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ABSTRACT

A newly revised ship motion computer program has been de-
veloped for Navy-wide uce, which incorporates the state-of-the-
art prediction techniques. Valldation of the calculated six-
degree-of -freedom responses is essentlial to substantiate the
accuracy of the program as well as to establish its value as
a practical prediction tool.

Measured and analytical transfer function data are com-
pared for two Navy ships. Although overall good agreement is
found between experiment and theory, future comparisons of a
wider range of ship configurations will be required.

The nonlinear characteristics of rc¢ll are also investi-
gated in this report. Comparison of experiment and theory
demonstrates improved prediction of roll at resonance.

ADMINISTRATIVE INFORMATIOCN

The David W. Taylor Naval Ship Research and Development Center (DINSRDC) was
authorized and funded over a period of years to perform this investigation. Tor
fiscal years 1977 and 1978, funding was provided by the Independent Exploratory
Development (IED) Program under Project Number 62766N and Block Number ZF-61-412-001,
identified at DTNSRDC 3 W~-k Unit 1568-124., For fiscal 1978, funding was also
provided by the Nava’ Sea :-.tems (Or.mand (NAVSEA) under Work Request 81650 and
identified at DTNSRL: as “o.k Unl: 1575 506. 1In addition, the Conventional Ship
Seakeeping Research and Development rrogram fiunded this investigation under Project
Number 62543N, Block Numbers SF-42-421-00% awd 3F-43-411-212 in 1678 and 1979,
respectively. Work Unit identification at DINSRDC for this funding was 1504-100.
Funding for 1980 was provided by the Ship Perfurmance and Hydromechanics Program
under Project Number 62543N, Block Number ZF-43-421-001, identified as Work Unit
1500-104. Fiscal 1981 work is furded by the Surface Ship Hydromechanics Program
under Project Number 62543N, Block Number SF-43-400-001, idencified as Work Unit
1507-101.

INTRODUCT{ON
In 1977, DTNSRDC began to revise and rewrite its Ship-Motion and Sea-Load (SMSL)
*
Computer Program.1 Ref inements Iin ship response prediction methods, current mathe-

matical modeling, and more extensive ship performance calculations were to be

*A complete listing of references is given on page 11,
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included. For example, changes such as improved roll damping,2 incorporation of
spline-fitting routines, and the inclusion of irregular sea ship motion predictions

as well as relative motion computations were to be a part of this enhanced analyti-

o —— g —
M g

1 cal tool. The result of this sizable effort is the Standard Ship Motion Program,
sMp.*

Because of the many changes and improvements, SMP requires validation of its
accuracy as a prediction tool. In Reference 2, a comparison of roll damping is made

between predicted SMP values and experimental results. In this document, an atterpt

i

is made to verify, albeit by a somewhat limited analysis, the accuracy of SMP in its
computation of basic ship responses to a sinusoidal wave. Motion transfer functions

from SMP and from model experiments for two Navy ships are compared for a variety

—r
- -
e el e

of ship headings and speeds. Surge, sway, heave, roll, pitch, and yaw motlons are

presented for a destroyer hull and an aircraft carrier, the DE-1006 and CVA-59.

5 SN

In addition, a closer scrutiny is given to roll for nonlinear behavior, charac-

teristics at resonance, and the effects due to GM, bilge keel, and heading/speed i

changes.
It is to be noted that the comparison between analytical and experimental data

demonstrates generally good agreement. Model test techniques must also be con-

P sidered when comparing predicted and experimentally measured motions. For example, i
L lateral motions in quartering waves can be significantly influenced by rudder

activity when using a free-runrning model. Also it should be noted that analytical

results depend on an accurate description of the candidate ship model particulars
g‘ and conditions, in addition to the accuracy of the programed prediction tools and !
r‘ cowputation techniques. Though encouraging, the results of the analysis presented !
herein are considered too limited for comprehensive conclusions. As data becomes
available, future comparisons between SMP predictions and experimental data need to

b« made before the validation process can be considered completer.

