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This is report number 22 in a series covering research performed
by the National Institute of Standards and Technology (NIST) for
the Federal Railroad Administration (FRA). This report covers a
project by the Materials Reliability Division (formerly the
Fracture and Deformation Division) to develop and build an
ultrasonic system to detect crack-type flaws in the tread of
railroad wheels. To achieve fully automatic operation, the sensor
is built into the rail so testing occurs as the train rolls past.
Signal analysis takes place in real time.

The ultrasonic probe is an EMAT (electromagnetic-acoustic
transducer). As configured here, the EMAT has a small footprint,
and, due to its principle of operation, it does not require any
acoustic couplant. The system operates in a pitch-catch mode. A
short burst of Rayleigh (surface) waves travels around the wheel
tread, and an echo indicates a flaw's presence and size. Testing
was performed on both a short track in the NIST laboratory and the
full-scale facilities of the Transportation Test Center (TTC) in
Pueblo, Colorado.

This report documents the design, construction, and testing of the
system. It is also to serve as an operational guide for the equipment
being delivered to the FRA.

Key words: crack; EMAT; nondestructive testing; railroad wheel; roll
by inspection; ultrasonic.
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INTRODUCTION

In this country, most railroad operations now deal with the transportation
of freight in its many forms. Modern needs place ever greater demands on
the elaborate rail network that began developing early last century. Just
one of the important elements in this complex system is the integrity of the
many wheels that bear the loads. As massive as the cast-steel wheels used
in the U.S. are, they would not seem to be a problem. Accident statistics,
however, indicate otherwise. According to the Accident/Incident Bulletin of
the FRA Office of Safety, broken wheels caused 134 accidents in the four
year period of 1985-1988, resulting in losses totaling $27.5M. Besides the
direct and indirect cost of such problems. there is the threat to human life
and health due to the accidents themselves or the potential environmental
impact from the release of dangerous materials. Disruption to commerce at
many levels is almost inevitable.

During their lifetime, wheels see a wide variety of sometimes extreme
conditions. Among these are large static and dynamic mechanical loads,
large-scale frictional wear, high temperatures from braking operations,
environmental extremes, and exposure to potentially corrosive materials.
All these factors operate to initiate tread cracks or aggravate any existing
faults. According to the stress conditions (applied and residual), crack
growth can be very slow apd gradual or rapid, even explosive. The relative
rarity of failures under all these extreme conditions speaks well for the
progress made in wheel design and manufacture.

Wheel improvements will continue, but it will not be possible to eliminate
completely the tread cracks that may, in the presence of tensile stresses,
lead to failure. For economic, environmental, and safety reasons,
replacement before failure is the preferred approach. Because of the costs
and uncertainties involved, retirement-for-cause is favored, whenever
possible, over replacement at predetermined intervals. Effective and
efficient nondestructive evaluation makes it possible to evaluate fitness
for-service. For railroad wheels, as in most other applications, the first
NDE test is visual examination by a skilled inspector. In practice,
however, this simple approach has severe limitations. Some of the problems
include: ' hidden flaws, inability to quantify flaw size, and unfavorable
conditions (e.g., position, lighting). The ideal test would be simple,
reliable, unintrusive, inexpensive, and operator independent. No available
techniques fulfill all these conditions perfectly, but ultrasonic testing
offers a possible major step in this direction.

The ultrasonic system examined here follows upon prior efforts at NIST and
elsewhere and the experience and expertise with electromagnetic-acoustic
transducers in this laboratory. After laboratory testing and development,
we built a prototype for delivery to the FRA. This will receive extensive
field testing and exposure to potential users. The desired goal is to
develop an instrument of value to the railroad industry that private
industry would license for commercial production.

The plan for this NDE instrument was to have a sensor placed in a test rail
located on the outskirts of a rail yard, or on a dedicated track siding.
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The train to be tested would simply rollover the test track (at speeds up
to 25 kmfh or 16 mph). The testing would be automatic and the report
produced at some desired remote site (e.g., the yard office). Maintenance
will likely be simple and minimal.

CONTRACT HISTORY

As the Fracture and Deformation Division of the National Bureau of
Standards, we first received a .Federal Railroad Administration research
contract to develop nondestructive evaluation (NDE) procedures for railroad
wheels in September 1985. During the period of this work, we have been
renamed the Materials Reliability Division of the National Institute of
Standards and Technology. Our contract monitors have been M. Clifford
Gannett, Claire Orth, and Donald E. Gray. The current contract is
Reimbursable Agreement No. DTFR53-89-X-00018 with an effective date of
4/21/89.

Over the past few years, we presented the results of the work done under
this sponsorship at five meetings:

1. Review of Progress in Quantitative Nondestructive Evaluation,
Williamsburg, Virginia, June 1987.

2. Review of Progress in Quantitative Nondestructive Evaluation, La
Jolla, California, August 1988.

3. Nondestructive Testing and Evaluation for Manufacturing and
Construction, Urbana, Illinois, August 1988.

4. Third International Symposium on Nondestructive Characterization
of Materials, SaarbrUcken, Federal Republic of Germany, October
1988.

5. American Society for Nondestructive Testing, fall conference,
Seattle, Washington, October 9-12, 1990.

Publications resulting from these conferences are:
1. "Flaw Detection in Railroad Wheels Using Rayleigh-Wave EMATs," R.

E. Schramm, A. V. Clark, Jr., D. V. Mitrakovic, and P. J. Shull in
Review of Prosress in Quantitative Nondestructive Evaluation, Vol.
7B, D. O. Thompson and D. E. Chimenti, eds., Plenum Press, New
York (1988), 1661-1668.

2. "£MAT Examination for Cracks in Railroad Wheel Treads," R. E.
Schramm, P. J. Shull, A. V. Clark, Jr., and D. V. Mitrakovic in
Nondestructive Testing and Evaluation for Manufacturins and
Construction, Conference proceedings, Urbana, Illinois, Aug. 9-12,
1988, H. L. H. dos Rios, ed., Hemisphere Publishing Corp., new
York (1990), 373-380.

3. "EHATs for Roll-By Crack Inspection of Railroad Wheels," R. E.
Schramm, P. J. Shull, A. V. Clark, Jr., and D. V. Mitrakovic in
Review of Progress in Quantitative Nondestructive Evaluation, Vol.
8A, D. Q. Thompson and D. E. Chimenti, eds., Plenum Press, New
York (1989), 1083-1089.
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4. "Crack Inspection of Railroad Wheel Treads by £MATs," R. E.
Schramm, P. J. Shull, A. V. Clark, Jr., and D. V. Mitrakovic in
Nondestructive Characterization of Materials, Proceedings of the
3rd International Symposium, Saarbracken, FRG, Oct. 3-6, 1988, P.
HOller, V. Hauk, G. Dobmann, C. O. Ruud, and R. E. Green, eds.,
Springer~Verlag, New York «1989), 421-428.

Most of this material was collected together and published as:
Report No. 18: Ultrasonic Railroad Wheel Inspection Using £MATs,
Raymond E. Schramm and A. Van Clark, Jr., NISTIR 88-3906, Dec. 1988.

Other work done under this contract focused on the measurement of residual
stress in the rim of railroad wheels. The approach has been to use an
ultrasonic birefringence method, also based on EHATs. The results of this
parallel study are in a subsequent NISTIR 91-3968:

Report No. 23: Residual Stress Detection in Railroad Wheels: An
Ultrasonic System Usin, EMAIs.

WHEEL INSPECTION SYSTEMS: OVERVIEW

Conventional Ultrasonics

In the mid-1970's, The Fax Corporation in Connecticut introduced the
WHeeLFAX* automatic ultrasonic system to examine each wheel as it rolled by
a checkpoint in a railyard [1-4]. Their ultrasonic probe, situated inside
the rail, is a pair of piezoelectric transducers within a liquid-filled
polyurethane boot. To aid the transmission of the probing signal into and
back out of the wheel, there are two nozzles spraying fluid onto the tread
as it passes. The basic idea, as in many ultrasonic approaches, is to
inject high frequency sound and then electronically analyze echoes generated
by any flaws present. The concept and engineering of this system are very
good, but the device has achieved only limited acceptance. The currently
active installations in this country are on a Florida-based railroad. There
are also plans for a test at the North Platte, Nebraska, railyard. Two
problems seem to have prevented large scale implementation: (1) a very
high rate of false positive indications, and (2) fragility, since the boot
is very susceptible to small cuts which release the pressurized liquid
couplant and disrupt operation. Unfortunately, as wheel treads abrade, wear
does develop occasional slivers which are short-lived but very sharp and
hazardous. Ongoing developments in electronics and signal processing are
improving performance.

* The use of trade names in no way implies endorsement or approval by
NIST and is included only for identification.
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EMAT Ultrasonics - Germany

For more than ten years, the Fraunhofer Institute for Nondestructive Testing.
(IzfP, Saarbracken, Germany) has been working on an ultrasonic inspection
system based on the same concept and physics used in the conventional
approach, but' taking a different approach to the transducers [5-8]. The
Germans employ noncontacting electromagnetic-acoustic transducers (EMATs)
that do not require an acoustic couplant to the wheel as do the conventional
transducers. EMATs simplify the mechanics of the rail mounting (since they
are generally smaller and more compact), cut the number of false positives
(since they have a purer mode of operation and eliminate many extraneous
interfaces in the signal path), and should be more durable (since there is
no pressurized rubber boot). A few years ago IzfP installed a prototype
system in Wuerzburg for use on the high-speed German experimental Intercity
Express (ICE). This system has now been relocated to Hamburg.

EMAT Ultrasonics - United States

The IzfP system inspects a small number of forged wheels on passenger cars
and locomotives; these wheels all have tightly controlled wear profiles
required of high-speed passenger traffic. In our current project, NIST
seeks to use EMATs to inspect cast wheels on long freight trains which will
generally have a variety of tread wear patterns and damage states. The
major differences between German and U.S. applications of roll-by inspection
systems have led us to incorporate several major variations:

1. In-rail transducer configuration to accommodate various wheel
profiles.

2. Use of a permanent magnet instead of an electromagnet to allow
operation on long trains.

3. Real-time, rather than off-line, signal processing for use in
heavy traffic situations.

'Magnetic

One other method has been proposed. Instead of an ultrasonic probe, this
system from Wheel Checkers in Colorado passes a thin steel tape past the
tread of the moving wheel [9]. This tape caries a continuous recorded tone
and the wheel is subjected to a strong magnetic field. Any perturbation in
the surface (i.e., a crack) will introduce a magnetic field gradient which
will distort the tone on the tape. This method has not received a field
trial, but the equipment is currently at the Transportation Test Center in
Pueblo, Colorado.

