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panern represent areas of equal displac~ment on the object's surface. jhe di~rlaceJ\]enl 

amplitude can be calculated by adding 

the number of fringes from a known 

fXlint and applying the relevant formula. 

ESP! has the ability to measure 

displacements in the region of half the 

wavelength or light, (O.316f1m lor 

Helium-Neon laser), which is equivalent 

lo approximaldy )/~()O of lhc width ofa 

Flaws are indicated by a rapid chang~ of density or direction in the fringe pattern. as in 

the highllghted area in figure 1.1. These patterns can be saved on the comput~r for later 

viewing. and can be enhunc~d using a varlety of techniques if necessary. 

Because of ESPI's ability to measure such small displacements, it is very sensitive to 

movement caused by vibration_ Care must therefore be taken to ensure that neither the 

object under inspection nor the optical comfXlnents of the ESP! system are exposed to 

vibra!ion. This may be done using holographic tables, although this usually confines the 

technique to a laboratory_ If vibration cannot be avoided, an alternative is the llse of 

pulsed lasers, which act w provide a freezing effect through stroboscopic illumination. 

The disadvantage of these pulsed laser systems is that they are bulky and expensive. 

This proj~cl aims to investigate the efrect of vib£ation on ESPI, as well as imestigating 

mdhods of eliminating its efrect on the successful completion or ESPI inspections_ This 

Ctwpter 1 Introduction 2 
Roduce'(1 «PO'"'O nn," '" " O,O(I1Od of lIliRimi.ing the impact "r vib'ati()n on ESP! 
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enable ES.P11O b~ pcrform~d in r~al-world ,ilLJaliono, and h~nce provide a LJ<;cliLllool Cor 

H1dw;lrial Kon f)"otru,:tive Testing (NOT) inve~tigation. 

Thi~ thcsi<; wa<; limit~d by the lack 01' knowledge m thi, field. Although ~ub<;lantial work 

has been done on pulsed laser systems,little ha<; be~n done On Ihe pulolng ofeW l~scr~. 

The expo~lLr~ lim~ aimed I,.,r in Ihl> pnlJ~d are also different to tho<;e cmployed HI 

tr~ditional pu~sed LS.PI inspeclion_ CW laser<; ar~ gen"rally ofmudl lower pow~r Ihan 

pulsed lasers. Very shon pulse duralions a<;socimcd wilh lraditional pulsed LSl-'1 would 

be m>;uI'Jk,,,nl Illr Ih" low-power CW lasers to providc cnough illurnirmlion I'or the 

c~mera 10 image Ih~ obi~cl. Thc exposurc timc<; would Iherel'ore fall between those of 

pulo"d ESP] >;y,kmo (approx, 10ns) and CW l~ser ,ESPI system<; (lOms) 

Chap{~r 1 Introduction 
Reduced "I>o,ue lime ., • rnNhoo of millimi,in~ tile impact or vib'-atio" <l" f."PI 
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Chapter 2 Problem statement 

By its very nature of operation, ESPI is very susceptible to vibration. fk~aus~ of 

vibration. the objecr under investigation moves. and this masks or overshadows the 

surface displacements that result from the actual stress applied. This motion occurs either 

during the exposure time when the camera captures each individual image (typically 20ms 

for CCIRIPAL TV systems). between the capture of the two fields that make up the image 

or between the capture of the reference image and subsequent image. If the movement 

occurs during the- image acquisition process. the resultant fringe lines are poorly defmed 

in much the same way as motion blur reduces the image clarity in photography. 

Figure 2.1 (a) below shows the typical fringe pattern of a slit flaw obtained using ESPl. 

The slit flaw is indicated by the- irregular fringe pattern in the highlighted area. Figure 

2. l(b) shows the ESP] image of the same flaw captured without the benefit of vibration 

isolation and demonstrates the resultant loss of fringe definition due to vibration. This 

loss of clarity dearly makes ESP] investigation impractical if not impossible in 

circwnstances under "hich vibration conditions are expected. 

Figur. 2.1 (a) (b) ESPI ilmg., of n,,, with " nd "ith"ut vil"-.li,,. i, ,,bli,,,, (UCT) 

Ch~pt.r 2 Pr{)bl~JIl ,talomoul 
, 

Reduced "'I'"""e lime a. a ",etbod or mioimising the iJllput of vibration on [ SPI 
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Two methods are commonly used to overcome this vibration problem. 

The most common method in practice is 

that ESP! is performed on a vibration 

isolution table and a typical example lS 

shown in Figure 2.2. These tables are 

typically large steel slabs that rest on air 

cushions, which damps most of the 

vibration out. The object, camera and 
FIgu<e 2.2 ESPI ~ib<.lion isolalion tabl. al VCT 

optical components are magnetically 

fastened to the table, reducing the effects of airborne vibration. 1be stiff steel slab also 

greatly reduces relative motion between the optics, the camera and the object rhese 

tabla are however large and bulky, and not transportable, meaning that this arrangement 

is lahorah'T) hOlinu only. 

1be second technique used to 

overcome the vibration problem is 

the use of pulsed lasen<. whieh are 

analog()u~ to a ~lmbo>'lCopc. Toc>'lC 

allow the camern LO capture a 

'snapshot' of the object while it 

vibrotes. essentially freezing whole 

bOOy motion. Pulsed lasers also Flgu .. 2.3 Pul<od mby la~< equIpment at VCT 

have their limitations, and are usual1y very bulky, costly and oomplicated compared to 

their continuous wave (CW) counterparts. The pulsed laser system at the University of 

Chaptec 2 Pcobl.m statement 5 
Roduttd exposure time u a TIKOU,od ofmt.im.lslng tbe Impact of ~lb<.lioo on ESP. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

""","Ull,"" nlec:hamsms are ...,"'LI"" ......... as as to 

was to '''''',',,"'''T' a re(im:ed "''''-~<''''.''' 

on a 

is not 

eXlt)o~;ea to 

".,LllI'" can eUective 

can 

at 

it was un.u..."o:n,.;,u are """'JUl":.u to 

as a 

vir'Onments were ""v,,,,,,.,,,+ .. rl to 

IS 

at 

a vane to use IS use cameras. 

cameras 

'"'"'''Inci 2 Problem statement 6 
Reduced exposure time as a method of the of vibration on ESPI 



Univ
ers

ity
 of

  C
ap

e T
ow

n

it UU~~lUl" to 

nef:diru! to 

camera was 

use 

2 Problem statement 7 
Reduced exposure time as a method of the of vibration on ESPI 



Univ
ers

ity
 of

  C
ap

e T
ow

n

1 

on 

a was 

LeelnaertZ [1] 

a an 

occurs as a au,;, ... ,..,. stress. It can 

oel:orrnatlon to an 

can cOlnoare'o to rh .. nr,,·r, 

as a 

as a 

to stress corlcelntr~ltl or a 

It can to etteclts on nk,,,,,,"t,, 

l:hlilptier 3 and Literature review 
Reduced exposure time as a method of the of vibration on ESPI ~ 



Univ
ers

ity
 of

  C
ap

e T
ow

n

as as 

1, 

IS no \'-VI.lLa"- uiDme:nt IS 

a 

IS ITrF'<lInU 

name UU.j.lU."'''. 

IS ae1tme:a is 

1 

Ch:llpiier 3 R!II.~lko1l"ft11Ind and Literature review 9 
millim.isill2 the of vibration on ESPI 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Figur~ 3.1 ryplc.1 .peckl" patte ... ob,er"ed ou objoct .urface 

The phenomenon of the speckle obscryed can be explained by the principle of 

superposition of light waves. I',·hich states: "If two or more wayefront~ are travelling past 

a given point, the total amplimde of the di~placement at that point is given by the sum of 

the individual displacements ofthc waycfronts." [14 J 

The expandcd laser light strikes the object 

and i~ ret1cctcd and ~catlered in random 

directions duc to the pcaks and trough, on 

the object', surface. Because of this 

scattering, the "icwer sccs light from all 
, 

oycr the objcct's surface Some of lh~e : L_J 

--
( 

\ -

beams will cro~, cach Olher, and where 

lhey do, they will interfere either 

Fi~ure 3.2 llh .. tralion of light "au"rin~ by 
m.~h ."rface 

constructively or destructively, ucpending on their relative pha,e. This is shOl\in in Figurc 

3.2. "Jbe surface roughncss has bcen exaggerated /(IT clarity, anu the rcgions of 

interference are high lighted. 

Chptec 3 Back~mund and l.it.r~ture r~"i." 10 
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3.2 ESP! set-up 

Only out-of-plarn: and in-plane intcrferomd~r,l willl:>e dealt with 1'0:,...., bullooro W'C many 

1.2. 1 Out-oj-plane displa"ement 

Com""t..-

Objec! 

tigu...,3J A (ypic2l .... '4pla ... £b1'1 .rnoer ....... 

Thi ~ arrangcment is used (0 measurc surface displllcclIK'nt parallel (0 the surla~c normal 

ol' lhe object. A laser ~nm ('500 Fig 3.3) i~ ~p1Jt into a rcfcrcllC'" kam and an object beam 

by the beam spJincr. Ttt.: ohjl'Ct/relcreOC<l berun spli t i. typically 95·5%. 'The ref",,....,,,,,,,, 

bo::::lm is directed 10 th'" "'"ffi<'r.1 crD wilh,)l" tcnC\:ting off the ob~t 111>11 is tht:n 

e~pilnded. lk'Cause the ro:ferellCe kum dlle~ "1)\ strike an oplic-aH} roush surfacc. Ill) 

sJX'Ckle is pnxiuccd. and it is referred (0 a~ bemg ~mootll. 'Jbe objc.;l hc~m is expanded 

by ~n expanding lens and illuminate>; lh~ ob;ioct. After the objcrt beam M! .truck the 

C"~pt ... 3 8,..,qm.od ."", Uural ... " ...,....... 13 
Red""" ~'_r" .i_ ... ...,.~od of "'.I .. IJI.t Ik i ..... cl of ,ibraliooo oe LSI" 
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object's surface, it 1~ .,cattered in random diredions as dlirus~ r~lle<;ti()L1_ Part ni" lhi~ 1'; 

reflected towards the ~an",ra, and a~ il elll~rs_ IS made to interfere with the incoming 

smooth reference beam by means of a prism. The light intensity reaching the CCD is 

therefore the sum of the object beam and the reference beam components. This 

interference mcans that the speckle pattern is unique for the object's current position. If 

the obje~l or part of the object moves at all, a new speckle pattern is produced. 

Gryzagondis et al [16,17] give the equation below for out-of-plane surfacc displacements. 

These displacemellls have a sensitivity corresponding to half the wavelength of the laser 

light used and are dependant on the angles oftbe incident beam and Camera to the obj~ct>s 

surface normal. The change in displacement of a point on the object's surface relative to 

another is calculated by counting the number of fringes generated between the points and 

applying the following fonnula: 

d = 1/1. 
• cosO," cosH,. Eqn 3.2 

For ,mall angl~,; () 1- carn~ra and illumination this equ'ltlOn ~an be ,;i mpJi li~d \0 

d = II}. 
, 2 

Where n is the number of fringes observed 
).. Is the wavelength oflight used 

Eqn 3.3 

Oi is the angle of illumination to the surface nonnal 
e, is the angle of the camera axis to the surface nonnal of the object 

Ch~pt.r 3 Ihcl<grollud and Litcl·.h re r.~i<", 
Il.('durod «pOl",re time ~, ~ DleU",d of nUnirn;,ing tho imp~ct lit' vibration 011 ESPT 
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3.2.2 Til-plane d;~pla{'emellt 

I Mirror I 

C",npute r 

Objcd 

I Di'placemem d I 

Beam 
exp.llder 

This arrmtgement is us~d to m~asure displacement petTlt'ndicular to the ohject's ~urface 

normal. \Vhen measuring in-plane displacement. the ohject is illlliTlinatcd by two laser 

wavefronts at equal and opposite angles to the surface normal. "Jocse two wavelTonts 

interfere with each other after ~'ing rctlccted off the object's surface. This interference 

results in the f,"mation or a speckle pattern that is imaged by the eamera CCO. The 

sensitivity or in-plane ESPI .K'fICnds mainly on the angle of the wavefronts and the 

wavelength onight. [9] 

Chapler'; Bllckground and UleTaI"re revie... 15 
Reduced exposure time a. a m.thod or lIIiniRlisi~1: the iml'ut of' ibralioo 00 ESPI 
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Gryzagoridis et al [16.17] gives the folloy,ing eqlLation tilf ~~l~llb(ing !.he in-plane 

di~pla~ement of (he obje~t surface. 

