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% Thie ip called intermally bv make_ops.m
%

function (Dl=d_oper{n,etahat,muhat);
kam+d;

etahateotahat{1:k,1:k);
mubatemuhat{l:k,1:k);
D=etohat#{etahatwmuhat~eya(k,k))+muhat~2;
D=D{il:n,1:n);

D.5.8 makeus.m

%

% makens conetructs the pelynomial shift matrices for U and U.L
%

% [poly.U,poly_Lul=makous(n,U,L1);

4

% Tho rosulto of this function ire possed as argumonto to ooxl.m
%

function [poly.U,poly_LU)omakous(n,U,L1);

k=n;

[x, yl=nize{l);

Ulk)=0;

poly.U=polyr(k,U};

poly. LU=polyr (k,UsL1)

D.6.7 be.m

%

% fuanction [ke.ol=beln,otahat)
v

function [o]=bel{n,ctahnt)
angoros{n,n);
atahatvatahat(lin,1:n);
vi=mchobvae{l,n);

vi=chebvae (0,n);

binyd; % phi(0)=0
Bsvl; % phi(1)=0
b3a(otahat)*vd; % D phi(0)=0
b4a(otnhat}evl; % D phi(1)=0
bEm(etahat " )wv0;

al:,1)=h2;

al:,2)a=hd;
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D,5.3 Lliopar.m

%
% L1_OPER calculates the operator L=D"2-1/r.D for the Saxl
% equation, in the transformed domain.
%
% This funstion ic called internally by make_ opc.m
%
% (L1l=)1_oper{n,etehat,muhat);
%
function [L1]=ll_oper(n,otahat,muhat);
leon4
atahat=etahot (1ik,1:k);
muhatemuhat (Lik,1ik)
Limgtahat* {otahatsmihat+Ixeyalk,k)) ...
smihat*2;
LisLi{iin,1in);

D.5.4 12.oper.m

%

% L2_OPER calenletceo the operater L~2=(D*2-1/r.D)*2 for the Sexl
% equation, in the transformed domain,

%

% This function iz called internally by make.copo.m
4

% [L21=i2_opor{n,stohat ,muhat);

%

function [L2]=12_opox{n,otahat,muhat);

k=nidd ;

atahat=otahat{i:k,11k);

muhatemuhat(1sdk,1:k);

L2uatahatw( otahat*3¥muhnt*3 ...
+6#etahat " 2muhat"2 ., .
+3natahatimuhat ...
~3kayolk,k));

L2=L2{1:in,1:n}}

D.6.5 d.ooper.m

%
% [Dl=d_oper(n,etahat ,mubat) i
%
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B=Bmi1(n) *2; % shift zright 2 places

A A R A R AR A TR R AT AR A%
% proform eipgenvalue calculation %
Py S N AR A AN YA Y Y Y Y YA

[AA,BB,G,Z,V]1=qz{4,B);
Adediag(Ad);
BB~diag(BBY;

I=find (BB"=0);
Ad=BALT)

BE=BR(I};

Vel (T, 103

CGohd . /BB,

LY, T]esort (imag(C)};
[z, yl=eiza (I);
InI(dsx~1,:);
oigval=0(1);
olgvec=V(:,I};

D.5.2 make.ops.m

%

% make_ops constructs the operatows L, L™2, my,eta,mn"3,p
%

% [L1,L2,mubat,otehet ,M,D]-make_ops(n);

h

% Thene opayntors are passed as arguments to sexl.m
%

function [Li,L2,mubat,ebahat,M,D]=make ops{n};
kendR0

muliat=makomuhat (%) ;

atahntwmakaotahot (k)]

Mmnuhat"3;

Li=11, ope1(n, etahat,muhat) ;

L2#12_oper(n,ctahat ,muhat);

Dod_oper(n,otehat ,mehat);

Li=Li(Llim,lind;

La=L2(im,1lin);

DeR{lin,1in);

MeM(Lin,Lin);
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rvur=poly2d{V,rur,C,Clav);
end;
Rorwax(:, Lin)*Iplunint+rvur(:,lm);

D.5 The Sexl stability equation

These are the Matlab Muctions and seripts nsed to ealenlite the staldlity prop-
exties of pipe velocity profiles, The maln funetion is soxl.m, which evaluates the
stability of a suppliod velocity profile, Before calling this hmetion the fmetions
make.ops.m aud makous.m nuwt he weoked to supply the corveet apganents to
goxl.m.

Two higher lovels of funetion whicll uxe aexl . m are snppliod, nattely findre.n
atd gotnoee.m: The former findx, for ¢ partienlu valne of the wavemunber
v, that Re covreapowling to the critical value, smnely tiad for o = 0, The
Iatter uwes the former, and haplements nshuple search techndque to deterininge
the value of & and Be covresponding Lo the minimnm eritivad Reynolds mynbaer
(if any) for o parbieulr velovity profile. Both of these two funetioas must be
supplicd with paranetors geaerated by make_ops . m and makeus.m The funetion
madceun. m nat in tuen be supplivd with o velocity profile, given as o row veetor
of Chebyahey cooflivients,

D51 sexl.m

%

% mexl.m ealeulatce the aigenvalueo fox the Soxl problem

% for ~ given alpha and Re

%

% [oigvol,eigvocl=oexl(n,alpha,re,omaga,Li,L2,M,poly U, ...

% poly.LU,bc_g);

function ledgval,sigvec]=sexl{n,alp,ru,o,L1,L2,M,poly. U,,.
poly LU, be_p)

im_A=i/ (alprxe) k{12~ (2*alp"¢0) . +L1v{olp™4) . wM3)

ro B=(L1~(alp=2), #}43);

ro_Aerre l¥poly U-poly_ LU;

A=ro A+l kam_A;

Bare B}

claar ro A ro.B im A

PY AN A A A Y PN A AN AN AN YA AN AAAF A SN AN YT A2
% insert boundary conditlons %
AT A I A Y YA R AN A A RN AN AN AR S A AL YA A4

Arddmu(n) “2+be_ g} % boundary gond's
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mirmakomuhat {n+2) ;

omlmaleml;

ci=colldor{m);

% ci=diag(onec(n~1,1),1)~diag(eneo{n~-1,1),~1};
% clael/(2x{n-1)Y;

Iintmayo{n+2,n+2)-4 .#intmat{n+2)nvockmi;
olwpi(lin,lin);

a2en2{i:n,1:n);

mi=mi(l:n,1:n);

omi=omi{lin,1:n);

TinteXint(1l:n,‘'n);

D.4.7 nonlini.m

nonlini caleculatos tho valuoo of the non-lincay tormo
for the integral formmlation.

[(Nl=anenlini{n,U,V,ctai,mu01,0talmui, coll, Iplucine{,l,Cinv});

a8 2T R T L R

% n Io tho ¢rder, and U,V axe thoe matrices of axinl, radinl

% velocitios roopactivaly, atal, otatmul, coll, Iplusing

% ore the conatant watricon gonorated by tho function

% makomatint.m

%

function [NIenonlini(n,U,V,ctnl,mud1,etalmul .oll,Iplunint,...
¢,Cinv);

%

% calculote tha tovm ©.u.0_X...

A

rusUimudl;

e x=collsl;

if (navgine=wg),
ruuxepoly2d(ru,u_x);

oloo,
ruuxepoly?d (ru,u_x,C,Cinv);

ond;

%

% Now tho term r.v.u.Y...

%

rursiisatalmal,;

i? {nargin~=8),
rvur=poly2d(V,ruxr);

olaog,
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D.4.4 kopint.m

%

% kopint dotoexmines tho constant matrix
% Kwuomega.r

% for tho RHS of tho eguation
%

% [Kl=kapint{m,n,omega};

%

function [Kl=kopint{m,n,omegn);
mu0i=makomuhat (n) ;
Kezoyos(n,n);

K1, 4)monenim, 13 nenogo/2;
K{:,2)=onoo(m, 1) *omega/2;

D.4.6  linopint.m

%

% linopint caleulaten the linear sporatoer:
% -omogo.r-G+D4+rD"2

%

% function [Ll=linopint{n,omega);

%

function [LI=linopint(n,omogn);

mud Immakemuhat (n);

otal=makeotahat(n);

R_0=zoxeall, n);

RLO(%, 1)=2;

Swones(n,1)*R_0;

L= =omogn ,wmuQl ~otolxfsm0l + etol + obal™2#mull;

D40 makomati.m

%

% mokomati genorates the conptant matricen otel, otal, otalmui,
% coll, ond Iplusint for uso by the ocript,

%

% [otal,ota?,mudi,otaimul, coll, Ipluocint]emakemati(n,m);
%

Function [eol,e2,m1,oml,cl,Tint)emakomati{n,m);
vacegoron{l,ns2);

vac(l)sl;

oi=makootohot (n+d)

okrol™2;
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disp{max (max{abo{diff Chalf+lim,:}333);
uraceet2ptolu,s,Cinv) ;
dr=coof2pts(diff,C,Cinv);
ur=ur(:,1:6:3=n/2);
dre=dr(:,1:6:3#n/2);
ourt (Yplot,Xplet,dr,ux)
view([50,30]1);
drawmow;
totart=cputime;

and;
end;

