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Appendix A
Acronyms

CCD Charge coupled device

CFD Computational fluid dynamics
CSIRO Commonwealth Science and industrial research organisation
DC Direct Current

DCEN Direct current electrode negative
DCEP Direct current electrode positive
FCAW Flux Cored Arc Welding

FFR fume formation rate

GMAW Gas Metal Arc Welding
GTAW Gas Tungsten Arc Welding
HeNe helium neon

ICCD Intensified Charge Coupled Device
ITW International Institute on Welding
IR infra red

LIT Laser Induced Incandescence

LIE Laser Induced Emission

MIG metal inter gas

MMAW Manual metal arc welding

Nd:YAG Neodymium:Yttrium Aluminium Garnet
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OCYV Open circuit voltage

PIE Plasma Induced emission

PPE Personal Protective Equipment
SEM Scanning electron microscope
TEM Transmission electron microscope

UV Ultra violet
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Appendix B

Summary of plume equations

] Parameter ‘ Pure Jet ‘ Pure Plume
Jet Volume Flux Q = Tu,b? Q = Tu,,b*
Q= [udA
Specific momentum flux M = gufnb2 M = 0.38352%
M = [u?dA (M =M,)
Maximum  time-averaged | u,, = 7.0M§z_1 Uy = 4.7130%2_%
velocity u,,
Specific buoyancy flux 0 B = 17:\;2 Uyl U
B=/[ u%gdA
Radius b b=0.114~ b=0.105%
Maximum  time-averaged | C,, = 5.94QOC’OMO%Z*1 Chm =
concentration excess ¢, 10.46Q,C, F, 5 =3
Average dilution S = 0.29MO%ZQ;1 S = 0.16330%2'%@(;1
§—Q
Qo
Jet spread angle 3 Oa =0.114 Ba = 0.105
(B = 20) (B =2a)
Entrainment coefficient ag = 0.057 ag = 0.088
Ratio of concentration to | A =1.2 A=1.19

velocity width A

Table B.2: Summary of pure round jet and plume equations (Based on Gaussian
profiles) (Lee & Chu 2003)
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Appendix C

Experimental runs
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Appendix D

Microprocessor control code

>c:\asm\1200def .
‘7 ‘7‘7‘7‘7’7‘7%/ %‘7 '7‘7‘7'7‘7‘7"7‘7‘7"7‘7%7‘7?‘7‘7’7‘7%/ ST TSISTS SIS TSI IS

;%Hardware

;%PD2 <— BNC5 via and gate —F1 input from 532 laser

;%PD5 <— button 2 —weld button

;%PD6 <— button 1 —focus button

;%PB0 —> BNC6 via and gate —output to triger megapluss camera
;%PB1 —> BNC1 relay normaly open—turn welder on/off

;%PB2 <> BNC2 —welding drum on/off

;%PB3 <—> BNC3 —ICCD inhibit in

;%PD0 <—> BNC4 —Inhibit to PG200

;%4MHz cristal

TSI SISV SS TSI VST STSSITS STV TSTS o

T TS SIS TSTS (T o

;% Definitions for register names

TSI TS TSI TSI TSI IS SIS ST SIS TSI TS SIS TS IITS e

.def temp=r16

.def loopl=rl7

.def loop2=r18

.def every_n_count=r19 ;number of fl per image

.def weld_n_countl=r20 ;the number of images per weld
.def weld_n_counth=r21 ;upper bite to allow >256 images
.def flag=r22 ;0=do nothing l=free_run/focus 2=taking images during welding
.def keyregl=r23 ;registers to deal with the status of keys
.def keyreg2=r24

.def loop3=r25

‘7 ‘7?"7‘??"7‘7?"’/"7‘7"7‘7‘7‘7?"7‘??"70‘7 ?"7‘7‘7"/‘7‘7‘??"7‘7?"7‘??"7‘7?"7‘7"7‘7‘7‘7‘7?"7‘?’?"7‘??"7%
nitions of

;% fi (.equ)
% ‘?’VWW‘V‘?W%/ 7‘7‘7‘7‘?’?‘7‘?‘7‘7‘7?‘7‘??%/ W‘V‘V‘?"?’VWW‘V‘VW%‘? I

.equ every_n_fl= ;number of fl per image ie. l=every 0.1s 5= every 0.5s 10= every
.equ total_n_ per,weld 200+1 ;number of images per to be taken during weld

.equ welding_n_per_weld=150 ;number of images to take with the welder on.