The following table contains some brief notes comparing the previous
ultrasonic systems with the one we have been developing.
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Comparisons of In-Rail Ultrasonic Systems

Sensors,
transducers
(Rayleigh
wave)

Frequency

Wheel trigger

Wheel contact
(in rail)

Footprint,
rail cut out

Analog signal

Signal
processing

YHeeLFAX

Piezoelectric (2),
sequential fire
(if time is
available) ,
unidirectional

400 kHz

Pressure sensor
at bottom of
fluid- filled
boot

Polyurethane boot
filled with
antifreeze, tread
sprayed with
detergent solution,
acoustic contact
through flexible
boot to wet wheel

2~" x 5" wheel
contact --
cut out - full rail
head width x full
rail head depth x
approx. 8" length
-- needs additional
rail for weight
bearing

Detected, log
amplified

Digitize for
approx. 2 ms, find
peaks, extrapolate
to time-O (remove
attenuation), flaw
signal - amplitude
ratio of 1st echo
to 1st round trip,
near real time

IzfP

EHAT using
electromagnet, 2
tandem serpentine
coils of 4 cycles,
approx. 24 random
wire turns,
bidirectional

450 kHz

Inductive pickup

Rigid assembly
pivots as wheel
passes over

Larger than NIST
cut out

Detected, log
amplified

Digitize & find
peaks, flaw signal
- amplitude ratio
of 1st echo to 1st
round trip, offline
processing

NIST

EHAT using permanent
magnet, 2 overlapping
serpentine coils of 7
ordered wire turns,
bidirectional

500 kHz

Membrane switch
operated by pressure
through foam pad

Flexible cover and
coils (over foam)
conform to wheel
profile, magnet
rigidly mounted
inside rail

1~" x 3~" wheel
contact --
cut out is full rail
head depth (slight
penetration into
rail web)--remaining
rail head width is
sufficient for weight
bearing (needs no
additional support)

Detected. log.
amplified

Peak detect for
approx. 2 ms, peaks
digi tized, flaw
signal - amplitude
ratio of 1st echo to
1st round trip. near
real time

Continued
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WHeeLFAX

Continued

IzfP NIST

Output -
signals and
flags

Cables,
connectors

Installations

History

Equipment
location

Guide rail

Service
required at
track

Problems

1.critical flaw
(amplitude ratio
adj us tab Ie)

2.no test
3.wheel size

Twisted pair,
screw terminals

Jacksonville and
Hialeah, FL, on
Florida East Coast
Railroad - test
site in North
Platte,NE for UP

Patent in 1974

Pulser and preamp
at trackside,
processing in hut
20 m away, report
at yard office
2.5 km away (by
fiberoptic link)

Yes

Boot needs
replacement,
filling, and
bleeding when
slit; need to
refill spray tank

1.critical flaw
(users set
amplitude ratio
empirically)

Twinax and/or
Lemo connectors

Part of test
facility for ICE
(InterCity Express)
of the Deutsche
Bundesbahn -
now in Hamburg

Installed 1987,
approx. 10 yrs.
development,
German patent

Analog electronics
probably at track
side

No?

None

8

1. cri tical flaw
(amplitude ratio
adjustable)

2.too many flaws(>3)
3."poor" metal (high

attenuation, no
2nd round trip)

4.no test
5.wheel size

Coax RG58CjU (3 @
10 m long) with BNC's

Field tests at TTC,
Pueblo, CO

Began research in
1985, 1st field test
in 1989, prototype
delivery in 1991

10 m of cable to
analog and digital
electronics, report
can be remote

Probably not

Replace coil package
after wear (aim for
>1 week intervals) 
requires 2 nuts and
3 BNC connectors
(approx. 5 min.)

Collection of
magnetic dust at
EMAT. coil package
durabili ty.
weatherization



IN-RAIL EHATS

£MATs (electromagnetic-acoustic transducers) are devices that generate and
detect sound energy directly in an electrically conductive speci~en. A
major advantage of these devices is that they do not require the acoustic
couplants usually associated with piezoelectric transducers. This
simplifies operation and eliminates echoes and mode conversions that might
occur at the inter(aces the signal would otherwise have to traverse.
Furthermore, they can operate effectively on rough and pitted surfaces.

Principles

To indicate basic £MAT operation, Fig.l shows a primitive element composed
of a wire conductor carrying a dynamic current I w and a source of strong
magnetic field Ho . The current I w induces dynamic eddy currents J w in the
metal conducto,r surface. Ho causes the deflection of the moving electrons
in a direction defined by JwXHo' The resultant Lorentz body forces, T,
generate ultrasonic signals that propagate radially into the spec~men.

The polarization and propagation direction of an ultrasonic wave from an
&MAT are the result of the orientation of the electric and magnetic fields
and the arrangement of the primitive elements. For the examination of the
wheel tread, we want a Rayleigh wave, one that travels along the surface and
does not penetrate into the bulk of the wheel. To generate this ultrasonic
signal, a coil with a serpentine layout is necessary (Fig. 2). The
periodicity of the coil is the wavelength of the surface wave, in this
instance, 6 mm at 500 kHz. Repetition of the windings increases the ampere
turns of the transducer for best signal strength. A flexible substrate and
support allows the coils to conform to the wheel's curvature for greatest
efficiency. This coil is currently laid out by hand, but automatic
production is available for large quantities.

Separate transmitter and receiver £MATs are usually physically separated and
each has its own magnet. We found we could minimize the size of the cutout

Figure 1. Primitive &MAT element.
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Figure 2. Schematic of the EMAT coils used to generate and receive Rayleigh
waves. A flexible substrate allows them to conform to the
curvature of the wheel.
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Figure 3. Compact configuration of transmitter and receiver coils relative
to the magnet. The shift between the coils minimizes the mutual
shielding.
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in the rail by stacking two of these serpentine coils and using only one
magnet. Careful staggering so that the wire legs of one coil show through
the open area of the other coil reduces the problem of mutual shielding.
Figure 3 indicates this arrangement, and the compact configuration that
results.

While EMATs cannot operate efficiently at large liftoffs (distance to the
workpiece), they can generally tolerate a separation on the order of
millimeters, and this is sufficient for roll-by inspection. Another EMAT
advantage is its high degree of selectivity, an ability to reject most
signals with an undesired polarization. This means a simpler echo pattern
and less confusion in data interpretation. In all the work of interest
here, the signal is a Rayleigh (surface) wave which travels around the outer
tread of the wheel and does not penetrate into the surface very far (~10 mm,
in this case).

During the course of field tests, various factors, such as loading, fatigue,
penetration of fine sand through the covering, etc., have caused the coil
windings to deviate noticeably from their original neat and symmetric
pattern (Fig. 2). In spite of these deformations, the signal strength did
not appear to diminish. The nature of the induction mechanisms and the
operational frequency contribute to a considerable robustness in use.

Configuration

During our laboratory research, the in-rail transducer evolved into a two
part device, magnet and coil package, mounted inside a test rail 2 m long.

The magnet here is a 52 mm x 26 mm x 31 mm block of Nd-Fe-B with a nominal
energy product of 0.28 MJ/m3 (35 MG·Oe). The field direction is along the
31 mm dimension and must be vertical in the track. A copper box surrounds
it, permitting mechanical attachment to the rail and shielding the magnet
from eddy currents generated by the coils. The exact configuration of this
box is not critical, but Fig. 4 gives some idea of the construction used
here. The copper is 0.8 mm (1/32 in) thick sheet cut into two sections.
Each surrounds three sides of the magnet and has ears extending from both
ends. The 1/4-20 bolts in the test rail pass through slots in the ears and
hold the magnet firmly in its pocket.

The coil package is a complex structure mounted on a bracket of aluminum
sheet 1.6 mm thick (Fig. 5). The vertical plate (approximately 100 mm
square) has two slotted holes for bolting to the rail head and holes for the
BNC connectors. The horizontal plate (approximately 40 mm x 80 mm) is the
support platform for two coils and the trigger SWitches.

The bottom layer is a pad of six membrane switches (Fig. 6) used to trigger
the electronics when a wheel is in position. The current connection of
these switches allows for setting up two independent systems. Until it is
determined that one configuration is better than the other, they can be
considered redundant. Trigger 1 is a pair of OR gates, right and left,
connected to make them an AND gate. The trigger occurs with the closure of
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DIMENSIONS

~ i!El

A 10.6 4 1/S

B S.' , 1/4

C 5.4 2 1/8

D '.2 1 1/4

E 2.9 1 1/8

Figure 4. Sketch ~f copper box (two pieces) holding the magnet in the rail
pocket. The slots in the ears match the bolts in the test rail.
The magnetic field must be vertical (D direction)."

l

either switch on the left and either switch on the right.
simply a pair of OR gates; the trigger occurs when either
There are independent connections to the two systems.

Trigger 2 is
switch is closed.

Over the switches is a 5 mm thickness of resilient foam with small, closed
cells. This material has two functions. First, ·it compresses under the
load of the passing wheel and presses the.flexible coils into the tread
profile. This close coupling insures the maxim~ signal amplitude. Second,
the foam transmits pressure to close the membrane switches under it.

Atop the foam is a thin (0.5 mm) sheet of fiberglass/epoxy composite. While
this material will flex to the wheel curvature, it provides mechanical
support for the coils and prolongs their fatigue life. Perhaps more
importantly, it supports the coil electrical connection, which have, so far,
proven to be the most fragile part of this package.

The two EHAT coils are on the top of this support sheet. They are shifted
with respect to each other, as noted above (Fig. 3), and fixed into
position.

Next is a thick (0.4 mm) layer of polyethylene tape. Its main purpose is
mechanical protection of the underlying coils.

The present overwrap for the switch and coil package is a coarsely woven
fiberglass cloth sprayed with a contact adhesive to keep it from unraveling.
This provides overall and first-level protection.

Since this coil package is in direct contact with the passing wheels, it
will suffer wear and eventually fail (probably due to a break within a coil
or a failure of a solder joint). With this in mind, the whole package is
expendable. Replacement involves only two nuts and three electrical
connectors.

The test rail section (Figs. 7 and 8) has a'pocket machined into the head to
hold the magnet, and a recess along the top of the head for the coil
package. A tapered transition into and out of this recess helps to transfer
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HORIZONTAL PLATE

Supports :
Trisger switches
Res1lient pad
EKAT co1ls
Protective cover

I

VERTICAL PLATE

Bolts to rall
Electrical connectors

Figure 5. This aluminum bracket is the support structure for the coil
package. It is bent from a 1.6 mm sheet.