D.4.2 contint.m

%

% contint returno tho radial velocity, V, when pacaed
% tho axial velocity, U. Tho matricoo RHS and coll aro
% genorated by the funetion CONTMATI.M

%

% [VImcontint{U, RHS,coll);

%

function [V)=ucontine(U,RUS,coll);

Va-col1#UsRHS;

D.4.3 contmati.m

%

% contmatl gonorateas tho conotamt matrices nooded by contint

%

% [RHS]=contmatiin,m};

%

funetion [RUS)=contmatd(n,m);
mul=makomuhat{n) ;
otalsmokaetahat{n);
divisor=(otai*mul+ayo(n))xmuin) 2;
divicor(:,1)=chabvec(l,n);
divieor{:,2)=chobvoe{0,n);
[1.u}=iu(divinor);

RESemu ldmu (n) “2«iny{a)winv(l);

w7
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ul:,in)=Rxinv_N;
if (x7=1),
ul,)=u_p(1,:); % the inlet BC
end;
v{:,Lin)=contint (u,RHS,coll)
v{1,:)=zeros(i,n);
if (dt(dtmark,1)<=t & dtsize>dtmark),
disp(’changing discretisation’};
dtmarkedtnarkel ;
1f n>dt{dtmaxk,8),
nrdt (dtmark, 8) ;
output=spriatf{’n ie now = Yg’,nl);
diap(ontput);
mubismakemuhattni4) ;
on02~mu0i2;
otnl=makeotahat(n);
muRi=mu0i{iin,1:0);
m02=mud2(n,1in);
Lalinoptint{n,omsga) ;
and;
K=kopint{m,n,omega) ,*dt(dtmork,2);
e {mull-(dt (dtmark, 3) +dt (dtmark, 2) J«L) ;
NeN#min(n)~2;
H(:,i)mchabvac(i,n) ./n"2;
N€:,2)=otal{1l:n,1:n)*chebves{0,n) ./n"2;
[11,un]=in{N};
inv_Nemu(n) “2edav{uu)einv(11);

Ma(dt (dtmark, 2} *dt (dtmark,4)) . *Limu0l;
digp(‘end of loop’};
aend;

nminy (diag(masaflow(u)) ) wu;

if rem(t,3ava)==) | te=i,
diasp(‘aaving to file');
fnamemoprintf(. ..

‘gave ./ace,%02g/UN02g%g. mat w v At t lengthC’, ...

omego, omega, t)
eval{fname);

fname=eprintf{’oave uf02z.60 u v dt + lengthC?,omegal;

aval{fnome)
and}

if rem(t,Show)e=l,
diff=u-u_p;
half=m/4;
digp (max{max(aba{diff{1half,)))));

546
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N=(ru0i-(dt {dtmark, 2} xdt (dtmark,3)}.%L);

N=tmu(n)~2; % shift the matrix right 2 to augment BC’s
N(:,1)=chebvec{l,n)./n"2;

¥(:,2)=atal*chebvec{0,n)./n"2;

[11, wu]=lull);

inv Ne=muln) ~2«iav{un) *inv(11);

YUinit=[1 0 0):
%[x,y)=siza(Uinit};
Yfor imlim,

% uli,l:y)=Uinit;
Yond;
Yvwzeros(m,n);

Nlin_pozeoros(m,n);
Hlin_pp=zercalm,n);
Nlin=zeros{m,n);
u_pp=zaros (m,n);
u_p=zercslm,n);
[x,yl=size(u);
if y >=n,
w=ul:,lin);
alse,
ulx,n)=0;
end;
M=(dt (dtmark, 2) *dt (dtmark,4) ) , Lm0l ;
%
% start the loop ...
%
tatart=cputime;
for i=2:tn,
% ohift the last timo matrices to provious times..
Nlin_pp=Nlin_p;
Nlin_p=Nlin;

Nline-nonlini(n,u,v,etnl,mu0i,etalmui,coll,Iplusint,C,Cinv);

W PPU.P;
u_pwu;
if f=e=i '
Re_p (s, 1in) *MiK+ (dt (dtmaxlk,2)»de{dtmark,8)) . #N1lin;
elee,

o
-
o

Reu, p{:,1in) xM+(dt (dbmark, 2) wdt (dtmaxl, B} ) e _pp (i, 1. n)ellle ..,

(dt{atmark,2) *dt (dtmark,8)) ,#N1lin; + ,..
{dt{dtmark, 2)xdt (dtmark, 7)) . #Nlin_p;
end;

disp(t);

ulm,FiretN)=0;
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D.4 The two dimensional base flow equation

D.4.1 base2d.m

%baseld.n

%

% this script generates the 2D entrance base flow modsel
% using the pressure-integral approach.

% Before implementing, specify the global matrices u, v.
%

% set parameters ,..

%
Wat= [ti dt a0 al a2 bO w1 n(i40) ...
clgy % 4e-7

dt= [100000 Te-6 1 00 1 O €0; ...
100000 1le-4 1 00 1 0 32];

[dtaizo,yl=size (dt);

n‘dt(iaa)i

Flratl=n;

m=50;

dimarks1};

omegamb0;

+n=10000;

lengthC=60; % axial domnin is {0,1/lengthCl

Sava=20;

Filt=20;

Bhow=10;

%

% set global matrices ...

[

Xplota{-lobgrid{(m)+1}/(lengthC);
Yplot=(lobgrid{3sn/2)-1)/2;

Yplot=Yplot(Ll:8:3%n/2);

[RHS]=contmatiln,m);
[etal,eta?,mu0l,atatmul, coll, Iplusint]=makemati(n,m) |
collm-goll’ ,xlengthl}

filteroostilt(m);

%

% generats cperator matrices

%

L=)linopint{n,omega);

Kekopint (m,n, omaga) . »dt (demark,2) ;
[0,Cinv]=transopa(8+n/2)}
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D.3.5 smat.m

% smat calculates the shape matrix
%

% [8)=emat{n,eta,m);

%

% Used by 1l_oper.m

%

function [5]=amat(n,eta,mn);

k=n;

onemat=zaros(k,k);
onemat(:,1)=ones(k,1);

Bm-2 % (atall:k,l:k)*onematsmu(lik,1:k));
B=8(i:n,1in);

D.3.6 nmat.m

% mmat caleulates the spatial operator for the i-D
% pressure integral formulation

h

% Used by 1_oper.m

%

% [Bl=nmat(n,eta,mu);

function [W]=umat(n,eta,mm};

k=n+4;

¥mata(l:k, 11k) v (eyelk, k) +ata{lsk, ik} vml sk, 1:k));
N=N(i:n,1:n);

D.3.7 omegamat.m

%

% omegamat calculates the omega premultiplier onto u
%

% Used by 1_oper.m

%

% [0)=omegamat(n,omega,mu};

function [0]=omegamat(n,omega,mn);

k=n;

C=omega .* mullik,L1:k);

0=0(L:n,i:n);

43
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and;
and;
save U u dt

D.3.2 etamu.m

i etamu creates the matrices eta and mu

% A convenience function used by bassld.m
% [eta,mu]=etamu{n};

7f‘t.v.m:\!::hm [eta,m]=etamiin);
etacmakestahat{n);

ma=makemuhat (n) ;

D.3I3 mtim

%

% kmat calculotes the constant RHS matrix;
%

% Used by baseld.m

%

% [K)~kmat(m,n,omega,mu);
function [K]=limat{m,n,omega,mu);
vacazerves{m,n);

vec(:,1)=onas(m, 1)*omegn;
Kmyackmu(l:n,1:n);

D.3.4 1loper.m

%
% 1l.oper calculates the implicit spatial operator
%
% Used by basald.m
%
% (L1=1_opar(n,omega,eta,mu);
function [L}=1_ oper(n,cmepe.. ta,mu);
Lepmat (n,eta,mu) + omat{n,era,mu) ~ ...
omegamat (n,omega ,m) ;
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APPENDIX B. THE MAIN CONTROL SOF TWARE

convenienee, ad disenssion of the flow itself in later chapters uses the mwore
eonveutional radiul co-ordinate systom with origin on the pipe nxis,

The orlgin of the axis systows in the gez plane {the plase perpencieular to the
pipe axis) wos taken ax being on the fnner wall of the pipe, on the horizontal
wajor axly, Thix was also the most conveniont eation for the origin, beeanse
it eorrosponded to the point where the laser woukl be indtially aligned before
traversig into the flow, Definition of the pipe axis as the origin woukd uot have
been useful, beenuse this point was not easy to find, All experimendal dota, was
aligued to the mwre wund contrehased co-ordinate systen during processiug.

E.5 Tank and pressur. control

The tank provsure had to bo controlled to o et lovel; furthermore the Yniting
hehaviowr aud position of the piston had ta be manltorec, both for display ad
safoty purposes, These tasls were the reapousibility of two simple objoets « the
tank contrnl and presaure control ubjeety yespectively.

