the thinner tread is encouraging ehough.to justify further

development,

The noise reduction of nearly 8 dBA at 60 km/hr,

the one test condition before the standard wheel running surface

began to deteriorate, suggests the possibility of substantial

noise reduction.

that the tread can easily support loads typidal of transit

sexrvice.

In addition,

the stress measurements indicate

In fact, additional noise reduction may be achievable

through the use of an even thinner tread'ring;
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6. CONCLUSIONS AND RECOMMENDATIONS
6.1 Conclusions

6.1.1 Analytical modeling

The improved analytical model developed under this program
has been shown to agree reasonably well with field measurements
of wheel/rail noise. Where discrepancies have arisen, they have
been mostly due to the special testing conditions at the Trans-
portation Test Center. Although the model could be improved even
further, it appears at this stage to be a reasonable tool for the
design and assessment of new noise control treatments. Further
improvements should focus on the application of the model to
specialized noise control designs. For example, the very sophis-
ticated wheel response model could be used to examine more fully
the use of damping to suppress wheel squeal. An improved rail
impedance model that takes into account the periodic support of
the ties might also be useful. It could be used to examine the
noise reduction achievable from the increased vibration attenua-

tion in the rail resulting from this periocdic support.

6.1.2 Noise control

For the suppression of squeal noise, the use of hard-faced
rails is a promising site-specific treatment. Preliminary indi-
cations are that these rails will suppress squeal, but operating
experience in the United States is lacking. This treatment would
be especially useful where a transit property has only a few
troublesome curves and desires to treat only those curves rather

than use wheel damping treatments on their whole fleet of cars.

Measurements of squeal noise on the MBTA have shown that the
original rule of thumb, that squeal will occur if the ratio of
curve radius to the truck wheelbase is less than 100, is gener-

ally a reasonable guideline. ©Of course, such guidance is useful
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only for new construction, since relocating the right-of-way to
change curve radii in existing, systems is.usually out of the
question.

The suppression of rollirg noise has been a problem for many
years; the sensitivity analysis of Sec. 4 discusses this prob-
lem. Rolling noise is very insensitive to changes in any of the
parameter values defining the wheel/rail :.system. . Although the
resiliently treaded wheel concept was shown to provide signifi-
cant reductions in rolling noise, in the,short term roiling noise
reduction seems to be best handled by keeping the running sur-
faces of the wheels and ralls as smooth as p0551ble. The rail
grinding block technique used by the CTA and TTC (Toronto) is the
best rall smoothing technlque avallable for n01se_suppre551on,
and the belt grinder used by TTC (Toronto) 1s the best wheel
smoothing technlque. However, 1t does appear to be p0551ble to

improve the belt grinder somewhat .

6.2 Recommendations
6.2.1 Field testing
Hard-Faced Réils>

The installation and test of hard-faced rails on an operat-
ing United States transit property would provide the operatlng
experience with this ‘treatment that is presently lacking. One or
more curves where squeal occurs should be equlpped w1th hard-

faced rails in four sections, as follows.

« Both rails standard

+ Hard-faced rails on only‘the inner rail
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- Hard-faced rails on only the outer rail

. Hard-faced rails on both inner andvoﬁter rails.

Testing for  squeal ‘suppression, rail wear, and other operating
problems should be carried out periodically over at least one
year. ‘

Improved TTC (Toronto) Belt Grinder

The belt grinding machine at TTC (Toronto) produced the best
wheel surface finish of the treatments tested. Some improvement
in the surface finish that would result directly in increased
noise reduction does éppear posﬁible. Changes in operating pro-
cedure (wheel speed, belt speed, wheel-to-belt pressure, etc.)
and belt grit might result in a surface finish as good as that
provided for rails by the rail grinding blbck.technique. The
roughness spectrum shduld be measufed after each change in the
grinding technique, and the best operating procedure should be
defined.

Belt Grinder and Rail Grinding Block Field Evaluation

Noise and vibration measurements should be made with test
cars with wheels smoothed using the belt-grinding technique, at a
site with rails smoothed by the rail grinding block technique.
TTC (Teoronto) is a likely site for these measurements, since both
techniques are commonly used there. Measurements of wheel and
rail roughness should be made in conjunction with the noise and
vibration measurements. The testing should be carried out before
smoothing, immediately after smoothing, and at periodic intervals
until the roughness and noise return to the levels before smooth-
ing. The test cars should be run in‘regular revenue service
throughout the testing period and removed only for brief periods
to carry out the necessary measurements. Similarly, the rail test

section should be in regular revenue service. Some measurements
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of propulsion and auxiliary equipment noise will be necessary to

ensure that wheel/rail noise dominates during the testing.

The testing cutlined here would verify the noise reduction
achievable using these smoothing techniques and would provide
information on how often the wheels and rails would have to be

smoothed to maintain the desired noise reduction.