, 

d. 
nA 

~sill¢ Eqn 3.4 

Where n i~ the number of fiinge~ obMlrved 
A is the waveleng!.h of light used 
~ is the angle of the illmnination from the normal 

Equalion~ 3.2 to 3.4 can be derived u~ing the single ray approach. See Appendix land 2 

Chapter 3 8ac~~ro.nd aIld Liter.tu"" r~,'iew 16 
Reduced "'punto time ••• ION]",d of miuimj,ing tb~ impact of vibration 00 [SPI 
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Figure 3.5 below summarises the ESP! ins]J<'ction proc~dure that is used to generate the 

fringe pattern in both the above arrangements. 

--
Fi~ure 3.5 Vi,ual cepre.ontation of ESPI in.poctiun pr<><edur< 

An image of the object is captured in its unstressed state. This image is in the form of an 

arbitrary speckle pattern. (Speckle pattern I). The intensity of this pattern is given by: 

Eqn 3.5 

I'.here /\ and ii, arG thG complex amplillldGs of the object and rcfGrGnce beam \\iavcfronts 

and (o,-~,) is the phase ditfercnce betv,een them at the point ofintercst. r1,181 

The object IS then stressed by one of a variety of techniques that include external 

mechanical forces. heating. acoustic vihration or the application of a vacurun or pressure. 

The stressing technique chosen is spednc to the object m;der investigation and is 

designed 10 generatc maximum displacement of (he flawed area. (See Section 3.2.3). 

B"canse of this stress, the surface defunns a small distance d, and ano\h"r imag" (speckl" 

pall.em 2) is captured. Speckle pattern 2 is also a speckle paUern. but is dif1~ent (0 the 

first because (he delonnation has changed the path length of the objecl beam, while 

leaving the reference beam unaffected. The intensity of this speckle pattern can be given 

by Equation 3.6: 

Cbapter 3 Background and Lit.mtu .... view 
Reduced e"posuI"« tim. a. a m.thud of minirni,in~ the impa<t of ,'ibmtion on [SrI 
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I 'A' ')' 'A' ( •• ') ,-A.-+.'1, +_\,'A, ,·oo5y]-",+I14J 

Where 

4, 
i\.¢ =---:;-- = 27m 

" 

Eqll 3.6 

F.qu 3.7 

il.~ l~ tl", change illlh~ pha~e angk oflhe ()bj~d b<:am dll~ to th~ chang~ m path length 

thaI results from the object displacement. 

n IS th~ number of tilnges g~llerm~d, 

The ~()l]1put~r softwal<' th~n pn'>cesses the~e two Images, either adding or subtracting 

them Ii-om each othcr. Sublraclion I, preferable \0 addition h<:cal1~e ar~as ",h~re no 

displacement ilaS taken place cancel each OIher out, leaving a black arca. This fcdoccs the 

anlOunt of \llln~ces<;ar:: ... ml0ll11a(,On, as wdl a.'; ~an~elllllg out the mt~llsity of the reference 

beam and leaves only the obj ed b<:am infonllatiOll. [1] 

\Vhen the two images are sublra~ted from ea~h other, the intensity of the light at 

~()n-~sp()nding poims on lhc two spcckle patterns i~ ~ubtracted from each other, TI\~ 

resultant mtellsity at ea~h point L, the di rfercnce b<:t weCn the imensiti es or the same point 

111 Speckle pallel'll I and Speckle pattern 2, The resliltant mtensit)' will thus rn:: 

Rqn J.H 

in the ~a<;~ of <;pe~kk palicrn addilion, the ti'inge pmlern is given by: 

Chopto,. 3 B",,~~ro" nd a"d Lil .. '.lu< re,'jew 
Reducod nposuro time", • method "r minimiSing U,. impact <>f "jbr.tioll on FSPT 
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Eqn 3.9 

The clectrical output voltagc V, of the camcra CeD 1 ~ proportional (0 (hc intensity uf Ii gilt 

falling on it as glven by Equation 3,6 above. rhe brightn~ss B of any point on thc 

muniwr II givcn by: 

F.qn 3.10 

Where K IS a con~tant [I J 

The brlgh(ncss vancs betwecn FIn", an<J Rmin· H l~ maXllllum for A~ = (2n 11)/, and 

minimum fur .:l~ = 2n). Pornls of equal displaccment on (he ubJcct ~ur[ilce will have 

L'qual phasc changc Fringes will th~refol'e be gencrated along lines 01" L'qlL~1 

displacement. [1.5,16,18.30] 

Thc result of this is an illlJg~ of a zebra· like fnnge pottern conlposed of light and dark 

bands, which is displayed on the monitor. The fringc pattern t~ a 'contour map' of thc 

ohject's surface displacenlent. A distinctive liinge p~\lem l~ generaled ~roun<J a Ilaw, 

uw~lly mdlc3lcd hy an irregular change in fringe den~ity or direction, ThJ~ l~ becuuse the 

~re~ urollnd a tlalv will deform more than ll~ual a~ ~ rc~ult uf the weaker llICCh~nlcal 

prupcrties as\ocmt~d with it, and the more the ~urface displ~ces, the dcn~cr thc [Tinge 

pUUcm will be. 

Chal,l'r 3 B"ck2roUlIIl "ltd Litor'!"1"< r<";ow l'l 
R<du«d <xp",ure lime ., " m<lhod of miu;m;,;ng Ill< impact or. ihratilln on Ii:SPI 
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3.5 Camera and CCD operation 

The Charge-coupled Device (eCD) lS lhe parlor the camera thaI is used to ohtain the 

image and convert it into an electrical signaL It is effectively a highly sensitivc photon 

dctector, and is dividcd up into many small areas, known as pixels. These are used to 

build up an imagc of the scenc of interest. A pixel is about 10-20).lm in sizc, and ecOs 

typically have between 524 pixels high x 524 pixels wide and 1024 x I 024 lor commercial 

closed Cirell]l secunly cameras, but are much higher for scientific and specialised cameras 

(e.g. 40% x 40% pixels). CCDs with roctangular aspect ratios are also common. [26] 

A typical pixel conslruetion is shown in Figure 3.6 below. 

I Pho<oo I I "~"'w.H I - \ /-

~-igllre 3.6 I ndh'idual CCO I'ixcl eonstructoll (Side view) 

A pixel is made up of a semi-conducting layer of silicon, covered by an insulating layer 

and a positively charged electrode. This electrode creates a "potential wcll" near the 

surface of the silicon layer. If a photon ineiden\ on lhe electrode has sul"flcienl energy, il 

can creatc an electron-hole pair in the in the silicon substrate. The photon-generated 

electron is attracted towards thc potential wcll that is formed under the positive electrode. 

The number of electrons collected by each pixel is thus dircctly pmponional to the 

intensity of light falling on it and in this way a "charge packet" is fonned. [15J 

ChaJJI ... 3 Ra"~gmmld and Literature .-e,'lew 33 
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~ 

i 
Pixel .. Snift regi'<lor 

'i 

I'il:"" 3.7 lndi"idul CeD pixel .",,,(ructio,, (Front ,jew) 

After a predetermined penod, the charge in each PIxel is read out and transferred from the 

ceo into the light-,hielt.!cd shifl register where they remain separated [rom the pixel area. 

(See Fig 3.7) After the charge packets have been removed from the pixel area, the pixels 

are empty again, and begin to fill with electrons as incident light fall, 011 them until the 

next tram fer process. The charges are [hen transferred inlo the ,econd shirt register. 

which transfers them line by line to the sensor output. This output is converted into a 

corresponding voltage by an amplifier. The voltage is filtered to remove noise and output 

to a storage device or digitiseL [15] 

There are two different ceo arrangements commonly in u,e, namely Interline Transfer 

and Frame Trun;j"er, The diffemnce between them lies in the position of the shift regi,ter 

in relation to the pixels, and hence the direction that the accumulated charge takes from 

the pj~elto the sen~or outpuL 

----------c,c,c,',',c"c-.,',c"ckground Mnd Liter~tuTe review 34 
Reduced U J>O,ure time u a nlethod of minimi.in: the impact uf .. ibrMtio. on I1.8Pl 



Univ
ers

ity
of 

Cap
e T

ow
n

3.5.1 Interline Tran.~fer 

In this kind of CCD, the charge is transfcrred frum the pixels directly across the transfer 

gate into a vertical shift registcr, which takes approximately ilLS. Horizontal rows of 

charge packets arc simultaneously transferred vcrtieally down mto the horizontal shift 

register. lIIld subsequently transferred to the outpm FigLlrc 3.8 shows the layout of an 

interline transter camera 

L .... I 

L .... 1 

L ... ' 

L ... 6 

figure 3.8 IIterUno Trall,fer CCIl 

Choptcr 3 B.ckground .lld Literoture review 3~ 
Rcdu<cd exposure time .. 0 method of minimi.ing the imp.ct of "ibroti"n "" ESPI 



Univ
ers

ity
of 

Cap
e T

ow
n

3.5.2 Frame Transfer 

In this type or ceo, the shin register is situated below the pixel~. After the integration 

period, the charge packets arc transferred line by line to the vertical shin register, a 

pTO\:ess that take~ approximately 300~IS [15]. The charges are then read out consecutively 

through a horizontal shin register. Figure 3.9 show~ the layout of a frame transfer ceo 

camera. 

Photocell, or 
pixel. 

Tr"",ftr gal.. 

Vtrti,;al,hi:_,1 __ ~ 
"gi.t" _---.J 

Cb~pt.r .'I H.ck~co""d uod 1.itecatuce ce"iew 3~ 
Rcducod n(lO'uc. time a, ~ method of tni~imi,ing th. imp~ct of >ibcation un ESP1 



Univ
ers

ity
of 

Cap
e T

ow
n

IS to a 

a 

or are 

are as 1 I 2 

so on. 

even 

are 

two 

IS as is to 

on 

cameras are 

• 
It is 

is a to remove Ui:U"l!I.IUU'UlJU 

R .. ,~IIr .. "."", ...... 1I and Literature review 37 
millimisiJll2 the of vibration on ESPI 



Univ
ers

ity
of 

Cap
e T

ow
n

some cameras is 

• 
It is IJU,"""',,"' ..... camera 

SVllcbrOIusc;:d so 

illiG):;:,llll):;:, are not 

one 

rerrlalIllder IS rec:or(led next. 

transjter cameras are 

to cameras UI;;I"'iC1Ulll>C. 