I.6.1 Praessure control

Thin object contalned a relpvence to the analogue object, I order to obtain
preseure informntion fom the transdueer mownted in the ale cavity of the hoader
tank, It also used the digital outpul lines of the PCI4 to confrol the small
prossure control bieed solenodd, It did not contrvol the prossuvining of the tank,
werely the wmaintenanee of & seb presonee,

The presare control was n shuple *hang-baug’ control systew hasieally the
bleed solenold conld either e switehod ou or off. To control pressure, the Gk
was allowed to beeome vlightly over-pressurised by setting the sanuad reguliator
accordingly,. This exéra pressuce wis then bled off throwgh the small solenoid,
the doe from whicl could bo slightly theottled to reduee Howrato,

The object implemented o simple control systens, Whenoever it was ealled by the
wain looy it wonld cheek the pressuve, I the value was above the set point (plus
o stoall depdhined rogion), the valve would be apen to reduee the prossuve, I on
the other hand the prosure roduced helcw the set point (minng the dead bawd
cuisndity), thew the valve would be elosod, Figuee 13 shiows this contral of the
pressuge,

Thls contral wag a temporacy measure and o more sophisticated variable bleed
was pinneey however e current avquisition did not we the presaee control
at all, Again the merits of the QOP philosophy were evident in this desipgy
devision: althongh the control was eviice, it was passible for the objeet to shnply
he replaeed at o latoy stnge with a better version, mith o modification of any
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E.4.3 Limit object

Thin encapsulated the belwviour of the limit switches, The objeet contained &
reference to the PC4 to allow the limit data to be road. The beneh object nsed
the Hmdt informution to stop benell moveinent in the case of overshoot,

The beneh subegystom consolidatedt the behviour of the above components. Its
interface wan simply o set of commanids relating to the movement of a particalar
axin throngh o partienlar distanee, Internally, it ensnredd aceurate posttioning
of all axes wsing feedback hiformation from the position ohject, In the ease of
the stopper-wotors this wag used in stages « the henel was woved a ealeulated
munber of steps, o moeasurement was trken, and the beneh waw again moved nntil
the orror in position was within o certain toleranee (20,01 mm was used). Iu
the cpse of the Honear netuator more dynamie control was implemented, Pasition
was continually monitored and the nuit was brought to vest gradhwdly at the
appropelute position, The Bmita were aa mentloned used to ensure no exeossive
movenment of the heneh,

Aguin it ean bo sepn that the result of the object oriente d methodology s a high
level reprosentation of the LDV traversing henel, Thiz object accepts common
gense movement eonimands, aud the cowmplication of even what iz moving the
benel s hidden from the user of the alject,

E.4.4 Interactive bench control

This vhleet was implemented to allow the heneh to be moved internctively with
mouse or prrow keys, It fustantinted o display ou the sereen, showing both
actual nuel transformed beneh posdtions, When the ueer pressed the serow koys
(or elicked ou Imttons on the severn uslng the monse), the approprinte axis wis
waved, and 1 dynunice rendeont of both acinal and transfonued positions were
given, The speed could be changed, sl the ovigln of the boegeh set by (lese
NN,

Thix funetionulity was developad to allow the user (o position the heneh earefully
within the appuratus, for fnstanee when fuding the pipe wall, Whon adequate
nhmanent was achieved the control dialogue hog could he elosed and the progran
reverted o the novinal rontrol sereen,

B8  Co-ordinate system & orvigin

The privedpal axds of the heneh was tnken as the long uxis, parallel to the
pipe. Thus the heneh corovdinate systom wis unusual, As wentioned, the
eo-urdinate was poatlel to the pipe, the g co-oedinate was taken as the athor
horizontal axiz, while 2 was vortieally upwards, Those definitions were ouly for



APPENDIX E. TIE MAIN CONTROL SOFTIWVARE 503

polyworphic handling of the transformation process, Other more compheated
transformations inherited from this base class, The two that wore jtpletuented
were for a flat walled interface, and for a ronnd-dn-sguere interfuer (the eareent
interfece), When given o set of three eo-ondinates, these oljects conld calenlate
either the forward or reverse transforny, that i fromn beneh co-ordinates to pipe
eo-ortlinates or vice versa, Paramotors, such as velenctive index wall thickness
and other dimensious were abviously necessury to calealute the transforation,
These were provided by referencing the fife settings object, which ave deseribod
lator, The polymorplie nature of the transfornstion objeet meaut that users of
thig abject {for examplo the intoractive beuch wovement object) did not need
to kuow what transformation was belng used « they simply wsed the numboers
returuod by the enrrent transformation,

E.4 The bench sub-system

The heneh sub-sysiem was conceened with the movement and control of the
LDV heoehs It was thus o contniuer object for shroe other objects; the stepper,
petnator and lmit switeh, It alzo conteined a veference to the pogition object.

E4.1 Stepper-motor object

Tlis shjeet nsed the serial port objeet in order to commuieate to the steppor-
motor drive down the serial link, It contained funetions to move the stepper-
motors und change poyameters, which mennt that the user of the fanetions did
not iave to bother with the assembly of conunand strjugy bt could eall high
lovel movement Tunetions, Thus in the splelt of objoct orientation, the stepper-
nmotor ohject truly sulated the behaviour of a sot of stopper-motors. Cony-
matuls were simply of the forin Stoppore.Move (X, 100} or Steppers, Abort(} ;.

E.4.2 Actuator object

Thix wns the olijeet that controlled thoe linenr actuator, It contajil o reforonce
to the PC30 objeet, in order to allew nn analogne onkput to the actuntor, Its
uporation wad different frow the stepporamotor alijeet in that the wuit haed no
knowledge of position?, suly of velocity, thus posdtioning of this unit was cone
trolled completely from the wain Leneh ohject, in conjunetion with the position
alject,

The stepper-motors ‘new* more or loss whepe they wore by eirtn of the nuiber of stops
thoy lind moved,
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E.2.6 Serial I/0 nbject

Thig objoet contained afl the logie for strouming strings to and fom the werial
port. It difered from the other objects in that It wos not coucerned with physical
aeepalsition covds, It utilized the stnodard DOS interrupts in its operation,

E.2.7 Position I/O object

This card wis not an abstrretion bub represeuted divectly the proprietary card
that mouttored the readings from the three co-ordinate seales, It provided fune-
tionality to vendl these valnes, and it contuined conversion and offset values for
ench axls, and naplomented o menos of chinnging the origin in each case.

The abjects listed above {oxcopt for the pusition aud serial ohjects) ropresented
components of the I/O ecarrds. Doth the PPC30 and PCLL objects were made 1
of collections of these sub-romponnnts,

E.2.8 PCl4 object

This objees corveaponding to the PC14 cord ftself, was shuply o container object
for its componenia - two dightal 170 objects aud a shugle timer object, However
it tno wny deseended from the base I/0 card objeet {in order to fuherit the port
adkedress el port contvol behiavionrs), thus it represeuted a composite stencture,
Tt mmivrored all the aspeets of the physieal card,

¥.2.9 PC30 object

AR with the 'CL4 olijeet above, this was  compzoaite container object, wirroving
all the hmportant aspocts of this eaxd, Usera of thin objeet conld slmply read and
write valuer to the ports ax voleages, It alse wanaged the hderrupt serviee in
combination with the analogue object it contnined, allowing sy intorrupt driven
acquisition servico, which was uned by the flowieter,

1.3 Transformation sub-system

The path of the LDV hoamw through the pipe vesulted in distortion of vhe beatss,
due to Suell's law, This objeet was creabed lu order to he able to detormine the
actial measaring volwne position frow the LDV position, In veality the struge.
tare of this sul-systen: was move complicated than shows in fgere B, A base
clasw ohjeet was defined which wan shaply o unlty teansformation. Given three
cieobelinntos, 1t would shoply return the same vidues, This was done to allow
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E.2.2 Port control object

This wax o single glebal o 2 e in the systein, owned by the madn object, It
atorod o Ugt of port »ebiingen nud their wses, Thuas on s cende lovel it poovented
different objects from attempting to utilse 1he sane port addresses, It did
Iowever have a {ur more baportant fuuctlon, and that wua preventing condlicts
betweent objoets utilising & single cave for different purposes,

To explain (his, 1t & bost to consiler the eontiguration of the PO digital
card. This card was andti-purpose in that different I/O lnes coudit be placed in
different merdes; for stanee some i noru.al osput aod others in bi-direetioual
handshaking input. Howover the mode of the card was set through o single 1/0
port, and thus simply writing o new value to it woukl coreupt settings fur the
other parts of the port. It wad the job of the port rontrol olject to adndnister
the nilocation of the settings on the vavous ports to provent such n contlict
occunrrine

Having - cplained the anvestor ad port controt objects, the apeetfie types of port
abjoet will he Nsted. Each of these defined specilie behaviour of cortaiu types
of port, lor fustance the sevial L0 objeet wan concerned with sending strings to
the serial port wheeeas the digital I/Q objeet shinply iransmitted integers,

