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Abstract Thisreportisintendedasatechnicalguideforcalibrating andinterpretingthereadingsofthefloodedcavitationtunnel dynamometer.Theequationsofstaticequilibriumprovidethe basisofthecalibrationprocedureandthedeterminationofthe resultantfluidforcewithitslineofaction.Typicalexamplesare described.
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1Introduction

ThedynamometerusedinthecavitationtunnelattheInstituteforMa-

tineDynamicsis
an

in-housedesigned6-componentbalance.Insidethe

dynamometer
are

6loadcellseachconnectedtothe‘live’surfacebyflex

links.Oneloadcell
measures

forcesparalleltotheflow(xdirection),

twoloadcells
measurehorizontalforcestransversetotheflow(ydirec-

tion)andthreeloadcells
measureverticalforces

transversetotheflow

(zdirection).Asubstantialnumberofexperiments
arecurrentlybeing

carriedoutattheIMDcavitationtunnelsincethefacilitieshavebeen

upgradedwith
a

modernflowcontrolsystem,
adataacquisitionsystem

and
a

laserDoppler
anemometer.Amajorityoftheseexperiments

are

devotedtomeasurementsofthehydrodynamicforcesandmomentsact-

ing
onatestmodelusing

anexternalfloodeddynamometer.Inmost

casesthemodelisrigidlymountedtothedynamometerthrough
a.

base

plate.In
someexperiments,however,themodelisfreetopitch,roll

or

yaw
aboutbody-fixed

axes.

Carefulcalibrationofthedynamometeris
necessaryinordertoob-

tainaccurateload
measurements.Carehasbeentakeninthedesignand

constructionoftheloadcellflexlinks
sothatthese

areproperlyaligned

within
atoleranceofthreethousandthsof

aninch.Anymisalignment

intheflexlinksisaddressedvia
acorrectioncalibration.Wewishto

present(a)theequationswhich
may

beusedtocalibratethedynamome-

terand(b)
amethodofdetermining(fromthedynamometerreadings)

theresultantfluidforce
onamodelanditslineofaction.Theroll,pitch

and
yawmomentsacting

on
themodel

canthenbecalculated.

Usefulhydrodynamicdataisobtainedonlyafterthefluidforces
on

themodelattachmentsystemhavebeendetermined,withoutthemodel

present.Atarecalibrationmustbeperformedforthe
range

of
mean

flow

velocitiesinthecavitationtunnelinordertodeterminetheseforces.

Insteadyflowconditions,theforce
measurements

areobtained
asa

timeseries.Appropriatedataanalysistechniques
arethenrequired.

2DynamometerCalibrationFormulae

Thecalibrationconsistsofapplying
aknownforceRataknowntest

pointC’anddeterminingthesixdynamometerreadings{Fin,
m=1,...,6}.

Theseforces
aredefinedsuchthattheyact

on
thedynamometerplate

asindicatedinFig.1.Therelevantdimensions
aregiveninTable1.

DenotethepointofapplicationofforceF,,
ontheplatebyP,andlet

I'm=
OP,bethepositionvectorofP,relativetooriginO.Denotethe

magnitudeofF,byFin,

,

defined
aspositivewhentheforceactsinthe

3



Positivecoordinatedirection.Theunitvectorsparalleltotheæ,yandz

axesaredenotedbytheusualnotationi,jandkrespectively.Thesix
forcesF,,andtheirpointsofapplicationarewrittenas

ForceF,,

F=Fi
F=

Fok

Positionvectorr,,

r=Ti+Zok

F2=
Toi+yoj

Fs
=F3krs=2i-

yoj

F,=Fkm=—xoi

Fs=Firs=
—a3i+yojtzok

Fe=Firg
=

231+yojtzok

(1)

Thesystemofforces{RatC
,

Fn

equilibriumandhence

atPn(m=1...,6)}areinstatic

6

YO
Fn+R=0(2

m=1

6

S_[
rmXFm+OC

xR=0(3

m=)

