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Abstract:
This paper is a summary of the various aspects of modell ing used in NDT. A definition
that encompasses the variety of modelling options used is proposed and a classification of
the various options is outlined. Although the entire spectrum of NDT modelling is touched
on, special consideration is given to ultrasonic modelling. Some of the background options
are examined and examples are used for illustration. Present practices are summarised and
the driving aspects of industry to further the use and development of modelling are explored.

Introduction:

Modelling has been a part of NDT since its earliest applications. It has been used for several
of the common NDT methods including radiography, ultrasonics, eddy current, remote field
and avariety of others.

However, the concept of modelling may vary from method to method or even from user to
user! To allow for ageneral approach that encompasses as many NDT modelling concepts
as possible, adefinition of NDT modelling is proposed for this paper. Generically we may
state that:
Model, models, or modeling may refer to a pattern, plan, represen tation, or
description designed to show the structure or workings of an object, system, or
concept.

For our NDT applications NDT modelling is any tool that assistsin the understanding of
our NDT method and its application to a test piece.

Such a definition allows for both the visualisation and the now more common mathematical
methods of modelling.

From the NDT.net Lexicon [1] the definition of modelling is synonymous with simulation
and is primarily concerned with the mathematical case:

The benefit of mathematical modelling codes for modern NDT is well-known, asthey are
increasingly applied to smulate ultrasonic experimentsin real-life inspection. They yield
valuable information on the propagation of ultrasound and itsinteraction with defects
and allow for visualization of sound fields and sensitivity zones of ultrasonic
transducers.

Depending on the extent or type of the modelling, the main expectations from modelling
may include:
Volume coverage by the test setup
I mproved understanding of basic principles
I mprovement of the inspection technique
Refinement of sensor design to optimise sensor placement and detection capabilities
POD (Probability of Detection) evaluation on more specific structures by mixing real
and virtual data

Not all applications require elaborate modelling calculations. Likewise, not all modelling
calculations provide the desired solutions to the applications under scrutiny. We will need



to pick and choose from the modelling options available and decide when a modelled
solution is desirable for an application. To do so requires that we have knowledge of the
modelling options available.

Categoriesof NDT Modelling:

Based on our definition of modelling that it is any tool that assists in the understanding of
our NDT method and its application to a test piece, we may group the modelling
methodologies into three general categories,

1. Simple Geometric

2. Mathematic computations

3. Visuadlisation

Simple Geometric options would be line or curve representations of the sensing fields.
These lines may be manually or computer drawn.

The second option, mathematic computations, generally consider field source strength and
effects of the test method and take into account the attenuation effects of the tested material.
Depending on the detail to which the parameters are considered and the methodology used,
the complexity of the mathematics varies.

The third option, visualisation methods, use the actual sensor or field effects and adapt
methods of displaying the field. For some NDT methods this is done as part of the normal
test (e.g. fluoroscopy) but we do not generally consider fluoroscopy a modelling
visualisation method. The main beneficiary of NDT visualisation has been the ultrasonic
method. Ultrasound has been displayed using schlieren, photoelastic and acoustography
techniques.

A Brief History of Some Aspects of NDT M odélling:

Simple Geometric Options
Perhaps the oldest option of modelling we have used in N DT isthe simple geometric
process of line representations of the sensing fields. Ultrasonic operators of any age will
recall the process of making a scale drawing of weld profile and then making lines
representing the centre of beam from a probe. These lines may be extended to indicate skips
and are used to indicate either the coverage of the technique or the point of interaction of the
beam with an indication. Figure 1 illustrates atypical hand drawing of aweld with the
probe positions required to produce the volume coverage of the weld and heat affected zone.
(Thiswas taken from a technique developed in the 1970s).

Figure 1 Manual Technique Drawing
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These simple line drawings sufficed for decades. By producing scale drawings and
assuming the beam followed simple straight lines it was even possible to predict the
locations where mode conversion would occur (such as at the counterboresin Figure 1).

M athematic Options

From Wikipedia, the free online encyclopedia
A mathematical model is an abstract model that uses mathematical language to describe
the behaviour of a system. Mathematical models are used particularly in the natural
sciences and engineering disciplines (such as physics, biology, and electrical engineering)
but also in the social sciences (such as economics, sociology and political science);
physicists, engineers, computer scientists, and economists use mathematical models most
extensively.
Eykhoff (1974) defined a mathematical model as’a representation of the esential aspects
of an existing system (or a system to be constructed) which presents knowledge of that
systemin usable fornt'.