B.2.3 Timer I/O object

This waz primavily concerasd with control of the 8253 thmer chip which was
resident on hoth the PCL4 and PC30 eards, Speeiflle fanetions were provided to
set the vounter ito vaxlous wmocdes, initintise the connter value and so o,

E.2.4 Digital X/O object

Tl war coneornea with control of the 8256 170 elip aned its injtinlisation, With
the use of the port control olyjeet the chip coultd be set into any of its odes,
atl baudsbaking aud dota read’ - Information could be acguived,

E.2.56 Analogue I/O chject

Thix eneapsulated spocific set-up bebaviour of some of the component registors
of thie PCYO eard, Tt itk not vepresent the ened Haelf, bk was a ‘comverdence’
elsject to allow ¢ - colleetion of kpeclfie cnalogne aequisition hehaviow,
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loop does not aecess this ohjert, go it shonld realiy be encapaulated within some
gnlkobject. However, it {s widely sed, and Decanse it represents a single item
(the physical card itself), not more thas oue ropy of the objeet should be in
oxistonce. Thas the carvent layout (one aualogue ohjoet owned by the main
objeet) It & moans to avoid duplication of the object, This Inyors lirealky the
eucapsulation in that the main ohjeet sbould not ‘know’ about the A/D cand
direetly. However this objoct i nover used in the waln loop; rather a pointer 1o
it is passod to ench new object (e, Pnewmatie valve) as they nre ereated, The
sole respousibility of the wain lo:p s shinply to manage the analopue eprd,

Tn general the containment stricture must he a tuxonomy or hierarchy, whereas
the veforence relationship can form & net or wob,

What follows Is a detailed poview of the hasie components show in fgure 1.1,
A deseription is given for oach object, starting from the lower lovel aud working
up to the deseription of the high lovel deslgu objects, The fanetion of the lower
objeets fs mainly simple contrel of hawdlware componeuts, or the pecforatce
of administrative tosks (stoviug data). The higher lovel siruetuy v Loty
ahstenct, and tepresont peneral fanetions of the systen, for bistae, polling
data.

E.2 The input/output sub-system

This sub-syutemn encompasaed the low level 1/O objocts, and fneluded all the
apecilie nstanees (PCLL, PCBY) of these objeets. Also Inctucted were the -
portant port control objeet, responsthle for managing /O addvens allocation
awnongat other concerns,

E.2,1 I/O card object

Ad mentloned helore, the base 170 eard objoet eneapsuluted the basie hehaviowr
af all the T/ cards, Thiz object stoved the card bise nddress and a reforence ta
the port control ohjeet, It also dollned wdlity fuetions for reading mnd writing
hytes (o the low lovel I/0 ports of the machine! The behaviour of the port
control object is deseribed in dotail below; it was importaat to avoid couflicts
when ntillstng the I/ doviees,

VPhis way genorke behaviour - all 170} dovices in the TBM ryston are condroliod by roading
or writing dnta Lo an 1O port.
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Thoe genoral vestrictions, hehaviour and conditions of the various interrefation-
ships are outlined helow.

E.1.2 Containment

All objects must form part of a containment hisgarchy, Thus all the generic
or multi-purpose objects that are not directly owned by sub-components of the
systemn are contained by the main object, This is indicated on the dingram, ws-
ing the broken line contadmuent symnbol to avoid excessive crassing of lines, At
progeam start the wnin component s reaponsible for creating oll ity contained
e nonems, If these components in turn contain othor sub-voniponents, then
it 4 1o responsibility of the container in cach ease to iustantiate its contained
objects, In thiz way all ohjects in the system are created. On pragram ter-
ntination, the reverse ocenrs: all containers are responsible for destroying $helr
contalued objects, and each object iv further respousible for shutting down its
own associated (physicad or logical) system. For nstance tle stepper-ator ob-
joot wnst resot the drive helore shotdown, Control of the entice system by the
main olject I8 thus nehieved by meaus of containment,

E.1.3 Inheritance

The inheritauee arcows ave nol part of the dynamic hehwvloue bub rather de-
serbe static slmilnvition botwoeen relatod objects, Ax mentioned, they do not
strictly beloug in this figure, but are shown to indleate that all the I/O objeets
are descended from a base [/O clast that deserdbes the fudawental hehaviour of
all such oljects, Thus the managemont of the 170 is through the generie fuue-
tionality of the base clags - common behaviour does not need to be 'rosinvented
[or earh specific I/4) object,

E.1l.4 TReference

The referenee relationshdp ix wore an indicator of the working interaction of
the objoela with oue another, Contaimment also entadls reforence (ownership is
automatie refepenee), thus both open and elosed elveles indieste the dynunie
futoractions of the aystem, The acquisition control objeet is o good exauple of
reforence, When this ehjoct in ranning it reguives eontrol of o munber of the
rig compoanents. Most af these cotnponents qre used by other objects ak other
times, thus the acquisition objeet acquires or controls the ohject by reforence,
Becanse it knows ahout the referenced ohjeets, it cau call all their associated
funrtiony,

Sowe contefnment links are po! used in the dynamic stnning of the systom,
A good exanple of suel o link s that to the Analogue I/0 objeet. The wiain
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Fignre k.1: The top-level objeet relationslipy in the system: =, inheritance; o,
coutlainment; o, reforence,

from the object pointed to, Ilowever the one alject does not owu the other; ft
18 just aware of j&. A good illustration of this reiationship is tun the closed-loop
control of the flowrate. Here the closed-loop object needs to know the flowrate,
Imt becanse the flowmeter object I8 a gemeral resource, other obijects nend to
reforence it too, Thus in this ease it iv the correct design for the closed-loop
object to contuin a veference to the flowmeter object. The closed eivelo indicatos
containment.  Here the one objeet ownw the other objeet, For instance the
beuel objort, which neapsulates the hehaviour of the eutire traversing systom,
niast have full control of the stepper-motors. No econunawdy shoukl he passed
directly to the ateppers themselves; rather all vequests for bench movement
wmust be made to the high level beneh objeet, The brueh is entively responsible
for the stepper management, incliding (ho creation awd destruction of their
mewory ropresentation. Ax far as the owside *world” (the high lewe] soltware)
1% concerned, ouly the bouch exists. This is an excollent exmuple of the strong
cucapailation of the QO wethad. The fuheritance acvaws point from the ehikl
to the parent object. The reference and contaliment symbols point the other
way, rom the referred fo (or contained) elass to the referring {or container)
elnss, The line and dot ean be thought of as Lelonging to the subordinate class
and *einbedding' tself iuto its prineipal.



Appendix E

The main contrul software

This appendix presents & detailed description of the structure of the control
and acquisition software, The design is presented fn an object-orionted manner,
with the functional description of the variond components being fn toru of
the inkeraction betweest these objects, This description assumos that thoe ronder
has zome basic knowled e of the concapts of object-oriented design, although the
fundamental structure of the design should be evident despite this, The reader is
referred to Rumbauch (1891} for further reading on the ohject-oriented method.

The overall design is best llustrated by an object diagram (flgure E.1), showing
the functionnd relationships hetween the components.

E.l1 General design principles

E.1.1 The elements of the figure

Thia figure follows ronghly the notation of Booch (1994), eoncerning the repre.
sentation of object relatiouships in Qbject-Oriented Programming (QOP), al-
though in a much simpiified formn, The various symbols on the hterconnoecting
lines indicate the type of relationship between the objocts,

The arvows represent inherttauce, Thus for instonee, considering the Avalogue
I/0O objeee, the arrow pointing frow it to the I/O card abjeet e be road as ¥ The
Analogue I/0 object is a type of I/0 card ohject”. The inheritance relatiouship
should not strictly be shawn on the Bgure, beeanse the parent elass 9 morely
a geucralisation for ity child(ren) and thus docan’t actuslly exist, Its use cdoes
however serve to hudiente the underlyitg commonality of the lower I/0 objects,
Iixcopt for in the linited use of this relationship, all other objects exist as nuique
instances in the software system, The open eirele indicatos ‘reforence’; that is,
an olject containg a pointer to auother so that it ean use or obtain information

' |
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albsalp+dalp;
curve=zaroa(l,d);
curve(l,1)=ala;
curve(2,i)=alp;
curve(3,1)=alb;

[curva(l,3, ,curvell,2)]=findrel{n,c1 v .,1},0,L1, L2, 4, U,UL,...
be,rea,reb,remax, ol , k)

[eurve(2,3),curval2,2)1=findre{n,curve(2,1) ,0,L1,L2,M,U,TL,...
bc,rea,Teb,remax,tol,k);

leurva(3,3),curva(3,2)]=findrae{n,curve(3,1),0,L1,L2,M,U,UL,...
bc,rea,raeb, remax, tol,k);

#initial puesses for alpha bracket the given value
vhile {abs{curve(3,3)-curve(1,3)} >alptol),
fza,il=sort{curva(:,1));
curvo=zcurve(d,:);
% cuzve 1la sorted In inereasing alpha
Fitwpolyfit{curve(:,1),curvae(:,3),2);
root=—fit {2}/ (2%£it (1))}
curval4,i)=root