(4)

(3)arewritten

(5)

(6)

(7)

e)(8)

c)(9)

c)(10)

Let
R=R,i+R,j+Rk andletChavecoordinates(-,yc,2).Equations(2)and explicitlyas

F=-RF+F=-R,B+F+F=-R, yo(Fo—Fs)—20(Fg+Fe)=—(Rete—Ryz zoF+Xo(Fy—EP
-F3)=-(Rrte—R,x

3(F5—Fs)=—(Rite—Rey



solvingequations(5)to(10)
we

obtain

F,
1=

-R,(11)

-5
[Rec

—

R,(Ze
“=20)(12)

+
[Rete

—

Ry(ze

—

20)]
(13)

FR~5—
[Re(2

—

20)

—

Rite(14)

Fs=—-=Ry
+

—
(Rire

—

Roue)
(15)

Fg=—
Ry

——
(Rye

—

Rec)(16)

3ExperimentalVerificationofCalibrationFormu-

lae

Toverifytheaboveformulae,
a

seriesofknownforces
were

appliedto

thedynamometeratknownlocations.Averticalplat(DWG875340)

wasmountedtothedynamometersuchthatthelocaionsofthecable

attachmentpoints
are

knownwithrespecttooriginO.ObliqueforcesR.

(ie.havingcomponentsin
x,y

anddirections)
were

appliedatvarious

knownpointsC’
onepointforeachtest

.

AphotographisshowninFig.

2.Theloadsintwodirections
was

heldconstantat20kg,whiletheload

inthethirddirection
was

variedfrom0to75kgfor
or

z
directions,

and0to50kgfor
y

direction.There
wasa

5kgpre-loadandtheload

cellreadingsduetothis
were

subtractedfromtherecordedreadings.

Theloadcellreadings
were

thencomparedtothevaluescalculatedfrom

equations(11)to(16).ThecalculatedvaluesofF,,...,Fs

wereplotted

againstthemeasuredvaluesandtheresults
are

showninFigs.3to8.A

least
squareslinearfit

was
usedwiththeorigin(0,0)addedtothedata

points.Thesegraphs
can

beusedtorelatetheactualloadcellreadings

tothetheoreticalvaluesgivenbyequations11to(16).

3.1Experimentalnotes:

(1)Positivereadings
on

loadcells1,2,3and4correspondtopositiveval-

ues
ofF1,Fo,F3Farespectively,i.e.tensileforcesintheflexlinksapply

loads
on

thedynamometerplateinthepositecoordinatedirectionin

each
case.



(2)Positivereadings
on

loadcells5and6correspondtonegative

valuesofF5andFyrespectively,i.e.tensileforcesintheflexlinksapply

loads
on

thedynamometerplateinthenegative
y

direction.

(3)During
anexperimentaltest,twoboltsholdingtheF,loadcell

were
damagedandrequiredreplacement.Indoing

so,itwas
believed

somemis-alignmenthadoccurredand
are-calibration

wasrecommended.

Theresultsfromthefirstcalibration,completed
on

July19,2002,and

thesecondcalibration,completed
onJuly24,2002,

are
showninFigs3

to8.Bothcalibrationsshow
verygoodcorrelationbetweenthecalcu-

latedandmeasuredloadcellreadings,indicatingthatthedynamometer

performsextremelywellforthedeterminationofstaticloads.

4DeterminationofFluidForcesfromDynamome-

terReadings

ThesystemoffluidforcesSauia
Onthemodelinducesthesystemofforces

onthedynamometerplateSa,whichconsistsof{Fn(m=1,...,6)}
(

seeFig.1).Sincethemodelanddynamometerplate
are

instatic

equilibrium,theresultantofsystemStuiaisthenegativeoftheresultant

systemSayn.ThesystemSaynisequivalentto(and
can

bereplaced
by)

asingleforceRactingatsomepointCtogetherwith
acouple

vectorMthatisparalleltoR(seeAppendix).Theequivalentsystem
{RatC,,coupleM}iscalled

awrench
or

,

moreappropriately,
ascrew.

