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Abstract

Failure of a wheel-rail contact is usually by weafatigue of either component. Both
mechanisms depend on the state of stress whichrnrdepends on size and location
of the contact patch. In this work the feasibibfyan ultrasonic approach for
measuring the contact, real time on a rail, has lesaluated. The approach is based
on the physical phenomenon of ultrasonic reflecéiban interface. If the wheel and
rail surfaces make contact and are under highssthey will transmit an ultrasonic
pulse. However, if there is no contact or the conaunder low stress then the wave
is completely or partially reflected. By measurthg proportion of the wave reflected
it is possible to deduce the extent of the cordaea and also estimate the pressure
distribution. In previous work [1] static wheeldrabntacts were scanned using a
transducer to build up a two-dimensional (2D) mathe contact. The procedure was
time consuming and could in no way be used for nmeasents on-line.

In this paper a method is presented that couldskd at line speeds and so provide
wheel-rail contact measurements in field trialse Bloan is achieved by using an array
transducer that performs a one dimensional eleicttore scan. This, coupled with

the speed of travel of the contact patch pastéhsa@ location, enables a 2D map of
the contact to be produced.

Specimens were cut from wheel and rail sectionsd@aied together hydraulically in
a biaxial frame. An array transducer was mountetckath the rail specimen. The
array transducer consisted of 64 ultrasonic elesgait could be pulsed
independently, simultaneously, or with controlldthpe difference. The signals were
reflected back from the contact to effectively prod a line scan. The transducer was
physically moved, to simulate the translation & dontact patch and so generate a
series of 2D reflection profiles.

Contacts under a range of normal and lateral lbagte been measured and compared
with some simple results using pressure sensiiive Whilst the map produced by



ultrasonic reflection is relatively coarse, theutessagree well with measurements
from the pressure sensitive film. The paper coresudith a discussion of how this
array measurement procedure might be implementtdl éihe speed and what
resolution could potentially be achieved.

Introduction

The wear and fatigue of railway wheels and railseshels on the contact conditions
between the two bodies. Both the location of thetact region and its dimensions
will affect the level of contract stress, this ctagpwith the path history is a major
factor in determining the fatigue and wear perfarog This in turn defines the
maintenance and wheel or rail re-grinding intervals

There are a number of analytical and computer basetkerical models for predicting
wheel-rail contact (see for example [2-6]) andititstry relies heavily on such
predictions. However, there is currently no defugitexperimental technique for
determining the size and stress distribution witniwheel-rail contact in the field.

One method that shows promise is the use of ulitageflection. When an ultrasonic
wave strikes an interface between the wheel amd raipartially reflected and
partially transmitted. This is because the whedlra surfaces are rough to an extent
and the interface consists of asperity contacoregand air gaps. A single ultrasonic
transducer can give a point measurement of refle¢amplitude and phase) and
hence degree of contact. If the transducer is ®mhback and forth across the
interface area then a 2D map of the reflection fthencontact can be created. The
greater the contact pressure on a region of theacbthen the more conformal will be
the surfaces. This means the ultrasonic refleamplitude will be lower. Hence
regions of low reflection correspond to regionsigih pressure. References [1, 7-10]
describe procedures, both analytical and empikgathich a relationship between
reflection and contact pressure can be deduced.

Figure 1 shows the results of the approach (data feference [1]) on specimens of
un-used wheel and rail at a range of normal lo&dseel and rail specimens have
been pressed together and a transducer scannachim svay as to record the
reflection of ultrasound from the interface. Thetdeolution is marked as a white
ellipse in each load case. A similar approach teslzeen carried out by Pau and co-
workers [11-13].
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Fig. 1. Contact pressure maps measured by scaaninffrasonic transducer across
the contact for a range of normal loads (data fybjn
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The method is effective, but the scanning procesisne consuming (typically taking
30 minutes to measure a single contact regionyeaires a bulky scanning frame to
accurately locate the transducer. Clearly thiissmitable for anything but static
measurements on laboratory based specimens.