[curva(4,3),curve(4,2)]=findre{n, curvals,1},o,L1,L2,H,UUL, ..,
be,raa,reb,remax,tol k) ;
[za,il=sort{curve(:.3));
save _.temp;
% curve i sorted in increasing Re
curvexcurve(l,:);
curvescurve(l:3,:);
% the smallest 3 elaments of curve are retalned
A=curve(i,1);
Re=cuzva{l,3);
Emcurve(l,2);

and;
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eige=sexl{n,alp,rec,o0,L1,L2,M,U,UL,bec);
{I]wfind(realleigs)<=k);
oige=eipe(I);
ecmmax (imaglaige))
if sign{ec)==sign{eb),
ah=ac;
reb=rec;
alsa,
camed)
reasrac;
ond;
end;
niter=niter+l;
it (niter>BO),
error(’Iteration overflow (aitexr>50)°) ;
end
if (reb>remax),
error(?Max Reynolds number exceeded’);
and
end
rey=rac;

LY, I=gort {imagaaga));
I=flipnd(I);
eigemeige(I};
elgval=aiga(l);

D.5.9 getnose.m

%
% This function f£inds the nose of the stability curve for pipe
% flow by ueing a polynomial iteration on findre

% function
% [alpha,rey,eig]l=getnosaln,alp,rey,L1,L2,M,U,UL,
% be,tol,alptal ,omega);

function [A,R,El=getnose(n,alp,rey,L1,L2,M,U, UL, bc,tol, alptol,0);

remaxrilel?2: YIf above this Re, flow deemed stable
k=0.5; % eigenvalue real component search cutoff
dalp=0.00007%!

reasray;

reb=rey+200;

ala=alp-dalp;}
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D.5.8 findre.m

p

% this function takes n (order), L1,L2,M,D, two initial guesses
% for rey, and a toler(ence), and then finds the neu.ral

% stability curve crossing for that alpha by using newton

% iteration on the function genpoiz. 4 maximum Re is supplied to
% terminate the mearch.

%

% [rey,eigl=findra(n,alp,omega,lLl,L2,M,U,UL,bec,rea,reb,remax, ...
% tol,k)

%

functicn [rey,eigvall}efindre(n,ilp,o0,Ll,12,M,U,UL,bc,raa,reb,...
remax,toler, k)

colintex=l;
eiga=sexl(n,alp,rea,o,Ll,L2,M,0,UL,be);
eigbmgexl(n,alp,reb,o,L1,L2,M,U, UL, be);
[I]l=find(real(aiga)<=k);
aiga=eigall);
sa=max{imag(eiga))
[I)=find(real(eigb)<=k);
eigb=aigh(I);
ebomax{imag(eigh))
niter=l;
while (abe(reb-rea)dtoler} ,
if sign(eb) == sign(ea),
disp(’signs the eame’);
racereb~(rob-rea)*{eb/(ab~aa)}
aeigomsaxl(n,alp,req,o,Ll,L2,M,U, UL be);
[I)=find(real(aige)<=k);
elgemaige(l);
ecemax(imaglaige))
rea=rab;
rabwrec;
ea=ab;
eb=ac;
else,
disp(*signs differ’});
% if countsraom],
% counter=Q;
rec={rea*eb~reb*aa)/{eb-oa)
% elaa,
% counter=1;
% rac=0,5x{reatredb)
% end;
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Mow variation

The constants in the above table defined the required flow vate vasintlon for (e
foeethaek control. For the various chosen flow vaviations, the desired fow was
given by:

Qpaly = Quuax [ko+ by x 1+ ky x 27,
QO Orip Camax [by <+ Ry sin(ly x 1),
Qexp == Quiax [y + ky explhy x 1],

H
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15311 Command-line and tmaero syntax

Al conmmaiuds fssued st 1he eommand pranpt, or ineluded within a macre, are
of the {orin

{xx} COMMAND: {arg, arg,azrg, ... }

Al items witlidn braces ave depondeat on the context, or optional, The xx s a
mamerie labol, weeful only i the case of o wacro, where It v used in a GOTO:
statomont, The portion COMMAND: in smy commmand from tuhle .1 below, ur in
the case of a macre, also from table 182, The topas arg are arguments, the
mumber depencting on tHhe specilie command, Table E.1 also lists the type and
mnnber of avgirents appropriate for each connmagl,

Macro syntax

Tu addition to the definition of the basie Hine syntax defined aliove, there were
paetieulay faxues that related to the use of the commands within maeros, Fiestly,
thore were enbinnee] features weailable ns given in table 13,2, and seeodly, somwe
spntactical steuetuee was nocessary for the tnero. A zeneral maero prototype
Is given by:

INFD: Soma deocriptive title of tho macre
{nn} CUMMARD:{axg,arg,...>

{na} COMMAND:{org.arg,...}
END:

7112 Run fila commands

The conramnd gyntax for the runefile s simpler than for the mnere, Foelt fine
of the ran [ile can either consist of o comument (Indiented by stnrting the line
with a %), or nwt to be of the form

tima command, valie

where timo, a real auber, iy the Hine in socouds, command is the action to be
taken, and valuoe I8 the value appropriate for the action, The list of peruissibie
comnzuds 4 coutadned iy lignee 153,
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and the veat of the peogram belavioue was mplivit in the object interaetions,

£.10.3 Data display sub-systom

The funetion of this ohijeet was siply to display the LDV, flowmetor and other
arquired data graplically, so that an evalvation of data guality, ote., could be
maghe, Typing the coommmand PLOT: invoked this component, which exhibited
‘pop-np* belinvionr, Le, 1t had to be elosed down before progrom exeention
rould continne,

The graphicad display could overdap datn feom the different channels, a4 well as
the fiowmeter data, The seveen bad to be explicltly ‘cleared’ to show the data
ol i frosh set of axes, and data ot erased rmuained plotted after the graph was
tlosed dewn, This allowed oversplottiug of data from difforant tests, wselul in
making vomparisons.

E.10.4 Run-file compiler

This is thie last {tem to he deseribod here, It was an utility object that allowed
the generation of the conteol Mate vaed in the acquisition from n fext file, The
input file war oy ASCII format fle, with each line of the file in the foriunt

<timed <commondry<arguments>

wliere <time> was the time of exeewtion of the connnand in seconds, zoro Lelng
the heginning of the tost, <command> wis o mutuonie for the pavtienlnr com-
mand, for instance SOL for the solenoid, and <arguments> were the relevant
pacameters for the comunnd - in the ease of tlie solenod, 1 meant on and O oif,

The compiling procedure was adopted for two reasons,  Flestly, by checking
the passed conunands during o compilation, eerors were gvoided duriug the
rundng of the command Tist; goeondlby, the use of n binaey list ax apposed to sy
interpreted atring allowed G greater speed duriug the contral loop,

.11 Command syntax and definitions

The above sections deseribed the top-level olifect design of the systen, This
section sumarlses the coumnieds gsed Lo operate the aequisition software,
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(1) Tuestring "MOVEY 200" wax atvipped of leading nad tralliug spaees, wiud
converfed to uppercase lottors. Tt wiat then xeavchod fram the beglnning
until the colon wes rneountered. The cheneters bofove the volon were
examined to soe If they matehed ay vecoguisable comawd,

(2) After rocopguising “MOVE" as & comuand, the characters bofore ard in-
eludiup the colon were divcaveod, The remaining miving *Y,200" was then
parsed Mither,

(3} The striug was parsed by looking for connnas, ad the fdividuel steing
somments wope forwarded to o apecifie part of the pusing loap dedicated
to the "MOVE" cammmxl, Here Loty argumoents were converted uto o
mumerieal fornn (Uhe "Y” beeuwme 2« the seeowd axis). A nomber cot-
responding to the "MOVE" consmand, aloug with extracted arguinents,
wore thoen returned to the tanin oxeention loop.

{4 Using the cotamand muber, the madn loop jrunped to the move connniniod.
"The move command was thon diveetly excented, wsisg the returned pie
rameters as arpuinents,

"The parser also had the ability to patse moero Ales, Endisieed copabilitios for the
pavser were Implentented in this context, suek as the ability to wake lraneling
tlecdrlons, ot to loop, These exira lestures were however erndely implemented
but were just adequate enougli to allow the rig to eperate antomntically for the
presont Lonty.