TRIGGER 2

MEMBRANE
SWITCH PAD

TRIGGER

1.9 C M [0.75 IN.]
CENTERS

Figure 6. Membrane switch pad used as a wheel trigger. These connections
give two separate triggers.
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Figure 7. Schematic of the machining necessary to put the &HAT tranaducers
in the rail. The deep pocket is for the magnet, while the tapered
rec~ss along the top is for the coil package. The rail section is
67.5 kg/m (136 lb/yd) with a length of 1.7 m (65 in).

load smoothly to the remainder of the rail head for wheels with nfalse
flanges· and minimizes stress concentration and fatigue problems. Bolts on
either end of the pocket anchor the &HAT.

Figures 9 and 10 are cross sectional views of the &HAT within the rail and
indicate how the foam compresses into the recess while the remaining rail
head bears the weight. Figures 11 and 12 are photos of the coil package
assembly and the &HAT insertion into the test rail.

OPEIATIORAL PRINCIPLES

There are four basic subsystems.

Transducer Package

The &HAT transmitter and receiver coils with their magnet are inside the
recess machined into the test rail. Integral to this package is the pad of
membrane switches that trigger in the presence of a wheel. The magnet
inside its copper box should be permanent. The coil package mounted on an
aluminum bracket is subject to wear and will need occasional replacement.
The coils and switches connect by coaxial cables to the analog electronics.

14
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Figure 8. Dimension and details of pocket machined into test rail. The
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&MAT in a straight line back to the surface of the rail head.
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Figure 9.

Figure 10.

Cross section of EHAT system within the test rail. The
distance between the vertical plate and the box is adjusted
with washers to assure a 3-4 mm space between the end of the
horizontal plate and the lip of the tapered recess. (See
EQUIPMENT INSTALLATION.)

eMIN.-
Cross section showing how the wheel compresses the coil
package into the machined recess while the remaining head
bears the weight.
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Analog Electronics

There are
a.

b.

two parts to this package:
A high-current rf amplifier to produce gated pulses (10 cycles) at
500 kHz for the transmitter.
A high-gain, low-noise amplifier for the receiver signal. This
section also contains a detector and log amplifier.

Digital Electronics

This package processes the analog signal (the detected envelope of the rf).
The front end contains integrated circuits to:

a. Detect the peaks found in the first 2.5 ms of signal after the
trigger generated by the passing wheel. This is enough time to
complete the first two round trips (RTs) of the acoustic signal.

b. Digitize the amplitude and time of every peak found.
A microprocessor then uses the software in an EPROM to analyze this peak
information. Each wheel will generate one of five flags:

a. No test. There was no recognizable signal.
b. Poor metal. The signal was so highly attenuated that the second

round trip disappeared.
c. Critical flaw. There was a large flaw echo.
d. Multiple flaws. There were more than three flaw echoes.
e. Wheel OK.

Report Station

This is a small personal computer connected to the digital electronics by an
RS-232 bus. This unit receives the flag signals from the microprocessor and
prepares the final test report. It can be located in a location remote from
the rest of the equipment.

Figure 13 is a block diagram of these four subsections, while Fig. 14 is a
logic diagram of the overall process integrating the hardware and software
systems.

EQUIPMENT INSTALLATION

In-Track [HAT

EMAT installation must follow a sequence.
1. Install the test rail in the track. The magnet pocket and tapered

recess must be on the outside.
2. Screw in the two threaded rods (1/4-20) on either side of the

magnet pocket. These are 3.8-4.4 cm (1 1/2-1 3/4 in) long and
will seat firmly in the drilled and tapped holes with about 2.5 cm
(1 in) protruding. They do not have heads, but there is a

18



Peak/Time Signal

Detector
............

Processor

High-Current Low-Noise

Pulser Amplifier

1.:

IEMAT II Trig II EHAT I Computer-

Figure 13. Block diagram showing the relationship of the in-rail
transducer package, the analog electronics, the digital
electronics, and the reporting computer.

screwdriver slot in the end. To allow subsequent removal, it is
best to grease the threads.

3. Insert the magnet into its copper box. The magnet must be
oriented so that its field is directed into the passing wheel
(perpendicular to the top of the rail head); north or south pole
must point directly up. The magnet is very strong and will jump
at any ferromagnetic material (e.g., the rail), and will pull
itself into the rail pocket, Use great caution to hold the magnet
firmly and avoid crushing fingers between rail and magnet, Ease
the box into its location; the two bolts should pass through the
slots in the box wings. A cautiously used screwdriver in the
pocket and behind the box may help maintain control.

4. Place a washer and nut on each bolt and tighten.
5. Determine the number of washers on each bolt that will provide the

proper spacing of the coil package from the outside edge of the
rail head. The horizontal plate (Fig. 5) has a cover to protect
the various components. To minimize cutting this cover, the far
edge (on the inside of the track) should be about 3-4 mm from the
edge of the tapered recess (Fig. 9). As the foam collapses under
the wheel weight, the cover folds into this space. Stack enough
washers (atop the nut holding the magnet in place) to maintain
this distance when the coil package is in place',

19
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Figure 14. Logic diagram to show the operation of the systems shown in
Fig. 13. (RT - acoustic round trip signal.)
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6. Position the coil package in the tapered recess. The slots in the
vertical plate will pass over the bolts and rest on the stack of
spacer washers. Tighten a locking washer and nut on each bolt.

When replacing a coil package, remove only the outer nut and locking washer
on the two bolts. Remove the old package, position the new one, and replace
the washers and nuts.

Connections and Cables

Figure 15 shows the interconnections between the four subsystems. All the
cables are coaxial type with BNC connectors except for the RS-232 link to
the reporting computer.

The cable connecting the in-rail package ("track cable") is special because
of its length (10 m), and its shield of metal braid. While this braid does
bind the three coax ~ables together and helps to protect them from
mechanical damage, its main function is electrical shielding to minimize
noise pickup. For this reason, on each end there are alligator clips that
should be attached to the frames of the coil package and the analog
electronics.

While the individual lines within the track cable, are identified, there is
very little or no difference in the signal if the transmitter and receiver
connections are exchanged. For the sake of consistency, though, it is
probably better to follow the ID markings.

The length and type of the track cable are important. Both transmitter and
receiver circuits have been tuned with this cable (10 m of RG-58C/U) to
account for its capacitance. A different len&th of cable will require
adjustments to this tuning. (See the ELECTRONIC SCHEMATICS section.)

The two cables between the analog and digital electronics can be any
convenient length and type. Within the specifications of the standard, the
same is true of the RS-232 cable going to the output computer.

On the reporting computer, there are special cables between CPU-and monitor,
and also between CPU and keyboard. A printer is required only if a hard
copy report is desired after a train passes.

The digital oscilloscope in Fig. 15 is not necessary. It is merely a means
of visually monitoring the signals as they are generated. The trigger and
acoustic signal can be teed off either analog or digital electronics.

Although not indicated in Fig. 15, each of these electronic boxes requires
its own connection to a standard 110 V, 60 Hz power source. The computer
has its own separate plugs for the CPU and the monitor.
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Figure 15. Diagram of cable connections between the four subsystems.
The track cable is shielded by a metal braid. The digital
oscilloscope is only a monitor and not required for
operation. The printer is required only if a hard-copy
report is desired.
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EXPERIMENTAL RESULTS

Initial development of EMAT design and electronic equipment was done in a
static mode. Later, to simulate dynamic operations, we established a
standard gauge test track in our laboratory that was 2 m long (Fig. 16).
TTC provided us with several wheel sets (two wheels on an axle) that we
could roll back and forth over our sensor. Subsequently, we had the
opportunity to conduct field tests at TTC (Fig. 17).

Laboratory Tests

The major
1.

2.

3.

items to test on the in-track unit were:
Geometry.
a. The depth of the track recess necessary for the coil package.
b. The lateral location of the £MAT coils.
c. The effect of the lateral position of the wheel.
d. The depth of the foam necessary to accommodate the taper on

the wheel tread.
e. A preliminary look at the effect of variations in the tread

wear profile.
Trigger operation.
a. Pressure required to operate the membrane switches reliably.
b. Effect of the direction of wheel travel.
c. Repeatability. &

Response to variation in the small range of velocities possible.

Of course, having a consistent and realistic source of acoustic signals was
necessary to understand how to interpret the information available. This
has to precede the development of any analysis software.

Acoustic Signatures

The oscilloscope traces in Fig. 18 are indicative of a few types of acoustic
signals recorded in the laboratory. All these waveforms are after
electronic detection and log amplification. The data are from 0.91 m (36
inch) diameter wheels.

Wheel OK

The wheel in Fig. l8A had been taken from
recently machined to restore the profile.
and the signal shows no flaw indications.
ratio that give a very clean baseline and
prominent.

service, but the tread was
This wheel was in good condition
Note the escellent signal/noise

makes any acoustic signals very

The large spike at zero time is due to the gated rf pulse in the transmitter
coil inducing a pulse in the receiver coil which overloads its amplifier.

-This is frequently identified as the "main bang." During this recovery
time, we are unable to see an acoustic echo. This signal merely indicates
that the system is operating.
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Figure 16. Full scale test track established in our laboratory. Wheel
sets rolled over the EMAT. Total length was about 2 m.

Figure 17. Test site established on the Impact Track of the
Transportation Test Center in Pueblo, Colorado. The
electronics were housed in the trailer.
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Figure 18. Typical analog signals. A and B are from the same wheel
before and after cutting an artificial flaw. The wheel in C
had been condemned for thermal checking and removed from
service.
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The signals occurring at approximately 1 and 2 ms are the first and second
round trips (RTs). Depending on the metallographic condition of the wheel,
the acoustic pulse can travel many times around the wheel (we have seen as
many as 18), or very few. In the signal analysis, the arrival time of the
first RT is indicative of the wheel size. If this signal is not seen, no
test is possible and the digital system raises a flag (Fig. 14). All
materials normally attenuate the signal amplitude, so each successive round
trip is smaller. If the microprocessor cannot find the second RT signal, it
raises a flag that the metal may be in very poor condition.

Single Flaw

The data in Fig. 18B are from the same wheel used in Fig. 18A, only now we
have machined a semicircular slot (2 mm deep and 12 mm long at the surface)
into the center of the tread. The additional signals .are echoes from this
artificial flaw. There are multiple returns because there are multiple
acoustic paths for the signal to travel.

Our current algorithm looks for peaks between the "main bang" and the first
RT. If the flaw signal amplitude exceeds 20' of the first RT amplitude. it
raises a critical flaw flag. This 20' figure is based on very limited
laboratory experience, and experience will undoubtedly dictate later
adjustments.

Multiple Flaws

Figure 18C shows the signal from a wheel condemned for thermal checking.
The likelihood of a single deep crack is small, since whatever causes one
crack will probably cause many more around'the tread. If more than three
peaks appear between the "main bang" and the first RT, the analysis raises
the multiple flaws flag. Because of the high signal/noise ratio (Fig. 16A).
we have confidence that each peak here is a true indicator of a flaw.

