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1. INTROL.UCTION

1.1 Background

The impetus to the work covered in this report came
from a feasibility study on the use of acoustic signatures
for inspection of railroad wheels [1l]. The basic idea was
to see if it would be possible to automate the art of the
carman, who by banging wheels with a hammer, can tell a
defective one by its sound. There is a need for a fully
automatic testing system to inspect freight car wheels.

At present the standard way of finding cracked or over-
heated wheels depends on the visual acuity of inspectors
stationed in pits at switching yards. These men have to
watch for a variety of possible mechanical defects as the
cars move past the pit. BAlthough the inspectors are
remarkably adept at finding problems there are still a
number of mechanical defects which are not readily
apparent and subsequently can result in derailments.
Table 1.1.1 shows the AAR list of wheel failures for
1976 indicating the relative importance of different
defects.

Having indicated the motivation for the research it is
appropriate to proceed to summarize the findings of the earlier
feasibility study [1]. The present work had the general
objective of improving the laboratory demonstration system

to the point that actual operating parameters could be



TABLE 1.1.,1 LIST OF WHEEL FAILURES FOR 1976
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established and a secondary objective was to find if residual
stresses could change the acoustic signature and in what
manner. The specific objectives of the present program will

be defined after the summary of the feasibility study.

1.2 Types of Defects

It is appropriate to summarize the principal in-service
defects of wheels*, and their causes. A good summary of
this subject has been given by Carter and Caton [30]. At
present one of the most frequently occurring classes of
defect is the thermal crack, due to extended periods of
brake shoe application and rapid cooling. The cracks may
be found on only one or both wheels of an axle set. The
cracks appear as hair lines on the tread or flange and
there are fregquently numerous cracks around the circum—
ference of the wheel. Despite the barely visible exterior
manifestation of this type of crack, below the surface it
may occupy a sizeable fraction of the rim cross section.
When a wheel with thermal cracks is withdrawn from service
and subjected to metallurgical examination the cracks are
typically found to extend over about a square inch in area
perpendicular to the surface (see Fig. 1.2.1). This area
is usually blackened, suggesting that the cracks may persist
for long periods before progressing through the plate to
cause a catastrophic failure. This final stage of the failure

is surmised to be a result of changes in the internal state

*
The Association of American Railroads standard nomenclature
for the parts of a wheel is illustrated in Fig. 1.2.1.
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FIG. 1.2] WHEEL SHOWING TYPICAL CRACKS



of stress of the wheel. A method for detecting thermal
cracks using ultrasonic surface waves has been described in
an earlier publication by Bray et al. §3], but acoustic
signature inspection is an alternative method.

Changes in internal stress are not readily measured, even
under laboratory conditions, and so most railroads make it
a practice to remove wheels showing a burnt or cindered road
dirt and o0il mixture or a typical discoloration associated
with overheating. A means of determining internal stress on
an automatic basis therefore would be a highly desirable
feature of any wheel inspection system. Some evidence is
presented in this report that changes in internal stress
can be detected from acoustic signature inspection.

Plate cracks are usually found as extensive bow shape
fractures running round the hub and extending into the plate.
Cracks in the plate can develop due to lateral stresses in
service or tension due to rim heating during drag braking.
Some plate cracks have been ascribed to manufacturing defects.
This type of defect is not found as frequently as thermal
cracking or overheating but some of the most catastrophic wheel
failures have been ascribed to plate cracks. The detection of
plate cracks by acoustic signature inspection was investigated
extensively as reported later,

Shattered rims, due to the growth of subsurface defects,
are encountered quite often. Another common problem is the
occurrence of flat spots on the tread, due to sliding along

the rail when the brake locks the wheels. Large flat spots



cause repeated impacting which results in further damage to
both the rail and the wheels. These tread surface defects

can be detected using very simple acoustic signature inspectiocn.

1.3 Elements of Acoustic Signature Analysis

The elements of an acoustic signature inspection system
are illustrated schematically in Fig. 1.3.1. The excitation,
in principle, could occur in normal railroad operations:
impact at joints, friction of brakes and retarders; or simply
the forces due to rolling. Flat spots provide their own
source of excitation by periodic impact on the rail.
Alternatively, it may be necessary to introduce an excitation,
such as a hammer blow, which does not occur in normal
operations. One of the objectives of the feasibility study
was to decide which of these forms of excitation would be
most suitable for a flaw detection system.

The vibratory mechanical energy of the excited wheel
is partially degraded by sound radiated into the air and
vibration of the track. It is these sounds and vibrations
which are termed the acoustic signature. Sound can be picked
up by a microphone, and vibration, by a rail mounted accelero-
meter. A second objective of the feasibility study was to
decide whether sound or vibration is the better form of
acoustic signature to monitor in the detection of various types
of flaw.

The sound or vibration signal after transduction may
be represented in various formats. The simplest of these is

an overall, RMS sound level. Various weighting networks as
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well as band-pass filtering may be used to attenuate or
exclude noise components in the signal. The frequency
spectrum of the signal is a function of the filtering method
employed. Both one-third octave band and constant bandwidth
(250 channels per 10 kHz) analyzers were used in the
feasibility study. Railroad wheel sound spectra were found
to be dominated by high frequency components in the range of
1l to 5 kHz. One-third octave bands in this frequency range
are wide, so that all the information from a wheel's acoustic
signature is compressed into a few bands. Changes in the
acoustic signature result in relatively small level changes
in these 1/3 octave bands. However, when narrow constant
bandwidth analyzers are used, the wheel signature is represented
by more bands, thus perception of signature changes is
considerably improved. The disadvantage is increased
analysis time due to the increased amount of data.

The spectrum of a given signal can be processed with
a minicomputer by comparison to reference spectra. Various
possible comparison schemes were considered and are discussed
later. Finally if the comparisons show that a wheel is
defective, some form of flaw indicator is actuated. In the
present research system this indication is made with a

teletype.

1.4 Theory
A completely theoretical design procedure could be

envisaged. The railroad wheel could be modelled using finite



element analysis so that various forcing functions, various
wheel geometries and various defects could then be simulated,
The wheel vibrations could then be related to sound radiated
to obtain predictions of acoustic signatures. This informa-
tion could then be used in selecting excitation, detection and
data processing methods. Some progress on such a theoretical
approach was made during the feasibility study. The free
vibration frequencies of a wheel without damping were found.
Figure 1.4,1 shows thesge theoretical results for the first

15 resonance frequencies and mode shapes of the wheel.
Comparison with experimental results for 33" good wheels
showed good agreement at the lower frequencies. The higher
frequency resonances obtained using finite element analysis
differed from experimental values (see Fig. 1.4.2),

because at higher frequencies the wavelength becomes com-
parable to the size of the element.

Resonance changes were obtained with the finite element
program for a 33" wheel having a simulated plate crack. The
reason for studying the plate crack was that it appeared to
present a particular challenge to other NDE methods such as
inspection with ultrasonic surface waves on the tread.
Figure 1.4.3 shows the first six resonances and mode shapes
for the cracked wheel. 1In Fig. 1l.4.4 comparison is made
between the resonances of a good and a bad wheel from the
finite element model. The outstanding feature of this
comparison is the apparent increase in the model density

of the flawed wheel,
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1.5 Experiments on Excitation and Detection Methods

In order to determine which of the various excitation
methods would be most suitable a series of experiments were
performed, during the feasibility study, both in the lab-
oratory and in the field. Rolling noise was found to be
predominantly low freguency sound from many socurces and to
mask the response of the wheel. Impact at a rail joint
masks the wheel signature and even though some of the higher
wheel resonances seem to be excited the response varies
from wheel to wheel and with train speed. When passing
througﬁ a retarder a wheel sometimes emits an intense
screeching sound. It was found in this situation that
only a few resonances of the wheel were excited, and dif-
ferent resonances were excited during successive passages
of the wheel through the retarder. This lack of repeatability
and the excitation of only one or two resonances ruled out
the retarder as a choice of excitation.

When using active excitation methods, energy is
imparted to the wheel from a device which is not part of
normal railroad operations. In the feasibility study an
electrodynamic shaker was used with random noise and sine
wave inputs. This method of excitation does not appear to
be feasible for field use. Tapping with a steel
pendulum or a hammer excites a rich spectrum of wheel
resonances (see Figs. 1.6.2 - 1.6.5). To obtain repeatab-
ility with this mode of excitation, it was found that there
must be a good control of the momentum of the impacting

hammer.
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Various microphcone ané accelerometer configurations were
experimented with. Except in the detection of flat spots [4],
rail mounted accelerometers are not regarded as the best
choice, the reason being that there are natural modes of vibra-
tion of the rail in the same frequency range as the wheel modes.
These rall modes can be superimposed on the wheel signature
thus compounding the difficulties of data processing. When a
microphone is used only the sound from the wheel is detected
because of the relatively small radiating area of the rail
and its weak coupling to the wheel, Regulations permit installa-
tion of devices at ground level so that the microphone to

receive alrborne sound is best located close to the rails.

1.6 Variables in the Acoustic Signature

As part of the feasibility study wheel and axle sets
were rolled over an automatic impacter (see Fig. 1.6.1) on
the laboratory track. Unfortunately at the time this data
was taken there was no provision in the system for a triggering
pulse so that the timing cf the scan made by the instrument
could not be controlled relative to the duration c¢f the
impact sound. Even with this difficulty several interesting
features were discovered.

Figure 1.6.2 shows the superposition of impact spectra
from two good and equally worn Griffin 9 riser 33" wheels
on either end of the same axle. The signal amplitudes differ
somewhat but the values of the resonance frequencies
are very closely reproduced. In contrast Fig. 1.6.3 shows
the spectrum of one of these same wheels in comparison with
the spectrum of a good Armco Wrought 33" wheel. There are
iome pronounced differences in the resonance frequencies.

wven more differences in the resonance frequencies are
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found between the spectra displaved in Fig. 1.6.4. These
were obtained from two Southern 33" wheels on the same
axle. One of them ,however, has a thermal crack which has
propagated clear through to the hub., Finally, Fig. 1.6.5
shows the comparison of the spectra of two identical good wheels
(33" Southern), one of which has a heavy layer of grease.
The most interesting aspect of the spectrum of the greasy
wheel is the complete absence of sound above about 4 kHz.
This was presumably due to damping of the plate vibrations.
This feature, i.e., the damping of high frequency resonances,
could be used as a means of identifying the spectra of greasy
wheels, which might otherwise be mistaken for cracked
wheels and give rise to a false alarm.

Also as a part of the feasibility study some labora-
tory experiments were performed with wheel pairs in a
stationary load frame using a hydraulic jacking system to
simulate loads up to 20 toms. Figure 1.6.6 shows a series
of spectral analyses, each with increasing load. The
traces are superimposed on one another but slightly offset
to give a three dimensional perspective. Some resonances
are enchanced by the load; some are diminished. Most shift
slightly in freguency and some split into two separate
resonance peaks. On the other hand, if one does not use
too fine discrimination, it is clear that the changes do

not produce complete disorder in the three-dimensional plot.

1.7 Laboratory Demonstration System for Finding Cracks

As the last part of the feasibility study a laboratory

demonstration system was assembled to simulate field opera-
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tions as far as possible. For this phase of the work only
the third octave band analyzer was available. This was
interfaced with the NOVA minicomputer. The minicomputer

was programmed to read a given spectrum, generated by

impact of a hammer or pendulum, and to compare this spectrum
with either: 1) a standard spectrum,i.e., the average
spectrum of good wheels, continuously averaged on a weighted
basis, or 2) the spectrum of the mating wheel on the same
axle. The output of the program was a number which is the
gum of the squares of the differences in dB bhetween the

two spectra in the variocus third cctave bands.

In Table 1.7.1 are tabulated values that were cal-
culated in this way for a set of wheel signatures obtained
from impact tests. Of all the wheels that were tested
there was one wheel where the performance of the classifier
was guestionable. Wheel 8G did not have any apparent

cracks, but it was worn beyond serviceable limits.

1.8 Preliminary Field Tests

Subsequent to the feasibility study, two preliminary
field tests of the impacting system for crack detection
were carried out. The first test was performed at the
Omaha Fast Yard of the Union Pacific. Only one impacter
was available o that across axle comparison was not possible.
No timing pulse was provided for and the hammer arm broke
at a train speed of about 17 mph. The second test, per-
formad at the Southern Pacific's Englewood Yard in Houston,
was more successful and will be briefly described. Because

of the variations in signature due to wheel geometry,
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TABLE 1.7.1 SUMS OF DIFFERENCES OF WHEEL SPECTRA FROM AVFRAGE
GOOD WHEEL SPECTRUM (IMPACT EXCITATION)
NOTE: a) Good wheel average based on all good wheels,

b) Summing of differences in dB for 1/3 octave bands
with center frequencies of 1.6 KHz to 8 KHz,

c} All spectra for this table were obtained by tapping
on the rim of the wheels with a steel bar.

CONDITION DIFFERENCE
ACTUAL INDICATED BY DIFgggiNCE BETWEEN
WHEELS CONDITION CLASSIFIER AVERAGE SIGNATURES
WITH DISCRIMINA- STGNATURE OF WHEELS
TION LEVEL=70 ON SAME AXLE
1c Good Good 27 157
1B Flawed Flawed 184
3G Good Good 35 49
3B Flawed Flawed 84
4G Good Good 41 82
4B Flawed Flawed 123
8G Good
. ; 12
*Mispick Badly Worn Flawed 8 7
8B Flawed Flawed 121
7A Good Good 42 4
7¢ Good Good 38
9A Good Good 51 100
acC Flawed Flawed 151
loa Good Good 63 4
10cC Good Good 67
11la Good Good 28 26
llc Good Good 54
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load, grease etc., the basis of this test was a comparison

of spectra from wheels at either end of axle. Pigure 1.8.1
shows the train consist in the test. Identical impacters

were installed on the two rails, one train length apart.

There were two defective wheels. Wheel N15 had a larger thermal
crack and wheel S12, a shattered rim. The train was run

forward and backward in successive runs and the sound

tape recorded for laboratory processing.

Figure 1.8.2 shows typical printout using cross axle
comparison with third octave band analysis. Car 5 is the
engine. The numbers in the column labelled "Across Axle
Comparison” are the sums of the algebraic differences in
third octave band spectra of the two wheels. The decision

that a wheel is bad is based upon this number exceeding 10.

1.9 Objectives of the Present Study

It was concluded from the feasibility study that it
should be possible to use acoustic signature inspection
for detection of thermal and plate cracks in railroad
wheels. It appeared that the best form of excitation for
detecting cracks is by impact and that the best sensor
is a microphone. The cracks cause shifts in resonance
frequencies and these shifts can be observed best in narrow
band analysis but are also manifest in third octave band
analysis. Grease layers cause damping of resonance lines
above about 5 kHz. Recognition of defective wheels can
be carried out by comparing sound spectra with a standard
or by comparing the sound spectra of wheels on either end

of an axle.
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It was with this background that the present project
was formulated. The overall objective was to obtain infor-
mation on the parameters that might affect or limit the
performance of an acoustic signature inspection in actual
operation, as opposed to laboratory operation or operation
in controlled field tests. To achieve this end the program
was divided into three parts: first, to improve and expand
scientific knowledge of the wheel's acoustic signatures:
second, to improve the design of various system compo-
nents; third, to test the improved system for an extended
period under actual operating cconditions.

Regarding the first part of the program, improvement
of scientific knowledge, both experimental and theoretical
studies were planned. The intention was to obtain a
better grasp of the effect on signatures of wheel geometry,
wheel wear, the wheel's internal state of stress, and
various environmental conditions., Some of these studies
were carried out at the DOT's Transportation Test Center
at Pueblo, Colorado, some at the Griffin Wheel Company's
plant at Bessemer, Alabama, and some at the Westinghouse
plant at Wilmerding, Pennsylvania. It was decided to
extend the theory of wheel vibrations to gain additional
insight into the effects of a) variations in wheel geometry,
b) wvariations in crack sizes and locations, ¢) various forc-
ing functions and d) variation in internal stress.

Under the second part of the program, improvements

in system component design, there were several major
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developments. Firstly, the design of the excitation
mechanism was subjected to some scrutiny, with a view to
improving its reliability and operating speed range. The
second major change was the acquisition of a narrow band
RTA, its interfacing with the existing NOVA computer and
the addition and interfacing of a diskette memory unit.
Finally, reliable commercially made microphones and wheel
Sensors were acquired.

The final system test, the third part of the program,
was carried out at the Southern Pacific's Englewcod Yard
in Houston. The objectives of this test were to elucidate
remaining problems with the system and to ascertain, if
possible, information on false alarm rates.

The study was concluded with a sensitivity analysis
of the data recorded during the field tests. System problems
were elucidated, an optimum form of the difference index
(DI} equation was ascertained and the major cause of high

DI values in uncracked wheels was determined.
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2. THEORY OF RAILROAD WHEEL VIBRATIONS

2.1 Introduction

A brief summary of previous work on wheel vibrations
was presented in Section 1. 1In these earlier studies a
number of elementary models were considered and commercially
available computer programs were used to simulate the
vibrations of good and defective wheels. The cross section
of a typical railroad wheel is shown in Figure 2.1.1.
Ring or circular plate models are the simplest approxima-
tions that can be used. 1In the feasibility study of flaw
detection in wheels using acoustic signatures, Nagy modeled
the one-fourth scale model wheels and later full size
wheels as flat annular plates. He also reviewed the
literature on these subjects and concluded that the ring
model gave a better fit to wheel data. The most accurate
theoretical appreoach is to analyze the actual wheel
geometry using finite element analyvsis. Nagy used the
ANSYS program to study the vibrations of a good 33-inch
wheel and compared those with the response of a defective
wheel having a plate crack. His work was extended later
by Chaudhari who studied the vibrations of wheels with
different types and sizes of cracks, applying single or
repetitive impulse excitation. Chaudhari's work improved
on Nagy's by using more elements and more realistic

boundary conditions. {The wheels were fixed at the hub and
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in addition at one node on the tread to simulate the con-
tact of the wheel with the rail.) An abbreviated version
of Chaudhari's work is presented in Appendix F.

Although the finite element approach is ultimately
the most accurate it is expensive and time consuming.
The more elementary models, especially Stappenbeck's [17]
ring theory, can be used to gain an insight into certain
effects, as explained in later sections, with comparative

ease,

2.2 Stappenbeck's Ring Model of Wheel Vibrations

Stappenbeck [17] showed that the well known theory
of the vibrations of rings could give a good explanation
of the sounds emitted by a vibrating railroad wheel. To
see why this is so it is appropriate to review his reason-
ing. The vibration of rings was first treated in 1890
by Mitchell [52], as an extension of the theory of bhars,
by regarding the ring as a curved bar whose two ends are
joined together. Flexural modes of vibration, with
displacements either in the plane of the ring or out of
the plane, are the most readily excited.

For out-of-plane flexure the resonant frequencies

are given by:
1/2

EI, 2,2 .2
n:%— x4 = én =L) for n=1,2,3, .. (2.2.1)
T loar® (n 4+ 1 4+ v)

£

where
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E = Young's modulus
A = the cross sectional area,
IX = the moment of inertia of cross section with

respect to an axis in the plane of the ring,

r = the radius of the ring,
v = Peissoen's ratio,
n = the ratio of the number of wavelengths to the
circumference,
and ¢ = the density of the ring.

It should be noted that the case for n = 1 yields a zero
resonant frequency. This is not a vibrational mode and the
motion consists of a free rotation about a diameter. The
lowest vibrational mode occurs when n = 2, in which case
there are four nodal points on the ring.

Now consider the addition of a thin circular plate
within the ring, Again, in the case of a plate, the most
readily excited modes are flexural. Thus when the coupling
of ring and plate modes is considered, it may be seen that
the out-of-plane flexure of the ring will readily couple
with plate modes having an integral number of nodal dia-
meters. Because the wheel rim is massive in comparison
to the plate this was the model Stappenback proposed for
the vibrations of the wheel and he demonstrated that the
sound radiated from 765 mm diameter streetcar wheels con-
tained a series of prominent resonances whose frequency
ratios corresponded closely to values obtained from
egn (2.2.1). ({(Assuming the fundamental mode occurs
when n = 2, the ratios of the freguencies of the higher

order modes to the fundamental are 2.87, 5.53, 8.98,
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13.2, .... forn =3, 4, 5, 6, ..., respectively). With

this viewpoint in mind the massive rim forces the plate
inte vibration, and the plate is then the primary sound
source because of its larger radiating surface. An alter-
native model, in which the plate forces the rim into vibration,
was investigated by Nagy [l]. The ratios of the prominent
resonance frequencies did not fit the experimental results,
The conclusion is then that the prominent resonances
in the acoustic spectrum are due to wheel modes with two,
three, four or more nodal diameters. This doeg not imply
that other modes of vibration cannoti be excited. Indeed
the author has been able to excite the wheel in a vibratory
mode with a single nodal diameter. (The hub of the wheel

provides a stiffness for this mode which would not exist

for an unconstrained plate.) Such a mode is also revealed
by the finite element analysis. Numerical results for such
experiments are shown in Table 2.2.1. The two columns

showing the experimental results are for two different
types of 33-inch wheel. The left-hand column corresponds
to a wheel having the same cross-section as in Fig. 2.1.1,
and the right-~hand column corresponds to a 33-inch Griffin
wheel having cross section as in Fig. 4.2.1. Three
variations of calculations using the ring model are

given. In column A the results are those given by Nagy.
An attempt to improve these results was made by modeling

the wheel as a ring with c¢ross section identical to the
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LIST OF RESONANCES CALCULATED WITH

THE RING MODEL COMPARED WITH ANSYS

RESULTS AND EXPERIMENTAIL DATA

Modes with Ring Model (Flex-—
ural Modes Perpendicular to

Experimental
Resonances for

ANSYS

Plane of Ring) 33" Wheel
n | approx. | frequency in Hz |freqg. in Hz freq. in Hz
shape
A B C
1 { 0 0 0 — 324 317
2 + 549 476 417 420 435 443
3 ¥* 1579 1365 1196) 1093 1147 1087
4 L 3049 2632 2308! 1890 2018 1999
5 ¥ 4948 4271 3743 — 2990 —_—
6 ¥ 7272 6275 5501 — 4012 —
* *
Note: Columns undermarked with an asterisk show results

obtained by Nagy.

A, B, C are three assumed ring cross-sections,
2.2.1

as shown in Fig.
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rim., The radius of the ring was estimated after evaluating
the centroid of the cross section by numerical-graphic
integration. The area moment of inertia about the neutral
axis was evaluated in a similar way. The results, shown in
column B, are a much closer fit to experimental measurements
than obtained from the rectangular cross section (see

Fig. 2.2.1) model used by Nagy. Even better results are
obtained using an "equivalent” square cross section. The
optimum selection was a 4" x 4" cross section with cor-
responding radius of 15.1". The mode evaluation based on
this model shows almost identical frequencieg for the

two nodal diameter mode and reasonable correspondence with
experiment for the other nodal diameter modes. Comparison
with the results from the ANSYS program also shows good
agreement. The major point to be made is that Stappenbeck's
ring model is a surprisingly good predictor of the prominent

resonances of the acoustic spectrum of actual wheels.

2.3 The Effect of Uneven Wear on Wheels Across the Axle

A theoretical explanation of the effect of uneven wear
can be given in terms of Stappenbeck's simple theory of
wheel vibrations. The series of resonant frequencies
is given by the expression (2.2.1}). It is clear that
uneven wear on a wheel pair will result in differences
for I_, A and r for the two wheels. Rewriting egn. (2.2.1)
to break out these factors, which are related to the wheel

geometry, we have:
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, 1/2
_1 |E 2l 11/2(02(n? - 1)2
fn__EF ° Al 2
Ar n“ + 1+ v
or
1/2 1/2
£ =BE§ / n?(@n? - 1)2
o Ar n2 + 1 + v

where B is a constant dependent on the material properties
of the wheel. We shall assume that these properties are
unaffected by wear. Assuming that the rim can be modelled
as a ring of rectangular cross section (see Fig. 2.2.1),

with width w and thickness h,

A = hw
and
I = hw3
x 12
Hence,
i/2
£ --B w|nZ(n?-1)? (2.3.1)
n 212 v
/12 r“(n” + 1 + v

The effect of wear will be to reduce the effective radius

r, but not the rim width w. Hence the change in frequency

of the nth mode will be:

1/2
_ 2B n2(n2 - l)2 WAT

/12 n2 + 1 4+ v r3

\Afn[

_ (o AT
= (2 r) fn

Finally, since a change in the effective radius is
approximately one half of a change in rim thickness, Ah,
for small changes,

£ (2.3.2)

A, (= (DB
AL |= I -
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Thus, for a given wheelset, a difference in wear on the
two wheels, in the amount Ah, should result in freguency
shifts proportional to the resonant frequencies. Experi-
mental results which are in agreement with this finding, to

a first approximation, are given in Section 7.

2.4 The Effect of Residual Stress®

The current interest in residual stress and its
influence on the creation and propagation of cracks in wheels
can be seen from the number of recent papers on this topic.
Bray [18] cited 15 papers related to the subject at the
5th International Wheelset Conference in 1976. Wetenkamp
and Kipp [19] and Yavelak and Scott [53] have also given
papers on this subject recently.

The most general treatment of the dynamics of elastic
media under intial stress was given by Biot [20, 21] who
concluded that the presence of an initial stress tends to
modify the effective rigidity of the medium. In general,
tension tends to increase the rigidity, whereas compression
tends to decrease it. The result is a c¢orresponding increase
or decrease in the freguency of the natural modes of a
finite body. There are a number of well known examples of
such effects, the vibrations of strings under tension and

rods under lcad being among the best known.

*The definition of residual stress in this context refers
to the system of stresses which can exist in a body when
it is free from external forces, temperature aradients and
rotational motion. In the case of a wheel these stresses
are located in manufacture and may be modified 1n service.
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There have also been a number of recent papers
on the effect of in-plane forces on the vibration of plates
[22~-27]. For present purposes it is of considerable
interest to realize that the well known effect of axial
load on the natural modes of a bar can be applied to the
problem of measuring wheel stresses. Following Stappen-
beck's model, a compressive or tensile stress in the wheel
rim should have an effect similar to that found in a loaded
bar.

For a simply supported vibrating beam under com-
pression the natural frequencies of flexural vibrations

are given [50] by:

2 _ B n*n? - Fe%n%n?
w, = ) ; (2.4.1)
pAL
where

£ = the length of the beamn,
F = the compressive axial force,
A = the cross sectional area,
o = the density,

EI = the flexural rigidity,

but the fregquency of the nth mode of the beam without external
: 4 4
stress is wgo _EI n z . (2.4.2)
pAl
Then
(.lJ2 _ U.J2 - Fn2ﬁ2
no n pALZ ’

For small frequency changes
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no -
Thus
2 2
Fnor
(wp, = w. )2wp = ,
e} n o] pALZ
or
1y
A= Saetl/2 (2.4.3)

n =~ 2{EIpA} .
This result implies that the frequency shifts are the

same for all modes and are proportional to the applied

force. Since the ring model simply assumes that the rim

is a circular bar, flexural vibrations of wheels with uniform
compressive or tensile residual stresses in the rim should

show similar effects; i.e., if a uniform stress is induced in the
rim, all modes should show the same numerical change in

resonant frequency. Some experimental results which appear

to be consistent with this concept are presented in

Section 4.
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3. EXPERIMENTS ON WHEEL GEOMETRY

AND MINIMUM DETECTABLE CRACK SIZE

3.1 Introduction

There were certain guestions which could not be
readily answered from the theoretical study and it
was decided to tackle these by obtaining experimental
data. There were two main tasks in this work: firstly,
the compilation of a data bank of signatures of wheels
with different geometries and from various manufacturers, and

secondly, a study of the minimum detectable crack size.

3.2 Data Bank of Wheel Types

In brief, the idea behind this study was that the
acoustic signatures of all types of good wheels and the
signatures of all types of defective wheels might belong
in two different clusters and there might be no over-
lapping in their characteristics. If this were the case
a decision scheme for flaw detection could be based on
the comparison of the signature of the wheel under test
with a set of good wheel signatures. If the signature
matched any of the good wheel signatures it would
be declared a good wheel of a certain type, and if
not, defective. A computer or other type of file that
has the signatures of all geometrical variations of good

wheels would house the data bank.
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In order to develop the data bank, the Southern
Pacific Transportation Company provided a number of new
and used wheels for testing in their Houston repair shop
facilities. A total of 34 wheels were tested and 136
wheel signatures were obtained. The sample included
wheels of cast and wrought construction, having flat
and dished plate configurations. Single wear and multiple
wear rims were also encountered. The information acquired
was kept in a data bank book, in the form of a series of
description sheets as shown in Fig. 3.2.1la, accompanied
by the signature plots, one of which is shown in Fig.
3.2.1b. For these tests an inclined guideway was
constructed (see Fig. 3.2.2) and was used as a path
guide for a 1.5 inch steel ball. Near the bottom end
of the incline a photosensor unit was installed to detect
the presence of the ball immediately before the impact.
The photosensor's signal was recorded on the triggering
pulse channel of a dual channel GR* recorder for later
acoustic signature analysis in the laboratory. The
design assured reproducible and constant force impact on
the lower inner rim of the wheel. Acoustic signature

tests were conducted on the wheels listed in Table 3.2.1.

3.3 Results from Data Bank Tests

About ten different types of wheels were tested

in the SP shops. Another 14 axles having good/good and

*General Radio
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good/defective wheels were tested in the University

laboratory (hammer impact testing). The conclusions

from these tests were as follows:

a. The relative amplitude of the wheel resonances
depends on the magnitude of the impact.

b. The relative amplitude of the wheel resonances
depends on the direction of the impact.

c. Each type of wheel has a characteristic signature.

d. Signature changes with wear. An axle with wheels
whose flanges show different amounts of wear has
spectral differences mostly above 4 kHz (see
Fig. 3.3.1). The importance of this finding was
not completely appreciated at the time of the earlier
laboratory tests. After the field test it was
realized that differential wear is a major cause of
signature differences and further work on the
subject was performed {see Section 7).

e, The signature of a used worn wheel compared to
the signatures of standard new wheels may show
spectral differences of the same order as a cracked
wheel.

It was already known that load on wheels has some
effect on wheel signature, (see Fig. 1.6.6). Variations
with wear and load are encugh to exclude the use of the
data bank as a classifier for the decision process in
field tests. Another important reason is the extremely

lengthy processing that would be necessary due to the
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large number of comparisons between the signature of an
unknown wheel type and the standard signatures. One
single comparison takes about 30 seconds, and there are
over 40 different types of wheel in use. It was concluded
that across the axle comparison is therefore the only

practical scheme.

3.4 Investigation of Minimum Detectable Crack Size

As mentioned earlier, one of the questions which

arose from the feasibility study was the issue of the

smallest crack that could be detected by signature analysis.

In Appendix F it is shown on a theoretical basis that a
single crack, not much larger than a dormant thermal
crack, will change the signature slightly. The doubt
remained however as to whether an experimental system
would be capable of finding such a slight change.
Consequently it was decided to perform some experiments

to address this issue. As discussed in section 4

the critical crack length is at least one tenth of an inch.

key question is therefore whether or not the system can
detect the presence of cracks of critical size. This
leads to the difficulty that there is little agreement on
what this size is. In practice cracked wheels are
removed from service when they are found by visual
inspection and thus it was decided to investigate wheel

sets with the smallest cracks discovered in this way.

The
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Firstly, it was decided to investigate the
chances of finding thermal cracks. Some experiments
were performed on a 36" wheel and axle set. One of these
wheels had eight thermal cracks visible on the front
face of the rim and extending onto the tread;i.e., at
about the same location as that of the crack illustrated
in Fig. 1.2.1. No cracks were visible on the other wheel.
The experiments were performed using a 1.5" hard steel
ball bearing on the end of a 3 ft. pendulum string.
Analysis was performed in real time, using the third octave
band RTA*. At a given site on the wheel, five impacts
were made, the starting point of the pendulum's fall
being accurate to about 1 mm and the maximum overall
sound level of the impact being reproducible to about
1 dB. The RTA was set t0o read the maximum level in
each spectral band and these values were transferred to
the computer and stored after each impact. Two impact
sites on the good wheel were chosen, one on the front
face of the rim and one on the plate. The precisely
equivalent locations on the bad wheel were then impacted.
For each set of 5 impacts on the good wheel an average
spectrum was computed. Each of the individual spectra
for a given location on either wheel was then cbmpared
with the appropriate good wheel average, The algebraic
sum of the deviations in dB in each spectral band was

then calculated. The results are shown in Table 3.4.1.

