CHAPTER 5- MODEL AND METHODOLOGY FOR CRACK DETECTION ON

A FLUID-FILLED CYLINDRICAL HOLE

5.1 Background

The weep hole ingpection procedure presented in Chapter 3 requires that the fuel
compartments in the wing be completely purged of fuel before inspection can begin.
Emptying and purging fud from the wing during depot mantenance of the aircraft is part
of the current maintenance procedure. However, due to the time and cost of emptying
and drying out awing, the capability of weep hole ingpection with awing containing fud
at locations beyond depot maintenance is of interest to the Air Force.

A review of work examining the ultrasonic scattering of waves at the cylindrical
interface between eastic and fluid media was performed by Hassan and Nagy [18].
Solomon et d. formulated the scattering of eagtic waves from a cylindricd fluid-filled
hole by a plane shear wave. However, their andlysis did not clearly demonstrate the
elagtic wave phenomena needed for ultrasonic ingpection [50]. Hassan and Nagy have
investigated the effect of the presence of afluid on the performance of the two-dement
weep hole ingpection technique for top cracks [18-21]. First, the dispersion equations
were solved numericaly for the fluid-filled cylindrica cavity in an dagtic mediadlowing

for the solution of the phase velocity, group velocity and the attenuation curves [18].
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Consderable attenuation of the cregping Rayleigh wave through generation of hao (or
whispering gdlery) waves into the fluid-filled cylinder was found to greetly hinder the
performance of the ingpection technique. A trandent time domain solution for a shear
plane wave was a'so solved in order to caculate the precise attenuation of the
circumferentia wave, separate from the re-radiated halo wave [20]. From these
solutions, it was clearly demonsirated that the ‘leaky’ Rayleigh wave that propagates
about afluid-filled cylindrical hole with no crack would be difficult to detect dueto
excessvelossinto the fluid.

In order to develop arobust utrasonic ingpection methodology for a fluid-filled
cylindrica hole, additiond modding indght isrequired. No prior work was found which
investigated the scattering of an incident shear transducer sgnd for the case of afluid-
filled cavity with aradia crack or notch. To best mode these configurations, boundary
element method (BEM) modds of the ultrasonic scattering process are developed in this
Dissartation. Some prior sudies have investigated the scattering of a fluid-filled cavity in
an dadtic medium using the boundary eement method. Niwa et d examined the
trangent scattering of a plane dastic wave by afluid-filled indusion in an dadic haf
gpace using the frequency domain boundary integra equation method [25].  Thelr work
will be the basis for the development of BEM models of afluid-filled cavity with afluid-
filled notch. With these modds, parametric studies of the pulse-echo and pitch-catch
responses will be performed to determine the most robust methodology to detect the

existence of atop notch.
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5.2 BEM Model Development

Figure 5.1 displays the configurations of afluid-filled cylindricd hole for the no-
notch (a) and notch (b) cases. The notch isfinite in width and filled with afluid. To
minimize computationd time, a single boundary is used to define the shape of the
cylindrica hole and the notch.  The frequency domain BEM formulation presented here

is based on the derivation for afluid incluson presented by Niwaet d [25].
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Figure 5.1. Huid-filled cylindrica cavity in an infinite dastic medium for (a) no-notch

case and (b) with-notch case.
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The equation of motion for an eadtic solid is given by

(I + mMINNSu(x,t) + ni2u(x,t) = r a(x,t). (5.1)
To define the traction conditions, Hooke' s law and the expression for the strains are used.
The equation of motion for an inviscid fluid is given by

I RZp(x,t)=r, p(x,t), (5.2)
where p(x,t) isthe fluid pressure. A linear inviscid conditutive relation can be derived as

- Np(x,t) = r (ii(x,t). (5.3
The steady state form of the equation of motion in the transformed domain for an dadtic
solid follows from Eq. (5.1) as

(I + MINN A (x, W) + NN20(x,w) + rwAi(x,w) =0, (5.4)
The steedy sate form of the equation of motion for an inviscid fluid is given by

I RZp(x,wW) +r W p(x,w) =0, (5.5)
where the condtitutive rdation (5.3) becomes

NPp(x,W) =r WG (x,w). (5.6)

