CHAPTER 8 —-CONCLUSIONS AND RECOMMENDED WORK

8.1 Conclusions

The primary emphasis of thiswork is the application of modeling and automated
classification in the development, vaidation, and implementation of non-destructive
ingpection techniques. These tools were used to develop ultrasonic inspection techniques
for radid fatigue cracks located about four different cylindrical hole configurations: the
empty cylindrica hole, the fluid-filled cylindrical hole, the cylindrical hole containing an
eadtic lining, and the cylindrical hole containing an dadtic insart. Due to condraints on
the placement of the transducer relative to the hole, specia ultrasonic NDE techniques
were explored for the detection and sizing of cracks at the bottom and top locations.

Typica C-scan pulse-echo ultrasonic ingpection for bottom crack detectionin
weep holes was found to miss certain smal cracks. To smulate the inspection problem, a
2D boundary dement method (BEM) simulation was gpplied for the total field response
generated by an ultrasonic transducer signd incident on acylindrical hole with a surface
breaking crack or notch. A technique was developed which examinesthe variaion in the
A-scan Sgnds as the transducer is incrementaly moved dong the wing surface across
the region of aweep hole. Studies of both experimenta and smulated BEM signds were

used to develop this approach. The performance of the automated spatia Signal variation
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(SSV) approach was found to exceed the performance of manua C-scan inspection.
The advantage of this refined B-scan classfication techniqueis the ability to detect
superimposed signds independently from the genera shape of the transient pulse.

Development, validation and implementation of aneural network asssted,
automated ultrasonic ingpection technique for the detection of bottom and top cracks on
weep holeswere completed. Toward achieving the god of field implementation of an
automated ingpection technique, thiswork demongrated the vaue of numerica
amulation, laboratory studies and dgorithm training with samples representing in-fidd
vaiation, aswel asin-field demondration, parametric sengtivity studies, and probability
of detection (PoD) vdidation. The inspection capability of the automated procedure was
found to exceed both the defined ingpection requirements and the ability of inspection
through viewing C-scan images.

Ray andlyss, andyticd modds and boundary eement method (BEM) smulations
were used to understand the nature of secondary reflected and transmitted sgnals from
notches on an empty cylindrica hole. From these smulated results, a methodology for
Szing top notches was proposed. A validation with experimenta results was carried out.

A top crack ingpection technique for fluid-filled weep holes was dso investigated.
A BEM modd was gpplied for the scattering response of an incident shear wave
transducer sgnd by afluid-filled cavity with afluid-filled notch. A viable ultrasonic
ingpection drategy was developed fromthe smulated sudies. Vdidation of the gpproach

was presented for both smulated and experimenta data for top notches.
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Modds were used to invedtigate the effect of a polyurathane lining on the
ingde surface of the C-141 weep holes. The effect of an eastic layer on the propagation
of ‘lesky’ Rayleigh waves about a cylindrica hole was investigated. Firg, the dispersion
relaions for this case were solved. Second, an andytic model was solved for aplane
shear wave incident on acylindricad hole with an elagtic layer. For the expected variation
in layer thickness and materia properties, the performance of the top crack detection
dgorithm was not sgnificantly degraded. However, flaw szing dgorithms will be more

difficult for the dadtic layer case.

A dudy examining the possible detection of top cracks for holes containing eastic

inserts was also presented. A BEM model was applied for the scattering response of an
incident shear wave transducer signd by a cylindrica hole with aradia notch, an dadtic
insert, and a fiffness interface between the hole and the insert. Through comparisons
with experimenta data, characterization of the interface condition between the hole and
the insert was assessed to be adip bond. A feasible ultrasonic inspection strategy was
determined from the amulated and experimenta sudies. Vadidation of the gpproach is
presented for both smulated and experimenta data. An examination of the sengtivity of
the ingpection technique to variation in measurement, geometric and materia parameters
was a0 presented. Due to modd limitations for the corner crack ingpection case, the
classfication agorithm senstivity for certain ingpection parametersis not well
understood. Genetic agorithms were used to optimize these parameters using
experimental data. Genetic agorithms were shown to be a viable means of optimizing

the cdlassfication dgorithm to indicate vauable features of the ingpection problem.
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8.2 Recommended Automated Classification Work

The decision to pursue automated classfication for an ingpection problem
depends on the benefit gained versus the cost of implementation. The benefits of
implementing automated classfication were discussed in Chapter 1. The cost of
implementation is based on the required development time, the computationd time, and
the computationa hardware for a particular inspection problem.