*RTA (Real Time Analyzer)



47

TABLE 3.4.1

RANGE OF DEVIATIONS FROM GOOD WHEEL SPECTRAL
AVERAGES IN EXPERIMENTS WITH THERMAIL, CRACKS

goas Good Wheel Bad Wheel
Flange Plate Flange Plate
Impact Impact Impact Impact
1 200-500 300-800 1300-~-2800 700-1000
2 200-650 250-650 1160~2600 700-1400
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The conclusion was reached that there was a definite
difference between the good and bad wheel spectra.
Some measurements were also made of decay times of
impact sound levels, but no significant differences
were found in that case.

These results indicate that the wheel with the
thermal cracks should be readily distinguished from its
mating wheel. The point should be made that the wheel
under test had a large number of cracks, although each
one is presumably not much greater than a square
inch in area. However, the occurrence of dormant
thermal cracks in such numbers on a wheel is probably
the normal way for such cracks to appear, so it was con-
cluded that there is a good chance of detecting them
in the field.

It was also of some interest to know the smallest
plate crack which could be detected. Railroad repre-
sentatives were asked for help to find a small plate
crack. The closest approximation that has come-to our
attention so far is a wheelset where one wheel (UH
inventory number 15A) has a typical large plate crack as
shown in Fig. 3.4.1 and wheel 15C, its mate, has a crack
on the front plate near the hub (see Fig. 3.4.2a)
which is not visible on the back side of the plate
(see Fig. 3.4.2b). To be sure about the extent of the

crack, a liquid penetrant test was performed on the
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wheel. The suspected area was properly cleaned of dust
and rust and then a liguid penetrant was applied as an
aerosol spray. The penetrant was of the fluorescent
type so inspection under ultraviolet light showed
clearly the presence of a 20" crack around the hub on the
front plate of wheel 15C, but nothing on the back plate.
Acoustic signature comparison between the wheels showed
only a 20% matching with line spectra comparison vs.
50-80% for most good wheels. The signatures of the two
wheels are shown in Fig. 3.4.3.

A comparison was made of the signature of wheel
15¢, the partially cracked wheel, with the signatures
of wheels 4G and 1G which are good wheels of the same
type. The results are shown in Fig. 3.4.4. The results
showed 28% line spectra matching for wheel 4G compared
to 15C, as also for wheel 1G compared to 15C. Comparison
between 4G and 1G showed a better matching, 37%. These
numbers indicate that it is possible to find small plate

defects on wheels,
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Percentage of Matching Lines

"llllll’ -
5¢C 15
5¢C ic

28%

5¢C

37%

e

SPECTRAL: LINE COMPARISON TESTS BETWEEN A WHEEL
WITH A PARTIAL PLATE CRACK (15C), A WHEEL WITH
A FULL PLATE CRACK (15A) AND TWO GOOD WHEELS OF

THE SAME TYPE (1G AND 4G)
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4. RESIDUAL STRESS EVALUATION IN RAILROAD WHEELS

USING ACOUSTIC SIGNATURE ANALYSIS

4.1 Introduction

The residual stress in a wheel may be as important
in influencing wheel failure as the presence of an
incipient crack. The reason for this, in terms of fracture

mechanics, 1s apparent from the relationship

_ 1/2
KIC = AOC
where KIC is the fracture toughness parameter, a property
of the material. Carter and Caton [30] give values of KIC
1/2

ranging from 25 to 40 Ksi in , depending on the wheel

class. A is a constant which Carter and Caton found to

vary from 0.9 to 1.98 for different crack locations.

c is the applied tension needed to cause the crack to

grow and ¢ is the surface length of the crack. Carter

and Caton guote 55 Ksi tensile stress as being representa-

tive of the peak of the stress generated during drag

braking and hence conclude that critical crack lengths

are a minimum of 0.1 inch for corner cracks in class U

wheels to 0.65 inch for surface cracks in class A wheels.
However it does not follow that such cracks will

cause a wheel to break. New wheels are manufactured with

a residual compressive stress in the rim, which is usualiy

in the range 20-25 Ksi according to Wandrisco and Dewez

[31] . The plate of a new wheel is in tension. Extended

pericds of brake application can overheat the wheel and
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eventually change the signs of the internal residual stresses.
Clearly then the residual stress plays a major role in
determining the growth of small cracks. Even if a crack
grows through the rim it may be arrested in the plate for

a long period before finally causing the wheel to dis-
integrate.

Some estimates of the number of wheels containing
small rim cracks are guite high. However, on an annual
basig there are less than 1000 derailments due to broken
wheels. It might be concluded that many small cracks
are not a problem. Hirooka et al, [33] have confirmed
this impression as a result of drag brake tests and stated
that such cracks are only dangerous if the rim has a high
tensile stress. One concludes that a sensible inspection
program would aim to find large cracks and wheels in which
the compressive stresses in the rim have changed to a high
tensile value. Large cracks are found quite effectively
using ASI* byt the measurement of residual stress is
problematic.

None of the methods of residual stress measurement
is readily applicable in this situation. The velocity of
sound can be measured at ultrasonic frequencies and changes
of the order of 1 part in 104 can be found per Ksi change
in residual stress [43]. Obviously great accuracy and
careful calibration is required, implying careful surface
preparation. This method does have the advantage that

the stress in the bulk of the material is measured.

*ASI (Acoustic Signature Inspection)
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¥-rays can be used in evaluation of lattice dimensions in

homogeneous materials, Residual stresses can be deduced

by evaluating strain from lattice dimensions. The method

is restricted to surface stress-evaluation over a small

area and careful surface preparation is necessary [32].

Barkhausen noise can also be used in residual stress

evaluation [34]. Again in this case the most obvious

limitation is surface preparation of the test material

and only surface stress evaluation can be made. In the

case of a wheel in service surface residual stresses on

the tread, front and back rim are different from the

"bulk" rim stresses due to braking action from retarders

and the high local loading on the tread of a rolling wheel.
The objective of the work reported here was to

investigate the possibility of using acoustic signature

inspection to evaluate residual stress. The basic idea

is that applied stress changes the natural frequencies of

flexural vibrations in an ohject. The simplest example

is the change of the natural modes of a string under dif-

ferent tension. For rigid bodies such as a beam, or column,

there is a well known theoretical treatment and experimental

evidence that the response changes with load, which has

to be allowed for in the design of chimney stacks and the

like. A similar effect occurs in the case of high speed

turbine blades where the frequencies of the natural modes

changes with speed. This qguestion has been discussed in

Section 2.



57

Nagy [1] showed that changes in resonant frequencies
of wheels occurred under load. This gave rise to the idea
that change in residual stress might be detectable from

changes in resonant frequencies.

4.2 Test on Wheels with Different Heat Treatment in the

Griffin Wheel Manufacturing Plant at Bessemer, Alabama

A first attempt to study this problem was made in
the Griffin Wheel Manufacturing Plant at Bessemer, Alabama.
A variety of manufacturing treatments had been applied to
the wheels to generate a wide range of residual stresses.
Acoustic signatures were recorded from 33-and 36-inch
wheels that had normal treatment, and also from wheels
that had high internal tension stresses. The standard
procedure for measuring résidual stresses is destructive
testing by saw cut described in the ménual of standards
and recommended practices af thevAssociation of Americanr
| Railroéds-'(AAR) [36]. . In Fig, 4.2.1are shown the results
of strain test on a 33 inch one wear Griffin wheel. This
fiéure“ﬁés obtained from ﬁheJéar“éﬁd L0comotive ' .
Cyclbpédia [37].

‘Ail wheels tested were sitting'onithéir hubs on a
concrete floor, so the plates and rims were free of contact.
: H?hé_following measureménts were taken;,.w
l: KHamhér iﬁpacfs oﬁ éacﬁ wheel. |

‘a. Ten impacts were made on three‘different points
‘on the circumference of the front rim of the
wheel. The relativerlocation of the impact

points were approximately 120° apart.
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b. Five impacts on the plate, midway from the center
to the rim of the wheel.
¢c. Five impacts on the flange, along a radius.

For steps la, b, and ¢ sound was detected by a
microphone. The hammer is shown in Fig. 4.2.2. This
design provides a triggering pulse simultaneously with
the impact. Signals were recorded on a dual channel
recorder.

2. Shaker excitation. In this series of tests a shaker
was used as an exciter and the vibrations were picked
up by a GR type 1560-P52 accelerometer. Input
signals were;:

a. random noise,
and b. slowly sweeping sine signal from a Wavetek
Model 134 signal generator, in the range from
400 to 2000 Hz.

Most of the analyses were made from impact recordings.

The wheel manufacturing steps are as follows:

1. Pressure Pouring Pit: Steel wheels are formed as
air pressure forces molten steel up from a sealed
chamber into graphite molds. A mold is filled in
20 seconds.

2. Wheel Transfer: Depending upon the metal temperature
at pouring, the wheel casting will solidify in five
to seven minutes. The cope {top) of the mold is

removed, and the wheel is lifted by the hub and

conveyed to the final finishing and inspection stations.
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Cooling Kiln: Wheels are cooled from 2,000°F to
1,000°F to reduce stress formation.

Stopper Pipe Cut off and Shot Blast: Each wheel's
stopper pipe is automatically cut off and the graphite
stopper removed from the hub.

Torch Cutting: (a) Riser stubs are taken off with
an electric arc torch. (b) An oxyacetylene torch
automatically cuts cut the wheel's hub bore.

Heat Treating: Wheels are moved by conveyor to a
rotary hearth normalizing furnace, where they are
heat treated.

Rim Quench: Following heat treatment, rims are
quenched to harden the treads for more severe
service.

Draw Furnace: The wheels are tempered again.

Hub Cooling: Final heat treatment for proper
residual stress formation.

Shot Blasting: Each wheel is shot blasted to remove
scale and permit surface inspection.

Magnaglo Test: Magnaglco testing detects surface and
subsurface defects.

Ultrasonic Test: An additional test is made, using
pulse echoes. This is to further insure that there
are no subsurface flaws.

The manufacturing steps are shown in a schematic

diagram in Fig. 4.2.3. If the wheel has been taken off

line before the normalizing furnace, steps 3 to 6, it has

a high stress. After step 6 it has normal stress.
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Between steps 7 and 8 it has high stress. After step 8

it has lower stress and after step 9 it has the normal
stress configuration. A list of wheels tested at the
Griffin Wheel Plant in Bessemer, Alabama is presented in
Table 4.2.1. The first column has the wheel identification,
type and number. The second column has the tape numbers

of tests as recorded. The third column has the

description of the manufacturing treatment and the last
column the estimated stress according to the treatment.

Preliminary results from comparisons between the
acoustic signatures of the wheels are listed in Table 4.2.2.
The difference index is based on a decision scheme which
is a combination of line spectra and sum of the diffeérences
comparison between two spectra. There were only two
conflicting results out of 25 tests. In run No. 5, the
Difference Index for high/normal stressed wheels is small.
In run No. 9, although wheels CJ36 26 425 and CJ 36 26 171
had the same heat treatment, history., and structure, they have
a Difference Index of 10. One possible explanation is
the existence of small geometric differences indicated
by the rough surface appearance (the wheels were removed
from the line before step 4}.

A detailed study of the acoustic signatures was made
using a spectrum translator to measure small shifts in
resonance frequencies, This instrument was used in con-
junction with the SD330 RTA. The spectrum translator can

separate frequency bands from a spectrum and expand them,



LIST OF WHEELS TESTED AT THE GRIFFIN WHEEL

TABLE 4.2.1

MANUFACTURING PLANT IN BESSEMER, ALABAMA
FOR RESIDUAL STRESS EVALUATION
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WHEEL NO. AND TYPE TAPE NO. DESCRIPTION STRESS
CJ36-26425 "C" 141, 141A, Hub Left In High Stress
142, 155A
CcJ36-26171 "c" 143a, 144 Hub Left In High Stress
CH36-17180 "cC" 147Aa, 149 Hubcut, Not High Stress
Normalized
CJ36-27910 "¢" 145, l4eéa Hubcut, Quenched High Stress
Skipped Draw
Furnace
¢cJ36-27636 "C" Hubcut, Quenched Lower Stress
and Tempered but
Not Hub Cocled
cJ36-32784 "¢ 145, l4e6A Stock Normal Stress
cJ36-23089 "yu" 147a, 148 Stock Normal Stress
CJF36-32769 153a, 154 Stock Normal Stress
CJF33-30695 151a, 152 Hub Left In High Stress
CJ33-31029 149, 150A Hubcut, Quenched High Stress
Skipped Draw
Furnace
CJT33-30695 149, 1s51A Hubcut, Quenched High Stress
Skipped Draw
Furhace
CJF33-97803 "¢C" 149, 150A Stock Normal Stress
CJF33-11092 'u“ 151a, 152 Stock Normal Stress
cJ33-21226 "y 152, 153a Stock Normal Stress




TABLE 4.2.2

PRELTMTINARY RESULTS - RESIDUAL STRESS TESTS
{-H INDICATES HIGHLY STRESSED WHEEL,
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BESSEMER, ALABAMA

-N INDICATES NORMAL WHEEL)

RUN | TEST WHEEL #1 WHEEL #2 DIFFERENCE COMMENT
# INDEX *
1 1 €336 26425-11 | SAME 1 SAME WHEEL COMPARISOM
2 | 18 CJ33 97803 -N | SAME 3 SAME WHEEL COMPARISON
3 12 CJ36 32784-N CJ36 23089-N 5
4 27 CJ36 32769-N CJ36 32784-N 5
: ONFLICT-
s | 22 CJ33 30695-11 | €J33 11092-N 6 ;:éSRiiuggLﬁngmﬂgélggsr
6 | 21 CJ33 97803-N | ¢€J33 11092-N 7
7 { 19 cJ33 97803-N | €J33 31029-K 9
g | 13 CJ36_27920-11 | GJ36 23089-N 9
9 5 CJ36 26425-H £J36 26171-H 10 * %
10 | 1o CJ36 26171l-11 | €J36 32784-N 10
11 | 14 €J36 23089-N | €136 17180-I 27 DIFFERENT TREAD
12 | 25 CJ33 97803-N | CJ36 32769-N 29 33" COMPARED TO 36°
13 | 17 CH36_17160-11 | €J33 97803-N 33 33" COMPARED TO 36"

DIFFERENT TREAD

*'THB DIFFERENCE INDEX IS OBTAINED BY SUMMING THE DIFFERENCE BETWEEN

* &

SPECTRA TAKEN CHANNEL BY CHANNEL.

BEFORE SUMMING, EACH SPECTRA IS

NOKMALIZED BY DIVIDING ALL ITS CHANNEL VALUES (IN JdB} BY THE MAXI-

MUM VALUE. FURTHERMORE, WHEN RESONANCE LINES CO-INCIDE BETWEEN THE

TWQ SPECTRA, THEN THE CENTER CHANNEL AND ADJACENT CIIANNELS FOR SUCH

RESONANCES ARE DISREGARDED IN THE SUM,

THIS MIGHT BE DUE TO SMALL GEOMETRIC DIFFERENCES (NO SURFACE

TREATMENT)
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thus improving the freguency resolution. In the range

of 10 kHz the analyzer has a 40 Hz resolution. With the
spectrum translator, translated bands had a 100 Hz range
and 0.4 Hz resolution. In the range of 10 kHz the sampling
period is 50 ms, for the 100 Hz range it is 2500 ms, hence
only slowly decaying signals (resonances) can be analyzed.
With the use of a spectrum translator significant dif-
ferences in the resonant freguencies were revealed.
Spectral plots were obtained for most of the strong wheel
resonances. An example is shown in Fig. 4.2.4. The
resonances of the normally stressed wheels were separated
from those of the highly stressed wheels by more than

8 Hz, The estimated frequency shift for those resconances
due to geometrical tolerance in manufacturing is 1 Hz.

A list of the measurements taken is presented in
Table D.1 in Appendix D.1l. The results are also shown in
Fig. 4.2.5 for CJ36 type wheels and in Fig. 4.2.6 for CJ33
type wheels. These are rather unusual presentations and
some explanation is needed. The points on the plot repre-
sent resonant frequencies. All the points lie on lines
parallel to the Y axis. For example, the line AA' in
Fig. 4.2.5 has the resonances of the CJ36 type wheels near
390 Hz. Dots represent resonances of normally stressed
wheels and asterisks represent highly stressed wheels. At each
wheel resonance, the value for the normally stressed wheel
was set on the X—axis. The intersection of AA' and the
X-axis represents the resonance of the wheel CJ 36 32784

at 390.8 Hz. The rest of the indications on AA' show the
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FIG. 4.2.5 DIFFERENCES IN RESONANT FREQUENCY FOR CJ36
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frequency deviation from that value of the corresponding
resonance for other Wheels in Hz. Positive deviations
correspond to resonances above 390.8 Hz and negative
deviations to lower values. In some cases the resonance
of a highly stressed wheel lies among the resonances of
the normally stressed wheels, but in other cases it is
above or below. Thus, although the shift may be to higher
or lower fregquencies, in general there is a separation
between the resonances of normally and highly stressed
wheels. Hence a known type of wheel with unknown stress
could be checked for stress distribution by comparing a
few small portions of its signature with the same signature
portions of normally stressed wheels. These freguency
shifts could conceivably be due to variations in the
geometry of the wheels because of dimensional tolerances.
For this reason it was decided to estimate frequency
shifts due to extreme variations in the dimensional
tolerances.

The manufacturing error for a 36" wheel is about 5 1lb

is

or about 0.5% in weight: hence the volume error, ¢
ght; v

also 0.5%

i.e. e, = 0.5% (4.2.1)

Approximating the wheel to a disk, the volume of the
wheels is
v o= Wrzh. (4.2.2)

Differentiating (4.2.2)
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dv = 2mrhdr + ﬂrzdh.
or,
2
ey = ¥ = 2Th gy 4 TX gn (4.2.3)
Ty h Tr™h
_ 2dr dh _
=TT PR T t o8y

where e is the error due to the change in the radial

direction and €y is the error due to the change in the

thickness. Assuming €, = £y for the sake of argument,

4

e =2.5x%x10 Y and Ar = £ x 2.5 x 10° ,

r
r 2
or

—~==1.25 x 10 (4.2.4)

The resonance frequencies are given by

_n(n-1) 1 4,1/2
fn T iom (EIX/pAr p
(n"+v)*?
or
fn = %7 {4.2.5) , ¢ = constant. (4.2.5)
Thus
3C
Afn———jﬂr’ (4-2-6)
r
and finally from (4,2.4), (4,2.5) and (4,2,6) the frequency
error is
_ Afn -4
€g = = 4 x 10, (4.2.7)

In Table 4.2.3 the estimated frequency error is given
in HZz for the main resoconances of the CJ33 and CJ36 type
wheels. The estimated frequency shifts due to geometrical

variations are much less than those measured.
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TABLE 4.2.3

ERROR EVALUATION FOR STRONG
RESONANCES ON CJ33 AND CJ36 WHEELS

WHEEL RESONANT FREQUENCY MAX . FREQUENCY
TYPE FREQUENCY ERROR ERROR
A Hz A Hz

cJ33 44,0 0.2 0.4

1130 .

3010 1.2 2.4

4040 1.6 3.2
cJT36 390 0.2 0.4

1040

1860 0.8 1.6

2470 1.0 2.0

2790 1.1 2.2

3780 1.5 3.0

4810 1.9 3.8

5860 2.3 4.6
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4.3 Dynamometer Tests at Wilmerding, Pennsylvania

An opportunity to correlate numerical stress indica-
tions with changes in the acoustic signature was offered
by the Union Pacific Railroad Company (UPRR) who invited the
University to participate in a series of dynamometer

tests in the Westinghouse Plant at Wilmerding, Pennsylvania.

4.3.1 Description of Tests

The objective of the Union Pacific's test team was
to study the thermal damage and premature wear to the
tread and flange portion of the wheel. Preliminary
internal study of the problem by the UPRR focused attention
on three potential causes of the phenomena:

1. misalignment of the brake shoe with respect to the

wheel center line,

2. nmisapplied brake shoe,
and 3. high energy drag braking applications.
Subsequent discussion and correspondence between repre-—
sentatives of the Union Pacific Railroad and
Westinghouse Air Brake Division (WABD} resulted in a
proposal to conduct a dynamometer research test program to
investigate the possible effect of these factors on
usable wheel life. This program was conducted by WABD
under contract to UPRR.

The dynamometer test program consisted of both stop
tests and drag tests. The stop tests were emergency
stops from 80 mph. Five stops were made on each wheel

used. The drag test was run at a speed of 60 mph with a
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shoe force simulating a 15 psi brake pipe reduction. Five
drag tests were made on each wheel. Two different positions
of the shoe on the wheel were tested: in the center of

the tread, with the shoe overriding the outer edge of the
tread, and with the shoe riding on the flange. Several
types of brake shoes were used.

The acoustic signature of the wheel after each stop
was obtained using the setup shown in Fig. 4.3.1. For
excitation of the wheel a 16 oz, standard hammer was used
and the wheel was impacted five timegs. In a few tests a
32 oz,hammer in addition to the 16 ©z.,one was used. The
stress readings were obtained from three SR-4 foil strain
gauges (BLH Electronics) welded on the wheel as shown in
Fig. 4.3.2. The strain readings were obtained using two
types of strain indicators. The first device was a
maltichannel indicator with an internal calibration to zero
the initial reading, so that any subsequent reading indi-
cated the change in strain directly. The second device
gave indications whereby any strain change could be
evaluated by subtracting the indication from the initial
reading. In the following description the three gauges
will be referred to as A, B, and C (see Fig. 4.3.2). The
SR-4 gauge specifications indicate that the maximum
advisable operational temperature without special coating
is 705°F.

Acoustic signatures from a total of six wheels were

obtained. All wheels tested were Griffin CJ33 and were
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identified as UP 12, 19, 20, 17, 27, and 28. In wheels

UP 12, 19, 20 and 17 emergency braking tests were per-
formed with different brake shoes and shoe positions. On
wheels UP 27 and 28 drag braking tests were performed
applying COBRA composition brake shoes. As was expected
the highest stress changes occurred in the drag braking
tests because 0of the high final wheel tread temperature of
600°F to 1100°F, as compared to emergency stops in which
final temperatures are generally in the range of 150°F to

550°F.

4.3.2 Data Processing

The tape recordings were returned to the University
for processing. An attempt to see changes in the signature
using the SD 330 A RTA failed because of the low frequency
resolution of 20-40 Hz while the range of interest is
0~10 Hz. By courtesy of the Shell 0il Co., a Hewlett
Packard (HP 5445) real-time spectrum analyzer was made
available. This instrument has a variety of features and
options for optimum signal processing. Identification of
the important resonances was achieved in a preliminary run
shown in Fig. 4.3.3. Because of limited access time with
the analyzer only signatures from wheels UP 27 and 28

{drag braking) could be obtained.

4.3.3 Results
The results are summarized in Table 4.3.1 and 4.3.2.

These tables contain: in column 1, the test number; in
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column 2, the magnetic tape number; in columns 3, 4, 5,

the strain gauge indications from A, B and C gauges; in
columns 6, 7, 8, the changes in strain are evaluated from
columns 3, 4 and 5, and the last five columns show the initial
resonant frequency and the frequency shift that occurred

in the subsequent braking stops. Table 4.3.3 is an example
of the machine setup data for narrow band analysis which
includes information about the type of measurement, the
number o0f averages, the type of signal, the type of trigger,
the center frequency, the bandwidth, and the sampling time
length, from which the freguency error AF is given,

about 0.4 Hz. The frequency shift shown in the last
columns of Tables 4.3.1and 4.3.2 was obtained from 54
graphs, such as those shown in Figs. 4.3.4 through 4.3.9.
These figures correspond to the signature of wheel UP 28

at about 3000 Hz, taken before the drag braking test
started (Fig. 4.3.4) and after each successive drag test
(Fig. 4.3.5 through 4.3.9).

The limited results shown in Tables 4.3.1 and 4.3.2
show the interesting feature of a frequency shift almost
independent of the resonant mode. This behavior is con-
sistent with the theory discussed in Section 2. It is
interesting to compare this frequency shift with the
theoretical result given by eqn 2.4.3. Rearranging this

equation one obtains

] 1/2
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Fig. 4.3.4 Wheel UP 28 A.S. at 3 kHz before the
Drag Braking Test
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Fig. 4.3.5 Wheel UP 28, A.S. at 3 kHz after the first
Drag Braking Stop
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Hence a shift of 6 Hz corresponds to a stress change of

15 Ksi. It should be noted that this value must cor-
respond to an average stress change in the rim. Strain
gauge readings at the front and back of the rim were often
of different sign and varied from about 50 Ksi tension to
about 25 Ksi compression with a 6 Hz fregquency shift. It
is therefore felt that the theory seems to give a
reasonable indication of average stress.

The correspondence between strain indications and
frequency shift is shown in Fig. 4.3.10 and 4.3.11. These
figures show that stress conditions and frequency shift
were best correlated for the readings from strain gauge A
welded on the plate. This seems quite reasonable because
the changes in the stress at gauge A on the plate are due
to the overall condition of the rim. But there may be
considerable local variations in the rim itself. The
least correlated indications were from strain gauge C on
the back rim. Comparison of the readings from gauge C
from wheels UP 27 and 28 under similar drag braking con-
ditions show large differences. Data from gauge B on the
front rim were limited to two values for each wheel
before extreme heat conditipons burned them off. As has
been indicated, acoustic signature differences are functions
of the bulk gtress, and thus might not be expressed
directly by indications from a single strain gauge. It

is hoped that completing the analyses on wheels UP 27 and
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28 andalso on wheels UP 12, 17, 18 and 20 will give a
better understanding of the acoustic signature as a function
of the wheel stress conditions.

The changes in frequency are small, of the order of
a few Hz; hence a rather careful error analysis must be
made. Errors in the data collection and data processing
can be divided into error due to the tape transportation
mechanism of the recorder and errors in the signal processing.
The latter error depends on the sampling rate and time
duration of the signal, which for these analyses was
0.4 Hz. Equally or even more important is the error due
to the tape transport speed and fluctuation. Manufacturer's
data for the NAGRA IV at 15 in/sec indicate a maximum
+ 0.05% tape speed ¢rror which could give an error of
2.5 Hz at 5 KHz. If tape speed changes occurred during
the recording, the resonances ought to show frequency
shifts proporticonal to frequency. There are indications,
from comparisons of repeated impacts on the same wheel in
the same conditon, that if such an error occurred it was
much smaller than 0.1 Hz at 1000 Hz or less than 0.01%.

A significant experimental error might be included in
some of the Bessemer results. It is believed now that the
results for CJ36 wheels sghown in Fig. 4.2.5 are more accurate
than those for CJ33 wheels shown in Fig. 4.2.6. The
maximum freguency difference should be about 10 Hz instead
of 25 Hz. There is no indication at this point of any

important error in the dynamometer test results.
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5. SYSTEM COMPONENT DESIGN

5.1 Wheel Exciter

An ideal wheel exciter should:

Produce vibrational excitation in the range 0-10 kHz
in all types of railroad wheels. The C-weighted
intensity at 3 feet must equal or exceed 100 dB.
Acoustic signatures resulting from the use of the
exciter must be reproducible independent of train
speed and not contain resonances other than those of
wheels.

Induce vibrations in the wheel from a point of contact
low on the wheel's rim or flange. This point of
contact shall be independent of the train velocity.
Have an auxiliary power source (electrical or
pneumatic) or be mechanically powered by the train.
In the latter case, the exciter must not cause a
vertical displacement of the wheel.

Excite wheels on both rails with train

speeds of up to 45 MPH (for yard operations 10 MPH
should be sufficient).

Not present a hazard to the train or to itself for
train speeds up to 80 MPH (30 MPH for yard operations).
Be suitable for use at any railroad track location

outdoors within the continental United States.
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7. Be designed to comply with requirements for track-
side apparatus now imposed by the railroads. This
inciudes OSHA safety reguirements for personnel.

8. Have a Mean Time to Failure such as to allow operation
for 6 months under normal conditions without probable
failure.

These specifications represent an ideal to be aimed
at. The designer is confronted with a large variety of
conceivable devices and many choices. In the feasibility
study [1l] a mechanism driven by the wheel itself was used.
In the present work it was decided to explore the
feasibility of some alternative approaches and these are
categorized according to the power source. Since some
field experience had been obtained with the original
hammer mechanism it was decided to pursue this design
concept in parallel with the other studies to ensure that
at least one form of operating exciter would be availahble

for the field tests.

5.1.1 Mechanically Powered Excitation

The original version of the hammer exciter is shown
in Fig. 1.6.1. The device operates as follows: the
flange of the wheel depresses the plunger, 1, whose travel
is guided by the pin, 2. Thus the link, 3, starts to
rotate around the pivot point, 4. Due to this rotation
point A moves towards point B compressing the hammer

spring, 5. At low speeds this spring acts as an energy
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storage device. When the torque about B due to the hammer
spring exceeds the torque due to the weight of the hammer the
spring starts to expand and drives the hammer up to impact
the wheel flange. At higher speeds {above 2.5 MPH} the
link, 3, actually impacts the roller 6 thus setting the ham-
mer into essentially free rotation until it impacts the
wheel., The hammer spring then does not contribute much to
the forward motion of the hammer but acts only to reset the
hammer following wheel impact. The forces of acceleration
and deceleration on the hammer mechanism can be very large
(see Appendix E)}. The associated stresses in this mechanism
probably were excessive in the device tested in Omaha in
1974, and led to its failure when activated by a fast train
passing over it. A tentative solution to this problem was
to make the entire hammer, and hammer mounting, a one-piece
unit cut from steel plate. In addition, the impacting face
of the hammer was heat treated to harden it against wear.

A view of the modified exciter is shown in Fig. 5.1.1.

This is the version of the hammer exciter used in the

field tests to be described in Section 6. It should bhe
noted that a full dynamic analysis of the hammer mechanism
remains to be completed. However, a simplified model is
discussed in Appendix E. Some snapbuckling mechanisms have
been proposed by Fazekas [41] and these devices were given
some consideration as means of achieving the requirements

of a wheel activated hammer. Although the conceptions are



v

[T T}
/

S

77777777 7

-



94

elegant, time and resources simply did not permit the

design and constructicon of a working device.

5.1.2 Electrically Powered Excitation

An electric motor to spin two or more impacters,
preferably 4, 8, etec., for balance reasons, against the rim
of the wheel was also examined (see Fig. 5.1.2). The first
tests were performed using a 1/4 HP 1725 rpm motor; in
later tests a 1/2 HP universal-type AC-DC motor was used
with speed controlled by a VARIAC. The motor exciter
represents two significant departures from the hammer type
exciter concept. It is electrically powered and therefore
the impact is independent of the train speed. However, it
may produce multiple impacts on the same wheel. The attrac-
tion of this design is its ability to produce impacts at
train speeds up to 40-45 MPH and to survive at any train
speed. It is a simple design but 1t must be well guarded
for safety reasons. The electric motor and spinning impacter
combination was tested on good, bad and greasy wheels. The
preliminary conclusions on the feasibility of using this
design were: a} the gpectra obtained from the dgood, bad
and greasy wheel are noticeably different, and b) spectra
from the same wheel were reasonably reproducible.

An impacter to be actuated by a solenoid, such as an
automobile starter, was also given some consideraton.
However, the concept was not pursued since a triggering

pulse would be required and this would involve further
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complication of the system. The motor exciter could be

left running during the passage of a train.

5.1.3 Pneumatic Powered Excitation

Another concept examined was that of a pnheumatic vibrator
impacting a ramp depressed by the wheel flange. The main
attraction of such an exciter is the ruggedness and the
safety. Pneumatic vibrators are also commercially available in a
variety of types, sizes and are low priced. A problem
is the background noise of the hammer itself.