SHIP PARTICULARS
Comparisons are made for the DE-1006 and CVA-59. Particulars for these two
ships are provided in Table 1, and the SMP-computed underwater hull lines are pre-

'
|2

4

'

[ sented in Figure 1. Table 1 presents the experimental model characteristics for
[ 3

I

*Meyers, W.G., T.R. Applebee and A.F. Baitis, "User's Manual for the Standard ;
P Ship Motion Program, SMP,'" Report DTNSRDC/SPD-0936-01 (to be published).
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the two ships and the corresponding SMP-computed, full-scale particulars. Varia-~
tions of the loading and bilge keel size for the DE-1006, as originally tested,3 can
also be found in Table 1. Note specifically that the designation "BK4'" refers to

the ship without bilge keels.

DATA ACQUISITION

EXPERIMENTAL TECHNIQUES

The experimental techniques employed for the CVA-59 and DE-1006 model tests
were similar though not identical. Both models were self-propelled in the Maneuver-
ing and Seakeeping Faciliity at DTNSRDC. Details regarding the experimental tech-
niques can be found in References 3 and 4 for the DE-1006 and CVA-59, respectively.

The CVA-59 model tests employed a mechanical, counterbalanced heave staff
attached at the vertical center of gravity of the model. A series of gimballed
joints instrumented with potentiometers permitted the model unrestricted movement,
in all six degrees of freedom, within limits of the mechanical travel of this motion
measurement equipment. The longitudinal and lateral position and attitude of the
model relative to the moving test carriage was obtained by a combination of manual
propeller RPM control and automatic steering. Automatic steering was attained by
the superposition of a combination yaw angle and sway displacement on a rudder
position servomotor. The combination of motion measurement equipment, automatic
steering, and manual propeller RPM adjustment served in general to retain the model
in a desirable steady state position relative to the test carriage. As a result of
this experimental technique, the yaw and sway responses of the model were affected
at low frequencies of wave encounter by the automatic steering control emploved;
whereas surge was similarly affected by the manual setting of propeller EPM. 1In
this context, it should be noted that these experimental effects on the motion
responses were minimized by analyzing and presenting only steady state mo’ion data
from experimeutal runs which contained ten cycles of pitch or more. Furthermore,
the resulting motions were cross-faired as a function of wavelength, speed, and
headiny angle. The four-~dimensional motion/speed/heading/wavelength surfacc was
assumed to be smooth and without discontinuities. This data fairing or smoothing
process was performed by means of a computer program.

The DE-1006 experiments were conducted with a free-running model for which the
only physical attachment to the test carriage was the umbilical model power aund

instrumentation cable. Roll, pitch, and yaw were accordingly measured with
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gyroscopes rather than with potentiometers, as were the CVA-59 experimental motions.
Heave, sway, and surge of the DE-1006 were measured with ultrasonic sensors mounted
on the model.

The lateral and longitudinal position of the DE-1006 model was controlled in
the same fashion as was the earlier CVA-59 experiments. There was, however, a sub-
stantial difference in the automatic steering control signals. The DE-1006 auto-
matic steering employed yaw angle and rate for the steering, whereas the CVA-59
employed yaw angle and sway displacement. The differences in these steering tech-
niques are likely to be reflected in the yaw and sway responses of the modeleg,

The data analysis for the DE-1006 employed a Fourier amnalysis of the steady
state data runs. Unlike the CVA-59 experiments, these runs averaged only five to
eight cycles of pitch in length. The 10-cycle criterion used for the CVA-59 model
test could not be duplicated since the physical limitations of the cest facility
prevented the significantly larger DPE-1006 model (in terms of scale) from achieving
10 cycles of pitch at high speeds and quartering wave conditions  Furthermore, the
results were plotted without any type of data smoothing or rairing. Mot enough
data points for all the conditions, whinh (in addition to the paramete.~ of motion,
speed, wavelength, and heading of the CVA-59 experiments) included different bilge
keel sizes and CM variations, were collected to effectively cross-fair the results.
Thus, data presented for the DE-1006 represents the actual motion measurements as

originally recorded.