Pierce [2] points out that the basic mathematic principles underlying sound propagation
include the principles of continuum mechanics, which include the laws that deal with
conservation of mass, changes in momentum, changes in energy brought about by work and
heat transfer, symmetry conditions, and properties of the substances through which sound
can propagate.

In fact, the mathematic theory of wave mechanics can be considered to start with Newton
and Galileo with further contributions in the subsequent centuries from Euler, Lagrange,
Stokes, Helmholz, Kirchoff, Rayleigh and many others.

Closely related to the wave motion considerationsin NDT is the nature of the source of
energy. Electro-Mechanical equivalent circuits are used for transducer modelling. The
basics for the equations for this theory are derived from Kirchoff s equations [3].

A similar set of mathematical considerations can be made for electro-magnetic fields and
these have provided the foundations for modelling of eddy current applications.

Although mathematic models existed for wave motion they were not practically applied
until computers were available to process results with some speed in calculations. Thisdid
not occur until about the late 1970s. By practical we me an here that some form of rapid
graphic representation was possible. The number crunching capabilities of computers
allowed useful iterative solutions to the equations.



Prof. Dr. Kasaburo Harumi [4] was one of the early pioneers in the computed mathematic
modelling of ultrasound. He used computersto display the nature of wave mechanicsto the
NDT user. Over aperiod of several years starting in about 1982, Dr. Harumi and his
associates produced a multi-part educational film with computer graphics simulating the
behaviour of ultrasound inasolid. It consists of 14 parts starting with the basics illustrating
lattice and vector representations of the compression and transverse waves and then on to
several other examples including reflection of a longitudinal wave by a crack for 60
incidence and reflection of a transverse wave by a surface crack for 60 incidence.

Mathematic modelling has used a variety of methodologies known by the names of
processes used. Some of the methodologies include:

FEM Finite Element Method

EFIT Elastodynamic Finite Integration Technique

BEM Boundary Element Method

FDM Finite Difference Method

Visualisation Options

One definition of visualisation statesthat A visualisat ion isa graphic that represents datain
avisual format. The concept of Visualisation isus ed throughout NDT processesin
normal data acquisition work. Typically a series of data points is reassembled into a display
that represents the part and/or an internal feature. 1n ultrasonics the data points are
comprised of A-scans. Ineddy current the impedance pl ane components are used to re-
construct an image representing a flaw. When a component is tested from a variety of
angles, such asis possible with X-ray and ultrasound, the results can be reconstructed in 3D
and a Tomographic image made.

For example, by scanning a steel ball or hydrophone in an X-Y raster pattern with
incremental increases in the Z axis an intensity plot of the radiated beam can be made using
the appropriate software. Results such asillustrated in Figure 2 provide a model of the
sensitivity regions of the probe.

Figure 2 Hydrophone Intensity Plot (courtesy Onda Corp., USA) (Not
modelling )



Examples of xz scan data:

.....

This is a plot where the data are normalized 1o the peak at 2ach z distance:

—.

These are examples of one-dimensional slices from an xz scan:

Instead of modelling such representations are more ofte n considered to be data imaging
and as such would not be grouped in our visualisation catego ry.

Not all test media are as convenient to work in as the water in which the image in Figure 2
was made. When the medium is a solid the continuous changes in the beam or field shape
are not so easily obtained.

Visualisation may be considered a special form of modelling whereby the inspection field
mechanism is made to propagate through an actual or smulated test medium and optical
methods are used to see the results of beam movement a nd interactions. Ultrasonic testing
has benefited most from visualisation. Two main visualisation options have been developed
over the years;

Schlieren techniques

Photo-elastic techniques

Schlieren Modelling Techniques

The conventional schlieren system can be credited to August Toepler. Toepler’s original
system was designed to detect schlieren (from the German meaning streaks or scratches) in
glass used to make lenses.

In its basic form, the schlieren setup is simply a collimated light beam directed over the
specimen and then the beam is focused to a point where a stop is placed. The stop is
typically a knife-edge plane (e.g. arazor) or may bea small dot (e.g. solid black paint or
epoxy circle pasted to aflat glass plate). Under the steady-state condition no light gets
around the stop. When a change in the steady-state condition occurs it causes the light to
deviate its path. This light deviation is converted to shadows in a schlieren system. The
main components are seen in Figure 3.



Figure 3 Schlieren setup
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D isthelight source. L1 and L2 are the collimating and focusing lenses respectively. d is
the stop and a isthe observer located after the ma gnifying lensL3.