Pneumatic vibrators were obtained for preliminary
testing of the feasibility of this type of wheel excitation.
Included were large and small reciprocating piston types,
and five different sizes of rotary vibrators. Testing
involved holding each vibrator in contact with the wheel,
and obtaining taped wheel signatures associated with
differing points of contact and differing air pressures.
These tapes were then analyzed using both the 1/3 octave
band B & K analyzer and the Spectral Dynamics narrow band
analyzer. The results of this investigation were: a) the
large piston type vibrator was difficult to keep in contact
with the wheel, and therefore no conclusions could be
drawn; b) the small piston type vibrator produced usable
wheel signatures which were reproducible and comparable in
guality to those obtained by rolling ball impact; and ¢) the
rotary vibrators did not excite a broad spectrum of the

natural modes of vibration in the wheels. An explanation
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for the failure of the rotary vibrators to excite the
wheels is evident in the fact that an off-center spinning
mass produces a frequency of vibration which is the
inverse of its orbital period. This is not comparable
with the rich spectrum of frequencies associated with
the delta function of an impacting mass. Consequently,
the rotary vibrators will only excite the few natural
wheel frequencies which are close to that of the vibrator's
frequency. The piston vibrator, on the other hand,
induces frequencies of vibration almost uniformly
throughout the 0-10 kHz band of interest.

To test the performance of a pneumatic vibrator
and mounting, aNAVCO model BH 1-1/4 impact type was
installed on a custom made leaf spring (K = 150 lbs/in)
which was mounted on the test track. The leaf spring
parallels the ingide of one of the rails, with the
vibrator directly attached to the underside center of
the leaf spring. In use, the vibrator operates con-
tinuously. The wheel flange depresses the leaf spring
in passing over it and the impact vibrations are then
transmitted into the wheel. This design is attractive
for its simplicity and suitability for outdoor use.
As it was mentioned earlier the background noise level
produced by the pneumatic vibrator was highbut a 6-8 dB reduction
was achieved through the use of an exhaust muffler and
damping compound applied to the vibrator and leat

spring. Figure 5.1.3 shows the details of this design,
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MODIFICATIONS REQUIRED TO MOUNT LEAF SPRING VIBRATOR WHEEL EXCITER TO TEST
TRACK, THIS DEVICE USES 80 PSI REGULATED AIR SUPPLY. GSECTION AA SHOWS A 5
AND 3/8 INCH STEEL BOLT WELDED TO INSIDE OF TRACK PARALLEL TO TOF OF TRACK.
SECTION BB SHOWS THE INSIDE BOTTOM OF THE RAIL CUT AWAY 1/2 INCH BEYOND THE
INSIDE EDGE OF THE TOP? OF THE RATL. THE CUT AWAY IS 5 INCHES LONG. SECTION
CC SHOWS 1/4 INCH STEEL PLATE WELDED TQ THE INSIDE BOTTOM OF THE TRACK, THIS
ALLOWS THE FREE END OF THE LEAF SPRING TO FLEX WHEN THE SPRING IS DEPRESSED
BY THE WHEEL. THE LEAF SPRING IS 3 AND 1/16 INCHES WIDE. THE INSIDE EDGE
OF THE LEAF SPRING JUST TQUCHES THE INSIDE EDGE OF THE TOP OF THE RAIL.

- A = B Lk ®
{ ‘ ¢
e B v b
]I-H i“" " ~ T
42"
¢ PIN
Isg-" INSIDE OF TRACK
{ BOLT IS 5/8 INCH DIAMETER)
]5_3 [
8
SECTION AA
_Hi‘_lz-"
-0
SECTION BB l.,-M/ex
—>| ,-l— )
6‘%"
SECTION CC

FIG. 5.1.3. PNEUMATIC LEAF SPRING EXCITER
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The problem with this type of design is that the
amplitude of the sound from a wheel rolling over the
leaf spring is much less than from the directly
impacting devices, such as mechanically and electrically

actuated hammers.

5.1.4 Comparison of Exciter Types

Table 5.1.1 is a summary of ratings of these various
types of exciters assessed according to the specifications
of an ideal exciter. The characteristics of the acoustic signa-
ture are given a higher weighting than the other specifica-
tions since if the device does not give a reproducible signature,
it is useless for the present purpose. Overall the
mechanical hammer appeared to be the best device to use
despite its dependence on wheel speed in its present
form. The pneumatic exciter was downgraded because of
the weakness of the signature intensity. The electric
motor driven impacter was downgraded slightly as regards
signature because of the problem of multiple impacts
and because of possible safety problems. It would also
present a profile above the top of the rail. As a
result of these considerations it was decided to use

the modified hammer exciter in the field +test.

5.2 Wheel Sensor

The search for a device to be used to generate a

trigger pulse was restricted to three possible types:
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TABLE 5.1.1 RATING OF 3 EXCITER TYPES AGAINST IDEAL SPECIFICATIONS

MECHANICAL PNEUMATIC ELECTRIC
SPECIFICATION HAMMER VIBRATOR MOTOR
Signature 5 x 2 1 x 2 4 x 2
contact Point 4 4 4
Operational to
3 * *
45 mph 4 4
No Hazard at *
4%
80 mph 3 3
Weather
* *
Resistant 4 4 3
Safety 4 4% 2%
Mean ?ime 3 4% A%
to PFailure
TOTAL 32 25 29

Note the guality of the signature is rated twice as important as
other considerations.

5 = Excellent
4 = Very Good
3 = Good
2 = Fair
1 = Poor

*Rating based on surmise, rather than experience.
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a) nmicroswitches, b) photosensors, and c¢) commercially
available metal sensors. Microswitches had already

been used in an earlier test. Their performance could
be rated as moderate because they are susceptible to
rough operational conditions. Stable mounting of the
microswitch on the track or exciter was also a problem
due to vibrations induced by the train rolling over it.
Electric contact noise was another problem, although it
could be eliminated with proper electronic filtering.
Photosensors would be an ideal solution if they could
survive the dixt of the yvard and severe weather con-
ditions. In the third class the best available wheel
sensor system appeared to be the DUAL DIRECTIONAL WHEEL
SENSOR by ACI, since many engineering problems had been
solved in its development. It has solid state circuitry,
which is shock mounted and temperature independent from
-40° to +140°F. It has a waterproof casing and is easily
installed and adjusted. The wheel speed can range from
0 to 80 MPH. The operation of the wheel sensor is based
on the principle of magnetic flux change in a coil to
detect the presence of a wheel. The device has two
sensing units to determine wheel direction. During the
present tests only one unit was used because the
direction of wheel travel was not needed. The basic
elements of each sensor unit are a permanent magnet as

the source of the magnetic flux and a coil whose inductance
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changes when a wheel is present due to the

change in the magnetic flux in the core of the coil.
The unit is also equipped with a light-emitting-diode
(LED) which stays on when the sensor indicates a wheel
presence and which can be used to check if the sensor
is functioning. The output voltage circuit is shown in
Fig. 5.2.1. In this figure, Sl is a solid state relay
whose contacts close in the presence of a wheel and are
rated for a maximum current of 25 mA at 24 VDC. The
triggering pulse was the voltage obtained across the
resistor R2 = 1200 (. For tape recording, the voltage
E was about 3.0 Volts, for direct real-time sensing it

was about 4.5 Volts.

5.3 Microphone

General Radio had recently introduced a weatherproof
microphone system for outdoor noise monitoring. This
microphone system is shown in Fig. 5.3.l1a. The micro-
phone element is an electret condenser random incidence
microphone. It has flat response, wide dynamic range
and high sensitivity. It also has a permanently charged
diaphragm so it does not require a polarization voltage
and it does not become noisy in a humid environment.

The General Radio system includes a preamplifier after
the microphone element to transform the impedance from
high to low, so that long cable can be used. The first
outdoor test of the microphone in Pueblo, Colorado under

very dry and cold weather conditions was satisfactory
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and encouraged the acceptance of this type of microphone
for the final field test. The only negative aspect

was the need for a power supply for the microphone's
preamplifier. A directional microphone would have been
a better choice than the random incidence type actually
used. The directional response patterns of the present
microphone are shown in Fig. 5.3.1b. The system used in
the final field test included two microphones installed
on either side of the track. The sound signals go into
a microphone mixer whose output goes to a filter

and then to the real-time analyzer.

5.4 SpectrumAnalyzer, Computer and Diskette Interfacing

The most important parts of the system are the
real-time analyzer (RTA) and the mini-computer, At the
present time there are basically two ways to extract
frequency information from a sound signal: a) using an
analog to digital (A/D) converter and subsequently
analyzing the digitized signal through the use of
computer software or b) using a RTA. The selection of
the proper device is based on the duration, frequency
range, amplitude, type (transient or stationary) of the
signal and the fredquency resolution of the analyzed
spectrum. Different commercial devices have similar
specifications and it is hard to select the best. Rapid
improvements and development of these products make the

selection even more complicated.
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A NOVA 1220 computer interfaced with a 39 channel,
1/3 octave band analyzer had already been used in previous
wheel testing by Nagy [l] and Dousis [4]. Some spectral
analysis had also been done using a Spectral Dynamics
model 330A real-time analyzer on loan from the Company
for a short period of time but without any digital inter-
facing. The cost of the SD330A, its fast signal analysis
for the frequency range needed in the tests and the
familiarity of the researchers with it 1led to the
selection of this device as the spectrum analyzer for
the system. However the use of an A/D converter should
be given serious consideration as a part of a prototype
system. Some advantages and disadvantages of the SD330A
analyzer in respect of transient signal analysis will
be presented in the appropriate chapter.

The computer for the system was a 16K NOVA 1220,
Because of the medium memory size of the computer the
bulk of the software was written in BASIC language.

The digital output of the SD330A analyzer was interfaced
with the NOVA's I/0 board according to Table C.1 in
Appendix C.

The next major task after the interfacing was the
development of NOVA computer software needed to operate
the analyzer and retrieve data from it. To accomplish

this the following software was written:
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1. Assembly subroutines for control of the 5D330A
analyzer, including the following commands: start,
stop, peak, cursor/plotter, sweep or reset [35],

2. Assembly subroutines for use of the NOVA Real-Time
Clock.

3. Assembly subroutines to read and operate on individual
spectra (250 channels) from the SD330A using the
slow speed plotter output mode.

4. Assembly subroutines to read, print, and operate
on individual spectra in the high speed (53 ms)
output mode, i.e., levels from the 250 channels
are sequentially read in 53 ms directly into core
memory.

5. Assembly subroutines to store complete spectra in
NOVA core memory in sequential order.

6. BASIC language programs to call the above Assembly
subroutines for processing spectra.

The core memory requirement for a single spectrum
is 250, 16 bit, words. After the BASIC interpreter
and the program was stored in the memory, 3K of core
was available for data, which means only 10 spectra
could be stored in the computer. Approximately 5 ms
are required to retrieve one data word for
processing. Retrieval of two complete spectra
for an across-the-axle comparison takes about 2.5
gseconds which does not include the analysis program

execution time.



108

Considering this relatively long execution time
for BASIC instructions, it was concluded that the analysis
for wheel fault detection would not be done immediately
following reading the spectra as the train cars pass
over the exciters. (For a car speed of 10 MPH, wheels
on the same side of a truck will pass over the exciter
in approximately 0.4 seconds). Thus it appeared that
the analysis ought to be done in near real-time, i.e.,
immediately after the last wheel spectra is read into
the computer. Furthermore, since core memory was limited
to approximately 1 car, and since additional core memory
boards would not greatly increase this capacity to store
wheel spectra, a peripheral memory device of several
hundred thousand word capacity was needed if long trains
were to be scanned with this apparatus. The speed of
data transfer from the SD330A of 4717 words per sec is
too fast for the NOVA Cassette which writes at 800 words
per second. A Data General Diskette unit, model 6031
was the best technical choice having a transfer rate of
approximately 16,000 words per second and a storage
capacity of 157,596 words. The track to track head
positioning time is 20 ms. Eight spectra may be stored
per track. The assembly routines for data transfer
from the computer to the Data General Diskettes and
retrieval are presented together with the rest of the

software in Appendix C.



109

5.5 System Description and Software Development

The general configuration of the system for railroad
wheel inspection is as shown in the layout of Fig. 5.5.1.
Airborne sound or vibrations of the test object were
detected using a microphone or an accelerometer respectively.
The signal was preamplified near the transducer, and then
filtered for further signal processing. In the field
tests it was recorded in channel No. 1 of a dual channel
tape recorder. The triggering pulse was recorded in
channel No. 2; this being wvery important because timing
reference and information are essential for short duration
transient signals, such as impact recordings. The tape
recordings were later analyzed in the laboratory. In
the Englewood Yard test the signal could be both recorded
and processed in real time. The sound signal was fed
into the analyzer for Fourier analysis. During the early
stages of the project no digital interfacing and control
were available, hence precise data sampling was impossible
due to timing errors, and data collection was slow.

The analyzer was then operated in the PEAK, STORE mode,
because that was the only way to avoide the timing
problems. In the peak mode the maximum response of the
test object was obtained on the analyzer's screen and it
could be traced on the X-Y plotter for permanent record
and inspection. Numerical data were taken sweeping the

spectrum, through the CURSOR, manually.
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One disadvantage in the case of impact analysis
using the PEAK mode is the presence of the shock wave
produced during the impact together with the response
of the test object. This means that the spectrum obtained
includes the Fourier components of the shock wave, which
theoretically is a continuous spectrum. In practice though
(narrow band analysis), it does not appear as continuous,
but as a very dense low amplitude line spectrum. When
another mode is used such as EXP. AVG. (exponential
average} or START where the spectrum in the analyzer's
memory is the sum of N successive analyzed spectra
divided by N, the number of averages selected, these
peaks disappear rapidly due to the short duration of
the shock.

One of the recognition and decision schemes used
early in the project was line spectra comparison.
The line spectrum of a signal is a representation of its
spectrum with lines at the resonances whose amplitude is
above a certain level. An example of a line spectrum is
shown in Fig. 1.4.2. From the finite element analysis
studies it was known that a good wheel has fewer resonance
lines compared to the same type of defective wheel.
Another characteristic is the frequency shift in some
of these resonances in defective wheels of the same
structure and geometry. Therefore, comparison of good
wheels of the same type should give identical or
well matched line spectra, whereas a good to bad wheel

comparison ought to show significant line mismatching.
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During the first experiments line spectra acgquisition
was done manually using the X~-Y plots of the acoustic
signatures. An example of these results is shown in
Table 5.5.1. The first column of the table has the
wheel code; the second, the wheel description. The
third column has the total average number of lines based
on three or four signatures from impacts on the same

or different points on the rim of the wheel. The fourth
column has the number of common lines between these
spectra and represents the "average" line spectrum of
the wheel,

As an example, the first axle tested had good 33"
cast, single wear wheels. Three different impacts
(signatures) on the same point showed an average of 38
lines on both wheels. On the east side there were 28
common lines, onthe west side, 32, Finally, there were
19 lines common to both sides (fifth column). In the
case of a good 33" wheel compared}to a 33" wheel with
a partial crack, the number of matched lines was 11, and
comparison between the partially cracked wheel and the
one with the large crack indicated only 4-7 common lines,
although for some lines it was difficult to see if they
had identical frequencies or if there was a one channel
shift. The line spectra comparison procedure was later
automated using BASIC/ASSEMBLY language software.
Analyzing taped acoustic signatures with the above
software, results were obtained as shown in

Table 5.5.2. Important conclusions were obtained from



TABLE 5.5.1

SUMMARY OF THE LINE SPECTRA ANALYSIS
(RESULTS OBTAINED MANUALLY FROM SPECTRA PLOTS)
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NUMBER OF NUMBER NUMBER OF
SPECTRAL LINES OF COMMON 1 COMMON LINES

WHEEL { WHEEL {AVERAGE OF SPECTRAL FROM WHEELS ON
CODE DESCRIPTION 3 OR 4 SPECTRA) LINES THE SAME AXLE REMARKS
SP1lE { GOOD 33" CAST 1W 38(3) same 28

Point Same
SP1W | GOOD 33" CAST 1W 38(3) Same 32 19 Axle

Point

5 A LARGE PLATE CRACK 42(4) Diff. 24

Point 6 Same
15 C | PARTIAL PLATE CRACK |41(4) Diff, 30 -7 Axle

Point
15 A LARGE PLATE CRACK 45(3) Same 28

Point 4 - 7 Same
15 C PARTIAL PLATE CRACK 144(3) Same 31 Axle

Point
15 ¢ PARTIAL PLATE CRACK |(40(4) Diff. 28 .

. Diff.

Point 11 Axle

SP1W GOOD 33" CAST 1w 41{4} Same 32

Point




TABLE 5.5.2
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SUMMARY OF THE LINE SPECTRA ANALYSIS
(TESTS WERE COMPUTER CONTROLLED)

Number of % Range of Lines
Wheels Matched Between Remarks
Tested Two Signatures
18 70-100 Same wheel-same point.
All good wheels.
18 40-90 Wheels across the same
axle. All good wheels.
14 10-50 Good/Bad wheel, across

the same axle.
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these tests:

a. There is some overlapping in the percentage of
matched lines in good/good and good/bad wheels.

b. Large defects (plate cracks)} showed a 10-20% line
matching and therefore should be easily detected
under this scheme.

c. A comparison was made between the spectra of two
good wheels on the same axle, one having a very
worn flange. A low matching percentage of about 30%
was found.

d. A change in the input attenuation by a few dB caused
a different percentage of matching. This was to
be expected, because it changes the discrimination
window.

e. Small defects, such as thermal cracks, had 50% or
higher of matching lines.

f. The Line Spectra comparison scheme could not be
used alone for detection of defective wheels.
Thermal cracks would be difficult to detect and
small changes in the wheel geometry, such as worn
flanges, would appear as defects.

The BASIC software developed for the Englewood Yard
tests is given in Appendix C. A simplified general flow
diagram is shown in Fig. 5.5.2. The most important change
from earlier versions was to base the decision on
consideration of several factors: +the number of coincident

resonances, the amplitudes of signals in the same spectral
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range and the decay rates of sound from the two mating

wheels. A number, called the difference index (DI} was

computed as follows:

where C

DI = clsn + Cs(l/SPl + l/SPz) + c3(DR1 - DR2)

+ C4(DR + DR

1 2)
C3 and C, are weighting coefficients.

1’ Ca
SD is the sum of the absolute value of the dif-
ferences between corresponding channels ignoring
3 channels at common resonances. (Resonances are
found using subroutines from the line spectra
comparison program).

SP1 is the sum of all channels for the spectrum

of wheel No. 1.

SP2 is the sum of all channels for the spectrum

of wheel No. 2.

DR1 is the decay rate for wheel No. 1.

DR2 is the decay rate for wheel No. 2 (across the
axle}.

Some comments on the terms of this empirical formula

are in order.

1.

The first term SD. This is the most important term
and the decision is based mainly on the value of SD.
The amplitude of the resonances depends on the impact,
and spectra from the same wheel under different
impact forces, at the same impact point will give
spectra of varying resonance amplitude. To reduce

the error introduced because of the intensity of the
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impact, the differences between the spectra are
ignored at common resonances and the differences

of the two channels adjacent to the peak are also
ignored.

The second term, 1/5P1 + 1/SP2. SP1 and SP2 are the
sums of all channels for each wheel. Good wheels have
low damping compared to defective and greasy wheels,
and in that case SPl and SP2 are large numbers and
have small inverse values.

The third term, DR1-DR2. Good wheels have low decay
rates and hence this term is then a small number.
Greasy wheels have significant DR, but they are
usually both greasy on the same axle and again this
term is small. Only in the case of good/bad wheel
pairs does this term contribute to the difference index.

The decay rate (DR) is defined as the number of

channels, K2, which dropped more than L2 4B (L2 = 8 dB

in these tests) between the first and second reading,

divided by the number of channels, K1, which exceeded

P4 dB (P4 = 8 4B in these tests).

4.

The fourth term, DR1 + DR2., This term is small when
wheels are good, and large in cases of greasy or
defective wheels. To separate defective from greasy
wheels a subroutine checks the pattern of the
signature, If the high frequencies are damped more than
the low, this is an indication that the wheel is

greasy.
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The flow diagram of the READ and acoustic signature
sections of the main program is shown in Fig. 5.5.3. Details
of the flow diagram of the data processing section of
the program are shown in Fig. 5.5.4.

A sample of the computer printout is shown in
Fig. 5.5.5., The operator types RUM on the teletype, the
date and number of the test, then the computer starts
printing information about identification of the program
and values of the parameters. The program calls for the
time and number of the tape where the test will be recorded.
At this point, being ready to start collecting data, the
execution goes to a subroutine which checks for a trig-
gering pulse. After sensing the TP, the RTA starts
sampling and processing the sound signal in the Exponential
Average mode for 150 ms, the values on the 250 channels
of the analyzer being transferred to the computer
through the digital interfacing. A second spectrum is
read into the computer 150 ms later (300 ms after the TP).
Comparison of the two spectra gives the decay rate of
the sound. Following that the two spectra are stored on
the diskette, a process which can take from 40 to 200 ms.
The computer then gets ready for a new reading, which
will start with the next TP. Although the maximum time
interval required for one signature is 500 ms, the average
is about 385 ms.

When all the signatures initially asked for have

been received, the computer calls for the car I.D. For
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THIS IS AXLE NO. “N" F*”_‘“‘T

Y

IF I IS ODD THIS IS A RIGHT SIDE WHEEL.,
IF I 18 EVEN THIS IS A LEFT SIDE WHEEL.

Y

WAIT FOR TRIGGERING PULSE (TP)

Y

WAIT FOR AT (150 ms) AFTER TP

Y

READ FIRST SPECTRUM FROM
RTA TO COMPUTER

¥

WAIT FOR 2= AT (300 ms) AFTER TP

L]

READ SECOND SPECTRUM FROM
RTA TO COMPUTER

¥

TRANSFER THE TWO SPECTRA
FROM COMPUTER TO DISKETTE

I=1+1

YES

I=1+

N

ROUTINE

(Go TO DATA PROGCESSIN

- |

N=N+I

S__

FIG.5.5.3 FLOW DIAGRAM OF THE READ
ACOUSTIC SIGNATURES PART OF THE
MAIN PROGRAM.,



FROM
READ
ROQUTINE

RETURN
TO READ
RCUTINE

IF11S ODD, IT IS A RIGHT SIDE WHEEL
IF11S EVEN, IT IS A LEFT SIDE WHEEL

* NO

READOUT SPECTRA FROM AXLE N, N
SPy,1, AT AND SPy 1ot IS

* M=K MAX

EVALUATE THE DECAY RATE (DRN,[')

!

PRINT VARIABLES FOR ORy 1 A

'

OBTAIN LINE SPECTRUM

NO
| I=1+1 3

OBTAIN SUM OF DIFF {SP) FROM ACROSS AXLE SIGNATURES
OBTAIN SUM OF ALL CHANNELS RIGHT WHEEL SPi|
OBTAIN SUM OF ALL CHANNELS LEFT WHEEL SP2

!

PRINT CI®SD,C SPN[

Cx SR, ,

EVALUATE DIFFERENCE INDEX {DI}

DI=CESD4C,/ | , |
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+C, lDRN-! ~ORN,2 l FCe(DRy, T Oy, )

FIG.5.56.4.

FLOW DIAGRAM OF THE DATA PROCESSING SECTION
OF THE MAIN PROGRAM
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'S YES PRINT

<
SPl or SP2 < LI “INSUFFICIENT DATA" [ ]
PRINT
"SIGN, ENERGY |
DIFFERENCE"
) PRINT .
GOOD WHEELS
IS
SPI or SP2 > L4 L PRINT -
OVERLOAD
A
CHECK FOR GREASY
OR DEFECTIVE WHEELS
is
R5>L6
{R5 IS INDICATOR Y
FOR GREASY
WHEELS)
NO YES
PRINT PRINT
"HIGH VALUE" "GREASY WHEELS"
N=N+} ——
3
NOTE: LI, L2, - L6 ARE INPUT PARAMETERS

FIG. 5.5.4 (continued)
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long train cuts the first and last car I.D.s were given,

and thus intermediate cars could be identified by consulting
the consist lists. For short tests, of two to four cars,
all I.D.s were typed. Data processing then begins by
retrieving from the diskette the spectra of wheels across
the axle. The decay rate is evaluated from the two

readings with a 150 ms interval.

In order to test the efficiency of the system and
the software, recordings made during the 1975 field test
described in Section 1.8 were analyzed. The distribution
of difference index for 2 runs (Run #21, 23) is shown
in Fig. 5.5.6. The circles indicate a defective wheel.
The distribution of difference index for the same run
(Run #10)} for 3 different sampling time intervals 1is
also shown in Fig. 5.5.7. The analyses indicated better
discrimination and reproducibility compared to analyses

made using the 1/3 octave band RTA.
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FIG. 5.5.6 DISTRIBUI'ION OF DIFFERENCE INDEX FOR RUN #21 AND RUN #23
FROM THE FIELD TESTS AT ENGLEWOOD YARD, 18 June 1975

© Indicate D, I. for defective wheel.
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FIG. 5.5.7 DISTRIBUTION OF DIFFERENCE INDEX FOR RUN #10, THREE
DIFFERENT SAMPLING TIME INTERVALS, FROM THE FIELD
TESTS AT ENGLEWOOD YARD, 18 June 1975

® Indicate D. I. defective wheel,
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6. WAYSIDE TESTS

6.1 Tests at TTC Pueblo, Colorado

Two field tests were performed in the Transportation

Test Center (TTC) in Pueblo, Coleorado, at a three month

interval. The objectives of these tests were:

1. To test certain parts of the system, such as the
microphone, the modified exciter, and the wheel
sensor, in the field.

2. To simulate the operating conditions for the Acoustic
Signature Inspection system under development.

3. To determine the signature change, over a certain

time peried, due to wear of the wheels.

6.2 First Pueblo Test

In all 10 tests were done on the bypass of the FAST

track. These are described as follows.

Test Date Description
(train speed, direction)
1 11-16-78 5 MPH; counterclockwise
2 11-16-78 5 MPH: counterclockwise
3 11-16-78 8 MPH; counterclockwise
4 11-16-78 8 MPH; counterclockwise
5 11-17-78 5 MPH; clockwise
6 11-17-7¢ 5 MPH; clockwise
7 11-17-76 8 MPH; clockwise
8 11-17-76 8 MPH; clockwise
9 11-17-76 5 MPH; brakes lightly applied
10 11-17-76 12-15 MPH; clockwise

Tape recordings of acoustic signatures were
obtained from each of the project FAST train wheels.

This was done for all wheels on one side of the train
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on Tuesday evening, 16 November 1976 and for the
wheels on the other side on Wednesday evening. A
consist description was obtained for car identification.
The first four cars in the 70-car consist were replaced
in the Wednesday night test, otherwise the consist
remained the same for both tests.

Wheel excitation in these tests was done with the
improved model of the UH mechanical hammer exciter, as
described in section 5.1.1. A photograph of the installed
exciter is shown in Fig. 6.2.1. This hammer exciter
performed without mishap during the tests, and showed
only minor wear following the 3124 test impacts. At the
time the first series of Pueblo tests were made, it
was believed that the hammer could be activated by impact
from the link, 3, (see Fig. 1.6.1), so the springs, 5,
were disconnected from the hammer at point B and instead
connected to the frame. Thus the hammer was allowed to
swing free from the link, 3, on impact and the springs, 5,
served to reset the link, 3, rather than the hammer. This
change, although of interest from the design standpoint,
gave rise to some problems, as indicated below.

The wheel impact response was judged to be best for
the 5-8 MPH train speed. The hammer exciter would not
operate effectively for train speeds above 12 MPH and
did not impact at all below 3 MPH. About 1/3 of the
wheels were not struck by the hammer during the 12-15 MPH

test presumably because the hammer could not reset as
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FIG., ©6.2.1 MODIFIED MECHANICAL HAMMER EXCITER USED AT TTC,
PUERBRLO
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needed in the time between the passage of wheels on the
same truck. However, the hammer mechanism wasg not
damaged in this test nor did it appear to present a
hazard to the train or personnel in attendance. The impact
sound levels measured approximately 6 feet from the wheel
usually exceeded 95 dB which was at least 10 dB above the
background train noise.

The performance of the wheel sensor was good. It
was installed and calibrated easily. For calibration
a small vehicle provided by TTC was used. Views of the
system used at TTC Pueblo are shown in Figs. 6.2.2 and
6.2.3.

The acoustic signature of the wheels was recorded
on two different tape recorders simultaneocusly. One
recorder was a General Radio dual channel. It was used
for simultaneous recording of the sound in channel No. 1
and the triggering pulse in channel No. 2. This recorder
operates with a 115 Volt AC, 60 Hz power supply. Unfor-
tunately there was no such line available at the test
location and a portable generator was used. That later
proved to be a major obstacle in the analysis, because
the speed of the tape transport mechanism is directly
dependent on the frequency of the power supply. The other
recorder was a NAGRA single channel, battery operated
instrument. This is a very good recorder, but only the

sound could be recorded on the single channel.
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FIG. 6.2.2a VIEW OF THE EXCITER-WHEEL SENSOR

b VIEW OF THE MICROPHONES, EXCITER AND WHEEL SENSOR

ON THE BYPASS SECTION OF THE FAST TRACK AT TTC,
PUEBLO
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b. SCHEMATIC OF THE SYSTEM AT TTC, PUEBLO CO
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Preliminary analyses of these tapes
were made to test and refine the recognition
logic. Comparigons were made between
two impacts on the same wheel, impacts from two wheels
on the same axle, and from two different wheels on the
same side of the train. Some studies of this type are
reported in the next section. Since the train speed of
8 MPH is close to the maximum speed for which the fourier
analysis and data transfer into the computer could be
effected, the tape playback speed was 7-1/2 inch/sec
instead of the recording speed of 15 inch/sec. This
gives double the time for sampling and data transferring,

compared to direct real-time analysis.

6.3 Second Pueblo Test

A second series of tests similar to the first
was conducted in the evening of 10 February 1977 on the

main FAST track. These are described as follows:

Test No. Description
11 5 MPH; Clockwise
12 5 MPH; Clockwise
13 8 MPH; Clockwise
14 8 MPH; Clockwise
15 5 MPH; Counterclockwise
i6 5 MPH; Counterclockwise
17 8 MPH; Counterclockwise
18 8 MPH; Counterclockwise

For these tests the same devices and arrangements as
in the first tests were used (see Fig. 6.2.3). The only
additional precaution taken was continuous monitoring

of the frequency of the AC power line by a freguency
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counter. During the gecond tests a better and bigger
generator was available. The frequency of the generator
wasg reasonably stable, although it drifted slowly within
the range of 59.0 - 60.2 Hz, during the 5 hour tests.
This introduced a maximum frequency error of 2% in the
acoustic signatures. Errors of this size can be important
in the data analysis, because line spectra comparison
will be impossible. Note that in the line spectra
comparison the tolerable error is 0.4% (a spectrum from
SD330A RTA has 250 channels). During a single test the
frequency of the generator drifted in the range of 0.0 -
0.3 Hz with an average less than 0.2 Hz. Indications
are that during the first test the phase frequency of
the power supplied was between 52.8 and 54.2 Hz. As a
final note on the error introduced by the change of tape
speed, manufacturers data for the GR data recorder type 1525
indicates that 'flutter and wow' is below 0.2% rms.
According to the Houston Lighting & Power Company, the
maximum average frequency change of the power lines is
0.2% — 0.3%. In unusual cases this may go a little
higher. Therefore there is no error introduced in the
analysis due to the tape transport mechanism due to the
frequency of the laboratory powexr supply.

Most of the reccrdings made were good. Comparisons
between wheels on the same side, across the axle and at
different speeds were made. The results are presented

in Fig. 6.3.1, Fig. 6.3.2 and in Fig. 6.3.3. These
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figures show the distribution of the difference index

values for most of the tests. The best results were

obtained comparing the same wheels recorded in successive
tests where the train was moving at the same speed.

Problems related to the tests and subseguent laboratory

analyses are:

1. The train speed varied in most of the tests about
+ 2 MPH from the nominal speed, the reason being the
steep grade existing in the particular section of
the FAST track used.

2. The power frequency was different in tests separated
by long time intervals. This is probably the reason
why across the axle comparison did not show
results as good as expected.

3. Because of the large power freguency difference
between the first and second Pueblo tests (53 and
60 Hz respectively) it was impossible to come to
any reliable conclusions on the effect of wheel
wear.

