THERMAL | MAG NG METHOD AND APPARATUS BACKGROUND OF THE | NVENTI ON [ 0001] The
invention relates to thermal imaging. More particularly, the invention
relates to flash thermal inmaging. [0002] Flash thermal imaging inspection
met hods and apparatus are shown in US Patents 6542849 and 6712502 (the ' 849
and '502 patents resperiMatelwading MESGiors whes afpadngls are i ncor porated by
reference herein as if set forth at length). A basic thermal inmaging system
includes a light source (e.g., one or nore flash |anps) and a detector
(e.g., an infrared inmagigpg-LAREHRD- ogh@HﬁoyﬁggNﬁygNdetector are coupled to
a control systemto contro? Inspectron of a workprece. After a flash from
the soufoceol]| uhenatregere isur fracle tofs tiwe nmrﬂﬁmlecneuagirt@ desestor is used to
obtain a tinme series of readings or images. of ght radiated fromthe
sur f aceB2T TheUdaELy- EP%péPY?Bgl8F §8&ﬁt?§dF8tééaﬁpgﬁpe§ﬁﬁlbémé§éégto

eval uate the workpiece. Such techniques may be used to evaluate materi al

t hi ckness, the presence of defects in the material, and the |I|ike. SUWARY
OF THE | NVENTI ON [ 0003] One aspect of the i nvention invol ves an |nspect|on
appar at 420PAt| Jdésha hsgma s odaE Yo ISR @b R TRRES |3RfhtaPRIF ALY r st

sur face,0f 340 kphegs: pAleh LT 8588548t 86kOE 7 550p0Skhbongd of gnecehye

radi ation fromthe first surface. data acquisition and processing
conputepatsntaupéeyetblvhéyl|ghe dseuﬂoeuaed bﬁewhmthaaed detector. The
-('I:-ﬁngt ernéé)‘:ggra ectihby re Q%el’slggr ﬁgrtegnegnst l%hgeltl t% al‘tl engg[l I nit ances.

basic thermal imaging system includes a light source (e.g.,
one or more flash lamps) and a detector (e.g., an infrared
imaging camera). The source and detector are coupled to a
control system to control inspection of a workpiece. After a
flash from the source illuminates a surface of the workpiece,
the detector is used to obtain a time series of readings or
images of light radiated from the surfaces. The decay
properties of such radiated light may be used to evaluate the
workpiece. Such techniques may be used to evaluate material
thickness, the presence of defects in the material, and the

like.

_ SUMMARY OF THE INVENTION
[0003] One aspect of the invention involves an inspection
apparatus includes a light source positioned to direct light
to a first surface of a workpiece. An infrared detector is
positioned to receive radiation from the first surface. A data
acquisition and processing computer is coupled to the light
source and the infrared detector. The computer triggers the
light source to emit the light a number of instances. The
computer acquires thermal data from the infrared detector for
a number of times after each of the instances. The computer is
configured to process the data using a theoretical solution to
analyze the thermal data based upon an average of the thermal
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conputer acquires thernmal data fromthe infrared detector for a nunber of
tinmes after each of the instances. The conputer is configured to process
the data using a theoretical solution to analyze the thernmal data based
upon an average of the thermal 1 data for a nunber of each of corresponding
ones of the times fromdifferent ones of the instances [0004] The details
of one ctatiori®emgdiniat bfeade dhvemiesrortingenddroh thet hiomes

acconpanyi r d t he scriptio bel ow. Ot her features, objects,
and advarkyn ogfgeé;l%é’g ZC ?C!rh/eesntol%%envﬁ I]lrpsbteargcpepsar ent fromthe description and

drawi ngs, and fromthe clainms. BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0005]

FIG 1 is a schematic view of a thermal imaging system [0006] FIG 2 is a
pl ot of etector, data_and a thegretical . fit for a prior art system and
mechod. (BB ERe bstRe s R o Pty B8 Bh kG e P i aRE s Pledrdt LEXTHIET Tor a
system afrk redthath mecanditige ta-ddigod eisentdddwiaidd and [ O008le St G pdids a

pl ot of average data and a theoretical fit for a system and nethod

accor di MEAY t REesantyagentaieciooold Bk g et Huwbers and
desi gnat;i i ard i i ndi i | LED
DEZICgRI Pﬁn%ﬂ&%&?ﬁﬁwGﬂﬁ%oﬁ%g%s ma néljﬂrfe;g%egsgéfsl st]‘iiérrlile 2”%? 4 isl%regvlq I ésA\’t rat ed

syst em 2hdreyrdre RHanidlarinto. t hat of the ' 849 patent except as is described
bel ow. Yet other systens nay be used. The system

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] FIG. 1 is a schematic view of a thermal imaging system.