Schlieren systems have been used in NDT for transducer beam analyses by a variety of
researchers[5,6,7, 8]. 1n 1959 McMaster notesthat methods for direct optical visualisation
of continuous-wave systems are well known and are usually modified schl ieren apparatus
techniques.

Visualisation using schlieren techniques are the only ones that have commonly used
continuous wave excitation of the transducer (although McNamara describes a CW analysis
[9] using a photoelastic system in his paper). Figure 4 illustrates 2 images of the schlieren
technique taken from a movie made by Automation Industries Inc. in 1970". A year or so
later the NDT department of Battelle Northwest labbs made a similar movie using a pulsed
neon laser with almost the same sequence of demonstrations. The Battelle narrator noted
that the modelling applied to both ultrasonic and electromagnetic applications.

Figure 4 Schlieren Images using Continuous Wave Excitation
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When the light source is of sufficiently short duration the normal pulsed operation of
ultrasound can be used and pulses can be stopped for viewing. Thiswas done by the
writer for the images in Figure 5 where an acousto-optic modulator is used to provide a
strobe laser illumination of a 2MHz pulse striking a stainless steel cylinder.

! The same schlieren apparatus was demonstrated to the writer in about 1995 by Mike Shakinovsky in Danbury Conn.,
USA at the Sperry Rail Corp. Sperry Rail and Automation industries were sister companies and the eguipment from
Automation Industries had been moved from Boulder, Colorado to Danbury to eval uate the performance of the whedl
probes used in Sperry srail inspection systems.



Figure 5 Schlieren Images using Pulsed Excitation
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Photo-elastic modelling Techniques

For many years the preferred ultrasonic visualisation method seemed to be the schlieren
technique. Photoelastic visualisation, although known about since the 1930s [10] was not
used for ultrasonic beam analysis until about 1970. The basics of the system are illustrated
in Figure 6.

Figure 6 Photoelastic Setup
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Polarised light is passed though the sample and the light reaching the observer is nulled by
a second polariser (the analyser). Stresses in the sample then rotate the incident polarised
light and are no longer nulled when they reach the a nalyser. These pass through the
analyser and are visible to the observer.

Hanstead [11] developed a compact photoelastic system that was adaptable to a schlieren
system and described the advantages and disadvantages of each. Whereas the schlieren
images are obtained as a result of refractive index changes due to stress gradients, the
photoelastic visualisation is a result regions of stress. Hanstead noted that the schlieren
technique was generally more sensitive when used to analyse in liquids. However, the shear
stresses that can form in solids are not seen using the schlieren technique but are very easily
seen using the photoelastic technique.

The white on black images of the ultrasonic pulses in glass models, such as seen in Figure 7,
became a common sight in many of the NDT journals of the 1970s and early 1980s



[12.13.14,15, 16]. Figure 7 isamultiple exposure of four stops of the transverse wave pulse
of anominal 4MHz probe in fused silicaglass.

Figure 7 Photoelastic Image from Hanstead and Wyatt (1974)

Early efforts were made to use the combination of schlieren and photoelastic techniques to
quantify sound intensity [17]. Light s measurements in 1982 were based on the Raman
Nath principle using the diffraction effect that sound pressure has on alight beam in an
ultrasonic beam. Thisisdifferent from the quantitative measurement techniques suggested
by Wyatt [13] who proposed using the photoelastic system with the Senarmont method
which involves rotating the analyser to minimise the intensity at the point of interest at the
image.

In 1986 an advertisement in NDT International announced that a company had made a
commercial system using the photoelastic technique and was selling it starting at around
£19,000 (or about 35,0003US at that time) but when the writer enquired no commercial
systems had been made or sold and the method faded out of the literature by the late 1980s.

Recent Developmentsin Modelling:
Raytracing
Each of the categories of modelling has experienced enhancements over the years.

The Simple Geometric Option has greatly benefited from computerisation. Inits more
familiar form as Ray Tracing thisisnow the easies t-to-use and most useful modelling tool
available to the average NDT technician. Ray Tracing a llows the user to draw two or
three dimensional figures and place probes on the part.

For several years (since 2000) a modelling feedback tool has been used in phased array girth
weld inspections [18]. Operators enter wedge and probe parameters and weld parameters
including steel velocities. The centre-ray lines are drawn and awhole series of parameters
are generated to supply a phased array system all the information required for the focal laws.
Figure 8 illustrates the graphic presentation of the calculations for the zonal discrimination
technique. Figure 9 isthe associated data output for the essential parameters of the focals
laws generated to produce the beams calculated in Figure 8.