In this work the feasibility of an alternative methis investigated. Rather than using
a single ultrasonic transducer, a linear ultrasaniay transducer is arranged in the
transverse direction beneath the contact. This firkne of transducers
simultaneously, or indeed in any pre-defined segeeand records the reflection
from each on separate measurement channels. wdlyis: line scan of the contact in
the transverse direction is recorded. The motiothefcontact patch with respect to
the sensor location then provides the scanningandlling direction.

This approach has been evaluated on laboratoryllsgp@eimens, where the contact
patch motion is reproduced simply by moving therait position of the array
transducer.

Background
Ultrasonic Array Transducers

An ultrasonic array transducer consists of a s@f@sdividual piezoelectric elements
assembled in a single housing. Each element casdxeto pulse and receive
independently. Figure 2 schematically shows ediirultrasonic array transducer that
enables imaging in the x-z plane to be performédte that each array element is
small in the x-direction and so outputs circulavesronts as shown. If all the
transducers are pulsed simultaneously the indiVisimarces combine and a plane
wave front is generated (Fig. 2a). The transducerg be pulsed simultaneously in
this way or by using delay circuitry, a pre-spexifphase delay can be introduced
between elements. The possibility of introducirdetay between pulsing operations
allows the generation of a range of bespoke waw&dr This process is known as
beam-forming.

(@) (b)

ooooooooooooan goooooooCODOOO
() (d)

Fig. 2. Schematic diagram of an array transduceraam-forming operations (a) a
planar wave front, (b) and angled wave front, (daising wave, and (d) pulsing and
receiving on each element in turn.

By applying a linear delay a plane wave can be igeeé at some angle,(Fig. 2b).
An angular sweep then consists of repeating thésadfmn over a range of angles. In
this way an object can be inspected from a rangagles. Another alternative (Fig.



2c) is to generate a focussing wave. The most celnemsive approach to array
imaging is to pulse each transducer in turn windseiving in all others (Fig. 2d).
The full time domain wave form is stored for eage@tion. In this way a full matrix
(shown schematically in Fig. 3) is obtained.
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Fig. 3. Schematic of the pulse and receive matjirepresents the time domain signal
received on transducgfrom the emitted pulse from transducer

Thust; represents the time domain signal (a plot of atié against time) received
on transducer from the emitted pulse from transducerOnce this matrix of data has
been captured, all the beam forming operationsriestabove can be performed as
post-processing operations in software [14]. Ingkpeeriments that follow this
approach has been used and a full matrix of ddateegad for each load case.

Clearly the process of full-matrix-capture canibgtconsuming. Each transducer
must be pulsed in sequence, data captured orhalt ttansducers digitalised and
stored. In practice instrumentation is used thebiiporates a pulsing and receiving
circuit from each of the elements to permit relaltywapid data capture.

For a planar interface, such as the wheel-railaxinbnly the diagonal elements of
the full-matrix are neededif, tz»,... tar]. In this way each element records a
reflection measurement from a small region of titerface directly below its location
[15]. However, though this requires less datagimmis of speed it is identical to full-
matrix capture as the number of firings per imageains the same (and equal to the
number of array elements). This is equivalent tisipg on transducer 1 and receiving
on 1 whilst neglecting all other received signais20 3 etc. This is called here the
direct pulse-echo method.

Application to Wheel-Rail Contact

A typical pulse repetition frequency for a singianisducer is 20 kHz; then each
element receives a voltage pulse at§0ntervals. Therefore, to pulse through an
array of 64 transducers in turn would take 3.2 insthis time a train travelling at 120
km/h will have moved 11 cm. So whilst the firsérlent may capture an image
reflected from the contact patch, subsequent elesweiti not. Clearly for dynamic
measurements it is not feasible to pulse sequintialeach transducer element.