{0006] FIG. 2 is a plot of raw detector data and a theoretical

fit for a prior art system and method.

[0007] FIG. 3 is a plot of average data and a theoretical fit

for a system and method according to the present invention.

[0008] FIG. 4 is a plot of average data and a theoretical fit

for a system and method according to the present invention.

[0009] Like reference numbers and designations in the various

drawings indicate like elements.



20 may be used to inspect a workpiece 22, The workpiece 22 has at |east one
exposed (outer) surface 24. The exenplary surface 24 is an exterior surface
of a surface layer 26. The surface |ayer 26 has an interior surface 28 atop
the exterior surface 30 of a substrate 32. An exenplary such | ayer and
substrate conbination invoI VEETAIhEDabESCRAPTDPNsubstrate 32 and a

protectiyve caating | y 0011] The s stem 20 be used .to detect the
presencet Og]flog Eé‘geci Oi”ﬁ Efayerm26t ?hé@%@ﬁpnﬁﬁryrf@@fé USATRd¢doe a

voi d at gydept b kel o tdhen S ace Pk @ande hayvd ngs g9 C;h@f@z% CEkSEHE as

transverse dimension L. The systemmay further be used to determne the
positiony éietfcrllb)ed é)ezleo‘f(e et athenmdivatensefactbe hiskhesE)e oysioeher

properti ef 4, Al ternatl veI % st em e be us

determ nngsa % mS ck%ess Jf%st%e C1 & ayer rﬂ%’ %%901 ee s"f/% %%el

first antt second ddasskdadgs Gitand H&rdde the, exeddasp By esur tdee | anps
50 and 52 are commonly powered by a power supply 54 for sinultaneous

operati it A 36y reaﬁe\réﬂr Etlﬁéfa}%ﬁ’rr%f ol TREpovered $9- Tepasaf E2pdwver
suppl i es,; Suncly enized, by rsQJréeycSé & & Corpuier) uJP§ %Upp' y

54 is, in-‘turn, connecte e control systjt%é?n I ch may |nc lide T
conbi nataoomfofa asmﬂm*czrataacqaﬂ .smtn ¥ eyl garyo cassi Niga yat tarls® suidsardteact i on
generator 58. The unlt 56 andé{generator 58 are al so cou éed o an infrared

i magi ng CHEFREER FTEIVES Thd™ dnps S LY 52105 ¢ HoRi 14 il Fo direct

flashes otective coating layer 26.

[0011] The system 20 may be used to detect the presence of a
defect 34 in the layer 26. The exemplary defect 34 may be a
void at a depth D below the surface 24 and having a
characteristic transverse dimension L. The system may further
be used to determine the position (e.g., D), size (e.g., L
and/or a defect thickness), or other properties of the defect
34. Alternatively, the system may be used to determine a

thickness T of the layer 26.

[0012] The system 20 includes first and second flash lamps 50
and 52. In the exemplary system, the lamps 50 and 52 are
commonly powered by a power supply 54 for simultaneous
operation. Alternatively, the lamps could be powered by
separate power supplies, synchronized by a control system
(e.g., a computer). The supply 54 is, in turn, connected to
the control system which may include the combination of a data
acquisition and processing unit 56 and a function generator
58. The unit 56 and generator 58 are also coupled to an

infrared imaging camera 60.



light 70 and 72 to the surface 24. The light locally heats the workpiece
22. A region 74 between 'the defect 34 and surface 24 may be heated
differently and nmay cool differently than regi ons beyond the defect. The
defect may hinder heat flux 76 fromthe region 74 deeper into the
wor kpi ece. Thus, the region 74 may becone hotter than a simlar surface
regi on HOGR tHee Hehest S0CRREr Sgr aper pPestiapedl so béraftedtlaghedepéndi ng

upon the pro t f terd of t l.ayer, . n n o) t he
def ect, etdg’?r%(f%ﬁdﬁﬂg%{%%be%n%réeﬂcfoané uc |'veﬁ¥ elrle y@rfej%%ﬁ%%ggﬁ% et; %cts.