.equ delay_uS=70

,”’U"Z”T;”Tuuuuuuuuuuu"?’“’"’”’”’" TSI TS TSI SIS TSTITIS o

9/ i1ons
57 ‘?’D/V‘?’V%‘V 7‘7‘77‘???’%/ SIS TSI ITIITS 7‘?’?%‘7 VTSI ISTSSTIITS TS0
;%none this is to be done on a ATI120

TSI TS ST TS SIS TSI II TSI SIS ST I SIS T ST ST III ST SIS o
;% Interupt vectors used to direct interupt to correct
;% location in code

TTSTSTS TSI TSTSS TSI TSI TSI TSI TTI TS TS
.cseg
.org 0x00
rjmp RESET ; EXTERNAL POWER ON WATCHDOG RESET
rjimp EXT_INTO ;EXTERNAL INTERRUPT REQUEST 0
070707070, 0707070707070, 0707070, 0707070707070, 0707070,
JASSSSSSSSS ST ST TS TS S676/676/6/6/6/6/6/6/6/6/6 S

;% Reset procedure
;%set up ports. set up EXT_INTO
‘7 ‘77‘7‘7‘7%‘7 ‘7‘77‘7‘77‘7‘7‘7‘7‘7‘7%‘7 VSIS TSI IS IS SSI TSI T o
1di temp,0b11110111

out DDRB, temp ;set port b direction

1di temp,ObOOOOOOOl

out PORTB, temp ;set initial output

1di temp,0b00000001

out DDRD, temp ;set port D direction

1di temp, ObOOOOOOOO

out PORTD temp ;set initial output

1di tcmp,ObOlOOOOOO

out GIMSK, temp ;enable external interupt for detecting flash lamp output

1di temp,0b00000011

out MCUCR, temp ;set to trigger external interupt on rising edge of PD2

in keyreg2 ,PIND ;load the initial states of the keys

1di flag ,0 ;start off in do nothing mode
;

sei ;enable interupts
TS (T TS 76767676/6/67676767670
; %0 MAIN
870707070, AT IATAS AT IAAAS AAAIIIITIT
TS T (T STSTTTTTTTS

in keyregl ,PIND
eor keyreg2 ,keyregl
and keyreg2 , keyregl
sbic PIND,6

rcall START_FOCUS
sbis PIND,6

rcall STOPEOCUS ;if focus button is off stop focus if in focus mode
sbis PIND,5 if welder is not set make sure its off

rcall STOP.CAPTURE

sbrc keyreg2 ,5 H

see which keys have changed
see which of the changed keys are now high
if focus is set jump to FOCUS

f weld has just been set jump to start weld
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rcall START_CAPTURE
mov keyreg2 ,keyregl
rjmp MAIN

