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Forced oscillation experiments

, By J. GERRITSMA
Henry Dunantlaan 37, 2614 GK Delft, The Netherlands

Forced oscillation experiments with scale models are carried out to determine
hydrodynamic characteristics of ships, with respect to motions in waves or steering
and manoeuvring qualities. Depending on the considered motion components, in a
horizontal or vertical plane, various methods are used to induce forced oscillations
which are discussed briefly. Some results of forced .oscillation experiments are
presented as examples of this technique and compared with calculations based on
numerical methods. The comparisons include, among others, the éffects of ship speed
and restricted water depth.

1. Introduction

Forced oscillation experiments with scale models are used in ship research for the
determination of hydrodynamic forces associated with oscillatery motions of ships
and other maritime constructions. The results obtained with oscillating models have
been used to determine the coefficients of the equations of motion, for instance to
validate theoretical models of the considered dynamic flow problems.

These have included s1mpllﬁed engineering solutions for the prediction of the
motion of a ship advancing in irregular sea waves, as well as advanced numerical
three-dimensional methods for the determination of hydrodynamlc forces, based on
rational theories.

In these oscillation techniques a scale model is forced to carry -out harmenic
oscillations of known amplitude and frequency. The required force is split up in a
component in phase with the motion of the body to obtain the hydrodynamic or
added mass, whereas the quadrature component is associated with damping.

The experiment may concern one particular mode of motion, for instance heaving
of a ship, or more complicated coupled motiens, generated by a so-called planar
motion mechanism, to obtain linear and nonlinear hydrodynamic coeefficients of the
equations of motion in a horizontal plane for the simulation of steering and
manoeuvring of ships.

Ags far as I know the first published forced oscillation experiment with a ship model
has been carried out by Haskind & Rieman (1946). Forced heaving motions at zero
forward speed were carried out in a range of frequencies and amplitudes of motion.
The results showed frequency-dependent damping, vanishing at high and low
frequencies, and frequency dependent hydrodynamic mass. The influence of
nonlinearities appeared to be small for the considered wall-sided mathematical ship
model. Later similar techniques have been used in various ship hydrodynamic
laboeratories as a consequence of the increased interest in the dynamics of ships.

Some results of forced oscillation experiments, carried out in the Delft
Shiphydrodynamic Laboratory, are briefly summarized here to illustrate the
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200 _ J. Gerritsma:

possibilities of this experimental technique with respect to the analysis and
validation of theoretical methods as used in ship science and engineering applications.

In addition, some recent results concerning the influence of high forward speed and
restricted water depth on hydrodynamic motion parameters of a ship will be
presented.

2. Vertical motions

The experimental set-up as used by Haskind & Rieman has been developed to
include the determination of the hydrodynamic coefficients. of the heave and pitch
equations of motion at forward speed.

These may be written as two linear coupled equations with frequency-dependent
coefficients:

(@+pV) E+bi+cz+db+ef+gh = F exp (iwt) (heave), } )

(4+1,,)6+B0+CO+Di+Ei+Gz =1 exp (iwt) (pitch),

where z is the heave, 0 is the pitch, w is the circular frequency, V is the volume of
displacement and I,, is the mass moment of inertia. F and M are the complex
exciting force and mement amplitudes.

The agreement between motion amplitudes and phase characteristics, as derived
from model tests in regular and irregular waves and corresponding calculations,
using hydrodynamic coefficients a,b,d.e,4,B,D,E obtained from forced oscillation
experiments as well as measured wave forces and moments ¥,M in the equations of
motion, is satisfactory for conventional hull forms at moderate forward speeds as
shown by Gerritsma & Beukelman (1967). ‘

Strip theory computations. using two-dimensional approximations for added mass
and damping of ship cross sections neglect the mutual interference of the flow
between those sections. Also three-dimensional effects at the ends of a ship, which in
particular are important for pitching metions, are not taken into account.

Nevertheless computed motion response functions for heave -and pitch agree quite
well with experiments in many cases, including length-beam ratios as small as 2.5.

A systematic model series derived from one particular hull form (Series Sixty
Cz = 0.70), of which the length-beam ratio varied from L/B = 4-20, has been force
oscillated in still water at forward speeds corresponding to Fn = 0.2 and 0.3. In
addition, motion response and added resistance experiments for heave and pitch in
regular waves have been carried out (Gerritsma et al. 1974). The results confirm in
more detail the applicability of the strip method. An example of measured damping
compared with a strip theory calculation is given in figure 1.

However, predictions of motions in following- waves as well as predicted relative
motions and added resistance at high forward speeds using strip theory calculations

do not agree with experimental results in all cases. Also, strip theory calculations
" cannot be used for the determination of forces in waves which are very short

compared with the length of the ship. Pitching amplitudes of long slender ships are
overestimated and they are underestimated in the case of sailing yachts.

- To study strip theory methods in more detail two-dimensional calculations for
shiplike cross sections have been compared with experimental results. First of all this
concerned Ursell’s (Ursell 1957) solution for the vertical oscillation of a circular

cylinder and its generalization for actual shiplike cross sections by Tasai (1960) and

others.
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Figure 2. Added mass and damping of a heaving circular cylinder. —
e, 2,=0:01m; 0,2, =0.02m; O, z, = 0.03 m.

Forced oscillation experiments with cylinders have been carried out by Vugts
(1970). These tests include a half-circular cross section as well as a triangle, and other
shiplike cross sections. The cylinders spanned the width of the towing tank to avoid
three-dimensional effects at the ends of the cylinders, and beaches on both ends of
the towing tank have been used to absorb the radiated damping waves.

In figure 2 the experimental result for a half—cn‘cular cross section is compared with
computed mass and damping.

In general the agreement is satisfactory, also for the other cross sections:
rectangular sections with beam-draught ratios 2, 4 and 8, two shiplike cross sections,
and a triangle. The experiments confirm the applicability of Ursell’s work, which has
been of great value for the progress in ship motion research.

Also computations based on finite-element methods have been carrled out,
showing similar accuracy. These proved to be useful in cases of complicated bottom
and/or wall geometry.

Based on the results of the cylinder tests it may be accepted that generally the

effects of viscosity can be neglected for vertical motions with moderate motion

amplitudes.
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Flgure 3. Arrangement of oscx]]atlon experiment with a segmented model. (i) z= rsin w;
(ii), F, sin (wt+¢€,).