• DnC)to~:ell to traJl1stc~rre:d to IS 

aJl1 camera cOlnmrred to a traJl1stl~r camera 

• cameras are cameras 

and Literature review 38 
mililimlisilig the of vibration on ESPI 



Univ
ers

ity
of 

Cap
e T

ow
n

6 

same as are 

a 

to a 

can 

come 

IS 

use 

more onl1et"eCi 

sut)sta:ntlialI) more 

....... 1.I"'J,AUJ,Ul". on ut •• "" .. , ......... or not a IS AIJIJUIIO;U across as lllU.stnlted 
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Two microscopically groo". d snrfaces at< 
arfanged orulOgonally to each other. '[he cf)'Stals 
line ,hom,clvc, up with ~"""y"" "" the 'ur[acc', 
gmdu"lly h',i,bng tl1rough 900 trom OIlC "mfoco 
to til< other, Wh.n light p'ss", through tho 
cry't.ls, 'he light's polari,.tion ori.ntation 
[ol]<)w. the cry'tal orientation. and i, al,o 
twi,Lod through '!O" [27] 

Wl1cn a yolt.ge i, applicd, tho crystals 
r. an.ng. tllcm" l,,", as shown above. TIle 
ligbt ti,." pas« s tllI'oogh the "" l<rial and 
the polari""tion orientation i, 
~naffecleJ.[n] 

Fi~ur. 3.lU (~), (It) Rot.lion orli~ht pfllarinlifln It)' I.e cr)"tal 

Cbapter 3 B.ck~rou"d and Literature review 40 
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Wh"", a thin layer of liquid crystal material (either nematic or FLC) IS sandwiched 

bel\veen two linearly crossed polariseI'>., i! becomes a shutter, as shown In Figure 3.11 

below. 

I Polar;"", I 

I LC cell 

I.e shutter in ~blaek" Male 

When a voltage is applied. the ,hutter i, in the "closed" or bl;o:;k ,tate, Polari,er I ~Ii!:", the 
;ocom'"g light i"10 a vertical ptone. The light p."."" through the U: cd! unatfec1ed, and i" bk,eked 
by polor;;e, 2, which is ~li!'Jled i" a horilOllta! plo"e. 

I LCee11 

I Pola,;, .. 2 

lC ,butter in "dearH ,tote 
'IVlJ<n no v.,!tlIge i, """I ied, Ihe shuller is ""pen'- 0'- de", stale_ p.,Ja,-i,e,- 1 ali!.'rn Ihe incoming 
light into a vertical pla",,_ Tho light passing thmugh ,he LC cdl i" miMed by ,he cell through 90° 
and pas"" thmugh polariser 2.[ 12l 

t-igure 3.11 (al (b) SbuUering of light by LC ,butter in opaque and tramp. rent .tate. rHpertivcly 

Chapter J Backgroulld and Uterature revie..- 41 
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3.7 Lithium Niohate crystal operation 

Lithium Niobate (LN) is a substance that has the ahility to change the dir~ction of 

polarisation of light passing through it when a voltage is appli~d to it. It requires much 

higher voltage~ to do 00 than the LC ~huttcr described above. It operates on the rockers 

elrect or electro-optic effect, which is descrihed h)· Yariv l36]. 

The crystal C!!Il 1Jt, used in conjunction with two linearly cro~<;ed polarisers in ord~r to 

ronn a shutter and modulate a beam of light passing through it. The principle is the same 

as that descrihed in Figure 3.11 aoove, except that in this case the light only passes 

through the shuUer w]""n th~ voltage is appli~d, not \~hen it is removed as in the CllSC of 

the LC shutter. Figure 3.12 shows the principle of the LN shutter. [361 

EI«lm<ie 

Llectrooe 

, . v 

Llectmde 

Fig"re 3.12(~) (b) Sbuttering of ligbt by LC shutter in opaque and tran.v.not ,tat., ",pcctivc1y 

ChRpter 3 flRckgro"nd nd Literature rcvlcw 42 
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3.8 Insulated Gate Bipolar Trallsistor (IGBT) 

In order to control the Lithium "iobale shutler, a voltage in the order of 2000V was 

required. TIllS vollage had to be switched on and otT accurately and at a suitably high 

rate. IGBT~ were inve~ligaled as a possible switching mechani~m. 

An [(JBT i~ a (ransistor that is capable of switching very high 
1 CDl k , ,,,, 1 

voltages OIl and off. (Approximately 1200v, although this 10>1< 1 ) 

;r::sth:::II:::~ot:~::~:er~:r~e:~lt:g:I:~:';:li:~ :~:he~ =~-i) I,mi_ 

gate terminal. The amount of current (hat is allowed to pass 

(hrough the tnlllsistor is proportional to the voltage applied (0 

the gate. 

Figure 3.13 Illu.tration 
oflGDI.onneclion. 

By modulating the gate voltage, IGBTs can be made to modulate the collec(or-emiUer 

voltage. and thus replicate voltage cycles, for example square waves. 

If the coliectllJ-emltler voltage required is larger lhan the maximum rated voltage of the 

IGST, it is pos~ible to connect ~everal IGBTs in serie~, and divide the voltage among 

each of them. [32] This, however, requires special control to ensure lhatthey each receive 

equal voltages, or there is a risk of damaging (he [(JBT. 

Chpter 3 Rackl:ruund ud Lit".tur~ r~,'i~.. 43 
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Chapter 4 Experimental procedure 

4.1 Theoretical approach 

The intention of this project was to reduce or el iminate the effect of vibration on the 

successful capture ofESPJ image~ and two techniques were investigated for this purpose_ 

Both techniques essentially had the same objective, namely to reduce the duration of the 

camera CCD exposure period, thereby creating a shuttenng effect. If this period were 

sufficiently short, the object's motion would be frozen, and would no longer present a 

problem. 

The first technique was the amplitude modulation or pulsing of a Continuos Wave (CW) 

laser. This was done using two different slotted discs, a Liquid Crystal shutter and a 

LithilJ/11 Niobate shutter. The second technique investigated was the use of the camera·, 

built-in shuttering capability_ 

Cbopter 4 E'perimenUI procedure 
Redu.ed cxpo,ure lime a •• methoxl of minim;"ing tho impaet of ~ibr'tio. on ESPI 
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4.2 ESP! Inspection 

4.2.1 On Table Inspection 

ESP! inspection of tile object was initially performed on an optical table at vcr usmg the 

different shuttenng methods to inYestlgate the effect of ~ariOllS parame/<lr1J, incllldmg the 

characteristics of each of tile shuttering methods_ In order to allow comparison between 

these condItions, the ESP! set-up was constructed in the same way in each case. The 

layout is sbOl-\TI in Figure 4.1 bdow. 

I MiroJ 

I Mirwr I Refer= benm 

I Ream'P1i _ 

I Di'pl.~ment d 

Flpn 4.1 ESPI OTnlog.m.nt K>ed duriag 011 t.bI. In'r'''''ioII 

C""p"'r 4 hp"l'IIII."tal pr<>«:duno 
Redu«d """".ur< timo •• 0 ",.thod of lIlini.,i.ill2 tM imoo<t of .ib",oo. <Ill ESP. 
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The laser used was a He-1'.'e witll an output of approximately SmW. The expanding 

lenses were 40x microscope objective lenses and tlle camera was a Sony SSC M-37OCE. 

The camera's Automatic Gain Control (AGC) was on for all the images that were 

captured. The computer used custom software that was v.ritten by Mr D Findeis of the 

Department of Mech Eng at UCT to perfollil the inspection procedure, The software 

allows the user several options, such as reat-time ESP! and double expo,ure ESP!, 

among,t others. The program is also able to provide light intensity plots of the ESP! 

image that is obtained along either rows or columns. It also allows the ESP! images to be 

saved as TIFF image files. 

Once the pulsing metllod, had been tested on the table. the object was placed on the 

ground, and inspection under variou, vibration conditions wa, performed. Inspection was 

carried out while the object was at rest and while a compressor and loudspeaker were 

exciting it. In this way three different vibration environments could be investigated, 

namely naturally occurring environmental vibration, simulaled industrial vibration from 

the compressor and loudspeaker vibration. 

The laser, camera and optic, remained on tlle holographic table. This was done in order 

to simUlate a portable vibration resistant ESPI system tltat wa, under development at 

VCT. In tllis system, the optics (including the camera, beam splitter, mirrors and 

expanding lenses) were to be mounted on a firm platform that would be supported on a 

tripod The tripod would rest on inflatable lyres in order to eliminate or reduce the 

vibrations transferred to the optics. The object under inspection would rest on the ground 

without any vibration isolation. 

Cbapter 4 Experimenta! pr"""d~re 46 
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4.2.2 Environmental Excitation 

'While UJe lest ~peclmcn (a ~ection from a helicopter tail rotor blade) ""w; otT the 

holographic table, ESPl images were captured using a selection of UJe pulsing methods. 

The vibration experienced by the lest specimen were recorded, allowing for comparison 

and making it possible to observe UJe effects that environmental vibration had on ESPI 

inspection. 

4.2.3 Compre!>i.~·or Excitation 

A small porlnble compressor was run 

near the object in order to induce 

vibration and ~imulate an industrial 

environment. rhe laser was pulsed 

using the large dhc. LN shutler and 

camera shutter. and ESPl performed. 

F4:ure 4.2 OfT-IMble FSI'I arrang~meDI willi. 
cOII\pr""or 10 e'cite 1",1 specimen 

4.2.4 Loud~peaker excitation 

A loudspeaker was used to excite the object 

under investigation. The loudspeaker 

excited the test specimen at 214Hz. having 

a period of 4.67ms. and the vibration level 

recorded. 

Flt:He 4.3 T~,t 'I"'cimen e~dled by louds(H'lk~r 

Chapler 4 Experimental pr""rdur~ 47 
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4.3 Specimen inspected 

A section from a helicoptor tail rotor blade 

with m 'o deliberately induced flaws on ilS 

suIface was inspected. One of !he flaws is a 

pinhole of approxnIlately (J,5mm and the 

other is a slit approximately 30mrn long and 

O.5mm wide as sho\\Tl in Figure 4.6. 

Although these were all yisible surfuce fla\\'S 

the technique is just as suited to subsurface 
Figu,"" 4.4 Tail rotor .h""'l~ fl ... , 

flaws, as long as the defect affects surface 

displacement, 

Figure 4.3 shm",s the construction of the rotor. 

It comprises of an outer skin that is bonded to 

the spar at the leading edge and damped althe 

trailing edge The rest of the rotor section is 

filled with an alumiruum honeycomb 

structure, The spar determines the leading , 
edge shape. and the honeycomb pro,ides a 

FiguR 4.5 T.il rotur OOIl.tnctio.o. 

measure of structural strength. The slit and pinhole fla\\'S were m the outer skin, where it 

is bonded to the honeycomb section, 

Thermal stresses were applied to the twl rotor by a blowing oot air from a hairdryer onto 

the region around the flaw 

ChptOT 4 E,,,,,rim.ot.1 procedu... 48 
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4.4 Vibration simulation and measurement 

An accelerometer was attached to thc 

helicoptcr tuil rotor blade to enable thc 

vibration of the blade to he mea~ured_ 

The accelerometer outputs a voltage that 

i5 proportional to the acceleration that the 

accelerometer experiences_ The voltage 

was measured and recorded on a Figure 4.6 A'-'-eterometer mounted on rotor .«tiOD 

computer using a Handy-Scope. A Handy-Scope is a digital oscilloscope that connects 

directly to a computcr. The Handy-Scope provided values of voltage and corresponding 

time, which were inserted into a Microsoft Excel spreadsheet. The voltages ohtained 

were converted into acceleration value~ in the spread~heet using the voltage/acceleration 

valuc of ]OOmVIg, or lO.19mVlmls2
_ The specification meet of the acceleromctcr is 

included as Appendix 4. 

A simple equation was used to caleulate thc instantancoll5 vclocity and displacement. 

These equations could not be applied to random vibration, becall5C the vihration is made 

up of a spectrum offrequcncic5. 

" >~--

2" Eqn 4.1 

Eqn 4.2 

Where a is the instantancoll5 acccleration ofthc object 

Ckapkr4 EXlH'rlmon!at pr.,.,.dure 49 
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v IS tlte in.Unlaneou5 ,,~loc ity of the object 

d 15 the tlll>\am;U:COU5 dlsplacemem ofille object 

f is tile frequency of the applied vIbration [33] 

Thue equ~tions did not take the phase shi ft Ihat occw:s when acceleration is integrated 

imo veloc ity. or when velocity is Integrated in to accelermion imo acCOUnt, This 

short~'()mlrl2 could be overlooked since ,he magnitude of tile di spl~ement was of 

import;l.rlce. iI!Id not Its phase. 