0707070
JASSSS ST ST 67676767676/6/6/6/6/6/6/6/6/6/6/6/6/6/6/6/6/6/6/6/o
;%EXT interupt O

;%this is called when the Flash lamp trlggers

%thls tests for wh ged ps acording
WWWWWVWWVWWVWWV%VV%VV%V7%VV7V7VVWVWWWWWWVWWVWWVWWVWWW%
EXT.
SblS PINB, 3 ;return if ICCD is inhibiting the taking of
reti
cpi fla
breq TAKE_IMAGE
cpi flag
breq TAKE_FOCUS
reti
TSI TSI TSI SIS SISTSI TSI SIS SIS TSI S SIS STS TSI SIS o
;%this is called when the Flash lamp triggers
;%and focus or weld is flaged
;%if it is wait flashlamp Q switch delay then trigger
;%Q Switch
TAKE IMAGE :
inc every_n_count
cpi every_n_count ,every_n_fl
breq FL.MP_DELAYF-1
reti
TAKE_FOCUS:
sbi PORTD, 0 ;take the inhibit off PINDO
FL.MP_DELAYF:
clr loopl
DELAYF:
inc loopl ;sit in a loop to generate the delay
cpi loopl ,6delay_uS
brne DELAYF
cbi PORTB,0 ;trigger camera
clr loopl
DELAYR:
inc loopl ;sit in a loop to generate the delay
cpi loopl,100
brne DELAYR
sbi PORTB,0 ;clear camera trigger
clr loopl
DELAYT:
inc loopl ;sit in a loop to generate the delay
cpi loopl, 255
nop
nop
nop
nop
nop
nop
nop
nop
nop
nop
nop
nop
nop
nop
nop
brne DELAYI
cbi PORTD,0 ;put the inhibit back on PINDO
clr every_n_count ;clear the fl per image count
cpi flag,1
breq RETI ;if in focus mode dont count images
1di temp,1
add weld_n_countl ,temp ;incriment the count of images taken
clr temp
adc weld_n_counth ,temp
cpi weld_n_countl ,low(welding_n_per_weld)
1di temp, high(welding_n_per_weld)
cpc weld_n_counth ,temp
brbs 1,STOP-WELD
STOP_WELD_R:
cpi weld_n_countl ,low(total_n_per_weld)
1di temp, high(total_n_per_weld)
cpc weld_n_counth ,temp
brbs 1,STOP_.CAPTURE ;test the zero flag that is set when equal
reti
TSTSTTSTe TSI ST 6/6/6/6/6/6/6/6/6/6/6/6/6/6/6/6/0
; %START_-WELD

;% checks that we really want to weld then turns welder
;% and welding drum on and sets up flags and counters

% to take an image

‘7 ‘77‘7‘7‘7‘7‘7‘7‘7‘7‘7‘7‘7‘77‘7‘77‘7‘777‘7‘7‘7%‘7 TSI SIS IS SSI SIS T o

START_-CAPTURE:

rcall LONGERDELAY ;wait a bit then test

sbis PIND,5 ;check again that the weld button is on
reti

sbic PIND,6 ;check again that the focus button is off
reti

cpi flag ,0

brne RETI ;check again that in mode 0O

rcall LONGERDELAY ;wait a bit then test again

sbis PIND,5 ;check again that the weld button is on
reti

sbic PIND,6 ;check again that the focus button is off
reti

cpi flag ,0

brne RETI

sbi PORTB, 2 ;turn the welding drum on

rcall LONGERDELAY ;delay here to let the drum start up

rcall LONGER.DELAY

rcall LONGERDELAY

rcall LONGERDELAY

rcall LONGERDELAY

rcall LONGERDELAY

sbi PORTB, 1 ;turn the welder on
clr weld_n_countl ;clear the image count
clr weld_n_counth

1di every_n_count ,every_n_fl—1

1di flag ,2 ;flag to take images
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reti

;%STOP_CAPTURE
;%turns the welder and drum off and flags do nothing
%to stop taking images
‘7 L ‘7‘7‘77‘7‘7‘7‘7‘77‘7‘77‘7‘77‘7%‘7 SIS SIS SIS SIS SISV T Vo
STOP_CAPTURE:

cbi PORTB,1 ;turn the welder off

cbi PORTB,2 ;turn the welding drum off
cpi flag ,2

brne RETI ;flag change if in weld flag
1di flag ,0 ;stop taking images

reti

A 0707070
0/0/0/0/0/0, 0/0/0/0/0/070, 0/0/0/0/0/0/0/0/6/0/0/0, ©

;%STOP WELD
;%turns the welder and drum off

;%
,%‘706%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

STOP_WELD :
cbi PORTB,1 ;turn the welder off
cbi PORTB,2 ;turn the welding drum off

rjmp STOP_WELD_R

75 ‘7‘77‘7‘777‘777%‘7 L s L L L L S I Y
;%START_FOCU;

;%turns the welder and durm off if they are on
;%flags to take and image every

070770707070, 0707070707070, 070707
TSIV V6s STSS SIS STSS STV TS STSSSTST ST o
START_FOCUS:
cbi PORTB,1 ;ensure the welder is turned off
cbi PORTB,2 ;ensure the welding drum turned off
1di flag ,1 ;flag that in focus and to take image every
reti
0707070, 0707070, 0707070707070,
AL TSSTT (LT TSI
;%STOP_FOCUS