Figure 4. Longitudinal distribution of damping coefficient, Fn = 0.20, L = 2.3 m. (2) w = 6 rad s™*;
(b) @ = 8 rad s7!. (i) Calculation; (ii) experiment.

Forward speed effects on the distribution of the hydrodynamic forces along the
length of a ship .are important, because they introduce longitudinal hydrodynamic
asymmetry and corresponding coupling between heave and pitch motions.

To investigate forward speed and three-dimensional effects a segmented model
technique has been introduced. The experimental set-up is shewn in figure 3.

Each separate segment of the ship model is connected to a stiff beam by means of
a dynamometer to measure the vertical hydrodynamic force acting on the segments.
The beam oscillates vertically with an harmonic motion and the forces on each

section are reduced to added mass and damping compenents. A continuous line, as

drawn in figure 4, approximates the distribution of the measured added mass and
damping. '

Strip theory methods predict the effect of forward speed on damping reasonably

well for conventional shipforms and moderate Froude numbers, say Frn < 0.40.

According to strip theory the longitudinal distribution of the damping coefficient
b’ is given by:

b =N —Vdm'/dz, (2)
where N’ is the two-dimensional damping coefficient of the cross section at x, and m’
is the corresponding added mass coefficient. "

In particular the linear speed dependency of the damping cross-coupling
coefficients of pitch and heave and their symmetry relation have been confirmed by
experiments (Gerritsma & Beukelman 1967).

In figure 4 the longitudinal distribution of the heave damping coefficient for a
Series 60, Cz = 0.70 hull form at Fn = 0.20, calculated with a strlp theory method,

- is compared with measured distributions.

To investigate three-dimensional effects, the longitudinal distribution of the
hydrodynamic forces at zero forward speed has also been calculated with the three-
dimensional radiation/diffraction panel methed WAMIT, developed at MIT

 (WAMIT 1988).
'thl. Trans. R. Soc. Lond. A (1991)
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Figure 5. Comparison of calculated added mass and damping distribution at zero forward speed,
L =23m, w=4rads'. @, Two-dimensional calculation; ——, three-dimensional calculation;
1, experiment.
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For a number of ship forms Adegeest (1989) determined the contribution of each |
segment of the hull to the total hydrodynamic mass and damping, using a suitable
panel distribution to fit the considered model segments.

Such panel distributions can be generated also for conditions with trim and heel a
angle and in addition they may include the wave contour along the hull as well, if this
is known.

For a Series Sixty €y = 0.70 model at low frequencies of oscillation w+/(L/g) = 1.9
and zero forward speed the WAMIT result agrees better with the experiment as
compared with the two-dimensional strip theory prediction, see figure 5, but for
higher frequencies very little difference between the two computed results exist.

A similar improvement for the low-frequency damping and added mass
distribution for this particular model has been found earlier by Maruo (1978) with a
revised formulation of his slender-body approximation.

The three-dimensional distribution of the damping coefficient at zero forward
speed, as computed by the panel method, may be transformed to the case of forward
speed by using expression (2) as a practical approximation.

For a sailing yacht hull form with L/B=4.5, B/T =2.5 this 1mproved
considerably the predicted heave and pltchmg.motlons in the range of maximum
motion amplitudes, as shown in figure 6. The same method proved to be successful
in the case of asymmetric cross sections, which have te be considered when a yacht
sails with a heel angle.

An extensive experiment to measure hydrodynamlc coefficients and wave forces as
well as the motions and the added resistance in regular head waves, has been carried
out with a L/B= 10 symmetric mathematical Wigley hull form: (Gerritsma.1988).
King & Beck (1989) developed a three-dimensional time domain seakeeping

Prhil. Trans. R. Soc. Lond. A (1991) )
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calculation method using a linear theory to determine the hydrodynamic forces on
the hull due to motions, as well as the exciting forces due to the incident waves. The
potential flow problem was solved in the time domain rather than in the frequency
domain, but the results have been presented in frequency domain coefficients of the
motion equations to compare with experiments and strip theory results. This
approach covers the three dimensionality of the hull and forward speed effects to
some extent.

King & Beck make an extensive comparison of this three-dimensional method with
strip theory calculations and the Delft experiments, including also the wave exciting
forces. Generally the agreement of both calculation methods with the experiment is
good, with some slight imprevements of the three-dimensional panel method
compared with the strip theory method.

The heave-pitch damping cross-coupling coefficients, as predicted by this three-
dimensional method, are close to the measured values. Apparently the longitudinal
distribution of the damping coefficient as a result of forward speed is quite accurately
predicted method for this symmetric slender model.

3. High forward speed

So far the forced oscillation experiments concerned moderate ship speeds and
conventional displacement type hull forms. An important area of interest is the
seakeeping behaviour at high speeds. In particular the operability of a fast ship
depends to a large degree on the motion response and the vertical accelerations of the
ship in a seaway. The reliable prediction of these quantities is a valuable tool for the
designer of such vessels.

The applicability of strip theory methods for high speed naval ships has been
investigated by Blok & Beukelman (1984). They concluded that motion amplitude
and vertical acceleration predictions, based on strip theory, agree very well with
measured motions for a high-speed displacement type hull form at speeds as high as
Fn = 0.57 and 1.14, see for instance figure 7. Also added resistance and relative
motions were predicted well for Fn = 0.57, but some differences occur at Fn = 1.14.
The prediction of these two important aspects of ship behaviour in waves depends on
the phase of the motion with respect to the wave and this in turn depends to some
extent on the longitudinal distribution of damping and added mass.

The speed range considered in this case exceeds the commonly accepted limits for
the applicability of strip theory methods. The hydrodynamic pressure distribution at
high forward speed and zero frequency of oscillation in calm water may be
characterized by pronounced trim, sinkage, dynamic lift and nonlinear ship waves.

Generally these phenomena are not included in prediction metheds based on
calculations.

To study these effects in more detail Keuning carried out forced oscillation
_ ‘experiments with a segmental model of the same hull form as used by Blok &
Beukelman at the same high speeds (Keuning 1990).

The model, with L/B = 8, B/T = 4, has flat sections aft, but the relatively low rise
of the centre of gravity, observed during the resistance tests in calm water, indicated
only a moderate influence of dynamic lift in the considered speed range.

The oscillation experiments have been carried out with trim and sinkage,
corresponding to the considered forwards speeds. The in-phase compenent of ‘the
hydrodynamic force contains a contribution of the restoring force.