The following conclusions were arrived at from

the Pueblo tests:

1. The spring assembly of the mechanical exciter was
necessary.

2. Distant mounting of the exciters should be avoided.
A 200 ft separation between exciters was used in
the 1975 Englewood yard tests where the wheels on

one side were inspected first and then those on the other.
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But the Pueblo tests showed that the greater
the exciter separation the greater is the effect
of varying train speed.
3. The exciter was strong enough to operate and survive

for a large number of impacts.

6.4 Tests at the Southern Pacific Englewood Yard, Houston

The final wayside testing of the Acoustic Signature
wheel inspection system took place in July 1977, in the
Southern Pacific Englewood yard in Houston. Traffic
speed inbound to the yard is sometimes higher than
15 MPH, and hence too fast for the inspection system,
but incoming to the hump the speed is 2~3 MPH. There
are about 3000 cars/day humped in the yard on 3 tracks.
The rail size is 136 1lb. {mechanical hammer exciters
were designed for this size of raill. In a previousg 2
year period the inspection personnel had discovered 6
broken and 12 overheated wheels.

The objectives for the tests were:

1. To obtain data for a statistically significant
sample of wheels in service. This data sample
could then be used for further studies to find the
optimum DI equation and to ascertain what wheel
conditions, other than cracks, might give rise to
high DI values.

2. To rate the performance of the hardware to identify

weaknesses and problems,
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3. Using the best software available at the time to
permit immediate follow-up on some wheels with high
DI values. It was hoped that a cracked wheel might
be found but this was recognized as a somewhat

unlikely occurrence in the time available.

6.5 Englewocod Test Site and Eguipment

The location for the tests was selected after a
visit to the site and discussions with representatives
of Southern Pacific. A simple chart of the hump is
shown in Fig. 6.5.1. The figure shows the location of
the trailer, where the electronic eguipment of the system
was stored, and the mechanical exciter on the north
track. The location for the trailer had to comply
with and fulfill the objectives and requirements set
for the tests. For that reason it was placed at the
bottom of the slope which is about 400 yards from the
top of the hump. It would then take more than two
minutes for a car moving at the regular humping speed
to cover the distance from the trailer to the inspection
pits. An observer sitting in the trailer had an unob-
structed view of the inbound or outbound traffic as well as
all train cuts moving over the hump. Electric
power was easily accessible from an electric tower a
few feet away.

Modifications in the hammer exciter and the software

were needed under the new operational conditions and
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requirements for these tests. The exciter used at
Pueblo did not operate for train speeds below 3 MPH.
Consequently, the spring configuration was returned to
the original design as shown in Fig. 5.1.1. After these
changes the exciter operated best in the range 1.5 to
3.0 MPH. It is obvious that with this design the per-
formance of the exciter is speed and flange depth
dependent.

The tests were scheduled daily between 9:00 a.m.
and 5:00 p.m. An average of 400 cars/day was estimated
to pass through the test location. Only a fraction of
those cars were actually tested, hence the chances of
finding a defective wheel were remote. To define the
discrimination level for good/bad wheels a complete
simulation test was performed in the laboratory. The
discrimination level of 85 was cheosen after testing a
selection of wheels, as shown in Table 6.5.1.

An air-conditioned 8' x 21' trailer was installed
in the yard on 15 June 1977. It took about a week to
install, calibrate and make the first complete test
of the system. Two problems arose due to the condition
of the rail. i) Although the size of the rail was
136 1bs., parts of the exciters had to be machined and
plates of variable thickness were attached to the top
of the plunger because the rail was worn down about

3/8 inch. 1ii) Calibration of the wheel sensor was
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TABLE 6.5.1 DIFFERENCE INDEX VALUES FROM WHEELS TESTED IN THE
LABORATORY, FOR DISCRIMINATION LEVEL SELECTION

AXLE & WHEEL IDENTIFICATION

RUN #, | PROGRAM TAPE # GOOD/BAD GOOD/GOOD

15¢c-15A | 8B-8G [4G-4B [1G-1B } 13A-13C

770701-1I1} T-562-V 175 91 101 142 127 69

770615-1v] T-562-T | 175 99 93 106 119 71
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‘very difficult for the same reason. No such problem
had been encountered during the test at TTC in Pueblo
or the laboratory simulation. As a result of this
difficulty multiple triggering or missing triggering
pulses were observed. Consequently, the maximum number
of wheel signatures per test had to be reduced to 80,
because faulty triggering invalidates an entire run.

The trailer and the outdoor hardware are shown in
Fig. 6.5.2. Through the window on the left the test
controller could watch the cars moving uphill towards
the crest. The schematic of the inspection system is
shown in Fig. 6.5.2b, distances between different devices
being marked on the drawing. The exciter and the wheel
sensors were mounted between the ties. The clearance
was very small, and therefore inevitably there was some
difference in the time between the triggering pulse and
the impact on the two sides of the track. During the
TTC and simulation tests, the exciter-wheel sensor
alignment was much better. 1In Fig. 6.5.3, the microphones,
exciters and wheel sensors are shown from the same angle
as seen by the test controllexr looking through the
window of the trailer. In Fig. 6.5.4a,b the system
and the east part of the hump are shown. The inspection
pits are indicated by arrows (Fig. 6.5.4a).

All testing was performed in real time. During
the last two weeks, when all necessary changes and

corrections had been made the sound and triggering
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FIG. ©6-.5.4a vVIEW OF THE EAST SIDE OF THE HUMP, INSPECTION PITS
ARE INDICATED BY ARROW
b VIEW OF THE MICROPHONES, EXCITERS AND WHEEIL, SENSORS
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pulse signals were tape-recorded simultaneously with

the real time testing.

6.6 Performance of Hardware during the Englewood Test

The duration of the tests was approximately five
weeks instead of the scheduled four due to the initial
one week delay in the installation of the system.

The components of the system performed as follows
during the tests:

a) Microphones: No problem or failure. Some indications
of excessive attenuation or low gain in the pre-
amplifier of one of the microphones during the second
week of the tests were finally attributed to a bad
cable., Rain did not have any adverse effect on the
microphones which survived three heavy rainstorms
during the test period.

b) Wheel Sensors: One of the dual wheel sensing units
failed a couple of days before the end of the tests.
It was easily replaced by the other unit. Some
triggering problems could be attributed to wheel
sensors, In the late afternoon hours, under extreme
heat, the temperature on the cover of the wheel
sensors was estimated to be above 130°F,

¢) Mechanical Hammer Exciters: Most of the parts
operated satisfactorily. Each exciter performed
about 27,000 impacts. One hammer had to be replaced

due to excessive wear, possibly because of improper
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heat treatment. One pair of springs was also replaced
with new and stiffer springs.

d) SD330A Real Time Analyzer: Some problems developed
when the temperature inside the trailer was above
85°F.

e) NQVA 1220 Minicomputer: Some serious problems
(computer failure) occurred when the temperature
inside the trailer was above 85°F. The temperature
related problems in the RTA and computer were cor-
rected by improving the air circulation in the trailer.

f) Diskette System: No problems. Further verification
of proper data +transferral from the computer to
diskette and vice-versa was checked with a specially
written test program.

The performance of the exciter is shown in the figures
6.6,1 through 6.6.4. In each figure the top trace is the
triggering pulse signal, and the bottom trace is the sound
signal. These pictures were taken during the tests
using a TEKTRONIX 564 storage oscilloscope and a polaroid
camera.

The events shown in the pictures from left to
right are: The triggering pulse (TP) and the corresponding
impact on the north wheel of the first axle is shown
first, then the TP and the impact on the scuth wheel
of the same axle, then the TP and impact on the north

wheel of the second axle, etc.
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Figures 6.6.l.a and b show the typical form of the sig-
nals. The top picture which shows normal impact during the
last few days of the test after all possible improvements were
made may be compared to the bottom picture which was taken in the
early experiments. Figures6.6.2a and b show some of
the impact problems. In the top figure double impact
of the hammer on the wheel is shown. This impact is
more prominent on one side. In the bottom figure very
weak impact or no impact occurred at low speed when new
wheels with low flanges were passing over the exciter.
These impacts usually appeared as "insufficient data"
in the printout. Figure 6.6,3a shows, two
impacts on old used wheels with high flanges,
followed by two impacts on rather new
wheels with low flanges. In Figures 6.6.3b are shown
impacts of the type which sometimes gave rise to
the indication Significant Energy Difference. In
Figs. 6.6,.1 through 6.6.3 the sweep speed of the
oscilloscope was 500 ms/div., except in Fig. 6.2.3b where
it was 200 ms/div. Figure 6.6.4a shows the signals from
the south exciter, at a sweep speed of 50 ms/div.

Figure 6.6.4b shows the corresponding signals from the
north exciter. On the south side the impact occurred
45-50 ms after the TP, on the north side the impact
occurred 100-105 ms after the TP, hence there was a

difference of 50-60 ms in the data processing between
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FIG. 6.6.la TYPICAL PERFORMANCE OF THE EXCITERS DURING THE LATE
TESTS
b TYPICAL PERFORMANCE OF THE EXCITERS DURING THE EARLY
TESTS, SWEEP SPEED 500 ms/DIv
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FIG. 6.6.2a EXCITER PERFORMANCE, DOUBLE IMPACT

b EXCITER PERFORMANCE, NEW WHEELS, LOW OR NO IMPACT;
SWEEP SPEED 500 ms/pry
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FIG. 6.6.3a IMPACTS ON WHEELS WITH HIGH FLANGES FOLLOWED BY
IMPACTS ON NEW WHEELS WITH LOW FLANGES
b UNEVEN IMPACT ON WHEELS ACROSS THE AXLE
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FIG. 6.6.4a TIMING RELATION, SOUTH EXCITER, IMPACT ABOUT 40 ms
AFTER THE TIMING PULSE
b TIMING RELATION, NORTH EXCITER, IMPACT AROUT 110 ms
AFTER THE TIMING PULSE; SWEEP SPEED 50 ms/DIV
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the two sides. This time interval corresponded to one
sampling cycle of the analyzer and obviously introduced
some error. This difference could have been corrected
with alignment of the exciter-wheel sensor, but due to
the tie spacing that was impossible. The alternative
way to correct this error is through the software which

was also difficult because of the lack of time for

major software changes during the test.

6.7 Performance of Software during the Englewood Test

Table 6.7.1 has a summary Of the printout obtained
during the last ten days of the tests. The first column
has the RUN identification number. The second column
has the number of cars tested during the run. The third
column has the number of the tape on which the run was
recorded. The fourth coclumn has the total number and
condition of the wheels tested (clean, greasy, etc.). The
next five columns have the results, which include
"good," "insufficient data," "significant energy difference,"
"overload" and "high value." The next column contains
the levels of the high values. Visual inspection on
some of those wheels with difference index over 110 did not
show any apparent defect. The axle with the highest difference
index (164) had 9 year old iron wheels but without
any cracks. Only one axle was in rather bad condition.
It had extensive built-up tread, but was not condemnable

according to the railroad inspectors. During the period
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of the tests the READ assembly subroutine did not have
an error flag for the case of improper reading of the
digital output of the RTA by the computer. When this
error flag was added later it showed on average that 2%
of the indications contained a reading error. It is
not known how much this error might have affected the
results.

In some of the runs with a large number of high
values, certain indications showed improper setting or
calibration in parts of the system. For example in run
770713-1IV improper microphone mixing was indicated from
the fact that north side readings had a substantially
higher overall sum compared to the south side. 1In the
case of run 770712-1IV the 4 overlecad indications showed
low input attentuation in the RTA. Indications of
Insufficient Data, Significant Energy Difference, and
Overload are related to the performance of the exciter,
as shown in Fig. 6,6.1 through 6.6.3,.

Another point that should be mentioned is the large
number of insufficient data indications. This is mostly
due to greasy wheels. The majority of these wheels are
on cars with plain journal bearings where oil has leaked
from the journal box. For spectral comparisons, the
second reading, 300 ms after the TP, was used. The
signal from greasy wheels in that instance is very low

or completely decayed. This problem could be corrected
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by checking the first spectrum in cases of fast decay.
Another point of some interest is that wheels with dragging
brake shoes or even squealing under the application of
brake shoe pressure did not appear to generate especially
high Difference Index values.

The distribution of DI values for the last ten
days of field test in SP Englewood vard (July 1977} is
shown in Fig. 6.7.1. In the same figure indications from
defective axles tested in the UH laboratory are marked

with circles.
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7. SENSITIVITY ANALYSIS

7.1 Introduction

Figure 6.7.1 is the histogram of DI values obtained
in real time during the tests. It was pointed out in
section 6.7 that a number of system problems occurred
during the tests and that the DI equation used was based
on prior experience with small samples. The idea at the
time of the test was to follow up on a few wheels with
high values. Further study of the analog tape recordings
taken during the test was divided into three parts with
the following objectives:

1) to identify recordings with system problems and to

correct for deficiencies, where possible, in the data
processing software,

2} to use the corrected data to find the optimum DI

equation, and
3) to study the remaining high DI values from the

Englewood data to ascertain what wheel conditions

besides cracks could cause high values.

The maximum sample size (number of axles) used in
this study was 370, a little smaller than the sample
shown in Fig. 6.7.1. The reason for this difference is
that analog tape recordings were not made for a few cars
included in the real-time data. Each time a correction

was introduced into the data processing or a change was
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made in the DI equation, the procedure was to plot a
histocgram of the results. If, as a result of the change,
the modal value of the histogram showed an increased
separation from a reference sample of defective wheels,
the change was regarded as an improvement. In some cases
improvements were obvious with relatively small sample
sizes (130 to 170 axle pairs) and the histogram plot was
discontinued to save processing and analysis time.

The good/bad wheels used for reference are 15A/15C,
1G/1B and 4G/4B. They were tested on the UH laboratory
track, where the wheel sensors and exciters were spaced
as in the SP Englewood Yard. The setup prevented data
collection from axle 8B/8G which appears in the reference
sample of Fig. 6.7.1. The indications for the bad axles
shown in this report are the average values of seven runs.
Two good wheel pairs were also included in the laboratory
measurements and these are also shown in comparison to

each histogram.

7.2 Identification and Correction of System Problems

The hardware performance during the Englewood tests
was described in Section 6.6. Some of the problems that
are important for data processing are summarized and
explained below.

1. Difference in timing of the triggering pulse: As

mentioned in section 6.6 the tie spacing prevented the
proper alignment between impacters and wheel sensors, thus

introducing an average difference of At = tN - tS = 60 ms,
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where tN is the time interval between triggering pulse

(TP) and impact on the north side of the track and ts is
the time interval between TP and impact on the south side,
as shown in Figs. 6.6.4a and b. This problem was partially
overcome by introducing an additional 60 ms delay after

the TP and before the first data reading for the north

side exciter. The word "partially" is used because not
every axle shows this 60 ms timing difference which is dependent
on the train speed and the condition of the axle. There
was a considerable improvement in data analysis shown by
the corresponding DI histograms before and after the time
delay correction (see Figs. 7.2.1 and 7.2.2). Obviously
with an electronically activated exciter these timing
prohlems could be eliminated completely.

2. Difference in impact force: This problem was also

described in section 6.6. Examples are shown in

Figs. 6.6.3a and b. To overcome this prcoblem a redesign

of the exciter in order to make the impact independent

of the flange depth and train speed will be necessary.

An important requirement of the new design must be electric
or electronic disengagement of the hammer mechanism when
trains are moving at speeds beyond the operational limit
of the exciter. At this time no corrective action in

the data processing is possible.

3. Failure to read the RTA or to read twice: This problem

could introduce significant errors in the data processing.

During the Englewcod tests there was no error flag in the
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software to pinpoint this anomaly. The problem has been
overcome now by making appropriate changes in the assembly
software. The misreadings appear to be related to overload

of the RTA.

4, Missing timing pulse: This is another seriocus problem,

because the computer starts comparing signatures from
wheels on different axles. The problem is probably due

to the position of the wheel flange in respect to the
sensing element of the proximity detector. The difficulty
was recognized early during the field tests but despite
continuous efforts to make an ideal adjustment of the
sensors, it was not possible to store data from a long
train without missing one or more TP's. This was the main
reascn that it was decided to test only a few cars at a
time. Similar problems at other installations using this
type of proximity detector have been reported. The highest
DI indication (164) in Fig. 6.7.1 was due to a missing TP.
For the present the few axles in the Englewood data with
missing TP are not included in the analysis. The recommended
solution is to avoid using this type of sensor, with prefer-
ence for strain gauges, or photocells. An alternative
solution is to incorporate circuitry and an error flag in
the software when two successive TP's come from the same
sensor.

5. Missing timing pulse at high train speed: This is due

to the length of sampling time for data collection and

storage. No action has been taken at present. The
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recommended solution is a hardware-software change to
give an error flag. No recordings at high speed are

included in the present sample.

7.3 Optimizing the DI equation

There are several features of the acoustic signals
from two wheels which could be used for comparison
purposes:

SD: the sum of the absolute values of the differences
between the sound pressure levels of the two signals
in the same frequency channels.

NC: the number of common resonances, i.e., the number
of resonances occurring in the same frequency channels
in the two signals.

DR: the difference in decay rates of the two signals.

I1D: the difference in the overall levels of the two
signals.

NR: the difference in the total numbers of resonances
in each signal.

A variety of experiments were performed to obtain
the optimum DI egquation. In each case a histogram of
the results was obtained in the same manner as for Figs.
7.2.1 and 7.2.2 which showed the effects of making a correc-
tion for the time delay.

It was decided to take one variable at a time and only
add additional terms to the equation as proven to be
efficacious. The first tests were made using the sum of

the differences, SD. The principal issue here is the
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most effective frequency range. In order to resolve this
issue, 25 different histograms were plotted dividing the
frequency range between 0 and 10 kHz into 400 Hz bands.

It was clear from these histograms that the separation
between the Englewood sample and the bad wheels was lost

at frequencies above about 7200 Hz. Consequently, in all
subsequent tests the frequency range was restricted to
0-7200 Hz. The improvement resulting from this restriction
of the frequency range can be seen by comparing Figs. 7.3.1
and 7.3.2. Note that in Fig. 7.3.2 only one wheel from

the Englewood sample appears in the range of the bad wheel
reference get. This was the first histogram obtained in
which one of the bad wheel sets showed a DI value higher
than any in the Englewood sample.

This test was followed by several attempts to incor-
porate terms involving the differences in decay rates.
Although earlier laboratory tests had shown that the sound
from cracked wheels damps more rapidly than from good wheels
the present set of tests did not lead to an improvement in
separation. It is believed that this disappointing outcome
was because of the uncertainties in the time reference,
and the availability of only two data samples of the sound
from each impact. It is possible that when the TP problems
have been completely eliminated, then terms involving the
difference in decay rate may still lead to improvement

in the DI separation.
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The last set of experiments involved the inclusion
of a term in NC, the number of common resonances. Figure
7.3.3 is a histogram of NC values from the Englewood
sample with those from the reference bad wheel set. Note
that the bad wheels show up to 5 common resonances, but
the modal value is around 6 or 7. It was felt that this
feature could be used by putting a heavy emphasis on the

similarity of wheels with a high number of common resonances.

Consequently, experiments were run using the following

DI equations:

N

DI c.5D - ¢

1 ,NC (7.3.1)

and
2
clSD - cz(NC) (7.3.2)
The best results were obtained from equation (7.3.2) with

DI

il

the ratio

These results are shown in Fig. 7.3.4. In comparison
with Fig. 7.3.2 it may be argued that there is an improve-
ment in that there are now two bad wheels with DI values
higher than any from the Englewood sample.

On the other hand, there are still three values from

the Englewood sample falling in the range of the bad

wheel reference group.
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Several other histograms were made for DI eguations
including terms in the difference of total levels LD and
terms in the difference of total numbers of resonances in
each spectrum NR. None of the variations tried led to
any further improvement in the separation.

At this stage therefore there are two variations of
the DI equation which appear to be promising as illustrated
in Figs. 7.3.2 and 7.3.4. The question to be addressed in
the next section is whether or not the high DI values
shown in Figs. 7.3.2 and 7.3.4 are indicative of wheel/axle

conditions, and, if so, what conditions.

7.4 The Effect of Wheel Conditions

7.4.1 Introduction

In the previous sections the identification and cor-
rection of system problems and the optimization of the DI
equation was presented. As a result of these studies
there was a considerable improvement in the histogram of
DI values 1in the sense that the DI values for defective
wheels showed the greatest separation yet from the
modal value of the rest of the population. But there is
clearly a wide spread in DI values among the sample. The
purpose of the study reported now was to ascertain, if
possible, what wheel conditions, besides cracks, could give
rise to high DI values. Before starting this phase of
the investigation it was anticipated that a variety of
possible conditions might have caused such high

values:
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1. skewed gxles

2. uneven load

3. uneven wear

4. greasy wheels

5. differences in internal stress

6. cracks.

There is evidence that some skewed axles were
present in the Englewocod sample, but these occurrences
did not result in extremely high DI values. Greasy wheels
are highly damped at high frequencies and usually resulted
in an "insufficient data indication."” None of the very
high DI wvalues in Fig. 7.3.5 showed very high damping,
and consequently grease is not believed to be the cause
of the high values. Although changes in internal stress
do cause changes in resonant frequencies, such changes are
very small. Even if there were substantial differences
in internal stress between two wheels of a given axle set
(which is hard to believe), the effect in the DI value
should still be very small. The effects of uneven load
should presumably be similarly small since the effect
on the acoustic properties of the wheel does not depend on
whether the stress field is residual or is applied
externally.

Thus, by this process of elimination uneven wear and
cracks were left as potential causes of the high DI values.
However, in a sample of 400 wheel sets, it is very unlikely

that there is a cracked wheel as mentioned previously.
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One therefore suspects that uneven wear is the most likely

cause of the large number of high DI values.

7.4.2 Data Reduction

In order to investigate this hypothesis it was
decided to make a further study of the data on the ten
wheel sets from the Englewood sample showing the highest
DI wvalues. For these wheel sets the following data was
available:

1) plots of the acoustic spectra from the two wheels

2) oscillograms of the impact and timing pulse
and 3) the car identification number,

In each case the first point of concern was to ascertain
if uneven impact level was a problem. In only two of the
ten cases investigated was there a substantial difference
in impact levels. Figures 7.4.1 and 7.4.2 show the effect
for one of these cases. The impact level was about the
same in the other eight instances. However, all of these
other eight instances showed a common feature in the
spectral comparisons as seen in Figs. 7.4.3 and 7.4.4 for
a typical case.

The feature of importance which distinguishes these
cases is a frequency shift between resonance peaks. Such
shifts are marked in Fig. 7.4.3. The interesting aspect
of this phenomenon is that the amount of the shift appears
to increase proportionally with frequency to a first
approximation. This effect is illustrated in Fig. 7.4.5

where the frequency shifts are plotted as a function of
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Fig.

7.4.2

- 5.5,2

Timing pulses (T.P.) and sound signals
(S.S.) from two unevenly impacted wheels.
Sweeping speed 50 ms/div. (The signatures
in Fig. 7.4.1 correspond to the above
signals.)
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-—T. P

-« 5.5,

-— 5.5.2

Fig. 7.4.4 Typical timing pulses and sound signals
from a pair of wheels tested at the
Englewood yard. Sweeping speed 50 ms/div.
(The signatures in Fig. 7.4.3 correspond
to the above signals.)
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resonant frequency, as measured from the spectrum of one

of the wheel pairs illustrated in Fig. 7.4.3. In most

cases it was found that the frequency shifts at the higher
resonances (above about 5 kHz) departed from the linear
relation to even higher values, as seen in Fig. 7.4.5 for
the resonance at 5.5 kHz. This made it increasingly
difficult to recognize the corresponding modes at the higher
frequencies.

A theoretical study on the effect of uneven wear on
wheel vibrations was presented in Chaptér IT and the con-
clusion was that for small changes in rim thickness, Ah
the frequency shift in the nth mode, Afn is given by

éﬁ'f (7.4.1)
Y I

ag | = |
This simple theory offers a qualitative explanation of
the results shown in Fig. 7.4.5. It is of interest to
see 1f the theory and experiment have a reascnable
quantitative relationship. From Fig. 7.4.5 the slope of
the fitted line is about 250 Hz in 10 KHz, thus from
egn. (7.4.1)

Ah _ 250
r 10 x 103

Assuming r to be about 16 in. we estimate Ah = 0.40 in.
{10 mm). Table 7.4.1 shows the slopes and differential
wear estimated for the eight wheel sets investigated.
These values range from 9 to 18 mm. Obviously the theory
given above has a number of simplifying approximations and

the question arose as to whether such amounts of differ-



182

TABLE 7.4.,1 THEQORETICAL ESTIMATE OF DIFFERENTIAL WEAR

ON WHEELS WITH HIGH DI VALUES

Car Identification DI Af Estimated
and Axle Number Value f Ah in (mm)
GN 171932 axle 1 63 0.045 0.72 (18)
IC 75536 axle 4 39 0.040 0.64 (16}
ATSF 52173% axle 2 55 0.021 0.34 (92)
SSW 76704 axle 2 61 0.025 0.40 (10)
C & S 565500 axle 4 61 0.030 0.48 (12)
C & S 565500 axle 2 66 0.035 0.56 (14)
ATSF 81338 axle 4 68 0.045 0.72 (18)
GTAX 13286 axle 3 67 0.035 0.56 (14)
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ential wear are encountered in practice, The expense of
recalling the wheels in question was not felt to be
justifiable, and in any case the wheels would have received
almost a year of additional usage since the Englewood

test. 1Instead it was decided to make some careful measure-

ments on wheels in the laboratory collection at the University.

7.4.3 Laboratory Measurement of Wear

Measurements of the tread and flange thicknesses were
made between the points indicated in Fig, 7.4.6 using a pair
of calipers. Because of difficulty in positioning the
calipers at precisely the same orientation it is estimated
that the accuracy was + 0.5 mm for tread measurements
and + 1.5 mm for flange measurements. The results are
given in Table 7.4.2. Measurements made at different cir-
cumferential positions showed no more than + 1 mm variation.

The first observation to be made is that the range
of values of differential tread wear, from 0.0 to 6.9 mm,
while not showing values as high as those hypothesized is,
nevertheless, of the same order of magnitude. It was
decided to study the spectra of the laboratory wheel sets
to ascertain the magnitude of frequency shifts, if any.
Wheels 6B/C, showing the highest differential tread wear,
are 36 in. wheelg with thermal cracks and the spectra are
very complex. The next highest values of differential
wear are for wheels 10A/C and 11A/C. Both of these sets
also show considerable differential flange wear.

Figures 3.3.1 and 7.4.7 show the spectra for these wheel



p—hy
| Flange
Thickness

FIG. 7.4.6 Actual Cross Section of a Wheel Showing
How the Tread and F¥lange Thickness Were
Measured. Crosshatched Area Reveals

the Relative Importance of the Tread and
Flange Wear.
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TABLE 7.4.2.

TREAD AND FLANGE THICKNESS OF WHEELS

AT THE UNIVERSITY OF HOUSTON LABORATORY

185

UH Wheel Ah for
Identification Flange Tread Tread
Number mm mm mm
9A 32.6 35.5 1.5
acC 26.2 34,0
10A 29.5 29.5 3.7
10C 38.4 25.8
11a 29.3 33.6 3.6
1l1cC 32,0 30.90
124 31.4 28,2 0.9
12¢C 32.4 27,3
13A 40.0 25,0 0.0
13C 41.0 25.0
14A 41.0 31.2 0.0
l4cC 42,0 31,2
15A 36.0 35.2 0,2
15C 34,4 35.0
1B 33.0 34,0 1.8
1G 37.3 32.2
2B 29.0 32,2 0.2
2G 36,2 32.0
4B 41,0 32.5 0.5
4G 40.5 32,0
5B 42,5 47.0 1.5
5G 30.2 48.5
6B 38.3 42,1 6.9
6G 33.7 49,0
8B 38,8 24,0 0.5
8G 33.5 24,5
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sets. Proportional frequency shifts are more easily seen
in the spectra of 11A/C. Plotting Afn versus fn for

11A/C results in the plot shown in Fig. 7.4.8. From the
slope of the best straight line fit, using egn (7.4.1) Ah
is estimated to be 8 mm, about twice the measured value.

A possible explanation for this apparent discrepancy could
be that wear on the inside of the tread 1s greater than

on the edge, where the measurement was made.
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8. CONCLUSIONS AND SUGGESTIONS FOR

FURTHER WORK

8.1 Conclusions

In these studies the development of a wayside
system for inspection of railroad wheels in service using
acoustic signature analysis was presented. The basic
claim is that the improvements and modifications of Nagy's
laboratory system have reached the point that the installa-
tion of a prototype system can now be contemplated. This
transitional phase included hardware interfacing for
wayside installation, and software development for real
time operation, data acquisition and data analysis.
Experimental studies and theoretical models were used to
obtain more information on the effects on vibrations of
wheels of geometrical variations, wear, internal stress etc.
Finally a field test was performed to elucidate system
problems. Tape recordings were made to permit further
study of these problems, to optimize the software and to
discover other wheel conditions influencing the acoustic
signature. It is appropriate to review these efforts in

more detail.

8.1.1 Advances in Scientific Understanding

A better understanding of wheel vibrations under
various conditions and under varying forcing functions

was needed for the development of the recognition logic.
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A number of analyses were made using a finite element
program. This is the best theoretical approach because
there is no closed form solution for vibrations of elastic
solids with complex geometries, such as the railroad wheels.
A summary of the work is presented in Appendix F.

Parallel studies were made in the development of
Stappenbeck's simple ring model for comparison and evaluation
of the experimental results. It was successfully used in
the evaluation of the lowest flexural modes of a 33"
wheel, and later in the studies of differential wear on
the tread of two wheels. Finally the effect of residual
stress on wheel vibrations was demonstrated to be plausible
from the theory of the effect of externally applied forces
on beam vibration. In orxder to verify some of these
theoretical predictions, several. laboratory experiments
were conducted. The results reconfirmed earlier
indications that the important modes are those with nodal
diameters.

Further experimental studies on the acocustic signatures
from wheels in manufacture and under drag braking, with
different residual stress, vielded a very important
discovery, namely that there are measurable frequency
shifts which are in agreement with theoretical evaluations.

These shifts are of the order of 0-10 Hz.

8.1.2 System Improvements

The major change and improvement over the earlier
laboratory system was the use of a narrow band instead of

a 1/3 octave band real time analyzer. Most of the fre-
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quency information of 28" to 40" railroad wheels is
between 400 to 10,000 Hz. For this range a 250 channel
narrow band real time analyzer has a 40 Hz per channel
resolution, compared to several hundred Hz for the cor-
responding 1/3 octave band analyzer operating in the same
freguency range. Although this is a significant improve-
ment some experiments, such as residual stress evaluation,
required even higher resolution.

A second area of improvement was in the wheel
excitation. Several alternatives were evaluated and
tested. The study led to the selection of a mechanical
hammer, which rated superior to two other possible exciters.
A redesign of the mechanical exciter with the emphasis
on ruggedness produced an exXciter which withstood some
27,000 impacts with minimal wear and without breaking.
Despite the improvements impacts were speed dependent.
Commercial all weather microphones were used and performed
without problems despite high temperatures, humidity and
rainstorms. A timing pulse was used in the data processing.
The sound from impact excitation of a moving railroad wheel
is a transient signal of short duration, and the maximum train
speed restricts the sampling time to about 300 ms. Thus
precise sampling becomes an important factor. A reasonable
choice of a timingpulse generator seemed to be a wheel
proximity detector already in use on several railroads.
Field experience indicated that the actual device chosen

sometimes failed to generate the required pulse, and
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consideration of this must be made in the installation of
a prototype. The addition of two floppy diskettes as
mass memory storage devices was another improvement.
Laboratory tests required a relatively small amount of
memory for data storage. But in actual operation the

fast collection of a large amount of data prevented true
real time analysis. However, near real time operation
was possible in that data processing started after the
transfer of the last wheel signature. The processing time

could and should be reduced in a prototype system.

8.1.3 Software and Signature Recognition Improvements

The field tests at TTC, Pueblo were made as a rehearsal
for the complete fest of the system at the Englewood Yard
in Houston. The treatment of the data obtained during
those tests led to the feollowing principal conclusions:

1l. Timing differences between the triggering pulse and
impact for the two pairs of wheel sensors and exciters
was found to be an important problem but could be
partially corrected in the data processing.

2. Improper data transfer from the RTA to the computer
can be flagged now, with appropriate changes in the
assemply software.