Of particular interest is the relationship at the boundary of the fluid where,

. 1 Tp(x,w)
u,(x,w) = . S.7
Theinterface conditions for an invisaid fluid-filled cylindricd cavity in an eagtic
medium are continuity of displacement between the dastic solid and the fluid
n>€|(x,w)|r:a = 1 ﬂp(X,W)| , (5.8)

r.w qn

|r:a
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and continuity of normd traction where
oW =-pxw _,, (5.9
while the shear traction for the elastic medium isequd to zeroonr =a

t (xw)

=0, (5.10)

Consider an incident displacement field in the dastic medium, u'. Thefidd
scattered from the interface between the fluid cavity and the eastic solid will be defined
as U™, Thus the superposition of these two fields gives the total field responsein the
dastic medium, u'. The scattered response in the fluid-filled cylinder will be defined in
terms of pressure, p'. By substituting the displacements, u' + U, for u', and the tractions,

t' + £ for t*, and applying the relation (5.7) , the interface conditions become,

- o' _ i _
N> (X,wW) - W ﬂ—n(x,w)—-nm x,w), r=a, (5.11)
LW+ pr(xw =-1,'(xw), r=a, (5.12)
£xw=-t' (xw), r=a. (5.13)

Integral representations for both the dastic medium and the fluid-filled cavity can
now be defined through areciprocity relation for two dynamic sates. By applying the
interface conditions and evauating the limit as a point |oad state gpproaches the interface,

an integra equation for an infinite eastic domain can be written as

a<(xw), xI V

0 xI v (514)

(‘:[U(X, YW (y,w) - T(X, y;vv)aSC(y,W)]ols,y -
v

Likewise, anintegrd equation for the fluid-filled cylinder can be represented by



(X ywWp' (yw- P(x, yW) (y,W)udS =-cp’'(xw), xIV'.

ﬂveﬂ
For the infinite d agtic domain, the fundamenta solution for the two dimensond

problem, U, the double layer kernd, T, are given respectively by

e 1 cw u
u(x, y)—— eH & (ko r )+ =5 NN(H P (k,r) - HP (k,r))a,
ang ) | )H

T Y) =T, mITHU(X,y).
For the fluid domain, the fundamental solution for the two dimensiond problem, P, is
given by

Pxy) = g HO (k)

Equations (5.16-5.18) can be found in the paper by Niwaet a [25].

In the next step, the boundaries are discretized into elements, and two separate
systems of equations are derived for theintegra equations. The details by which these
matrix equations are derived can be found in the literature [26-28]. The result can be

represented by the following matrix equations for the dadtic solid and fluid-filled cavity

respectively,
H®0® = GWt=,
H®@ p :G(Z)ﬂ

Tin
With the gpplication of the boundary conditions (5.11-5.13) to these equations (5.19-

5.20), asingle system of equations can be written in the form
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(5.15)

(5.16)

(5.17)

(5.18)

(5.19)

(5.20)



é H (1a) _ G(la) l:J ® 0 O

g H(lb) _G(lb) &a i g 0 :

& WG®? H @ u}f E QB(l) - (5.21)
g 0 AD E gB(Z)

By solving this matrix equation and gpplying the interface conditions (5.11-5.12) to the

solution, the unknowns, 0%, t%, p',

‘"F; can be evaluated. A smilar approach as

discussed in prior work isimplemented to solve for the total trangent response [26].

5.3 Validation of BEM Simulation with an Analytic Model

The andytic solution for the displacement and tractions around a fluid-filled
cavity in an infinite eagtic domain for plane harmonic shear waves has been derived
[49,51,52]. This solution was used to vaidate the boundary € ement method solution for
the no-notch case. Comparisons between the ‘exact’ and the BEM solutions were made
for the digplacement in the y-direction normalized with repect to the magnitude of the
incident plane wave. Figures 5.2 and 5.3 plot these displacements &t locations on the hole
interface for g from O to 180 degrees for different plane wave frequencies (kra= 3.983
and kra = 7.966 respectively). Excellent agreement was found between the exact and