Cbapr •• 4 EJptrlnx:nl.' pru«duc 
Rr<I • ..-d u pooUf'< tin," u a .... Ihd or n,'n'mbl"lll •• imp.rt of ,'ibradDd 00 ESI'I 
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4.5 Laser pulsing using all electric motor alld large slotted disc 

A simple apparatus was set-up 

consisting of a circular disk with 

two triangular holes in it. a DC 

motor and a variable power supply. 

a~ sh<w.'TI in Figllre 4.8 bclo'W. 

The disc wa~ placed in front of the 

laser aperture, and the ia<;er light f'igu~ 4.7: Lorg~ di", and motoT 

was disrupted as the disc rolated. 11le intention was to show that ESPI images could be 

satisfactorily captllrcd u~ing a '"pld~d la~cr", without having to go to the expense of a 

more specialised system. A motor""us found that was able to maintain the required speed 

to an acceptable degree of accuracy. The motor spun the disc at 150(}rpm(25rp~), which 

would provide 3000 pul~s per minute, or 50 pulses per second. This speed was chosen 

in order to co-ordinate the laser pulses with the camera field rate. rhe holes were ~pcd 

in such a way that it would be possible to vary the laser pulse duration easily by ~imply 

changing the position of the laser along the radius of the disc, while maintaining the same 

pulse frequency. 

The ellcctivc period llfthc la~cr pul~e wa~ calculated a~ f()llows: 

Eqn 4.3 

Eqn 4.4 

ChaploT 4 F..poTim~ntal procedure 51 
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Solving for t gives I~. '" -'­
Ni)Ji.~. 

Eqn 4.5 

Where: s is the chord length of the cut·out. 

v,,-", is the tangential velocity at the point where the laser is chopped 

tpo'''' is the duration of the laser pulse. 

Old'''' is the rotational speed of the disc 

r is the point on the disc radius through which the laser shone 

A Microsoft Excel spreadsheet was used (0 perfonn these calculations, and IS gIven as 

Appendix 3. 

Chapter 4 Exprrimenta( pc<><edure 
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4. (, Laser pu/sillg usillg a stepper motor and a slotted disc 

A steppeI' motor W!IS also inve~(ig,Hed 

and !I ~mal1 model out of a printl'r (a 

uni-polar Upson SM-U040) was 

]ocaled. The moct.:'] S('kded was much 

smalkr lhan the motor used with liK-

previous disc, and would Ix c!lp!lbk of 

higb~r speed aemTae;>' due to the Fi~1l c~ 4.11 St<pp<c moloc. d"e and eontmlloc clceu,1 

natur~ of i(~ con~lnL~(lOn, 111<,: skpP"r motor required mueh mor~ complicated 

ekctronics to control i( (h!m II", molor prevWlISly used. The dis<; and "ontwlling "ir~uit 

~an lx' S('en in FigUl'c 4,::;. The ~kclronic circuit W!IS built and provided by Mr S Graber 

of the Departmenl or Medlani~al Engincering "I LeI. 

111 order \0 r~dl1~e til(' wtatimlai sp<'ed at which thc disc would opcmk arK! stili maintain 

th~ cOlT~cl pulse rale, more ~10l~ were ~ut into Ihe dis<;, r",clve slots wouid providc Ihc 

required 50 puls.:'s per second, if the di", wer~ rOla(ed !II 250'1'm in~lead or lwo ~iol.s al 

1500rpm, Again th~ slots were d~sigl1ed 10 make lhe pul~e widlh !Idjuslahle, and the 

puls.c duration was cakulal~d using F:'1ualion 4.5. The dr-Jwing or (his disc is mlach~d !IS 

('~apter 4 F., v.rim.nlal procedure )3 
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4.7 Laser pulsing using a Liquid Crystal (LC) shutter 

The next shutter iliat wa.<; inve:stigated was ~ electronic liquid crystal (LC) shutter This 

is efTectivdy a window that is normally clear, but when a ,TIllage is applied across it, it 

drukens. allowing little or no light to pa.<;s though it. The:se shutters are compact. and 

uruts lOunmJOmm are commercially available. 

100 clear advantage of these shutten; over the motor alUlTlgement is their small size and 

,ibration-free characteristics, They would also be much easier to control if a customIsed 

pulsing sequence was needed, Whereas !he disc-motor sa·up can only pulse in an on-off-

on-off sequence, the shutter can provide any sequence that IS desired. 

A LC shutter was sourced from a 

pair of 3-D goggles 000 of the 

shutters "as removed and is shOlm 

in Figure 4.9 

These goggles are usually used to 

allow cO!l1luter games to be Hewed 

in 3D when worn by tilll user. Two 
F~Kt< 4.9 LC ,butUT 

of these shutters operate together, and darken alternati,'ely, While the left shutter is 

blocked, the right shutter is clear, and the computer monitor displays the image as would 

be seen from the right eye's perspective. The right shutter then. darkens and the left 

shutter becomes clear. The co~uter monitor then refTeshes and displays the image as it 

would be seen from the left eye's perspecti,'e. The shutter then re.erse:s again IlTld the 

Clt.pter ~ EX(l<rilllentoi p ... ""dK..., 
Rt'dK<od UOO'IlR ti .... "' ..... tbod of miIimbiJll! tho imD"ct of vibroiion Oil ESP! 
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a user 

at 

once 

states ",.u'"u.,,~ was v.,,', ..... ,'" it 

was ..., ........ ,' ...... is 

were at was 

geIlenlOOIwas a wave u",II't,u ... 

as 

it is .... n.'.,IOi'u.. can 

PY1"1TP.;:.;:,,·ti as a 

Chapt,er4Exl)en.melmtaln~'~Pdlllrp 
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"' .. ' ...... A to was 

was C01nD:area 

os~::all.os~:::Ot)e vUWlU1\;l was to measure 

was __ 0_1,,,.,,,,,,., to measure a 

across 

state were \,;al\,;UI:au;;u 

= ----=:=-::.::::=..-

2 

Generator t-i-------------+e 
~------_4----------------__ --_+_1 

4.10 Procedure to measure LC characteristics 

of vibration on ESPI 
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4.8 Laser pulsing using a Lithium Niobate (LN) crystal shutter 

A Lithiwn Niobak (LN) crystal shutter was also investigated. The principle used to 

investigate it was the same a~ thal lor LC >hutler. e"'c~p( that only a singk polariser was 

neces~ Jx,ca,,>~ the ]aser being used emits polarised light. The Lithium Niobate crystal 

and pla~tic mounting is shown in Figure -1.1 1 

Figure 4.11 (I) (b) Utbium Niobate cry.ilIl ,ide ~nd end "jew 

4.8.1 Com'/ruclion of the Lithium Niobate (LN) control circuit 

Lithium Niobate crystals require very high voltages (approximately 2000V) in or<lcr (0 

operate. This voltage can be Alternating Current (AC) or Direct Current (DC), DC being 

the preferable option. In this case, DC "vas essential because of the wi<le mng~ or puls~ 

widths that were to be investigated. The deb'Tee of polarisatiOil rotation. and hence th~ 

shuttering ability depend on the voltage applied. This voltage will not lJo;, consisknt at the 

peaks if AC is used. By using a DC signal, (he same vollag~ woul<l be applied to the 

shult~r during (he ~ntire tim~ that it wa~ Oflt'n. regar<l1es> orth~ p,,1se width. 

Cbaptn 4 [~pcrimen!al "roe.duro ,\7 
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The Fledncal Engineering DepartTllenl <JI' VCT supplied a suilabJe transformer tbm 

would provide up 10 3000VAC from IIOVAC input. Tbe inpul voltage wa~ supplied hy a 

variac. which is cffeclJveJy a vanllble lnll1sf<JIDler, Ill1d is capable of providing 1m 

adJuslahle range <JI' AC voltage,_ 

A high vollage re~lilier and an ullra I'asl swilching ,y<;(cm using Insulated GlIl.e HlpoTar 

Transistors (IGHTs) was bUlll bllsed on Ihe clr~uil (hllgram illuslrated in hgure 4.12. 11 

,,'as only piJssiblc 10 oblain I(JETs ((JT~QlOl IUBn) wilh a maXimllTll raling 01' 1200v, 

~o it was necessary to stack several lGUTs in scril:S to rcach the rcquired voltagc_ Three 

IGBTs were used, because lit the lime I.hallhe clr~UlI WliS huill, little was known about the 

cry~taj'<; propcrtie~, and voltagc Ihlll would be required_ A con~erva!ive eslimal.e of 

3000V was initially predided. 

The lGBTs u<;ed had the I'ollowing switching lime characten<;tie~: [.11 J 

Rise time 

Tum-on time 
hili time 
Tum-oll'lime 

T.bl.4.11(;BTchuadoristi<. 

-,1~TC'CPCi'C'=I='=i'=nc,=(=pc'),+I"'CIC'=d=m=un~lm.e_~~)~ 
0_3 I O,G : 

0.4 , 0,8 
,0.3 ! 05 
i O_~ 

-----------Chap!<'- 4 E\po.-im<n-,-,C' ,-,-,-,,-,C,'-"-"-----------"" 
Reduced <xp",u,-e limo~, ~ m"!bod of minim;,jn~ tho imp"c! "I' "ibratilJn (In ~:SPI 
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Figur. 4.12 Rectifier and lGBT <ir<uit 

The right-hand branch of the circuit is a rectifier that converts the incoming AC voltage 

into DC voltage. TIle AC voltage is supplied by (he output of the transformer. The left-

hand side or the circuit is the switching side The capacitors on the IGBT side were 

necessary to ensure that each of tile IGBTs had the same voltage across them and none of 

them experienced an excessive voltage spike during switching on Or orr. 

------------;C""'."10' 4 E1perinl.llta] prQ".duh' .19 
Reduced e'(>O,uh' limo a. a mcthoo of miIimis;Ig the impad or ,·ihr.t;on 0" [Sl'l 
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• 
rhe circuit was housed in a hox to 

ensure minimal contact of the 

operator and surroundings with the 

high-expeded voltages. Two oflhe 

connections were for the incoming 

AC voltage from the transfonm:r. 

and the other two were l'or lhe 

output of the rectified and switched Figu~ 4.13 Lithium .hutt •• eont ..... 1 bu, 

OC voltage which was 10 be applied 10 the shutter. 'Jhe B~C connecli'ill wa~ the signal 

input from the signal gcnemtor thal controlled when the circuil wOlild apply the voltage to 

the shutler. 

4.8.2 Characterisation of the High voltage circuit 

Once the circuit was bllilt and the initial problems resolved the IGRT circuit response was 

analysed. This was done by using an oscilloscope to measure the applied vollage signal 

ii-om the signal generator in relation to the high voltage coming out oflhe circuit and onto 

lhe shutler, as shown in fiigure 4.14. The high voltage was measured with a high-voltage 

probe Ji-om the Electrical Engineering Department. 

Sign~1 

Generalor 

High ,·oltage High vohage 

Probe 
ei,..,uil Trunsrocmer 
+ 

Handy-Scope 
O.eillo,rope 

Fj~ure 4.14 P.....,edu,"" 10 mu,ure circuit response 

Chapter 4 Experimental p.....,l'du,.., 60 
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4.8.3 Characterisation o/the Lithium Niobate crystal's shuttering 

The light transmission response of the shutter was then measured using the procedure in 

Figure 4.15 A He-1\'e laser was shGne through the crystal and the O<.ltpUl measured with a 

light sensitive diode, The diode output, a voltage propot1ional to light incident on it, and 

this voltage was compared 10 the high voltage applied to the shutter. Equation 4.6 and 4.7 

were used again to calculate the light transmission through the shutler. 

I Pol.ri.er II Bum .'pander 

I L L .... LiNbO" ~ Light '~n.ith ~ 
C')'u.t Diod. 