GiventhesixdynamometerreadingsF,,(m=1,...,6),
we

havethe
followingalgorithmfordeterminingtheresultantR,itslineofaction

givenbythesetofpositionsofthepointofapplicationC,andthe

coupleMwhichisparalleltoR.Thealgorithmisbased
on

theanalysis

presentedintheAppendix.

(1)EvaluateR,M,as

m=1B+EB+F

yo
(Fo

—

Fs)

—
zo

(Fs
+Fs)

Fi+£2
(Fy

—Fy
—

F3)(18)

6

Mo=$OP,
x

Fm
=

23(Fe
~Fs) m=1

(2)Evaluateunitvectors
u,W,

v

as

R

u=>TRI(19)

_

RxMo

v=TRxMol
(20)

v=wxu(21)

6



(3)Evaluate6as

=
TRI

(2

(4)LocatethepointCinthe
u~wplanebydefiningitsposition

vectorOCas

OC=au+6w(23)

where
a

is
anunspecifiedscalarparameter.ThevectorOCgivenby

equation(23)defines
aline,astheparameterà

varies.Thisistheline

ofactionoftheforceresultantR.Itsequationiswrittenintermsof

parameteraas

UgWy

=alu
|}

+6]wy(24)

UzWz

wheretheusualnotationisusedforthe
x—y—zcoordinatesofvectors

uand
w.

(5)EvaluatecoupleM
as

Ne8

M=(Mo-u)u(25)

(6)SinceSy,={RatC,coupleM}we
haveSins

=
{—RatC

,

coupleM}
AMATLAB

programimplementingthisprocedureisgivenatthe

endofthisreport.

4.1Example

Determinethefluidforce-couplesystemacting
onamodelwhenthe

loadcellreadingsare(inMN):F1
=

139.03,Fy
=

832.40,Fy
=

—696.56,Fy
=

12.23,F5
=

217.30,Fy
=

217.96

Results
:FromtheMATLAB

programprovided,thefluidloadis

a
forceFania

=
~139.03i—

—
435.26j-148.07k(N)togetherwitha

coupleMyuia
=

0.9291i+2.9088j+0.9895k(N.m).Thelineofaction

oftheforcehastheequation

x0.28950.0198

y|
=a

|0.9062}
+|0.0543(26)

z0.3083—0.1782

where
à

is
anarbitraryparameter.

5Conclusions

(1)Thecalibrationformulaegiveninequations(11)to(16)provide

thetheoreticalloadcellreadingsduetoaknownforceRactingata
knownpointC,assumingthereis

nomisalignment.Ifthereis
some

7



misalignment,graphsofcalculatedvsmeasuredreadings,suchasin Figs3to8,maybeusedtocorrectthemeasuredreadings. (2)Agivensetofdynamometerreadings(Fi,...,Fs)correspondsin generaltoafluidforee-couplesystemwhichcanalwaysbeexpressedasa wrench{R,M}consistingofaresultantforceRandcoupleMparallel toR.TheequationofthelineofactionofRisalsodetermined.The pointofapplicationmaybeinferredfromtheintersectionofthisline withthemodelbeingtested.



6Appendix
:Reductionof

a
SystemofForcesto

a
Wrench

LetSbe
asystemofNforcesFinactingatpointsP,(m=1,...,N).

TheobjectiveistoreplaceSby
anequivalent

systemS'consistingof
a

forceRactingata
pointCtogetherwith

a
coupleMwhichisparallel

toR.ThesystemS’isknown
asawrench

orscrew.