An alternative imaging strategy, termed the commsmurce method, is to pulse all the
elements simultaneously and record the individigadads received on all elements.
This requires the equivalent of only one row of tin&trix shown in Fig. 3 to be
captured, which is a significantly faster operatioan capture of the full-matrix of
data. However, this approach generally leads toeelurred image, when
compared to imaging using the full-matrix of daté][
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Fig. 4. An array transducer configured to measumdeel-rail contact. Since the
contact is almost planar the non-normal reflectiaressmall and neglected.

The wheel-rail contact occurs almost on a singi@@lthat can be arranged to be
parallel to the transducer. Figure 4 schematicsilyws the measurement principle.
Since the interface is almost parallel to the putsst of the image is reflected
directly back to the pulsing element. The obligueiflected signals are small. In
other words, when pulsing a transducer only theaid, is strong whilsty, tmz ...
tmn are weak and can be neglected. Essentially thexnsdown in Fig. 4 is the
diagonally dominant.

This approach will work well over the region of ¢act over the rail head. However
when a flange contact is being observed becaugadhe of reflection is not parallel
to the transducer, a larger proportion will beeefed obliquely and not be recorded
by the transducer element. Pulsing and receivingdinidual elements in this way
would not give clear picture of the flange contaaice the signal from element 1
would not be received by element 1 but by, for epl@melements 3 or 4 (i.e. the
matrix in Fig. 3 would be diagonally weak). In orde measure the flange contact the
full matrix of data would have to be recorded.

If common source imaging is performed using a prepetition frequency of 20 kHz
the required data can be recorded at 0.05 ms aiger¥or a train travelling at 120
km/h, then the measurement can be recorded foy &/éimm of train motion or a
contact patch would be measured approximately &dias the wheel passes over the
transducer location. The measurement frequencyedationship to image resolution
is discussed in more detail in later.

In this work the common source imaging conceptideen explored experimentally
on a stationary wheel-rail contact but using puégeetition frequencies sufficiently
high to demonstrate that this approach could piatignbe applied to a dynamic
wheel-rail contact.

Ultrasonic Reflection at an Interface

The transmission and reflection of ultrasonic wawea component or structure is a
common tool for non-destructive testing. An ultmnais pulse, incident on an interface
between two materials, is partially reflected. Tgreportion of the displacement
amplitude of the incident wave reflected dependshenacoustic mismatch between
the two materials according to the relationshig:[17

R=4-%2 @)
Zy + 4}



WhereR is the proportion of the wave reflected, (or te#éaction coefficient) and;
andz are the acoustic impedances (the product of waeedsc and densityr) of
the materials either side of the interface.

The acoustic impedances of steel and air are appately zsee= 45%x16 kg/nts, Zsir

= 400 kg/nfs. Thus a wave will pass through an interface betwtwo pieces of steel
pressed together in complete contact, but willlbeoat fully reflected at a steel-air
interface.

Equation (1) only applies to perfect contact betwéne two materials. When a wheel
rolls across a rail contact occurs only at the pdake surface asperities. So within a
nominal region over which contact occurs thereameas of asperity contact and air
gaps.

The response of an incomplete interface to anadtig wave has been studied
extensively to investigate crack closure effec8,19] and asperity contact [20-25].
The air gaps do not act as individual reflectorthefsound wave. Instead, provided
the wavelength of the sound wave is large compartdthe size of the air gaps, the
interface acts like a distributed spring and tikection is given by [20, 26].

R= \/(Wzizz)z + K2(21 - 22)2
w2z, ) +K2(z +2,) 2

Wherewis the angular frequency of the wawves 2pf, andK is the stiffness per unit

area of the interface. The presence of the interfathus treated as a thin compliant
layer of stiffnes$<, where the stiffness arises from the reductiotensity caused by

the presence of air gaps in the otherwise solgbtial contact. Equation (2) is known
as the quasi-static spring model of ultrasonicctibn.

If the load pressing the two bodies together i higen the real area of contact is high
and there are few air gaps. The interface is $tiffina small increase in load does
not cause the surfaces to approach much closarvetsely when the surfaces are
under a light load the degree of contact is low #uedinterface is low stiffness. In
general, the stiffness varies from zero to infirag/the real area of contact varies from
zero to 100%.