[ 0014] Adrempitdhe fA2ashleseafidn gt btvaswh Ahe tdwef odtr kid esed s @df ate€s2 £ner gy
fromits surface 24. The lens of the canera 60 s _positioned to receive

r et ur neddYadiCatéd HE IR e T 0m ¥ A Ay £QL LAY R Y rBR @ 1ight). The
out put Qfe ke LRI BAn TR R ePNRSUAld Ve A Hamer atde. s RlG 7@ shows

digital counts outputted by the canmera 60 1 nspecting the layer 26 at the
def ect. fTHuims tdwet petgiicsy proptaapenalntta trerperdtpirece THEhuhorizentediaxi s
shows t time. in secon after the flash of the |anps. The vertigcal axis
Shows t epdPY; GEEoTEn B th AR (1 A P AR S S r Tt ar
t enper atdyre gcalodther Proped tfiwd hﬁc}] s e tdes@td£alpdpdnd thd higsor aw
data. The fit was cal cul ated based upon a theoretical tenperature-tine
funct i orfFhe0@PLePEX tH Of Yhe aaterigl af fhedayer 26 and the nature of

the defect, the defect might be more conductive thereby

reversing the effects.

[0014] After the flashes of light 70 and 72, the workpiece
radiates energy from its surface 24. The lens of the camera 60
is positioned to receive returned radiated light 78 from the
surface 24 (e.g., 1nfrared light). The output of the camera 60
may be representative of temperature. FIG. 2 shows digital
counts outputted by the camera 60 inspecting the layer 26 at
the defect. This output is proportional to temperature. The
horizontal axis shows the time in seconds after the flash of
the lamps. The vertical axis shows temperature sensor output
(raw and not converted to any particular temperature scale).
FIG. 2 further shows a theoretical fit to this raw data. The
fit was calculated based upon a theoretical temperature-time

function:

i

X __n2d2
T =gz 2.

where T is temperature, t is time, o is the thermal

diffusivity of the layer 26, and d is a local effective

surface thickness of the material in the layer (T away from
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where T is tenperature, t is tine, ais the thermal diffusivity of the
| ayer 26, and d is a | ocal effective surface thickness of the material in
the layer (T away from4 the defect and D along the defect). Because T is
| arger than D, it will take longer tinme for the heat reach the interior

surface 22 ardtaxf et batlody tHe Expased Badacs 28. i fForargdeotiedn cal
fitting, it my bhe advantageous to use a longer tinme use to obtain a fit

away frdn tite Wééfle&a]%%%?%%gti_t% Eofefett .NORY eR thRoFREFERITfitti ngs
ar e apPIORIAAe OTndlidd O HIANAL] 0l (othoedSLLESAL J8YeFod i cknesses

and conbinations, for determning particular layer thicknesses, and/or

det er m riibveg nedritdadul fart tdefamctis enasn hen alyinsryemwms nad useondi hangen, and t he
i ke). [[QQ15] Rather .than fit_to raw data, FIG B 3.sho data averaged for
two fladhd€ UEFGT4 “Higwd & it Iaéf?aya\;‘%%etqeord?foetﬁt W@T%%h% Ong ntiSch of
these twe redtuatyigterdite drhearatical fide i dgy & xd asgbyopml shessodhe use of
multiple flashes may be particularly significant for evaluating thicknesses
of and ddéffedent @itthiat icfer & dhd Wélﬂfsﬁrellﬁir losapliicknessguaanthg a thin
wal | or findi .a . shal ry_.short_ durati | se be

appr opr iggg\g}in%qﬁg)snesl’i néé)olgllve@.\‘ieg{ee[g#lnn%}%g)a\(/ret.lgcgl,la ucLa!l aa&%eoropt a%%%krﬁ %Sn%@y’

envi ronnent/alr foacteans)nimry dea tsiddlad etdfacdargen riel ad i yevdo Adeigel ect ed
radi ati on so as to render .inaccurate single flash data. Thus, depending
upon t hEPRTiRdHCar 2814 &9 dntk&)he control system may be programmed or
adjusted to provide a conbination of flash brevity and a | arger nunber of

[0015] Rather than fit to raw data, FIG. 3 shows data averaged
for two flashes. FIG. 4 shows a similar average for four
flashes. In each of these two situations, the theoretical fit
more closely matches. The use of multiple flashes may be
particularly significant for evaluating thicknesses of and
defects in thin layers and walls. For example, in evaluating a
thin wall or finding a shallow defect, a very short duration
pulse may be appropriate. A baseline level of noise (e.g., due
to random and environmental factors) may be sufficiently large
relative to the detected radiation so as to render inaccurate
single flash data. Thus, depending upon the particular
situation, the control system may be programmed or adjusted to
provide a combination of flash brevity and a larger number of

flashes to improve accuracy.

[0016] This use of averaged data may be implemented in the
remanufacturing or reengineering of an existing thermal
imaging system. For example, at one level this may be

implemented by a software change.

