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part to 5 identify, for exanple, flaws within the part. Many conponent
parts nust be examined to insure that there are no part defects that would
conprom se their use. This is particularly true in the case of aircraft
conponent s suc hINYERS®HTHERMATo AICOUSTEC pMA GINGIPARTANSAEEHION a non-
destructive manner so that the part can still be used after exam nation. It
is difficult 10 to detect sonme part flaws such as small cracks. Further, any

internal part defects ma ' ' di tional
non-destructive inspecti o?@g&(?ﬁ?%@wcﬂﬁ%w&%&?r und, x-ray,

f1uorescent penetTHgsveatioR delites U remethodaid igpaneedest inSpetin@nr pasts ucti ve
i nspection nethod and apparatus that is capable of identifying part flaws
such as @r adfientifyFosenumpes famsmaehin theaNTt ON A et hod of identifying a flaw
ina part i s prowy i ncl Khrati . h ndu e The
heat ori gi nates Mgﬁﬁagsér\l%?i%ﬁHgﬁzu%lg?te%lkﬂgﬁgtP rr@?l[rlE r%%e{hf:% grgb{ba%%d
using, for ealkt® that apuldEsapethisamRirauseA Tt hepaticeRalblyrap asertaké on, 20
whi ch coul d be any of a nunber of analytical nodeling nmethods such as the
boundary el eisF{t FRINPRIENE SUCh@s ftibinceaidpdhrekiic PAst HOEE be sxaiBiagd iih ac¥AT unct i on

with heat t i O [ if: - in by of the
et ooy FBERGE APUBLL TR S AR L R RRPERE BB Aol R ke

t he heatlp fltawletechasae partifidwscsichais siiadl @acks. CRurtHee, €8t erethalgehrt @dedihe above
nmet hod i s enpl oyed using an inspection systemthat includes a_ vibration
devi ce for VB BRLDSEOHHEVIgEHUSINEATAdHOBAIRPIGE ITHE ved s CHQN teRhnigRessuely

as ultrasound, x-ray, fluorescent penetrants or eddy current.

What is needed is a non-destructive inspection method and apparatus that is
capable of identifying part flaws such as cracks.
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SUMMARY OF THE INVENTION
A method of identifying a flaw in a part is provided that includes vibrating a
part to induce heat. The heat originates in any flaws in the part. A thermal image is
obtained using, for example, an infrared camera. A mathematical representation,

20  which could be any of a number of analytical modeling methods such as the
boundary element method or the finite element method, is used in conjunction with
heat transfer equations to identify a source and an intensity of the heat identified
with the thermal image. Using the source and intensity of the heat, flaw
characteristics for the part can be determined.

25 The above method is employed using an inspection system that includes a
vibration device for vibrating the part. An imaging device, such as an infrared
camera, measures the temperature on the surface of the part. A processor
communicates with the imaging device for receiving the surface temperature. The
processor includes a computer memory having part characteristics and mathematical

30 equations. The processor uses the surface temperature, part and characteristics and

mathematical equations to determine the flaw characteristics in the part.



canera, neasures the tenperature on the surface of the part. A processor
comuni cates with the imaging device for receiving the surface tenperature.
The processor includes a conputer nenory having part characteristics and
mat hemat i cal 30 equations. The processor uses the surface tenperature, part
and characteristics and mathematical equations to determine the flaw
characteristics iTheshengpather featTieesd thadresehiemvertadrucas bofbesthengargsedt

[ ti be b der st. . f t he foll ow.ng. ificati d
B ) S L R S O
DESCRI PTI ON dekeribdon DRAW NGS Figure 1 is a schematic view of an exanple

i nspection systemused for identifying a flawin a part. Figure 2 is a flow
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flaw is illustrated in Figure 1. The inspection system 11 can be fully automated.
The part 10 having a flaw 12 is mounted on a vibration device 30 that is excited
using multiple actuators 32 of different frequency. The vibration device 30 may be a
15  shaker table or ultrasonic devices capable of vibrating the part 10 in a range of, for
example, 500 Hz-100 kHz.