The stiffness, and hence the reflection coefficfemh Eq. (2), thus varies with
contact pressure. Measurement of the reflecti@fficeent can then give information
about the degree of contact at an interface andehire contact pressure. By
scanning an ultrasonic transducer across an icgeganap of reflection can be
generated. This approach has been used to statigct@ressure distribution in ball
on flat contacts [9], press fits [8], bolted joift®] and wheel-rail contacts [1].

Reflection from a Wheel-Rail Contact

In earlier work [1] sections cut from wheel and cmimponents were pressed together
in a loading frame. An ultrasonic transducer wamsed across the interface. A
water bath was constructed to couple an ultrasgoansducer to the rail specimen. A
similar approach was taken by Pau et al [11-13] also created reflection

coefficient maps of a wheel-rail contact. Thdaetion coefficient recorded at each
location was converted to interface stiffnessthia way, via an empirically derived
stiffness-pressure calibration curve, a map oftth@act pressure distribution was
obtained. Figure 1 showed an example set of esbliained by this approach.



Clearly the scanning process is time consumingtla@dvater bath difficult to set up.
It would not be feasible to carry out scanning likss on a dynamic contact. In this
work the same physical principle of ultrasoniceeflon was used but with an array
transducer to permit for the first time measurem&m@m a dynamic contact.

Apparatus & Experimental Procedure
Ultrasonic apparatus

Figure 5 shows a schematic diagram of the expet@mhapparatus. The
instrumentation consisted of an ultrasonic arraggducer, array pulse controller,
data processing computer and wheel and rail testisens.
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Fig. 5. Schematic diagram of the experimental agpar

The linear array transducer has 64 elements sEad@83mm. The elements emit a
broad band pulse of centre frequency 5 MHz comgjsif 4 cycles. The total
dimensions of this array were 57x 38 x 20 mm. T¥as driven by pulse controller
(Peak NDT Micropulse 5PA). The controller generateltage pulses to excite each
transducer in a predefined sequence. The respmmsesfich transducer was then
amplified and passed to the PC, where Matlab wed tescapture, store and post-
process the data.

Hydraulic press and wheel-rail specimens

Specimens were cut from sections of used wheetaih(Fig. 6a). The bottom face of
the rail was cut to be as close as possible tabalpl to the contact face on the head
of the rail. This was so that the ultrasonic bearosld strike the interface normally
and so be reflected back to the emitting transduder specimens were assembled in
a purpose built loading frame (Fig. 6b). Hydrawaldinders were used to apply load
in the normal and tangential directions. The tagebf the loading frame had a hole
cut into it. This allowed the array transducer ¢odoupled directly to the back face of
the rail specimen. A water based gel couplant vgasl lbetween the array transducer
and rail specimen. The array transducer was paositidy hand in a range of
positions and its location measured against a sirsqdle.



Transduce

Fig. 6 Photographs of (a) the wheel and rail spensrand (b) the loading frame
showing the location of the ultrasonic transducer.

Loading procedure and signal processing

A sequence of normal loads, from 0 to 80 kN, amer¢d loads from O to 9 kN were
applied to the wheel-rail sample. The combinatbnormal and lateral load that
could be used depends on the friction coefficigntas found that for a normal load
of 80 kN a maximum lateral load of 9 kN could b@lax before the specimens
started to slip. This loading regime representgcipoads that might be achieved on
a passenger line vehicle.

For each load step full-matrix capture of the adata was performed. A set of results
was also recorded when the specimens were unlaatkthe wheel part removed in
order to define a set of reference signals fromann steel air interface (i.e. virtually
100% reflection). All subsequent signals reflediedn loaded interfaces were then
divided by the corresponding steel-air referengaai In this way the reflected
voltage amplitude data is converted into reflectoefficient,R data.

A series of measurements was recorded with thedtaer in several locations in
both transverse and longitudinal orientations. Feguischematically shows these
positions and the co-ordinate system.
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Fig. 7. Schematic diagram showing the transduderdh(i to v) and longitudinal (a to
e) locations with respect to the wheel-rail contagions.