Phil. Trans. R. Soc. Lond. A (1991) :
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Figure 7. Vertical acceleration amplitudes at Fn = 1.14. ——, Calculated; 0, experimental.

Figure 8. Added mass and damping distribution at high forward speed; Fn = 1.14, L =2m,

w = 15 rad s™.. ———, Strip theory; (i) experiment; (ii) calculated with experiment, dm’/dz.

For moderate speeds and conventional ship forms the linear hydrostatic restoring
force at zero speed and frequency may be used as an acceptable simplification, but
at high Froude numbers the pressure distribution differs considerably from this
assumption. At zero forward speed the hydrostatic restoring forces of the separate
segments are only slightly nonlinear with respect to vertical displacement, but high
forward speed introduces significant nonlinearities.

To include the actual restoring force in the determination of added mass an

additional experiment has been carried out te determine the restoring force of each
section as a function of vertical displacement at Fn = 1.14 and zero frequency of
oscillation. To this end the model was vertically displaced in small steps and the
resulting restoring moement was measured as a function of the heave displacement.
The total vertical force recordings in the time domain were reduced by the measured
~nonlinear restoring forces. The in-phase component of the corrected vertical force
was used to determine the added mass. The experimental results for added mass,
obtained in this way, have been compared with strip theory calculations in figure 8.
The experimental longitudinal distribution of the added mass is now almost
independent of the oscillation frequency and there are no negative values for some
of the sectional added masses, which resulted when linear hydrostatic restoring
forces were used in the analysis. The agreement between experiment and
-computation is improved by this procedure, but the added mass of the flat sections
aft is overestimated, as shown in figure 8.

The determination of the damping distribution is not affected by this method. As
shown in figure 8 the damping coefficients according to strip theory calculatlon are
also overestimated in the aft part of the hull.

This.is due to the erroneous sectional added mass prediction in this part of the hull,
using hydrostatic restoring force coefficients.

A better correlation is obtained when the longitudinal damping distribution is

Phil. Trans. R. Soc.. Lond. A (1991)
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based on the slope of the experimental added mass distribution as discussed, using
equation (2) for the forward speed transformation, see ﬁgure 8.

Apparently this approximation of the forward speed effect on the dampmg
distribution is also useful at high Froude numbers.

Three-dimensional computations, using the WAMIT computer program, have
been carried out for this hull form, using the experimental values for trim, sin‘kage
and the wave profile along the hull The agreement with the experiment is not
improved, compared with strip theory results, except for the predicted added mass
of the aft sections, which is closer to the measurements (Adegeest 1989).

In view of motion response calculations the wave exciting forces for this particular
hull form have been measured using a restrained model in regular waves. The strip
theory predicts these forces quite well, as found earlier for much lower Froude
numbers (Gerritsma & Beukelman 1967). This may be due to the relatively small
diffraction part, compared with the Froude-Krylov force, resulting from the
undisturbed wave pressure integrated over the hull surface. Even gross errors in the
computed diffraction forces may be masked in the predicted total wave force. This
does not apply to all cases. For instance for very small wavelengths, say A/L < 0.5,
which are of interest for hydroelastic behaviour of long ships, the wave exciting
forces cannot be predicted by strip theery methods, as shown by Moeyes (1976). He
used a 24-segment model of a tanker to determine wave forces to study springing
phenomena, caused by wave excitation in the frequency range of the two-node
natural frequency of vertical ship vibrations. It is expected that three-dimensional
panel methods are more suited to compute the wave excitation in this case.

For the displacement-type hull-form trim, sinkage and wave profile have not been
taken into acceunt using the strip theory calculation for the determination of the
sectional hydredynamic forces and hydrostatic values for the restoring forces have
been assumed. Apparently errors due to this rather strong simplifications tend to
cancel each other.

For Fn = 1.14 the motion amplitude prediction is still satisfactory, but the added
resistance is underestimated. It may be concluded that-simplified calculation
methods for the prediction of heave and pitch amplitude response functions still hold
for high forward speeds. The exceptions concern related phenomena, such as relative
motions and added resistance, which depend to some extent on the longitudinal
distribution of the hydrodynamic forces. The distribution of these forces at high
speeds cannot be determined without experimental data, because of the speed-
dependent, strongly nonlinear restoring forces and moments.

4. Restricted water depth

Vertical motions in shallow water are important in view of the allowable keel-
‘clearance of very large ships entering coastal waters.

As in the case of unlimited water depth, added mass, damping and their
longitudinal distributions have been determined for the Series Sixty Cy = 0.70 ship
model for water-depth/draught ratio’s A/T = 1.15-2.4 (Beukelman 1982). The
results show increasing added mass and damping coefficients with decreasing water
depth, in particular when /T < 1.5.

The distribution of added mass, normalized with the total added mass, is not
greatly influenced by the water-depth/draught ratio, but a significant increase of
damping near the bow with decreasing water depth is observed.

Phil. Trans. R. Soc. Lond. A (1991)
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The results of mass and damping calculations, using strip theory and multipoles
for the two-dimensional cross-section approximations, as well as two- and three-
dimensioenal numerical panel metheds, using source distributions; do not give a
pronounced preference for one of these methods (Beukelman et al. 1983).

The use of numerical methods assuming potential flow, is not fully ebvious here,
because an important influence of viscosity could be expected, in particular for very
small keel clearances. |

However, the calculations agree rather good with the experiment, except for
frequencies lower than w+/(L/g) = 1.9, where the three-dimensional methed gives a
slightly better result than the other two methods.

- Tt may be concluded that each of these numerical methods is applicable for the
prediction of vertical ship motions in shallow water for engineering purposes.

The horizontal hydrodynamic forces acting on a slowly oscillating ship in shallow
water are of interest for the determination and analysis of the steering and
manoeuvring qualities of ships. The same Series-Sixty ship model has been used to
carry out forced low-frequency sway and yaw oscillations, as well as static drift angle
tests (Beukelman & Gerritsma 1983).

For a small water depth, A/T = 1.15, the agreement between calculation and
experiment is not satisfactory, in particular for sway damping. Apparently viscosity
has an important influence on the damping force distribution in the after part of the
ship. Also the prediction of added mass for /7" = 1.15 does not agree with the model
experiment.

For relatively high Froude numbers very important forward speed effects on the
horizontal hydrodynamic forces may be expected and the Froude number based on
water depth: Fnh = V/+/(gh) should be considered in this respect. Strong non-
linearities occur when the ship speed approaches 1/ (gh).