BEM solutions.
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Figure 5.2. Comparison of andytic and BEM solutions for response to plane harmonic

shear wave —kta = 3.983.
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Figure 5.3. Comparison of analytic and BEM solutions for response to plane harmonic

shear wave —kta = 7.966.
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5.4 Discussion of BEM Simulation and Experimental Results

Figures 5.4 and 5.5 digplay contour plots of the total field response to an incident
in-plane shear pulse on afluid-filled cylindricd cavity for no-notch and with-notch cases
respectively, for nine subsequent times. The magnitude of the in-plane displacement for
each fidd location is represented by a gray scale, where the darkest and lightest regions
represent locations of greatest and lowest amplitude, respectively. The plots represent
nine sngpshatsintimewheret = 0,1,2,3,4,5,6,7,8 andt isdefined by t = (t-to)*ci/a(c; is
the shear wave speed of the materid, aisthe radius of the weep hole and t, is areference
time.) The properties of water were used for the fluid. The transducer and dastic
parameters for the smulation are presented in Appendix A.

Insght can be gained from the scattering response for the no-notch case.  Initid
reflection of longitudina and transverse waves of the incident transverse wave isfirst
observed. In addition, alongitudind wave is tranamitted into the fluid-filled cavity. The
incident transverse wave aso generates a Rayleigh wave that propagates aong the
surface of the weep hole. Asfor the empty cavity case, the Rayleigh wave can clearly be
observed lesking energy into the surrounding solid due to the curvature of the weep hole
and thus generating a Sgnificant circumferentia shear wave that propagates from the
hole. However, asgnificat loss of the ‘leeky’ Rayleigh wave in the form of a
longitudina wave into the fluid at the Rayleigh angleisaso observed. The term, hdo

wave, has been used for thiswave in thefluid [18-21]. Thislossinto the fluid causesthe
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‘leeky’ Rayleigh wave to die out much fagter than for the no-fluid case. Astime
marches forward, a halo wave continues to propagate through the fluid, becomes incident
upon the wal of the cavity, and tranamits a portion of the wave back into the dagtic
media Thus the reradiated waves from the fluid dominate the sgnd which returnsto
recelving transducer. This series of contour plots clearly displays the phenomenon of the
‘doubly lesky’ Rayleigh wave initidly described by Hassan and Nagy [18-21].

Observations can dso be made from the scattering response for the notch case.
Agan, theinitid reflection of longitudind and transverse sgnds and the longitudina
wave transmission into the fluid by the incident transverse wave are first observed. The
incident transverse wave again generates a Rayleigh wave that propagates along the
surface of the weep hole. With atop notch present, a portion of the ‘lesky’ Rayleigh
waveisreflected. The reflected Rayleigh wave lesks energy into the riser and thus
generaesasmdl but detectable circumferential shear wave that propagates from the
hole. Time step t =4 displaysthis detectable signd. Asfor the empty cylindrical hole
case, the pitch transducer can be used to detect thissignal. These observations indicate a
possible method for detecting the existence of atop notch on afluid-filled weep hole.

Additiona observations can be made for the notch case. Again, asgnificant loss
of the propagating ‘lesky’ Rayleigh wave into the fluid as ahao wave is observed.
However, the magnitude of the halo wave transmitted into the fluid for the notch caseis
not as greet as for the no-notch case. Since aportion of the ‘leeky’ Rayleigh waveis
reflected before the signd is leaked into the fluid, the tranamitted halo wave in the fluid is

reduced. Thisresultsin the fird reradiated hao wave being sgnificantly smaler for the



88
notch case. Time step t =8 clearly displays this reduction in the magnitude of the first

reradiated halo wave. Asfor the empty cylindrical hole case, a second transducer located
above the pitch transducer can be used to detect thissignd. These observations indicate

another possible method for detecting the existence of atop notch.

7=l =] =2

Figure 5.4. Contour plots of the total displacement field response to an incident in-plane
shear pulse on a 1/4" fluid filled weep hole with no crack for ninetime steps; t =

0,1,2,3,4,5,6,7,8.
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Figure 5.5. Contour plots of the total displacement field response to an incident in-plane
shear pulse on a /4" fluid filled weep hole with 20.063" notch for ninetime steps; t =

0,1,2,345,6,7,8.

