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LIT COEFFICIENT OF A RANDOMLY OSCILLATING HYDROPLANE

By M J Smith

1. ITOUTO

As experiments on low aspect ratio hydroplanes (Reference 1) were to be
conducted in the Zirculating Water Channel (CWC), (see Figure 1) at
DRA Maritime Division ARE Haslar, the opportunity was taken to include a
few tests where random signals would be used to oscillate the hydroplane
instead of the current practice of using regular sinusoidal signals.

This report describes both methods of analysis and compares the techniques
and results. In the 'regular' experiments (Reference 1) three different
aspect ratio hydroplanes were tested in several different flow speeds and a
number of different oscillation frequencies. As the 'random' tests were to
be performed when the regular experiments allowed, only one hydroplane
aspect ratio (1.5), (see Table 1), was tested in one flow speed (2.5 m/s
nominal).

For the random experiments two spectra were used, one narrow band and one
broad band. Spectrum 1 was a 5 second period ITTC spectrum covering
frequencies from 0.12 Hz to 0.44 Hz. Spectrum 2 was a constant energy
density spectrum covering frequencies from zero to 1.2 Hz.

The investigation was carried out under entity code RE005049

Package 15 C/09.

2. EXPERIMENTAL SETUP

The hydroplane under test was mounted on a vertical shaft which passed
through a gland in one of the floor panels of the CWC. The shaft was
activated by a position-control servo mounted below the floor, see
Figure 2. The servo rotated the shaft through angles proportional to
instantaneous signal voltage produced by a signal generator for the regular
tests and by spectrum synthesizer for the random tests. The spectrum
synthesizer, a BBC micro computer, is identical to those which drive the
wavemakers in the Haslar Ship Tanks and Manoeuvring Tank.

The shaft was strain gauged so that, as it rotated in response to the
demand from the input voltage, the torque, normal and tangential force on
the hydroplane could be measured. As there were problems with one of the
tangential force strain gauges it was decided to only look at the normal
forces.

In addition, a Laser-Doppler velocimetr was installed to measure the flow
velocity immediately ahead of the hydroplane. In the regular test the
instantaneous velocity measurements were used in the calculation of lift
coefficient. As the time histories of velocity showed very steady readings
only the average velocity as measured b, the LDV was used in the
calculating of lift coefficient for the random tests.

An on-line PDPll minicomputer was used to acquire the time histories of
flow velocity, demanded angle, achieved angle, lift, drag, and torque
throughout the tests, and the data was subsequently analysed using a
similar machine.
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Figure 2 shows how the servo was assembled, and Figure 3 illustrates the
disposition of the instruments in the CWC.

In this type of experiment, serious problems can arise as a result of small
amounts of backlash in the oscillation mechanism. Because the rotation of
the shaft reverses twice during each cycle in sinusoidal movement, it
follows that the torque will also reverse twice. At the instants of torque
reversal, the presence of backlash results in temporary disconnection of
the hydroplane from the actuator. The motor turns, but the hydroplane
shaft does not turn until the backlash has been taken up. At this point,
the shaft and hydroplane must accelerate rapidly. As a result, very large
transient torques occur each time the actuating torque reverses. These
transients can be reduced by controlling the shaft torque, rather than its
position, to respond to the demand signal; provided the comparatively small
discontinuity which arises in the shaft position signal can be tolerated.
For this test, however, it was decided to attempt to produce a very low
backlash system because accurate position, as well as force or torque are
required for most constrained model ship experiments.

The angular range and speed, and the frequency range over which the tests
were to be conducted precluded the use of a direct drive from the servo
motor to the hydroplane shaft. At the low angular speeds involved,
'cogging' of the motor would have resulted in discontinuous motions and
torques. The traditional way of dealing with this problem was to use a
fixed-speed electric motor to power a hydraulic drive consisting of a
variable swash plate pump and a hydraulic motor. The effective gear ratio
depends on the relative displacements of the pump and motor, and could
therefore be adjusted continuously and bidirectionally by changing the
swash plate angle. A small servo motor controlling the ±,wash plate could
therefore control very large amounts of power and provide continuously
varying output shaft speed. Although very reliable, these machines were
very noisy, inefficient, and required frequent routine maintenance.