[0017] One or more embodiments of the present invention have

been described. Nevertheless, it will be understood that
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flashes-to i nprove accuracy. (0016] This use of averaged data may be
inplenmented in the remanufacturing or reengineering of an existing thernal
i mgi ng system For exanple, at one level this may be inplenented by a
sof tware change. [0017] One or nore enbodi ments of the present invention
have beeltideschiokied.iddevieishelss be infadd Wit unddisdooihd hitord e | ous
nodi fi cations may be nade w thout departing fromthe spirit and scope of

the i nvSRLTALR. aPélr seeRPplod, Wifer NVaRA @Fentt@F igkaR sendiheri ng or

r emanuf agtur It yat ijo 4 | uence or
dictate etegl%?ls%gf li?l he %r?pelng%etrﬁétéat |n%fn Illletjrret é?ltr#odr}% la{e(f;r?rj}%n%:%tp CSeHs may be
conbi ne«ﬂe\ix/iatihsoblfelthteeetmstmes; whettteer wdndwiindrl uerete dewed opeaite Accor di ngly,

ot her enb e scope_of the follaq clains., 6 CLAIMS
ot | o CBramEaots e Liip s RS prir T AR U Ghr oo
posi ti oped cb@rdne@Clyitigit e & ddirStqueiuiirge &f 1w ki ece; an infrared
detector positioned to receive radiation from the first surface; and a data

acqui si tied dane Lppedes sicaryp rebmalitver 0 tdwuplegdady medites Ia%twsﬁlﬂrmetlfe)r

triggering p%alo tlhl gr%tolsl%wl%eg L aelmst said light a plurality of instances;



coupled to said infrared detector for acquiring thermal data for a plurality
of tinmes after each of the instances; and configured for processing said
thermal data using a theoretical solution to analyze said thernmal data
based upon an average of said thermal data for a plurality of each of
correspondi ng ones of said tinmes froGlLliflferent ones of said instances. 2.
The apparatus of claim| wherein: said average conprises a nean. 3. The
apparatus of claim1l mherein said average is taken across 2-20 of said

i nstanc 4.. T s of claiml wherein: said average is taken across
3-10 of%ggﬁﬁ |ngﬁaﬁ%§§{ e apparatus of claim1 wherein: the |ight source
consists essentially of a pair of flash |anps positioned at a first side of
the sanple; and 7 the infrared detector conprises an infrared canera

posi ti oned nQM’hn£g¢ddﬂan i atBis Tenappaire us of claim 1 wherein: the
data conpri ses e data 7 The rat of clai 1 in copbination with
said workpi &:é’ htb]étrf%? ]t‘?ﬁtbljtfeg hgthe? hotTdw  cast
conpone@hrﬁgcéTQg-@pm@gﬁ Eédg claim1l |n conbination with said workpiece,

sai d wor kpi ece being a coated gas turbine engine
an infrared detector positioned to receive radiation from

the first surface; and

a data acquisition and processing computer:

coupled to said light source for triggering said
light source to emit said light a plurality of instances;

coupled to said infrared detector for acquiring
thermal data for a plurality of times after each of the
instances; and

configured for processing said thermal data using a
theoretical solution to analyze said thermal data based
upon an average of said thermal data for a plurality of
each of corresponding ones of said times from different

ones of said instances.

2. The apparatus of claim 1 wherein:

sald average comprises a mean.

3. The apparatus of claim 1 wherein:

sald average 1s taken across 2-20 of said instances.

4, The apparatus of claim 1 wherein:

sald average is taken across 3-10 of said instances.

5. The apparatus of claim 1 wherein:
the light source consists essentially of a pair of flash

lamps positioned at a first side of the sample; and



conponent. 9. A nethod conprising: causing a |light source to emt pulses of
light a plurality of instances, said light inpinging a first surface of a
wor kpi ece; acquiring thermal data for the workpiece first surface for a

plurality of times after each of the instances; and processing said thernal

data using ahReqneticaly Sd Y (@ @halyze a%@iiq)fr%ﬁréglc%raa based upon an

average of said thermal data for a plurality of ea correspondi ng ones
of sai ¢osiltesnfedomedirf fsexientf iorsds sofdesai d i nstances. 10. The nethod of
claim9 wherein: said average is taken across 3-10 of said instances. 11.
The nethod of claim9 wherein: said average is taken across 2-5 of said

instances. 1ZheThepRRbheG off diaiil 9 werddie:measure a wal | thickness of a
gas turbine engine hollow cast conponent. 8 13. The nethod of claim9 used
to measure atdfatieng CMeRNEss 18fage gada.urbi ne engi ne conponent. 14. The
met hod of claim9 used to detect a defect in a coating of a gas turbine
engi ne conponent. 15. An apparatus conprising: first nmeans for directing
l'ight td.a fiThet appafracesofofa cledmk dee;cox@dand inrans florsaietei vi ng
radiation fromthe first surface; and , _

workplece, sald workpiece belng a gas turbine engine hollow

cast component.