Blind Spots

The signal in Fig. 18A shows no echo returns from any flaws. The
unavoidable presence, however, of the "main bang" would mask any indication
of flaws near the transducer--the signal would simply be lost. The same
problem exists for any flaws exactly opposite the transducer; their echo
would be lost in the round trip. This means that a short section of the
tread at the top and bottom of the wheel (as it triggers the ultrasonic
pulse) will not be inspected. We estimate that these two hidden areas
amount to about 20' of the circumference.

In practice, this ability to see only about 80' of the tread may not prove
to be much of a problem. Our limited experience has indicated that real
flaws usually occur in large multiples. If this observation holds up in
field use, the hidden area will contain only a small number of the fl,ws
present. The analytical algorithm will likely raise a flag on the basis of
the remaining flaws detected. Of course, it. is always possible to use two
sensors with a spacing of about a quarter of a wheel circumference.
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Field Tests

Of course, no amount of laboratory work could substitute for actual tests on
a rail line. TTC provided us this essential opportunity on three separate
occasions. They installed our test rail on their Impact Track and
established a trailer to house the electronics so we could run week-long
tests on November 13-17, 1989, and May 14-18, 1990. On June 25, 1990, we
left the equipment on site for TTC personnel to operate until July 12. The
tests began with simply rolling wheel sets (as we did in the lab) to
establish initial setup, and graduated to running an engine and several
consists (Fig. 17). The rail cars were empty in some cases and 20'
overloaded in others. The wheels ranged from brand new to condemned from
revenue service.

Included among the things learned and the things modified as a result of
this experience:

1. Ther~ were two design changes in the aluminum bracket support of
the coil package. While this unit does not bear the weight of the
passing train, it does see enough load that the thickness must be
sufficient to avoid deformation. One wheel with a heavily worn
profile had so much overhang below the top of the rail head that
we had to remove a projection of the horizontal plate that
extended past the vertical plate.

2. Even though the rail flexed quite noticeably as each wheel passed,
the magnet in its copper box did have sufficient space that it was
not crushed or deformed.

3. As determined by TTC engineers, the modified rail section was
sufficient to support fully loaded cars, 143 000 kg (315 000 lbs)
on eight wheels.

4. To obtain some degree of reliability in the trigger system, we
advanced from a single membrane switch to the pad in Fig. 7.

5. On occasion, it was necessary to insert a 2-4 mm thick spacer
between the magnet box and the coil package. This raised the top
surface and generated more pressure through the foam pad to close
the membrane switches.

6. Some software changes improved the communication between the
digital electronics and the reporting computer.

7. Hardware changes in the digital electronics increased the time
resolution of the peak detector.

8. The high-current traction motors of the locomotive did often
generate noise in the baseline of the acoustic signal when they
were directly over the EMAT. However, even for the first wheel
after the locomotive, there was no indication of noise from this
source. The coils appear to be well shielded by the rail and the
wheel under inspection.

9. All the electronics functioned properly with power from a portable
10 kW generator.

10. While one coil was cut by a wheel sliver, the major weakness in
the coil package appears to be in the fatigue life of the
electrical connections
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11. With the redesigned switch pad (Fig. 6), the trigger system
appeared reliable up to about 24 km(h (15 mph). At higher speeds
(32 km(h or 20 mph), some wheels did not trigger the system 
particularly, the second wheel on a truck. While such a speed
does not represent a significant restriction in a rail yard, this
limit is likely due. not to the switch, but to the mechanical
relaxation time of the foam pad above the switches. At the higher
speeds, this material does not have time to recover to its
original shape before the next wheel arrives. Should this become
a problem, some other foam would likely be preferable.

12. A guide rail was installed but its spacing had no effect.

Figure 19 demonstrates some specific examples of the data collected during
the first test in May. The train speed here was 8 km(h (5 mph), but the
appearance of the signal remained unchanged up to at least 24 km(h (15 mph).
The wheel in Fig. 19A was in normal service and had no known defects. The
wheels in Fig. 19B and C had been condemned and removed from use.

~e signal baseline for a number of wheels with no defects was as flat as in
Fig .. 18A, but Fig. 19A shows considerably more structure. This may indicate
the kind of threshold it will be necessary to specify in the analysis
software.

The "scrape or gouge" signal in Fig. 19B shows strong echoes indicative of
a single large flaw (cf. Fig. 18B). The "thermal cracks" signal in Fig. 19C
is similar to Fig. 18C in haVing a large number of significant peaks. Some
wheels with similar condemnation codes so attenuated the signal that the
round trip indicators were not detectable; in this case, the program would
raise the "no test" flag. The FRA report "Field Testing of Wayside Crack
Detection System" by Robert K. Larson, Jr. of TTC (Feb. 1991) contains
signal traces from many of the wheels tested.

ELECTRONIC SCHEMATICS

The special electronics designed and built for this project are currently in
two distinct packages.

The analog electronics make it possible for the EMATs to generate and detect
the ultrasonic signal. These two functions are physically separate and
distinct. but the circuits are mounted in one chassis with seven modules.

Pulser: Generates a gated (generally 10 cycles, but adjustable) pulse
of high current at 500 kHz when the in-track trigger closes
to signal the presence of a wheel at the test station. This
system also passes on a trigger to start the signal
processing in the digital electronics section (see below). A
series capacitor at the final output tunes the transmitter
cable-EMAT system to achieve the maximum power transfer (Fig.
20A). The first five modules of the analog chassis house
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this function. Figure 21 shows both the voltage and current
characteristics of the transmitter pulse.

Preamp: Provides amplification with a very low noise but high
(variable) gain (Fig. 22). The output delivered to the
digital electronics is a detected, logarithmically amplified
signal (see Figs. 18 and 19, A-C). A shunt capacitor at the
input tunes the receiver cable-EHAT system to minimize signal
loss (Fig. 20B). The seventh module of the analog chassis
houses this unit.

Figure 23 is a schematic of the modules in the analog chassis, giving their
location and connections. The module numbers run from left to right looking
at the front of the chassis. Module six is empty. Figure 24 is a system
photograph.

switches on the front panel.Module 1 has the electrical control
off sequences~ always be:

ON 1. Power
2. High Voltage

Note: the high voltage is the last

OFF 1.
2.

on and first off.

The on and
, .
High Voltage
Power

Among other logic operations, module 4 determines the number of rf cycles
generated in each power pulse to the transmitter. This is controllable from
1-10 cycles by a thumbwheel switch on the front panel. We have normally
operated with 10 cycles (setting - 0).

The gain of the preamplifier in module 7 is variable over a wide range with
a ten-turn pot on its front panel. We have generally used the mid-scale
setting of 400.

Figure 25 indicates the power and signal connections between circuits, Figs.
26-31.

Digital

The digital electronics process the signal generated by the analog system.
Again, there are two parts (on the same printed circuit board).

Peak detector: Extracts amplitude and time information of each
peak above a noise cut-off. The inputs are the
preamp signal and the pulser trigger.

Microproces~or: Uses the software in an EPROM to analyze these
peaks and determine whether a flaw is present.
This decision goes to the reporting computer.

In Fig. 24, the digital system is in the box sitting on top of the analog
chassis. Figures 32-33 are the schematics of each of the circuits.

List of Electronic Components

The following list identifies the components of both analog and digital
electronics (Figs. 24-34).
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ANALOG CHASSIS
Schematic of the analog electronics chassis. This identifies
each of the modules, its location, and connections. (Front
view. )

Figure 24. Photograph of all the special made parts of the crack
detection system: (1) analog' chassis with seven modules,
(2) digital unit sitting on top, (3) 10 m cable, and (4) EHAT
inside the test rail.
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List of Electronic Components, Analog and Digital Boxes

It•• OUantity Reterenee Ptlrt It•• OUantity Reterence Part

SIll lIIIDL SEllSIIIG SIIITOf )7 C36 .01

tJl,02,U6 Ul723 38 CJ7, C45,C46, cas r C91, e13 .. .01

Cl. C2. C6 .Cll.Cl0l, Cl03 1000 3& 018.019 lIlel

Rl 500 40 R25. R26 POT

R2 750 41 JPl IlEADER 2D

JU.R5.Rl0 5.6K 42 I.l 101lll

12 C'3, C4, C7, ct. C12, C14 ,C19, 4.7 0 R27. R54. R60. C84 10
C20, C2t. C30, C35. Cl13

7591144 UU
I 15 C5, C8 ,ClU,(1) ,C15.01, .1

(')1, ell, C42, C4 3, C77, C'79, 45 R2B,R2&.RJa.R43,ao 100
Cll,Cle,C130

46 JUo,a:n 5.11K, R4 no
47 La 150NH

10 03,U5 III"1B05 .. 6 RJ3, Rlil, RtI, A61, RIO. R.Jl 10)(
"11 12 .1. Ul. R14, A17 ,R40 I 144 I u:

••5, RI', AI' .•70,R71,.'5 4& R35,R3I 8.1

12 R7.RU JK 50 RJ6.R37 30

13 .1,A13 .~O.R21,R22,R'9 3.3)( 51 R39 7.5K

14 a& 3.2)( 52 030 IInl0&

15 01,02,03 1In16B 53 lIS un04

16 C16.C17.C18 lIIP 54 Q10 lin190

17 Tl.T3,Tla1.T3a1 rP34-340 55 Q11 2.3906

11 P3,Pl,P2,'4. P~,UIJ CDIIII FRAin 58 QU IInlB&

1& Q3,Q4.Q8 U2222 57 T3.T4 1"

20 Ql.Q3.Q5 3116122 " SV2 • SV5. S118 IIlI sPur

21 V7.01 ftCU& 51 J2 OUTPUT

22 Q7.ClI 151150 60 J3,J4 DIPUT

n D4,D6,DI,Dt 1IllR1550 6l T5 DlIIl

U 05,07 1Il524BA 62 C44 sOOpr

25 R15.a16 3.3 n en 11lf

28 J1 _T llIlIT 64 eel 100pr

27 RlB.RlI lB 65 TI 200KYA

2B 010.012,013,011 lIlJlOO 88 n3 -3' 011,014. 01S. 017 1IIsns 87 lIIISA1 UGB IIlIUME

30 Ra3.Ra4 510 IB S1ISC1, seal 3P2T

31 C22,C32,C4D,R57 1'" 81 022,~3 UB2I1lCP

U C23 SSOOl>' 70 R46 12K

n 11 CZI.CZ3,CZ4.CZS.CZI.CZ7. 1"'" 71 021 I K lJI4001
C.7 ,C41 ,e&. ,00 ,CS1,C!3,
eSJ.CSI.OS,CSI 72 10 IDB. 034, V31, V37 • V3I, 044. 74121

34 V10
U.S,D•• ,Vtt,NO

ABOOU
U D4D,U.' 7U~00

3S Vll.VJ2,Vn TI.Il71
74 S 1171.117'.UO."3,.12 470

JI ClI 390
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List of Electronic Components, Analog and Digital Boxes (cont.)