Pressure Sensitive Film

As a preliminary to the ultrasonic tests, pressermsitive film (Pressurex from Sensor
Products Inc.) was used to establish the approgim@ttact area. The thin mylar
based film contains micro-capsules of die that breader a specific contact pressure.
When the film is pressed between two contactinfases an imprint is left where the
intensity is proportional to the contact pressure.

The film was placed between the wheel and rail isperc that were then loaded to a
predefined end load. The film was then removedaafrdsh piece inserted and loaded
to a new end load. Figure 8 shows a sequence airitan the films for increasing
loads.
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Fig. 8. Images from pressure sensitive film experita for normal loa&®=80 kN
under different applied lateral forc&3, (a) Q=0 kN, (b)Q=2 kN, (c)Q=4 kN, (d)
Q=6 kN, (e)Q=9 kN.

The images show three contact patches, two aretfiernontact between rail head
and wheel tread, and the third from the flange-gazantact. The wheel is slightly
hollowed out and it is this that causes the doablgact patch. As the lateral load is
increased the flange makes contact with the raijgdace and a third contact region
appears.

Results
Direct Pulse Echo Experiments

Figure 9 shows a series of reflection coefficiemifipes in the transverse plane
running approximately through the centre of thetaoin(position (iii) in Fig. 8). In

this case only the direct pulse-echo détat.,... th] is shown which corresponds to
the diagonal of the full-matrix of data shown igF8. As the load is increased the
surfaces are pushed together more closely and ofidhe sound wave passes through
so the reflection coefficient reduces. Two distioahtact regions can be observed
corresponding to the two contact patches seengingta).
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Fig. 9. Reflection coefficient profiles in the teuerse direction across the contact
(recorded at position (iii) in Fig. 8) at the tola&d is increased from 5 to 80 kN.

Figure 10 shows a similar reflection coefficiendfde, but this time in the

longitudinal direction (location (b) in Fig. 7). ®mrontact region is seen; there is
some distortion to the right hand side of the reglbis not clear whether this is an
artefact in the reflection data or this is soméueain the contact. The pressure
sensitive film results also show a small featureaas the top right of the left hand
patch. If this feature is due to surface damageiild also be expected to perturb the
ultrasonic signals and so could have caused tipéergeen in the data.
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Fig. 10. Reflection coefficient profiles in the ftudinal direction across the

contact (recorded at position (b) in Fig. 8) attibtal load is increased from 20 to
80 kN.

Assembling a Reflection Map

A series of measurements for positions (i) to (eyewecorded as the load was
increased. Again the specimens were not disassdrdbhking the loading sequence.
The transducer was physically moved to each posdiging the load step. The idea
here is to simulate the wheel passing over thearallthe array recording a series of
snap-shots from the contact. The data has beembkeskinto reflection coefficient
maps shown in Fig. 11 for scans in the lateralatioa. The lighter colour shading
shows areas of low reflection and therefore regamaore conformal contact. The
process was repeated in the longitudinal diredfionthe transducer positions (a) to
(f) and the data shown as Fig. 12.
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Fig. 11. A map of reflection coefficient obtaineg dssembling together five
reflection coefficient profiles in the lateral diteon under normal loads of (top to
bottom)P=20 kN, P=40 kN,P=60 kN, and®=80 kN.
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Fig. 12. A map of reflection coefficient obtainegl dssembling together five
reflection coefficient profiles in the longitudindirection under normal loads of
(top) P=20 kN, andP=40 kN, (bottom)=60 kN andP=80 kN.

The maps in Fig. 11 clearly show two contact patcred agree qualitatively with the
pressure sensitive film results. The five latecars recorded have not quite captured
the whole of the contact region, and further mearsent locations below those
shown would be needed to complete the picture. dinitd not be done since because
the design of loading frame would not permit tlasducer to be located in this
position. The data of Fig. 12 is from the same speuns in the longitudinal direction.
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Only the smaller of the two contact patches has loaptured, again the geometry of
the loading frame was such that more data acreswhiole area could not be
captured.

