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SUMMARY

This report is intended as a technical guide for calibrating and interpreting the readings
of the flooded cavitation tunnel dynamometer. The equations of static equilibrium
provide the basis of the calibration procedure and the determination of the resultant
fluid force with its line of action. Typical examples are described.
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Statics and Calibration of
Cavitation Tunnel Dynamometer

W. Raman-Nair and S.N. Chin
Institute for Marine Dynamics, St. John’s, NF, A1B 3T5

Abstract

This report is intended as a technical guide for calibrating
and interpreting the readings of the flooded cavitation tunnel
dynamometer. The equations of static equilibrium provide the
basis of the calibration procedure and the determination of the
resultant fluid force with its line of action. Typical examples are
described.
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positive coordinate direction. The unit vectors parallel to the z,y and 2
axes are denoted by the usual notation i,j and k respectively. The six
forces F,, and their points of application are written as

Force F,, Position vector r,,

F,=Fi r; = zi+ 7ok

F2=F2k r2=:z:2i+y0j

F3=.F23k r3=1:2i—y0j (1)
F4 = F4k ry = —$2i

Fs=Fj rg=—xi+ Yoi+zok

Foe=Fs] 16 =231+ yaj+20k

The system of forces {Rat C, F,, at P, (m=1... ,6)} are in static
equilibrium and hence

6
Z F.+R=0 (2)
m=1
6
Zrmem+OCxR=0 (3)
m=1
Let )
R =R;i+ R,j+R.k (4)

and let C have coordinates (z., ¥, z) . Equations (2) and (3) are written
explicitly as

Fi=-R, (5)

Fy+ Fg=—R, (6)
F+FB+F,=-R, (7)
yO(FZ_F3)_ZO(F5+F6)=_(Rzyc_RyZC) (8)
2F\ 4+ z3 (Fy — F; - F3)=— (R;2. — R,z.) (9)
23 (Fs — F5)=— (Ryzc — Ruye) (10}



Solving equations (5) to (10) we obtain

Fi=-R, (11)
Fy= _%Rz + Z;:_z [Re (2 — 20) — Rz,

5 R = By (20— )] (12)
Fy= —éRz + 4_:1?2 (Re (22 — 2) — Roz]

t (R = By (2 = )] (13)
Fi= —%Rz - %2- (Ra (2 — 20) — Roz.] (14)
By=~3Ry + 5 (Ryz. — Rey) (15)
Fo=—3R, = 5 (Ryz. — Rege) (16)

3 Experimental Verification of Calibration Formu-
lae

To verify the above formulae, a series of known forces were applied to
the dynamometer at known locations. A vertical plate (DWG 875J40)
was mounted to the dynamometer such that the locations of the cable
attachment points are known with respect to origin O. Oblique forces R
(i.e. having components in z, y and z directions) were applied at various
known points C (one point for each test). A photograph is shown in Fig.
2. The loads in two directions was held constant at 20 kg, while the load
in the third direction was varied from 0 to 75 kg for x or z directions,
and 0 to 50 kg for y direction. There was a 5 kg pre-load and the load
cell readings due to this were subtracted from the recorded readings.
The load cell readings were then compared to the values calculated from
equations (11) to (16). The calculated values of Fy, ..., F; were plotted
against the measured values and the results are shown in Figs. 3t08. A
least squares linear fit was used with the origin (0,0) added to the data
points. These graphs can be used to relate the actual load cell readings
to the theoretical values given by equations (11) to (16).

3.1 Experimental notes :

(1) Positive readings on load cells 1,2,3 and 4 correspond to positive val-
ues of Fy, Fy, Fy, Fy respectively, i.e. tensile forces in the flex links apply
loads on the dynamometer plate in the positive coordinate direction in
each case.



(2) Positive readings on load cells 5 and 6 correspond to negative
values of Fy and Fj respectively, i.e. tensile forces in the flex links apply
loads on the dynamometer plate in the negative y direction.