Recently an experiment with a model of a Ro—RO passenger ferry has been carried
out in the Delft Ship Hydrodynamics Laboratory te investigate the directional
stability as a function of trim and forward speed in shallow water. The tests were
carried out with rudders fixed in the neutral position and propellers running at the
self-propulsion point of the ship to avoid unrealistic propeller loading and a cor-
responding increase of the effective rudder area.

For the fixed-rudder case linearized equations of motion are used te determine the
stabilty roots o,:

(m—Yy) B+ Y, B+Yi +(Y,—m) + =0 <sway),} (3)

N,’;ﬂ.+N/}.ﬂ+(lu—Nr-)’f’— =0 (yaw),

with the solution:
B = pe%t, r =remt

Positive stability roots indicating directional instability, were found in all considered
conditions, which included water depths ranging from A/7 = 1.4-2.2 and speeds
corresponding to Fn = 0.262. For speeds exceeding V/+/(gh) = 0.8 the fixed control
instability increases very rapidly and trim by the bow enhances this effect. »
For h/T = 2.2 and two trim conditions the stability roots as a function of forward
speed are depicted in figure 9. Although a certain amount of fixed control instability
is acceptable in- many cases, the sharp increase of the instability ‘at certain
combinations of trim, forward speed and water depth-should be a matter of concern,

PHil. Trans. R. Soc. Lond. A (1991 :
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Figure 9. Stability roots of a roll-on-roll-off passenger ferry in shallow water. = 12.5 m,
L=126.1m, B=227m, T = 5.69m, h/T-=22. o, Even keel; a, trim by the bow 0.75 m.

as pointed out by Bishop ef al. (1988), in particular for high-powered ships, with a
high-speed potential in shallow water..

It should be remarked that this model experiment has been carried out in a
conventional towing tank and consequently the width of the tank caused a virtual
depth decrease. In the considered case this would correspond to a depth decrease of

15% and a 7% decrease of the critical wave speed.
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Discussion

R. Eatock TayLor (University of Oxford, U.K.). Professor Gerritsina has shown some
impressive comnparisons between the results of experiments and strip theory. There
are several variants of the theory, and my discussion is prompted by the approach
published by Newinan (1977). This is considerably simpler than the ‘unified” slender-
body theory which came later, and there is some evidence that it provides superior
predictions to those of earlier strip theories. It is in the expression for distributed
vertical force that Newinan’s 1977 formulation differs significantly from those of
Gerritsma & Beukelman (1967), Salvesen et al. (1970), and others.

The most inarked difference between Newman’s forinulatien and others appears to

" be the selection of frequency at which the two-dimensional added mass and damping

coefficients are evaluated: in the former the wave frequency is used where as other
theories use the wave encounter frequency. This and other differences were
investigated by Andrew (1985), who also. inade an extensive series of measurements
of the distributed wave force. The experiments were conducted at the Admiralty

Research Establishment (Haslar) using a model of a destroyer, some of the

equipment being borrowed from Professor Gerritsma’s laboratory.

Andrew found that the phase angles of the integrated heave force and pitch
monient, which were not well predicted by Salvesen ef al.’s theory (STF) were in
general predicted much more reliably by the Newman theory (N). By implication the
latter should give better predictions of motion responses, particularly relative
inotions. Andrew also observed that N was generally better than STF in correlating
with the magnitude and phase of the distributed vertical force over the afterbody
region of the hull particularly at higher speeds and wave frequencies. Over the
forebody region, however, ¥ was found to overpredict the foice to a greater extent
than sTF. Near the middle of the hull, Andrew noted that these two theories gave

- generally similar results but underpredicted the measured values.

It appears that Newman’s 1977 forinulatien has not received the attention
accorded to other strip theories. It may provide better predictions of motions,
although estimates of local bending moments and shear forces may not be improved
to the same extent. There is clearly therefore a need for fully three-dimensional
analyses such as presented in the next paper. Comparison of results with those from

Phil. Trans. R. Soc. Lond. A (1991)
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careful experiments on segmented models; such as presented by Professor Gerritsma,
will form a vital part in the validation of these latest numerical analyses. Although

“his paper emphasized the forced oscillation problem, his comments on this wider

issue of hydrodynamic leading on ships would be of great interest.

-J. GERRrITSMA. The distribution of vertical wave-loads, as discussed by Professor

Eatock Taylor, has been measured and calculated for the considered destroyer hull

- form. The calculated distributions of the vertical wave force, according. to a strip

theory method and with the three-dimensional approximation mentioned in the
paper, were both very near to the experimental result. Apparently the diffraction
part of the wave force is small compared with the Froude—Kriloff part of the total
wave force. Therefore an improvement of the calculation, as proposed, has little
influence on the total wave force in this particular case. For less slender hull forms,
small wave lengths and low fiequencies improvements with three-dimensional
methods can be expected. I agree that such three-dimensional solutions require
careful experimental verification.

M. GREENHOW (Brunel University, U.K.). My comment concerns low-frequency
forced oscillations. Here, to get sizeable forces, one has to drive the body with large
heave amplitudes. The problem is then nonlinear since the wetted surface (or its
distance from the free surface for submerged bodies) changes significantly, although
the free surface stays quite flat. How then can we attribute the forces to added mass
and damping type forces ? Perhaps the problem is best solved as described by Beck
at the preceding IUTAM Conference.

J. GERRrITSMA. In general forced oscillation experiments are carried out for a range

- of moetion amplitudes and frequencies to study nonlinearities. The accuracy of the

force dynamometers limits the lowest frequencies and also reflections of the.
generated damping waves against the tank walls are important in this respect. For
normal ship hull forms and moderate vertical motion amplitudes linearity is an
acceptable approximation for damping and added mass, except for very high and
very low frequencies which are less important for ship motions in waves.

D. W. RoBinsox (Lloyd’s Register, London, U.K.). Comparisons were shown of pitch
and heave transfer functions for a destroyer hull form at high forward speed and they
showed excellent agreement between model experiments and strip theory. Assuming
the experiments were conducted at reasonably low wave heights and ebserving the
nonlinear nature of Professor Gerritsma’s added mass and damping results, could
such agreement for pitch and heave have been obtained for higher wave heights?
Also, does the nonlinear nature of the addedd mass, in particular, bring into question
the validity of using conventional segmented model experiments te measure moment
and force transfer functions using low wave amplitudes ?