3. Missing triggering pulses were a problem but could
be accounted for in the data processing.

4, The optimum frequency range to be used in the analysis
has been shown to be 0-~7200 Hz.

5. The optimum DI equation has been found to be:

- _ 2
DI = C;SD - C,(NC)
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where SD is the sum of the absolute values of the dif-
ferences between the sound pressure levels of the two
signals in the same frequency channel. NC is the number

of common resonances, i.e., the number of the resonances
occurring in the same frequency channels in the two

signals. This simplified DI equation was obtained after

the analysis of the field data, which had shown that

terms such as Decay Rate (DR) ox SP1,2 (indicating the
overall sound pressure level) did not improve the separation
between DI values for good and defective wheels.

The criterion for the optimum DI equation was the
achievement of a maximum separation between the modal DI
value in a histogram of results using the sample of
recordings made in the Englewood Yard and some recordings
of bad wheels made in the laboratecry. The improvement
in this separation can be related to system reliability
and false alarm rate (see Appendix G). Using such criteria,
two thirds of the defective wheels could be found with
one hundred percent reliability and zero false alarm rate,
based on the small statistical sample presently available.

Uneven or differential wear on wheelsets was established
as the major cause of high DI values. This was concluded
on the following bases:

1) An argument on the basis of prior knowledge

2) A study of the data for the 10 highest DI values

found in the Englewood sample using the optimum DI eqguation.
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These instances showed a characterisgtic shifting of
resonance peaks by amounts approximately proportional to
frequency.

3) A simple theoretical treatment showing that such
an effect is to be expected if there is different wear on
the treads of two wheels.

4) Some measurements of wear differences among wheels
in the collection at the University.

5) A comparison of the freguency shifts in the
spectra of worn wheels in the laboratory, and hence a
demonstration that the wear differential predicted using
the theory mentioned in 3) agrees with the measurement
mentioned in 4) within a factor of two.

Some method of recognition of unevenly worn wheel
sets would probably yield the most significant improvement

over the existing system.

8.2 Suggestions for Further Work

It is advocated that the work on Acoustic Signature
Inspection should be advanced on three fronts:

a} Installation of a prototype system by a railroad.

The Union Pacific Railrocad is planning to install a
prototype system. Certain obvious system design improve-
ments should be made, as detailed below.

b) Improvement of scientific knowledge. The measure-

ment of internal stress in wheels and its effects on
crack growth is probably the most important gap in knowledge

at present. The effect of cyclic loading on crack growth
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rates 1s another unknown area. It will be difficult to
improve on wheel removal criteria without such knowledge.

c) System Interaction Studies, Calibrations, etc.

There is a need for a centrally located establishment where
comparisons and interactions of various inspection systems
could be carried out. Suggestions for development of an

ASI system at such a location are also detailed below.

8.2.1 Installation of a Prototype ASI System

Planning for the installation of a prototype ASI
system by the Union Pacific Railrcad has already reached
an advanced stage. The system will be installed in the
Las Vegas, Nevada vyard and the target date for commencement
of operations is January 1979. The hardware will consist
of a Hewlett-Packard computer system interfaced with the
Spectral Dynamics RTA presently on loan to the University
of Houston. A single General Radio all-weather micro-
phone will be used. Two commercial microswitch wheel
sensors have been selected. The wheel exciters will be of
the same type used in the 1977 test at the Englewood Yard.

The Union Pacific plans to assemble the system at
Omaha prior to installing it at Las Vegas. Implementation
of the software is considered to be part of the assembly
task. It will be necessary to rewrite the existing pro-
grams in FORTRAN in order to reduce the data processing
time.

After installation of the system at a low speed

location it is anticipated that a period of "debugging”
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will be necessary. The Union Pacific intends to assign
a qualified person to work full time with the system.
It is recommended that additional work to support
the Union Pacific's effort could be directed toward
the detection of uneven wheel wear. Successful identifica-
tion of such wheels should further reduce the false alarm
rate. One way to do this would be to incorporate a
subroutine in the computer software to recognize resohant
frequency shifts. Two possible algorithms can be envisaged:
a) multiplication of the frequency values of one spectrum
by a variable and use of the minimum DI value obtained,
for decision making; b) elimination from consideration of
wheel sets in which the DI value increases rapidly at high
frequency. Obviously such a subroutine would require
development time and need careful study before incorpora-
tion in the program. One problem might be that a wheel
set with a cracked member could also show high differential
wear. Another method to offset the high DI value of sets
with high differential wear would be to include a term
in the DI equation based on input from a system capable
of directly measuring differential wear, such as a flange
height sensor or a rim circumference indicator.
It is also suggested that some effort could be devoted

to exciter design as follows:
a) Improve the present exciter by modifying the impact

delivered so that it shall be independent of train

speed. A solenoid could be used to activate the

impacter. Other changes, not in the exciter alone, are
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needed to improve the effectiveness of the system at
higher speeds.

b} Instrument the plunger of the present hammer to permit
a reading of flange depth. This reading should be
used to detect uneven wear on wheels of an axle set
and to indicate wear beyond condemnable limits.

¢} Instrument the hammer of the present exciter to give
a reading of the impact force. This reading could be
used to indicate a failure of the system or to indicate
the presence of foreign material on the wheel tread.
This could be used to detect wheels liable to slip
through retarders.

d) Reconfigure the mounting of the exciter to permit
speedier attachment to the rail and ready adaptability
to rail of different weights, between 110 1lb/yd and
136 1b/vyd.

e) Design an electrical control unit to activate the
hammer and provide the means to program the seguence
of wheels to be struck and to deactivate the exciter
entirely if so required.

Finally it is important that a data bank of tapes

be compiled to permit further sensitivity studies and

improvement of the DI equation. This would also permit

the system reliability and false alarm rate to be monitored.

Causes of high DI values should be ascertained. In order

to allow such studies to be made the system should include

a 2 or 4 channel analog tape recorder. Tapes should be

catalogued and stored.
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8.2.2 System Interaction Studies

Beyond the installation of the prototype at Las Vegas,
and benefitting from experience therewith, a second system
should be installed at the Transportation Test Center at
Pueblo, Colorado. 1In order to permit systems interaction
studies, operation of calibration consists, etc. the
following additional developments should be undertaken:

a) Use of A/D Conversion

If the microphone signal were converted directly
into digital form and stored in memory it could then be
processed by a Fast Fourier Transform (FFT) program and
the use of the RTA could be avoided. Hardwired FFT
programs are available. If this task were successfully
accomplished it appears that there would also be an improve-
ment in system reliability. However elimination of the
RTA is not recommended until it is demonstrated that the
task can be accomplished without sacrifice in frequency
resolution, and even then the RTA has other desirable
features. The use of a line printer instead of the teletype
will speed up the computer output 10 to 25 times which is
another important factor in the development and use of
the system.

b) Provigion of Automatic Turn-on

It would be desirable to provide automatic turn-on
for the system when a train approaches. This will entail

the selection of a train proximity detector and turn-on
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of the electronics with adequate warm-up time. Equipment
costs are uncertain estimates.

¢) Interfacing to a Central Processor

The minicomputer of the ASI system would need to be
interfaced with the Central Processor of the Automated
Wayside Facility. In addition an analog signal from the

microphones should be available to the Central Processor.

8.2.3 Further Research on Residual Stress, Crack Growth

and Wheel Removal Criteria

Further research is necessary in order to develop a better
understanding of crack initiation and growth, the influence of
internal stress, the influence of cyclic loading, etc., with
a view to improving wheel removal criteria.

The Wilmerding data, together with the previous
information on loading and the results of the Bessemer
tests, indicate that changes in resonant frequencies occur
with changes in internal stress. There is a need for
additional data, and there is a need to establish a firm
theoretical explanation of the effect for any complex
residual stress field combined with the rotating stress
field due to the external load. There also arises the
guestion of the engineering application of the effect.

The major problem in applying the effect is that the
occurrence of a resonance at a certain frequency can only
be used as an indicator of internal stress if the frequency

of resonance in a normally stressed wheel is known.
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In principle a wayside stress measuring system could
be developed by cataloguing the acoustic signatures of all
the extant wheel types (about 40) under conditions of normal
stress and then comparing the given wheel signature with
this catalog. It would not be possible to use across the
axle comparison since the likelihood is that mating wheels
would have very similar conditions of internal stress.

One difficulty with the wheel recognition scheme is the
problem of recognizing the wheel type. This might be
done by reading the wheel ID lettering or by identifying
the acoustic signature. Another difficulty is that the
acoustic signature is affected by wear, grease, load, etc.
Thus the comparison signature of the wheel type after
identification would need to be corrected according to
these wheel conditions. While these difficulties appear
to be almost insurmountable at present for a wayside
system a program of research might be started with the
aim of developing a machine shop system.

Another method that could be envisaged for shop use
involves a determination of the slope of the Af - Ao curve
by applying a stress. If an additional load is applied to
a wheel, by means of a hydraulic jack for instance, then
a given resonance line will shift by different amounts in
frequency, depending on its initial internal stress, and
the slope of the curve at the point represented by this
condition. If the curve indeed exhibits a change in slope

from negative to positive for certain resonances as 1in
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Fig. 4.3.10 then the resonance line will shift to higher
values for highly stressed wheels or lower values for
normally stressed wheels. The effect of frequency shift
for flexural vibration with circular modal lines may be
different from frequency shifts for vibration with modal
diameters. If this were found to be the case the absolute
stress field might be inferred again by an incremental
loading.

In order to elucidate these questions the following
research tasks are suggested:

a) Development of Research Instrumentation to Measure

Internal Stress

In order to establish the effect of internal stress on
acoustic signatures in various wheel types and under various
conditions it will be necessary to select and procure or
develop instrumentation to make absolute stress measure-
ments. The ultrasonic method is favored for this purpose
because it yields bulk values. It will also be necessary
to secure equipment for accurate tread profile measurements.

b) Collection of Data

Data on residual stress, as measured by the ultra-
sonic method, together with acoustic signatures needs to
be collected for a variety of wheels and for various
vibrational modes. New wheels as well as wheels in service
need to be evaluated. Accurate wear profiles need to
be measured.

¢} Establishment of Af/c Curves

Purther work needs to be done to establish the nature

of the Af/d curves., It will be necessary to secure a
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frequency translator in order to accomplish this. The

first order of business should be to process the remaining
tape recordings from the Wilmerding tests. The apparent
lack of correlation with some strain gauge readings on

the rim needs to be explained. It is desirable to establish
the repeatability of these curves and to correlate
frequencies with absoclute stress. Further dynamometer

tests will be necessary although some informatlion may be
forthcoming from the data collection of task b.

d) Theoretical Prediction of Frequency Shifts

If the changes in resonant frequency are indeed due
to changes in internal stress it should be possible to
simulate the changes using one of the standard finite
element programs. NASTRAN, for example, permits such
stress distributions to be imposed. Not only would a
correct predicgtion of natural frequency shifts enhance
confidence but the study could also be of enormous value
in predicting Af/c curves because of the difficulties
envisaged in collecting data.

e) Demonstration System for Residual Stress Measurement

After the tasks outlined above have been performed it
should be possible to assemble a laboratory demonstration
system. This should be evaluated by comparing residual
stress measured by ASI with values obtained from ultrasonic
tests.

f) Theoretical Prediction of Crack Growth

While the work of Carter and Caton emphasizes many

important aspects of fracture in wheels, it evidently
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does not treat fatigue crack growth except in an elementary
manner. Even though the results reported there provide
some idea of crack sizes which ought to result in a wheel
being taken out of service, they do not establish any

basis for estimating the number of cycles to failure for a
crack of subcritical size. It is proposed that this problem
could be tackled on a theoretical basis, using recent
developments in fracture mechanics. There are two possible
avenues of approach. One way would be to use a finite
element technique, modelling the crack tip with a plastic
element and having a moving network of grid points. The
other way would be to use an analytical approach using

path invariant integral. It is not clear at present

which method would be the most satisfactory. The output

of such a study would be predictions of crack growth paths
and crack growth rates under various conditions of cyclic
lcad and stress.

g) Experimental Study of Crack Growth

Some further experimental studies of crack initiation,
due to braking, cyclic loading, etc. would serve to comple-
ment and confirm task f. It is possible that such a study
would best be carried out on model wheels, with accelerated
cyeling technigques. The detailed mechanism of crack

initiation needs further study.
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APPENDIX A

LEIST OF WHEELS ON INVENTORY
AT UNIVERSITY OF HOUSTON

Axle Wheel Good Wheel
Number Size Description
1 33" No defect, light
rusting
2 33" No defect, light
rusting
3 33" No defect, heavy
coat of dirt and
grease on outside
of plate
4 33" No defect, light
rusting
5 36" No defect, light
rusting
6 36" No defect, light
rusting
33" New wheel
8 33" No defect
33" No defect
10 33" No defect
11 33" No defect
12 36" 12A-large flat
spot (6.5 inch)
13 33" 13A-small flat
spot
14 33" 14A-small flat
spot
15 33"

Bad Wheel
Desc¢ription

Thermal crack
to axle

Overheated rim

Large crack run-
ning circumfer-
entially in rim
fillet, heavy
coat of dirt and
grease on outside
of plate

Large plate
crack

Thermal crack
partially ex-
tending into
plate

Thermal cracks
on outside of
tread, extending
into rim only

New wheel
Rim fillet crack
Crack on rim face
No defect
No defect

l2C~-large flat
spot

13C-small flat
spot

l4C-small flat
spot

Partial plate crack Large plate crack
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Manufacturer

Southern
Griffin

Southern

ARMCO

Standard

Griffin

gouthern
Griffin
Bethlehem
Griffin
Southern

Bethlehem
Griffin

Griffin
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12,
13.
14.
15.
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17.
18.

APPENDIX B

EQUIPMENT LIST USED IN THE ENGLEWOOD YARD TESTS

SD330A REAL TIME ANALYZER
NOVA 1220 MINI-COMPUTER

DATA GENERAL DISKETTE SYSTEM
DATA GENERAL FAST PAPER TAPE READER
(2) BAND-PASS FILTERS
TRIGGERING-PULSE CIRCUIT

DC POWER SUPPLY FOR ITEM NO. 6
HP AMPLIFIER

GR TAPE RECORDER

(2) GR MICROPHONES

(1) OSCILLOSCOPE

(10) DISKETTES FOR ITEM NO. 3
CABLES

(2) MECHANICAL EXCITERS

SPARE PARTS FOR ITEM NO. 14
HAND TOOLS

{2) ACI WHEEL DETECTORS

(2) WALRY-TALKY'S
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APPENDIX C

SOFTWARE FOR COMPUTER INTERFACING
AND DATA PROCESSING

APPENDIX C.1

PIN ASSIGNMENT

In general loading narrowband spectra into a digital computer
can be done in two ways. First, using the FRAME-SYNC and WORD-SYNC.
pulses to trigger separate computer interrupt lines. These inter-
rupts cause the computer to abandon its current processing task
and jump to an interrupt routine, and serxrvice the device which is
reguesting the interrupt (in this case the SD330A). The computer
then returns to normal processing. Second, if it is reqguired to
load spectra only at certain defined times, the FRAME-SYNC. and
WORD-SYNC. lines can be connected as data lines to the computer
data register. 1In this case spectra would be loaded under program
control by testing the individual bits in the data word which
correspond to the FRAME-SYNC. and WORD-SYNC. lines. Under the
present interfacing scheme the WORD-SYNC. line is connected to
the External Interrupt pin and the FRAME-SYNC. to a DATA in pin

(see Table C.1.1).



TABLE C.1l.1 COMPUTER-ANALYZER INTERFACING

PIN ASSIGNMENT
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REAL TIME ANALYZER COMPUTER
SD330A Nova 1220
SIGNAL NAME PIN PIN SIGNAL NAME
DATA LINES (LSB) (OUTPUT) J-17 28 22 DATA IN 15
J-17 27 20 DATA IN 14
J-17 26 4 DATA IN 13
J-17 25 19 DATA IN 12
J-17 24 5 DATA IN 11
J=-17 23 6 DATA IN 10
J=-17 22 8 DATA IN 9
J-17 21 7 DATA IN 8
J-17 19 9 DATA IN 7
(MSB) J=-17 18 10 DATA IN 6
WORD SYNC. (OUTPUT) J=17 29 46 DIO. ®XT. INT.
SWEEP FRAME SYNC. (OUTPUT) J-17 31 11 DATA IN 4
SWEEP (OUTPUT) J-17 16 13 DATA IN 3
GROUND J-17 34 1 GROUND
EXT. START (INPUT) J-18 1 21 DATA OUT 1
EXT. PEAK HOLD (INPUT) J-18 3 24 DATA oUT 3
EXT. STOP (INPUT) J-18 4 27 DATA OUT 4
EXT. TR. PULSE (TAPE RECORDER) —_—t 16 DATA IN 1
EXT. RESET (INPUT) J=-18 5 25 DATA OUT 5
EXT. SWEEP (INPUT) J-18 6 3 DATA QUT 6
EXT. EXP. AVG. J-18 2 23 DATA OUT O
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APPENDIX C.2

LIST OF THE ASSEMBLER SOFTWARE USED FOR DIGITAL CONTROL OF THE
REAI, TIME ANALYZER AND DATA TRANSFER TO THE COMPUTER/DISKETTE
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B2
23
24
25
a6
&7

12
11
12
13
14
15
16
17
13
19
2
21
22
23
24
25
26
27

30
31
32
33
34
35
36
37

49
41

43

45

46
47

sSa
s1
se
53
54
55
56
57

BEEl

33004
33981
33002

33883

33424
33085
33886

33887
3301@
33011

33912
33813
33214

33015
33816
33817

+MAIN

233000

034470
gagagl
833187
20004
190000

gaagaz
g33t17
140000

202863
@33137
logond

aeaaaa
833147
l4000d

2oeans
@33157
100000
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#9C¢11) SPEC

DECK STBN.@!

TAPE A-1406-XI1-N
14 SEPT. 1977

THIS TAPE CONTAINS THE FOLLOWING ASSEMBLY S/R

START : START SAMPLING

STOP :t STOP AND STORE

PEAK :GET PEAK SPECTRUM

RESET ¢t RESET CURSOR OR PLOTTER
SWEEP : START SWEEPING

CLKST : START THE CLOCK-~CL.FRe 68HZ
CLOCK :READ THE CLOCK

#8C1P) SFRAME :SENSE THE SWEEP FRAME PULSE (S53MSEOC)
¢t READ THE VALUE OF A CHANNEL

#1¢C12) RSTCL $RESET CLOCK

#11C13) EXTRG :EXTERNAL TRIGGERING

#12C14) SP253 :READ-IN SP. IN S53MSEC

USING INTERRUPT

#13(13> PNTER :RESET
#14C16) OUT : READ-OUT SPECTRUM

#16(2¢)» SPNMR :SPECTRUM NUMBER (INPUT-0UTPUT)
#17¢21) EXPAV :EXPONENTIAL AVERAGING

#18(22) PLSP :PLOTTER SWEEP QUTPUT

#19(23) OPEN :0PEN DISK FOR R/VW

#20(24) WRITE :WRITE ON DI SK

#21(25) READ :READ FROM DISK

#22(26) CLOSE :CLOSE A R/W CALL

#23(27) CDISK :CLEAR I1/0 TABLES

#24¢3@) FLTA :CHANGE TO FLOAT AN INT. ARRAY

+LOC 33008

CKINT

l

START
«RDX 4
20000000

2
STOP
300000086

3
PEAK
20002000

de
RESET
30000308

Se
SWEEP
29ee00e4a

INPUT-0UTPUT POINTER



o1
22
93
24
25
aeé
27

19
11
12
13
14
15
16
17
18
19
2e
21
22
23
24
25
26
27

30
31
32
33
34
35
36
37

a¢
41
42
43
44
45
46
47

49
50
St
se2
53
54
55
56
57

gaez
33020
33621
33022

330823
33024
33825

33026
33027
33230

33a3!
33832
33833

33034
33235
33236

33837
33840
33041

33942
33043
33844

33845
33846
33047

33052
33051
33@582

33853
33054

33055

330856
33857
33260

33861
33a62
33063

33@64
33865
33066

33867
33879
33871

3372
3973
3374

+MAIN
262026
833175
120000

poeen7
@33206
14p0ede

eapale
@33276
lep00@

peeall
833304
148860

gegpla
ga3eaz2
1909000

eege13
@33261
100000

gepola
#33352
170800

eeep15s
233417
14g800

goddls6
B33424
14238008

gree209
@33437
180030

geeo21
g33t127
10002083

goagze
#33267
149380

g88823
233501
125260

pde@a4
@33610
136820

PEAE25
Q34015
136003

6
CLKST
20200000

Te
CLOCK
38908606¢

8.
SFRAME
2pee2oen

Fe.
SPEC
Jeeo0res

19.
RSTCL
2000220009

11.
EXTRG
29000200

12.
SpP250
330009000

13
PNTER
300006020

4.
ouUT
300060600

16.
SPNMR
20002008

7.
EXPaAV
222000008

18.
PLSP
30006000

19.
OPEN
2222230248

20.
WRITE
23380420

21.
READ
2330990ea

216



21
@z
g3
24
@5
g6
a7

ig
11
12
13
14
15
16
17
19
20
21
22
a3
24
25
26
27

30
31
32
33

33
36

37

4G
41
42
43

45
46
47

cBANGEEVL EE&

poe3

33875
338786
33877

33106
33101
331lpe

33183
33184
331@5

33186

33187
331186
33111
33112
33113
33114
33115
33116

33117
33128
33iz21
33122
33123
33124
33125
33126

33127
3313@
33131
33132
33133
33134
33135
33136

33137
33140
33141
33142
33143
33144
33145
33146

33147
331508
33151
33152
33153
33154

«MAIN

0aaaze
@34137
136099

gaas27
B34212
1282608

zeegds
834251
174000

2oBD10
177777

@54544
830535
g71842
234455
B3@506
271842
B34536
g@14a1

@54534
B3¢5308
@71042
BA4AK4S
@3@476
g7igAa2
@34526
e@1401

@54524
a3asle
2712842
BAA4A35
@30466
@a71@42
B34516
ge1491

354514
038587
g71842
PBa425
339456
@71842
B34506
921401

@545@4
#3gs501
871842
BB44ZLD
230446
a71842

START:

STOP:

EXPAV:

PEAK:

RESET:

22.
CLOSE
233008206

23.
CLISK
209009820

24.
FLTA
3326r00a

«RDX 8
-1

S5TA
LDA
DoA
JSR
LDA
D0A
LDA
JMP

STA
LDA
LOA
JSR
LDA
DOA
LDA
JMP

STA
LDA
DOA
JSR
LDA
DoaAa
LDA
JHP

STA
Lba
DoAa
JSR
LDA
DoAa
LDA
JMP

5TA
LDA
DoaAa
J5R
LDA
DoA

RESTORE RADIX TO 0CTaL

3,51
2,MASK 1
2, 42
DEL AY
2, Z2ERO
2, 42
3,51
1.3

3,51
2,MASK4
2,482
DELAY
2,2 ERO
2,42
3,51
1,3

3,51
2,MASK?2
2,42
DELAY
2,ZERO
2,42
3,51
1.3

3451
2sMASK3
2, 42
DELAY
2,£ERQ
2,42
3,51
1,3

3, 81
2,MASKS
2,42
DELAY
2, Z2ERD
2,42

217

; CALL 1, <DUMMY CHARACTER>

s RETURN

;CALL 2,<DUMMY CHAR.>

s RETURN

$CALL 17,<DUMMY CHAR.>

3 RETURN

3 CALL 3,<DWMMY CHAR.>

s RETURN

sCALL 4,<DUMMY CHAR.>



@l
23

@5
96
a7

12
11
12
13
14
15
16
17
I8
19
20
21
22
23
24
25
26
27

32
31
32
33
34
35
36
37

40
41
42
43
44
45
46
47

5@
51
52
53
54
55
56
57

2024
33155
33156

33157
33160
3316}
33162
33163
33164
33165
33166

33167
3317d@
33171
33172
33173
33174

33175
33176
33177
332080
33281
33zez2
33283
33284
33285

33206
33207
33210
33211
3dzlz
33213
33214
33215
33216
33217
33z2z2e

33221

dazzz2
33223
33224
33225
33226
33227

33230
33231
33232
33233
33234
33235
33236
3237

J24g

+MAIN
834476
pal1agl

@54474 SWEEP!
@308472
71042
PO4405
238436
271942
234466
pelagl

@5447)1 DELAY:
g2d465
BAaR463
Bl4462
eea777
BA2464

@54456 CLKST:
931400
P21020
P25001
Pe6130
@asa42
265114
G34447
@e1401

54445 CLOCK:
P6g277
P2v4a33
224431
ge6t 32
P34440
831498
R4alood
@45041
Bep177
1431

pogeee ZERQ: @

$54431 RSTCL:
220776
Q48417
48415
@34425
galagt

ngslidolifs]
@29413 SRTC:
pettlg
alaaar
po2404
Bglaage
1010680
gue4agl
B34447 E.RET:

LDA
JMP

STA
LDA
DDA
JSR
LDAa
DoA
LDA
JMP

5TA
LDA
5TA
DSZ
JMP
JMP

STa
LDA
LDA
LDA
JSR
5Ta
DOAS
LDA
JMP

STA
INTDS
LDbA
LDA
JSR
LDA
LDA
5TA
S5TA
INTEN
JMP

5TA
LDA
STA
57A
LDA
JMP

LDa
DOAS
15#
JMP
152
MOV
JMP
RET

3,51
1.3

351
2,MASK6
2, 42
DELAY
2, ZERO
2. 42
3,51
1,3

3., 54VE
9. NUM
@G,CNTO
CNTg
-"1

@ SAVE

3. 51
2,8, 3
@,90,2
1,1,2
g.FIX
1, INTVL
1, RTC
3,51
1,3

3,51

3. CLK@2
1, CLK@1
3,851

2) g) 3
@, 0,2
1,1.,2

1,3

3,51
@, ZERQ
2., CLK@2
@, CLK@1
3,51
1,3

F, INTVL
@, RTC
CLKB1
@E. RET
CLK@2
2,9

@E. RET

z2le

JRETURN

s CALL 5,<DUMMY CHAR.>

s RETURN

s CALL 6, <INPUT/CLOCK FREQU.>
3 A« IF INPUT @ THEN 6CHZ

5 B. IF INPUT 1| THEN 1QHZ

5 Co IF INPUT 2 THEN 100HZ

5 Do IF INPUT 3 THEN 1Q0@HZ
JWARNING:AVOID C OR D

5 RETURN

;CaLL 7,<QUTPUT/CLOCK READING>

3 RETURN

;CALL 1@,<DUMMY CHAR.>
s RESET CLOCK TG ZERC

s RETURN



g1
@2
a3
a4
@5
@6
27

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

32
31
32
33
34
35
36
37

39
4
al
42
43
44
45
46
a7

49
50
51
82
53
54
S5
56
57

-

@ea@s
33241
33242
33243
33244
33245
33246
33247
33258
33251
33252
33253
33254
33255
33256
33257
33264

33261
33262
33263
33264
33265
33266

33267
33278
33271
33272
33273
33274
33275

33276
33277
33389
33341
333@2
33383

33304
33385
33326
33387
33310
33311
33312
33313

33314
33315
33316
33317
33320
33321

13322
13323

«MAIN
PoBAZE
2uenoa
neceas
BEABED
428093
1aaaa4g
pleacs
224289
292000
pe182a
Jrlrdaguls]
FeReag
pgogoaz
peeBAR
peeage
geerae
p@a139

gs54772
220453
B64442
1874084
pBBTT6
Aol4p1l

254764
gaeaqt
a64442
167404
gas776
234757
pa1421

B54755
p2e4a4l
geaaq2
187485
2ae776
galag)

254747
g2@431
peas42
187485
BBaTTé
2944083
poaalo
ge1491l

B54432
g2a421
264442
187404
@asT76
pa2425

@54417
g20426

CMASK: 262400
CLK@l: @
CLK@2: ©
INTVL: @
MASK1: 240200
MASK2: 103300
MASK3:219030
MASK4: 004020
MASKS5: 902260
MASK6: 0010280
St:

CNT@:0

NUM:2

FTWO: 42
TELQS: @
SAVE: @
«FIX=130

3TaA
LDA
Dla
AND
JMP
JMP

FEXTRG:

S5TA
LDaA
DLa
AND
JMP
LDa
JMP

PLSP:

STA
Lba
Dia
AND
JUP
JMP

SFRAME:

STA
LDA
DIia
AND
JMP
JSR
J5SR
JUP

SPEC:

STA
LDA
DIA
AND
JMP
JMP

WAI T:

READA: STA

LDa

3,51

i, NUM 1
1,42

@, 1,5ZR
=2

1,3

3,51
Z,NUM3
1, 42

@, 1,52R
'-2
3,51
1.3

3,81
d.NUM4
1,42

@, 1, SNR
-2

1,3

3,51
p,NUM2
1,42

@, 12 SNR
=2
WwAaIT
READ®
1,3

3s SAVE
g.,NumM2
1,42

2, 1, SZR
=2

# SAV6

3, SAV!
@.MASK

219

FCALL 11,<DUMMY CHAR.>

JWAIT FOR TRIG.

s RETURN

JCALL 18,<Ds

JWAIT WHEN PL.

3 RETURN

PULSE

CHAR.)

CUTPUT IS HIGH

3 CALL 8,<DUMMY CHAR.>

sWAIT FOR SWEEP FRAME P.

s RETURN

3 CALL 9,<0UTPUT/ READ VALUE
3 OF EACH CHANNEL,SLOW MODE>

s RETURN



21
@2
@3
24
25
1)
a7

19
11
12
13
14
15
16
17
18
19
20
2t
22
23
24
25
26
27

32
31
32
33
34
35
36
37

39
4p
41
42
43
44
45
46
47

49
5@
3
52
53
54
55
56
57

ages
33324
33325
33326
33327
33330
33331
33332
33333
33334

33335
33336
33337
33348
33341
33342
33343
33344
33345
33346
33347
333508
33351

33352
33353
33354
33355
33356
33357
33368
33361
33362
33363
33364
33365
33366
33367
3337@
33371
33372
33373
33374
33375
33376
33377
334060
33491
33462
334p3
33404
33405
33486
334087
33410
33411
33412
33413
33414

«MAIN
64442
107400
192400
go6132
8344123
A31400
e4alood
245081
824085

o42000
02deeo
210ee0
P49
rJoyatednged
000000
peeEae
@oeaea
Q80068
ulifudugele]
(1531710
333683
ga1777

@54514
g6eg277
221401
940516
p2e762
pe44a42
107405
gea776
@29515
g4@512
Qoo4g1
p6oBl42
pgeerse
@o4a42
187404
geeals
63642
vegr74
ge@242
a3pare
@2@753
P64442
167400
24560a
218471
Plra472
08760
202431
g24467
122400
#g6132
@34455
831498
2410806
p4spa1

DIA

AND
SUB
J5SR
LDA
LDA
STA
STA
JMP

NMI1: 240000
NUM2: 828000
NUM3:810200
NiM4: @o4320

SAViI: @
SAV2: 0@
SAV3: 6
SAV4: 0
SAV5: 0
SAV6e: D
CNT: 7

Se PAR:

+ PAR

MASK:@81777

SPes0:

SWFR:

WSYNC:

EX0DO:

5TA
INTDS
LDA
5TaA
LDA
DIA
AND
JUP
LDA
STa
JUP
NIOS
LDA
bla
AND
JMP
SKPDN
JMP
NIOC
LDA
LDa
DIA
AMND
STA
I52
D52
JHP
JMP
L.DA
SUB
JSR
LA
LDA
STA
STa

1,42
@,
2.0
8.FLOT
3. SAV3
2,9,3
0,0,2
11,2
9 SAVI

3, 5AaV25

B,1,3
@,LINPT
2.NUMAa
1,42

@, 1, SNR
=2
g.NUM25
@,CNTI1
o+ 1

42
d,NUM4
1,42

@, 1,5R
EX0DO
42

=4

42
2,LINPT
g.MASK
1,42
Gal
I,0.2
LINPT
CNTI1
WSYNC
st 1
1,CNT!
G

€. FLOT
3., 58V25
2,2, 3
Zs0,2

1, 1,2

220



g1
g2
a3
g4
@s
26
a7

19
11

12
13
14
Is
i6
17
18
s

=]
21

a2e
23
24
25
26
27

30
3t
32
33
34
35
36
37

49
41
42
43
44
45
46
47

59
51
52
53
54
55
57

[=a]

gaav
33415
33416

33417
33420
33421
33422
33423

33424
33425
33426
33427
33434
33431
33432
33433
33434
33435
33436

33437
33440
33441
33442
33443
33444
33445
33446
33447
3345¢
33451
33452
33453
33454
33455
33456
33457
33468
33461

33462
33463
33464
33465
33466
33467
33470
33471
33472
33473
33474
33475
33476
33477

«MAIN
268177
patagz

@54445
g214p9
248452
gagasa
Ba1491

254441
P36435
18434
B25089
182400
ggel 32
@34433
83l4g0
041200
g4a5ag1
go1agl

0544308
835400
P21490
225401
aee13e
B44438
gla4a27
gog492
pEgall
gagaz7
g40424
218421
21487
glaq21
Bea77s
praqale
Bag771
B34487
o140

Geeaae
Peoeod
206220
googea
PREeR0
20000
pEBAGE
peeEol
834000
B5008048
000008
goe220
goeeag
BAB373

EX1: INTEM
JHP

PNTER: STA

LDA
STa
STA
JMP
QUT: STA
LDA
152
LDA
SUB
JSR
LDA
LDA
STA
STA
JMP
SPNMR: STA
LDA
LDA
LLDA
JSR
STA
DSZ
JMP
JMP
LSNP: LDA
STA
152
I158%
DSZE
JUP
DSZ
JMP
EXO: LDA
JMP
LOoUT: ]
ZERI|: @
saviz: @
5aV13: @
5aV25: @
5aV3t: g
B7: BRGLB0G
ONE: 1
L34: 3406060
LINPT: a
NSP: g
CNTI1: 2
5AW s 2

NM25: 251.