(3) During an experimental test, two bolts holding the F) load cell
were damaged and required replacement. In doing so, it was believed
some mis-alignment had occurred and a re-calibration was recommended.
The results from the first calibration, completed on July 19, 2002, and
the second calibration, completed on July 24, 2002, are shown in Figs 3
to 8. Both calibrations show very good correlation between the calcu-
lated and measured load cell readings, indicating that the dynamometer
performs extremely well for the determination of static loads.

4 Determination of Fluid Forces from Dynamome-
ter Readings

The system of fluid forces Shuia on the model induces the system of forces
on the dynamometer plate Sy, which consists of {Fn(m=1,...,6)}
( see Fig. 1). Since the model and dynamometer plate are in static
equilibrium, the resultant of system Sgyiq is the negative of the resultant
system Sgyy. The system Sayn 18 equivalent to ( and can be replaced
by) a single force R acting at some point C' together with a couple
vector M that is parallel to R (see Appendix). The equivalent system
{R at C, couple M} is called a wrench or , more appropriately, a screw.
Given the six dynamometer readings Fp, (m=1,..., 6), we have the
following algorithm for determining the resultant R, its line of action
given by the set of positions of the point of application C, and the
couple M which is parallel to R. The algorithm is based on the analysis
presented in the Appendix.

(1) Evaluate R, M,, as

6 Fl
R=)F.=| F+F (17)
m=1 R+ R4 F,
6 Yo (F2 — F3) — z (Fs + Fy)
Mo=ZOPmXFm= 20F1+.’82(F4—F2—F3) (18)
m=1 I3 (Fs = }'75)
(2) Evaluate unit vectors u, w, v as
R
u = — 19
] e
R x Mo
= @ —_—— 20
TR x Mol =
vV=wXu (21)

6



(3) Evaluate 3 as
MO '

(IR

(4) Locate the point C in the u — w plane by defining its position
vector OC as

8=

(22)

OC =aqu+pw (23)

where o is an unspecified scalar parameter. The vector QC given by
equation (23) defines a line, as the parameter o varies. This is the line
of action of the force resultant R. Its equation is written in terms of

parameter « as
Uy Wy
y)l=aly | +8| w (24)
Uy W,

where the usual notation is used for the z — y — z coordinates of vectors
u and w.
(5) Evaluate couple M as

]

[

M= (Mo 0 ll) u (25)

(6) Since Say, = {R at C', couple M} we have Sy,iq = {-R at C, couple — M}
A MATLAB program implementing this procedure is given at the
end of this report.

4.1 Example

Determine the fluid force-couple system acting on a model when the
load cell readings are (in N) : F} = 139.03, F, = 83240, F3 =
—696.56, Fy =12.23, F5 = 217.30, F5 = 217.96

Results : From the MATLAB program provided, the fluid load is
a force Fyyq = —139.03 i— — 435.26 j—148.07 k (N) together with a
couple Myuia = 0.9291 i + 2.9088 j+0.9895 k (N.m). The line of action
of the force has the equation

z 0.2895 0.0198
y ] =a[09062 |+ 00543 (26)
z 0.3083 —0.1782

where o is an arbitrary parameter.

5 Conclusions

(1) The calibration formulae given in equations (11) to (16) provide
the theoretical load cell readings due to a known force R acting at a
known point C, assuming there is no misalignment. If there is some

7






6 Appendix : Reduction of a System of Forces to
a Wrench

Let S be a system of N forces F,, acting at points P, (m=1,..., N).
The objective is to replace S by an equivalent system S’consisting of a
force R acting at a point ¢ together with a couple M which is parallel
to R. The system S’ is known as a wrench or screw,

Let O be an arbitrary point. We know that F,, acting at P, is
equivalent to Fp, acting at O together with a couple of moment OP,,, x
F... Hence the system S is equivalent to (and can be replaced by) a force
R at O and a couple M, where

N

R=> Fn (27)

m=1
N

Mo=)> OP, x F, (28)

m=1
We now define an orthogonal triad of unit vectors at O as follows. In
general, the vectors R and M, are not parallel and define a plane. Let
u be the unit vector along R i.e.