After some investigation, a prime mover consisting of a variable speed dc
servo motor and a harmonic drive reduction gearbox was chosen for this
experiment. The harmonic drive can provide very high reduction ratios with
low backlash and high efficiency by means of a deformable gear. It is
described in Reference 2, and has proved very suitable for this type of
application. The output shaft of the harmonic drive was directly coupled
to the hydroplane shaft, and a toothed belt linked the shafts to a position
feedback potentiometer.

A block diagram of the servo is shown in Figures 4 and 5 gives a diagram of

the strain gauge positions,

3. ANALYSIS METHOD (Regular Experiments)

The servo controlling the hydroplane was fed with a sinusoidal signal of
fixed frequency and amplitude. Time histories of normal and tangential
forces and achieved angular displacement were acquired for a range of
frequencies and amplitudes.

By use of a least squares method the pha.,e, relative to a fixed arbitrary
reference point, and average frequency were found for each time history,
As the reference point is the same for each time history the phase of the
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output relative to the input can be found by subtracting one phase from the
other. The average angular displacement was found by taking the average
peak to trough value of each time history.

Time histories of lift were calculated from the time histories of normal
and tangential forces using the following expression:

L - N cos(a) + T cos(a)

where

L is lift
N is normal force
T is tangential force
a is angular displacement

From the time histories of lift and flow velocity the lift coefficienL CL
can be calculated by using:

CLU L
O.Sp U2 A

where

p is the density cf water (10 3kg/m3)
U is water flow speed
A is the area of the hydroplane

A value for the lift coefficient for each frequency and amplitude
combination was computed by taking the average peak to trough value in each
time history

4. ANALYSIS METHQR (Random Experiments)

Time histories of normal and tangential forces of a randomly oscillating
hydroplane were acquired using a PDPIl minicomputer. Also acquired were
time histories of acieved hydroplane angle, relative to the water flow
direction.

Time histories of lift and lift coefficient were calculated in the same way
as for the regular experimental data. The achieved angle used was the
instantaneous position corresponding to the simultaneous force
measurements. From these time histories a frequency response function
H(w) was calculated.

In a simple noise free measurement of a linear system the frequency
response function is the ratio of the Fourier transform of the response
time history to the simultaneously measured Fourier transform of the input
time history ie:

H( ) () (1)
X(W)

3



In this analysis X(6) would be the Fourier transform of the achieved
hydroplane angle and Y(6) would be the Fourier transform of lift
coefficient.

The above equation (1) is only valid for the idealised case where both
input and response are deterministic and noise free.

A signal classed as deterministic is one where the physical quantity being
measured can be described explicitly in terms of mathematical relationships
and therefore it is likely we can regard the derived signal in the same
way.

In this experiment as the input signal is random, that is, we will not be
able to predict precisely its value at any given future instant in time,
and noise free conditions are never achieved in the experimental
environment, the fundamental definition must be modified such that the
analysis proceeds in terms of statistical values from which a deterministic
relationship may be obtained.

This modification can be achieved by taking the ratio of the auto spectrum
of the response time history (lift coefficient) to the auto spectrum of the
input time history (hydroplane angle).

Unfortunately the method does not calculate any phase information. Also
the measurement of the normal and tangential forces, and hence the auto
spectra, will be noisy so that even after averaging, the frequency response
function can be inaccurate.

A better relationship is given by multiplying the numerator and the
denominator of equation (1) by the complex conjugate of the input Fourier
transform, thus:

H(6) - Y(W) Xe(0) . G" (w)
x(Q) x' (W) Gx(w)

where

Gxy(w) is the cross spectrum of input (X) and output (Y).

Gx(w) is the auto spectrum of the input (X).

* denotes complex conjugate.