2,3

3, 5AV12
@,05,3
@,LINPT
@, LOoOUT
i»3

3, S5AV13
2, LOUT
LouT
1,8.,2
G, 0

@, FLOT
3. S5AVL3
2,0,3
@,0.2
1,1,2
i, 3

3, SAV3!
3,9,3
B.8,3
1.1,3
@.FIX
1,NSP
NSP

e t+2

EXO
@F,NUM25
@,CNT!L
LINPT
LOUT
CNTH
=3
NSP
LSNP

3. 5AV31
1.3

3 RETURN

3 RETURN

i RETURN

305K 5 K ok o ade ol ohe oK 3 S Sk Sk 3K ok sk o 3K 3K o 3K 3 sk ke A Sk K

e

s we

DECK SKIPS.S5R
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g1
g2
a3
04
25
86

eoes8

+MAIN
1826323
182433
1@2@32
t@a2432

«DALC SLT
+DALC SLE
« DALC SGE

oo un

ADCZ #
SUBZE #
ADCZ #
SUBZ #

@s@s SNC
Bs 0+ SNC
@, B4 S52C
By Bs 520

222



1
g2
23
24
a5
286
g7
28
@9
137
1
12
13
l4
I5
16
17
18
19
20
21
22
23
24
25
26
27
28
29
3¢
31
32
33
34
35
36
37
38
39
49
a1
42
43
44
45
46
a7
48
49
5@
51
s2
53
54
55
56
57
8
59

22a9

33580
33541
33502
335483
33584
33585

33586
33587
33516

33511
33512
33513
33514
33515
33516
33517
33520
33521
33522
33523
33524
33525
33526

33527
3353¢
33531
33532
33533
33534
33535
33536
33537

3354@
33541
33542
33543
33544
33545
333546
33547
33550
33551
33552

33553
33554

«MAIN

voBeBe
171860
dB6486
ooa486
B24462
gp2482

geetsl
833778
233720

gagale
gaB416
g2o4l6
gagale
P1o4ce
B36465
21400
g25481
PB6138
ga64lg
2134087
Bla4da
oeBT78
pas412

ge9ea4
opEROa
B33533
jataletetote)
degeoa
220000
BeEoR0o
agagu gy
933761

@432777
pae7r72
234411
ga2s5482
106475
pBo41d
235400
174014
GoB773
824403
292735

B35226
eaa@152

223
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k]

5*% DECK OPEN.OI 16 APRIL 1977

s%k CALL (OPEN),<CHANMNE.»,<UNIT>,<FIRST SECTOR>
»<NUMBER SECTORS>,<RECORD SIZE>,<ERROR FLAG> %

e M

6
OPEN: MoV 3,2
JSR @0. PRE
JMP 0Pl
L DA 1, ECAGP 3 ALREADY OPEN
JMP @0+ ERT
ECAQP: 135 ;s CODE FOR ALREADY OPHEN

0.ERT: CERTN
0.PRE: CPREP

H CONVERT 4 PARAMETERS RIIT THRU
3 RECORD SIZE TO INTEGER
OP1: L.DAa @, Ca
STa 3, CNT
LDA @, « OPP
S5TA Bs « OPX
QPp2: 152 « PAR
Lba 3, 8.PAR
LDA B, 3,3
Lba 1, 1,3
JSR 8.JFIX
STa 1,8.0PX
152 «0PX
DSs2 CNT
JMP OP2
JMP 0P3
3 -t
Ca: 4
CNT: @
+ OPP: OUNIT
« OPX o}
OUNIT: &
QFSEC: @
ONSEC: 5]
ORSZ: 2
Q0.CT: «CT
3 000 eemecmmma-
H LOOK FOR UNIT
QP3: LDA 2,@0.CT
LDA #,0UNIT
LDa 1, UTUN, 3 TABLE NIMBER
SUBC# @, 1, SNR ; QURS?
JMP OP4 JYES FOUND IT
L.DA 3,8,3
CoM # 3,3, 52R ;CHECK FOR MORE
'JMP -"5
LDaA 1, ECNSU 2 *x NO SUCH UNIT x*
JMP @0+« ERT

0.UT@: UT332
ECNSU: 106, 5 CODE FOR NO SUCH WIT



o1
e
23
04
@5
26
a7

10
1]
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

2e1e
33555

33556
33557
33560
33561
33562
33563
33564
33565
33566
33567
33576
33571
33572
33573
33574
33575
33576
33577
33600

33681
33662
336083
33604
33605
33666

+MAIN
@sseez

28756
324756
127020
BI4421}
121113
136433
pe241%
P41eA3
B416805
45004
102460
g413d6
Q28744
11120
@24553
106433
Geaag7
galge7
gaBs567

a34062
Pe1150
2o2ea9
PeP153
BaTT?
gease2

-

224

oP4: STA 3,CTUT,2; REMEMBER UNIT
H TREAT OTHER PARS
LDA 0., 0FSEC
LbaA 1,ONSEC
ADD @, 1
LDPA 3.D616
MOVL # P, 0, SNC
SLE 1,3
JMP 80.EQOF i EOF ERRQR
5TaA 8, CTSST, 2
STA @, CTSEC, 2
STaA 1,CTSLM, 23 POSITION FILE
SUBC 8,0
STa B.CTCVD, 2
LDa @, ORS#%
MOVZL 2,0
LDA 1, 0400
SLE g, 1
JMP OPS
5TA @, CTRSZ, 2
JMP COKR ;0K RETURN
3 eemeae=-
D«.EQF: CEEOF
D616 616.
« PAR: 2
ECBRS: 137
0P53: LDA 1, ECBRS
JMP CERTN



t

a2
a3
B4
85
@6
a7
433
5]
147
11
12
13
14
1S
H 3
17
18
19
26
21
22
23
24
25
26
ar
28
29
30
31
32
33
34
35
36
37
X
3
40
41
42
43
44
45
46
A7
48
49
50
51
52
53
54
55
56
57
53

[-a)

aai1

33687
33610
33611
33612
33613
33614
33615
33616
33617
33628
33621

33622
33623
33624
33625
33626
33627
33630
33631
33632
33633
33634

33635
33636
33637
336489
3364t
33642

33643
33644
33645
33646
33647
33650
33651
33652
33653
33654
33655
33656
33657
33660
33661
33662
33663
33664

33665
33666

+MAIN

apaaas
171089
RRASET
geeses
@35610
174814
PRU426
pa212es5
Bes5094
186833
Bgesel

Bg34a472
21486
181214
BRoaABL
P214¢5
121215
agaags
235400
174614
2007170
BE2550

Bl14g6
pss5@18
azleaz
841493
p21@8as
P41404

335401
P21006
117820
625097
123800
2412086
333732
231001
124450
221030
P41400
151400
175400
125404
800773
@30477
@35210
211482

g21806
2325887

.
P

*
]

We wr s e

e

WRITE: MOV

F

wls

W3:

WCL:

k]
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e s ok s o o ol e ke e o sk sk ke e Ak o e o ol ofe 35 sl sk sk ok e ok keook koK

k% DECK WRITE. Gl %%

**% CALL (WRITE),<CHANNEL>,<DATA>, <ERROR FLAG> *x%

3 sPAR'S CHANN., DATA, ERF
3,2 3LQOC. RETURN
JSR CPREP
JMP CENOP 5 NOT OPEN
LDA 3,CT.BH,2:1S A BUFFER ASSIGNED?
CoM# 3, 3,52&R
JUP wc JYES
LDAa 2, CTSEC, 2:N0
LDaAa 1, CTSLM, 2; CHECKX FOR EOF
S5LT @s1
JMP CEEQF
FIND A FREE BUFFER
LDA 3,W.BHO
LDa @, BHNU, 3; THIS BUFFER IN USE?
MOV# B, B, 52ZR
JHUP w3
LDa &, BHQL, 3
MOV# @, B,5NR 30N AN 10 QUEUE?
JMP w2 s NO
LDbA 3,BHCL, 3
COM# 35 34 SZR
JMP w1
JHMP CENBA JNO BUFFER
ISZ BHNU, 3
STa 3,CT.BH, 2
LDA g,CTUT, 2
STa @,BH.UT, 3
LDA @, CTSEC, 2
STA @3, BHSEC, 3
COPY DATA INTO BUFFER
LDA 3# B:Ho BF} 3
LDa B,CTCWD, 2
ADD 3.3 JNEXT BUFFER WORD LOC.
LDA 1,CTRSZ, 2;NUMBER OF WORDS IN RECORD
ADD 1,0
STa @, CTCWD, 2
LDA 2, «PAR
LDa 2,1.2 ;L0C. DOF DATA
NEG 1,1
LDA Br9,2
STA 2,0,3
INC 2,2 ; THE COPY LOOP
INC 3.3
INC 1,1,5ZR
JMP =5
LDa 2sCT
L.DAa 3,CT.BH, 2
152 BHMOD, 3
CHECK FOR BUFFER FULL
LDA 2,CTCVWD, 2
LDA 1-CTRSZ, 2



226
gale «MaAIN

@1 33667 123020 ADD 1,8

@2 33670 0244517 LDA 1,C4¢p 1S THERE ROOM FOR ANOTHER RECOR
B3 33671 186432 SaT @, 1

B4 33672 Q@O4TS JMP COKR JYES. 50 JUST RETURN

@5 ; iNQ. S0 ENQUE FOR WRITING
@6 33673 V31012 LbA 2,CT.BH. 2

@7 33674 @35003 LDA 3,BH.UT, 2

@8 33675 820420 L DA @, W.UQH

& 33676 024420 LDA 1,¥W.BQL ; ENQUEUE BUFFER ON WNIT QUEUE
13 33677 163000 ADD 3.8

11 337890 47000 ADD 2,1

12 33731 0@64l6 JSR 8W.CAL

13 33792 834321 ENQUE

14 33763 915086 D52 BHNU,2 JDECREMENT USE COUNT

15 33704 320401 JMP e+l

16 33785 B39454 LDA 2,.CT

17 33706 1@2000 ADC B, 7 CLEAR THE BUFFER

18 33797 041010 S5TA #,CT.BH, 23 ASSIGNEMENT

19 33718 102469 SUBC 2.2 3

20 33711 Q41006 STA @,CTCWD. 2

21 33712 Q11985 152 CTSEC, 2

22 33713 Q2@p4s4 JMP COKR 3 RETURN

23 3 memmmee-
24 33714 Q35279 W.BH®: BHO
25 33715 999025 W.UQH: UTQH
26 33716 800095 V.BQL: BHAQL
27 33717 ©34483 W.CAL: CAL

28 A
32 3 ko i o e ok K ke 3 3 ok o ok e e 3 e ok e 3K 3 e 3k K o e A K K K K
31 3
32 $%% DECK CPREP.@1 *x
a3 H
34 3 **CPREP -- SUPPORT FOR CHANNEL I0Q0 CALLS *x
35 3
36 3 USAGE:
37 H NP JNUMBER OF PARAMETERS
38 S<ENTRY>:MOV 3,2 SAVE RETURN FROM NEXT JSR
39 3 JSR  CPREP
40 H .
41 33720 @50663 CPREP: STa 2, « PAR
42 33721 921775 LDA B,-353
43 33722 143000 ADD 2,0
44 33723 BaBa27 S5Ta Bs « RTEN
45 33724 054427 STa 3,CTMP
46 3 SET UP STACK
47 33725 @2p432 LDA @,Ce STK
43 33726 B42426 STA B, @Cs TP
49 33727 Ba2427 STa @, 8C. FP
53 33730 820430 L.DA @, C. STL
51 33731 @42424 STA 9, 8C.LP
52 33732 035200 LDA 3,0,2
53 33733 pP21420 LDA 2,0, 3
54 33734 B254@1 LDA 11,3
55 33735 @@613% JSR 8.1FIX
56 3 LOCATE CHANNEL TaBLE
7 33736 @30412 L.Da 2,C.CTQ
8 33737 921891 LDA 2, CTNE, 2
Ta@ 106415 SUB# @, 1, SNR 3 QURS?

"4l poggast J P CP4 SYES



g1
g2
a3
a4
5
86
a7
%<1

1@
i
12
13
i4
i5
16
17
18
19
2@
21
22
a3
24
25

26
27

3@
31
32
33
34
35
36
37

48
41
42
43
44
45
46
a7

50
51
52
S4
55
56
57

15153 )
33742
33743
33744
33745
33746

33747
33754
33751
33752
33753
33754
3375S
33756
33757
33768
33761

33762
33763
33764
33765
33766

33767
33778@
33771
33772
33773
33774
33775
33776
33777

34008
J4@@1
348022
340493
34004
34005
34066
34287

34818
34011
34912
34@13

34014

+MAIN
@3lBed
15014
aed773
B244Q4
peg4az2

Boeard
#35331
gadl 44
DAGEHR
pugCae
B34443
@34444
g34442
B36755
p37206
geeage

as@77T7
gal1egz2
lagola
algie6
822765

126460
132468
Byel32
234762
@3s5777
G4l400
pogapl
@45401
B@2753

g24410
9aB767
B24487
2BE765
g24406
@29763
B24485
Bgg761

@a@145
paa146
0eB147
2EB150
2pB139
g@@132

Pa6e3

227

L DA 2,CTCL. 210
CoM # 2,2,5ZR 305 THERE ANOTHER
JMP =5 IYES
Lba 1, ECHNSC NO SUCH CHANMEL
JMP CERTN 3 TO ERRQR RETURN
Ca90: L4QC
C.CTr: CTa
ECNSC: 1o, s CODE FOR NO SUCH CHANNEL
« RTEN: z
CTP: 5]
Ce TP: TP
C.LP: LP

C.FP: FP
C«eSTK: BUF+1406
C.5TL: BUF+1648-LH

«CT: %)
; CHECK FOR QPEN
CP4: STA 2,.CT
LDa @, CT.UT,2: THE OQPEN FLAG
Con# G, 0+ 52R
152 CTMP
JMP 8CTMP
3 02000 emmmem=—-
COKR: sSuUBC 1.1 30X RETURN
CERTN: SUBC 0.0
JSH @.FLOT
LDA J, +HTEN
LDa 3,=1,3 3L0OC OF <ERROR FLAG>
5TA 2,3, 3
JMP S 3  *x%xDEG. %%
5TA 1, 1,3
JMP 2. RTEN
3 emmammma=
b SPECI AL, ERROR RETURNS
CENOP: Lba 1, ECNOP :NCT OPEN
JMP CERTN
CEEQOF: LDaA 1, ECEOF ;END OF FILE
JMP CERTN
CENBA: LDa 1, ECNBA ;NO BUF AVAIL.
JMP CERTN
CETM(QO: LbDa 1, ECTMO :TIME OUT
JMP CERTN

ECNOP: 121,
ECEQF: 122.
ECNBA: 183.
ECT™MO: 1@4.
+IF1X=130

of 3 3K ok ok ol o o ok ke o ok oK ok Ak oK oK ok K Kook K ek K K K
DECK READ.@1 28 APR 77.

*% CALL (READ),<CHANNEL>,<DATA>,<ERROR FLAG> %x*

e Wa we e e e &

3 ;PAR*'S -- CHANN, DATA, ERF



g1
g2
23
24
5
26
27
23

ig
11
te
13
t4
15
16
17
13
19
eg
21
22
23
24
25
26
27

39
31
32
33
34
35
36
37

48
41
42
43

45
46
47

45
S
51
52
53
54
55
56
57

P14
34@15
34816
34617
34929
34921
34822
34023
340824
34825
34026

34827
34030
34031
34332
34233
349234
34835
34336
34@37
34040
344t

34842
34043
34844
34Q45
34046
34847

34058
34051
34052
34053
34054
34855
34056
34@57
34868

34061
34€62
34@63
34064
34865
34066
34967
34270
34071
348782
34873
34374

34875
34076

4o 7
14100

+MAIN
171200
go4782
Zpa76l
P350610
174014
PEe4ass
p21005
225804
196833
peaTs54

034665
gal4e6
181814
FoaaAB4
g21405
ig1e1s
geaR4es
733440
174814
pagTTa
geara3

Pll14adse
@s5521g
gelee2
4taB3
#21085
galapy

132460
g4al46e
P31403
gao642
gea642
1436086
1670320
gu6640
@34321

@387082
@35810
g3g412
126468
P21485
191815
PEFA8T
125424
gEaTI4
151484
eer771
FaB712

177773
R30663

p35481
22108@6

228

READ: MoV 2
JSR CPREP
JHP CENOP 2 %NOCT OPENx*
Lba 3,CT.BH, 2
COM # 323, 5%R ; (JUST LIKE WRITE)
JMP RS
LDaAa @, CTSEC, 2
1.DAa 1,CTSLM. 2
SLT Zs 1
JMP CEEQF 7 EOF ERROR
3 FIND A FREE BUFFER
LDa 3,W.BHO
Rl: LDA @, BHNU, 3
MOV# @, 0, 5ZR
JMP R3
LDa @, BHQL., 3
MOV# P, @, SNR
JMP R2
R3: LDA 3, BHCL., 3
COM # 3,3, 5ZR
JMP Rl
JMP CENBA 3 *M0 BUFFER AVAILABL E*
R2: 15% BHNU, 3
5Ta 3sCT.BH, 2
LDa @, CT.UT, 2
S5Ta @,BH.UT, 3
LDA @, CTSEC, 2
5TA @,BHSEC, 3
; INGUE FOR READING
SUEC BT
5Ta Zs BHMOD, 35 CLEAR WRITE FLAG
LDA 2,BH.UT, 3
LDA B, W.UQH
LDaAa 1,W.BQL
ADD 2,0 ;5 ENQUE FOR READING
ADD 34!
JSR 8W.CAL
ENQUE
H WalT TILL READ
LDA 2,.CT
LDAa 3,CT.BH. 2
LbA 2,RVAIT
R4: SUBC 1,1
L DA 2,BHQL., 3
MO V# gsBs SHR
JHP RS5A
INC 1,1,S5ZR
JHUP =4
INC 2,2, 8ZR
JMP R4
JMP CETMO 5* TIME QUT =
RWAIT: -5
. dcmemam-
H COPY DATA QUT QOF BUFFER
RSA: LDA 2,.CT
R5: LDA 3,BH.BF,3
LBbaA @, CTCWD, 2



a1
@2
@3
24
a5
a6
a7
25

18
11
12
13
14
15
1é
17
I8
19
2e
21

23
24
a5
26

39
31
32
34
35
36
37
38
39
40
41
42
43
44
45
46
a7

49
5a
51
32
53
54
55
56

57

BE15 «MAIN
34121 117690 ADD #,3 sNEXT BUFFER WORD LOC.
341062 @25087 1.DA 1, CTRSZ, 2; NIMBER OF
34123 123a82 ADD 1,2
34104 B41606 STA @, CTCYWD, 2
34195 p32561 LDa 2, 8C.PAR
34106 31081 LDa 2, 1,2 ;LCC.
34127 124420 NEG I, 1
34112 92148@ RCL: LDa Go s 3
34111 g4109€ STa Fs0,2
Jalla 17544@ NG 3,3
34113 1314a¢g ING 2,2
34114 125484 INC 1. 1, SZR
34115 2068773 JHMP =5
H CHECK FOR BUFFER RMPTY
34116 #30643 LDa 2,.CT
34llT g21@66 L.Da #, CTCWh, 2
34126 @250887 1.DhAa 1, CTRSZ, 23 INCRIMENT NEXT POINTER
34121 123¢04d ADD 1. &
34122 524625 LDA i,C4Gg 1S BUFFER QUT?
34123 186432 SGT @, 1
34124 pRage643 JMP COKR 30K RETURN
H REMOVE BUFFER
34125 $11@65 152 CTSEC, 2
34l26 102460 SUBC B, @
34127 041066 5Ta P, CTCWD, 2
34136 Q350810 Lba 3,CT«BH, 2
34131 @154@6 DS#Z BHNU, 3
34132 @41l JMP o+
34133 182008 ADC B, 0B
34134 g4al@le STA BsCTeBH,2
34135 peL6e3e JMP COKR
3 e o 2 e 25 o o ok ok ke K K K e i ok sk O e e sl ke ko sk ok R e R
3 DECK CLOSE.@1
3x% CALL (CLOSE),<CHANNEL>,<NEXT SECTOR>,<ERROR FLAG> *xx%
H
34136 @@B0B3 3
34137 171600 CLOSE: MOV 3,2
341408 006451 JER eC.PRP
34141 GEE637 JHP CENOP 3#NOT OPEN*
H RETURN THAT SECTOR NUMBER
34142 @2528% LCaAa 1, CTSEC, 2
34143 pelogde L.DAa 7, CTCWD, 2
34144 191004 MQV B, @, SZR
34145 125480 INC i,1
34146 132460 SUBC . @
34147 Q96132 JSR @. FLOT
341508 032436 LDAa 2, 80« PAR
34151 931891 LDa 2,1,2
34152 p4l0g9 5TA U, B2
34153 Q45841 STA 1, 1,2
34154 B32433 1.DA 2,eC.CT
; IF A BUFFER 1S IN USE,CK FOR WRITE REQUIRED
34155 @3591@ LDAa 3,CT«.BH, 2
34156 174615 COM# 3, 3, SNR
4157 gegazl JHP CL4 JNC BUFFER
@, BHMOD, 33YES BUF.

4160 B214@2 LDa



g1

's)
[

23
24
@5
@6
Qa7

12
11
12
13
14
i5
16
17
18
19
206
21
22
23
24
25
26
a7

31
32
33
34
35
36
37
38

40
41
42
43
44
45
46
47

5@
51
s2
53
54
35
56
57

(=& ]

gale
34161
J4alez2
34163
34164
34165
34166
34167
34170
34171
34172
34173
34174
34175
34176
34177

34200
34261
3J4a2e

342083
342064
34205
34206
342087
342108
34211

342182
34213
34214
34215
34216
34217
3422¢
34221
Jazegz
34223
34224
34225

34226
34227
342389
34231
34232
34233
34234

34235
34236
34237

«MAIN
1218185
pro41e
331493
R2g4a2l
geaq17
143006
1678006
206413
g34321
P32415
23521¢
p1s496
gegael
122000
Q41618

1020640
palooe
pR2406

Pg34403
aeeeas
B2eAPaESs
B336063
@33761
@33767
2337208

2egz277
B6ep233
13240808
126204
B3ga27
B450@5
g3g4sce
galoio
a458d5
8319906
156814
pesTTA

B3g421
B41885
garges
@450a3
B310689
156814
Pe8773

#38413
B450E2
245218

CL3:

CL4:

»

C.CAL:
C.BaL:
Ce. URH 2
C« PAR:
C.CT:

Ce 0KR=
C. PRP:

F

Mo V#
JMP
LDA
LDA
LDA
ADD
ADD
JSR
ENQUE
LDaA
LDA
DSZ
JMP
ADC
5Ta

@, 0, SNR sWRITE REG.7
CL3 JNO

2,BH.UT, 3:YES
@,C.UQH

1, C. BAQL,

2,0

3.1

ac.CcaAal

2, 9C.CT
3,CT.BH, 2
BHNU, 3
et ]

@, @
2,CT.BH., 2

CLOSE CHANNEL

ADC
STA

Qs+ 0
2, CT.UT, 2
8C.0KR

-

-

7 7ok o 5k o A K ok R Ak ok ok R e e e kR s o e KK K ke ok

) Mo e p be W

PI 5Kz

INTDS
NIOC
SuB
ADC
LbA
5TA
L.CA
S5TA
STA
LbA
COM #
JMP

Lba
STA
STA
sTAa
LDaA
COM#
JUP

LDaA
STa
5TAa

CALL <(23) CLR DISK>

FOR RESETTING ALL I/0 TABLES

D@

s 0

1,1

2JLO DT

1, DTQH, 2
2,L.UT
@,UTAQL, 2
i, UTQH, 2
2,UTCL, 2
2,2, SR
=4

2sL.BH
g,BHAOL, 2
3., BHNU, 2
1,BH.UT, 2
2., BHCL, 2
2424521
«e=5

2,LCT
1,CT.UT, 2
1,CT«BH, 2

230



gal7  «MAIN

@1 34240 ¢31908 LDa 2. CTCL,2
@2 34241 15gE814 CoM # 2,25 5ZR
E3 34242 @@g774 Ji1P o=

@4

@5 34243 768177 INTEN

P06 34244 ©§31401 JMP 1,3

a7 5 memme—-

B8 34245 835172 L.DT: DT33

P9 34246 035226 L.UT: UT330

183 34247 B3527¢ L.BH: BHZ

11 3425@ @35331 L.CT: €To

12 5 mmmmeme——

t ggl8 JMAIN

g2 3 Kok vk ok ke 3k ok kol Ok 3K KOk AR sk ol i R sk KOk sk 0K R ROR ok R SRR KOk ke
83 ;5 DECK FLT.21

B4 ;

25 3 CALL (NUMBER-24), <ARRAY!>,<ARRAY2>,<N0. OF DATA>
26 ;

@7 34251 17540@ FLTA: INC 3,3

@8 34252 175440 inNc 3.3

@ 34253 175400 InNC 3,3

18 34254 @9S54441 STA 3,RTN
1t 34255 @31777 LDA 2,=1,3
12 34256 821008 LDA ZsBs 2
13 34257 @25281 LDA lals2
14 34260 #6136 JSR @.FIX
15 3426! 131830 MOV 1,2

16 34262 834433 LDA 3,RTNI
17 34263 821775 LDA Fa=-3,3
18 34264 B25776 LDA t,-2,3
19 34263 @gg4482 JSR FLX

20 34266 Buzaz7 JMP 8RTN 1
21

22 34267 143008 FLX: ADD 2:0

23 34270 147068 ADD 2,1

24 34271 147080 ADD 2,1

25 34272 248421 STA @, Al
26 34273 044421 STA 1, .A2
27 34274 p5F423 STA 2:N3

28 34275 @54421 STA 3, RTFX
29 34276 @14415 LOQP: D52 Al

39 34277 @2se4l4 LDA 1,8.A1
31 34300 125113 MOVL # 1,1, 5NC
32 34361 1@2461 SUBC @, 0, SKP
33 34302 10200¢ ADC 2,0

34 34393 @egel32 JSR @.FLOT
35 34384 314410 D52 « A2

36 34385 044467 STA 1,+A2
37 34306 Q14466 DSZ «A2

38 34307 @4Q405 5TA B+ A2
39 34310 Bl4407 DSZ N3

4@ 34311 BBA765 JMP LoCP

41 34312 pozag4 JMP @RTFX
42

43 34313 QgoR00Q@ <Al

44 34314 200008 .A2:

45 34315 00@000 RTNI:
y 34316 Q00009 RTFX:
' 34317 220000 N3:

RO



t @at9

o2
23
24
@5
26
a7
08
29
10
i1
12
13
14
15
16
17
18
19
2¢
21
22
23
24
25
26
27
a8
29
32
a1
32
33
34
35
36
37
3B
3
14
41
42
43
44

45
46
47
48
4@
50
51
52
53
54
55
56
57
58

34320
34321
34322
34323
34324
34325
34326
34327
34338
34331
34332
34333
34334
34335
34336

34337
343482
34341
34342
34343
34344
34345
34346

34347
34358
34351
34352
34353
34354
34355
34356
34357
34368
3436t
34362
34363

1364

1365

+MAIN

aeoane
2Qd208
20peol

oggaae
263577
152461

152aa!

genaT?
B51400
111966
@g2ipoe
128014
PRB7TTS
P4a3773
B450806
ge217172
112414
o437

g21401
gar4aot
141000
BE6L36
Prooa!l
191813
P3R4l
geoaB7

pagenz
B63577
152461
tsceol
ge@277
g51408
@31772
@35600
ge5420
gasea2a
182466
P&14aGa2
@34457
124614
gea7s52
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HE L e P I P RS S

H

DECK QUEUE. @1

USAGE!:

31 MARCH 77

;*xENQUEUE AND DEQUEUE SUBROUTINES *x

TO QUEUE UP AN ITEM.