One ggnificant issue concerning the gpplication of automated classfication for
certain ingpection problems is the development time and the resulting codts.
Considerable time may be required to write, optimize, and vaidate the classfication
agorithm, but it only has to be done once for a specific problem. Also, the classfication
software must interface with the data acquisition hardware to present the results to the
operator. It must be checked that, the benefit of automated classification is great enough
to judtify the time and cogt of implementation.

A sgnificant issue concerns the possible lack of robustness and flexibility of
automated classification ingpection systems. Changes of ingpection equipment may
reduce the performance of the classification agorithm and thus necessitate retraining. In
addition, unexpected variation in materid geometry, properties, and condition may
produce errors in the automated classfication call.

These issues can be partidly addressed through straightforward project
management drategies. Fird, during the early stages of the project, the performance

benefit of implementing an automated classification procedure must be thoroughly
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assessed with respect to the development time and cost. Second, repeated
implementation of automated classification builds vauable experience within the project
team. Prior experience with in-fidd variation can ad in both streamlining the training
process and focusing validation on the important inspection parameters. Software for
classfication dgorithms, hardware interfaces, and operator interfaces may aso be
recycled for future projects, thus reducing development time. Third, when feasible,
integrating visua ingpection ‘ checks using the operator interface may be avaduable
method for findl validation of the dassification dgorithm during the initia
implementation stage while aso building confidence with the ingpectors.

Severa research directions are proposed in order to address theseissues. Firgt,
improved signd processing techniques should be investigated. Research into multi-
dimensond (time and spatid domain) signa processing techniques has been promising
and should continue. The spatia signa variation approach presented in Chapter 2 may
be used for other ingpection problems. Second, incrementa |earning schemes have been
examined for adding adaptability to classfication agorithms [86]. Further researchis
required for the implementation of incrementa learning to in-field gpplications. Third,
continued research into selecting the best classification agorithm for an ingpection task is
needed. Reduction of feature vector complexity was shown to improve the robustness of
classfication dgorithms incorporating neurd networks. Genetic dgorithms were dso
presented as a viable gpproach for efficiently optimizing inspection parameter settings.
However, parameter optimization does not directly address the optima design of the

agorithm structure. Since the design processis typicaly based on the experience of the
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engineer, aternative gpproaches to improve inspection performance may be ignored.
Algorithm congtruction usng genetic programming (GP) is proposed as an dternative to
soldy relying on expert knowledge in determining the structure of a classfication
agorithm. Genetic programming is amethod of evolving a population of programs based
on afitness criteria[87,88]. Individua programs undergo operations smilar to genetic
agorithms until the program structure meets the desired performance results. Genetic
programming can be used to refine an initid agorithm design of the engineer. Genetic
programming has been applied to optimizing data mining agorithms for medica
databases [88,89]. Research is proposed to determine how genetic programming can be
tailored to optimize nort destructive ingpection dgorithms. Initidly, genetic

programming might be used to further refine an initia dgorithm design.

8.3 Recommended Modeling Work

Additionad modeling work is recommended to address a specific issue with the
ultrasonic ingpection for fatigue cracks about weep holes with a polyurethane coating. A
model for the scattering of an incident transducer signd from a cavity with an annular
eadtic lining and aradid interface crack using a hybrid gpproach is proposed. The
suggested approach incorporates the finite e ement method (FEM) for the analysis of the
region of the crack and the eadtic annulus region, and the BEM for the andysis of the

externd infinite elagtic domain. Subsequent parametric studies concerning the crack,
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eladtic layer, cavity and transducer characteristics are proposed. The focus of the
parametric sudies should be to understand the effect of the eagtic layer on the reflection
and transmission of a‘lesky’ Rayleigh wave by aradid fatigue crack.

From agenerd perspective, thiswork displayed severd ways in which modeling
benefited agorithm development. Typicaly, the decision to develop amode for an
ingpection problem depends on the benefit gained versus the cost of implementation. The
benefits of modeling during the development process were discussed in Chapter 1.

Due to severd dgnificant issues, the direct use of modeling during the
development process has been somewhat limited. Extensve development timeis one
sgnificant issue. By thetimeamode can be completed, arudimentary understanding
through experimentation is achieved and thus the modd is viewed, often mistakenly, as
no longer of great use. Another issue concerns the computationa intensve nature of
numerica smulations required for non-destructive ingpection problems. Typica
ultrasonic modeling problems consist of high frequency, broad-band, trangent sgnas
and scattering in three dimengons, which often require considerable computationa time.
Anisotropic and inhomogeneous materids further complicate Smulations. These
complications often lead engineers to assumptions that reduce solution time but sacrifice
model accuracy.