~ J. GErrITsMA. Mr Robinson rightly remarks that the destroyer motions were

calculated for moderate wave conditions. High waves could introduce nonlinearities,
but these were not considered in the experiments. In the forced oscillation
experiment the primary cause of nonlinearity was the strongly nonlinear restoring
force at high speed. When this had been subtracted from the excitation force, the
assumption of linear added mass was very acceptable, as shown in the paper.

Phil. Trans.. R. Soc. Lond. A (1991):
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H. MAEDA (Japan). 1 remember being impressed by Professor Gerrltsma s forced
oscillation experiment in 1963. This test uses sinusoidal oscillations. In contrast,
transient oscillations include a range of frequencies for hydrodynamic forces, and
they save experiment time as one test covers the range of frequencies. This forced
oscillation test was developed in Japan, mainly by Takezawa, and I have successfully
applied it several times.

J. GERRITSMA .. Transient forced oscillation tests have been carried out in the Delft.
Ship Hydrodynamics Laboratory, as a substitute for harmonic oscillation. Up to now
the last method is preferred because of greater accuracy in a large range of
frequencies and the possibility te analyse nonlinear phenomena in more detail.

Additional references

Andrew, R. N. 1985 Distributed vertical force on a ship with forward speed. D.Phil. thesis,
University of London, U.K.

Gerritsma, J. & Beukelman, W. 1987 Analysis of the modified strip theory for the calculation of
ship motions and wave bending moments. Int. Shipbuilding Prog. 14, 319-337.

Newman, J. N. 1977 Marine hydrodynamics. Cambridge, Massachusetts : MIT Press.

Salvesen, N., Tuck, E. 0. & Faltinsen, 0. 1970 Ship motions and sea loads. Soc. nav. Architects
mar. Engrs Trans. 78, 250-287.
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FORCED OSCILLATION EXPERIMENTS

J.GERRITSMA

1. INTRODUCTION

Forcedvoscillationvexperiments with scale models are used in
ship research for the determination of : hydrodynamic forces
associated with oscillatory motions of ships and other

maritime constructions. The results obtained with oscillating

- models: in still water have been used to determine the

coefficiéqts of the equations of motion, for instance to

‘Validate theoretical medels of the COhsidered dynamic flow

problems.
These have included simplvfied engineering solutions for the
prediction of the motion of a ship advancing in irregular sea

waves, as well as advanced numerical three dimensional methods

for the determination of hydrodynamic. forces, based on

rational theories.

In these oscillation techniques a scale model is forced to
carry out harmonic oscillations of KkKnown amplitude‘ and
frequency. The required force is split up im a component in
phase with the motion of the bedy to obtain the hydrodvnamic-

or added mass, whereas the ‘quadrature component is associated

with damping.

'The experiment mav concern one particular mode of motion, for

instance heaving of a ship, but more complicated coupled
motions are for instance generated' by a so called' planar

motion mechénisme‘tp obtain linear and non-linear hvdrodynamic
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coefficients of the equations of motion in a horizontal plane
for the simulation of steering and manoeuvring of ghips.

In a few cases free running self-propelled models with an
intérnal force- or moment-excitator havé been used to
investigate rolling or 1lateral 1low-freguency motions. The
precession moment of gyroscopes, mounted inside the model,
produced a roll excitation and the athwartship thrust of air-
propellors mounted on a self—bropelled model has been used to
produce yawing moments and sway forces.

Full size ship rolling has been generated byv oscillating the

rudder or the gstabilizers, but‘the magnitude of the exciting
moment is difficult to measure in such cases.
An athwartship moving mass, designed as a roll damping device,
has been used as a roll-motion excitator of which the
excitation moment could be determined with acceptable
accuracy.

Another category of forced oscillation experiments concerns
the sloshing of a fluid with a free surface in a tank. The
motion of the fluid in a tranversily arranged tank generates a
rolling moment and its quadrature component prodﬁces roll
damping. This property has been used to design passive anti-
rolling tanks, based on systematic experiments with model
tanks.

Another aspect of sloshing fluid in oscillating tanks
concerns the hydrodynamic load on the construction resulting
from the fluid motion, which is of interest for ships carrying
liquid cargo. Model experiments with oscillating model tanks

have been carried out to determine such loads.



3

As far as Kknown to‘the Author the first forced oscillation
experiment with a ship model has been carried out by Haskind
and Rieman [1]. Forced heaving motions at 2zero forward speed
were carried out in a .range of fregquencies and amplitudes of
motion. The results showed frequency dependent damping,
vanishing at high and low frequencies, and frequency dependent
hydrodynamic mass. The influence of non-linearites appeared to
be small for the considered wall-sided mathematical shipmodel.

The vertical harmonic motion was obtained with a Scotch yoke
mechanisme, using a soft spring as a dvnamometer, the measured
compression of the spring being proportional to the excitation
force. The phase difference between the uppér and lower end of
the spring provided the additional information to determine
the in-phase and quadrature components of the heaving force.
Later, similar techniques have been used in various ship
hydrodynamic laboratories as a consequence of the increased
interest in the dynamics of ships in a seaway.

Some results of forced oscillation éxperiments, carried out in
the Delft Shiphydrodynamic Laboratory, are briefly summarized
here to illustrate the possibilities of this experimental
technique with respect to the analysis and validation of
theoretical methods asrused in ship science and engineering
applications.

In addition, some recent results concerning the influence of
high forward speed and regtricted water depth on hydrodynamic

motion parameters of a ship will be presented.

2. VERTICAL MOTIONS.
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The experimental set-up as used by Haskind and Rieman has
been developed to include the possibilty to determine the
hydrodynami¢ coefficients of the c;upled equations of motions
of heave and pitch at forward speed.

These may be written as two 1linear coupled eqguations with

frequency dependent coefficients:

<O,'i~PVJ 7 gif—c,z+dé'_+eé+? o . Fott 15“]

. e P ' e [ . -"' (:lk)T
(A+Jyy )0+ Berlo ¢ DT +EL +G 4 =Me

with: z = heave, @ = pitch, ) = circular frequency, V is the

volume of displacement and I77 is the mass moment of inertia.

F and M are the complex exciting force and moment amplitudes.