Figure 8 Calculated Ray Tracing from weld and probe parameter inputs
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Figure 9 Focal law parameter outputs

Channel | T=/R= | Mame | Caonfig | W ave | Angle | Path | Element | Mb Act... | |ndex | elocity | Skew
1 T=/Rx Root S Pulze-E... Shear 460 42 61 18 14 3213 3250 270
14 T=/Rx Root DS Pulze-E... Shear 460 42 61 82 14 3213 3250 a0
15 Tu/Rx Root70US  PulseE.. Shear 70 2796 18 14 28.28 3250 270
16 Tu/Rx Root700S  PulseE.. Shear 70 2796 82 14 -28.28 3250 a0
13 Tr/Rx Filll IS Pulse-E... Shear E5.0 3337 [ 16 3326 3250 270
2 Tr/Rx Fill DS Pulse-E... Shear E5.0 3337 70 16 -33.26 3250 i
3 Tr/Rx Fill2 IS Pulse-E...  Shear E0.0 .63 13 17 304 3250 270
4 Tr/Rx Fillz DS Pulse-E...  Shear E0.0 .63 7 17 -31.04 3250 i
A Tr/Rx Fill3 IS Pulse-E... Shear 5.0 064 24 a 29.38 3250 270
E Tr/Rx Fill3 DS Pulse-E... Shear 550 .64 a8 a -29.38 3250 a0
17 Tr/Rx CapUs Pulse-E... Shear A3 32.00 20 12 .45 3250 270
18 Tr/Rx Cap DS Pulze-E... Shear A3 32.00 a4 12 30,45 3250 a0
7 Tr/Rx WOL US Pulze-E... Shear 450 4481 1 17 34.04 3250 270
a Tr/Rx YWOL DS Pulze-E... Shear 450 4481 i) 17 -34.04 3250 a0
10 Tr/Rx cic Pulze-E... Shear 450 an1s 22 16 039 3250 270

Some codes (e.g. ASME BPV) allow for verification of volume coverage using computer
modelling. A simple approach can be used to ensure that the weld and HAZ are covered by
the centre of beam. Such atool can provide fast modification of weld basic geometries and
placement of wedges and indicate if one or more linear scan isrequired. The modelled
output from such a programme is seen in Figure 10 (courtesy Eclipse Scientific Instruments,
Canada).

Figure 10 Ray Tracing showing 2 S-scans for volume coverage (2D only)
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Ray Tracing with pulse mode and divergence effects provide a simple approach to the
complexities of mode conversion and complex geometries. Ray Tracing models do not
consider diffraction effects therefore the effect isto greatly increase the speed of the
calculations and still provide an informative display. Figure 11 from 13D illustrates multiple
skips of a divergent beam in awater-filled tube with a 5mm wall.

Figure 12  Ray Tracing of an unfocused beam (pulse-mode) in a water-filled tube
with a 5mm wall thickness (3D effects)
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Mathematic modelling advances

Depending on the perspective, mathematic modelling has seen improvements in either detail
or speed of calculations. Generally one advantage precludes the other.

When it comesto detail the Elastodynamic Finitie Integration Technique (EFIT) developed
by Langenberg provides what may be the most precise option accounting for essentially all
material factorsin the propagation of the ultrasonic beam.

For ease and accessibility and speed, simplified methods have been developed. DREAM by
Lingvall & Piwakowski uses the ubiquitous Matlab and a technique they call the Spatial

I mpulse Response approach to render acoustic field images from transducers. An example
of the output from a focused array is indicated in Figure 13.

Figure 13 Phased Array focused beam pulses made by Lingvall using DREAM



Similarly Arendt-Jensen’s “Field” is also Matlab baseétis logo is illustrated in Figure 14.
This is acalculation of point spread functions. This exampleutates the point spread
function for a concave, round transducer with a radil&mfn, a geometric focus at 80 mm
and a centre frequency of 3 MHz.

Figure 14  Point Function of focused beam by Arendt-  Jensen

Both Lingval and Arendt-Jensen have provided their Mdtdahdations on their websites
(see Table below). Another recent addition to thesttaoer analysis domain is Philippe-
Rubbers’ CSSP-Diff_Sim. This has also been provided aealvwnload but functions as
a stand-alone package. Rubbers has added a unique featurgdodtiecer pulse model.
In his software you can apply Complex plane-Split-SpeetProcessing to increase signal
to noise ratio.