These issues can again be partidly addressed through straightforward project
management drategies. Fird, during early stages of the project, the performance bendfit
of incorporating modeling in the development process must be thoroughly assessed with

respect to the development time and cost. Once moddling is determined to be



advantageous, available software packages, either commercid or public domain,
should befirgt explored in order to minimize modd development time. Also, expertsin
academia and industry should be consulted before an extensve modding program is
begun. If modd development is required to address a complex inspection problem, a
aufficient investment in engineering expertise and computationd hardware is required.
Findly, if the current level of numerical Smulation is unable to represent the ingpection
problem, empiricd modeling remains afind option.

Severa research directions are a so proposed in order to address these issues.
Clearly, more generd packages are needed to handle the variety of inspection problems
found in industry. Separate packages based on a single solution method such asray
method or finite difference techniques currently exist. Each of these packages can
successfully model specific problems, but often fail for other problems due to inherent
gpproximations or excessve computationa time. Hybrid models have been proposed to
better handle a broader class of modding problems[90]. In this Dissertation, a hybrid
model, incorporating a gaussian beam solution for the incident transducer field, and a
BEM solution for the scattered field, was used to solve for the tota field response.
Further research is necessary to develop modeling techniques that apply the appropriate
modeling agpproach to each portion of the ingpection model. Research into expert
systems, by which the modeling ‘knowledge base' is organized and gpplied to determine
the appropriate modeling approaches for an ingpection problem, and genetic

programming, to optimally integrate appropriate models would be desirable.
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APPENDI X

APPENDIX A —PARAMETER SETTINGSFOR BEM SIMULATIONS

A.1 General Featuresof BEM Simulation

In order to minimize the computationa time for the solution of these high frequency
elagtic wave scattering problems, the following model was chosen:

BEM Simulation Approach

2D Frequency domain boundary € ement method

Use Fourier trandforms to convert trandgent problem into series of frequency
domain problems

Typically, the crack case would be modeed using two separate domains.
However, discritization of our problem in two domains leads to much larger
systems of equationsto solve. To obtain agood solution with much less
computationa time, a Sngle boundary incorporating a cylindrical hole with a
open notch (of finite width) was used. This definition resultsin asingle domain.
A notch width of 0.010” was determine to be agood vaue to use for the
smulationsin order to minimize the error due to boundary points being location
in close proximity to one another.

Quarter node elements were used to gpproximate the singularity at the tip.
Cdculation of the transducer responseis performed by gpproximating the location
of the transducersin the dastic media, calculating a series of points along aline of
the transducer, and combining these points into asigna voltage response
(assuming a Gaussian digtribution across the transducer).

Totd Fied Solution Steps

Define Trangent Incident Fdd in Time Domain

Cdculate Tractions from Incident Field at Hole Boundary

Apply Counter Traction to Boundary to Solve for Scattered Field Problem
Convert Trandgent Stress Conditions from Time to Frequency Domain via FFT
Solve Series of Frequency Domain BEM problems (Dominguez et d)

Convert Resulting Scattered Field Response to Time Domain Solution via Inverse
FFT

Scattered and Free Field Responses Summed to Obtain Totd Transent Response

See reference for specific details of boundary dement smulation [25-28,91].
Tables A.1-7 showstypical parameter seiting for the BEM smulations performed.
Figure A.1 displays the used interface used to perform these BEM smulation.
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Table A.1. Typica input parameters.

185

Number of Time Steps

512 — empty hole case
(1048 — dadtic insart hole case)
(2048 — fluid-filled hole case)

Transducer Center Frequency

3.71 MHz — measured for old transducer
(5.00 MHz — measured for new transducer)

Samples per Period

6

Trangent Input

Gaussian Beam — transent pulse defined
by snusoid with Gaussian didribution *
(Lhemery shear transducer model [92])

k (for trandent Gaussian pulse) 10 — wide pulse
(2.5 —tight pulse)
Start Frequency Andysis Step 44 — empty hole case
(90 — dadtic insart hole case)
(180 — flud-filled hole case)
End Frequency Andysis Step 127 — empty hole case

(250 — eadtic insert hole case)
(500 — fluid-filled hole case)

* See Figure 4.5. Trandent pulse (a) in time domain, and (b) frequency spectrum.

Table A.2. Typica transducer parameters.

Incident Elastic Wave Type

Shear

Width of Transducers

0.250in.

Trangmitting Transducer Locationin'Y dir.

-0.862 in — pulse-echo for weep hole

Tranamitting Transducer Location in X dir.