LetObe
anarbitrarypoint.WeknowthatFAactingatP,is

equivalenttoF,,actingatOtogetherwith
a

coupleofmomentOP,,
x

F,,,.Hencethesystem
S

isequivalentto(and
can

bereplacedby)
a

force

RatOand
a

coupleMowhere

N

R=SIF,
(27)

N

Mo=SOP,
xFin(28)

m=1

We
now

define
anorthogonaltriadofunitvectorsatO

as
follows.In

general,thevectorsRandMo
arenotparallelanddefine

a
plane.Let

u
betheunitvectoralong

R

i.e.

u=——(29)

Theunitvector
wnormaltotheR

—

Moplaneis

_

RxMo

TR
xMol

(30)

Define

vewxu(31)

Thenv
is

aunitvectorintheR
—

Moplaneand
u,v,w

form
anor-

thogonaltriadofunitvectors(seeFig.A.1).SinceMoliesinthe
u—v

plane
we

writeitintermsof
u—vcomponentsas

Mo
=

(Mo
:

u)u+(Mo
-

v)Vv
(32)

LetCbe
anypointandletitspositionvector,writtenin

u—v—w
coordinates,be

OC=au+fhwt+yv
(33)

wherea,
Band

¥arescalars.Thenthesystem{RatO,coupleMo}is

equivalenttothesystem{RatC,coupleM}where

M=COxR+M,=-(au+Bw+yv)
x

|[RJju+(Mo
:

u)
ut(Mo:v)v

=
BIRIlv-+9||Rllw+(Mo

-

u)
ut(Mo:v)v(34)

9



or

WenowchoosethepointC'suchthatB=—2—andy=0(35) withaunspecified.Thenfrom(34)wehaveM=(Mo-u)u(36) systemSisthereforeequivalenttothesystem MparalleltoR.
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‘4DeterminationofFiuidLoadsfromDynamometerReadings(CavitationTunnel
Dynamometer)

%W.Raman-Nair,InstituteforMarineDynamics,May2002
%Thesystemof6forcesactingonthedynamometerplateisequivalenttoawrench (screw)

%consistingofaforceRandacoupleMwhichisparalleltoR.Theequationofthelineof actionofRisdetermined.

%Thefluidloadsonthemodelarethereforeequalandoppositetothesystem{R,M}

clearail

%Dynamometercharacteristics:Seediagram

x1=0.2098;

x2=0.3055;

x3=0.1525;

y0=0.070;

20=0.0514;

OjttPthenennneeannrneneeneenkennhencanknnaRnnangnhehenrer

%DynamometerreadingsinterpretedasforcesactingONdynamometerplate:See
diagram

%Tensileforces(positivereadings)inloadcells1,2,3,4indicatepositiveF1,F2,F3,F4
%Tensileforces(positivereadings)inloadcells§and6indicatenegativeF5andF6 F1=139.03;

F2=832.40;

F3=-696.56;

F4=12.23;

F5=217.30;

F6=217.96;

Op***tahenhnteeRanRenEReRKRnaRREnheenReEnEnthnakkerennne

R=[F1F5+F6F2+F3+F4];

MO=[y0*(F2-F3)-20°(F5+F6)20°F
1+x2*(F4-F2-F3)x3*(F6-F5)];

Rmod=sart(R(1)42+R(2)42+R(3)42);

uu=R/Rmod;%UnitvectoralongR

RM0=cross(R,M0);

RMOmod=sqrt(RMO0(1)42+RMO0(2)42+RM0(3)42
iH

WwW=RMO/RMOmod;%
UnitvectorperpendiculartotheR-MOplane

vv=cross(ww,uu);%UnitvectorintheR-M0planenormaltouu
beta=M0*vv'iRmod;

M=(MO*uu')*uu;%CouplevectorparalleltoR
p=(M0*uu’)/Rmod;%

p=pitchofscrewdefinedbytherelationM=p*R
%TheequationofthelineofactionofRintermsofaparameteraiphais
%[xyzJFalpha*uu+beta*ww

%Outputs

F_readings=[F1F2F3F4F5F6]

F_fluid=-R

M_fluid=-M

uu

"beta*ww'beta*ww

‘TheequationofthelineofactionofRintermsofaparameteralphais'
‘(xyz]=alpha*uu+beta*ww'
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