Comparison of Methods

Figure 13 shows four different sets of data plotedhe same scale. Figure 13a
shows the pressure sensitive film results. Fig@teis a map recorded using the
method of [1] where a single transducer has beanrsxl across the contact. Figure
13c shows the array results (repeated from Fig. 11)
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Fig. 13. Experimental and theoretical approachesdatact area measurement for
three normal loads 20 kN, 40 kN, and 80 kN plo#tthe same scale. (a) Pressure
sensitive film, (b) scans of the contact usinggls transducer, (c) scans of the
contact using an array transducer.

The three experimental approaches show qualitgtsigiilar contact patch
dimensions. Table 1 shows the semi-minor and seappmnadii of the measured
contacts for each load (where the subscript sigmiine contact patch number). These
dimensions have been estimated by drawing thefibedlipse to the data and
recording the minor and major radii.

The pressure sensitive film will over-predict th@tact region since it has a finite
thickness. Both ultrasonic measurements will inelsdme blurring due to the finite
beam dimensions. This will also tend to enlargecthract image slightly. It should
be noted that direct comparison is not possiblab®e it is not possible to exactly
relocate the wheel and rail specimens between enpests.
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Load,P Half width PressureX Conventiongl Array Scan
scan
ai, mm 2.1 3.0 2.4
20 kN b;, mm 3.9 3.6 4.5
ax, mm 1.8 1.8 0.9
by, mm 3.3 2.7 2.4
ai, mm 2.7 2.7 2.4
40 KN by, mm 4.5 3.9 4.5
a, mm 2.4 2.1 1.5
b, mm 3.6 3.0 2.7
a;, mm 3.3 4.2 2.7
80 kN b1, mm 6.3 3.0 5.1
a, mm 3.6 3.0 1.8
by, mm 5.7 2.1 2.7

Table 1. Comparison of the semi-minaand semi-major radih of the contact
regions 1 and 2 measured by the experimental teabsi

Figure 14 shows a chart comparing the contact aledisced by the three

experimental methods. The data has been obtainedrbgning the areas for the two

contact patches determined in each loading cas@nAigcan be seen that the
PressureX film gives a larger prediction that thie tltrasonic methods.

Fig. 14. Comparison of the total contact area datezd by the three experimental

nhh

methods.
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Discussion
Accuracy and Repeatability

There are two issues for consideration concerriegatcuracy and repeatability of
the data. The first is whether the data is selsmiant, the second is whether the data
accurately measures the area of contact and cantour

One check of the self consistency of the resulighisther the out of contact regions
measured show a reflection coefficient of one thhmut the loading. Clearly when
out of contact the wave is reflected back fromeslsair interface and so the wave
should be fully reflected. In Figs. 10 and 11 tb#ection for the out of contact
regions varies from 0.9 to 1. The fact that theyrawn-unity indicates that the
reference has changed slightly. All signals arkeetéd signals are divided by the
reflection from an unloaded specimen. During tHea@ing the transducer can shift
slightly or the surfaces deflect so the referencéonger corresponds to exactly the
same location. If the transducer were rigidly lecktfor example by adhesively
bonding, it would remove most of this error. Howeleoes mean for a non-bonded
transducer, as used in these experiments theppisx@mately a 10% change in the
signal during the loading.

When the specimens are disassembled and reloagledilhcontact in a slightly
different orientation. Guides were used to relotagen as closely as possible. But it
is inevitable that the micro-scale asperity corstaat! be different. It is therefore
expected that when comparing across different fgatiésts (and for example the data
of Fig. 13) there will be some discrepancy.