8. The apparatus of claim 1 in combination with said
workpiece, said workpiece being a coated gas turbine engine

component.

9. A method comprising:

causing a light source to emit pulses of light a
plurality of instances, said light impinging a first surface
of a workpiece;

acquiring thermal data for the workpiece first surface
for a plurality of times after each of the instances; and

processing said thermal data using a theoretical solution
to analyze said thermal data based upon an average of said
thermal data for a plurality of each of corresponding ones of

said times from different ones of said instances.

10. The method of claim 9 wherein:

said average is taken across 3-10 of saild instances.

11. The method of claim 9 wherein:

said average is taken across 2-5 of said instances.

12. The method of claim 9 used to measure a wall thickness of

a gas turbine engine hollow cast component.



third neans for: triggering said light source to emt said light a
plurality of instances; for acquiring thermal data for a plurality of tines
after each of the instances; and for processing said thernmal data using a
theoretical solution to analyze said thernmal data based upon an average of

said thear3ml mat adtiod g wiadin Yo afs@acth afea H0Fd €5 padwlt NGy OfieScBie Sai d
times fromdifferent ones of said instances. 16. The apparatus of claim 15

wher ei n:°% e 943§ rtd TR I fGYREERo t ake said average across 3-10 of
said instances. 17. The apparatus of claim 15 wherein: the third neans is
configured to take said average as a nean. 18. A nethod for remanufacturing
a t her ndl4.i magiengnexystcernf falomra Dasald e ctfdguratdeofedavimga a |i ght
source positioned to direct light to a first surface of a workpiece; 9 an

i nf rar eFFtEG G oGS diedP I8 (BrEiRfe FHRUMSYr from the first surface;
and a data acquisition and processing conmputer: coupled to said |ight source
for triggering said light source to emt a flash of said light; coupled to
sai d i nflirfar ed\rd etrectrert o rc cangui gy

first means for directing light to a first surface of a
workpiece;
second means for receiving radiation from the first
surface; and
third means for:
triggering said light source to emit said light a
plurality of instances;
for acguiring thermal data for a plurality of times
after each of the instances; and
for processing said thermal data using a theoretical
solution to analyze said thermal data based upon an
average of said thermal data for a plurality of each of
corresponding ones of said times from different ones of

sald instances.

16. The apparatus of claim 15 wherein:
the third means is configured to take said average across

3-10 of said instances.

17. The apparatus of claim 15 wherein:
the third means is configured to take said average as a

mean.

18. A method for remanufacturing a thermal imaging system
from a baseline configuration having:
a light source positioned to direct light to a first

surface of a workpiece;



thermal data for a plurality of times after said flash; and configured for
processing said thermal data using a theoretical solution to analyze said
thermal data based wupon said thernal data for a said flash, the nethod
conprising: nodifying the data acquisition and processing conputer to or

provi ding a repl.acenent, data acqui sit.i.an_and praocessin conputer to:
trigger saidig rggﬁldcéi%ttgcgr%%t PR Sd RS ?oofrechla‘%%ersa(%f%aqrh qt]?odrht ;
acqui r e thkernalstdata rhee;aplqural ity of times after each of the flashes;

and configured for processing said thermal data using a theoretical
sol ution to &n&PRy2e asqild SiffdOfnlanga Py ds@Sed NJuFeHralt &fler age of sai d t her nal

data for a plurality9fty €ach afy 6arsgs di nes af 13‘% s, from
different ones of: S igdflashéas. %g.grﬁhg%%et%ﬁof SCcI aﬁ%&ll %%ledl n: the
third nmeans ilsgbhanfsioguiced thoo erdke asdild sty efaga iab la ghmgan acr oss 3- 10 of
said instances. 10 L : o
coupled to said infrared detector for acquiring
thermal data for a plurality of times after said flash;
and
configured for processing said thermal data using a
theoretical solution to analyze said thermal data based

upon said thermal data for a said flash,

the method comprising:
modifying the data acquisition and processing computer to
or providing a replacement data acquisition and processing
computer to:
trigger said light source to emit a plurality of
flashes of said light;
acquire thermal data for a plurality of times after
each of the flashes; and
configured for processing said thermal data using a
theoretical solution to analyze said thermal data based
upon an average of said thermal data for a plurality of
each of corresponding ones of said times from different

ones of said flashes.
19. The method of claim 18 wherein:

the third means is configured to take said average as a

mean across 3-10 of said instances.
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