A comparison of the transducer response for the BEM simulation with
experimenta results was made. Figures 5.6 and 5.7 display the comparison of pulse-echo

and pitch catch signas respectively for four cases: (a) no notch, no fluid in weep hole, (b)
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no notch, with fluid in weep hole, (c) with notch, no fluid in weep hole, and (d) with
notch, with fluid in weep hole. The magnitude of the BEM smulations was adjusted to
match the average specular refection for the experimental data set. Details concerning
the smulation parameters are given in Appendix A. Overal, thereis good agreement
between the smulated and experimenta data.

For the pulse-echo response, the notch case is shown to generate a Sgnificant
reflected ‘lesky’ Rayleigh wave sgnd for both the empty and the fluid-filled hole cases.
Although the magnitude of the reflected ‘lesky’ Rayleigh wave signd for the fluid-filled
hole case (d) is about 30% of the magnitude for the empty hole case (¢), thissgnd is il
sgnificantly greater than the noise leve for the no-notch case (b). It can be observed that
accurate placement of gating can improve the sgnd to noise ratio sgnificantly.

For the pitch-catch response data, severa observations can be made. Firgt, as
discussed by Hassan and Nagy, the transmitted circumferentid Rayleigh wave is reduce
consderably by the addition of fluid to the insert. In addition, two Sgnificant reradiated
halo waves are dso shown for the fluid filled cases. As observed in the contour plots,
there is a sgnificant reduction in the magnitude of the fird reradiated halo wave due to
the existence of atop notch. Simulated results produce a reduction of about 50% for
larger notch cases. A reduction that varies between 20% to 60% for larger notch cases
has been observed experimentally. These discrepancies may be caused by variation in
experimentd top-notch locations (g, = 45° for the BEM smulation), differencesin
locating the transducers, transducer model gpproximations and experimenta noise. One

sgnificant chalenge toward implementing this approach is the requirement for accurate
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gating of the firgt reradiated halo wave sgnd, due to its close proximity to the second
reradiated halo wave Sgnd in the time domain. An interesting observation concerning
the second reradiated halo wave isthat there islittle difference in magnitude for the notch
and no-notch cases. Since the primary source of the second reradiated halo waveis due
to theinitid bulk trangmisson into the fluid, asgnad from atop notch will not interfere
with the propagation of this part of the sgnad. Since both the first and second reradiated
halo waves are Sgnificant in magnitude for awide range of notch Szes, their location can
be determine using a straightforward search dgorithm. Following the location of both
peaks, a gate can easily be located about the first peak to determine the magnitude of the
first reradiated halo wave.

BEM smulation sudies were performed to evauate the senstivity of the
scattering regponse senditivity to changes in notch length. Figure 5.8 display the pesk to
peek response for the BEM simulation of the reflected ‘leeky’ Rayleigh wave sgnd
(acquired in the pulse-echo mode) and the first reradiated halo wave signd (acquired in
the pitch-catch mode) for various notch lengths. This data indicates a sengitivity to
changes of 0.010 in. in arange of top notch detectability for both the reflected *leaky’
Rayleigh wave sgnd and the initid reradiated hdo wave sgnd. Clearly, both of these
sgnas can be used for detection of rdatively smal top notches for fluid-filled cases.

The sengtivity of top-notch detection for the fluid-filled hole case is comparable to prior

results for the empty hole case [16,22,23].
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Figure 5.6. Pulse echo sgnas comparing BEM smulations and experimenta data for
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Figure 5.8. Amplitude plot for the BEM simulation of reflected ‘lesky’ Rayleigh wave

signds (CPE®) and reradiated initid halo wave signds (H1PCP) for various notch sizes.
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5.5 Methodology for Top Crack Detection for a Fluid-Filled Cylindrical Hole

Five measurement strategies were investigated for optimal top crack detection for
fluid filled holes

= M1 =Measure of peak to peak amplitudes of the reflected ‘leaky’ Rayleigh wave
by the pitch transducer,

m M2 =Measure of pesk to peak amplitudes of the first reradiated halo wave by the
pitch transducer,

m M3 = Measure of pesk to peak amplitudes of the first reradiated halo wave by the
catch transducer,

m M4 =Measure of ratio of the reflected ‘lesky’ Rayleigh wave received by pitch
transducer to the first reradiated halo wave received by pitch transducer (as
reference sgnd) : M1I/M2,

m M5 =Measure of ratio of the amplitudes of the reflected ‘leaky’ Rayleigh wave
by pitch transducer to the first reradiated halo wave by catch transducer (as
reference sgnd) : MUM3.