Item Quantity Ret'erence Part Item Quantity Ret'erence Part

75 C107,C109.CllO lnF 113 RP1,RP2 4.7k

76 elOS 150 114 U19 7821

77 un 7.74 115 U,L4,LS,L7,LS 10uH,
78 0'42,0'43 14LS19Z 116 CS1, C52, CIS) ,eli4, C65, C66, O.luF

UJ1,U47,U50,U61
CIS?, elSa. C69

79 7404
117 U20 053695

BO el11, ceo, C8Z, Cl12 47
11B U21 2764

Bl RSJ., R48, R49, R50, RS]. RS4 10k
119 Xl 16KHz

B2 RSS, RS? 270
120 U22 87C51FA-l

B3 C127, C12B 0.1 M
121 U23 75189

B4 RBS,RBS 360
122 U24 1488

85 U51 74S04
123 0'26,0'27 U1311

B6 U52, U53 MCU601
124 U29 5902

B7 U54, 0'55, U57 149140
125 U30 HUl76

88 U56 74liCT4046
126 L6 lOOu.H

B9 C129 nOPF
127 R51,R55,R58 lk

90 R92 5.11l
12B R52 4I.4k

91 R93 50K
129 R56, R~9 3.lk

92 J7 TRIGGER INPUT
llO 026 lN4148

9l SI/4 BCD SI/
131 CB7, CBl II

94 II Cl14, ellS, ellS, Cll'. CIIS, 0.1
Cl19. C120. C121, C122, C12J. Il2 C91,C9Z,C9J lOOn'
Cl24,C125,C126

Il3 027 I'IBOl01L
95 J6 TRIGGER OUT

134 U35 DG201
96 U59 N£555

Il5 R76 201l
97 R94 llll

136 R77 600
98 J8 TI

137 J5 TRIGGER
99 U62 14490

IlB C102 4700
100 R96 151l

Il9 C96 6800
101 R97 430

140 C98 1800
102 C132 2200

141 R72. R7l 2K
10l Cl11 2uF

142 R74,R75 1201l
104 Cl31,C75 .001

143 C99, C100 47UF
105 U14 HUll7l

144 JPl SIGNAL
106 C57 ,C60,C76,C78, cas, CS9. 10uF

1'5C90 JP4 OUTPUT SIG

107 R47 B.a 146 028 IN"••e
108 C58, C59 lOpF 147 T7 INDUSTRIJSIlA £LEC!lt'RONIKA

109 U15 HUl08 148 CLOt 470a/4av

110 U16 6264 149 elOS,ClC6i lll/25V

III U17 74LS13B

112 U18 H,LS245
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SOFTWARE

Operation

The signal processing software within the box of digital electronics is
contained in an EPROK. Turning the power switch on activates the
microprocessor and its command program.

The computer serving as the report station has two power switches: CPU and
monitor. After the booting operation, it is necessary to load the
communication and data recording program from the internal hard disk. The
simplest way to do this is to enter the command RTRN.R This executes a
batch file containing two commands:

CD TRN
COKTRN

Upon entry, the program needs a name used for the file storing the results.

Enter the file name for storing the data : XXXX

Sequential numbers (starting at 0) and the extension .DAT are added to this
name to create a separate file for each train. The screen then clears and
displays the name of the file prepared for the data about to be received as
well as function commands available (see below). The results from the
signal processor (received over the RS-232 interface) are then collected.
When the time since the last signal is one minute, the assumption is that
the end of the train is passed. The file is closed, its summary presented
on the screen, and the next file is prepared. Below is a screen sample:

• Mlln Relultl •
Totel wheell 4
Good wheell 0
10 telt 0
Wheel Ilze 56"

file ne.e : XXXX1.det
fl or f2 to operete current CON1/2
F5 choole window to look for .ore
F4 to chlnge the current file ne.e
f5 chenge the file nu.ber to reed
f6 lort Ind view the file relultl
PGUP to Icroll one pige up of dltl
PGDN to Icroll one pige down dltl
Elc you wlnt to ter.lnlte progrl •

••• 10 telt ••• •• Poor .etel •• •• Meny flIWI·· •• Deep fllw ••
She ]6 Whf 1
Size ]6 Whf 2
Size ]6 Whf 5
She ]6 IIhf 4

This sample is from a laboratory test of one wheel (with an artificial slot)
rolled over the EKAT four times. On each pass, the signal processor found
the echo from the slot and raised the "Deep Flaw" flag. Note that the data
displayed have been recorded on the hard disk in the file XXXXO.DAT; the
file XXXXl.DAT (noted on the top line) will'receive the data from the next
train.
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The functional commands always displayed on the screen have several uses:

F1/F2 switch between communication ports 1/2.

F4 allows you to change the file name.

FS allows you to change the sequence number on the file name.

F6 allows you to examine the data in the file named on the top line.

If a train's passage raises enough flags, it will not be possible to display
all the data on one screen.

F3 allows you to select one of the four flags, and see all the data.

PGDN scrolls down through the data.

PGUP scrolls up through the data.

Finally:

ESC exits the program, leaving you in the TRAIN subdirectory.

Program Listings

The first two programs, FTRAIN.C and FTIMER.C, were compiled and linked
using Franklin C-Compiler-S1. Machine code for these two programs is
contained in the EPROM in the digital box.

The third program. COMTRN.C, was compiled in Microsoft Quick C. This is the
program in the reporting computer that accepts the test results from the
digital box then records them in a file and presents them on the monitor.
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/* Aleil eorrlge return value */
/* Th. AID converter port eddre•• at COOOH */

1* OrlAftlretloD of the collect.d dato */
/* Look for flnt ro\ll'ld trlp */
1* Look for .ecODd ro\ll'ld trip */
1* Calculete and proc..e the fla" dgn.el '*/
/* AI.11D the .1r. and the fla" r••ult. to b. tr0D8.1ted '*/
1* Tr_lt the date to hoet coeputer */
/* Cl.ar .11 p.r...t.r. for the e~lng t •• t */
1* ...d AID convert.r for 101tlllz.tlOD '*/
1* Load count for tl8er_O to g.nerat. 1...AaIIllng '*/

Fl'RAIN.C
.inc1ude "reg52.h"
.inc1ude "etdio.h"
.ine1uda "eb.eee.h"
..senne Cll Oxd
..seflne port OxeOOO.
bit .urr teat;
e.tern blt tl8er_f1os:
ntem bit .trt;
utem lDt CUt:
utom uu _lIM4 lDt tl8erl_Cnlt:
utUII uu ...lp4 cbu count;
Uto -1sne4 lnt wha.1_ent:
cbu ...:
...i. WtO:
...1...._..taO;
...1. Urn.ftO:_I. aecODd.rc.);
...U &ale_n_<);
'fOl4 ren1t.n."o:_1'tr__ucoO;
_14 dr.oUO;
_I......_CllCO;
daco Lilt l.reYer:
'I0148A1DO
I
WtO;
ell' ono:
tsMr_nea-o:
for"'OI'·l:
wh11e (torpor) I 1* Moln loop for every teat */
lf « tl8er f1.g -- 1 l 66 ('eo~t >-3 II ( 1* Tl..r 0 int.rrupt ocur.d nov proc••• the data

ttMr_flq-O:
u. <lauO;
Urit_rtO:
aacond_rtO;
calc novo;
reault flovO:
tra ..uo;
ell' iuo;
4uO-DYTI [port):
THO-OlU'4;
1'LO-OIl41 ;
tl8ed_CDtooO;
"".o1_cD&'++;
I 1* IDd of t18er_D ,ro••••lna */

if ( tl8er1 CDt >- 1220 l ( 1* ODe .tlNte pu. dnc. the 1ut train */
If ( wha.1 cnt 1- 0) I

••Dd cntO;
wha.l_CDt-o;
I

tl8er1 cnt-o;
l -

1* I:Dd of vbn. */

/* TiDeI' 1 10 runnlng u a reel tl... clock *1

/* Operetlng tt.er 1 e. e reel tlae e. e tl.Mr In lnternal */
/* ...de due to 12Khz every 15.25 tiDerl_cnt • 1 eec */
1* Tt.e .ettlng for • loud Rat. gener.tor of 9600 '*/
/* On tt.er two for RS • 232 co-..nlc.tlon *1
/* B&ud rate g.neretor of 9600 to .erla1 port *1

1* Fallina .dg. trlgg.r.4 e.t.mol lDt.rruputa '*/
1* eo..unlcatlon I bit r.ele". on 6 T1 la on */
/'* Tleer 0 16 bit tt.er -.de 1. tt.er 1 16 bit auto reload for reel tl.e
/* Plrlorlty for e.ternal Interrupt. ;/
1* Load COUllt for tiMr_O to senerate 2u • ..,llng */

1* Gener.te 65536 cycle. for reel tt.e t1aer_l */
/* Ileed AID converter for lnltlliretion */
1* Working eree bank 0 for 10, 17*/

void ln1tO
I
TCOI'-O&45 .
SC05-Ox52;
tl9.)D-OltU;
Il'oo011.5;
t1I0-0ar4:
TLO-OIl41;
tKl-n.1-o:
u-UYTI [portl:
aso-lSl-o:
1E-Ox8F;
tLMrl_ent-o;

IlCAP2H-Oxff :
IltAP2L-Olr.eb:
T2COIl-ellr.30;
TIl2-l:
TIll-l:
DPH-OxcD;
D~DO;

P2-D;
enat-2;
.tart tut-1:
wh..l-cnt-D;
I -

1* The tonstant thee deul'1IIinea the deep of the fl.v *1

/* count. tho number of the whe.l. of the troln '*/
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/* Thla procedure searohes for 2 round trip */
/* The timing of first aT multi. by 2 I> 20 ts */

ITIMER.C
*ino1ude "reg51.h"
*include "etdio. h'
edefine CR Oxd /* Asoil oarrige return velue */
bit .trt;
bi t timer_flag;
bit srtrip_ok;
bit deep_flaw, many_flaw;
int srtrip nUll;
Int frtrip:nUll;
int cnst;
ohar wheel I1ze;
data unsigned char count;
data unsigned char 10w_byte{20). hlgh_byte(20I;
data uneigned char read-peak[20j;
unsigned Int frtrlp;
unoigned int rtrip;
unsigned char frtrlp_amp, artrip_amp;
data unsigned ohar flaw size;
union tim value -
( -

unaigned int I read;
unsigned chsr r_VelueI2J;