ANALYTICAL TOOLS

The new SMP is utilized to compare theoretical ship responses with the measured
model data. Minor wodifications to SMP were required in order to present the data
in the form of nondimensional transfer functions. Wave steepness (slope) and
wavelength (frequency) have been adjusted to reflect experimental conditions. Hull
configuration, loading characteristics, and appendage specifications are matched
as closely as possible to the model test particulars (see Table 1). Additionally,
in many cases, the earlier SMSL program predictions are included in the figures.
Since SMP represents an Improved, albeit more extensive, version of the SMST.

program, comparison between the two is considered informative.

A e L L
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COMPARISON OF RESULTS
TRANSFER FUNCTIONS

Two comparisons of the calculated and measured nondimensional transfer functions
for the DE-1006 are made in Figures 2 and 3 for speeds of 9 and 27 knots, respec-
tively. The data represents the DE-1006 in the base ship condition (GMl, BKl).
Each figure presents the six motion components (surge, sway, heave, roll, pitch,
and yaw) by row, while heading angle defines each column. Experimental data is
identified by the open circles whereas the so0lid lines are the predicted motion
curves. Each plot compares the transfer functions for a particular motion versus
the nondimensional wavelength-to-ship length ratio. The angular transfer functions
are nondimensionalized by wave slope and the translational transfer functions are
nondimensionalized by wave amplitude. All motion results in this report have been
noandimensionalized.

The best agreement between predicted and measured motion as shown in these
fivvres 1s for the motions of heave and pitch. Consistently, the theory success-
fully predicts the actual ship response regardless of speed or heading. The verti-
ca. motinns (i.e., heave and pitch as well as surge) represent little in the way of
change in the prediction methods from the SMSL program. Figures 4 and 5 for heave
and pitch, respectively, show the differences between the revised (solid line) and
origlnal (dashed 1line) programs. For three speeds and the two head/bow wave con-
ditions, more accurate agreement is illustrated using SMP for both heave and pitch,
though the difference in predicted heave is small. Predicted surge at low ship
speed shows realtively good agreement. However, the experimental difficulties
inherent in the manual positioning of the free-running model below the carriage at
high speeds 1s clearly evident from the large scatter of data points for both surge
and sway (see Figure 3),

No experimental data is avallable at high speed for 45 degrees (quartering
waves), or for surge, sway, and yvaw at zero degrees (following wavas). What is
prominent for predicted surge and sway at these conditions is the "clipping" of tle
transfer tunction magnitudes by the pirogram. In Appendix A of Reference 5, the
criteria are defined which are used for limiting the vilues of surge, sway, and yaw
for the higher ship speeds in quartering and fellow .g waves. This corresponds ta
a near-zero enccunter wave frequency where present strip theory cannot adcquately
mocel ship rasponse for these motions. The result is a maximum value based on

empirically derived equations in terms of Froude number and heading angle,




e

For the DE-1006, the lateral motions of roll, sway, and yaw do not demonstrate
the same good agreement illustrated in the vertical responses. First, no clear
pattern to the experimental sway data can be readily discerned in Figures 2 and 3,
yet SM"-predicted results show little coincidence with any of the measured points.
A similar pattern of scatter, particularly in beam waves, was also observed in ex-
periments with the LCU—1610.6 The large amplitudes in the experimental sway data
points appear to occur very near the peak frequency of tue roll transfer function.
This is believed to be due to the coupling of sway and roll. Yaw motion seems to
be overpredicted consistently at all headings and speeds for this ship.

Only roll shows adequate correlation between the measured and calculated data.
Nevertheless, in the low speed case, see Figure 2, SMP roll fails to accurately
predict the magnitude of the measured roll, falling well below the experimental
points at all headings except 150 degrees, where it slightly overpredicts the peak
value. At high speed, see Figure 3, actual roll is again underpredicted, but a
shift of the predicted peak frequency to the larger wavelengths 1s also evident.
The small magnitudes exhibited by predicted roll indicate too much damping. This
indeed appears to be the case since the roll damping computed by SMP for this ship
at this load/bilge keel combination is too high.2 However, the frequency shift, at
this time is unexplained.