The agreemént between motion amplitudes and phase

characteristics, as derived from model tests in regular waves

and corresponding - calculations, using hydrodynamic
coefficients a,b,d,e,A,B,D,E obtained from forced oscillation |
experiments as well as measured wave forces and moments F,M in

the egquations of motion, is satisfactorv for conventional hull

forms at moderate forward speeds as shown in [2].

Amplitude and phase characteristics, obtained from tests in

regqular waves ‘with wvarying wave heights and "tests in
longcrested idrregular waves, usin§ cross—-spectral analysis to

obtain these characteristics, seem to indicate that the
assumption of linearity is an acceptable simplification, at

least for engineering applications.
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Strip theory _computations using two dimensional
approximations for "added mass and damping of ship 'crbss
sections neglect the mutual interference of the flow between
those sections. AISO’thrge—zdimensional effects at the énds of
a ship, which in particular are important for pitching
motions, are not taken into account.

Nevertheless computed motion response functions for heave and

pitch agree quite well with experiments 1in many cases

including length-beam ratios as small as 2.5.'

A systematic model series derived from one particular hull
form (Series 8Sixty CB=.70), of which the length-beam ratio
varied from L/B = 4 to 20, has been force-oscillated in still
water at forward speeds correépon&ing to Fn-= 0.2 and 0.3. In
addition, motion response and added resistance experihents for
heave and pitch in regular waves have been carried out [3].
The results confirm in more detail the applicability of the
strip method. An example of measured added mass and damping
compared with étrip thebry calculation is given in Figure 1

However, predictions of motions 1in following waves as well
as predicted relative motions and added resistance at high
forward speeds using strip theory>ca1cu1ations do not agree
with experimental results in all cases. Also, strip theory
calculations cannot be used for the determination of forces in
waves which are very short compared with the 1length of the

ship. Pitching amplitudes of long slender ships are over-

estimated and they are under-estimated in the case of sgailing

yachts.
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To study sfrip—theory methods in more detail two-dimensional
calculations for ship like cross sections have been éompared
with experimental results. First of all this concerned
Ursell's solution for the vertical oscillation of a circular
cylinder [4]) and its generalisation for actual ship like cross
sections by Tasali [5] and others. The éffect of shallow water
has been included by Porter [6].

Forced oscillation experiments with cylinders -have been
carried out by Vugts.. These tests include a half-circular
cross—section as well as a triangle, and other ship-like cross
sections [7). The cylinders spanned the width of the towing
tank to avoid three—dimensioﬁal effects at the ends of the
cvlinders, and beaéhes on both ends of the towing tank have
been used to absorb the radiated damping Waves. '

In Figure 2 the experimental results for the half-circular-
and the tfiangular cross-sections are compared with computed
mass and damping.

In general the agreement is satisfactory, also for the other
cross sections: rectangular sections with beam-draught ratios
2,4 and 8 and two ship-like cross sections.

The experiments confirm the apblicabilit§j of Ursell's work,
which has been of great value for the progress in shipmotion
research.

Also computations based on finite element methods have been
"carried out, showing similar accuracy. These proved to be
useful in cases of complicated bottom and/or wall geometry.

Based on the results of the cylinder tests it may be

accepted that the effects of viscosity can be neglected for

vertical motions with moderate motion amplitudes.




Forward speed effects on the Adistribution of the
hydrodynamic forces along the length of a ship are important,
because they introduce longitudinal hydrodynamic asymmetry and
corresponding coupling between heave and pitch motions.

To investigate forward speed- and three-dimensional effects

a segmented model technigque has been introduced. The
experimental set up is shown in Figure 3.
Each separate segment of>the shipmodel is connected to a stiff
beam by means of a dynamometer to measure the vertical
hydrodynéhic force acting on the segments. The beam oscillates
vertically with a harmonic motion and the forces on each
section are reduced to added mass and damping components. A
continuous 1line, as drawn in Figure 4, approximates the
distribution of the measured added mass and damping.

Strip theory methods predict the effect of forward speed on
damping reasonable well for conventional shipforms and
moderate Froude numbers, say Fn < 0.40.

According to strip thebry the longitudinal distribution of the

damping coefficient b' is given by:
b'= N' - V.dm'/dx (2)

where: N'- the two-dimensional damping coefficient of the

cross section at x, and m' is the corresponding added mass. -, .

In particular the 1linear speed dependency of the damping
cross coupling coefficients of pitch and heave and their

symmetry relation have been confirmed by experiments [2].

o~
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In Figure 4 the longitudinal distribution of the heave damping

coefficient for a Series 60, CB=.70 hull form at Fn=.20,

calculated with a strip theory method, is compared with

measured distributions.

To investigate three-dimensional effects, the 1longitudinal
distribution of the hydrodynamic forces at zero forward speed
has also been calculated with the three-dimensional
radiation/diffraction panal methog WAMIT, developed at

M.I.T.[8].

'For a number of gship forms Adegeest [9] determined the

contribution of each segment of the hull to the total

.hydrodvnamic mass and damping, using a suitable panel

distribution to fit the considered model segments.

Such panel distibutions can be generated also for conditions
with trim and heel aﬁgle and in addition they may include the
wave contour along the hull as well, if this is Kknown.

For a Series 8Sixty Cb=0.70 model at 1low frequencies of

oscillation and =zero forward speed the WAMIT result agrees

better with the experiment as compared with the two-
diménsional strip theory prediction, but for all other
frequencies very little difference between the two computed

results exist, see Figure 5.

An similar dimprovement for the low frequency damping and

added mass distribution for this particular model has been
found earlier by Maruo with a revised formulation of a his

slender body approximation ([107].
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The three-dimensional distribution of the damping
coefficient at zero forward spéed, as éomputéd by fhe panel
method, may be. transformed to the'case_of forward speed using
the-ekpression (2), as a practical approximation.
For a sailing yacht hull form with L/B=4.5, B/T=2.5 this
improved considerably the predicted heave énd pitching motions
in the range of maximum motion amplitudes, as shown in Figure
6. The same method proved to be succesful in the case of
asymmetric cross-sections, which have to be considered when a

vacht sails with a heel angle.

An extensive experiment to measure hydrodynamic
coefficients and wave forces as well as tﬁe motions and the
added resistance in regular head waves; has been carried Qut
wibh a L/B=10 symmetric mathematical Wigley hull form [11].