The frequency response function will be in the complex form a + jb. To put
this information in a more useful form we must calculate the modulus and
phase of this response function as follows:

modulus - a=b

phase - tan "1 (b/a)

5. DISCUSSION OF RESULTS

Figure 6 gives the ASD for spectrum 1 together with the resulting lift
coefficient ASD. Figure 7 gives the same comparison for spectrum 2.
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Figure 8 shows a comparison of the narrow band and broad band frequency
response function amplitude whilst Figure 9 gives a similar comparison for
the phase part of the response functions. As can be seen from these
figures there is virtually no difference between the two sets of
measurements. Figures 10 and 11 gives graphs of achieved hydroplane angle
versus lift coefficient CL, each dot represents one of the 4096
measurements taken during the measurement of hydroplane response to
spectrum 1 and spectrum 2 respectively.

Figures 12 and 13 show comparisons, for amplitude and phase respectively,
between the broad band (random input) frequency response and individual
data points calculated from the regular input experiments. In Figure 12
most of the regular input data points compare very favourably with the
random response curve. The few points which are below the random response
curve are from the regular tests where the demanded peak to trough angular
displacement was ± 40 degrees. From observations it would appear that the
servo could not produce a sinusoidal change of position at this angular
displacement, this would tend to make the lift response non-linear and
hence invalidate the calculation of lift coefficient frequency response
function. A second and more likely explanation for this discrepancy is
that the lift response itself is non-linear at large angles, and this is
likely to be worse at low frequencies. The most probable cause of this
non-linearity is stall. There was some evidence of stall at large angles
in the regular experiments, however further work is required before a firm
conclusion can be drawn.

Figure 14 shows a graph of lift coefficient versus steady-state hydroplane
angle. Also plotted on this figure are points from the random tests where
the instantaneous values of both angular velocity and angular acceleration
were zero (points from both spectra). These 'dynamic' values compare
favourably with the steady-state results. It should be noted that the
steady-state results were obtained from over twenty tests whereas the
'dynamic' values required only one test. The 'dynamic' values only cover a
small angular range; however this range can be increased. This is
discussed later on in the conclusion.

In Reference 1 Ward and Lloyd give the following formula as a method for
¢.lculation of lift coefficient if angular displacement, velocity and
acceleration are known:

CL - ad + b& + ca

where

a is angular displacement (deg)

& is angular velocity (deg/sec)

& is angular acceleration (deg/sec2 )

The constants 'a', 'b' and 'c' were calculated from the regular data using
a least squares method. Figure 15 gives time histories of lift coefficient
produced from the random tests and a calculated time histories produced
from the measured angular displacement time history and the constants
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calculated by Ward and Lloyd (see Table 2). It can be seen from this
figure that the calculated time history almost exactly matches the measured
one.

Figures 16 and 17 show a graph of lift coefficient versus angle for all
points in the random record where the angular velocity and the angular
acceleration are both zero. Unlike the regular method, these data were
obtained without the need to perform a separate test.

Figures 18 and 19 show a graph of lift coefficient against achieved
hydroplane angle for all points in the random record where the angular
velocity was zero. The lack of scatter suggests that the angular
acceleration has little effect on the lift.

Figures 20 and 21 show a similar graph to that given in Figure 18 and 19,
but this time the points plotted are where the angular acceleration is
zero. The data appears to have a similar slope to that of the zero
velocity points but shows a significant amount of scatter indicating that
the angular velocity of the hydroplane has a marked effect on the lift,
although it could also be partly due to backlash in the servo mechanism.

It is possible to obtain data points with zero velocity and non-zero
hydroplane angle from the regular tests but these would always be at peak
values of angle. In the regular tests, data points with zero acceleration
would always occur at zero hydroplane angle and so would reveal little
information.

To calculate the constants 'a', Ib' and 'c', for the formula produced by
Ward and Lloyd (Reference 1), using the random test data, the time
histories of angular displacement were differentiated once with respect to
time to obtain angular velocity and twice to obtain angular acceleration.
TLen taking an arbitrary limit of ± 2 per cent of the peak value, the
velocity and acceleration time histories were scanned and any points
falling within the limit were treated as zero velocity and zero
acceleration respectively.