JUU , 
rrv 

H.ndy_Scope 
cOlllroUer 

circuit 
, OScillo.cope 

Figure 4.!5 Procedure to me .. ur~ LN .butter oJl.raet«;.ti« 
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4.9 Sit uttering usillg tlte camera's huill-ill sltutter facility 

The cam.:ra ustX! to re~ord th.: ESPI 

images was a Sony sse M370CE 

black-arxl-whik TV cam':Ta. It is an 

interline transfer camera with a CCO 

area of 6.3 x 4.7mm. Tho: CCD has 

752 x 5R2 pixels giving a pixel size of 

appmximately 8flm. including the 

transkr gate and shili register. It 

figure 4.16 Camera used to porforn, L"PI 
I"'pecllon (Sony SSC Jl.1J70 CIi) 

captures imag.:s at 25 franlt's per soxond, and each frame is comprised of two ficlds. 

giving a field rate of 50Hz. Th.: camera ha~ a built-in Automatk Gain Control (AGC) 

facility, which can Ix u5<'d in low light ~onditiollS to improve the sensitivity of the ceo. 

It also has a built in shuttering facility with cight shuttcring times that can be s.:kcted 

through a dial \,ithin tho: cam.:ra. Th.: shuUer tim.: uetennines the period of time for 

which the camera picks up image informatioo during each of the 20ms fidd capture 

periods_ Thu~, when the shuUer is l;et In 4ms, the camera captures the image information 

for only 4ms out of the Inla120ms and is idl.: for tl100 rest of tho: fkld's duration, 'Jbese 

~hutl.:ring limes m-e 20m~, 8.33m~, 4m~, 2m~. Ims. O.5ms, O.25ms and O.Jms. 'Jbe 

camera also ha~ a ~ynchmnisation facility, ~o that th.: ~am.:ra imag.: caprnrc can be 

synchronil;ed to an external de\'ice or vice versa. 

Tho: built in shutkr facility was invcstigated as a possible mcthod of reducing tho: CCD 

exposure tinlt'. 

Ch~rter 4 Experimental procedure 62 
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4.10 Image EditilJg 

The ESPI images captw-ed were edited after being captured in (lrder lD improve their 

clarity. It was necessary to adjust the brightness and contrast levels to make them visible, 

s(lmetimes quite substantially. 

The CCD is 751 pixels wide x 582 pixels high and is digitised by a frame grabber that is 

512 x 512 pixels_ Consequently, the fringe pattern is not an actual representation of the 

object's proportion. The images obtained were thcrefore widened by 33% in order to 

correct their aspecl ratios. 

Graphs (If light intensity variation of the final fringe pattern were also oblained. These 

were taken along a single line (lfthc ESP! images, which is indicated by a while line on 

the images themselves. The plots are shown in a bar graph fonnat that is scaled from 0 to 

255. On this scale, 0 indicates a complelely black pixel. and 255 indicates a complelely 

white pixeL Values between these extremes are varying shades of grey. 

Chapter 4 Experiolental pr<>oedure 63 
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Chapter 5 Results 

5.1 Calibration and evaluation of equipment characteristics 
, 

5.1.1 Accelerometer calibration 

An accelerometer was used to quantify the magnitude of the object's response to 

various vibrational conditions It was calibrated in order to ensure that accurate 

results were obtained using a calibration device that provides a very specific vibration 

to the accelerometer. 

Figure 5.1 below shows the accelerometer calibration curves for acceleration, velocity 

and displacement. The curves correlate well WIth the applied vibration of 159.2Hz 

(±1%), with a mal'imum acceleration of 10m's' (±3%), a velocity of IOmmis (±4%) 

and a displacement of lOflm (±5%). The accelerometer and formulae used to 

calculate the object's velocity and displacement can therefore be considered 

sufficiently accurate. 
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FIgure 5.1(a) _ (e) C.libratkm 2raph. of AeeeleratlO", VelOCIty .nd Acoeleration 
""po"",, for aooderometcr "hen subjooted to speeiflc calibration vibr.tion 
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5.1.1 Characteri,mtion o{the Liquid crystal (IC) shutter 

TIl<: LC sbUlter's eJ1i:dlvell~ss I''''~I tested usillg tile procedur~ described in Sectivn 

4_7 I and thc h)lIowlJlg rcsults WCrC obtaincd iur [b~ He-l\e ia,er lIght (632llm), 

Condition Voltage (V) Transmisdbllity (%.) 

1\0 Ihutlerpr~Ient 0.4075 100 I 
Shl!tt~r vpell n.325 79.8 

ShUII~r cl",ed nono 0 

" " 

Figurc 5.2(:1) - (c) on the following p:lg~ shows graphs of the sbutter's light 

tn1l11mlSSIvn reSIX1l11e tv the ~ppll~d ~0mrlll \-'01Iag~ .... --jlh respen 10 tilll~. Nole Ih~t 

[he voltagc scale is invert~d to :llImv dircct comparison \vith lbe ligb[ transnm,ion 

curw, When th~ 12v signallS applied to th ~ shl!tt~r, it darkens. Thi, is shown hy a 

indication of the sbulter r~spon~, AI lndi~~ted 111 Figure ),2(c), the shutl~r responds 

relativcly quickly \vhen the voltag~ is :lpplied, and d~rk~ns in approximately 0.9ms. 

I'lm II llVt tb~ ~~s~ whcn (he vvllage IS rcmoved lind (be shuttcr opcns, :IS illustrated 

in Figure ),2(bj, In tillS t~S~, Ibe shutler lakes approximately 2m, to reach the tirst 

plate~l!_ Tim v~cu" when thc lransmission of tbe shutt~r has r~~~hed :lpproximately 

of lis Sn% "p"n ,laiC valuc, and :I fur1hcr J.5ms to rea<:h lIs maximum trnnsmisslOn 

~onditi"n_ 

Chop"'r ~ Resut" 65 
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5.1.3 Characterisation o/the high voltage circuit 

The response characteristics of the circuit that would be used to control the LN shutter 

were investigated using the procedure described in Section 4.8.2. An oscilloscope 

was used to measure the input control signal (tOV) Irom the signal generator in 

rdation to the high·voltage output signal (up to approximately 2000y), which it 

supplied to the LN crystal. The circuit was tested at a frequency of 50 Hz and over a 

range of pulse widths. The results are shown in Figure 5.3(a) - (I). 

The circuit was able to provide a moderately stable square wa\'e for pulse widths as 

low as O.lms and up to approximately 2ms. Below O.lms, the pulse became rounded 

due to the slow high voltage decay (approx. O.lms) as the voltage decreased, as 

shown in Figure 5.3(a). Consequently, the pulse was not square as desired for short 

pulse widths. This was probably caused by the capacitors on the IGBT side of the 

circuit that were holding charge, and thus slowing the decay after the IGBTs switched 

off. Attempts were made to rectify this problem by lowering the capacitance of these 

capacitors, but did little to improve the situation. The IGBT circuit requires some 

capacitance to eliminate possible \'oltage spikes across the IGBTs during switching, 

as well as to ensure that the voltage was shared equally between all the TGBTs. For 

this reason, the capacitors could not be made too small or be removed entirdy. As the 

pulse width increased beyond 2ms, the circuit was no longer able to maintain the 

square pulse shape. This is because the capacitors of the rectifier circuit that are used 

to smooth the rectified AC voltage were being drained to a point where they were 

unable to hold sufficient charge to sustain the square shape. The result is that the 

voltage decreases by approximately 3% over a pulse duration of 2ms as shown in 

Chapf .. 5 Re,ult. 67 
Reduoed expo.ure time ••• method o[minimising the impact o[v;bration On ESPl 



Univ
ers

ity
of 

Cap
e T

ow
n

Figure 5.3(e). This is more evident in Fib'Ures 5.3(d) and (e) that had pulse widths of 

IOms and ISms respo;ctively. In these ea~es, there is a component of the rectified AC 

voltage is imposed on the output. This Ixeomes very apparent if the pulse width IS 

increased further. This is illustrated for a pulse width of lOms in Fib'l.lre 5.3(1). 
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10m" ISm. and 20m ••• spedlnly 

Cbapter ~ I«,olt. ~8 
Rc<I" •• d npo'u,. time ••• method "f !J!injmj.ln~ th Impact of vjbr.lio~ "II ESPI 



Univ
ers

ity
of 

Cap
e T

ow
n

5.1.4 Characterisatioll of the Lithium Niobate (LlV) crystal shutter 

The light transmission of the LN shutkr was investigakd using the procedure detailed 

in Section 4,8.3, The following results WGre obtained. The polariser transmission 

was measured with the polarisation direction in the same plane as the laser 

polarisation (i .e, the maximum transmission orientation). 

Cunditlon Voltai c (V) Tran.minion ("!o) 

--- -
No shulter prescnt O.70H 100 

-
Polariser only 0.287 40.S 

Shutteropc:n 0.216 30.6 

-
Shutler closed 0.0023 0.33 

. 

There is a signific3/lt 1055 of light due to this polanser, reducing the enective light 

passing through the shutter to 40"10 alone. This had serious implications on the ability 

to capture ESPI images, eSf't'cially at short pulse durations. 

The light shuttering respons~ orth~ LN shutter to applied voltage was measured, The 

optimal voltage that was applied to the crystal was t(mnd experimentally by varying 

the voltag~ until the lighllransmission was maximised, The vollag~ that provided th~ 

highest light transmission was found !O be approximately 1400Y. 

A curious phenomenon was observ~d wh~n using the crystal. The light transmission 

through it varied dramatically by simply moving the orientation of the crystal relative 

Chapter 5 Re, .. lts 09 
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to the laser beam. It was found that to minimise this effect. and to obtain the highest 

degree of tnmsmission, the LN crystal's smface should be perfectly perpendicular to 

the incoming laser beam. 

Figure 5.4(a) to (I) below shows the crystal's response to an apphed voltage for plllse 

widths of 0.05, 0.1, 0.5, 3, 10 and lOms respectively. 

In Figure 5.4(a) [he shulter was still openmg when the voltage was removed, 

evidenced by the fact that the shutter had not reached the maximum transmission 

value of approximately 34%. In Figure 5.4(b) and (cl the shutter has opened 

completely and this took between 0.1 and 0.15ms, where as it took bern'een O. t 5 and 

0.2ms to close. TIlese responses are thOllJ5;ht to be delayed by the slow voltage rise 

and decay, and if this can be improved, an improvement in the shlltlering times would 

be likely. 

Figure S.4(d) and (el shows that [he shutter'S light transmission does not deviate 

excessively from [he maximum values, although the:: applied voltage varies slightly. 

Chapler 5 ke,ub. 70 
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Un~ditrd [ .. '';PI ir~. ~c ~d .. n"rd I':SPI image Int.n';t} plol 

~w~JJJ1JJ ... :; . 

. , 

Fi~'lfc 5.S(a) _ (f) F.SPI im4" ' a.d light illlen,;I} pot, <>I"k<t . t><ci"'~n on oplical tabk u,'ng 
mechanic,l , ; uHer (Inlle n t.l ' r_1I di'") (0 p~J" I.'.<r at 20, 5.2, 3.2, 1.9, 0.9 and O.5'R' 
"'.,pectinl, 
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5.3.2 ESP] inspection with no excitation of object using stepper motor 

and disc 

Figure 5.6(a)·· (f) shows tm: ESPl images of (he blade captured while it was on tlle 

holographic table. The laser was puhed by the stepper motor and disc for durations of 

between 20ms and Urns. Again, the decrease in light in the unedited images and 

inten,ity maps is appan::nt as the pulse duration decreases. The clarity of the image, 

i~ good throughout tm: ,erie~ for the enhanced images, although the unedited images 

are only clear to 2.4ms, whereas in the case of the large di,c it wa~ clear for the l.9rns 

Jmage. 