The measurement technique relies on the use ddtavedy coarse spatial resolution
transducer (of the order of 0.5 to 1mm). Using #gsipment will be subject to this
inherent inaccuracy. This means that the edgesohtact patch of say 5 x 2 mm
could be blurred by 0.5 mm, resulting in over-petidns of as much as 50% on the
shorter side. The results must be viewed beariisgritmind. Without improvements
in the transducer resolution the results can oalgdmpared qualitatively with
theoretical contact models. However, the locatibthe contact patch, its
fragmentation (i.e. into one or more regions) isyueseful in comparing with
theoretical predictions. The prediction of the emtipatch under dynamic conditions
is very difficult. This requires a two stage preitin process. Firstly the loading must
be determined; this is usually obtained from miotidy dynamics models of the
vehicle. The second is to use some form of comextel to predict contact are and
pressure distribution from the applied loading. Tditer are fairly well established
modelling techniques [2 to 6] and probably thisexkpental data can do little to
validate or improve these modelling procedures. el@w, there is scope for using
this kind of experimental procedure in the fieldriterpret and validate multi-body
dynamics models of the wheel-set and the resudiizgy and location of the contact
patch. The output from models of this sort is hygiikpendent on input parameters
such as vehicle element properties, track irregylarontact element geometries, and
friction coefficient. A means to measure the conkacation and approximate
dimensions would help with the refinement of theuamsptions used in the models.

Practical Implementation

All the work described above was carried out omtatory specimens in static
contact. Extending this to field application, whilschnically feasible, would present
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a significant challenge. A hole would need to beieudhe rail web and the transducer
bonded to a reasonably smooth surface machined timeleail head. The thickness of
rail material between the contact and the transdstoeuld not pose a major problem
for wave propagation. The ultrasonic wave wouldlmattenuated to any great
extent (provided there were no large defects oitieawvithin the head material).
Certainly transmission through 10 cm of steel waqarelsent no problem (rail is
commonly inspected by similar ultrasonic technigeleploying similar frequencies).

The rail head in the field is subject to contamwmatparticularly the presence of
water or oil. A fluid film present in the interfatetween the wheel and rail will allow
a greater transmission of ultrasound. It is liklgt the film would be very thin, and
the ultrasonic signal would still be dominated bg tisperity contact effects. However
this effect would need to be quantified, and arreyppate substitute for Eq. (2)
implemented. Reference [27] describes a modelctradiders the ultrasonic

reflection for a mixed regime interface consistoidpoth asperity contact and liquid
contact. Perhaps the biggest challenge would sitaphyake the equipment robust
enough to survive in a harsh outdoor environmebjes to rough treatment,
contamination, and temperature variation.

Train Velocity and the Rate of Data Capture

In this work the array provides one axis of meas as the transducer elements all
emit and receive in parallel. The second axis vidgined by physically indexing the
transducer assembly. For application in the fielelindexing would be caused by the
motion of the wheel across the rail. The questiigea as to how many lateral
measurements could be recorded as the wheel passe<learly this depends on the
train speed, size of the contact region, and pelgetition frequency of the array
transducer. Figure 15 shows the relationship betwiee train speed, pulse repetition
frequency, and the number of common source metiragl measurements that could
be recorded.
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Fig. 15. The relationship between train speed,erépetition rate, and the number of
lateral measurements that could be recorded.

The repetition frequency is a function of the pudscircuitry in the array controller.

In this work 20 kHz was used. Pulsing faster thas is potentially possible but likely
to involve expensive equipment. At this rate betw®and 10 lateral measurements
would appear to be possible, depending on traie&pEhus reflection maps of 64 x 5
for a typical contact could be expected. Such ategy could either pulse
continuously or be triggered by the approach samtto capture a specific wheel-rail
event. For example it would be feasible to recosthgle lateral measurement
through the contact for each wheel on the vehicle.