%flags do nothing
‘7 ‘7‘77‘7‘777‘777%‘7 SIS SIS TS TSI TSI SISV TS

STOP_FOCUS
cp1 flag ,1
brne RETI ;only stop focus if in foucs mode
1di flag ,0 ;flag do nothing

RETI: reti

TSI ST SIS ST STV ST VST STV SIS /TSI o
; %LONGER DELAY
;%at this stage this is just for testing but may be
;%used later to form the delay between turnlng the
;% welding drum on and turning wel
‘7 TSI SS TSI V‘V‘V‘V‘V‘V‘VV‘V‘VV‘V‘V‘?’V‘V‘V?"V‘?’V‘V‘V‘?’V‘V‘V?"V‘?’V‘V%
ONGER_DELAY :

clr loop2

inc loop2

clr loop3
LONGER_DELAYl

inc loop3

nop

nop

nop

nop

nop

nop

nop

nop

nop

cpi loop3,255

brne LONGERDELAY1

cpi loop2,255

brne LONGERDELAY+1

reti

.DB 7”Owen Lucas 23/11/2004 ICCD_MP.asm”

f1
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Appendix E

Matlab code

E.1 Correction for laser sheet divergence

function [spnormim]=normsp(im, heightl , heightr)
%This is a very simple function the take into
%account for the divergence in the laser sheet

% Assumes divergence from left to right

%

% mnormsp (im, heightl , heightr)

%

% im %the immage to be corrected

% heightl %the height of the sheet on the left hand side of image
% heightr %the height of the sheet on the right hand side of image
%

%

if heightr>heightl
spfactor=[1:(heightr/heightl —1)/(size (im,2)—1): heightr/heightl];
spnormim=double (im)*diag (spfactor);

else

disp (’not valid scail )

end

E.2 Average ICCD image set

function [averaged_image] = avimage(filename ,number)
% |averaged_image] = avimage(filename)
% [averaged_image] = avimage(filename ,number)

% reads in a multilayer image and averages it were the option
% number is average of the first n images

if nargin==1;
% read in the first image in the set
averaged_image = double(imread (filename ,1));

% read in the rest of the beam profile tifs
for tiffimage = 2:length(imfinfo (filename));

averaged_image= double (imread (filename , tiffimage))+taveraged_image;
end

% find the average
averaged_image=averaged_image/length (imfinfo (filename));
elseif nargin ==2;

if number == 1;
% read in the first image in the set
averaged_image = double(imread (filename ,1));

elseif number >=2 ;
if number > length (imfinfo (filename));
number=length (imfinfo (filename)) ;

end
% read in the first image in the set
averaged_image = double(imread (filename ,1));

% read in the rest of the beam profile tifs
for tiffimage = 2:number;

averaged_image= double (imread (filename , tiffimage))t+averaged_image;
end

% find the average
averaged_image=averaged_image /number;

elseif number ==—1
% read in the first image in the set
averaged_image = double(imread (filename ,2));
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% read in the rest of the beam profile tifs
for tiffimage = 3:length(imfinfo (filename));

averaged_image= double (imread (filename , tiffimage))taveraged_image;
end

% find the average

averaged_image=averaged_image /(length (imfinfo (filename))—1);

end
end

E.3 Average Megaplus image set

function [avimage] = avimage2(filename ,number)

% l[avimage] = avimage2(filename ,number)

% reads in single layre images with indexed filenames and averages it.
% numbers is the average of the first n+1 images

imagenum=0;

avimage = double(imread ([filename ,num2str (imagenum,’%3.3d’) ,’. tif ']));
for imagenum=1:number;

avimage = avimage+double(imread ([filename ,num2str(imagenum,’%3.3d’) , . tif ’]));
end

avimage=avimage /(number+1);

return

E.4 “Calibrate” Laser scatter image

%clear all
close all

m=1.98—-0.201
wl=632.8e—9

%ext from day 20041229
%1.2mm wire 171/min argoshield universal 360mm/min welding speed 19mm standoff
%7.6m/min wire feed