The constant 'c' can be calculated from the slope of curve given in
Figures 16 and 17 where the angular velocity and acceleration is zero and
hence:

CL -

The slope of this curve was calculated as 0.03 per degree for both graphs
whereas the value of 'c' calculated from the regular tests was 0.034 per
degree. The numbers are similar.
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For constants 'a' and 'b' the following formulae were derived:
when angular velocity is zero

a CLZ cc Sec/deg

and when angular acceleration is zero
SCL- cd

b = sec/deg

Figures 22 and 23 give a graph of 'b' for all data points where the angular
acceleration was zero, for spectrum 1 and spectrum 2 respectively.
Figures 24 and 25 show a graph of 'a' when the angular velocity was zero.
An average of these values was taken to give the constants 'a' and 'b',
these values are given in Table 2. From this table it can be seen that the
constant 'b' obtained from spectrum 2 compares well with the constant
derived from the 'regular' tests. The value obtained from spectrum 1 does
not compare as well but is of a similar magnitude. The values for the
constant 'a' from both spectra do not compare well but acceleration has
littlo effect on the lift coefficient and the fact that the values are
relatively small seems to bear this out.

Figures 26 and 27 give a comparison of measured and calculated Lift
Coefficient for spectra 1 and 2 respectively using the constants calculated
from the random data. In both graphs the measured and calculated time
histories compare favourably.

Figure 28 gives a comparison of lift coefficient predicted by using both
sets of constants with a normalised time history of angle of attack. It
was necessary to normalise the time history because at the position of the
hydroplane the flow was not parallel to the sides of the CWC and therefore
indicated zero angle for the hydroplane did not correspond to the angle
when lift coefficient was zero. From the graph it can be seen that the
predicted lift coefficient time histories do not differ significantly.

6. CONCLUSIONS AND FUTURE WORK

a. Eggerimen ation

From these results it can be seen that measurement of lift coefficient
and other similar quantities on constrained models can be conducted
more quickly and efficiently using random signals. In this example
the random signal method required ten minutes of experiments and a
couple of hours analysis, compared to several days of experiments and
about a week of analysis for the regular signal experiments. It has
been shown that the random tests gave a greater range of data than the
regular tests, and were able to measure some quantities, such as lift
at zero acceleration and non-zero angular displacement, which were not
available from the regular tests. For these reasons, an investigation
into the feasibility of constructing a planar motion mechanism capable
of being excited with random signals should be considered.
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b. Analysis Method

Initially, to test the random method, the points where angular

velocity and angular acceleration were zero were found by scanning the

appropriate file to detect any points that fell within a set limit. A

better method would be to interpolate each angular velocity and

angular acceleration record to obtain actual zero velocity and

acceleration and then find the corresponding points in the lift

coefficient time histories. This would not only give more data points

and a better spread of data, but would tend to reduce the scatter

thereby improving the accuracy of calculation when deriving the

constants 'a', 'b' and 'c'. Although the constant 'a' produced by

each method did not compare favourably they are relatively small in

magnitude in comparison with the constants 'b' and 'c' indicating

acceleration has little effect on lift coefficient. This difference

is therefore not considered significant.

In applying the transfer function measured by this method it should be

remembered that a transfer function is a linearised or 'small signal'

representation of system behaviour, it will not accurately predict the

behaviour of the hydroplane at large angles, for example when stalled.

c. Excitation

The spectra used as input to the system were chosen somewhat

arbitrarily. A more careful choice of spectra would be also likely to

add to the accuracy of the method.
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Table 1

Hydroplane Num~ber 2
Serial Number 45218
Hydroplane Area 0.0507 m2

Aspect Ratio 1I, 1.5
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Table 2

a b c
_________ sec2 /deg sec/deg deg'

Regular 0.000082 0.0023 0.034
Spectrum 1 0.0011 0.0055 0.03
Spectrum 2 -0.00061 0.0026 0.03



moveable cover 5m working section

Elevation
across
working
section

3m Impellei Motor

13 .3m 4m

I variabie belween 0I15r and 0.84m

Description of facility: vertical plane free surface
circulating water channel

Type ot drive system: toothed belt driven impeller
trom one of two motors

Total motor power: 
large motor 75kW
small motor 1.5kW

Working section max. velocity: 5.5 metres/sec

Max and min ABS pressures: 100 kn/me 40 kn/m2

Mounting of models: 
models can be mounted to
to suit the requirements
of each experiment
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