The measures, M1, M2, and M4, would be advantageous since they would only require a
sangle transducer to perform the ingpection. The measures, M4 and M5, are ratios that
essentidly use thefirgt reradiated halo wave as areference sgnd. These measures

should be more robust to experimenta variation in transducer coupling.
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All of these measures were found to properly classify dl notcheslarger than
0.010in. for asmulated data set. Figure 5.9 displays the measure M5 for various
numerically smulated notch length cases. Clearly, notches 0.010 in. and larger can be
properly classfied usng thisratio approach.
Seven no-notch and seven notch weep hole samples were investigated
experimentally. The sawcut notch lengths varied between 0.055 and 0.075 in. Gates
were used to measure the peak-to-pesk sgnds from the reflected ‘lesky’ Rayleigh wave
and thefirst reradiated halo wave. Theresults are presented in Table 5.1. For dl five

measures, proper classfication of adl no-notch and notch cases was made.
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Figure5.9. Plot from BEM smulation of M5, the amplitude ratio of the reflected *leaky’
Rayleigh wave signd (acquired in pulse-echo mode) and the reradiated initial halo wave

sgnd (acquired in pitch-catch mode), for various notch sizes.



In order to determine which of these measuresisthe best Satistically, given this
limited data set, severd andyss gpproaches were investigated. To determinethe
probability of amissed classification (missed crack or fase cal) for a particular measure,
generd datistica andys's gpproaches require the assumption of normd distributions.
The Anderson - Darling test can be used to determine the degree of normdity for adata
st [53,54]. Table 5.2 displays an assessment of normality of the no-notch and notch data
setsfor each of the measures. All but one of the data sets satisfy the criteriafor a normal
digribution. The single case which does not (M3 - no notch case), is due to saturation of
the measurement voltage resulting in alimit value of 255 for the 8 bit A/D converter.

This one case should not digtort the statistical analysis results. Table 5.3 displays the
results for the probability of a correct classfication for the finite data sets. MeasuresM 1,
M4 and M5 dl exceeded the desired 95 percent correct classfication with M5 and M4
exceeding 99 percent.

An dternative gpproach incorporates a Box Cox transformation of the datain
order to optimize the measures for the greatest degree of normdity [54,55]. The Box
Cox transformation is essentially a power transformation of the form Y'. Each of the
messures were optimized for the parameter | for minimizing the degree of non-
normality; the results are given in Table 5.4. Table 5.4 dso displays the results for the

probability of a correct classfication of the Box Cox transformed data sets. Measure M5,

the ratio of the reflected *leaky’ Rayleigh wave by pitch transducer to the first reradiated



halo wave by catch transducer, was found to be the best approach for correct

classfication again exceeding 99 percent.

Table5.1. Experimentd results for five measure gpproaches.
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M1 M2 M3 M4 M5
(reflected | (reradiated | (reradiated | (M1/M2) (M1/M3)
‘leaky’ halo wave | halo wave
surf. wave | —in PE) —in PC)
—in PE)
Notch 1 63 15 164 4.20 0.38
Notch 2 47 19 161 2.47 0.29
Notch 3 51 15 155 3.40 0.33
Notch 4 87 24 228 3.63 0.38
Notch 5 56 17 184 3.29 0.30
Notch 6 57 23 183 2.48 0.31
Notch 7 45 11 104 4.09 0.43
No notch 1 10 32 255 0.31 0.039
No notch 2 10 32 233 0.31 0.043
No notch 3 15 49 255 0.31 0.059
No notch 4 8 48 255 0.17 0.031
No notch 5 11 28 242 0.39 0.045
No notch 6 21 71 255 0.30 0.082
No notch 7 13 35 255 0.37 0.051
Notch MEAN 58 18 168 3.37 0.35
Notch STD 14 5 37 0.69 0.05
No notch | MEAN 13 42 250 0.31 0.050
No notch STD 4 15 9 0.07 0.017