1.10.2 Main command loop

The madn comnand loop sliuply consisted of exuctly that - & loop, AC the bes
ghming of the loop the striug bom the keyhonrd was fod to the pagser. “The
rosulting return value from thix ohjeet enused the progeats to hraneh ta the cors
roct padit, where the relevant command was cardiod out. This process eoutinned
wtil the QUIT: comwmand wos ontered, b which poing the progentn torminnked,
Lvery singlo fanetion of the prageam was iupleested by thig mochadan, The
Tull set of funetions are tulmlated nud deseribed inseetlon B.A1 that follows, The
copnpad ooy was in et endedded fu the main progean abjoet, This ohjeet
ownwd nll obher abjeety fn the systens, aned wan respousilbile lor their constrnetion
b stavt-up, and their destenetlon at progean termination, On the top-most lovel
the main eljeet had oudy theee funetions tlint were invokod: inds (), which did
the syston {nitiation, rond). which stagted the wmessage loop, nud dena, which
destroyed all the ehikd objeets mud then teymibnated the progean, In faet the
minin prograw itsell only consisted of the three lines:

MainLeop, Indu();
MainLoop.Run(};
Moinloop.Donal);
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When a conimand was reeeived within the vontrol loop for the stopper to wove,
a anovenent eomanand was sent dirertly to the stepper object (Lypassing the
elosed Ioop eontvel of the beach), The stepper wonld then wove st the sot rate
to approximately the corree. position. Instead of controlling movement aceu-
rately with the feedbnek information, the accurste measurement information
was nther ntored in the same mauney as the fowmeter data, 0 a time refers
encotd forin, Usiug this thue-referonced posttion infornation, data conld later
ho processol juto time-position-velocity triplets,

While the provess was novel aw yieldod intorosting global Insdghts inte the fow
developinent, In the veeelerative context the vate of sean was too low (the entire
Boeneh had to e moved) Tor even ronsonable qualitative conclusions ta be deawn,
Furthermore, datn processing was extremely diffienlt, espectally whon trying to
reconstract veloeity proflies from the data, Tt was for these reqsous that the
techniyue wiw not ciaployed in the cwreat work,

BE.10 Main command loop and user interface sube
systems

All thie objeets and ambegystens thus far presented did uot futeraet divectly with
tho usor, A user futerfnee subssystow was desigied to facilitnte conupnnieation
hotween the wer and the nederlving systems,

Thix took the Torm of a textr.al or condole inberface, Thoe wier entered conpunnds
by fyping thom, using o weil delined syntax, and the aetion war then earded
out, ther featurcs of thoe terfree worer the ability to write mocros (text
flles eontaining a roquence of console commands), aveoss to a text ecditor for
oditing the macpes (it v flew), aned o graplideal nteeface for shuple (aplay
of datn. In order to nehieve this functionality a nuut.~r of interactlng obhjects
were deslgned, wiidels nre deaerfbed below,

E«10.1 Command parser

The need to Interpret kevhoar! conumnnds regquired the design of o commnand
pagser or juterpretoer, Thik abject necopted o string of chateetors as oo argu-
went, atl roturned an enumerated commond nwnber, nud & soties of numbers,
depesedent on the commaed Baed, The conmmand natmber was wn deg into
. stored avray of commands, aud the olher paraeters woee the aegiemeuts fop
that partieular commnnd,

The prusing process s bes. iHustrated by example. For instance, the moven
mont of the heneh manualle was through o comnunud of the form MOVE: ¥, 200,
This particular cowmand moved the benell y cosoedliate Ty 200 nun. Roughly
wpeaking, the pavser worked ny follows when receiving this eommand
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affects. A rabber sortion was inserted downstream of the flowmoker to irv 1o
chininigh nny presure waves resulting {feom starteup, but it was decided to tuke
further weasures on rig shutdown, to avold datgerous impulsive decoleration
utidey prossnce,

Controlled shatdowu was implomrented through o standard function, When the
testing forminated for whatover ronson, the abort fnuction controlled the rig
until it was deomed safe to simply close all valves,

QOu being called, the Himetion inmedintely opened the solesoi] valve and dis-
eharged the tank of air, thereafter the paemuntic valves were closed. The tank
prosstre and fowrate wore then monftoresd, aud the solencid was anly slat when
it wiux deeated that the pressure pulse would be Jow enouglt not 1o eanse any
damage The pipes would possibly hove withstood the full pressure pulse - nl
ter having been weakened by passing throngh the rabber seetion - It ib was
decided to orr on the side of cantion to provent mishap.

0.8.6 Cenersl considerations

The nequisition loop was designed to be flexible and fst, The Hat-operatud
polling woechaninn mude it very goneral, which matched the generality of the
wser interfoce, Lo be exploined luter. Finally, the acquisition and control process
wi sufe, md the vig could be bronght to o sale halt nader all elremmstances,

E.9 Auto traversing sub-system

The Dbeneh contral deseribed in soction 134 was not o dynsaaie process, Moves
wient of the bhonel was only pevmitted during peviods when the rig was uot nndoer
dynamie contrel, However during the design of the software the Itlea was maooted
of moving the bench while wequiving daks, This was lnter sueeessfully achiovod
by Iutrodueing the anto-traverse coutrol obhject jito the control loop, nud vesudts
from the nse of this techinigue for stondy-laninar Bows woere preseated in Albbot,
Mosw & livier (1092),

This object was linited {u that {t used only the steppor-mators, and ubflised
the Inet that the steppers conld be commumded to move Jirly aeenrately 1o
a given destination withont constant intoyvention, “Thix allowed the steppor
eouteal to he quics, beennse o connnand war simply sent to the romote stopper
tdrave hok [y provessing, with the movement not iunvolving the central cotpntor
further. The Bnear actuator on the otlier lnne vequired elosed loop control hy
the comptiter for pesitdoning, aud was consequently too costly i teems of Hine
to inplenent within the acgnisition loop, Deeanse of {he exelusive use of the
steppers the movenend was restricied to the ovizantal plane ouly,
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‘Fhe pasition af the piston or the occurrenee of leakage were monitored by this
unit with each loop. If the piston position exeeoded itz Bmits or water was de-
tocted hehind the diaplieagm (implying a rapture) then the test was immediatoly
stopped,

Prossure coutrol was slso Implemented on a coustant basis during operation of
the rig, The pressure-coutrol shject was deseribed earlior

As a final safety consideration, the keyboard was polled for any keystroke duving
testing, aud the detoetion of a key pross resnlted in immediate ending of the tost,

E.8.4 Analogue acquisition & interrupis

The nunlogne aequisition did not coneern itself with the aconisition loop, Rather
an interrnpt service was instantinted at the beginning of the test and torminated
on completion. The PC3D had o hardware interrapt service that conld be sot to
generate interrupts at a particular frequeney,. An interrupt handlor was writton
to aeguive the flowmeter and other analogue datn from the AD eard abjeot.

The benech co-ordinates were also polled awsing another interrupt procedure
chained inte the analogue one, This was primnily {or the scanning acqguisi-
tlon proredure given in the next section, Al the other eritical funetions could
Liave Been tiod onto the interrupt chain, hut it was deeldod Lo leave thew In the
normal loop for o nutnber of reasans.

o From the point of acewrnte polling, the interrupt was hardware driven and
took precedence over 2l other compater fonetfons, Thus the aceuracy of
the tine base of both the annlogue and heueh acqulsition was ctsired,

s While some of the other functiony in the main loop were critieal, this
loop was fast enough to eusure inmedinte respouse, This was beeause the
polling rate of the loop way over 2 ilIz.

o Complleated Internction (keyboard polling) within interrapt handlors was
not possible under DOS due to junate limitations of the operating systow.

The interrupt gorvice transforrod date divectly to mewmory, At the termination
of the loop the futerrapt service was stopped, The funetion that achieved this
eould he called at any tine; thus duving prematuee stopping of the test the
sorviee stoppad ax requaired,

H.8.6 The abort sequence

It wax feared that immedinte shaitdown of the rig auder bl prossuee, amd with
wmaxiinmu fowrate, wipght eudanger the glass tost section dae to water-haaaser
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E.8.2 Command execution

If the return value was not zero then the appropriate command was exocuted,
Within the loop was a case gtatement. Deponding ou the command sutnhboy the
appropriate command was executed, All connmaneds had to be quick to execute,
and any action requiring extensive processing hiad to be avoided. The avnilable
commatds were:

Control the solenoid valve. The downstrean solenoid valve could be switelhed
on or off, dependent on the value of the returned parameter,

Slave machine, A signal could be sent to the slave machine, telling it to
either start or stop acquiving data. Thus data acquisitfor coudd be started woll
tuto n test, which was useful when for inetance only the far-thne hehaviour was
important, After stopping a test, rosuming it would clear the proviens datay;
this action was only voally intended to be eareled ont ouce,

Pneumatic valve. The valve coukd be moved to an arbitrary position, de-
pondent on the returned prrameter. There was no closed-loop control of the
valve, hut simple mannal positioning, This comunand was usefud in pre-setting
the valve before huplementing elosod-loop control; alternatively 1t could simply
he used to vary the fowrate in a stopped manner,

Closed loor montrol.  The object controling this was deseribed earlior, Within
the comivol loop, foedback control could bo switched on ar off, and the various

flow vavintlou vonstants eould bo set, Each action took the form of a sepa-

rate comunind; thus to vary alt four of the flow varintion constants, 4 sopnrate

commands had to be jssued in sucecession,

Auto-travarse control. This allowed the beuel to he movedl durlng testing,
Scparate communds woere issued ta the traversing objoct to elther set parumeters
(voloeity, axis) or inftiate movement, This objoet i deseribed fu seetion 1.9,

E.8.3 Safety & rig control

The above conutawdy were *optlonal’ i o souse - iE wis the user's cholee whieh (i
any) should he huplemented, There were however some nndatory commands
and funetions which ensured the proper lunctioning and safoty of the rig duving
the test,
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It contained veferences to all the controliable or measurable elements of the rig:
the slrve, sulonoid. tank pressure, tank control. valves, closed loop cantrol, as
well ag the auto-traversing object, which is deseribed holow.