J u;
struot read_data
(

unsigned Int tlme_read[20j;
unsigned char peak_readI20);
unsigned ohar declaionI20);

I el;
void a.._dataO
I
char I:
for ( I~; I<-count; i++) I
u. r_value 11 J-low_byte (I J ;
u.r_velua{OJ-high_byte(i!;
d.t1.lle readIIJ-u.i reed;
d.peak:readlil-read-peak[ IJ;

)

void flrst_rt() /* This prooedura aearches for 1 round trip */
(
int I;
unsigned ohat msx_amp-O; /* Look for the maxLmum amplituda also Dec 4 */
frtrip-(l;
for ( 1-1; i<,""ount; 1++) I
rtrlpood.time_read[lj.d.t1me_readIOJ;

/* Look for firot round trip for 28" wheel 720 I> 40 Is */
if ( (rtrip >- 906) 56 (rtrip <- 1013) 56 (d.peak_read[i) >- max_amp) )

lIWC_up-d. peak_read I i] ;
frtrip-ttrlp;
d. deoislon(i J-l;
fttrip_num-I;
) /* End of 28" wheel */
/* Look for first round trip for 33" wheel 840 I> 40 ts */

If ( (rtrlp >- 1066) 56 (ttrip <- 1173) 56 (d.peak_read[11 >- max_amp) )
max_up-d.peak_read[I!;
frtrip-rtrlp;
d. declaion[ i )-2;
frtrip_num-i;

J /* End of 33" wheel */
/* Look for firot round trip for 36" wheel 920 • 40 " +60 ts */

if ( (rtrip >- 1174) 56 (rtrip <- 1306) 56 (d.peak_read[l) >- lUX_amp) )
max_amp-d.peak_readli);
frtrlp-ttrlp;
d. deoll1onli J-];
fnrlp_num-i;
I /* End of 36" wheel */

frtrip_OIII""'d. peak_rudl frtrlp_nUll) ; /* Amplltude of firot round trip */
/* End of first round trip seartch */

void aeoc>nd_"'tO
{
unsigned Int srtrip;
int I;
srtrip_ok~;

srtrip-frtrip*2 ;
for ( i-1; I<-count; i++) I
rtrip-d.time_read[ij.d.tiS8_read(OJ;
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FTlMER.C (cont.)
1f ( (rtrlp >- Irtrlp·26) 66 (rtrlp <- Irtrip+26) )

Irtrlp_m-l;
.rtrlp_ok-l;
br.ak;

wtleol_alze-cl. dec lalon I frtrlp_ ) :
.rtrlp_..,-d.p.ak_r••41.rtrlp_ I: 1* Aaplltudo of ••eond round trlp */

1* IDd of ••coad rouad trtp Hutch */

~I. ul,_o..()

&11& ,,:
&11& ...._... - 0:... n-__ -O:
.... ..,-(.nwl._.......c)110: te c.._ of 20t of flnc It! to _lute. Du. n .../
fow '( ,,-1: jCfnwlp__: J") C

nn,-.t.U8a_nMlJ I'" c"'_nodIOI :
&I ( (IVlp _ 200» C te Dlp ....... of UOIa fow .&pal -1'7 "'

-&-.:
J

.. In.__:
if ( ......_netlJl ,. ,""_,,, ) ...._n_l:
If ( n >-, J -,_0.. - 1:,
te 1M of ca1n1a.... _ n. dlMla "'

............ n.o
I . -
If ( frtn, - 0 ) I te !ben I. ftll flnt round trlp "/

tItleol I1z..•0' .
n .. a1l..'l'··,- ,

If ( II'trl,_ok - 1) I /" Thoro veri •••eond round trlp */
"""1 11z~..1 l1.o+OllloO:
If ( deep_fl.. -= 1 ) n.._.l ']';
If ( ~_n.. - 1 ) n.._I1 ·.·:
if ( ( 4o.._n.. - 0 ) ... ( UJIJ_n.. - 0 » n .._alz_' 5' ;,

If « II'trlp_ok - 0 ) 66 ( frtrlp 1- 0 » I 1* Ther. 11 no ••eond round trlp ...na poor •• tol
vblil .lz.-.hlll .1z0+0xloO;
n .. ab,,'2" -,- .

vo14 tron detoO
I -

wbUI( ITI): 1* Trann1t tho "".ol .In flnt */
n-o;
SIUF-.b111 .bl:
wblll(ITI); 1* Tr.naa1t tho fl.v r.port ••eond */
n-o;
nur-n.._.h.;
_nl(ln): 1* Traait tho CI. to .nd tr.....1UOIl ./
n-o:
llIIJF-ea:

.crt-o:
de.p_n....o:
uny_fl....o;
.rtrlp_"""'O:
frtrlp_.......o;
""..1 .lz.-o:
n.valz.-o;
rtrlP-o:
frtrlp_up-O;
Irtrlp_up-O;

tilDerO(} interrupt 1 .... lng 0
I

EA-o;
U.lr_fieg-l;
TRO-D;
EA-l;
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jHnclwle <do•. h>
.Lnclude <saIIoc.h>
.Lnclude <.tdLo.h>
.Lnclude <otdIlb.h>
jHnclude <tLM.h>
.Lnclude <conlo.b>
.include <blol.h>
.lnclude <Iraph.h>

Ide fi no COKl 0
ldefi". COIU I
-.Ie fino Fl Odb
ldefine F2 Odc
.de fine F3 Odd
Ide fi". F4 003e
~efino F5 003f
~efine F6 0040
-.lefine F' 0041
Ide fine FI 0042
~efine F9 0043
.define FlO 0044
.define CURUP 004.
~efLne CURDN 0a50
~. fino PGIIP 0049
.defLne PeON Ox51
ldefin. hc Oal
~.fin. EOI Ox20
IdefLn. p••k( Iddr

COMTRN.C

(*(WI.lIlgn.d char far *)Iddr)

/* Stack and pointer checkins off */
.pragma ch.ck_.tack( off )
~ragma ch.ck-pointer( off )
.nUII BOOUA!I I FALSB. nUl );

/* Prototype. for lnt.rrupt functiono */
YoLd (Lnterrupt far *oldcollUrll) ( void );
YoLd (Lnterrupt far *oldc~)( void );
yoLd Lnt.rrupt far n.vcolIUrIl( void);
yoLd Lnt.rrupt far nevc~( void );

lnt r.ad_flal - FALSE;
char data_inlIOO01. data_r.ad[lOOO];
char *dataJltr;
Lnt count. countl. forev.r-I;
char keyJlr•••• buff.rllOOO);
.truct Yideoconflg vc;
int cOll2 IIt-o. cOll2 on-O. fLl. m-O;
unllgn.d-char old_lnt_cont. n.w:lnt_cont:
char naIl_fil.ll'). naIl_flll_ln[lO];
char data_.ndl) - .1ltJI( - ";

char *.tr_find-ptr:
lnt whe.l_count. good_wh.el, whe.l_.ize;
char .ep.l] - "\r\n";
.truct wh•• l info
( -

char info[3];
char .ize;
char flaw;

) wheel[lOOO):
Lnt no_t•• tl,deep_flawl,poor_llItall,mKny_flavl:
Lnt no_t•• tll0001,de.p_flavllOOO),poor_lIetal(1000I,ll&ny_flaw[1000];
Lnt L, wh._.ize, pgup-O. pgdn-O;
char choose vdo;
Lnt pag._tot. page_nub_n, pag._nub-p. pag._nub_II, page_nub_d;

maln( )
(

un.igned k.y, .can;
Lnt kre.d - KEYBRD READ'
int kready - - KEYBRD IlEADY'
Lnt klhlftltatul - _KEYBRD~SHIFTSTATUS;

/* If blt 4 of the byte at Ox0040:0x0096 1
Lf( p••k( Ox00400096 ) 6 OxlO ) • .et, the nev keyboard i. pre.ent */
(
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COKTRN.C (cant,)

krud - RKEYUD READ;
kread)' - - _1lICEYIRD_READY;
kahlftotaeua - RKEYUD sHlnstAros;

I ., - -
cOlmt-e_tl~;

lD.1t co.-10;
-ptVidaoconfll( 69c );
_Mcvlda-u( _TIZTCIO ):
.,.a~( "da" );
_ fUaO:
_ fUeO:
_MC~twlndow( 3, 22, 11. 57);
_a.tta.teolo~(O);

_..tbkcolo~(llL);
ap~lntf(buffa~," Fl o~ P2 to operata current COKl/2 ");
_DUt~C( buffae ):
aprlntf(buffar," P3 cbooaa window to look for .are ");
_O\1tte.t( buffae ):
aprlntf(buffer," F4 to chanp the current fUe .... "):
_DUttast( buffer );
aprlntf(bldfae," F5 chanae the fUe au.ber to ~ead ");
DUttaat( buffae );

.pl'lntf(buffae," " aol't aDd vi.. the fUe ru"lto ");
_O\1tteat( buffae );
apl'lntf(buffar," PGUr to ac~oll ooa p..e up of data ");
_DUttaat( buffae );
ap~lntf(buffe~," PCDR CO acroll one pale dovD data ");
_OUttut( buffae ):
aprlntf(buffer," lac you W&Dt CO ter-lnate prolr.. ");
_outte.t( bldfer );
whU. ( fora...r )
I
atr_f1nd-pt r-data_ln;
atr_f1Dd-ptr-atr.tr( atr_flnd-ptr, data_.nd);
If ( .tr_flDd-ptr 1- ROLL ) I
atr_flnd-ptr-atrchr( atr_flnd-pt~, 13 ):
If « atr_flDd-ptr 1- ROLL ) 66 ( r ••d_f1al»

read_flaa- FALSE:
,..tcllar(7) :
,..tcllar (7 ) :
putchar(7) :
putch&r(7) ;
putch&r(7) :
..... fU.O;
COlmC-o;
read fU.O;
aol't- dataO ;
vl..:dataO;
fU. _;__fUaO;

I
vbU.( 1) I
it ( _blo._kaybrd( kre..sy » break;
If ( r.ad_fl..) I
it ( I( _blo._kaybr4( kready »)

8Can-Oi
IDCO cone;
I

1* _bl0._kaybr4( kr.ad ); *1
kay - _bloa_kaybr4( kr.ad ):
.can - kay» I:

cone: ..ltch( acan )
I
cu. F3:
charla·_vindavO;
break:
cu. PGDR:
Pldn-l;
.ehct_vln4owO:
break;
cue PCI1P:
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COMTRN.C (cant.)