ext2=[ 0.63531884 4.4141 4.4141 000 O
0.63531884 4.393102712 4.09749 nan 15
0.63531884 4.363503208 4.08035 210 16
0.63531884 4.351184375 4.10437 nan 17
0.63531884 4.361362183 4.10129 220 18
0.63531884 4.337912565 4.06492 220 19
0.63531884 4.334361132 4.13168 225 20
0.63531884 4.336127319 4.15864 nan 21
0.63531884 4.342728282 4.15281 228 22
0.63531884 4.332480589 4.07476 228 23
0.63531884 4.327340859 4.05434 nan 24
0.63531884 4.326813545 3.97852 nan 25
0.63531884 4.317684013 3.88854 nan 26
0.63531884 4.319177012 3.76773 nan 27
0.63531884 4.315854295 3.81185 234 28
0.63531884 4.308929319 3.70199 nan 29
0.63531884 4.313173249 3.67481 nan 30
0.63531884 4.305028462 3.62706 nan 31
0.63531884 4.27264626 3.88922 241 32
0.63531884 4.285771948 3.91197 nan 33
0.63531884 4.275918152 4.26176 000 0 ]

%% now ” calibrate” the 7.6m/min wire feed at 26 volts

%laser scatter from day 20050118 run AEV

%1.2mm wire 171/min argoshield universal 360mm/min welding speed 19mm standoff
%7.6m/min wire feed

%determine FVF from extinction data

tt=log (ext2(13,2)./ext2(13,3));

fume_volume_frac=(—wl*tt)./(6* pi*imag((m"2—1)/(m"2+42))*0.3)

temp=normsp (avimage2 ([’ /home/olucas /O4resultsA /20050118 /aev’],150) ,593,895);
av_pixl=mean(temp (431 ,:));

figure
image (temp*fume_volume_frac/av_pixl*1le9)

hh=get (gcf,’ children ) ;
xticks= [138 266 394 522 650 778 906];
xticklabel= [—-120 —80 —40 0 40 80 120];

yticks=fliplr ([860: —64.87%2:211.3] —15);
yticklabel=fliplr ([0:20%2:200]) ;
set (hh(1),’xtick ’, xticks ,’ xticklabel ’, xticklabel ,”ytick ', yticks ,  yticklabel
xlabel ('mm’) ; ylabel (’mm’)
set_color_map (1200)
colorbar % (’North )
print —depsc /home/olucas /20050118 _aev_cal.eps

%% grab a single image and ”calibrate” it
temp=double (imread ([ ’/home/olucas /0O4resultsA /20050118 /aev033.tif ']) );

figure
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image (temp*fume_volume_frac/av_pixl*1e9)

hh=get (gcf,’ children ) ;

set (hh (1), xtick ’,xticks ,’ xticklabel ’, xticklabel ,’ytick ’,yticks ,’ yticklabel ', yticklabel);
xlabel ('mm’) ; ylabel ('mm’)

set_color_map (1200)

colorbar % (’North )

print —depsc /home/olucas /20050118 _aev033_cal.eps

E.5 Radial Spread

close allj
clear all;

0/0/0/070/ 0/0/0/0/0/07/07/0/0/0/07 0/0/ 0/0/0/0/0/0/0/0/07/07

%radial spread experimental GMAW from 20050118
%from mean images

GFR=[0,5,10,15,20,25,30]
Fwd=[13.3,26.6,30.8,40.8,60.8,70.8,98]
Lwd=[6.6,10.8,23.3,30,36.6,40,50]

plot (GFR,Fwd,’ — 4’ ,GFR,Lwd,’ —+")

xlabel (’Gas flow rate 1/min’)
ylabel (’Radial spread mm’)
legend ('Forward’, ’Leward’,’ Location ’, NorthWest ’)

%print —depsc /mnt/flash /phd/graphics /20050118 _Rsp.eps
VI TSIIIIIISIISIISIISIS TSI SIS TSI TSI SIS II SIS TSI ST IS ITS TS TSIIT SIS0