The olyjeet executed o tight aceuisition loop, controlled by commands from the
run-file execution object. This loop read the time value from the system thner
object, and thew executed the cousmand from the run-file strneture when the
time was correct. Dependent on the comnands it reecived, the appropriate
actions were then fmplemented, The goneral strwcture of this loop is shown in
Agure .3

- N

' is It time e
{o execute Pxesute cammand )

(B SdE
.-—q-“'" o y

nbart? o it 7

P . -gervlee

nd

Figure I.3: The data acquisition & control loop.

The basie compouents of the pool were tlug the Interrupt sevviee, the fow
control and the conininnd exeeution, Considering the exeration of the cominand
first, the structure of the run-fille object mnat be considered.

E.8.1 Run-file exucution object

Thix object simply coutaitied a lst of commands ordered in thue, Each itetu
ot the st cantained three numbers: the twe of exeeution, the command type
wil the parameter value for the exeention, These values were retrdeved simply
by ealling & function thelist.getemd(), which took the current tine as an
argument. If the thue passed exceeded the dime of the first value on the Hat, the
funetion retvrned the comumand munber and the parameter, or else it returned
gore, Thus the loop could stmply poll a single funetion on enely itoration. If
the conunamd paraineters wore retirned, an internal paiater within the yau-file
ohjeet was fueromoentoed to point to the next {tom,
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needed for this study, It was used only by the more goneral cont ol sub-systen,
deseribed in section E.8 Lelow.

The control of fowrate was a classic control theory problem. A measured flow
{from the dowmeter} had to be controlled to follow a chosen variatiou in {lowrate
by moving a controflable valve. A general-purpose coutrol object wan huilt,
which implemented proportional, inmtogeal, derivative and psendo-derivative con-
trol mechanisms. The values for the variows eontrol constants were given in the
settings object, and components could be deactivated simply by setting an ap-
propriate coustans to zoro.

The object eontained references to the flowreate and pnenmatic vakve oirjoet, and
ohtained its thue base from the acquisition object, The main control function
of the object was implemented ay & ‘fall-through’ funetion; that s the control
funcifon wad cailed within the data acquisition loop, and kept running totals of
the various relevant countrol parmueters (running integral, value of last point)
without delaying the loop. By this means appropriate values condd be sent to
the valve oach time the function was ealled, based on caleulations using the
gtored numbers,

The desired funetion wae supplicd to the object as a series of constants, A
lhnited implementation was developed, whereby a quadratie, sinusoidal or ox-
ponential flow variation could be specificd. Four constants were passed to the
object; the first determined the type of acceleration {quadratic, exponcutial,
ete.) while the other three, dependent on the value of the first constoant, defined
the desired fow variation in time, These constants could be set ‘onthe.fly’
during coutrol, so that pirce-wise continuous or even discontinuous functions
assombled from the three basic types of variation could be assembled,

Beecause of the natwre of dynamie coutrol, no calibvation of the valve war noc-
essnry, only adjustinont of the parameters. The fual confignrntion only wtiliued
the integral and pseudo-derivative mechanizms, on the advice of Coustanteon
(1991}, and achieved a suitably responsive and accnvate system, However she
extreme range of the flow variation conpled with the non-linearity of the valve,
resulted in n coutrol system that was not fully optinsin over the entive range
of operacion. A suitable improvement to the control system, sueh as mn aelag-
tive control procedure, wonld corvect this potentind problem, although none was
implemented.

E.8 Acquisition control sub-system

This object was a prlmary component of the systems, It was Tully vespousibie for
all datn aceuisition and control durivg the running of the test, The main toop
handed full control to this ohjeet during testing. thus allowing for high spead
eontrol and neguisition,
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cdata objeet. This was achieved by passing a reference to this date object to
the acquire function, as Slave.acquire{"Rawdatairray). The function then
retirnect daba in this arvay (or an error in the case of failure). Thus the glave
object did not coutain a reference to the data array, but was passed one as o
purameter (on a ‘need-to-know’ basis), This is the weakest form of interaction
between objeets; a shuple usage. There were as many slave objects as there
were glaves. These were dynamically allocated and destroyed as the computer
user varied their choiee of acquisition chinnuels.

E.6.2 Data objects and data processing

The data loaded inte the raw data oliject was completely unprocessed. It con-
gisted of three bytes of LDV data nud four hytes of time informetion, This
data was required in o normal velocity-time format, with time in seconds and
velocity fn metres per secotel, To achieve this conversion, a nunther of consiant
amd varinble datn parmneters were required.

Beeause of the two forms of data - processed and unprocessed - there were two
orms of data object: raw aud cooked ag they were informally labelted. They
soth inherited from a datn areay, an abstract objeet that “kuew' how to load and
tore to disk, and display itself to the graphics screen. An instance of both the
aw and cooked data existed for cach LDV channel, thus in the presont system
here were two of each sort of array, one pair per channel,

he raw data contained referonces to the transformation objeet and the fle
. ttings object, from which it was able to extract enough information te convert
. self to a proper velocity-time format. The transtormation provided the bemn
¢ 1gle and &ile of the measuring volume, while the le settings gave information
% § by the user such as the frequency of the light, LDV countor made of operation
n d frequeney shift?, or measured parametors sueh &8 the thner calibration and
e, »les por hursl.

T e raw data contained n function « convert - which took as an argmnent a
re. rence to the cooked data arcay. This function wonkd then fill the cooked
arl iy with values of velocity and thme values calculated using all the factors
ol dned from the transform and file settingy objoects,

E.7 Clesed-loop flow control

This was obvioualy one of the most eritical control subesysteis in the soft-
ware, for the reason that it war nsed to geneeate Lthe aceelernting fow vaviations

MFhese settings cauld nat be ascertained diseetly, thus they wore s souzee of possibie ereor
in that it was possible for them not to wateh the computor values,
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Figure E.2: The principle of controlling tho tank pressure,

other source code. Thix iv in stark coutrast to conventional approachies, where
many functions, all over the code, wonld have to he modified to implewent such
& change,

E.5.2 Tank control

The tank control object was merely for acquisition. It measured tank position
(and any lenkage statng), and wag thus usefu] to both the aegnisttion and main
sub-systems, hoth deservibed later.

E.6 The slave control, data transfer and processing
sub-system

This sub-gystemn was roally eomposed of two different components. The slave
control and data transfer wax due to the stave wmachine objeet, while the pro-
cossing wag done by the data itself, They are grouped together hepe heenuso
they formed part of & contignons process in the ruoning of the prograw,

E.6.1 Slave control & data fransfer

As mentioned tids was aclieyod by the slave machine objeet, Tt contained a
relerence to the PC'I4 port and could thus communicate to the slave computer
via the network deseribed in seetion 5.3, lwsuing conumnands and receiving data, It
eneapsulnted the low-lovel hand-shaling uecessary hetween the main computor
andl the slave machine, and the interfaces were simply to sewd the commandy and
read the status, Farther 1o simple command passing, il the aequire conunand
was issned then the data from the slave was volurned awd Joaded into the raw
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Appendix G

Raw data on CD-ROM

Thoe CD-ROM contained in the sleove Dolow containg the raw data an compressed
ASCH files, arranped in a subdivectory strueture jin aecordanee with the tost
usmes, The CD-ROM v self-doenmented: the road-me file in the root divectory
server A & road-map’, widd poiits to more speeifle information Hles contained
in the farther subedivectories, The medin was created usiug the standavd (DFS
file wyston, acd s o resalt should be rendable from both DOS/WINDOWS
it UNIX syatems, Data compression is via the Phalp atility, which s froely
available s sharowave (Lo, ab nost Inbernes FUF sites).
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Model 9168-450 focusing lens: This unit focuses the widely spaced heans
emanating from the besm expander, and foruses them at o siugle point in the
flow. Refracted light from this measuring volame is collected by this lons and
transniitted back through the fleld-stop system, aud into the photo-detectors,
It hiad a focal length of 450 wan.
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Modecl 9176 mounting ring: Thix unit serves as o support for the compe-
nents. Several wounting adapters were spaced evenly down he leagth of the
opticnal barrel,

Model 91B0A froquency shift unit: Two of these unils were incorporated
into the system. Two mode] 9182 Brag celis were placed in the aptieal harrel
- oue horfzontal and one vorticnl, The [nction of these units was to shift the
frequency of oue hwer beam from oacly pair, The frequeney shift system also
vonslsts of a pair of 9186 clectronics model, to down-mix the signals fromw the
photo-detectors,

Model 9178 beam steering module: A pair of those units was incorporated
after the Brag cells, to allow adjustinent of tlie heam path of the shilted beam,

Model 9144 A inounting turret: This nuit serves ng o mounting point for
the two photo-tteteetors, Returning light frow the mensuriag velume s reflected
up into this unit by an apgled minor (the lucident beatas pasy thix mirror on
oither side). A semi-silveved nueror within the turret splits the recoived light {nto
two « -ual conrponents, which are then focused onto cacl of the pair of model
0160 photo-detectors, Delore passing outo the photo-detectors, the rellectnd
light is passed through pair of model 0168 band-stop Alters - green for the
one photodetector nud blue for the other - in order to separate the refleeted
components of the light.