pgup-1;
select wlndawO;
·break; -
case F4:
name fl1e 0 ;
nev fl1eO;
break;
case F5:
change_nUllO;
nev fUeO;
break;
case F6:
read fUeO;
sart- data();
vlev- data() ;
break;
case FI:
com2 aet-o;
Inlt-co..10;
break;
case F2;
Inlt call2 () :
break;
case Esc:
If ( call2 on) I
dOl letvact( OxOb, aldcomun2 );

-dos-setvect( OxOc, oldcomunl );
~utp(0"21, old_Int_cont):

setvldeollOde( DEFAULTKODE);
adt(l): -
break;
default:
break;
)

I
Inlt co.1l0
( -
unsLgned char dlab;

bioI eerlalcolI( COK INIT,COK1, COK CRR8 I COK STOPl I COK NOPARITY I COK 9600 );
~ldco~l - _dol_setvact( O"Oc ); 1* Changing the comun.-Int<. handler *7 -

dos setvect( OxOc, nevcomun1 );
d1ab=(lnp(Ox3fb) , 0,,7f); 1* Reed d1ab bit from line control register enables intr . • 1
outp(0x3fb,dlab); I. Set dlab-o for faurther communication handling *1
outp(0x3f9,OxOI); 1* Enable receive data interrupt *1
outp(0,,20,O,,4a);
0Id_Int_cont-inp(0x21):
outp(0x21,(a1d int cont , Oxef»;
outp(0x3fe,OxOb): - 1* Set out2 in madell control register enablel intr. *1

ini t cam2 ()
( -
unsigned chlr d1ab;

_blol_seria1colI( _COK_INIT,COK2._COK_CHR8 I _COK_STOPI I _COK_NOPARITY I CON 9600 );
0ldcomun2 - _dooJetvect( O"Ob j; 1* Changing the co,""". intr. hendler.7 -
dOl letvec't( O"Ob, nevcoarun2 );

,d1a~(lnp(0"2fb) , Ox7f); 1* Read dlab bit froll line control register enables Intr. *1
outp(Ox2fb.dlab); 1* See dlab-O for fourther cammunication handling *1
outp(Ox2f9,OxOI); 1* Enable receive data interrupt *1
coll2 se t-oKlOO ;
outp(0x21,(01d Int cone' Oxf7»;
com2 on-I; - -
outp(0x2fe,O"Ob); 1* Set out2 in mode.. control reglseer enables Intr. *1

);
fUe name for storing the data Into•

_sette"tvindov( 24.14, 25, 66);
eette"ecolor(O);

-setbkcolor(lIL);
-c1eareereen( CWINDOW
;prlnef(buffer~· Enter
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COMTRN.C (cont.)

outt.xt( bufflr );
'c.nf(".' .1WI_fUI_ln) ;
•• tbkcolor(OL);

:cll.recrun( _GV111OO1/ );

••tt.xrvlndav( 24.26. 25, 54);
- ••tt.xtcolor(O);
- •• tbkcolor(llL);
'prlntf(bufflr.· Enter. nlv fUI nUllblr ');
outtlxt( bufflr ):

- ••tt.xtpo.ltlon(l,28);
'cenf("d'. loflll_nua);
•• tbkcolor(OL);

:cl••recre.n( _GV1NOO11 );

new_fUIO
I
chlr .trg(3);

ltoa(fUI_nua, .trg.10);
lWI_fUIIO)-'\O' ;
.trc.t(1WI fUI. IWI fU. In);
.trc.t(IWI:Elll •• trg); 
.trc.t (IWI fUI.'. dlt') ;
•• ttoxrvl;;.sow( 2. 29, 2, 53);

- •• tb1r.color(OL);
-cll.recreln( GV1NOO11);
- •• tt.xtcolor(7);
- •• tbkcolor(13L);
: •• ttlxtpo.ltlon(O,O);
.,rlntf(buff.r.' FU...... '.' ......_fU.);
_outt.XC( buffer );

read fillO
I -
nUl *fU. In;

if( (fil._in-fopen(lWI_fil., 'rb' » -- NULL )
I

prlntf( 'CaD't open input fU.' );
nlt( 1 );

dlta-ptr--dlta_r••d;
vhU.( I f.of( fU. ln )
I -
*dlta-ptr-fl.tC( flll_ln );
dlta-ptr++;
)

fclo.l( fill In );
I -

"VI fUIO
I -
FILE *fUI out;

if( (fil._out-fopln(lWI_flll. 'vb' » -- NULL )
I

prlntf( 'Can't op.n lnput flll' );
Idt( 1 );

)

for ( l~: l<-eount; 1++) [
f,utc( dlta In[l). flll_out );
I -

fcloll ( fU. out );
) -

.Ittlxevlndov( 24.13, 25, 68);
-.lttoxtcolor(O);
: •• tb1r.color(llL);
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COMTRN.C (cont.)

spr1ntf(buffer,· Type 'n' . 'p'. 'm' or 'd' to choose current window ~);

outtext( buffer );
:settex~0.lt10n(O,53);
choo.e_vdo-geecheO;
_seebkcolor(OL) ;
_clear.creen( _CWINDOV );

I
vIew dataO
I -

page_nub_n-page_nub-p-page_nub_m-page_nub_d-o;
sattextv1ndow( 4, 2, 9, 20);

-seeeextcolor(O);
-setbkcolor(lOL);
- clearacreen( CWINDOII);
:setbkcolor(13L);
spr1ntf(buffer," * Ma1n Results * ');
outtexe( buffer );

-setbkcolor(lOL);
:settexeposle10n(2,O);
sprlntf(buffer,' Toeal wheels '3d ',wheel_count);
ouetext( buffer );

-seeeextpos1e10n(3,O};
spr1ntf(buffer,' Good wheell '3d ',good_wheel);
outeext( buffer );

-.eetextpos1t10n(4,O);
spr1ntf(buffer.' No telt '3d ',no_eestl);

oueeexe( buffer );
:seeeexepos1t10n(5,0);
spr1ntf(buffer,' Ilheel sloe 'd\",wheel_s1ze) ;
outtexe( buffer );
~1ev noO;
v1evJ>00rO;
v1ev_lIanyO;
v1ew_deepO;

v1ev noO
I -

seteextv1ndov( 12, 3, 23, 19};
-Iettextcolor(?);
-letbkcolor(15L};
- clearstreen( CWINDOV);
-oetbkcolor(9L);
spr1ntf(buffer,' ...... No test ...... ');
outtexe( buffer };

-setbkcolor(15L);
-seeeexttolor(4);
:.eeeextpos1e10n(2,O};
page_eot-(no_eelel/lO)+l;
1f ( (page_eoe > 1 ) && ( pgdn I I pgup )}
1f ( pgdn ) I
pgdn-O;
page_nub_n++;
1f ( page_nub_n >- page_toe) page_nub_n··
)

else
1f ( pgup ) (
pgup-O;
page nub n-··
1f (-PIge_nub_n < 0 ) page_nub_n-o;

I

)

for ( 1-PIge_nub_n*10+1; 1<- 10*(page_nub_n+l) ; 1++)
1f ( 1 > no eelel ) breek;
spr1nef(buffer.' llhee1 numb. '3d " no_tesel 1]) ;
_ouetexe( buffer );

J
1f ( 1 < no eeeel) I
_seteextpollt10n(12,2);
_settexecolor(O};
_seebkcolor(14L);
spr1nef(buffer,'" Mors daea "');
_outtexe( buffer );
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COHTRN.C (cont.)

YlevJ>oor ()
I

•• rtexevlndov( 12, 22, 23, 38);
-.ettextcolor(7);
- •• tbkcolor(l~L);
- cleancreen( CIIINDOW);
- •• tbkcolor(9L);
aprlntf(buffer,"" Poor met.l .. ");
outt.xt( buffer );
-.etbkcolor(l~L);
-.ettextcolor(4);
:.ettextpo.ltlon(2,O);
p.ge_tot-(poor_.... tall/lO)+1 ;
lf ( (p.g._tot > 1 ) 660 ( pgcln II pgup »
lf ( pgcln ) (
pgcln-O;
page_nubJ>++;
lf ( page_nubJ> >- p.ge_tot ) p.ge_nubJ>··
)

elae
lf ( pgup ) I
pgu~;

p.ge_nubJ>·· ;
If ( p.ge_nubJ> < 0 ) page_nub_p-O;

I

I
for ( l-page_nubJ>*lO+l; 1<- lO*(page_nub-p+l) ; i++)
If ~ i > poor_.... t.ll ) break;
vhe_.ize-28+«vheel lpoor_metel I 11 I .size)·Ox4l)*4;
.printf(buffer," Size '2d Wh_ '3d ",vhe_slze, poor_metallil);
_outtext( buffer );

I
lf ( i < poor_.... tall )
_settallrpoaltlon(12, 2);
.aettextcolor(O) ;

:.etbkcolorI14L);
.prlntf(buffer,"" Kore data ..");
outtaxt( buffer);

-I

_.ett.llcvindov( 12, 41, 23, ~7);

aettalltcolor(7) ;
-.etbktolor(l~L);
-clear.creen( CWlNDOW);
-.etbkcolor(9L);
Iprintf(buffer," .. llany flavs" ");
_outt.llt( buffer );
_•• ttelltcolor(4);
_.etbktolor(l~L);

_.ettelltpo.ltion(2,O);
p·se_toe-(aany_fl.vl/lO)+l;
if ( (page_tot> 1 ) 660 ( PSdzl II pgup »
lf ( PSeln ) I
PSdD-O;pass_nub__;

if ( pase_nub_. >- pass_tot) pase_nub_•••
I
slas I
if ( pgup )
pgup-O;
pase_INb_••. ;
if ( P&ls_cub_. < 0 ) pase_nub_..o;

I

I
for ( l-pase_nub_a*lO+l; i<- 10*(pase_nuh_lI+l) i++)
if ( i > ..ny_flavl ) break;
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COMTRN.C (cont,)

whe slU_2B+«wheel[many_flaw ll]].si<e).Ox41)*4; ,
sprlntf(buffer," Size '2d 1Ih" '3d ",whe_size, many_flaw[i]),
outtext( buffer );

- I
if ( i < many-flavl) (
.ettextposition(12,2);

-.ettextcolor(O);
-aetbkcolor(14L);
sprintf(buffer,"** Kore data **");

outtext( buffer );-,

aettextvindov( 12, 60, 23, 76);
-.ettextcolor(7);
-.etbkcolor(15L);
-clear.creen( CWINDOW);
- setbkcolor(9L);
sprintf(buffer," .. Deep flav" ");

outtext( buffer );
-.ettextcolor(4);
-letbkcolor(15L);
-lettextpolition(2,O);
p.ge tot-(deep flavl/IO)+l;
1f ( (page_toe> I ) &6 ( pgdn II pgup )}
if ( pgdn ) I
pgdn-O;
p.g._nub_d++;
1f ( page~nub_d >- page_tot) page_nub_d"
I
ehe I
if ( PM ) I
pgup-O:
page_nub_d" ;
1f ( page_nub_d < 0 ) p.ge_nub_dooO;