The light leveb are lower (han those recorded with tlle large disc and motor (Figure 

5.5) for similar exposure periods. The reason for this is unclear, although i( i, 

possible that (he set-up was slightly different on the two instances, e.g. the irb may 

have been more open in the first case, or tlle reference beam inten,ity may have been 

higher. 

The enhanced images aU show clear fringe patterns across the series. 

Chapter 3 Result. 75 
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lTu~ditod ESPI Imlge Enha.""d ESP! nag" 

0,,''',,) 
! •••• 

Inteniity plot 

" 
fi~UFe 5.6(a) ~ (I) ESP! imag"' and ligIot I.ten,ity pl .. t, .. f te,t specimen on optical tabl. 
~.in~ m..,b~lIi •• 1 ,hutter (rotallug SlCp;»,' ::not .. r 'isc) t .. puis. laser at 10.0. 8.7. 4.0, 2.4 and 
I.1mo Te>p. cti,'el,' 
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5.3.3 ESP/ inspection with IJO excitatiolJ of object /lsilJg Le shutter 

Figure 5,7(a) - (e) shows the ESPI images of the blade captured while it was on the 

table, using the LC shutter to provide pulses between 10= and 2.0rru;, As the pulse 

duralion is shortened, the images obtained show a general decrease in lighl intensity 

and fringe definilion, 

)<one of the unediled images are clear, and when compared to the images obtained 

Llsing the large disc and mOlor as well as the slepper motor and disc (Fig 5.5 and 5.6), 

there is a clear reduction in light intensity levels for similar pulse duralions. This 

indicates the effecl of the lower light transmission and slow response time of the LC 

shutter. The enhanced fnnge patterns are of reasonable clarity, allhough the images in 

Fig 5.7(d) and (~) are becoming unclear as a result of low lighllevels. The LC shutt~r 

was unable lO pulse the laser bc:low 2ms due to the reduced light transmission and 

poor response characteriSlics. 

Ch'ptor 5 R .. ult. 77 
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UJlffiiled ESPI image F. nbanced ESPI illug< I ntell5ily plot 

" 

". 

"'I 
, .. ~ 

Figure 5.7{a)- {el ESPI image •• nd light intoa,it; pil.t, "rl'" .pecimen un oplicallable using 
olootroni< .hutter {LC .b~tterl to pul.e I.,,,.c at 11, 7.1. 5.0. 3.0 and 2.0m. ""pe<tively 
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5.3.4 ESPl inspection with 110 excitation of object using LV shutter 

Figure 5.S(aj-( f) sho",,;; a scries of ESPI Lmages arid 1nkn;;ity plot> of th~ rotor bl~J~ 

tbat w~r~ ~aptur~d on tb~ tabl e lISll1g the Ll\ shutter to pulse the la;;er at various pul;;c 

durations betwcen I O,Oms and 0.1 tniS. 

Th~ un~dit~d lmageiS ar~ compktdy in~"mprehel1iSlbk be~ause of low Ijgb! levels. 

The 1r1lenslly plots ali ;;how low levels of 1ntCrliSlly, indic-atirlg lh~ dill11niiSh~d light 

level tbat rea~hed tbe call1eEI. The el1h,lll~ ed illluges are visible, and the clarity i;; 

rea;;onablc for pul;;es as shorr a;; O,5tn;; The;;e poor 11ghl Icvds are due to the 1J<.><x 

I1ght trarl>ll1i~iSi(ln (ll-th~ 1.\1 iShl1lt~r. 

Chapler ~ n~,ull, 
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Figure 5.8(0) _ (f) ESPI image;; an<: lighl _Dlolllity plot. of t.,t 'peci"'en on optical lahle using 
eleOlrl>l'ic ,hutter (LJ\ ,hutter) to pol,e I",er ,I 5.0, 3.. 1_0 U.S, O.2~ and O.lm, re.p.cti~el}' 
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5.3.5 ESP! inspectioll with 110 excitatioll of object UJillg camera Jhutter 

Flgure 5.9{a) - (e) below shows a >ene, of ESPI tmages of the rotor blade that were 

eaprured while it was on the holographic table. The images were eapmred at 20ms, 

8.33ms, 2ms, 0.5ms and O. lms l.lSlllg the bulit-lll ~amera shutter. 

There 1, a general decrease in light intensity in the unedited illlages and inten,ity 

plots. Tile unedited images are sufficiently well defined to as low as 2ms. They show 

Slmllar mtensities to those captured when the large di~ was l.l,ed to pulse the laser. 

(fig 5.5). The enhanced images are cleaf for exposures as short as O.lms, which was 

the lowest shuttering speed of the camera. 

Chpter 5 Res~ll. 
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Unedited IOSPI image Enlla,,,",, ESPi image In!en,ily plot 

Fig~r. S.9(a){e) ESPllmage. and 1~lIt iot.",ity ,In" of -:elt 'perimen on optical table .. ,ing 
clectronic '''~rt.r (carner •• llOfte , I to pn"~ IR'cr ~t 20,. .. i.Hm.; 2m.; II.Sm. and O.lm' "'peed,·.ly 
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5.4 ESP! impectioll with external vibration and reduced 
shutter time 

ESPI was performed on the object for certain vibration scenarios, including 

environmental vibration, and excitation using the compressor and loudspeaker. The 

expanding lens was moved closer to the object in order to provide a higher 

illumination level and hence better quality image, at very short shutter durations. 

It became apparent that due to the random nature of the vibration the capture of 

acceptable fringe patterns was rather haphazard. For this reason, a series of!O images 

were captured in order to illu,trate the general trend that was occurring a, a result of 

these different conditions. The images were all captured using the camera shutter 

because of its ease of operation and low light transmission losses. 

These images were all enhanced to similar levels in order to enable comparison 

between those obtained at different shuttering period,. 

Chopter S Result< 83 
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Fi~"re 5.12 Serie, "f 10 ESP] im~~e, oft.", "f'I"'. me. c'r<><ed tt e~·.'ironm.nta.l nd:.tlon 
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5.4,2 ESP! inspection of object exposed to compressor vibration 

The compreswr was llsed to excite the ohject in order to simlllate a random vibration 

that could be expected in an industrial environment Figure 5.13 below indicates the 

Acceleration VS. Time graph of the blade when it was mounted placed on the grol.lnd 

while the eompre~sor was running nearby. 

Graph 01 Acceteration vs Time 

••• 

c , 
! 

" j+-C4-H--' 

00 10.' ".0 40,' .0 30,0 .0 

Figure 5.13 Aceeloratiou ~,. Time graph a, e'pedem:ed by te,t specimen whou .. cited by 
COmPTO"Or ~ibr.tion 

Chapter 3 Results 88 
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Figure 5.14 (aJ - (d) shows a series of 10 ESPI images of the test specimen (blade) 

exposed to compressor vibration that were captured with the camera shUller tor 

periods oflOms, 2ms, O.5ms and O.lms. 

Of the images that were captured over 20ms, only two out of ten images can be 

cOll.5idered successful although there is evidence of smudging in all of them. This 

improved significantly when the lmages were capnlred over 2ms, when a success rate 

of nine out of ten lmages was attained. Seven out of the ten that were captured were 

successful when the camera shutter was set to O.5ms, and five out often successful for 

O.lms. 

----------------------------CC'.'.','.',CO"R',C,C"'"C,---------------------------- .0 
Reduced 01!>O'U," lime a, a mothod <Jfminimi.;n~ tho impact ofvihra!;on 011 ESP! 
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5.4.3 ESPl inspection of object exposed to loudspeaker 

vibratioll 

The blade's re>ponse (0 the applied e)(citation was measured and is illustrated in 

Figure 5_15(a)-(c) below. This shows the Acceleration, Velocity and Displacement 

response graphs of the test specimen when excited at 214Hz. 

Fli ,.i~---;;)' " Fi~ !.lS{O) 
G~h of .. " ._" .. l_ ~"." o(V.OO< ..... l ..... 

:: I - ., - ----------

• -

If 
~. t " i , , 

1" • ~ 1 II , " " 
, 

! I .. \ .. , j .. , ' f--I , I til I, f 
. , , , 
" 

, , .. , .+ ' V V V . , , ., .. ., - •• .. •• .. •• . , •• ,. ,. •• .. .. .. . , .. .. 
""'(>0' ""' .... , 

- --, , 
~"ph oIOlsplo" ... "h. -.- >·~ !.IS{<) , 

.. - -

, " 
, , , 

\ f .. . , 
! i ,.- , 

'" -

.. JW ' \ , .. . -.. --- -- - -.. " .. ,., .. .. '" .. .. 
TI_ ... I 

Figure ~.15(~) _ (.) Graphs of Acreterallon, ¥etodly and Dj'placemrnt rc>p"n .. v •• Tnnc respect,,,el) 
as "'l"'ricD<od by ( .. t spedm.n for loudspeaker excitation 
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Reduced exposure time as a method of vibration on ESPI 
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5.5.2 ESP! inspection with object exposed to compressor vibration 

using large disc 

Figure 5.J8(a) - (f) shows a series of images of the object subjected to compressor 

vibrdtion, using the large rotating disc to provide pulses ofbenveen 20ms and O.5ms. 

The images captured at 20ms and 5.2ms are badly smudged due to the object's 

motion. The image captured at 3.2ms is slightly smudged, but significantly clearer. 

The image captured at L9ms is very clear, but the two images captured at 0.9 and 

O.5ms were less discernible as a result of smudging. 

Ch'pler 5 Result. 
Redno«l eXI'O,ure lime a, a method"f minimi,ing the impact ofvibr.tion on ESPI 
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5.5.3 ESP! inspection with object exposed to loudspeaker excitation 

using large disc 

Figure 5.19(a) - (I) ,hows a serie, of images of the blade subjected to loudspeaker 

excitation while the laser was pulsed with the large disc for duration, of 20, 52, 3.2, 

1.9, 0.9 and O.5ms re,pectively. 

The images captured at 20ms show the distinction between the nodal and anti·nodal 

regions clearly. The fringes are only apparent in the nodal region, and are well 

defined. The image captured at 5.2ms shows slightly ,mudged fringe line, in the 

nodal regions and no fringe lines in the anti-nodal regions, although there i, evidence 

of smudging. The image, captured at 3.2ms and 1.9 ,how clear fringe lines in the 

nodal region, with ,light ,mudging in the anti-nodal region. The image captured at 

O.9ms i, ,mudged, while the fringe lines captured at O.5ms are completely clear and 

extend throughout the image. 

Cltapt<r 5 Re,ult. 100 
Red~ced expo.ure time as a method of minimi.ing tbe impact of vibration on ESP! 
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5.5.4 ESP! inspection with object exposed to environmental vibration 

/Ising LII{shurter 

Figure 5.20(a) - (f) shows the ESPI images of the test specimen under environmental 

excitation that were taken using the LK shutter to provide pulses of 10, 5, 3, 1, 05, 

and O.lms respectively. 

The fringe lines in the enhanced images captured between 10ms and 0.5rns are not 

smudged. bllt show poor definition. No useful conclllsion can be drawn for the image 

captured at O.lms_ 

There lS only the slightest sign of a fringe line in the Image captllred at IOms, and the 

other uuedited images are completely black. The enhanced images are not well 

defined, and only discernible for sh~dtering periods as short as 0.5ms. This is a resll]t 

of the poor light transmission of the L:;-"[ shutter, and shows a similar trend to the 

images captured on the table when the L:;-"[ shll!ler was used 

Cbapter 5 Re.nlt, 102 
Reduced .xpo,urc time a, a method ofminimi,ing tbe impact or vibration on ESPI 
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Unedited im.go 

Figuro ~.21)(.) _ (I) ESPI im"2e, of le,1 ,[>Cdm.u ., ~"",d to . n~inmm<nt.1 excilatlon cap lured lI,iug 
eleclronic ,h"tter (I.N d,utt.r) 10 p"l,e I,..er at cxpo".~ tim." or 11.0, 5.0, 3.0 1.0 0.5, and O.lm. 
re'pccth·cly 
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5.5.5 ESP! inspection with object exposed to compressor vibration 

using LN shutter 

Figure S.ll(a) - (f) lx:low shows the ESP! images that were captured while the blade 

was excited by the compressor eaplUrcd using the LN shlItter to pulse the laser at 10, 

5.0,3.0,1.0,0.5 and O.lms. 