Moedel 9143 ficld-stop systam: This unit contalus an aperture through
which the returning light is focused. Itx function is to romove nuwanted lave
and reflocted signals not emanating directly from the measuring volne, The
{ucident heams pass hrough thix unit mnhindered,

Modal 9181 beam stop  Twn of these units wore iucarporated, in the batrel,
af tight-angles to cach other, They attennaied the ‘extra’ boams genoratod by
thie Bragg celly, usiug two adjustabie knife-cdgos,

Model 9113 beam spacer: A pair of these units were attached in out of
tho field-stop unit, Thele lunetion is to bring each pair of bewins closer together,
Lo allow thew to pas properly into the bean expaader,

Modol 9189 beam expancders  This unit separates the ineident laser bennw
and inereases their dinmeter. It allows thet to be subsequently foeused with
a large inerease in He sigual-tosnoise ratio and deevense in measuring volnnge
diimension,
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Model 9108 bram coliimator: This unit collinn. - the laser heam; that is
it onsures that the minimnm bheam dipmeter ocenrs at the measuring vohnne.

Model 9101-1 polarisation rotator: This unit ensures that the beam po-
lavity 1% optinmim for teansmission through the intor optics. It allows the Jaser
polurization direetion to be votated at will,

Model 9105 colour separator: Thix is a compound wuit, whose primary
tusle §s to separate the fneident laser bean into its apectral components, wid thon
to transmit two of these eomnponents (blue at A88.0 nm and green at 514.5 nm).
Its internal components are: model 9204 attenuator; model 9106 dispersion
prism; one moded 9106 and two model 9107 wdrrors; and a model 9136 enclosure

inte, The entire set of compouents Is enclosed by the model 9136 euclosure

over, The two chesen colonr lnger beains leave the enclosare and pass into the
optieal barsel, the components of which ave doseribed below,

The optical barvel {ueorporntes all the transmitting and receiving opties, 'The
green and blue lnser brams eatey the unit a the rear - one oneaxis aud one
displaced off-axis « while the vosulting four beans leave the front teanmmitting
lens to interseet in the flow being measured, The componestts of this unit ave
ay follpws.

Model 9102 polarisation rotator: This polarisation devire alters Lhe polar-
jsntion of an individunl colovr (the on-nxis beam), ‘The proviovs model 9101-1
unit changed the poeluvisation of the entire nmlti-speetrnl laser boam.

Model 9115 beam aplittors Tle coniesl boam cwannting fowm the colony
separator is aplit into two oqual components by this unit, This unit is moanted
5o that the vesulting two beama are positioned vertieally ahove one another,

Medel 9174 beam displacers This unit brings the off-axls beaw onto the
contral axis,

Model 9102 polarisation rotator: The second polarisation deviee varies
the polnrisation of the other colour henm (uow bronght ou-nxis hy component
171 nbovoe).

Madel 0115 beam splitter: A secomd heam splitter now splits the new ou-
axls heam in the horfzontal plane. As a vesulk two paivs of beumns leave this unit
= oue pair ju the horizontal plane and oue pair verueally aligeed,
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The LDV components

Thix appendix coutaing a detailed listing of the components comrising the two
channel 9100 series TSI Laser Doppler Velovimeter used in the curront study.
This gystem is a four beaw-two channel deviee, All modle]l wunbers used Jielow
are for TS components nniess otherwise stated, A sehematie of the enthe auit
is showy in figure I,1 below.
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Figure F.1: Layout of the model §100-7 LDV system (from TSI Syatem 9100-7
LIV iustruction manuad),

Mounting base:  The eutire LDV assembly was mowited on o standard model
9127 base, Thix unit hax o vogularly spaced atmy of moniting holes arross ils
{nce, allowing attachment of components anywhere on its surface. The rigidity of
this unit allowed the entive assembly to be supported on three motuting poiuis
heariug unto {ts undorside,
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APPENDIX E. THE MAIN CONTROL SOFTWARE

Table E.2: The enbuneed

b

prograni control commands for macro s,

9

conunand | paranieters _ meaning _
DECISION: | int N, string S | Display the stying ‘S, if the tger presses
the *Y* koy jump to the lubel N,
ERD: noue The last ine of the macro, Denotes the end,
FOR: char C, int IJ | Set varinble CelLJK] to each value between
I amd J, execute conunands holow until REXT:
commuud is reached,
GOTO: jnt N Jumyp to the label N
INFO: stying S First line of macro, A descriptive title,
INPUT: string 8, var V | Displey §, read keyborrd input inio
the variable VEjVARLVARS, VARR] (sc0 helow).
NEXT: char C See FOR:. retwrn prograw coutrol to the wmatehing
FOR: loop. Ce[LJK].
VARY N/A The integer syatoni variable, Most commands expecting
an integer parameter wilf accept VART ax argunent,
VARE N/A Ax above, but for real mumber agrments
VARS N/A As above, but for string arguments
Table B.3: The vn-fle compands and their values,
commaud | paraneter mesuing
e e e e e o
PID N&[0,1] Start/atop closed loop valve control (l-start)
PKO ropl IY _| Bet the &y low vaiation constant
PK1 real R Aot the by flow variatlon constant
| PK2 real It Sot the kg flow warintion constant
PTY Nef0,2 Set the type of flow varintion cdesired
O=palyumninl, 1=trigonometrieal,
:zpxponential
 BLA Ne Lq.l Start or stop LDV aeguisition {1=ustart)
S0L Nelil Open/elose the dowustrepn solenold (1-opan)
VAL N ¢ [0,.1006] | Move the puennatic valve to position N, ‘The |
range of N coreesponds to the analogne
output range {-10V)
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Table B.1: The conmna: o8 {or the acquisition program,

L commamd | paranoters mraning .
ABORT: nope Stop testing, relense pressue in tonk T~ ]
COMPILE: | strlng S Compile the no-fe 'S.mov'. I successtal the

compiled fle ‘S.ona’ is produeced.
CHANNELS: | it N Set the LDV acquisition channely, O=none,
_l==channel 1, 2=rhannel 2, 3=hoth,
CYCLES; [nt M,N Sab the cycles-per-burst for channet Mg {0, 1
to valuo N
| DER: glring 5 Lists tho contents of the direetory 'S’
il EDMAC: atring 5 Ldit the macro names ‘S.mak’
EDMOV: string 5 Edlt the ron-file *S.mov’
FORWARD: | nont Open the solencid allowing water into
the bottom tank {move piston forward)
FSHIFT: Int MN Sot the frequeney ahift of LDV channel M to N k.
QETPOS: cher With C€ [ir, p, 2], returns axis position in mm
| with reapeet to tiwe nbsolute bewel co-ordinates
LISTHAC: | siriag § Tast all mneros (Y.mak) In encrent macro dircetory
LISTHOY: | string § List all run-liles in eurgent macvo divectory
LOAD: sering § Load the LDV datn Ironl e 1l 130 (10 extension)
LOADDEF: | string 5 Lond the pacamoeters from the (beam angle, ote.)
from the parameoter file into the Rle setilups object
MOVEABS: | char C, it N | Move axis CE[X,¥,4)] o position N mm,
ralative to the absolute bench orlgin
POVEINT: | hono Stare the juteractive benelt movement serecn
MOVEREL: | chnar G, ML N | A8 witil HOVEABS: aboyn, but move relntlve
to cnrrent position
PLOT: int N Allows plutting ¢ © the cnrrent datn,
Mus analogue ehannel N,
PLESSBURE: | none Trogsuxie the neader Ak
RETRACT: | nanp Pump waler into the header tauk nntit
____ full (phaton vetractod}
RUN: string 5 Execute the test defined Ly the complled
runsfile '8, Invoke the nequisition loop
wlth list contained in the file ‘S.exm’
SAVE: siring 5 Saves the LDV nad anslogue datn to flles 5. %
i in eurrent data divectovy
SETPRESS: | voal R Change the setpoint tank pressuie o R bae
|_SETTLE: fut N Walt Tor N seeonds holore continulng
SHELL: none Open o DOS session (Lo, for dolating Alos, ete.).
Return by typing ‘TXIT',
STARTHMAG: | wiring S Exoentos the maero named *Sonal’
| TRANSFER: | none Rotrlove the data from the slave machines
ZER{: Boue Sot the origh of the (7, £} orclinates at the
. eurrent hench positton
ZEROPRIN: | none Set the principal () ardinate to zoro at the
eurrent henek posttion
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