Two additional figures are presented to emphasize the effect of damping on the
roll transfer function predictions. Figure 6 shows the roll transfer functions for
three speeds and the three bilge keel configuration.. Note that as the bllge keel
gets larger (BK4->BK1) the increased damping causes the transfer function to decrease
in magnitude. Note also that the bilge keel is most effective in reducing roll at
low speeds, becoming inconsequential at 27 knots. Frequency shift here 1is observed
only for the high speed case. 1:.e large scatter of experimental points in the
vicinity of roll resonance in Figure 6, particularly at zero ship speed, is an indi-
cation of the nonlinear viscous damping. These points represent the recll motion at
varilous wave steepnesses. More discussion of the effects of nonlinear viscous
roll damping will be presented in the next section.

Figure 7 {illustrates the effect of decreasing GM on the roll transfer function.
Though the magnitude appears satisfactory, as the GM becomes smaller, the frequency
shift becomes more pronounced. The dashed line is the roll prediction from SMSL.
[t can be seen that the magnitude of the MSL-computed transfer function over-

predicts for thils high speed. This occurs because of the inaccurate prediction of
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roll damping (i.e., insufficient dynamic 1ift damping) in the SMSL program. Though
some shift in the peal frequency of rhe zxperimental data should be noted, SMSL
underpredicts and SMP overpred lcts this frequency change.

Figure 8 presents a summary of the nestural roll periods measured during the
systematic roll decay experimencs with the LE-1006. These results suggest a tendency
of the natvral roll period to increase with both forward speed and bilge keel size
at constant GM values. These tendencies are particularly procnounced for the model
with the smallest GM, i.e., GM3. The increase in the natural roll period with in-
creasing bilge keel size is attributed to the Increasing added mass associated with
the larger bilge keels. This latter effect is accounted for in the SMP roll motion
calculations by incorporating the bilge keel added mass empirical computational
techniqne due (o Blagoveshchensky as suggested in Reference 7.

In addition to the destroyer-type hull represented by the DE-1006, the CVA--59,
an aircraft carrier, is also evaluated to determine the : :curacy of predicted versus
measured motion transfer functions. Figures 9 and 10, for ship speeds of 5 and 25
knots, respectively, present this comparison. The format of these figures is
identical to Figures 2 and 3 previously described, though heading angles are differ-
ent.

Similar to the DE-1006, the CVA-59 results show excellent agreemont for pitch
and heave at both speeds. Moreover, very close correlation between experimental
and computed transfer functions can be seen for surge, sway, and yaw. Results with
this hull for these particular motions are far superior to the DE-1006 prrdictions.
Specifically, the cross-fairing mettod and/or the different experimental arrange-
ments for this model appear to have been effective in eliminating the extraneous
effects due to rudder action so conspicuous in the DE-1096 data. TFinally, predicted
roll shows only a mediocre fit with the n del test data. A frequency shift in the
peak of the calculated transfer function is quits apparent at 60 degrees for hoth

5 and 25 knots, 'nd at 120 degrees for 25 knots. An overprediction of the roll
amplitude at 30 degrees for 5 knots, and 30 and 90 degrees for 25 knots is also

evident.

ROLL NONLINEARITIES
Prior to examining roll nonlinearities it should be recalled that the angular

ship motions presented in this report have been nondimensionalized by wave rlope. .

As a consequence, if roll is linear the nondimensional roll should be identical at




a glven ship speed, heading and wavelength when wave height in the form of wave

steepness 1s varied. Systematic variations of tne nondimensional roll with wave

steepness thus indicate that roll is nonlinear. A mea:sv-e of the severity of the !
roll nonlinearity is considered to be represented by tn: range of (nondimensional) C
roll that corresponds to 1 range of wave steepnesses of 1/50 to 1/200, {i.e.,
frequently occurring wave steepnesses.