Spatial Resolution

Each transducer element has a width of 0.53 mnhdmpulse-echo measurements
(Figs. 9-12) the ultrasonic waves emitted by agiekement are reflected from the
interface and received by the same element. Althadlg ultrasonic waves spread out
after leaving the element, only those that hitititerface at the appropriate angle
(typically normal incidence) return to the elemdrttis means that the measurement
is essentially an aggregate of the reflection @vexgion of similar dimensions to the
transducer element. The spatial resolution is taladively low, certainly not enough
to pick out the detail of individual asperity coctis; but possibly enough to pick out
contact variation caused by surface dents or defect

Post-Processing and the Total Focusing Method

The approach used to generate Figs. 9 to 12 wadtact the pulse-echo signals from
the full-matrix of data (shown in Fig. 3). This nmsathat all data off the diagonal of
the matrix shown in Fig. 3 is discarded. Theresamn@e other opportunities to use all
the data that has been generated.

An alternative approach is to use the full-matrixdata to achieve a focus at every
point across the wheel-rail interface. The imagez), is then formed by;

I(x2)=| t, V- X+ 2 ;’\/(Xi' X +2 @3)

wherex; andx; are the transducer locations on the x-axis. Ahegaoint in space (i.e.

along the wheel-rail interface in this case) thegaf each time-domain signal that
have travelled from a transmitter, to the imagimgnp and back to a receiver, are
summed. This is imaging technique is known agdted focusing method (TFM) and

it has been shown to produce the best imagingugsnlfor a given array. Holmes et
al. [14] used TFM to find the location of defectsladescribes the method in detail.

Figure 16 shows a comparison between the pulse-&ghach (i.e. the data of Fig.
9) with the TFM approach using the full-matrix dafavo loads cases are shown
(Figs. 16a and b).
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Fig. 16. A comparison of 3 ways of post-processiregarray data (i) pulse-echo

method, (ii) the total focussing method, (iii) commsource method. Two load cases
are shown (alP=40 kN and (bP=80 kN

It is perhaps not surprising that the TFM plot ey similar to the pulse-echo plot.
The wheel-rail contact is largely parallel to theas plane. This means that
significant energy is reflected directly back te temitting transducer. However, it
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should be noted that this would require the ardaynents to be pulsed individually.
The pulsing frequency is then 20 kHz + 64 which lddae much too slow to measure
a contact moving at train speed.

Another way of considering the data is to simulateat would happen if all the
elements transmit and receive in parallel at tlneestime. This is termed the common
source method. The data processed in this wayses sllown on Fig. 16. This does
show some difference between the two more accuamatbods. This would mean that
there would be significant cross talk between wlansr elements. The mechanism is
guite complex and at this stage it is difficultqoantify the likely error. However, this
approach has the advantage that it would be veigkca line scan of the contact
could be achieved in the time it takes to pulsee@ament. When the wheel rolls over
the rail there would not be enough time to pulsshégsansducer independently. It is
the simultaneous transmitting that is importantcépture enough data should this
method be applied in the field.

Conclusions

Ultrasonic reflection has been used in the pasm&asure wheel-rail contacts.
However, this has been done by scanning a singhsducer back and forth across the
interface to build up a map. This study has explotiee feasibility of using an
ultrasonic array to achieve similar output. Theagrprovided one dimension of the
scan and physically moving the transducer to siteulaheel passage the other.
Potentially this approach could be used track-twdabtain field data.

Specimens of wheel and rail were pressed togetiagra range of normal and lateral
loads. The geometry of the surfaces was such tbatiale contact occurred between
the rail head and wheel tread. Maps of ultrasoeiftection were generated by
recording a series of array scans. These maps guektatively similar to those
produced by scans of static contacts and measutenmenorded with pressure
sensitive film. The discretisation for a map reeardn this way would always be
relatively coarse (of the order of 64 x 5 data m)iand the spatial resolution would
be low. So, whilst the results are not as detaledhose obtained from a scanning
approach, useful data can still be achieved.

The repetition rate of a conventional pulsing syste such that the array of elements
must all fire simultaneously. Results from the camnnsource imaging method have
been presented which show good correlation withrduditional (but slower) imaging
techniques. This encouraging result suggests dhatheel-rail contact could be
characterised rapidly on-line with a single firinbhis work represents a first step
toward developing a methodology for track side meaments but much additional
work is necessary to achieve a practical implentiemta
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