The hull form is given bv:

£-(1- @) (1- ) rontg) 2T - @No- (2 f

King [12] ‘developed a three-dimensional time domain
seakeeping calculation_ method wusing a 1lineair theory .to
determine the hydrodyvnamic forces on the hull due to motions,
as well as the exciting forces due to the incident waves. Tﬁe
potential flow problem was solved in the time domain rather
. than in the fregquency domain, but the .results have been
presented in frequency domain coefficients of the motion
equations ‘to compare Qith experiments and strip theory
results. This approach covers the three-dimensionality of the

hull and forward speed effects to some extend.

<

)
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In [12] an extensive comparison has been made of this three
dimensional method with strip theory ‘computations aﬁd ‘the
Delft experiments, including also the wave exciting forces.
Generally the agreement of both calculation methods with the
experiment is good, with some slight improvements of ‘the
three-dimensional panel method compared with the strip theory
method.

In particuiar | the heave-pitch damping Cross coupling
coefficiéﬁts are better predicted by the three-dimensional
method and are very close to the measured values; see Figure
7. Apparently the 1longitudinal distribution of the damping
coefficient as a result of forward speed is predicted better
by ‘the ‘three—dimensional method for this symmetri¢ slender

"model.

3. HIGH FORWARD SPEED

So far the forced oscillation experiments concerned moderate
ship speeds and conventional displacement type hull forms.
An iImportant area of interest 1is the seakeeping behaviour at

high speeds. In particular the operability of a fast ship

depends to a large degree on the motion response and the

vertical accelerations of the ship in a seaway. The reliable
" prediction of these guantities is a valuable tool for the
designer of such vessels.

The applicabilty of strip theory methods for high speed
naval ships has been investigated by Blok and Beukelman [13].

They concluded that motion amplitude and vertical acceleration

predictions, based on strip theory, agree very well with

measured motions for a high speed displacement type hull form
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at speeds as high as Fn = 0.57.and 1.14. Also added resistance
and relativé motions were predicted well for Fn =0.57, but
some differences occur at Fn .= 1.14, see Figure 8. The
prediction of these two important aspects of ship behaviour in
waves depends on the phase of the motion with respect to the
wave and this 1in turn depends to some >extend on the
longitudinal distribution ofndamping and added mass.

The speed range considered in this_éase exceeds the commonly
accecpted limits for the applicability of calculation methods.
The hydrodynamic pressure distribution at high forward speed
and zero frequency of oscillation .in calm water may be
characterizedvby pronounced trim, sinkage, dynamic 1lift and
non linear ship waves.

Generally these phenomena are not included in prediction

methods based on calculations.

To study these effects in more detail Keuning carried out
forced oscillation experiments with a segmented model of the
same hull form as used by Blok and Beukelman at Fn = 0.57 and

(

Fn = 1.14, [14].

Their modei is the parent form of a high speed displacement

hull form series, with L/B=8, B/T=4, Cb=0.396. Although the
model has flat sections aft, the relatively low rise of the
center of gravity observed during the resistance tests ih calm
water indicated a moderate influance of dynamic lift in the
considered speed range. |

The oscillation experiments have been carried out without
trim and sinkage, but also with trim and sinkage corresponding

to the considered forwards speeds. The former condition

¢

e
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appearéd to be unrealistic because of the extreme bow wave and
the very sﬁall immersion of the flat séctions aft. Thus oply
the trim and sinkage condition, as measured at the considered
forward speed in still water, will be conside}ed here.

The in-phase component of the hydrodynamic force contains a

contribution of the restoring force, as shown in equation (4).
For the heaving model:
F cos E= (a+ f-V)z‘_w - Cz4, (4)

where & is the phase of the excitation force with respect to
the motion.
A similar expression holds for each of the separate segments.
For moderate speeds and conventional ship forms the 1linear
hvdrostatic restoring force at 2zero speed and frequency may be
used as an acceptable simplification, but at high Froude
numbers the pressure ditribution differs considerably from
this assumption.

'At zero forward speed the hydrosfatic resforing forces of

the 'separate segments are only slightly non-linear with

respect to vertcal displacement, but high forward speed

introduces significant non-linearities.

To include the actual restoring force in the determination
of added mass an additional experiment has been carried out to
determine the restoring force of each section as a function of
vertical displacement at Fn = 1.14 and 2zero fredquency of
oscillation. To this end the model was vertically displaced in

small steps and the resulting restoring moment was measured as
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a function of the heave displacement. The total vertical force

recodings in the time domain. were reduced by the measured non- X/Tcord,,

linear restoring forces:

~ (corrected ) =F(x,7,2, .Z', t) - F(x,2) 94—-2 G) |

The in-phase component of the  corrected vertical force
produced the added mass.
The experimental results for added mass obtained in this way
are compared with strip theory calculations in Figuré 9. The
experimentalv longitudinal. diétribution of the added mass is
NOW almoét independent of,the oscillation frequency and there
are no negative values for some of the sectional added masses,
which resulted when 1linear hydrostatic restoring forces were
wsed in the data reduction. The agreement between experiment
and computation is improved bv this procedure, but the added
mass of the flat sections aft is over-estimated; as shown in
Figure 9.
The determination of the démping distribution is not

affected by this_method. As shown in Figure 9 the damping

" coefficients according to strip-theory calculaﬁion are also
over‘estimated in the aft part of the ship. . *’{VQiiﬁLfi
This is due to the erronoiis sectional added maSS'prediction inxgeﬁnﬁuu
this part of the hull, using hydrostatic restoring force | /
coefficients.
A better correlation is obtained when the longitudinal damping
distibution is based on the slope of the experimental added

mass distibution as discussed, using eguation (2) for the

férward-apeed transformation, see Figure 9.
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Apparently this approximation of the forward speed effect on

the damping distibution is also useful at high Froude numbers.

Three-dimensional computations, wusing the WAMIT computer
program, have been carried out for this hull form, with trim
and sinkage, also taking into account the wave profile along
the hull. The agreement with the experiment is not improved,
compared with strip theory results, except for the predicted
added mass of the aft sections, which 1is closer to the
measurements [9). The inclusion of the wave profile along the
hull as well as trim and sinkage did not improve the numerical

results.