Resiliently Treaded Wheel

As described earlier, the roller rig test of the noise
reduction achieved with the resiliently treaded wheels was at
best only an indicationof what could be achieved, since the rail
wheel did not properly simulate the rail impedance. Conse-
quently, the next logical step is a test using a rail vehicle.’
Likely candidates for the testing would be the PRT engineering
test vehicle and test track at Pullman-Standard, the test vehicle
and track at the Urban Transportation Development Corporation
(UTDC) , or the SOAC at TTC (Pueblo).

The resiliently treaded wheel with thin tread should be
fabricated and installed on the appropriate vehicle, and noise,
vibration, stress, contact area, contact stiffness, etc., should
be measured as in the laboratory testing. The smaller vehicles
at Pullman-Standard or UTDC would be the best for this initial
test. If these first tests were successful, later testing could
be done with the SOAC at TTC Pueblo.

Wheel Flats

As described earlier, wheel flats can cause a significant
increase in wheel/rail noise. Their occurrence can be reduced by
a slip prevention system in the braking system of a transit
car. Once flat spots develop, they can be removed by wheel
truing.
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The generation and control.of wheel flats is a problem that
has never been studied in depth and yet wheel flats are a sig-

nificant problem on United States transit systems.

A study is needed that will examine the severity of the
wheel flat problem on United States rapid transit systems, The
study should focus on how wheel flats are generated and how the
characteristics of the braking system - wheel/rail adhesion,
weather, etc. - affect the rate of wheel flat generation. The
goal would be an analytical/empirical model of the braking system
that would allow for determining the change in wheel flat genera-
tion rate with various changes in the brake system, such as use
of slip prevention systems, means for making the transition from
dynamic to friction braking, and others. The model can then be
used to determine the most cost-effective means for reducing the
occurrence of wheel flats..

Impact Noise Annoyance

The average noise during the train passby has generally been
used to rank the'severity of wheel/rail noise., Impact noise from
wheel flats and rail joints tends to be deemphasized by this
averaging procedure. Studies are needed to determine whether
train noise without impact noise is less annoying than train
noise of the same average level with audible impacts immersed in
it.

6.2.2 Analytical modeling

Improved Wheel Squeal Model

The improved wheel/rall noise analytical model contains a
very sophisticated model of the wheel. Tf that wheel model were

combined with the measurements of lateral friction vs creep
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obtained during the program, a better understanding of the role

of damping in the suppression of‘squeal could be obtained.

Rail D&mping

The field measuremenﬁs at TTC (Pueblo) showed that the
vibration on the concrete tie supported rail decayed much more
rapidly than had been observed on other rail systems. This more
rapid decay of vibration, which tended to reduce the rail con-
tribution to wayside noise, is a potential noise control tech-
nique. Apparently, the peribdic support afforded the rail by the
massive concrete ties acts to prevent the propagation of vibra-
tion at low frequency. An analytical model of the periodically
supported rail would be very useful, so that parameter value
changes to enhance this effect could be examined. Such a model
could determine the optimum combination of the mass, spacing,
ballast properties, etc. to reduce the rail contribution to way-
side noise, Since the rail tends to be the largest contribution®
to wheel/rail noise, a stddy of this type could have immediate

payoffs in noise reduction for new construction.
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APPENDIX

REPORT OF NEW TECHNOLOGY

The following items represent new technology Or new uses
of old technology for the control of wheel/rail noise evaluated

as part of this program.

Belt Grinder (p.244)

The belt grinder is a device used by the Toronto Transit
Commission to smooth transit car wheels., It produces the best
wheel finish for noise reduction of any wheel truing device
tested. ' |

Rail Grinding Block Car (p.257)

This device is used by the Toronto Transit Commission and
the Chicago Transit Authority to remove irregularities from the
rail running surfaces. It produces the best surface finish

for noise reduction of any device tested.

Nitinol Wheel (Sec. 5.2.2)

This is a wheel with a tread made of nickel titanium, a
concept developed by Raychem Corporation of Menlo Park, CA.
It reduces wheel/rail noise slightly due to the greater com-

pliance of the nickel titanium when compared to steel.

Resiliently Treaded Wheel (Sec. 5.2.2)

A scale model of this device was built and tested as part
of this program. Compliance is introduced into the tread by
use of a thin tread ring. Noise and stress measurements were
made indicating that approximately 8 dBA of noise reduction is

achievable with manageable stresses in the tread.




Roughness Measuring Device (pp. 141-159)

A device for measurlng the roughness spectrum on wheels

and rails was developed as part of this program.

Analytical Model (Sec. 2)

An analytical model of wheel/rail rolling noise has been
developed that predicts wheel and rail noise and vibration and

requires only wheel and rail geometry and roughness as inputs.
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