I

I
for ( 1-page_nub_d*10+1; 1<- IO*(page_nub_d+l) ; 1++)
if ( 1 > deep_flavi ) break;
vtle_"ize-28+«vtleal(deep_fl.v[ill.d.e)-0z41)*4;
Ipr1ntf(buffer," S1.e '2d~ '3d ",vtle_"i'", deep_flav[i]);
outtezt( buffer );-,

if ( 1 < deep_fl.vl) (
_"ettextpo"it1on(12,2);
letteztcolor(O);

-letbkcolor(14L);
spr1ntf(buffer,"" More data ..");
_outtext( buffer);

I

select_vindDvO
I

if ehoo•• vdo - 'n' II c:.hooa. vdo - 'N' viev_noO;
if choo••-vdo - 'p' II choo••-vdo - 'p' viev"poorO
if choo.e-vdo - '.' II chooee-vdo - 'K' viev_II&!IYO
if choo.e:vdo - 'd' II choo.e:vdo - 'D' viev_deepO

sort detaO
( -
1nt nUII_a,mm_b,m...-_c, ....._v.luj
int i;
ch.r *mal Itr;

n~ .tr-data read;
nU8:.tr+-.trelpn( nU8_"tr, data_end);
IN8_str+-.tropn( ....._.tr, data_end);
nu... ler-atrtok(nuII ItI' ,_epa);
vt\eel' count-at01(n~ Itr);
IN8_.er-dat._re.d; -
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COHTRN.C (cont.)

n~ .tr-.trtok(data read, ••p.);
for-( 1-1; l<-wh•• l-eount; 1++)
vhe.lll) .•lz~_;tr;
Whe.l(l).fl....(~_.tr+l);
nua_.tr-.trtok(RULL,a.pa);
I
nua_......._boonIa_eOOO;
for ( 1-1; l<-heel eounc; 1++)
If ( ~.lllJ .• lz":·A·) nua_a++
if ( wb••l(lJ .• lz...·I·) nua_b++
if ( ~el(ll.alz",·C·) nua_e++
I_ "al_( _ a, !lila b );
_:"al_( _:"alua.-...._e );
If(_ Yal~ .) ~.l .lza-28;
if(_-"al~-b)Whe.C.lza-32;
If(_-"al~-e) vha.l-.lza-36;
DO_c••cl-daap_fla.l-poor_"tall-a&nY_fl.wl-&ood_vhe.1OOO;
for ( 1-1; l<-whaal_eount; 1++) I
if ( Wheel(l).n_' l' ) (
no tucl++;
no:ea.t(no_ta.tl)-l;
I
If ( Whea1(1).fl_·2')
poor_Mta11++:
poor_Meal [poor_Mea11]-l;
I
if ( ~al[1].n_'3')
daep nawl++;
da.p:nawlda.p_flawl)-l:
I
If (wb.alll).fla_·4·)
uny_nawl++;
UIIY_naw[uny_nawll-l;
I
if ( Wheal(l].n_·S') &ood_Wheal++;

I
1f ( no tanl > 11 ) eboo.a wdo - 'D"
if ( pOOr_Meall > 11 ) eboo••_wdo - :P';
if ( uny_nawl > 11 ) ehoo.a wdo - '.';
if ( deap_nawl > 11 ) ehoo..:wdo - 'd':

vold lnurrupt far _oaml ()
I
ehar Ur;

Ur-(lnp(Oxlfa) • 7);
if( Ur - " )
I

deea_ln(eouoe+l)-'\O';
read_na..TIUB;
dau_ln[eO\lllt)-lnp( 0Il3f8);
cOUDt++;
....cp(0Il20.IOI): I*.!ad of IDterrupt to 8259 a/

vold Inurrupt far _-.n2 ()
(
ehar UrI;

llrl-(lnp(OIl2fa) .7);
If( Url - " )
I

data_ln[eount+ll-'\O';
read_flas-TIJJ! :
dau_ln(eount]-lnp( 0Il2f8);
count++;
oucp(0x20.EOI); . /* ~nd of interrupt to 8259 */

END
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CHECKLIST

1. &MAT installed in track

2. Coil package position adjusted horizontally and vertically.

3. All connecting cables (coaxial cables, RS-232) installed

4. Ground clips on both ends of track cable connected.

5. All electronics powered on

6. Reporting computer booted-up and control program loaded

TROUBLE SHOOTING

Some potential problems with possible solutions include:

1. No trigger

2. Trigger but
no signal

Check trigger cable - use multimeter to make sure
switch is closing when pressure is applied to coil
package (have someone step on the transducer in the
rail) - switch to alternate trigger on coil
package, if necessary - replace coil package if
neither trigger closes

If triggers test OK, they may not be getting
sufficient pressure from the rolling wheel (e.g.,
the resilient foam under the coils is collapsing) 
loosen the two nuts holding the coil package, raise
it up, insert a nonferritic spacer (~3-4 mm thick)
between its horizontal plate and the magnet, lower
it into place, and tighten nuts

Check continuity of both transmitter and receiver
coils with multimeter (at coil package or at end of
track cable) - DC resistance should be 6-7 O. If
either coil is broken (open) or shorted, replace
coil package

Check that high voltage at analog box is ON

Check integrity of any exposed cables (rodents like
to chew on them)
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3. Noise on
analog signal

4. Cuts at the
outer edge of
the coil package
cover

Check that track cable shield connections to
aluminum bracket of coil package and frame of
analog electronics box - check that all BNC's are
tight - use ground straps to connect frames of all
boxes of electronics - install a power conditioner
on 110 V power supply

Increase spacing between the edge of the coil
package and the lip of the tapered recess by
increasing the number of washers between the magnet
nuts and the vertical plate.

FUTURE CONSIDERATIONS

1. To locate the reporting computer at a remote location, the RS-232 link
with the digital electronics needs to be replaced with:

a. RS-422 or RS-485 link,
b, fiberoptic link,
c. telephone line with modems, or
d. microwave link.

2. The digital electronics can probably be repackaged into the empty
module in the analog electronics rack.

3. The BNC connectors need to be replaced with a system that will be less
subject to corrosion during long-term field use. Possibilities include
simple twisted pairs with screw terminals, or more elaborate MIL-type
connectors.

4. The coil package needs to be made weather-proof (or at lest moisture
resistant). Currently, the resilient foam may absorb some water, and
the several tapes inside will not withstand extensive exposure to
moisture. .

S. The Nd-Fe-B magnet needs a protective coat against rusting.

6. A method of wheel flagging other than sequence numbers will be
necessary. Possibilities are video taping (as done by WHeeLFAX) , or
firing paint pellets at the wheels.

7. It may be desirable to bury the analog and digital electronics in a
shielded box next to the track to minimize the travel distance of rf
and low-level signals.

8. One possible redesign of the in-rail transducer would give it a hard
surface (highly resistant to wear) and have it ride on pivots or
compression springs to accommodate the moving wheel. This would cut
maintenance even further.

61



9. It will eventually be necessary to incorporate a switching mechanism
that will sense a train as it approaches the inspection site and turn
the equipment on.

10. Field experience may indicate some changes in the processing algorithm:
a. Do we need to adjust the echojRT amplitude ratio of 20' for

critical flaws?
b. Is three the right number at which to raise the multiple flaw

flag?
c. Should the amplitude be adjusted for the distance the signal

has traveled (as, measured by its arrival time)? The first
and second RT amplitudes can be used to measure the
attenuation.

d. Is there any value to processing the flaw peaks between the
first and second RTs?

11. The coil in Fig. 2 is presently hand-wound. We need to explore
automated production for larger quantities.

12. Inspection of the wheels on both side of the train is obviously
necessary, so test sites will be necessary in both tracks.

13. Since the "main bang" and round trip signals (Fig.18A) mask about 20'
of the potential flaw signals, it would require two sensors in the same
track to assure 100' tread coverage. Locating the &MATs a quarter of a
wheel circumference apart will prevent their blind spots from
overlapping; It is also likely that a correlation of the analyses of
the two probes would increase reliability.

14. Lightning will be a danger to this system. Nothing will protect
against a strike directly on the transducer, but it would be desirable
to isolate from pulses traveling along the rail from remote hits. The
railroads are likely to have considerable experience with this problem.

15. The current software does not cover the wheel sizes used in
locomotives. Should the electronic noise from the traction motors
prove not to be too great so that good measurements are possible,- this
can easily be modified.

16. The trigger system that indicates the'wheel is in position needs
improvement for mechanical and electrical reliability. The most likely
current candidate is a strain gage bridge on the rail web to sense the
shear load as the wheel passes over the &MAT. Other possibilities
include noncontact inductive sensors.

17. A hybrid system including these &MATs and other sensors (such as
accelerometers) might provide an even more complete picture of wheel
fitness.
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OTHER. POTENTIAL APPUCATIONS

The energy of Rayleigh waves is largely confined to the two dimensions of a
surface as opposed to body waves that spread through three dimensions. The
Rayleigh wave signal, therefore. attenuates as the square of the distance
traveled, rather than the cube. In our early work, we saw as many as 18
round trips (p. 26) of the wheel circumference. This amounts to about 55 m
(180 ft) total travel.

This long distance capability of the EHAT described in this report suggests
the possibility of ultrasonic inspection of large scale structures where it
would be difficult or time consuming to scan a probe near all potential
surface cracks. For example, a single, linear sweep of the transducer would
inspect the large steel panels used in the construction of ship hulls or
chemical storage tanks. Since EHATs require no acoustic couplant and little
or no surface preparation, they readily lend themselves to field use.
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APPENDIX: PUBLIC NOTICES

Our Public Information Office has disseminated several notices regarding
this work. These were used in internal newsletters as well as several
public periodicals. Some of this publicity has generated numerous inquiries
from both potential users as well as those interested in possible commercial
production.

Those public notices of which we are aware are:
1. "NBS Monthly Highlights," Feb. 1988, pp.3·4.
2. "NIST Monthly Highlights," Sept. 1989, pp. 2-3.
3. "Materials Evaluation," Sept. 1989, p. 1018.
4. "NIST Update," Jan.22, 1990, p. 3.
5. "Sensor Technology," March 1990, pp.4-5.
6. "Sensors," March 1990, pp. 12-13.
7. "Metalworking News," April 30, 1990.
8. "NIST Research Reports," May 1990, pp. 28-29.
9. "BusinessWeek," June 4, 1990, p. 95.

10. Frankfurter Allgemeine Zeitung, June 26, 1990.

The authors can provide copies to any interested parties.
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