Due to the vibration imparted on the part 10 by the vibration device 30, heat
is generated at any flaws or cracks within the part 10 due to friction and plastic
deformation during each loading cycle. This heating, which is illustrated

20  schematically at 33, results in a temperature rise over the nominal structure
temperature of the part 10. The temperature rise caused by a crack is distributed
over a range wider than the strained distortion and, hence, can be detected using an
infrared camera 34, for example. Images of the exterior of the part 10 are taken by
the infrared camera 34. The temperature rise depends upon crack geometry,

25  location, and energy dissipation within the elastic-plastic structure and friction of the
flaws banks of the part 10. The energy dissipation or release rate of heat can be
parameterized during material modeling, or can be obtained empirically using a
known crack geometry. This material information 28 is to be stored in computer
memory 18.

30 A computer 14 is schematically shown in Figure 1 including a processor 16

and memory 18. The computer 14 includes an output device 20 such as a display.



over a range wi der than the strained distortion and, hence, can be detected
using an infrared canmera 34, for exanple. Images of the exterior of the
part 10 are taken by the infrared camera 34. The tenperature rise depends
upon crack geonetry, 25 |ocation, and energy dissipation within the
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generate heat 33. Step 2 includes obtaining a thermal image of the part 10 using the
15  infrared camera 34. Several images can be taken to capture the transient
temperature over the test so it can be compared to the base line temperature of the
part 10. The images obtained by the infrared camera 34 are digitized to obtain
thermal information such as surface temperature relating to the part 10 in the
example illustrated at Step 3. Various sets of digitized thermal images are obtained
20  under different loading conditions such as signal duration, signal parameters and
acquisition time, for example.

Step 4 includes using the measured surface temperatures and surface heat
fluxes or surface heat transfer coefficients and ambient temperature, either assumed
or measured on the surface of the part to inversely solve the transient heat transfer

25  equation to predict unknown heat sources produced by the cracks or flaws. As part
of that procedure the thermal information is related to a boundary element model
that graphically represents the part 10. Ill-posed transient heat transfer equations of
the part 10 are solved for the heat sources in Step 5 using the boundary element
method or finite element method, for example. The result of this inverse solution is

30 the prediction of the unknown heat source intensity and locations. A boundary
element method matrix conditioning method is used to solve the system of algebraic

equations by regularization. The ill-conditioned system of equations is conditioned



15 infrared canera 34. Several images can be taken to capture the transient
tenperature over the test so it can be conpared to the base |line tenperature
of the part 10. The i mages obtained by the infrared canmera 34 are digitized
to obtain thermal information such as surface tenperature relating to the
part 10 in the exanple illustrated at Step 3. Various sets of digitized
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determine whether the part 10 should be accepted or rejected, as indicated at Step 8.
15 Although an example embodiment of this invention has been disclosed, a

worker of ordinary skill in this art would recognize that certain modifications would

come within the scope of this invention. For that reason, the following claims

should be studied to determine the true scope and content of this invention.



friction coefficients and energy rel ease rates from known crack geonetry,
whi ch can be gathered enpirically and allows an effecting filtering of the
initial inverse solution. Step 7B arrives at an initial approxinmation for
the crack distribution. The 10 crack distributions can be refined using an
iterative or nunerical nethod such as the nethod of |east squares. The
nuneri cal method ninim zes the differ€hdA&¥Soet ween the energy convergence
rate and predictions relating to the heat sources. Finally, the internal
crack sizes and positions can be calculated. This information is then used
to determne Wne&h@thddf&i@@ﬁﬁyiﬁgamwhdlﬂ@ﬁ@ﬁﬁﬁ@t@dh@gte;fs@dﬁect ed, as
indicated at Step 8. 15 Although an exanpl e enbodi ment of this invention has
been discl osed, &ibrigbpkapaipfo @%H‘Fﬁn@a&/atsﬂ( a%. in this art would recogni ze that
certain di ficatjons. d me wi.t.hin the scope of this invention. For

t hat reaggn, t he Ofbgl lggggiéen&agﬁnwasge\%sf%%eﬁaét’be studied to determ ne the true
scope and cont entsobfing Aheatitnviefel eQratiod bedelufon almatRemiBlida0eepréschaedh of yi ng a
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and intensity. 10 2. The nethod according to claim 1, wherein the thernal

i mage i €l udes surface tenperature. 3. The nethod according to claim 2,

wherein the f herngl. L{TRAR L&defﬁlf%ohﬁgﬁn 1, wherein the thermal image includes

surface temperature.