Table5.2. Anderson — Darling test for normdity.
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M1 M2 M3 M4 M5
(reflected | (reradiated | (reradiated | (M1/M2) (M1/M3)
‘leaky’ halo wave | halo wave
surf. wave | —in PE) —in PC)
—in PE)
Notch 0.118 0.682 0.419 0.440 0.378
No notch 0.234 0.129 0.001 0.068 0.468
Table5.3. Probability of correct classfication for measure.
M1 M2 M3 M4 M5
(reflected | (reradiated | (reradiated | (M1/M2) (M1/M3)
‘leaky’ halo wave | halo wave
surf. wave | —in PE) —in PC)
—in PE)
Prob(correct 0.975 0.869 0.935 0.996 0.998
classification)

Table 5.4. Probability of correct classfication for measure with Box Cox transformation

for normd digtribution.

classification)

M1 M2 M3 M4 M5
(reflected | (reradiated | (reradiated | (M1/M2) (M1/M3)
‘leaky’ halo wave | halo wave
surf. wave | —in PE) —in PC)
—in PE)
I -2 -1.25 2 3 0.333
Prob(correct | 4 939 0.887 0.951 0.942 0.998




Severa issues must be addressed before this procedure can be implemented.
Vaiation in the diameter of weep holesin the C-141 arcraft must be addressed. Dueto
depot maintenance resizing of weep holes that may have occurred, hole diameters may
vary between 0.250 in. and 0.390 in. The BEM modd was used to investigate thisissue.
Two larger holes diameters, 5/16" and 3/8", were compared with the standard 1/4"
diameter weep hole. Table 4.5 ligs the Sgnificant parameter settings for the smulation.
Additiond details for the amulation are given in Appendix A.

Figure 5.10 shows the smulated pulse-echo signds for three weep holes
diametersfor the 0.070 in. notch case. Clearly, the reflected lesky Rayleigh wave sgnd
is shifted due to the increase in the diameter of the weep hole. Unlike the empty weep
hole case where broad gates can be used due to the absence of other significant signals,
the fluid-filled case may require tighter gates. Tighter gates are dso preferred for
improving the sgna-to-noise ratio.

Figures 5.11 and 5.12 show the smulated pitch-catch sgnas for three weep hole
diameters for the no-notch case and the 0.070 in. notch case, respectively. The first and
second reradiated halo waves are also shifted due to the increase in the diameter of the
weep hole. Dueto the close proximity of the first and second hao waves, proper
placement of tight gates about the first reradiated hao wave is an absol ute requirement
for accurate peak-to-pesk measurement. Since the range of diametersis known, aneura
network may be trained to determine the hole diameter and thus the proper gate location.
The best approach to assess the hole diameter is by examining the time of flight between

the specular reference sgnd (in pulse-echo mode) and the first and second reradiated
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hao wave sgnds (in pitch-caich mode.) Although szing of the hole diameter may
be feasble usang the reflected ‘leeky’ Rayleigh wave sgnd, condstent classfication
cannot be guaranteed due to possible variation in the top crack location. A schematic
diagram isgiven in Figure 5.13 for the complete proposed scheme for top crack detection

influid- filled weep holes.
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Table 5.5. BEM smulations of weep hole diameter variation for top notch detection.

Hole Number of Fitch Pitch Pitch
Diameter dements Transducer Transducer Transducer
(in) Location Location - X Location - y’
(in) (in.) (in.)
0.250 100 -0.200 -0.862 -0.141
0.3125 126 -0.250 -0.898 -0.177
0.375 150 -0.300 -0.933 -0.212

" - location of pitch transducer along bottom surface of wing from the weep hole

reference location.
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Figure 5.10. BEM pulse echo signals for various weep hole diameters (0.070" notch.)
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Figure 5.11. BEM pitch catch signals for various weep hole diameters (no notch case))
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Figure 5.12. BEM pitch catch signds for various weep hole diameters (0.070” notch.)
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Figure 5.13. Schematic diagram of the proposed scheme for top-crack detection for fluid

filled weep holes.