One of the original goals of SMP was to improve the roll prediction technique
over the methods used Iin the SMSL program. It was observed from experiments thlat

the roll transfer function at resonance exhibited nonlinear teadencies for a range

of wave steepnesses: the steeper the wave, the smaller the roll-to-wave slupe

ratio. For example, Figure 11 shows this nonlinear characteristic for the DE-1006

without bilge keels as the wave steepness (wave height -to-wavelength ratio) is

varied experimentally between 1/40 and 1/280. Two GM's are presented at a heading
angle of 90 degrees (beam waves) and a ship speed of zero knots. Note that as the
ratio beccmes smaller, i.e., the waves become less steep, roll response increases.

This 1s due to the nonlinear gualities of viscous roll damping. As wave steepness

increases, the viscous damping also increases, thus dampening the roll motion. The
f SMSL program estimated this nonlinear effect, but 1s lacking in accuracy. The new
SMP, though failing to predict exactly the ncnlinear phenomenon for this ship, does
come significantly closer than the SMSL program in modeling the viscous damping

(see Figure 11) related roll nonlinearities at zero ship speed. SMP accounts for
the roll nonlinearities solely by modeling rnonlinearities associated with roll
damping. Thus nonlinearities at extreme roll anglcs associated with the roll
restoring moment are not irncluded.

A second fact to be noted from the results of Figure 11 1s that the severity
of the roll nonlinearity 1. sensitive tn GM variations. Both the predictions of

SMP and SMSL as well as the experimental results clearly demonstrate that roll %

L T T e W T T W ST T T
——

nonlinearity increases as (i dJecreases. The SMP results predict this experimental

‘v

trend substantially better than do the SMSL results. Thus the DE-1006 would tend

to experience substantially larger resonant rolling in small waves when ballasted

- W

to the smallest or "wovst'" GM, GM3, than would be the case ‘or the same ship with ‘
4 the larger CM. f

In addition to the nonliucar characteristics of roll at zero ship speed, there
is also a speed effect on the rcll nonlinearities. This eflect is due bhoth to the

o 2
' dynamic lift damping of the hull and appendages™ a. well as to the viscous damping.8
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The speed effect 1s illustrated in Figure 12 for the DE-1006 without bilge keels in
beam waves at the "worst' GM, GM3. The range of roll corresponding to the 1/50 and
1/200 range of wave steepnesses is shown for the experimental roll as well as for
comparable predictions made with SMSL and SMP. The experimental range of roll is
represented for a particular ship speed by a vertical line capped hy a bar for a
wave steepness of 1/200 at the top and a Iimilar bar corresponding to a 1/50 wave
steepness at the bottom. Continuous pairs of lines counnect the 1/200 and 1/50 wave
steepness roll predictions. The zero speed results of Figure 12 correspond to the
GM3 data shown in Figure 11, Note, for example, the experimental roll of 7.7 and
17.0 corresponding to wave steepnesses of 1/50 and 1/200, respectively, are denoted
in Figure 12 by the capped vertical line.

Both the experimental data and the SMP predictions indicate that roll and the
nonlinear roll effects decrease very markedly with forward speed. A slmilar trend
is not noted in the SMSL results. As the ship speed increases above zero knots,
the roll damping due to lift tends to overshadow the decrease in the viscous damping2
such that the total roll damping increases. This fact, in turn, tends to decrease
both the roll response and the nonlinear eifects due to viscous damping. SMP pre-
dicts this trend, although the severity of the decrease is cverpredicted. The
overprediction of 1ift damping for these conditions is considered to be the primary
cause of the SMP inaccuracies. These inaccuiracies are most pronounced at 9 knots
and are relatively unimportant at the 18 and 27 knot speeds, where SMP slightly
underpredicts roll. The SMSL program failed to take speed-dependent lift damping
into account and thus shows a wider range of rull motion for all forward speeds.
Note also the improvement, previously illustrated in Figure 11, in predicting nun-
linear roll at zero speed between SMP and the SMSL program.