% Slatters equation

% Rsp radial spread

% 1s length scail

% rscf radial spread correction factor

% C2 Constant C2

% Mo momentum at origin

% Bo boyancy at origin

% H torch stand off height

% alfa entrainment coeficient

% qt total heat input

% qo gas heat input

% VFR volumetric flow rate

% LPM flow rate 1/min

% U gas velocity exit

% CSA cross sectional area of nozzle exit
% MRV electrode melt rate volumetric mm"3/s
% V voltage

% 1 current

% WFS wire feed speed m/min

% ED electrode diameter

LPM=[0,5,10,15,20,25,30]

WES=7.6 Ym/min
ED=1.2 Yanm
MRV=WFS%1000/60% pi*ED"2/4

V=26 Y%ovolts
1=230 Y%A mps
qt=Vx1

H=0.019 Yam

CSA=pi*(0.0127"2—-0.005"2) /4 %for nozzle with 1/2 inch diameter
VFR=LPM. /60./1000

U=VFR/CSA

qo=qt *(—0.1787+0.0857log (MRV) )

alfa=0.1

rscf=2.36

C2=0.294

Bo=0.0281%qo /1000 %div by 1000 to get qo into kw
Mo=VFR. *U

Is=Mo." (3/4)./Bo."(1/2)

Rsp=real (rscf.*x1ls.x(1. —(C2xBo"(2/3)xH"(4/3))./Mo)."(3/4))

figure
plot (GFR,Fwd,” —+’,GFR,Lwd,’ —+’ ,LPM, Rsp*1000,’ —+")
xlabel (’Gas flow rate 1/min’)
ylabel (’Radial spread mm’)
legend (’Forward’, ’Leward’, ’ Numerical >, ’Location ', "NorthWest ")

%print —depsc /mnt/flash /phd/graphics /20050118 _Rsp_num.eps
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Appendix F

Summary of laser techniques for

fume

There are a wide number of laser based measurement techniques. Quite a number of

these were either undertaken or considered during the work undertaken.

F.1 Laser induced fluorescence

Induced fluorescence has been used for point measurements of hydrogen in arcs similar
to those found in GTAW. LIF could only be used to measure gaseous fume components.
It would be difficult to use this technique given the low concentration of such gaseous
fume and the relatively high background light. The type of gaseous components that
would be of interest have complicated spectra and would probably require the use or
tunable IR lasers due to their molecular size. Due to the presence particulate fume any
measurement would need to be conducted off resonance to differentiate the LIF from

scattered laser excitation.

F.2 Laser polarisation spectroscopy

Laser polarisation spectroscopy has the ability to suppress much higher background
light intensities then that of LIF. It has be used to detect Fe in a GTAW arc using
active shielding gas (non-practical application). Like LIF, LPS could only be used to
detect gaseous fume. This to would be difficult due to the low concentration of fume
of interest and would require an appropriate optical spectrum. The feasibility of this
technique in anything other then GTAW very questionable given the particulate fume
generated, such as from GMAW and FCAW. The particulate clouds would most likely

scatter and depolarise the laser light making signal detection impossible.
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F.3 Laser induced incandescence

LII could be used for measurement of particulate fume. However there does not appear
to be any advantage over scattering are there is with soot. The effect of laser power
and mass loss from vaporisation needs close attention. Spectral analysis is required
to separate LII from other LIE. Particle composition changes with welding variables
resulting in changes of LII critical optical properties. Given that there is no particle
nucleation or growth in the areas where LII could be used quantification of scatter
would be just as viable. Due to the low intensity and broad spectrum of LII background

reduction is difficult.

F.4 Extinction

Laser extinction could be used for a line integrated measurement of the average
particulate concentration. For this to be undertaken quantitatively the optical
properties of fume would be required. The use of longer wavelength lasers would aid
in the application of the required Rayleigh theory which simplifies the maths involved.
This technique would be of most use where the fume is distributed homogeneously such

as in static air some way from the source or in well mix in a duct.

F.5 Laser induced breakdown spectroscopy

Laser induced breakdown spectroscopy could possibly be used to measure the
composition in the fume particles in the plume. Difficulties may exist due to the amount
of background light. Considering that the fume particles are of stable composition it

would be difficult to justify the use of LIBS over more traditional sampling and analysis

F.6 Laser scatter

Laser scattering as has been undertaken in this thesis has been shown as a useful tool
to image plume shape. Should the optical properties of the fume be confirmed as being
consistent then it would also be a useful tool for determining particulate concentration

maps in the plume.