-0.141 in — pulse-echo for weep hole
(corresponds to 0.200 in from reference on

wing surface)
Spacein 'Y dir. Between Transmitting and 0.0483in.
Receiving Transducers
Table A.3. Typica éadtic media parameters.
Material Aluminum
Red Shear Modulus 26.45 GN/n
Density 2700 kg/nv
Poisson’s Retio 0.33
Damping 0.0005
2D Modd Type Plane Stress (for thin plates)




Table A.4. Typica cavity parameters.
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Material

Aluminum

Radius of Cavity

0.125in. —typica weep hole
(0.09375 in. — typicd rib dip hole)

Number of Elements

100 — typicd weep hole
(76 — typicd rib dip hole)

Table A.5. Typicd fluid fill cavity parameters

Material Water

Red Shear Modulus 2.189 GN/nY

Density 999 kg/nt’

Damping 0.0005

Table A.6. Typical notch parameters.

Typica Length 0.070in.

Width 0.010in.

Angular Location of Crack 45

Number of Elements 18

Notch Tip Condition Flat Notch End
(Point at tip — with sngularity)
(Point at tip — no Sngularity)

Taper Condition Pardld Sdes
(Taper to point)
(Taper to point)

Elements at Notch End 2

Table A.7. Typicd results parameters.

Solution Points per Transducer 20

Grid boundaries rangesin X direction -1to 3, in radii

Solution Points per Transducer 25 points'radii

Grid boundaries rangesin X direction -2,2, inradii

Solution Points per Transducer 25 points/radii




. BEM Weep Hole Simulation
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Figure A.1. BEM weep hole smulation user interface.
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A.2 BEM Simulation of Bottom Notch About Weep Hole (Section 2.2)

The ddtails of this Smulation have been previoudy presented [93].

Table A.8. Bottom notch ingpection smulation parameters.
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Incident Elastic Wave Type

Shear

Width of Transducers

0.250in.

Transmitting Transducer Locationin'Y dir.

-0.640 in — pulse-echo for weep hole

Trangmitting Transducer Locationin X dir.

0.085 in — pulse-echo for weep hole
(corresponds to +0.120 in from reference
on wing surface)

Spacein Y dir. Between Transmitting and
Receiving Transducers

0.0483in.

Lengths 0.070 (and 0.018) in.
Width 0.010in.

Angular Location of Crack -135 (and -145) in.
Number of Elements 18 (and 8)

A.3 BEM Simulation of Top Notch about Weep Hole (Sections 3.2, 4.4, 4.5, 4.6)

The details of this smulation have been previoudy presented [23] and are listed in Tables

A.1-7.




A.4 BEM Simulation of Top Notch about Fluid-Filled Weep Hole (Sections 5.3,

5.4)

Table A.9. Specific parametersfor fluid-fill case.
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Number of Time Steps 2048 — flud-filled hole case
Start Frequency Andysis Step 180 — flud-filled hole case
End Frequency Analysis Step 500 — flud-filled hole case
Material Water

Real Shear Modulus 2.189 GN/m”

Density 999 kg/m°

Damping 0.0005

Notch Length 0.070in.

Notch Width 0.010in.

Angular Location of Crack 45

Number of Elements 18

Notch Tip Condition Flat Notch End

Taper Condition Pardld Sdes

Fuidin Notch YES

Elements at Notch End 2
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A.5 BEM Simulation of Top Notch about Cylindrical Hole Containing an Elastic

Insert, Top Notch and Stiffness | nterface (Sections 7.4, 7.6)

Table A.10. Specific parameters for dagtic insert case.

Number of Time Steps

1024 — elastic insert hole case

Transducer Center Frequency

5.00 MHz — measured for new transducer

Start Frequency Analysis Step

90 — dadtic insert hole case

End Frequency Analysis Step

250 — elastic insert hole case

Transmitting Transducer Location in'Y dir.

-0.807 in — pulse-echo for weep hole

Transmitting Transducer Location in X dir.

-0.085 in — pulse-echo for weep hole
(correspondsto -0.120 in from reference on
wing surface)

Radius of Cavity 0.09375 in. — typicd rib dlip hole
Number of Elements 76 — typicd rib clip hole

Infinite elastic medium 7075-T6 Aluminum [94]

- Red Shear Modulus - 26.9 GN/nf

- Dengty - 2800 kg/nt

- Poisson’s Ratio - 033

- Damping - 0.0005

- 2D Modd Type - Plane Stress (for thin plates)
Insert Material 7050-T73 Aluminum [94] (and Stedl)