The unedited images are all too dark to provide any useful information, and the 

enhanced images are only clear to appro:.:imately Ims. For e:.:posure times shorter 

than Ims, the images are unclear due to the amplilication of"baekground noise. 

The images captured at IOms and 5ms are smudged due to the compressor-induced 

vibration, but the image captured at 3ms is well defined. It is not clear whether the 

image caprured at Ims is smudged due to vibration or simply due to low light levels. 

The images captured at 0.5 and 0.1 ms arc unclear. 

Cboptcr 5 Result. 104 
R.duc.d exposure time a' • method of rninirnislllll tbc irnpaet gr ,"ibr~lion on ESPl 



Univ
ers

ity
of 

Cap
e T

ow
n

FI~~rr 5.11 (~) _ (1) ESPI Imag .. of Itli .~edrucu rJIlO •• d to <omp,,,,,or .,<it~tio. <~pl"rcd u~I01: 
dcelronk ,hlltte' (1.~ ,hull.,) 10 pllb. la.er PI C~pOI"" limo, of 10.11, S.O, 3.0 1.0 0.5 •• nd 0.1 ml 
rC'l'«"lnl)" 

Chaplet" ~ R .... 1I1 
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5,5,6 F.SPI i"spt>l.'liml witli ohject exposelJ /(I ItJlld~pellkcr L'(d/arioll 
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Lnhanced image 

Fig~re 5.22(0) _ (f) r..sPl image, ,.f [os{ 'pecimcn cxpo..,d to Ioud'peaker exdtation captur<'ll at 
c:tpourc tim'" of 1 O.ll, ~.O, 3.0 1.11 u..5, and 1I.1ms rcspccdnl~' u,ing electronic .hutter (LN 
.b~ltcr) to pulse laser 

Cltaptcr 5 Remit, 
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5.5.7 ESP! inspection with object exposed to ellvironmellfal 

vibration lIsing camera shutter 

Figure 5.23(a) - (e) below show the ESPl images of the blade captured under 

environmental excitation for camera shutter peri<Xls of20.0, 8.33, 2.0, 0.5 and O.lms. 

The images capturcd at 20ms and 8.3ms are both extremely smudged, but the quality 

of the images improves as the shuttering time decreascs. The unedited images arc 

clear up to O.5ms, and the enhanced images to O.lms. 

The light levels of the unedited images are good for durations as short as 2ms, and are 

dear throughout the range in the enhanced images. 

Chapter 5 Ro,ult, 108 
R.du«d expo,ur. time os • m.thoo of minimising tbe imp.ct or ,lbr.tion on r..sPl 
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5.5.8 ESPl inspection with object exposed to compressor 

vibratioll usillg camera shutter 

Figure 5.24(a) - (e) below are the ESP! images that were captured using the camera 

shutter when the test >peeimen was excited by compressor vibration. 

The images captured at 20ms, 8.J3m> and 2ms show varying degrees of smudging. 

The image captured at 0.5 is distinctly clearer. and the one eapMed at O. tms is 

slightly smudged. The unedited images arc clear to exposure times as short as 0.5ms, 

and with enhancement, the whole series becomes clear. 

Ck:tpler 5 Rosult, 110 
ReduCffl 'AI>0'~re tim. "" ,. melltod or minimi,ing tho implct of vibration on ESP! 
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t: .. dil~d image Enhnced imag~ 

F:iiure 5.24(aH.) ESPI ilJl'~" of Ie'" 'p<-<i""n expo,ed to .0mpr ... ·}I' .nitation •• ptur<d 
u"n~ c1e<tronk ,outler I·c.~er •• hutter) to pKI'" la,er a' expo,ur< tim .. of 20m,. H.33m", 2m" 
O.SOl., and 0.1 m. r •• peo:ti""ly 

---------C~.,.",'"CC-"C,' .. "",,'.----------------------------'" 
Redu~d <xpn<ure lime a, a m.tbod 0( minirri,b~ tile impael Mvibration OI ESPl 
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5.5.9 ESP] inspection with object exposed to loudspeaker 

excitation using camera shutter 

Figure 5.25(a) - (e) below shows the ESP! images for the blade captured using the 

camera shutter for periods of 20, 8.33, 2, 0.5 and O.lms while it was bemg excited by 

ihe loudspeaker. 

TIle unedircd images are clear for exposure times as short as 2ms only. The enhanced 

images are clear to O.lms, but of poor quality at these extremes. 

The images captured at 20ms and 8.33ms show fringe lines in (he nodal region, bul 

nothing in the anti-nodal zone. The images captured at 2ms and O.lms show clear, 

whole-field fringe lines, but tile one captured at 0.5ms is smudged along the anti-

nodal line. 

Choplrr 5 Re.~lts III 
Red.oed expusure lime a, a moth"d ofminimi,jng Ibe impact Qf~jbraUou on ESPI 
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Chapter 6 Discussion of Results 

The results genendly indicat~ that the reduction in exposure time made it easier to 

perform ESP] successfully on an object when it was subj~cted to vibration. This was 

true of all the pulsing m~thods inv~stigated. This would normally have b~en either 

diiTicult or impossible to do. Although a shorter exposure time did not guarantee that 

a successnll image would be obtained on every attempt, it increased the likelihood of 

capturing a satisfactory image considerably. 

On six out often occasions, it was possible to successfully capture ESPI images of the 

test specimen under envirornnental vibration in the laboratory with no shuttering. (i.e. 

at the full20ms exposure period.). There was an increase to eight out often and ten 

out 01' ten through the use of exposure periods of2ms and O.5ms respectively. Only 

eight out often were however IQund to be acceptable for an exposure period orO.lms. 

At the larger vibration levels produced by the compressor and loudspeaker, the effect 

of a shorter exposure time became particularly apparent. In these cases, rew or no 

images could be obtained when using the full exposure period. 

In the case 01" the compressor vibration, all the images captured at the full exposure 

period were genendly smudged partly or completely. As the exposure period 

decreased, the l"ring~ quality of the images obtained improved markedly. Obtaining a 

good fringe pattern at a reduced ~xposure time was not a certainty, but the likelihood 

definitdy was increased. 

Chapter S Re.uit. 114 
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In the case of the loudspeaker vibration. allrhe ESP! images exhibited nodal and anti-

nodal regions when no vibration isolation techniques were employed. Fringes were 

only visible in the nodal regions and were often smudged. whilst nothing was visible 

in the anti-nodal areas. As the shuttering time decreased to approximately 2ms, the 

fringe lines became much clearer. and the di~tinction between the nodal and ami-

nodal areas became less obvious. This improvement continued further for exposw-e 

periods of O.5ms and O.lm~, although some of the images at low expos lire periods 

were smlldged, Again. aUhough a good image was not always achieved, there was a 

detinite bene(]t to reducing the exposufC time. 

Table 6.1 below gives a summary ofrhe numhcr of successful images obtained Ollt of 

ten under the variolL'> vibrational conditions and shuttering times for the camera 

shuUer, 

, 
i Excitation 20ms ''''' O.Sms 0.1 DIS , , ._-

Environmcnhll 6 , X 10 8 

Compre!i~or 0 8 , 7 4 
.. 

r.ou*peaker 0 2 7 7 , 
Tablo 6.1 SummaQ' ul" acceptabiIit~, of f_<';P! image' at reduced expo.ure time, 

--------CCc.'.',:"C,:",""'h.,7ult. - -------------m 
Rcducc<l .~JKI,ur" time as a mrtbod of minimi.ing tit. impact "I" "ibratioJl 011 ESP! 
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6.1 Findings Of ESP 1 impectioll with large disc 

T1I:: large disc and motor system worked quite wel! considering its crudeness, and wa~ 

able 10 produce puL,e_, a_, low a_, O.4ms, Due to it, large _,ize, however, a compacl 

system could not a<x:ommooate II as was mtended. It vibrated excessively, which 

would have added [() tho vibration oxperienced by lho sy.nem_ The iml<;Curale pulse 

frequency control and consequent beating was also problematic. When dynamic 

stres_,ing (e.g. thermal stre~sing) is applied. the fringe panern needs to be ob~orv ed on 

lho monilor and captured when it roaches tho de~ired stato Tho beating mado lhis 

proce,s \'ory dIfficult on occa,ion, a, the bost Images often appem-od at the same time 

a~ the heating occurred. 

Both of tho di~cs have the advantage that they do nOl ~uffer from light trammi.,~ion 

lo~ses, which may be importalll in the case of low laser power. 

Ckapt<r 5 R .. uU, ----'" 
Reduced expo<nro time "' " "",th"d "r mi .. imi'io~ tM imp"o! of vibration on ESPI 
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6.2 Findings of ESP/ inspection with stepper motor 

The stepper motor was Iljore compact and vibrated substantially less than the previous 

system. It was able to maintain the pulse frequency to a higher degrce of accuracy, 

and was capable of prodllcing pulses in the order of Ims. This was the shortcst pulse 

that was obtainable with this arrangement, although this was limited because the 

stepper motor could not rotate any faster. Using a different stepper motor could 

obviously decreasc this period. It also did not suffer any of the light transmission 

losses that the LC or LN shullers did. While being an improvement on the large disc, 

it was still too largc to be incorporatcd into a compact ESP! system. Thc electronic 

cirCllit to dnve the motof was also complicated to construct. 

6.3 Findings of ESP! inspection with LC Shutter 

The LC shutter was ablc to provide useful pulses as low as 2ms, although this was 

very much a function of [he laser power lltilised and the size of the object being 

inspectcd. It provided a vibration-free shuttering mcchanism. which was compact and 

easily con [rolled, as well as being capable oj" prodllcing customised pulsing. A single 

signal generator easily provided the 12V -control voltage. 

The minimum shllUering timc, howevcr, ruled Ollt this shuttering method becausc it 

was too long. At slll11tcring times of around 2ms, the light levels had already been 

reduced dramatically due to the slow shutler response. This made it dif1iclll1 to 

Chapter S Re,nlt, 117 
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perform ESPI properly, and mt.lllt th'l! post-capture ediling was r~q\llred III order to 

oblilin siltisfactory images_ 

6.4 Finding of ESP 1 ill,\jJectioll with Lithium iViobate Shutter 

The Lilhium Kiobate ~hutler showed good potential. and was able to pulse the laser 

effectively to below O.lms. The shutter is very compact and vibration free and the 

only disadvantages are the high operating voltages and low light transmission. The 

high voltage that was required to control the crystal was ao initial impediment as 

suitable components were difficult 10 locate. Information on circuit construction was 

also limited. 

The benefit of usmg an external shutter such as the Lithium Niobate crystal is thal 

specialised ESPI such as Double pube addition ESPI is made possible. In tili, 

method, both ESPI pulse~ are fired in a singk TV Irame The technique IS 

particularly suited to vibration analysis_ This is possible with the use of disc shutters 

and the I.C shutter W; wdl. but obviously easier to pt:rfoml wilh the r.C and LK 

shutter,. 

ESPI inspection was only really possible tor pulse dmations as short as 025ms_ 

Beyond this limit, the images obtained were badly defined due to the diminished laser 

intensity reaching the camera as a result of the poor light transmission of the shutter's 

polariseI'. An obvious solution to this problem would be the replacement the polariser 

with one that has a higher transmission or increasing the power of the laser. Due to 

Cbapl .. S Renin 
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incorrect calibration. th~ la>~r u>ed had an d1i;,clive power Olilpul of approximately 

RmW, while sllitable diode las e['~ are readily availabl e with outputs of 300mW. 