F.7 Laser Doppler anemometry

Laser Doppler anemometry could possibly be used to determine the velocity of

particulates in the plume. Measuring fume particle velocity would be of interest from
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fume plume of ventilation standpoint. Difficulties would include the background light

from the arc and the very high particulate concentration.
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Megaplus camera repair
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Rectification of Megaplus ES1 camera CCD failure

Owen Lucas and Paul Medwell

School of Mechanical Engineering, The University of Adelaide, S.A. 5005, AUSTRALIA
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ABSTRACT

This paper presents the process of Megaplus ES1 camera recla-
mation. One possible mode of failure is outlined, along with
images of the resultant impairment and the subsequent degra-
dation in camera performance. The functionality of this camera
system was reinstated by operator replacement of the photosen-
sitive electronic component. The rectification process outlined
is substantially quicker and more cost effective than that offered
by the original equipment manufacturer

1. INTRODUCTION

While not the most modern camera system the Megaplus ES1
[7] is commonly used imaging device in fluid mechanics re-
search (e.g. [2, 3, 5, 1, 8, 6, 9]). The reason for its popularity
is due to a number of features which make it a flexible tool for
several different experimental techniques. The camera provides
an image array of 1008 x 1018 pixels with 219 bit per pixel
resolution. One of the more significant functions of this camera
is the range of triggering and exposure options available. The
camera system is capable of exposure times as short as 127 ps
and can record images at full resolution at a rate of 15 per sec-
ond. The interlined CCD in this camera can also be used to
capture two half resolution images in short succession allowing
for particle image velocimetry (P1V) measurements in fast mov-
ing fields. The exposure of this camera can be triggered from an
external source making it suitable for synchronisation with high
power pulsed lasers used in modern flow research. The use of
this camera with high powered pulsed lasers however presents
a number of risks including damage to the photosensitive CCD
due to excessive light flux. This paper outlines such an occur-
rence and how the functionality of this camera was restored by
replacing the CCD.

2. CAUSATION

At the time of the damage the camera was being used to image
scattered laser light from a solution of 480nm diameter latex
particles suspended in water. This latex particle solution was
held within a thin glass tank and was being used for calibration
purposes.

The laser being used was a pulsed Nd:YAG laser producing a
532nm beam at a relatively low intensity of 20mJ per pulse. The
beam from the laser was shaped into a light sheet with the use of
two BK-7 glass cylindrical lenses. The light sheet was formed
by using a f = 750mm cylindrical lens to reduce the width of
the beam in a horizontal direction. After passing through this
cylindrical lens a second f = -25mm cylindrical lens was used to
increase the height of the sheet in the vertical direction. Where
the glass tank was positioned the light sheet was approximately
200mm tall and close to the horizontal focal point.

The megaplus camera was fitted with a Nikon f = 50mm f41.8
lens and was located some 1.8 m away from the glass tank nor-
mal to the light sheet. The camera lens was fitted with a po-
lariser (75% transmission) and a 532nm bandpass filter (50%
transmission). The damage to the camera occurred when the

glass tank shifted presumably resulting in a reflection off the
glass tank into the camera.

3. RESULT

An image from the camera after the damage can be seen in Fig-
ure 1. The primary laser damage appears to consist of a spot
about 15 pixels wide and 20 pixels high at the location around
row and column 400. This primary damage also produced sec-
ondary readout effects. The most obvious of which is the ver-
tical line about 10 pixels wide which read as being at full in-
tensity (1024 counts). There is also general image degradation

below the 400t pixel row of the CCD where the pixels were
randomly shifted up and down in the vertical direction resulting

in a blurry image. The portion of the CCD above the the 400th
row did not exhibit any such readout problems. The top right
portion of the CCD was used to complete the experiment albeit
at a lower resolution.
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Figure 1. Megaplus image after damage

The surface of the CCD was imaged with a light microscope
which exhibited the expected damage. One of images from the
light microscope of the CCD surface can be seen in in Figure 2.
Images from the microscope also confirmed the technical doc-
umentation of the camera which specifies the CCD chip was a
Kodak KAI1010M, with pixel microlens for increased sensitiv-
ity.