- Real Shear Modulus

- 269 GN/nf

- (83.0 GN/nY)
- Densty - 2830 kg/nt

- (7700 kg/n®)
- Poisson’s Ratio - 033

- (0.28)
- Damping - 0.0005

- (0.0005)
Notch Length 0.070in.
Notch Width 0.0101in.
Angular Location of Crack 45
Number of Elements 18
Notch Tip Condition Flat Notch End
Taper Condition Pardlel Sides
Fuid in Notch Empty Notch
Elements at Notch End 2
Normal interface stiffness Ky = 1el7
Tangential interface stiffness K= lell
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APPENDIX C —OPTIMIZATION PROBLEM SUSING GENETIC

ALGORITHMS

The genetic dgorithm optimization routine used for the optimization problem was
adapted from a program written by Michael Gordy [89]. Table C.1 displaysthe
parameter settings used for the genetic agorithm during the optimization process.

Table C.1. Genetic dgorithm optimization parameter settings.

Parameter Value
size of generation 10
crossover rate (between 0 and 1) 05
mutation rate (between 0 and 1) 05
number of iterations best is reinserted into generation 5
le-4

solution precision

Table C.2 digplays the condraints for the 11 optimization parameters. The
measurement approach is similar to prior top crack detection agorithms. For the grid of
gpatid location for the pulse-echo (CPE) and pitch-catch (CPC) data, the peak-to-peak
measure within the time gate is calculated for each spatid location, and an average over
the spatia grid is cdculated.

Thetime variables, X(1), X(2), X(3), and X(4), are integers with units of
0.01xrsec. The unitsfor variable X(5) are 0.01xrsec per spatid increment. Varigbles
X(6), X(7), X(8), X(9), X(10), and X(11), are in terms of incrementa transducer spatia
seps. All spatid increments are 0.020". The spatid location variablesin the X direction,
X(6) and X(8), begin one spatia increment from the specular reference location.

Since the ingpection is performed at discrete times and spatid locations, al 11
optimization parameters were represented by discrete variables. Theincremental range
for each ingpection variableisdso givenin Table C.2. A binary encoding of the
parameters was used to smplify the implementation of genetic dgorithms asthe
optimization routine. Table C.3 digplays the binary encoding for each parameter
congraint. The equation,

X(n) = Fadd(n) + Fmut(n) ¥ (), (C.1)
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194
represents the relation between the binary encoding and the actud parameter vaue.

Table C.4 ligs the changes to the optimization parameters for two variables when
consdering optimization of left and right ‘ corner’ notch locations.

Table C.2. Search parameter congtraints.

X(n) Parameter Xiow Xhigh N Fagd Fout
X(1) [ Time gate start CPC 100 400 16 100 20
X(2) | Timegatewidth CPC 25 200 8 25 25
X(3) | Time gate start CPE 160 460 16 160 20
X(4) | Time gate width CPE 25 200 8 25 25
X(5) | Time/spatial adjust for every 0.020" step 18 25 8 18 1
X(6) | Spatial X gate start CPC 1 16 16 1 1
X(7) | Spatial X gate width CPC 1 8 8 1 1
X(8) | Spatial X gate start CPE 1 16 16 1 1
X(9) | Spatial X gate width CPE 1 8 8 1 1
X(10) | Spatial Y gate start - both 1 4 4 1 1
X(11) | Spatial Y gate end - both 7 10 4 1 1
Table C.3. Binary encoded parameter congtraints.

Y (n) Parameter Y ow Y high bits
Y(1) Time gate start CPC 0 15 4
Y(2) Time gate width CPC 0 7 3
Y(3) Time gate start CPE 0 15 4

Y (4) Time gate width CPE 0 7 3

Y (5) Time/spatial adjust for every 0.020" step 0 7 3

Y (6) Spatial X gate start CPC 0 15 4
Y(7) Spatial X gate width CPC 0 7 3

Y (8) Spatial X gate start CPE 0 15 4
Y(9) Spatial X gate width CPE 0 7 3

Y (10) Spatial Y gate start - both 0 3 2
Y(11) Spatial Y gateend - both 0 3 2

m  Total number of bitsfor individual population member is 35.
m  Total possible parameter setting combinationsis 2*° =3.43" 10'°.

Table C.4. Specific parameter congraints for right and Ieft ‘ corner’ notch classfication.

Corner X(n) Parameter Xiow Xhigh N Fagd Frut
Notch
Left X(10) | Spatial Y gatestart—both 1 4 4 1 1
Left X(11) | Spatial Y gatewidth - both 1 4 4 1 1
Right X(10) | Spatial Y gateend —both 7 10 4 7 1
Right X(11) | Spatial Y gatewidth - both 1 4 4 1 1