6.5 Findings uf ESP! impection IIsing BlIilt-ill Shlltter 

The camera >huH~r prov~d 10 be the mO~1 oucceosful of lh~ method> thaI wer~ 

ml'c~tigated. It wa, able to capture ESP] images fnt' ~hmter pcriod~ of a<. low a~ 

O.lmo and lhe~e ""ere well oklined afler ~ultable cnhancem~nL The use of the 

camera's budt m sautter is clearly preferable to the uoe of an ~xternal shutter because 

it does not suffer transmissIOn losses. It also does not require extra equipment like the 

shutler it'>elf, '>ignal generators etc and i~ lhcrcti)re ,>impler to u'>e. 

This fe~mre IS not, oowever standard on all cameras, In whIch ca'e the use of extemal 

~hul!ering becomes necessary. \Vith the use of the camera shutter II is also not 

poSSIble to make IIS~ of cu>toml>ed pubmg or 10 perform Double Puls~d Addition 

ESPL There are abo only elgh\ shu\tering '>]Jt'cd~, and lhcrcti)re if lhe lll'>pcction 

rcqllired Illtermediate speedo. tillS would not be po~'>ib1c 

Ch'~ler 5 R<sulls 
-------119 
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n,ble 6.2 gives J >umm~ry of the varioui< technique<; inve>tigJt~d and their 

charactelistics. 

~. 

Dc\"ic£ Min N~g;ttiH effoct Posit;"-c tIred 
----~ 

1 Shuttering , 
time 

, 
~ - Sh u,«r tim< ~~:.:t ._ .--bTl:' Di,e 114111' 0 lrllro,lucc, vibrolion 0 

0 roo large 0 Simple 

Steppcr In)!')T anJ '"" 0 Intro<luc", "ibrati<XL 0 Simplc eD,,,,cpt , 
di,c 0 Shutter tim", ro~ h)tlg 0 CoOO conlrol Dr plLI," I , 

0 TDD large lieq""ncy "nd dur"lDn 
, 

0 ( :omplicateu el och-~ni,,, 

~ " LCD ,huner 2-3m> 0 StiltlcriIlg lime tOCl long 0 VihT.tjOIl free 

0 Poor ligll1 ""mmi""iDn a' 0 Conv·ot 

low pulse duration> 0 Simple " (>per<1t, ". , eOHtml 

LiNh(), ,hulter Le"," than 0 Co.mrijcated eleon-oHie. 0 Vilxa,ion iree 

(i. 1m, anJ GpCratiDl1 0 V ory o~mpact 

0 PL)l)T li ght tran,mi ... i~n 0 Shutt"'I time good 

Camer' <hutter 0.1= 0 Ot1ly eigh, ,hutlering 0 " light trans';';;:;;:; 

>"""ds 1o",,", 

0 (;(>(><1 ,hutt< rin~ time 

0 Very,irnplo 

i 

0 Pul.e, .,yoc hroni,eu 

! imoging I"t, 

TobIe 6.2 Comporison of .,h"ttcrin~ tcchnique, 

~----,C.,."",C,',C;C",',C"""',--------------120 

Reduccd .'tla.",r. time •• " mcth"d ,,[ minimi.'ing tho impact of ,'i~r"tioR on [·SPt 
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Chapter 7 Conclusions 

The "pul~ing" of the la~er ha~ proved to be a "ucce~sful method in the elimination of 

the effe;;ts of environmental vibration. Generally there was a distinct improvement in 

thc ahility to capmrc images u~mg "pul'>ed" ESPI. provided that the pulses were ofa 

suifiuently short duration. This was most apparent for large vibration amplitudes. 

The LN shutter and camera shutter were the only successflll method, among lhmc 

that were investigated, and were both able to provide pulses as low as O.IITIS. The 

choice of one over the other will depend on the circumstances and requirements of the 

investigation. The only problem of conseqllence encountered with the LN shutter was 

its poor light tran~mission. The camera shutter on the other hand was simple to 

operate, and does not suffer light transmission losses. 

A compromise must be reached for shuttering time so that it is short enough to 

eliminate vibrational effects, while at the same time ensuring that there are sufficient 

light levels reaching the camera CCD. This obviously depends on the frequency and 

amphtude of the environmental vibration, as well as the stability of the object. If high 

frequency and high amplitude vibnttion is e;o;:pected. the shuttering rime needs to be 

reduced further. If the obJe;;t is securely clamped, this will reduce the vibrauon 

amplitude it is e;o;:posed to, and hence the shuttering time can be irn;reased. 

-------------ccc,C,C,C"C,C,CCC,C,C,,""C".iOU< 121 
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Chapter 8 Recommendations 

The U5C of the camera shutter should be further investigated. It is capable of 

subtraction ESP!, which is preferable to addition ESP! for the majonty of cases where 

ESP! is performed. 

The Lithillln Niobale shutter was also found 10 have potential ror shuttering. If it is to 

be used, a polariser with higher light transmission should be investigated. 

The use of FLC shutters should be coosidered as an alternative to the Lithium Niobate 

shutter. These funclion in much the same way as LC shutter5, but are capable of 

shuttering speeds in the region or 50~LS. The FLC cells also require lower vollages. 

(10 to 12 volts as opposed to 1400'/ for the LN sllLltter.) The shutter could thus be 

driven 011 a signal generator alone, wilhout the complication of the high voltage 

swilching circui!. 

A more powerful laser should be Llsed in order 10 provide adequate laser light at short 

shuttering speeds. The ESP! investigation was performed with a 60mW laser that 

only oUlput approximately 8mW due to poor calibration. Modern diode lasers arc 

able to provide 300mW of power with ease. They arc also coosiderably smaller, and 

would be ea<;ily incorporated into a compact ESPI system. 

Chapter 8 Recommondatioos In 
Reduced expo"". time ., a m<thd of min!mi'in~ the impact ur ¥ibrat~>n on f."PI 
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Appendices 

Appendix 1 Derivation ofOlit-of Plane Displacement formulae 

This derivation provided is based 
, 

on the path geometry of a single ray 

" 
a t' laser light, and is given by 

Gryzagoridis [16]_ This analysis ~!f!<~ __ . __ ~.~. ______ _ 
r<o" •• 1 

derivation c, 
considerably. A more thorough 

derivation !~ given by ]one~ [1]_ In 

this case, the ESPI set-up IS 

arranged to measure out-of-plane 
Figure A_I D"h-.Ilou or OUl-Or-p!auo di'p!aermom 

displacement. 

The surface of an object is assumed to be illuminated with a single ray of laser light I, 

at an angle of 81 to the object's surface nonnaL TIle laser reflects off the surface to 

the camera along C, at an angle of8, to the surface nonna!. As a result of the applied 

stressing, a point on the object surface is displaced from P to P' through a distance d 

parallel to the object's surface nonna!. The incident beam and reflected beam are 

row hand C. respectively_ 

The surface displacement d is assumed to be small compared to the distance from the 

laser source to the surface, as well as the distance from the object to the camera, so 

App.ndlc .. 
The Dndopment or a Low Cost Yibra!ioo_R .. i,taut ESP! System 
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the rays II and I, and C1 and C2 can be assumed (0 be parallel during the 

displacement. 

The change in path length of the ray from the laser 10 the camera can be given by 

Eqn A-I 

Where AI is the change in path length of the ray from the laser SOllfCC \0 the object 

surface I and AC is thc change in path leng\h of the ray from the obj ect 10 the camera 

CCD C as a result of(hc surface displacement. 

From geometry 

Eqn A-2 

And AC .. dcosB, Eqn A-3 

The tOlal change in palh length is thus 

M .. d(cosB, +cosB,) Eqn A-4 

This results in a phase change of 

Eqn A-5 

Constructive interference occurs when there is a phase difference of 2n or 3600 and 

thus the number of fringes is given by 

Eqn A-6 

Substituting into Equation A-5 and solving for the displacement gives 

d - /I). 

-(cos~-tcos&, ) 
Eqn A-7 

For small illumination and camera anglc>, Equation A-7 can be simplified to 

Appendices 
The ll.,'.lopmen! of. Low Co.! Vibra!ioJl-RcdUlll){ ESPI Sy,tem 
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Eqn A-8 

Appendic .. 
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Appendix 2 Derivation of In-Plane Displacem ent f ormula 

This derivation is bas~d on the palh r~:=='~~=-=~;~:=J-l 
geometry of a single ray of laser .Iio!!f..,. __________________________________ _ 

_ 0. ,p 
I 

~I light, and is given by Gryzagoridis 

[16]_ This ~thod simphfie:s the c 

derivation considerably, and a more 

! , , , , , , , 
'I, 
", 

" 
_~~. _._. _. _._ ._._._._. _._. _. _ ._fA. __ . __ ' 

thorough d~riyation is given by Jones -, , 
111 In this case. the ESP! set-up is 

c, arranged to measure in _plane L ____ __ 2 ________ -' 

displacement d along a line 

p~rpendicular to th~ objecfs surface IIOrmai 

The surface of an object is again assumed 10 be ill uminated with a single ray of laser 

light II at an angle 0[0, to the object's surface normal. This reflects off the surfilce 10 

the camera along C, at an angle of e, to the surface normal. A point on the object 

surfac~ is displaced [rom P to P' through a dist.ance d perpendicular to the object's 

surface normal. The incident beam and re!Iected beam = IIOw I, and C, 

respectively 

Th~ change in path length of the ray from the laser to the camera can be given by 

EqnA_9 

----------------"--'-····----U9 

App<ndi u. 
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Wh~r~ j.1 L' th~ change ln path Icnglh of thc ray Ii-om the laser >ource to thc ohj~cl 

'illrfac~ I ar,d i\C 1> the ch<lnge III p~th length of the ray Ii-om the object 10 thc c~mcm 

CCl) C as a result of thc >urr",,~ dl'rlac~ment. 

From geometry 

Eqn A-I0 

Eqll A-II 

The lom[ change m palh Icngth is thtL'i 

iV' = d(sinO, - linO, ) Eqll A-12 

rhis result., m a pha>~ change of 

Eqn A-J3 

ConstructLvc imerferenc~ OC_Cur, whell lhne 1> a phase differclJC.c of 2" Or _'oW and 

thllI' lh~ Humber of fnnges is gl\'en by 

Eqll A-14 

Substimllng lntO Equation A- I 3 and >olving for the di'ipiacemcnt glV~'i 

"" d = -- - --
(>mH, --sInH. ) 

Eqn A-15 

For small angks sinH al'proa~he, ~~ro, and thc 'ietlsitivlly decr~"s~s_ Th~ SL"TlSllivily 

lllCrCaSC'i as 0 increa'ies. but as 0 appro~c_hes ~OQ. the surfac_e can no [ongcr be 

llluHllnakd 

-----------no 
Arl"'ndic<s 

The Do\'olopme"t of" T ,0" CO" Vih,-a,inn_R«i,tan' rSP[ Sy,tem 
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If O[ I, the ,arne a, fl,_ the chunge m path length is zero. In-plane displacement 

sensitivity can be mlTIlTIllSed by making the illumination and camera angles similar. 

The path change due to a vertical comrxment ;, a simllar sine teno. und can be 

ignored if the la,cr illunllnation and camera are mlhe surne height. 

-----------'" 

App. ndk .. 
Tko Dev.lopment of a L"", Co>[ \, ibratioD-R .. i'tant ESI' I Sy'tcm 



Univ
ers

ity
of 

 C
p

Tow
n

Appelldir 3 Pulse duratioll calClilatiOlls 

I.ar~e Disc 

SleplK'r PHllllr and dist 

'" Ap!M'adiCeJ 
Th. n.,,~Jopm.'" or a LP .. · CO" , ·;a,rado. · Ro~laJlI [SPI Sr>,e,n 
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Appelldix 4 Accelerometer Specificatioll Sheet 

Models 732A & 736 
High Sensitivity/High Frequency Accelerometer 
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Appendix 5 Stepper Disc drawing 
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