3. The method according to claim 2, wherein the thermal image includes heat
15 flux.
4. The method according to claim 1, wherein the mathematical representation

includes a boundary element model, and the thermal image is applied to the
boundary element model.

20
S. The method according to claim 4, wherein the source and intensity of the

heat is related to a grid cell from a boundary element model.

6. The method according to claim 1, wherein the heat transfer equation is

25  solved based upon part characteristics including materials information.

7. The method according to claim 6, wherein the materials information includes

friction coefficients and energy release rates of the part materials.

30 8. The method according to claim 1, wherein the heat transfer equation includes

a transient inverse heat conduction equation.



15 flux. 4. The nethod according to claim1, wherein the nmathemati cal
representation includes a boundary el enent nodel, and the thermal imge is
applied to the boundary elenent nodel. 20 5. The nethod according to claim
4, wherein the source and intensity of the heat is related to a grid cel
froma boundary el enent nodel. 6. The nethod according to claim11, wherein
the heat tr dhsferTheqoeethash aceprding tolclesrt Bagdwreipothe paansieritamactser et i cs
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rates of the part materials. 30 8 The nethod according to claim11, wherein
t he heat transfer equation includes a transient inverse heat conduction
equation. 519. THhenpethed aserdingi tagcleian &) whered thgHdave ichanapleristicsniariade
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to claiml, ere aw characteristics include 5 geonetry and
position of a crack. 11. The nethod according to claim 10, wherein a crack

distribution is determned using an iterative nethod. 10 12. The net hod
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based upon td&?exﬁﬁn%‘ﬂ&h%rﬁlgﬁe%d\%tr%&ﬁod 13. An inspection systemfor a part
conprising: a vibratidn device for vibrating the part; 15 an inagi ng device
for neasuring surface tenperature fromthe part; and

10 12.  The method according to claim 10, wherein the part is either accepted or

rejected based upon the flaw characteristics.

13. An inspection system for a part comprising:
a vibration device for vibrating the part;
15 an imaging device for measuring surface temperature from the part; and
a processor communicating with the imaging device for receiving the
surface temperature, the processor including a memory having part characteristics
and mathematical equations, the processor using the surface temperature, part
characteristics and mathematical equations to determine flaw characteristics in the

20  part.

14.  The system according to claim 13, wherein the part characteristics include a
boundary element model of the part, friction coefficients of the part and energy
release rates of the part.

25
15.  The system according to claim 13, wherein the mathematical equation

includes a transient inverse heat conduction equation.

16. The system according to claim 15, wherein results from the transient inverse

30  heat conduction equation are regularized.



a processor conmunicating with the inmaging device for receiving the surface
tenperature, the processor including a nenory having part characteristics
and mat hemati cal equations, the processor using the surface tenperature,
part characteristics and mathenmatical equations to determne flaw
characteristics in the 20 part. 14. The system according to claim 13,

wher ei n t he lgart Tdisasyaletmeadcotding ta pleimidé, whetgsouthdaflaw ehamaetatistmsdatludé t he
part, friction,coeffi.cients of the part and energy release rates of the
part. 25 15.Craﬂ]§eglz§3f§fig?ﬁa &ording to claim 13, wherein the nathemati cal
equation includes a transient inverse heat conduction equation. 16. The
system according to claim15, wherein results fromthe transient inverse 30
heat conductli8on edgatysten ageerdinggalcimzldd wherenythe Thdacpyigmppratine v eeAdo t o
claim 135 mﬁ[e?ﬁlpneth%%t fthluava\{ng H}%&%%tc%élra%{ l&dcs ngll #ﬁg Feat b ggfle(r Jefiicifls ! ocat i on.
18. The System according’to claim13, ar&in the <urface enperature is
used to 5 determine heat flux, and the part characteristics include heat
transfer coefficients. 7