" R

IR
The unit vector w normal to the R — Mp plane is
R x MO

Y SR X Mo (30)

(29)

Define
v=wXu (31)

Then v is a unit vector in the R — Mo plane and u, v, w form an or-
thogonal triad of unit vectors (see Fig. A.1). Since My lies in the u — v
Plane we write it in terms of u — v components as

M; = (Mo . 11) u+ (MO . V) v (32)

Let C be any point and let its position vector, written in u — v — w
coordinates, be
OC =au+fBw+yv (33)

where @, fand 7 are scalars. Then the system {R at O, couple Mo} is
equivalent to the system {R at C, couple M} where

M=CO x R+ Mp = — (au+fSw+yv) x [Rflu+ (Mo - u) u+ (Mo - v) v
= —AlIR[V-H[R|w+ (Mo - u) u+ (Mo - v) v (34)

9



We now choose the point C such that

MO°V

with o unspecified. Then from (34) we have
M= (Mo e l.l) u (36)

which is parallel to R. The system S is therefore equivalent to the system
{R at C, couple M} with M parallel to R.

10
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Figure 1. Schematic of Load Cell and Flex-link Layout in Dynamometer

Table 1. Measured Distances for Dimensions in Figure

Dimension Distance (mm)
X 209.8
1
x, 305.5
X, 152.5
Yo 70.0
z, 514
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Figure 2. Set-up for static calibration of dynamometer
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% Determination of Fiuid Loads from Dynamometer Readings (Cavitation Tunnel
Dynamometer)

% W. Raman-Nair, Institute for Marine Dynamics, May 2002

% The system of 6 forces acting on the dynamometer plate is equivalent to a wrench
(screw)

% consisting of a force R and a couple M which is parallel to R. The equation of the line of
action of R is determined.

% The fluid loads on the model are therefore equal and opposite to the system {R,M}

clear all

% Dynamometer characteristics : See diagram
x1=0.2098;

x2=0.3055;

x3=0.1525;

y0=0.070;

20=0.0514;

% Dynamometer readings interpreted as forces acting ON dynamometer plate : See
diagram

% Tensile forces (positive readings)in load celis 1,2,3,4 indicate positive F1,F2,F3,F4
% Tensile forces (positive readings) in load cells 5 and 6 indicate negative F5 and F6
F1=139.03; :

F2=832.40;

F3=-696.56;

F4=12.23;

F5=217.30;

F6=217.96;

%‘: ....................... #*

R=[F1 F5+F6 F2+F3+F4];
MO=[y0"(F2-F3)-20*(F5+F6) 20°F1+x2*(F4-F2-F3) x3*(F6-F5)];

Rmod=sqrt( R(1)*2+R(2)*2+R(3)*2 );
uu=R/Rmod;% Unit vector along R
RMO=cross(R,M0);
RMOmod=sqrt( RM0(1)A2+RM0(2)*2+RM0(3)*2 )
ww=RMO0/RMOmod;% Unit vector perpendicular to the R-MO plane
vv=cross(ww,uu);% Unit vector in the R-M0 plane normal to uu
beta=M0*vv'/Rmod;

=(M0*uu’)*uu;% Couple vector parallel to R
P=(MO0*uu’)/Rmod;% p=pitch of screw defined by the relation M=p*R
% The aquation of the line of action of R in terms of a parameter aipha is
% [x y z]=alpha*uu+bata*ww

% Outputs

F_readings=[F1 F2 F3 F4 F§ F6]

F_fluid=-R

M_fluid=-M

uu

‘beta*ww',beta*ww

‘The equation of the line of action of R in terms of a parameter alpha is'

'[x ¥ z]=alpha*uu+beta*ww’

%:: ---------------------------------- ARERRARE AR RREAAR AR RAARRARRR AN RS AN AR A d AR SR AR