3 JSR caL sWITH AC@=HEAD LOC.,AND
H ENGUE 3 ACI=LINK LOC.
; TO0 DEQUEUE THE TOP ITHEM
; JSR CAL sWITH ACO=HEAD L@GC.
; DEQUE
QFL = 2 JLENGTH OF FRAME REQUIRED
QIF = %] sDISPL. FOR INTERRUPT ENABLE FLAG.
QASV = 1 $ FOR SERVER ADDRESS
QFL s REQUIRED FRAME SIZE (2 WORDS)
BN QUE: SKPBEZ CPU s INTERRUPT ENABLED?
SUBC 2,2,5KP 3 @ IF ON
AaDC 2,2,8KP -1 IF OFF
INTDS
STA 2,QIF,3 3REMEMBER ENTRY STATE
MOV g,2 sHEAD LOC.
LA ¥, 8.2 ; TOP LINK
COM# 0,8,S2R 315 IT THE END
JP =3 JNO0, 50 CHAIN TO NEXT
5TA @, @ACl,37YES.e SET NEW ITEM'S LINK -1
5TA 1,9.,2 JLINK NEW ITEM IMNTO CHAIN
LDA P,ACE,3 JHEAD LOC.
SUB# @,2,5ZR 3WAS IT THE FIRST ENTRY?
JMP QRT sNO, 50 RETURN
;5 NOTE: AC2=HEAD AND AC!=LINK
QE2: LbA @, 1,2 ;YES. CALL SERVER BUT FIRST
S5TA @, A5V, 3 ; MOVE SERVER ADDRESS
MOV 2,0 JACP=HEAD AND ACI=LINK
J52 2Q.0al, 33CALL SERVER
Qasv
MOV# B, B,SNC 3WAS THERE AN ERROR?
JMP QRT sNQ, S50 RETURN
JMP gDz sYES, 50 DEQUE
H DEQUEUE. ACB=HEAD
QFL
DEQUE: SKPBZ CPU
sUBcC 2,2, 5KP
aADC 252, SKP
INTDS
STa 2,QIF, 3
Qapz: LDA 2,AC8, 3; AC2=HEAD LOQC
LDba 3.8,2 FAG3=TOP LINK
LDA 1,8,3 s SECOND LINK
5TA 1.8,2 JMOVE IT TO TOoPp
sSUBC .3 s SET REMOVED LINK YORD TO 3.
STaA P, 3,3
1,DA 3. FP s RECOVER FRaME POIMTER
COoM# 1,1,54R 315 THE NEW TOP EBMPTY?
JMP QE2 s NO AC2=HEAD ACI=LINK



@1
@2
@3
B4
25
26
a7
28
@
1@
11
12
13
14
15
17
18
19
el
21
22
23
24
25
26
27
es
29
36
31
32
33
34
35
36
37
38
e
40
41
42
43
44
45
46
47
43
49
54
51
52
53
54
55
56
57
58

Go29
34366
34367
34378
34371
34372
34373
34374
34375
34376
34377

34429

34401
344@2

34403

MAIN
peipee
188015
gee4a5
gatrapgl
141908
2e6a05s
aJalilcloR’
211403
266177
BasaE2

B34483
B3L447
34442

GeeeaT
177771
177772
177713
177774
177775
177776
177777

1754020
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LDA 2,202 JIULER S/7R LOCG.
ComM# G,E,SNR 315 THERE ONE?
JMR GRrT
STa 3,05V, 3
MoV 2,8 sLOC. I1EAD
JSR en. LAl
Qsv
QRT: I5Z QRIF, 3 3 TEST INTERRUPT ENABLE
INTEN
JSR 2R+ RET ;RETURN
R.CAL: CaAL
2. RET: RET
Qe FP: FP
; ___________
3 5k sk ok ok sk ofe o s 5 st ke S e e ok oK 3K 3K sk 3k ok e ¢ 3 sk ok fe ok ofc K K
s DECK STACK. O] 38 APR 77.
s%% CALL, RETURN,AND STACK MECHANISM *x
3 A CALL SAVES THE CALLER'S REGISTERS ANLC ALLOCATES
; A FRAME ON THE STACK FOR USE BY THE SU3ROQUTINE.
3 A RETURN RELEASES THE FRAME AND RETURNS
H TO THE CALLER. A& FRAME POINTER,FPR,POINTS TQ THE
;5 BASE OF THE CURRENT FRAME, A TOP POINTER, TP, POINTS
H TO THE NEXT AVAILABLE WORD IN THE FRAME, AND A
3 LIMIT PDINTER,LP,IS THE HIGHEST VALUE ALLOWED FOR
35 FP AND SP. LP SHOULD BE 7 LESS THAN THE END OF THE
H STACK. THE SBED (S/R ENTRY DESIGNATCOR)
H BELOW MAY BE EITHER THR ADDRESS OF THE
;5 FIRST INSTRUCTION OF A S/R OR (IF BITS
35 © THRU 7 ARE 8 A DISPLAGCEMENT IN THE
3 CALLER'S FRAME WHICH CONTAINS THE ADDRESS OF
H THE S5/R. THE ENTRY INSTRUCTION OF EACH S/R MUST
H BE PRECEDED BY THE NUMBER 0OF WORDS REQUIRED
3 IN THE STACK FRAME.
EJ
H
;3 USAGE:
H JSR CaL JTO CALL A S/R
H < SBED>
3 <RETURN>
>
3 JSR RET : TO RETURN TO0 CALLER
;5 DESIGNED BY J F HERBSTER, 23-27 MAR 77
LH = 7 JLENGTH OF FRAME HEADER
RIN = ~LH s DISPLACEMENT FOR RETURN ADDRESS
ACO = RTN+1
aGl = RTN+2
AC2 = RTN+ 3
OFP = RIN+4 JFOR OLD FRAME POINTER
SBE = RTH+5 s FOR S/R ENTRY
FSZ = RTN+6 ;s FOR FRAaME SI2E (FS8&=-1)
; BEGINNING OF CALL
CAalL: INC 3,3 2 PREPARE RETURN ADDRESS
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@221 «MAIN

@1 34404 956437 S5Ta 3.,8TP 3AND SAVE

B2 34405 Q34436 LDA 3, TP s TOP OF STACK

B3 34406 051483 STA 2,AC2+LH, 3

@4 34487 045482 STA 1»ACI+LH. 3

05 34410 ©4149!1 STA 2, AC@+LH, 3

@6 34411 @30434 L.DA 2, .LH JLENGTH OF HEADER

@7 34412 157908 ADD 2,3 JNEW FRAME POINTER

B8 34413 wza427 LDA 1, FP ;OLD FRAME POINTER

@9 34414 B45775 STA 1,0FP»3 #SAVE IT

@ 34415 054425 STA 3,FP

11 34416 831771 LDbAa 2,RTN, 3 7 ADDRESS OF SBED PLUS 1.
12 34417 Q31377 LDA 2,-1,2 THE SBE DESIGNATOR

13 34428 @28426 L DA @, SBEIM (MASK WITH BITS 8-7

b4 34421 113414 AND# 2,2,82R ;15 SBED THE ENTRY ADDRESS?
IS 34422 320483 JMP «+3 JYES

16 34423 133000 ADD 1,2 sNO. ITS A DISPL. ON OFP
17 34424 2310060 LDA 2,0,2 550 GET ADDRESS FROM OLD FRAME
18 34425 @51776 STA 2, S5BE, 3 ;5AVE IN HEADER

19 34426 931377 LDa 2,~1.2 JREQUIRED FRAME SIZE

20 34427 @51777 STa 2,FS52,3 5 SAVE

21 34438 173060 ADD 3,2 sNEW TOP OF STACK

22 34431 D20413 LDA @.,LP SLIMIT FOR TP AND FP

23 34432 112432 SUBZ # Wo2,52C 515 LP«GTsTP?

24 34433 004431 JSR PANIC iNO

25 34434 050407 S5TA 2, TP 5 SET NEW PDINTER

26 34435 @21772 L DA ., ACH, 3

27 34436 ©25773 LDA 1,AC1,3 >L0AaD UP AND ENTER S/R
28 34437 G31774 LDA 2,AC2,3

29 34440 BR3776 JMP 8SBE, 3

ag I S

31 3444t 000@20 RMMP: &
32 34442 0000608 FP: @
33 34443 000E6E¢ TP: O
34 34444 OQ0E6E LP: @

35 34445 Q2OGH7T <LH: LH
36 34446 177480 SBEDM: 177440
37 3 e mmsmacaamam=-
38 H
39 ; THE BEGINNING OF THE RETURN
46 34447 830773 RET: LDA 2,FP
41 34458 B2137! L. DA @, RTN, 2
42 34451 Qa@77@ 5TA G»RTUP
43 34452 226773 LDA BseLH 3 PREPARE OLD TOP POINTER
44 34453 112460 SUBC @, 2
45 34454 O56767 STaA 2, TP 5SET TP
46 34455 B35084 LDA 3s0FP+LH, 25 RESTORE OLD FRAME POINT.
47 34456 54764 STA 3, FP
43 34457 @21¢31 LDa @, ACT+LI, 2
49 34460 @2S5002 LDA 1,ACI+LH, 23 RESTORE REGISTERS AND
5¢ 34461 @31083 Lba 2,AC2+Li, 25 RETURN TC CALLER
51 34462 820401 JIP et} Jorxkx DEBBUG PQOIN Tk kkokok
52 34453 892756 JAP @RTYP
53 3 memmmmemmamen——w
54 34464 G63077 PANIC: HALT
5 34465 B2G777 JIP o~

6 2 g



t
g2
@3
@4
gs
@e
27
23

5

12
11

12
13
la
)
ie
b7

18
19
2
21

22
23
24
25
26
27
23
23
33
31

32
33
34
35
36
37
38
39
49
41

42
43
44
45
46
47
48
49
58
51

52
53
54
55
56
57
58

Hp22

34466
34467

34476
34471
34472
34473
34474
34475
34476
34477
34589
345401
345@2
34583
34594
34525
345E6
34587

34519
34511

34512
34513
34514
34515
34516
34517
34524
34521
34522
34523
34524
34525
34526
34527
34538
34531
34532
34533

14534

34535

HMAIN

BBE534@
235172

B4ag466
BL4466
£50466
pBo40 1
BeLar?
B36772
fg25aa1
166475
preal2
B3lpen
152014
GeaT73
p2E4Ls52
@Ba24452
g3gase
ap2757

p35172
Bag48a

BSa447
182560
Bada4eé
gaeTes
DagLas
geg724
Bagasy
228723
248443
g2e71é
L4422
P34445
B54714
254714
226443
48713
221883
g1e71e
galagp
BB464LE

I

DECK I1IS5TEAL.3!
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APRIL 1277

** INTERRUPT STEALER, SAVE, AND RESTORE #x%

THE FOLLOWING IS AN INTERRUPT PREPROCESSER

VHICH WILL PI

CK OUT QUR OWN INTERRUPTS

AND PASS THE OTHERS TO THE REGULAR

PROCESSER.

TO ADD DEVICE CODES SEE THE EXAMPLE BELOV

«RHEG: 536
« DT DT33

-y - -

>
CKINT: STa

cKa: JMP

E
I

CMSK: 400

>

.
E]

1

P )

«.D33: DT33

- - -

Gs SV+D

1, 5V+1
2,5V+2
-‘l'l

5]

2) I - DT
1,DTDC, 2
@s 15 SNR
I SAVE

2, DTCL.,2
2,2+ 58R
=5

3, SV+D

1, 5V+ 1]
2,5V+2

CoMMON SAVE STATE PROCESSER

SAVE: STA
SUBCL
5TaA
LDA
5TA
L DA
5TA
LDA
STA
LDaA
STA
LDA
5TA
STA
LDA
STA
LDA
152
STA
JSR

3;5V+3

2,0

B, S5V+4

@, FP

Pas SV+5

2. TP

g, SV+6

2.,LP

@s SV+7

@, RTMP

P, 5V+10

3,1FP SET UP STACK FOR INTERRUPT
3, FP 3 PROCESSING

3, TP

B, ILP

@,LP

P,DT.15,2

TP $ PUT OUR SERVER'S ADDRESS
BsBs+3 s ON THE STACK AND CALL IT
calL

LYY



a1
g2
a3
B4
a5
26
27

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

39
31
32

pa23
34536
34537
3454a
34541
34542
34543
34544
34545
34546
34547
34550
34551
34552
34553
34554
34555

34556
34557
JASED
34561
34562
34563
34564
34565
34566
34567
34570
34571
34572
34573

+MAIN
aoo0ve
P2@427 DI M3
P42TO!L
@28424
B48762
g2g4a21
Q48677
228416
B40674
228413
1gl200
Q34410
030406
B244084
pz4ar?2
ga2711

r

Pggoag sv:
00089
eoe00
ndnlogelets
pogeey
2eReRe
geeoeae
PAGoEe
2000600
0020
gog0ee
I3
@37215 IFP:
@37346 ILP:

L e

QoS

BUF+1640

B,5V+10
B, RTMP
2,S5V+"7
2,LP
@, 5V+ 6
2, TP
2,5V+5
0, FP
@,5V+4
9,0
3,5V+3
2,8V+2
1,5V+1
Zs5V+0
@I .REG

BUF+280¢~-LH

- ek D o e -

e

RESTORE STACK

RESTORE REGISTERS

AND RETURN

23§



t 224

02
@3
04
85
26
a7
28
)
18
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
25
29
3@
31
32
33
34
35
36
37
35
39
40
41
42
43
44
45
46
a7
43
49
50
51
52
53
54
55
56

57
o8

34574
34575
34576
34577
34600
34691
34602
34603
34624
34605
34606
34687
34610
34611
34612
34613
J46l4
34615
34616
34617
34622
34621
34622
34623
34624
34625

34626
34627
34638
34631
34632
34633
34634
34635
34636
34637

34640
3464l
34642
34643
34644
34645
34646
34647
34650
34651

34652
34653

34654
34655

«MAIN

prreal
B3P444
113800
234443
137690
@55811
g20447
ga181e6
25404
20443
123400
125220
12522¢
125220
245013
Q35615
136333
aee4a37
1g3120
1g3129
935003
163000
gatale
@064l5
PEBA26
Qeeag2

ggonal
gel1a13
pRaaiy
1236¢9
gz2501t4
124815
gegall
261333
la1eze
goeaga

935142
177773
177773
a34447
vBlCas
brl4040
Boveel
gggeae
zZoova7
perole

@24775
Cegane
@G24712
g3s@ll
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3k k ok ok ke e ok ke ke ok e ke e ok K ol ek ke 3ok ek kKoK

e We We e

e

I SEEK:

-
Ed

RSEEK:

S.USL:
S.UGQH:
S5.BGQL:
S.RET:
SKCMD:
RCCMD:
ERCY:
ERTO:
D7:
NTRY :

SERT:

SERC:

1

LDA
ADD
LDbaA
ADD
STA
LDA
STa
LDA
L.DA
AND
MOVER
MOVER
MOVZR
STa
LA
ADCZ #
JMP
ADDZL
ADDZL
LDA
ADD
STa
JSR
JMP
JMP

- e W

o e ——

-— -

w% DECK SEEK.@1 *x*

** SEEK AND RECALL INITIATION *x

2,5.UQH sNEG. OF @ HEAD DISPL. IN UT
2,2 JLOC. UT

3s5.BQL ;NEG OF & LINK DISPL. IN BH.
1,3

3,UT«BH, 2

#»NTRY ;;NUMBER OF TRIES ALLOVED
@, UTTTG, 2 sTRIES TO GO

1, BHSEC, 3

@, D7

1.2

1.1

1,1

tst

1, UTRCY., 2; REQUESTED CYLINDER

3, UTNCY, 23 NUMBER OF CYL. ON DISK
I, 3,5NC 3 SKIP IF RCY LESS THAN NCY
SERC ;s*kNO0. OF CYL. TOO LARGE**
2.2

B,

3,UTUNIL, 2

3,0

B,UT55C, 2

@5.USL SELECT UNIT

SERT ;s TIME QUT ERROR RETURN
RSEEK

@, UTRCY., 2

1, SKOMD

1,08

1, UTCCY, 2

1,1, SNR

@, RCCMD

@, DP@ 5 START THE SELK AND RECAL.
@,0

e5.RET

— e A

1, ERT@ 3 TIME QUT ERROR
-'1'2

l, ERCY ;CY¥L. NO. ERROR
3,UT«BH, 2



%1
@22
23
B4
85
27

1@
11
12
13
14
15
16
17
18
19
bo1)
21
a2
23
24
a5
26
27

3@
31
32
33
34
35
36
37

40
41
42
43

45
46
a7

50
5t
52
53
54
35
56
57

@25
34656
34657

34664
34661

34662
34663
34664
34665
34666
34667
34670
34671
34672
34673
34674
34675
34676
34677
34700
34781
34702
34783
34784
347¢5
34706
34727
347149
34711
34712

34713
34714
34715

34716
34717
34720

34721
34722
34723
34724
34725

«MAIN
241419
845411

181644@
veg2762

paeang
230433
11300
334432
137800
a5s5@11
gat4alr2
#4114
P21413
235411
gs55@12
pas491
g45@13
g354@2
as35@l6
126468
175@14
125708
123000
g41@15
?¢610833
p21213
262133
1018209
222406

Pagoan
g2191s
@B3771

177773
177770
Q34447

22EP00
1112068
@21377
@61233
QeaT764

STa
STA
Movo
JHMP

e s e

e Br We e

e

IMA: LDA

I1D2: boa

ID3: MOVZ

AL TR T

15
RDMA: LDA

-

y weseae

I.DQH: ~DTQH
I.UuQL: -UTQL

I1.RET: RET

e

wa e wa

ACE = LOC.
@
SDMA: MOV
Lba
DOACG
JMP

s s 'y

- - -

LEEEE S S LS E L E L L 2L S T

DECK BEMA.81]

- - —— -

A g -

o e e o e e e sk kK ol e e o ok ok sk ik sk ok ke sk ok e ek ok okok ok
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@, BHECE, 3; RETURN ERROR DATA
1, BHEC!, 3

2, 8 ; SET ERROR FLAG
85.RET RETURN

- -

*% READ AND WRITE QUEUE SERVER %%

;FRAME SIZE
2,1.DQH ;NEG. QF Q@ HEAD DISPL. IN DT.

g,2 JLOC. DT.
3,1.UQL ;NEGs OF @ LINK DISPL. IN UT.
1.3 ;L0C. UT.

3,DT.UT,2; REMEMBER WHICH WNIT IN DT
g, UT55C, 3

G,DTSSC, 2

@+ UTRCY, 3; REQUESTED CYLINDER

3, UT.BHs 3; BUFFER HEAD

3,DT«BH, 2

1,BH.BF, 3; BUFFER ADDRESS
1,DT.BF,2

3, BHMOD, 3

3. DTMOD, 2

1.1

3, 3, 5ZR

1,1

i,0

g, DTCCW. 2

@, DP@ $SET COMMAND AND CYLINDER
B, DT«BF, 2

@, DP@

2,0

@] « RET

ENTRY FOR DMA RW RETRIES AC2=L0OC DT

@, DTCCW, 2
ID2

THIS S5/R 1S CALLED WHEN A RV QUEUE BECOMES EMPTY
OF DT

g,2

@, DTINF-DTEGH, 2
@, DPG@

ib3 s RETURN

-



Bl
g2
23

&5
@6
a7

137
i1
i2
I3
14
15
16
17

19
29
21
22
23
24
25
26
27

36
31
32
33
34
35
36
37

49
41
42
43
44

46
a7

1%
51
52
53
54
55
56
57

pB26

34726
34727
34730

34731
34732
34733
34734
34735
34736
34737
34740
34741
34742
34743
34744
34745
34746
34747
34758
34751
34752

34753
34754
34755
34756
34757
347682
34761
34762

34763
34764
34765
34766
34767
347170
347171
347172
34773
34774
34775
347716

34777

+MAIN

julagnlslags
280601
pep4a33
225804

123415
229465
pelola
Be6535
geo4all
181213
go0449
P24532
123414
geo464
@35011
215416
goeag6
p35411
p24524
pal4le
gas4lt
Zogad4a

ge4s521
123414
pogagde
ga6526
834714
lglgle
POEg4a25
PBA435

gagsle
143080
226517
@34350
B3igll
1220243
4104
pB6512
834627
1g1o812
gep4al e
pop4a21

e e e e ue Wa s s
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DECK DPFIS.81 APRIL 1977

#% DI SK INTERRUPT SERVER %%

THIS RQUTINES RECEIVES CONTROL ON DISK
INTERRUPTS WITH AC2=L0C. OF THE DEVICE
TABLE. SEE THE FLOY CHART FOR AN OVERALL
PICTURE OF ITS ACTIONS. THE EXIT MUST BE
TO LOC. DISM

DESIGNED DY JFH 1! APRIL 77

SHQLD = @
1
D335V: DIA @, DP@ ;s GET STATUS DONE FLAG
LDA 1, DTDNF, 2
AN D# 1,2, 5NR 215 A READ OR WRITE DONE?
JMP D3CKS JNO
LDA @, DTSSC,23YES. SO RESELECT AND GET STATEH
JSR al. US
JMP D3REC s SELECT FAILURE
MOVR# Us»%sSNC 3SEL. OK. CHECK RW STATUS
J4P DOK 30K
LDA 1, DFEM JSNOT 0OK. CHECK RW STATUS
AND# 1. Gs SER
JMP D3REC sITS FATAL
L DA 3, DT.UT, 2
DS# UTTTG, 3
JMP D3CSE
D3REC: LDa 3,UT.BH, 3
LDA 1, DEC5 3RETURN ERRCOR CQODES
STA @, BHECE, 3
STA l,BHEC!,3
JHP D3DA ; DEQUE RWe.
D3CSE: LDA 1, DSEF
AND# [-@,S2R 315 IT A SEEK ERROR
JMP D3RSK
JSR 8D, CAL
RIMA
MOoV# B, 0,520
JMP D3DQ iIYES, S0 GIVE UP
JUP D3CKS 3NO ERROR
D3RSK: LDA @ De DQH
ADD 2,4d
JSR eD.CAL
DEQUE
LDA 2, DT.UT, 2
ADC @, 0 s THEN INDICATE UNKNOWN CYLINDER
STA @, UTCCY,2: AND START A RECALL
JSR @D. CAL
RSEEK
MOV# P, 3. 520
JMP D3pas
JMP D3CKS

e - — -

@21816 DOK: LDA ¢, DTMOD, 2



a1
a2
a3

a5
@aé
a7

19
il
12
3
14
15
16
17
13
19
20
21
a2
23
24
25
26

30
31
32
33

35
36
37

a2
41
42

44
45
46
47

58
51
82
53

55
56
57

ae27
35009
350021
dspae2
358@3
3sea84a
35085
35006
35687
35018
35911
35pl2
35813
35@14
35@15
35216

35617
35020
35p21
3spa2
35623
35024

350825
350826
35827
35830
35@31
35@32
35833
35034
35935
35836
35837
33849
35p41
3t@a2
35643
35g44
35845
35846
35847
35@5@
35851
35852
35@53
35454
35455
35856
35@57
35060
35961
35062
35663
35064
35965
TE66

BeT

+MAIN
191815
00B405
gasalz
ges4e2
106480
R4asaeg?
20467
143000
poe4ar 4
934350
agll1al!
P20465
143000
206467
834358

P6B433
924456
123405
PB6463
231218
pao4all

g21400
191015
A@2456
23199¢
1530014
PO24@3
61833
da2451
pesepa
123415
aaT71
122400
41400
65833
@21395
{agals
ga87 60
galgla
pB6422
QEB457
gaa452
123414
Boga42
gz21o1l4
t9Pe15
gBe43a
@21213
B41214
g2a414
24415
@353l
147008
163860
Zge4l6
g34321

D3D&s

D3DGS:

MOV
JMP
L DA
LDA
5UB
STA
LDA
ADD
JSR
DEQUE
LDA
LDA
ADD
JSR
DEQUE

5 PROCESS SEEK

D3CKS:

D3LFM:

D3TNX:

D3CKF:

DIA
LDA
AND
JSR
LDA

- A e
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@, 3, SNR
«+5
3. DT« BH, 2

1,BHMQOD, 3 3 THE BHMOD COWTER GETS DECRE=-
2,1 3 MENTED BY ITS VALUE BEFORE THE
1, BHMOD, 3 ?WRITE STARTED. NC CHG ON REASB

@3, D. DQH
2.8
@D.CAL ;; DEQUE THE READ-WRITE 0OP.

2, DT.UT, 2

2, D. UQH

2,8

@D.CAL 3 DEQUE THE WNIT

AND RECAL DONES BELOW

@, DPQ ;s FETCH STATUS DONE FLAGS.
1, D3DM

l, 2+ SNR ;SAVE ONLY WIT FLAGS.
8D.RET

2, DTUCH, 2

D3CKF

P, SHOLD, 3; CHECK FOR MORE WORK
@, @, SNR

€D. RET

2,UTCLL2;NEXT UNIT TABLE
2,2.52R ;1S THERE MORE?

e+ 3

Z.DPB s CLEAR THE GHOSTS

@D. RET

1, UTDNTF, 2

1, B, SNR

D3TNX

1,08

B, SHOLD, 3

1, DPO

B, UTQH, 2

Gs 25 SNR

D3LFM

@, UTSS5C, 2

2D. US sSELECT AND GET STATUS
D3TOX

1, D3SER 5 SEEK ERRDR MASK

1,8, SEZR

D3CFE

Ps UTCCY» 23 WAS IT A RECAL.

@, 0, SNR 3

D3FRC SYES

@, UTRCY,» 2;MOVE REQUESTED CYLINDER
2, UTCCY, 23 TO CURRENT CYLINDER
8, D. DEH

1,D3.UL ;EMNQUGAE & READ OR WR.
3) UT. DT.I 2

2.1

3.0

8D. CAL



a1
@2
23
@24
@5
26
a7

1@
i1
12
13
14
15
16
17
18
19
2e
21
22
23
24
25
26
27

3@
31
32

33
34

35
36
37

47
41
42
43
44
45
46
47

51
52
52
34
55
56
57

op28
35070

35071
35872
35873
35@74
35075
35876
35677
35100
35101
3slez
35183
35104
35185

35106
35187
35118
35111
3sli2
35113
35114

35115
35116
35117
35129
asiel
35122

35123
35124

35125
35126

35127
35130
35131
35132
35133
35134
35135
35136
35137
35140
3514l

35142
35143
35144
35145

+MAIN
gaa73s

B35142
gae20a
@eeal1s
2oQo40
2RoRAs
74000
51521 Y5
P200E5S
vppE22
200023
0eBees
@344@3
a34447

1246¢
pa1g14
gee774
P34627
lgtat2
poe4az2
pee7ll

@24437
123414
pgo4ata
@1s5016
gegaAD4L
BB4a7

Pep249
BPY200

1g2809
gaa76l

P24752
pop4ag2
@24751
P35@11
galala
845411
g2@746
1430069
gee745
@343508

gea664 -

A54426
1156060
B24423
125405

3
D.US:
DFEM:
DECS:
DSEF:
D. DQH:
D3DM:
D3. UL
D.UQH
D3TOE:
D3STE:
D3.UH:
D.CAL:
D.RET:

D3FRC:

D3CTFE:

D35ER:
D3SFT:

D3IRC:

D3TOX:

D3STX:

D35DQ:

we

N L

40
DT@H
74000
uTaL
UTQH

ee

23
UTQH

- S -

- s - -

—— - -

o A b o

L

- v - - -

D3LFM
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3 FATAL RV ERRORS
3 ERROR CODE
3 SEEX ERROR

3.9
B+, UTCCY .
8D. CAL

G,@, SEC
D35DA
D3LFM

1, D3SFT
1,8, SZR
D3STX
UTTTG, 2
D3IRC
D3STX

JA RECAL IS5 COMPLETE.
2; SET CURRENT CYLINDER TQ O

5 SEEKX REQUESTED CYLINDER
3 ERROR?
3JYES

s ERROR, BUT WAS IT FATAL

JYES

sNG. HAVE WE TRIED ENOUGH?
3NO

FYES

7 SEEX ERROR FLAGS
3 SEEK FATAL ERROR FLAGS

G, 0
D3FRC+1]

1, P3TOE
.+2

1, D3STE
3,UT.BH,
@, BHECE.,
1, BHEC1,
g, D3.UH
2+ 0

éD. CAL

D3L

s CHANGE TO RECALL REQUEST
H AND RESTART SEEK

;TIME OUT ERROR CODE

i 5STATUS ERROR CODE
2

37 RETURN ERRORS

3

JDEQUE DISK WIT

JLO0K FOR MORE VWORK

3 oheoke ke ook oK oK o ok ok e ok ok o ok o 3K ke ok ¥ K K K 3 ok ok ok

we ‘oo

‘e

DECK UNSEL.@1

%% UNIT SELECT =*x%

1JSEL:s

USl:

STA
MoV
LEA
InC

3:,RLOC
@, 3
1,USTT
I» 1, SNR

5 NOR REINTRANT
3 SELECT AND SECTOR COMMAND



o1
g2
23
04
@5
g6
a7

18
1
12
13
b4
15
16
17
18
19
20
21
22
23
24
26
27
28

37
31
32
33
34
35
36
37

49
41
42
43
44
45
46
47

S
51
52
53
54
55
56
57
8

Be29
35146
35147
3515@
35151
35152

35153

35154
35155
35156
35157
35160
35161
35162
35163
35164
35165
35166

35167
35170
35171

35172
35173
35174
35175
35176
35177
352008
35281
352082
35203
35204
35205
- 286

2a7

«MAIN
Boa4te
260433
131360
163133
BBOT7T3

877933

#24413
125485
2p@486
G60433
1313008
183133
@ae773
@154@5
191388
836404
go2482

177266
goeeed
B34442

220869
gegedl
geges2
2eeea3
2geeg4
woesas

200810
pogpil
pagale
geogl3
geopla
geeals
egemle

@3sale
228833
600000
@34727
legoee
177777
@34663
g34g722
235226
0geRo6
opeBBo
spotatofs1s]
Brocdd
guages

-a

e

use:

USER:

-

USTT:
RLOC:
U FPs

-
F

LT

* ‘s wp

DTCL
DTDC
DTH SK
DT.1I3

1}

nmn un

[ | Y (I { O [ N T I

JMP
DI A
MOVS
ADDZL #
JHP

DoC

LDA
INC
JuP
DIA
MOVS
ADDZL #
JMP
152
MOVS
LDA

- b -

DDTBL +

@

DTCL+ 1
DTDEC+ 1
DTMSK+ ]
DT.IS5+]

DTDNF+]

3 ADDRESS
DTQH+3
DTUCH+ 1
DT.UT+1
DT« BH+1
DT« BF+ 1}
DTSSC+1
DTCCW=+1]

D335V
1660068
-1
IDMA
sbMa
UT3308

[N IO

242

USER

2, DP@ s READ STATUS
By 0

@, s SNC

Ust

3» DPO #0UTPUT SELECT COMMAND

1,USTT
1, 14 SNR
USER

B, DP@
8,9

@, @, SNC
use
RLOC
2,9

3, BU.FP
@RLOC

2k 3 3 5K e e o sk A e K A Sk ok ok 3 3K K o o e ke ok ok o dfe sk ok e sk e ok ofe ok oK ok ke
DECK

]

% DISKETTE DEVICE TABLE *x
; DISPLACEMENT DEFINITIONS:

s DEVICE TBL LINK

;DEVICE CODE

JRESERVED

3 ADDRESS OF INTERRUPT SERVER

5 IMa DONE FLAG POSITIONC120009)
;3 IMa QUEUE HEADCINIT. TO =-1)
ADDRESS OF QUEUE SERVER

OF QUEUE IDLER (QR -1,IF NONE)

L0C. OF UT BEING SERVED

LOC. OF BH BEING SERVED

LOC. OF BUFFER BEING READ OR WRITTEN
SELECT AND SECTOR COMMAND

CYLINDER AND COMMAND WORD

COPY OF BHMOD,JUST BEFORE READ OR WRITE

e wo

e

ws ‘v les

3DT.13
s DTDNF
JDTQH
s SERVER
s IDLER
2 DTUCH
3 DT.UT
7 DT.«BH
sDT.BF
3 DTSSC
s DTCCW



21
a2
23
Z4
25
e
@7

12
11
12
13
14
i5
16
17
18
19
21
22
23
o4
25
26
27
23
29
33
31
3z
33
34
35
36
37

39
49
41
42

43

45
46
47

S@
51
s2
53

35
56
57

pEA392
352148
35211

3sziz
35213
35214
352158

35216
35217
35220
35221

35222
35223
35224

35225

35226
35227
35238
35231
35232
35233
35234
35235
35236
35237
35240
35241
35242
35243
35244
35245

MAIN
vduttlnyigsd
goaeee

p35216
gaesl4
z2oreaE
233231

177777
BeoB4az
dolalatedsl
p35223

Z2ooEeo
BeB242
ggz4a6i

B34447
BBBA33

gACFRY
QooeEl
goBaaz
7op2a3
zogeaa
2@eses

Gazely
ufululo B

geeelia
Baee1L3
popela
pueals
Preale

@aaaL7

B35247
@35172
pBeeog
gReal7
P403E2
177777
@3435795
177777
290800
agalogalols
ppeee
gpee0s
171777
@ga1ls
Ba3a00
geUBaa

DT1l4:

DT42:

5v42

4]
NIiGG
JMP

svaz:s

RET
33

D« RT:
DPO =

243

3 DTMOD
; SPARE

az
@L.RT

3 ook ok ok sk ok oK sk ok ok o sk 3 ook e ok sk ok ok ok ok ¢ e ke e ok ok ke A o ke ek R Rk

e

e We s s We

UTCL = @

UT.DT = UTCL+1
UTUW = UT.DT+1
UTUNL = UTUN+!
UTDNF =UTUN1+1
UTQH = UTDNF+1
SUTQH+ 1t

JUTQH+2

UTQL = UTQH+3
UT-BH = UTGL+1
UTSSC = UT.BH+1
UTRCY = UTSS5C+1
UTCCY = UTRCY+1
UTNCY = UTCCY+1
UTTTG = UINCY+1
UTTMP = UTTTG+]

5 UNIT @ TABLE

UT33@2: UT33t
DT33
5]
opeB17
2488089
-1
ISEEK
-1

DI SPLACEMENT

DECK DUTBL.@!

%% DISH UNIT TABLES #%x

DEFINITIONS:

JLINK TO OTHER DT'SC(DON'T CHANGE)
JMOTHER DEVICE TABLE

sUNIT NUMBER

JUNIT NUMBER FOR SELECT & SECTOR
3JPOSITION OF DONE FLAG

sUNIT*'S QUEUE HEAD(FOR BHAQL'S5)

i QUEUE SERVER

; QUEUE IDLER (PROBABLY
JLINK FOR DMaA. QUEUE

3 BUFFER HEADER BEING SERVED

i SELECT AND SECTOR COMMAND

s REQUIRED CYLINDER

3CURRENT CYLINDER (OR =1 IF UNKNOWND
sNUMBER OF CYLINDERS ON DISK

:TRIES TO GO BERORE GIVING UP

7 TEMPORARY

-1.)