In view of motion response calculations the wave exciting
forces for this particular hull form have been measured using
a restrained model in regular waves. The strip theory
predicﬁs these forces quite well, as found earlier for much
lower Froude numbers [2]. This may be due to the relatively
small diffraction bart, compared with the Froude-Krylov force,
resulting from the undisturbed wave pressure integrated over
the hull surface. Even gross errors in the computed
diffraction forces may be masked in the predicted total wave
force. This does not apply to all cases. For instance for very
small wave lengths, say /L < 0.5, whiéh are of interest
for hydro elastic behaviour of very 1long ships, the wave
exciting forces cannot be predicted by strip theory methods,
as shown by Moeyes [15}. He used a 24 segment model of a

taﬁker to determine wave forces to study springing phenomena,
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caused by wave exitation in the frequency range of the two-
'node natural frequency of vertical ship vibrations. It is
expected that three-dimesional panel methods ére more suited

to compute the wave excitation in this case.

For Fn = 0.57 the predition of the pitch and  heave
amplitudes, vertical accelerations and added resistance, using
strip theory, agrees very well witﬁ experiments in regular
waves. Trim, sinkage and wave profile have not been taken into
account for the determination of the sectional hydrodynamic
forces and hydrostatic values for the restoring forces have
been assumed. Abparently errors due to this rather strong
simplifications tend to cancel each other.

For Fn = 1.14 the motion amplitude prediction is still
satisfactory, but the added resistance is under-estimated.

A similar picture holds for the case of a hard chine semi
planing hull, with L/B = 4.66, B/T = 3.48, CB = 0.38. In
Figure 10 the comparison is shown for speeds corresponding to
Fn‘= 0.72 and 0.91 [16]. The surprisingly good correlation may
be partly due to the-relatively high dampiﬁg of hard chine

planing hulls.

It may be concluded that symplified calculation methods for
the prediction of heave and pitch émplitude response functions
still hold for high forward speeds. The exceptions concern
related phenomena, such as relative motions and added
resistanée, which depend to some extend on the longitudinal
distribution of the hydrodynamic forces. The distribution of

these forces at high speeds cannot be determined without
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experimental data, because of the speed dependent, strongly

non-linear restoring forces and moments.

4. RESTRICTED WATERDEPTH

Vertical motions in shallow water are important in view of the
allowable keel-clearance of very large ships entering coastal
waters. For instance, the permission to enter the Eurochannel
for fully loaded verv large ships is based on the expected
ship motions in the low frequency part of the prevailing wave
spectrum. In this respect keel clearances as small as 15% of

the ship's draught, or less are of interest.

As in the case of unlimited water depth, added mass, damping
and their longitudinal distributions have been determined for
the .Serieé Sixty Cb.70 ship model fof water-depth/draught
ratio's h/T = 1.15 to 2.4 [17].

The results show increasing added masé and damping
coeffiéients with decreasing waterdepth, in particular when
h/T < 1.5.

The distribution of added mass, ndrmalised‘ with the total
added mass, 1s not greatly influenced by the waterdepﬁh /
draught ratio, but a significant increase of damping near the
bow wiﬁh decreasing waterdepth is observed.-

The results of mass and damping calculations, using strip
theory and multipoles for the two-dimensional cross-section

approximations, as well as two- and three-dimensional

)
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numerical panel methods, using source distributions, do not

give a pronounced preference for one of these methods [18].
The. use of hnumerical methods asspming-potential flow,_iSvnot
fﬁlly obvious here, because an important influence of
viscosity could be expected, in particular for very small
keel-clearances.

However the calculations agree: rather good with the
experiment, except for frequencies lower than W {L/g = 1.9,
where the three-dimensional :method gives a slightly better
result than the other two methods.

It may be concluded that each of these numerical methodé

is applicable for the prediction of vertical ship motions in

shallow water for engineéring purposes.

The horizontal hyvdrodynamic forces acting on a slowly

oscillating ship in shallow water are of interest for the

determination and analvsis of the steering and manoeuvring

qualities of ships. The‘same Series—Sixty ship model has been
ﬁsed to carry. oﬁt forced 1low frequency sway and vaw
oscillations, as well as static drift angle tests [19].

For a small water depth h/T = 1.15 the agreement between
calculation and experiment is'not satisfactory, in particular
for sway damping. Apparently viscosity has an important
influence on the damping force distribution in-the'after part
of the ship; Also the prediction of added mass for h/T = 1.15
does not agree with the model experiment.

For relatively high Froude numbers very important forward

speed effects on the horizontal ,hydrodYnamic. forces may be

expected and the Froude number based on wéter depth:
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Fnh ="V/gh should be considered in this respect. Strong non-

linearities occur when the ship speed approaches V gh.

Recently an experiment with a model of a RoRo passenger ferry
has been carried out in the Delft ‘Ship Hydrodynamics
Laboratory to investigate the directional stability as a
function of trim and forward speed in shallow water.The tests
were carried out with rudders fixed in the neutral position
and propellers running at the self-propulsion point of ship to
avoid unrealistic propeller 1loading and a corresponding
increase of the effective rudder area. |
For the fixed-rudder case lineariied equations of motion are

used to determine the stabilityv roots of:

(mq'_,Y,l;)'ﬂ'"au Yr;fb +.Y7.j'i’-l— (V',(-"")"’L’:Q sway % (6)

,{- fﬂé./é —-’VEF'+(;éz—-P{L)QL'“AQ@!::C) | 7amu

with the solution: ',
, Gﬁf' ! Mf GZf

(Z ::‘3('£b ) v =r; e
Positive stability roots indicating directional instability,
were found in all considered conditions which included water-
depths ranging from h/T=1.4 to 2.2 and speeds corresponding to
Fn = 0.262. In the high speed range, trim by the bow enhances
the instability.
For h/T = 2.2 and two trim conditions the stability roots as a
function of forward speed are depicted in Figure 11.
Although a certain amount of fixed control instability' is

acceptable in many . cases, the sharp increase of the

. instability at certain combinations of trim, forward speed and
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waterdepth should be a matter of concern as pointed out by
Bishop and Price [20], in particular for high powered ships,
with a high speed potential in shallow water.
For speeds exceeding V/V%E-=O.8 the fixed control instability
increases very rapidly and trim by the bow enhances this
effect.
It should be remarked that this ‘model experiment has Dbeen
carried out in a conventional towing pank and consequently the
width of the tank caused a virtual depth decrease. 1In the
considered case this w0ﬁ1d correspond to a depth decrease of
15% and a 7% decrease of the critical wave speed.
A syst&matic study of the directional stability of RoRo
passenger ships in shallow water should include forced
oscillation experiments to determine the hydrodynamic
derivatives of the equations of motion, as well as.real time
simulator experiments of to analyse the steering qualities in

this respect.
€
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