It should be recognized that the roll validation results discussed represent
a very limited set of data primarily for a single hull. Further, in order to
demcr strate potential inaccuracies of the SMP roll predictions, data whkich {llus-

trates these inaccuracies 1s emphasized, i.e., attention 1is focused on the worst

cases.

COMCLUDING PEMARKS
In summarizing the results presented in this investigation, attention is drawn
to the following remarks: (1) motion predictions are for a ship without thrusters

proceeding on a straight course at constant speed; (2) model test data for certain

I s e
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mot .ons should be viewed ‘n light of the experimental techniques, effects of rudder
activity and subsequent manipulations used to acquire the data; (3) analytical ship
descriptions need to reflect precisely the actual model tested in order tco make
meaniagful comparisons; (4) comparisont presented herein show relatively good agree-
ment, particvlarly fer pitch and heave; (5) improved damping prediction techniques
have resulted in a more accurate description of roll with respect to speed; however,
overprediction of damping and an unexplained frequency shift remain to be satis-
factorily resolved between analytical and measured data; (6) many more comparisons

with a variety of ship types need to be performed before the SMP motion validation
is complete.

RECOMMENDATIONS
Additional ship motion validation experiments should be performed in order to

improve the existing computational techniques in the areas of roll damping, roll

motions, as well as relative motions.

The validation experiments should concentrate on the measurement of eddymaking

and 1ift damping of major appendages such as rudders and skegs for low to moderate
siilp speeds. Turther, the lateral ship response validation experiments neced to

focus on establishing the causes of the overpredicted frequency shift at higher ship

speeds. In this context, the validation experiments should measure both the rudder

activity as well as the rudder-induced 10ll, yaw moment, and sway force. Clearly,

the experiments need to measure not only the lateral ship responses and wave height

bui should also measure the rudder excitation.

Future motion validation should also be extended into long-crested irregular

seas of different wave heights and modal wave periods.

10

e i g




S

RFEFERENCES

1. Meyers, W.G. et al., "NSRDC Ship-Motion and Sea-load Computer P'rogram,’

Naval Ship Research and Development Center Report 3376 :1975).

2. Baitis, A.F. et al., '"Validation of the Stancard Ship Motion Program, SMP:

Improved Roll Damping Predictinm," Report DTNSRDC/SPN-0936-02 (Jun 1981).

3. PBaitis, A.E. and R. Wermter, "A Summary of Oblique Sea Exper iments Con-
ducted at the Maval Ship Research and Developmont Center," 13th International

Tawing Tank Conference (1972).

4. Wachnik, 7Z.CG. and E.F. Zarnick, "Ship Mutions Prediction in Fealistic
Short~Crested Seas," Society o1 Naval Architects and Marine Fngineers Annual
Meeting (Nov 1965).

5. Bales, S.lL. et al., "Rigid Body Ship nesponses and Associated Periods for
e Series of Liquid Natural Gas (LNG) Ships,'" kaval Ship Research and Development
Center Report SPD-517-04 (Apr 1975).

6. Baitis, A.E. and T.R. Applebee, "Comparisons Between Measured and Pre-
dicted Surge, Sway, and Yaw for 1.CU 1610 and FF 1006," Report DTNSRDC/SPD-694-~01
(Jun 1976).

7. Cox, G.G. and A.R. Lloyd, "Hydrodynamic Design Pasis for Navy Ship Rell
Stabilization," Society of Naval Architects and Marine Engineers Annual Meeting
(Nov 1977).

8. 1Ikeda, Y. er al., "Comporents of Roll Damping of Ship at Forward Speed,"
Journal of the Society of Maval Architects of Japan, Vol. 143 (1978),

11

S
g £ x &
A AU

on i K e




19.7M

CvAa-53

I-'—S.GM ——‘ i

DE-1006
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PEAK VALUES OF THE ROLL TRANSFER FUNCTION
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DE-1606, BEAM WAVES, O KNOTS
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Figure 11 - Comparison of Measured and iredicted Nondimensional Poll
Transfer Functions as an Exampnle of Nonlinear Roll at

Resonance for the DE-1006 Without Bilge Keels
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