JUTCL
3UT. DT
JUTUN
JUTUNI
JUTDNF
3 UTGQH
3 SERVER
5IDLER
;UTAL
JUT.BH
3UTSSC
3 UTRCY
FUTCCY
s UTNCY
SUTTTG
3UTTUP



o1
7
B3
o4
5
26
&7

1g
11
12
13
14
15
16
17
18
19
2@
21
a2
24
25
26
27
28

3p
31
32
33
34
35
36
37

39
4
41
42
43
44
45
46
47

S6
51
52
33
54
55
56
57
53

——

9831
35246

35247
35250
35251
35252
35253
35254
35255
35256
35257
35260
35261
35262
35263
35264
35265
35266
35267

35270
35271
3sere
35273
35274
35275
35276
35277
35396
35321
35382

35373
35384
35365
3532¢
~n3E7

5318

«1AIN
eoesy

177777
@3s172
2]
B4gE17
G2CEEe
V77777
B34575
E77777
Geesee
BEBEEE
BO6E6T
GEAEEH
177777
poelis
ZEE200
CLo86e
Gueegd

goBeee
poeael
B2EE2
2uEaa3
sO906B04
BEBeaAs
BageEas
eoaaaET7
geeegle
7161510 R )

235363
g35355
poEBe g
177777
ajolotagute
opatafatngal
2200
GOEGEE
aqaeyatalol
GaRGee
v anisil

#35316
@35755
Beea2g
1777717
CpYngo
sty
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@ 3 SPARE

3

3 '™™IT | TABLE

Uyr33l: =1 ;UTCL
DT33 sUT. DT
H JUTLY

L4217  sUTUNI
pRegHe 3 UTDNF
-1 s UTQH
I5EEX s SERVER
-1 s IDLER
JUTEL
FUT. BH
3UTSSC
s UTRCY
! JUTCCY
T FUTNCY
sUTTTG
JUTTHP
;s SPARE

DRI DD

- et

o e ke o o 2R o e o Sk R 3 R 3 oK R e e e e SRR oK SR R ROR sk KRR
DECK BHTBL.@l

BUFFER HEADER TABLES *%

*
*

Ses e Ha Me N Wa W gy

DISPLACEMINT DEFINITIONS
BHCL = © JLINK TO OTHER BH'S(SHOULL BE ZERO)

BH.BF = BHCL+1 3LOC. BUFFER
BHMOD = BH.BF+1 3 INCREAENTED EACH TI#E BUFFER I35 MODITIE
BH.UT = BHMOD+! sUNIT TABLE (GR -1>
BHSEC = BH.UT+1 3SZCTOR CORRESPONDING TO BUFFER (OR -1D
BHEL = BHSEC+1l ;WIT QUREUE LINK
BHNU = BHAQL+! JNUMBER OF USERS
BHLRU = BHNU+1 LEAST ReCENTLY USED COUNTER
BHECEZ = BILRU+! ;FOR RETURNED ERROR CCDES
BHEC! = EHECG+1 ;
BH@: BH1 s BHCL

BUF 3 BH. BF

) + BiMOD

-1 3EH.UT

@ 3BHSEC

& 5 BHQL

@ ;BHNU

il ;s BHLRU

g 3 BHECY

5] FBHECH

2 5 SPARE
Bil: BHZ2

BUF+464¢

@

-1

@

&



21
a2
B3
g4
25
@6
27
28

18
il
12
i3
14
15
le
17
i8
2p
21
22
23
24
25
26
27

3d
31
32
33
34
35
36
37

32
ae
41
42
43
44
45
46
47

58
51
s2
33
o4
55
56
37

BE32  MAIN
35311 QoLEeD
35312 Gegeas
35313 @geso0
33314 QB0R0H
35315 goeepo

35316 177777
35317 938355
35328 ¢CEBoD
35321 177777
35322 gguees
35323 00RGE0
352324 gegaea
35325 deroaad
35326 00EC0B
35327 QEOZCY
35330 woeose

dojalalalol
alulaolam
papes:z
Baeass
DOEEAA
agayiufulole)
PQEeede6
Beeea7
pagn1o
seaely

35331 835343
35332 9gpEdl
35333 177777
35334 GaGaoe
335335 prze0e
35336 4HBBZ0
35337 @nuoe
35340 @gReBId
35341l 177777
35342 geeeoe

35343 177777
35344 E@pEI2
33345 177777
35346 Q20CGY
35347 GELEOO
35350 2820806
35351 verzee
35352 @are0zd
35353 177777
35354 ApREGEA

BHZ:

-
>
.
E
-
x

-
»

L

DECK CHTBL.@!

*x CHANMEL TABLES *x*

;7 DISPLACEMENT DEFINITIONS

CTCL

CTNB

CT.UT
CTSST
CTSLY
CTSEC
CTCWD
CTRSZ
CT.EH
CTSPT

E

CTG:

CT1:

o nouon o

oo

@ s CHANNEL, TABLES LINK
! s CHANNEL NO.
CTNB+! ;L0OC. UNIT TABLE (OR -1)
CT.UT+1 3 START SECTGOR
CTS5T+1 ;LIMIT SECTOR
CT5LM+]1 3 CURRENT SECTOR
CTSEC+1 ;CURRENT WORD
CTCWD+1 ;RECORD SIZECIN 16-BIT WORDS)
CTR3Z+1! ;CURRENT BUFFER LOC.
CT.BH s SPARE

——n = -

CTI 5CTCL
1 ;JCTHNE
-1 ;CT.UT
@ JCTSST
5] 3 LTSLH
5] sCTSEC
@ 3 CTCWD
@ s CTRSZ
g s CTSPR

—_— e - -

1 5 CTCL
s CTHE

1 3CT.UT
;sCTSST
JCTSLHM
;CTSEC
;CTCWD
7 CTRSZ
3 CT.BH
;CTSPR

Iz ! I
.

245



B33 .MAIN

153 H

t @34 JMAIN

g2 AB2@868 BUF:
23 peeEE1d

P4 @C019 @033000 LOC1d:
25

- -

«BLK 2024
+L0OC 1@
SBRTB

« END

246
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APPENDIX C.3

LIST OF THE BASIC SOFTWARE USED IN THE ENGLEWOOD YARD FIELD TESTS

S5¢
52
53
54
55
56
54
&
65
66
67
75
9¢
95
lg@
a2
g4
165
110
114
116
12¢
122
124
126
128
136
132
134
136

PRINT
PRINT
PRINT
PRINT
PRINT
ERINT
PRINT
PRINT
REM

REM

REM

" T-562-YI11I11"

" EXP., AVG."™

*  SPECTRA PROCESSING ROUTINES"
* ENGLEWOOD YARD TESTS-JUNE 77
" +ASSEMBLY Aa-l4ag-IX"

“ 12 JULY 977"

**REF: T-560-A140-1X%x%

**xREF: T~56@-11 %%

#xREFt T-562=-1, VI *x*

LET K5= @

DEF

FNE(X)=8.68589% LOG (X)>-B.6

cALL 23,D3
LET N=25¢
LET N8=MN/2

DI

ara21

DI ALl LN
DIM BINI1,MINI, SINI,YINILULLS]

READ
DATA
READ
DATA
READ
DATA
READ
DATA
READ
DATA

L2,L5:sL6,LT5L3

8, A40R, 2%, S0, 12
T2, T3, Ta,T7

3@, 30, 8¢d, 16
NlJNZJNS:NQJN5JN6

250, 24, 2, 48, 8, 0
P1,P2,1P3, P4, P55, P6

61, 85, 118, &, .2, 8
U, Ul, U2, us,Us, us

1, d.=-1, 159, 594, 2808

LET No=N2/2



140
1as
13¢
leg
165
174
150
185
138
135
209
205
215
220
222
223
224
225
228
234
249
258
255
7506
7968
8E0@
ge2
806
808
216
811
g2
g22
g24
844
865
873
89 0@
892
895
963
912
926
921
925
926
9%
329
938
935
950
975

PRINT

PRINT "NUMBER OF CHANMNELS

;"N

PRINT "NWUMBER 0F SPECTRA ;™"iN

PRINT "FREQUENCY

FACTOR

DBAND HZ

PRINT "DISCRIMINATION LEVEL;"3NS
PRINT "D.INDEX DECISION LEVEL;";P2

PRINT “DATE~TIME"®;

7

INPUT T1

PRIMT

PRINT "TAPE#":

INPUT T

PRINT

REM = —eem e me et et m e

GOSUB &30

PRINT “CAR I.D.";

INPUT P8

PRINT

GOSUB 1126

PRINT

GOTO 220

REM = eemrdcmmacccccdcdrmec e a e
REM **% START

CALL 6.B6

129 I e i T
RE4 **% READ IN E{P. AVG.

Calll. 2,B2

LET U2=~1

FOR I=1! TO M9
LET U2=U2+2
FOR II= @ TO 1

CaLl, 22,U,J6.

E

call. 19,U,I11,U2,U3, 126, E

IF E= & GOTO

SToOP

CaLt, 17.D7

IF 1>T4 GOTO

caLL 11,DI

REM

FOR J9=1 TO 2
FOR J3=1 TO
NEXT J3

B4y

5803

LY
4 »

N4

CLOCK =x*

*% DELAY LOOP %%

222

[F J9=2 GATO0 925

CaLL 12,AL
GDOTO 926
Call. 12.BC
MEXT J9
CaLL 28,U.Atl
CALL 28,U,BL
IF E» @ GOTO
NEXT 11
NEXT 1
RETURN

%]
g1
@i.E

#1.E
994y

248



999
1999
1166
1116
1115
12
tize
1125
1138
1135
1148
1145
1154
1155
e
1165
1i7e
1175
1i8@
1185
1198
1192
1194
1196
1269
12@5
1213
i21s
12209
1225
1238
i240
1250
1260
1279
l28¢
1298
1329
laga
1416
laz2g
1430
1450
1460
1478
1480

STOP
e
REM
LET 15=-1

mmm— - SUB 110G----

-=-~x3% READ~-QUT FROM

LET 15=15+2
FCOR Ji= @ TO 1

FOR I9=
CaLL
CaLL
IF E=
SToP

B TO 1

22,U,J6, E

19, U, Ji,(I15+1G3,1,126,FE
@ GOTO 1145

LET Al @1= ©

caLlL
cAaLL

21,U0,40 21, E
13, A0 22

FOR J= € TO NI
CALL 14,P7

IF

P7>4 GOTD 118g

LET P7=4
LET BLJl= FNEC(PT)

NEXT
IF I9
FOR 1

LET

NEXT
NEXT 19
LET Kl=
LET K2=
FOR L1=

J

=1 GOTO 1288

=] TO N
MIIT=BLI1]

I

i
5]
1 TO0 N

IF MELL11<P4 GOTO 1268
LET Kl=Kl+1

LET K4=MI[L11-BLL1]

IF K4<L2 GOTO 1260
LET ¥2=K2+1}

NEXT L1

PRINT "JI1,K1,K2 ":J15K13K2

LET QfJ
IF Ji=1
GOSUB
GOSUB
IF Jl=1
GOoSUB
NEXT J!

11=K2/K1
GOTO 14029
7580
85662
GOTC 1438
8500

GOSUB 150842
IF 15=(N2-1) GOTD 14858

GOTO 11!
RETURN

5

-t me

MEITORY ko= =
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1499
1548
1528
1536
1540
1543
1559
1555
1560
17¢6
1778
1738
1790
1526
151@
122e
1838
1246
1858
19606
18748
18842
1993
196
1914
1922
1936
1931
1932
1934
1936
1948
1942
iga4a
1946
19 49
1953
1951
o952
1933
1954
1955
1954
1266
1970
1930
19243

REM  memmmmee——eea SUB 15@0-w=we—mcmmmma—eaa
REM S/R TO COMPUTE SP. DIFFERENCE
LET Ro= @
LET Ril= 2
LET R2= 0
LET 23= @
LET Z4= @
LET #25= @
LET Zé= @
FOR J=1 TO (N-12
LET 21=5CJ]
LET Z2=BIfJ]
IF 21=P4 GOTO 1316
LET 21= &
IF Z2>P4 GOTO 1830
LET #2= @
IF YIJ+11=1 GOTO 1854
GCTO 18854
LET R3= @
IF YLJ+11=CLJ+11 G0TO 1884
GOTO 1929
LET R3=R3+1
IF R3<3 GOTOD 1928

LET D= ABS (Z1-Z22)
LET R8=hE+D
LET RI=Rl+#1
LET m2=RZ+ZZ2
LET CtJl= @
IF J=>N8 G070
LET Z23=11
LET Z24=R2

NEXT J

LET £5=R1I-#3

LET Z6=R2-#4

1942

LET R@= INT (R#H- ABS ((RI-R2)/P63)

PRINT R@;
LET Rp= INT (RE/LI)
PRINT R@;

LET REg= INT (RO+LSx(1/21+1/7RE))

PRINT

Rgs

LET Rg= INT (RO+LEx{QL £I+QC 11

PEINT

i =]
i

LET R@g= INT (RZ+L7% ABS (QL B81-QL113)
LET Rl= INT (RL/19)
LET R2= INT (Ra2r/1@

GOTO
PRINT

2168
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2820
2gge
2010
2920
2@22
2060
2878
eg75s
2088
2085
2e94d
2995
2164
2118
zl1z2g
2138
2148
2158
2168
2178
218
eiof
22043
2219
2220
2490
2410
2420
2438
2449
2450
2468
2470
2480
2490
2581
2565
2510
2515
2526
2555
25608
2565
2574
2575
2580
2585

FOR I= @ TO NI

IF I>5 GOTO 2028

PRINT [,BLI1,5C11]
NEXT 1
GQTC 2148
FOR J=1! TO N

LET MIJl=Jd*N4

LET CEJI= INT (SCJ1-BLJ1)

PRINT MCJ1,BCJY, STJ1,CEJ33

PRINT
NEXT J
STOP
LET K&5=X5+1
IF P9>1 GOTQ 2280
LET PO=2
PRIMT
PRINT "lm-mmd i mr s m e m e m e s m e~ "
PRINT Y we e v mmm e e e r e e m
PRINT ™I TEST I SPI 1 SpP2 1I%;
PRINT "D.INDEX I REMARKS
PRINT "l=we=-=== [-==v~~- A Ivs
PRINT "wew—ew=-- Jevwmer s e rc e e

e

PRINT ®1"3 TaB (2)5;K5; TAB (7)5"I";RI13

PRINT TAB (I5x;%"I%3Re: TaB (23»:3°1";
PRINT TAB (32¥;"1I";

IF Rl<P1l GOTO 2438

IF R2<P1 GOTO 2450

GOTO 247@

PRINT * INSUFFICIENT DATA WHEEL #1
RETURW

PRINT " IMSUFFICIENT DATA WHEE., #2
RETURN

IF ABS (R1-R2)<P3 GOTO 2502

PRINT "S5ICGNIFF. ENERGY DIFF."; TAE (6
RETURN

IF RE<P2 GOTO 2630

IF (RI+R2)>US8 GOTO 2660

IF Ri=U9 GOTO 2668

IF R2>U9 GOTO 2660

REM **CHECK FOR GREASY CGR DEFECTIVE
GOTO 2565

PRINT Z3,Z4,Z25,726

LET R5=#25/23

LET Ré=#Z6/%24

IF R5<P5 GOTO 2599

IF R6<PS5 GOTO 2598

GOTC 2606

R@s

WH EEL S#**
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2598
2595
26022
2610
2620
2630
2643
2658
2660
2674
6299
700605
72168
7628
7225
7039
7048
7429
7568
7520
7540
7558
7600
76208
7640
7668
7989
7996
53000
801a
8224
8039
5648
ga5¢
BE8Y9
8290
51049
8110
g12e
8130
g1409
3150
8499
8508
85208
8549
8558

PRINT " GREASY WHEELS®"; TAB (63»;"1"
RETURN
PRINT " HIGH VALUE":
PRINT TAB (63>;"L"
RETURN
PRINT " GOOGD WHEELS"™:
PRINT TAB (63)3"IL"
RETURN
PRINT " ODVERLOAD": TAB (63);"1"
RETURN
REM  remmmeemme—ew SUB 7T80@-~-==m=—m=—m—e==
FOR Jl=1 TO N6
CALL 11,Dl
FOR J2=1 TO 333
NEXT J2
NEXT J1
RETURN
REM  smememeeee- SUB 75@8~~-=swmcsne—w==
FOR I=1 TO N
LET S{131=BlI]
NEXT I
RETURM
FOR 1=! TO N
LET M{171=B{11]

NEXT 1

RETURN

REM @ =mmmemweee-- SUB 8000--=m=rmmemmm——
REM *% LINE SPECTRA S/R %%

FOR I=2 TO (N=-2)
IF BLI1<M5 GOTO S1@@
IF BLII>BLI-11 GOTO B@49
GOTO 8692
IF BLI+11<Bf{1)l GOTO &13@
IF BLI+11>BLI1 GOTO g8@%¢8
IF BLI+21<BtI+1] GOTO 812¢
IF CLI3=1 GOTO 8148
LET CLIl= O

GOTO 8148
LET CLI+11=1
LET Cl{131=1
NEXT I
RETURN
REMf = r~-osveemecaaa—a- SUB 85@0~-—-—==-—cw--w==

FOR I=f TO N
LET YCI1=CL1I3

NEXT I

RETURN

252
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APPENDIX D

RESONANCES OF THE WHEELS TESTED AT THE GRIFFIN
WHEEL PLANT IN BESSEMER, ALABAMA
(A spectrum translator was used to obtain the recorded resonant
frequencies)
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APPENDIX E

DYNAMICS OF A HAMMER EXCITER

Fig. A.E.l shows a rigid hammer to be used as an exciter, in
a generalized form. The hammer is pivoted at point M and impacts
at point N. The dynamics of the hammer are governed by the rota-
tional form of Newton's 2nd Law:

T = I8 (E.1)

where 7 is the applied torgue, I the moment of inertia of the
hammer about M and 6 is the angular acceleration. Let Fi be the
component of a driving force in a transverse (i.e. nonradial)
direction. Then

ZFiLi - mgkcecosd = I8 (E.2)

where Li is the moment arm of the driving force Fi' k is the dis-~
tance from M to the center of mass of the hammer and m is its mass.
In the exciter used in the tests there were two driving forces:
due to the coiled spring and due to impact at the roller (see
Fig. 4.1.1)., Both of these forces are time varying, and in the
case of the spring force the moment arm is also time varying.
Consequently, a full solution of egn. (E.2) is complicated and has
yet to be achieved. However, some insight into the problem can be

achieved by solving some simple versions of egn. (E.2).
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Consider a single constant driving force F and suppose that

this force were much greater than the weight mg, then
b=t (E.3)

assuming the hammer started from rest and where t is time.
Similarly,

8 = —/ =+ 8 {(E.4)

Thus the time taken to contact the wheel will be given by:
L

2

tc - (EE—FI) (E.5)

and the velocity on impact will be:

v =hf =hiky
T
Yy

!

o g
TN
18]
Q
§
F

If the hammer hits the wheel, it must do so within a time Lw/vt

where LW is a chord on the wheel at the height of impact and Ve

is the train speed (see Fig. A.E.2).

4
Thus t_ < ;‘—"
t
LB
or 20T <X (E.7)
F
vi
ZQIVi
Hence F > (E.8)
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Now in the case of a hammer consisting of a heavy ball on a light

shaft,
I = mh® (E.9)
and from {6} and (8)
2qmh® v°
t
F>—%
&Lw
5 L
F
and v = (_gi_) (E.10)
c m

Thus at 20 mph & 10 m/sec, with LW 2 107 'm; 4 = 100%m; m = 0.5 kg;
h = 10"'m and a« = /2 radians,
F> 15 x 10°n = 3,000 1b

and v, = 30m/sec

This crude calculation shows that at relatively high train
speeds, since the hammer does indeed impact the wheel, that the
driving force must be very large. It is inconceivable that these
forces are generated by compression of the coil spring and can only
be brought about by an impulsive force at impact. On the other
hand, at a low speed, e.g. 2 mph & 1 m/sec

F & 30 1b

il

and v

c 3 m/sec

At this end of the speed range the spring force is probably

effective.
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APPENDIX F

FINITE ELEMENT ANALYSIS

F.l1 Finite Element Analysis of a Railway Wheel

The finite element method of structural analysis
was used for the mode-frequency analysis of railway wheel
vibrations. The method embodies the concept of representing
the distributed continuum of a physical structure by a
model consisting of a finite number of idealized elements
that are inter-connected at a finite number of points.
The analysis is performed utilizing the ANSYS computer
program developed by Swanson Analysis Systems, Inc.

The ANSYS program employs the matrix displacement
method of finite element analysis. The stiffness matrix
[K] must be generated from a description of the geometrical
and physical properties of the structure. To solve the
resulting system of simultaneous linear equations, ANSYS
uses the wavefront solution method. The "wavefront" is
egqual to the number of eguations active at any point in
the solution procedure. Each eguation is associated with
a particular degree of freedom in the structure. An
active equaticn is one which has been identified and
previously used in the solution and is required again at
a further point. Equations are activated by the element
to which they are connected as the solution progresses

from element to element.
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F.2 Mode Frequency Analysis

The equation of motion for a structural system is

M1{a} + [c]{u} + [K1{u} = {F(£)}

where
[M] = Structure Mass Matrix
[c] = Structure Damping Matrix
[K] = Structure Stiffness Matrix
{u} = Vector of Nedal Displacements
{F(t)} = Force at Each Node as a Function of Time.

For an undamped structure with no force applied,
M1{u} + [Kl{u} =0
If {u} = {u_} Cos w_t,
there are n values of m2 and n eigenvectors which satisfy
the equation above.
The ANSYS program forms the matrices [M] and [K]
by forming the matrices [MeI and [Ke] for each element.
The eigenvalue problem is solved by a technique called

"Matrix Condensation" (Guyan Reduction). 1In this process

a set of n "master" degrees of freedom which characterize
the natural frequencies of interest in the system are
specified, and the eigenvalue problem is solved for the
n degrees of freedom.

In the force spectrum option of the ANSYS program,
the input congists of a force distribution on the structure
nodes and a table of force amplitude multipliers vs.
frequency. The structural response to force loading is

obtained by superimposing the response of individual
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vibrational modes and weighting by their "modal participation
factors". The output contains the eigenvalue solution,
the corresponding participation factors, mode coefficients
and equivalent masses, the eigenvector solution, the
expanded mode shapes and the element stress solution.

Natural frequencies and mode shapes are obtained from

2 =
(k] - mi[m]){W}i = 0

where
[k] = the stiffness matrix of the structure
[m] = the mass matrix of the structure
w. = the circular natural frequency of mode i

1
{W}i = the mode shape vector of mode

{T}i is normalized such that
v} (ml (¥} = 1,

The equivalent mass for the ith mode

— T
me; = 1/{¥}T{¥};
The participation factor is defined as

Y, = {T}E[m]{F}

where {F} is the force vector.

The mode coefficient is defined as

Y.
_ 1
(m.c.)i = EI Fi

Assumptions

(i) The wheel is rigidly fixed at the hub (UX = UY =
UZ = 0) and constrained in radial and circumferential

directions at a point on the tread just above the
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wheel flange where it is in contact with the railway
track, (UX = 0Y = 0).
(ii) The wheel is made of homogeneous material with Young's

Modulus E = 30 x 106 psi, and Poisson's ratio v = 0.3 and

-4 lb-sec2

ind

density p 7.3 x 10 .
In the previous contract the ANSYS finite element
analysis program has been used to determine the natural
frequencies and mode shapes for a 33 in. wheel with i) no
cracks and ii) a large plate crack. This study was
extended further as follows:
1. The finite element model showing the 33 in. wheel
geometry was improved by increasing the number of elements
from 192 to 240.
2. The boundary conditions were changed slightly. 1In
addition to fixing all the node points on the hub, an
additional node on the tread of the wheel just above the
flange was fixed in radial and circumferential directions.
This is the point where the wheel is in contact with the
railway track.
3. The wavefront size is dependent upon the order in which
elements are input. In the case of a railway wheel model
there are two possible ways in which the elements can be
input to determine the size of the wavefront - radial and
circumferential. Both ways were scanned to find out
which one gives the smaller wavefront. It was found that

the wavefront is smaller if the elements are input in a

radial arrangement.
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4. A modification of the ANSYS model for the plate portion
of the 33 in. wheel was made to determine if a significant
cost reduction could be achieved in the execution of this
program when the plate geometry was simplified. The
simplification involved modeling the plate portion of the
wheel by 3-D plate elements having 6 degrees-of-freedom
per node instead of the 3-D solid elements having 3
degrees-of-freedom per node. It was hoped that this type
of element simplification would allow more computer runs
for the same cost. However, this attempt was unsuccessful
in achieving a reduction in computer costs. The increase
in the degrees-of-freedom for the four nodes for each
plate element from 3 to 6 (to allow for plate element
rotation) caused the number of simultaneous egquations
associated with the computer generated wavefront to

exceed that of the previous element description.

Various cracks were simulated in the ANSYS model of
the wheel by providing double and disconnected nodes in
the crack area. The following cracks were simulated:

1. One small radial crack, provided by detaching one
boundary on one of the rim elements (Fig. F.2.1).

2. One small radial crack through the rim, but not
extending into the plate (Fig. F.2.2).

3. One large radial crack extending from the rim through
to the axle (Fig. F.2.3).

4. One large plate crack (open on both sides and extending
slightly in the radial direction at both ends

(Fig. F.2.4).
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FIG. F.2.1 VIEW OF A 33 INCH WHEEL WITH ONE SMALL RADIAL FLANGE
CRACK - ANSYS GEOMETRY

FIG. F.2.2 VIEW OF A 33 INCH WHEEL WITH ONE COMPLETE RADIAL
FLANGE AND TREAD CRACK - ANSYS GEOMETRY
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FIG. F.2.3 VIEW OF A 33 INCH WHEEL WITH ONE COMPLETE RADIAL CRACK -
ANSYS GEOMETRY

FIG., F.2.4 VIEW OF A 33 INCH WHEEL WITH ONE LARGE PLATE CRACK -
ANSYS GEOMETRY



267

The following forcing functions were investigated
to determine the vibration response of a wheel with or

without simulated cracks.

(i) a square pulse: to simulate a single impact
{(11) repetitive square pulses: to simulate repetitive
impact

{(11i1) a sawtooth: to simulate slip-stick action such

as with a retarder or brake shoe.

Excitation of Cracked Wheels

Several studies were made to determine the effect
on the spectrum of cracks of various sizes and in various
locations. In addition there was some interest in deter-
mining the effect of varying the direction and point of
contact on the wheel of the forcing function and the posgition
of this point relative to the crack. These studies are
summarized in Table F.2.1.

Figure F.2.5 shows the caiculated line spectra for
the good wheel and for wheels with different cracks.

In general, the introduction of a crack results in
removal of degeneracy of modes and the introduction of
new regonances. Both of these effects cause the appearnce
of additional lines in the spectrum. Even cone small
crack in the flange causes significant differences in the
spectrum, especially in the range 2000 to 4000 Hez.

Figures F.2.6 and F.2.8 show Mode Coefficient {related

to the amplitude) vs. Frequency plots for good wheel and
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wheels with different cracks excited by a square pulse.

For good wheel excitation, it is seen that different modes

are excited depending upon location of the point of excitation
relative to the load line. Also the modal amplitude

varies somewhat. A study of the effect of different impact
points was made for the wheel with the smallest possible

rim crack.

Axial and radial excitation on the flange by a sguare
pulse was carried out separately at various angular dis-
tances (15 degrees apart) from the load line. The purpose
was to determine if the small crack so simulated is evident
in spectral changes, and secondly, to determine if the small
crack may be discovered regardless of the point of wheel
excitation. The results show that the number of resonances
excited between 300 and 10000 Hz in the faulty wheel varied
between 27 and 40 depending upon the nodal location on
which the impulse was applied, and on whether this impulse
was applied axially or radially. However, the amplitude
of the major resonances was not greatly affected and it
was concluded that there was no great advantage to be gained

by impacting the wheel off the load line.
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APPENDIX G

RELATIONSHIP AMONG OPERATING PARAMETERS

In assessing progress towards the goal of helping
the Railrocads find defective wheels it is necessary to have
some "yardsticks" or "figures of merit" by which to measure
the performance of the acoustic signature sgsystem in
comparison with current practice and other systems and to
measure the cost/benefit ratio of developing and operating
such systems. Such measures are not easy to come by
partly because some of the information that it is necessary
to have (e.g., the percentage of defective wheels in
service) is not available in a precise form.

It is possible to define two figures of merit which
could be used to assess progress. First, reliability is

defined as:

Numher of correct decisions

R = Total number of decisions

where a decision is a good/bad wheel choice as made by
the system. The false alarm rate is defined as:

Number of unconfirmed indications

Fo= Total number of bad wheel indications

Let the number of axles passing the inspection point in

a given period be N Suppose that Np of these axles

I
carry a defective wheel and that the fraction of these
identifiable by acoustic signature inspection is g. Then

the number of bad wheels correctly found will be
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Let:

ND = fNA’
so that £ is the fraction of axles with defective wheels.
Now if the total number of indications made during this

pericd is N the false alarm rate will be:

N. - N
1

so that,

i~ 1-F ~ 1-F

The number of incorrect indications will be (Ni - NB)

B'- Ni)a

Thus the system reliability for this period will be given by:

and so the number of correct decisions will he (NA-NJ

R = A B i_, . _Fgf.
N 1 -F
A
Rearranging
= 1 ~-R _ . _ g9gf
F=13gf-r~- 1~ 1T7gF-R

This formula states the prcblem in a nutshell. F, the
false alarm rate, is an operating parameter. The

question is how many wrong indications would be accepted

by the railroads for every bad wheel detected. Suppose

an acceptable value igs F = 1/2., To accomplish such a

low value we would need a reliability of the order (1 - gf).
Now g is a measure of our scientific knowledge i.e., our
ability to recognize defective wheels. Using the optimum
ID egquation, it can be seen from Fig. 7.3.4 that if a

decision level of 64 is selected then g is unity, but if a



276

decision level of 69 isg selected then g is two thirds.
Let us assume g = 1. The real problem is with £, the
fraction of axles with defective wheels, which is a very
small number. Despite the lack of precise information on
the exact figure, estimating from the number of wheel
failures reported to the AAR and the total size of the U.S.
fleet of cars indicates that there is one defective wheel
in every 10,000
ie., £=10"%

and the reliability has to be about (1-107%) i.e.,
(1-0.001) = 0.9999 or 99.99%. Putting it another way,
the system has to work so well that only 1 incorrect
decision is made in 104.

On the other hand, consider the following case

F = 0.9 {one bad wheel indication in
10 is substantiated)

£ =102

then R&® 1 - 9gr = 1 - 10“3 = 99.,9%, representing one

incorrect decgision 1in 10+3. As can be seen from the
statistics in Fig. 7.3.4 there were 3 incorrect decisions
in 371 or about 1 in 123, Thus to find all the defective
wheels would require a reduction of the incorrect decisions
by a factor of 8., This would not appear to be beyond the
bounds of possibility for a prototype system. On the other
hand, with a decision level of 69, based on the same sample,

two thirds of the defective wheels would be found with

100% reliability and zero false alarm rate.
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APPENDIX H

REPORT OF NEW TECHNOLOGY

In the earlier report (FRA/OR&D 76~290 or DOT-TSC-FRA-76-6),
three items were listed as possibly patentable. Tn the present work,
a number of improvements are described and these are now listed under
the same three headings:

1) The system for Acoustic Signature Inspection of Railroad
Wheels is described again on page 6-9 and 109-110 with some new
ideas to bypass some problem areas,

2) The mechanical impacter, as actuated by the wheel itself, is

described with improvements on pages 93, 13-14, and 90-94. Additional
ideas for excitation methods are given on pages 94-99,

3) The improved computer programs for analysis of acoustic signa-

tures are described on pages 107-122 and printed in full in Appendix C

on pages 211-252.
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