4. REPAIR

Several options were considered for the rectification of this
problem. The first of these was replacement of the camera
which was quoted as being in excess of AU$8000 + GST. The
repair option presented by the manufacturer was expected to be
around AU$4300 + GST. The other solution identified was pur-
chasing the CCD chip directly from the CCD manufacturer and



Figure 2. CCD surface damage

replacing the CCD chip in house. The KAI1010M chip used
in this camera is manufactured by Kodak and comes in sev-
eral options and packages [4]. With assistance from the Kodak
Image Sensor support staff the chip package was identified as
being of sealed AR coated glass construction. In this package
the chip can be supplied in either standard or engineering grade
being Kodak part numbers 2H4614 and 2H4115 respectively.
The price of a standard grade chip was approximately US$1200
and a engineering grade chip was ~US$250. It was not par-
ticularly clear what the differences were between the two chips
were. While shipping was included in the cost of these items,
import duty was not.

Ultimately it was decided to pursue the in house chip replace-
ment rather then the camera manufacturers solution. Whilst im-
portant, this decision was not due solely to price alone, but also
took into consideration the time required to ship this unit to the
USA for repair. Both the standard and engineering grade chips
where ordered from Kodak. At the time the order was placed
these chips were out of stock, and therefore took nearly a month
to be delivered. According to Kodak these chips can generally
be shipped off the shelf within 5 days. Although both a stan-
dard and engineering grade chip were ordered, only two stan-
dard grade chips were delivered, indicating that there is more
than likely not much difference between the two grades.

Physically replacing the chip in the Megaplus was a relatively
simple process. Firstly the case of the camera was removed.
This involved removing the six screws on the bottom and one
screw on the back of the camera, Figure 3. The case was then
slid forward, Figure 4, taking care not to knock-off any of the
surface mounted components on the top circuit board.

Once the cover was removed the top printed circuit board (PCB)
was unmounted to release the front PCB module onto which the
CCD chip is connected.

The front aluminium face plate was then unbolted and the CCD
removed from its socket. The CCD was then unscrewed from
the face plate. This chip is attached to the face plate with sealant
to prevent the ingress of dust into the space between the chip
and the front window of the megaplus. This bead of sealant was
peeled off to remove the chip.

- &

Figure 5. Releasing the front PCB module

Having removed the old chip the new chip was then bolted onto
the front face plate. In this case the seal around the chip was
replaced with silicone sealant. The camera was then reassem-
bled in reverse order to which it was disassembled. The entire
procedure took around 30 minutes.

Once assembled the camera was set up and was allowed to run
for several hours. Following the burn-in period, tests were then



Figure 7. Megaplus disassembled

conducted on the new sensor’s performance and linearity. The
performance of the new CCD matched that of the original CCD
Sensor.

Beyond simply rectifying a damaged CCD array the ability to
replace the CCD presents several options. Given that the CCD
chip comes in several forms it could be possible to replace
original CCD with a chip without the pixel microlens to reduce
the sensitivity of the camera. It may also be possible to replace
the KAI1010M monochrome CCD with its colour variant
possessing RGB components. It would also be feasible to
replace the presumably expensive standard CCD with a less
expensive engineering grade chip while undertaking high risk
measurements where intense scattered light may not be elimi-
nated. This situation may well be encountered when imaging
close to moving surfaces where interesting flow structures exist.

5. CONCLUSION

While regrettable, during research unfortunate incidents are al-
ways a possibility. In this case the CCD of the Megaplus ES1
camera was damaged by the reflection of a relatively low power
laser sheet off a glass surface. Considering budget and time con-
straints it was decided to replace the CCD chip. Although not
without risk, replacing the CCD chip of a Megaplus is a simple
operation. This replacement chip fully restored the functional-
ity of the camera. The cost of this solution is under half that
quoted for repair by the manufacturer. Once in possession of
the replacement CCD the rectification can be undertaken within
a day.
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