~

AD .A/ ? q 7730TNSRDC-83/084

ABSOLUTE AND RELATIVE MOTION MEASUREMENTS ON A MODEL

OF A HIGH-SPEED CONTAINERSHIP

DAVID W. TAYLOR NAVAL SHIP
RESEARCH AND DEVELOPMENT CENTER

Bethesda, Maryland 20084

ABSOL'UTE AND RELATIVE MCTION MEASUREMENTS
ON A MOOEL OF A HIGH-SPEED CONTAINERSHIP

by
John F. O'Dea

Harry’ D. Jones

APPROVED FOR PUBLIC RELEASE: DISTRIBUTION UNLIMITED

Presented at the
20th American Towing Tank Conference
Stevens Institute of Technology
Hoboken, New Jersey
August 2-4, 1983

SHIP PERFORMANCE DEPARTMENT DTEC

RESEARCH AND DEVELOPMENT REPORT ’ Ei...‘a’a o TE )
NOV 1 61983
¥
]
\ E
October 1983 DTNSRDC-82/084

83 11 15 111




..................
~ « LI - O - T

-

”

L
¥ A \

MAJOR DTNSRDC ORGANIZATIONAL COMPONENTS

DTNSRDC
COMMANDER
TECHNICAL DI l"(ECTOF‘;1

OFFICER-IN-CHARGE OFFICER-IN-CHARGE
CARDEROCK * o5 ANNAPOLIS
SYSTEMS
DEVELOPMENT
DEPARTMENT .
: 1
SHIP PERFORMANCE ' AVIATION AND
DEPARTMENT SURFACE EFFECTS
o DEPARTMENT
S 1 16
STRUCTURES COMPUTATION,
DEPARTMENT ° MATHEMATICS AND
‘ LOGISTICS DEPARTMENT
17 18
A . <t
I Al . -
SHIP ACOUSTICS - . PROPULSION AND |
DEPARTMENT . - AUXILIARY SYSTEMS
) <% . DEPARTMENT
19 . , 27
SHIP MATERIALS CENTRAL
ENGINEERING - INSTRUMENTATION
DEPARTMENT. 8 _ DEPARTMENT

A
st

J“l‘
. 47

Nt a

ll‘
"




1
)
.
<
-3
-

o kN ey

N
<

"

(4

KA S MM N (D Lo S e i 3 co g on o e v s ) oY <
e S T T I T S TP IS R s

LR
Pl R L

T Pl - A

UNCLASSIFIED

SECUNITY CLASSIFICATION OF THIS PAGE (When Data Enterod)

READ INSTRUCTIONS
REPORT DOCUMENTATION PAGE pEp EAD INSTRUCTIONS
1 REPORT NUMBER 2. GOVT ACCESSION NO,j 3 RECIPIENT’'S CATALOG NUMBELR
- 1Y A
DTNSRDC-83/084 | hA)3Y >
4 TITLE (and Subtitle) S. TYPE OF REPORT & PERIOCD COVERED
ABSOLUTE AND RELATIVE MOTION MEASUREMENTS Final
ON A MODEL OF A HIGH-SPEED CONTAINERSHIP
6 PERFORMING ORG. REPORT MUMBER
7. AUTHOR(S) 8. CONTRACTY OR GRANT NUMBER(y)
John F. 0'Dea
Harry D. Jones
9. PERFORMING ORGANIZATION NAME AND ADDRESS 10 PROGRAM ELEMENT. PROJECT, TASK
David W. Taylor Naval Ship Research AREA & WORK UNIT NUMBERS
and Development Center Program Element 61153N
Bethesda, Maryland 20084 Work Unit 1561-107
1t CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE
Naval Sea Systems Command October 1983
Code 05R 13 NUMBER OF PAGES
Washington, D.C. 20362 42
14 MONITORING AGENCY NAME & ADDRESS({f different from Controlling Office) 1S SECURITY CLASS. (of this report)
UNCLASSIFIED
1Sa. DECL ASSIFIC., TION/ DOWNGRADING
SCHEDULE
16. DISTRIBUTION STATEMENT (of this Report)
APPROVED FOR PUBLIC RELEASE: DISTRIBUTION UNLIMITED
17. DISTRIBUTION STATEMENT (of the abatract entered In Block 20, if different from Report)
18 SUPPLEMENTARY NOTES
Presented at the 20th American Towing Tank Conference, Stevens Institute of
Technology, Hoboken, New Jersey, August 2-4, 1983
19 KEY WORDS (Continue on reverse slde if necessary and Identify by block number)
Seakeeping
Ship Motions
Relative Motions
20. ABSTRACT (Contlnue on reverse side If necessary and {dentify by block number)
i-A series of experiments was performed to measure the added mass and
damping coefficients, and the radiated wave component of relative motion
at the bow, for a model of the SL-7 containership. The coefficients of
the uncoupled motions agree well with strip theory predictions, but the
cross-coupling coefficients between heave and pitch are not well
predicted. When the measured values of the coefficients are used in the
(Continued on reverse side).\
DD | on'ss 14733 EDiTioN OF 1 NOV 65 1S OBSOLETE UNCLASSIFIED
$/N 0102-LF-014-6601
SECURITY CLASSIFICATION OF THIS PAGE (When Date Entéred)
PRSP SO R o WY ST PP P AT o A --‘-.."..--‘.-n“.‘.':-""{:-—."f\;';'\.,"A - _;.:;_-_._x:".;‘-;» e




AN A K SCHENE N s R A T T e P T BN TR R PR TR N e AN SN (R VR R SO ST ATRTAE
1N

N

)

gl .. UNCLASSIFIED

7:'.' SECURITY CLASSIFICATION OF THIS PAGE (When Data Fntered)

be

;{% (%}pck 20 continued)

3 %]

3% ~—requations of motion, the calculated motions agree well with the measured
- motions of a freely floating hull. The measured radiated wave component

of relative motion is consistently larger than predicted by strip theory,
and has a different phase angle. ji§7

4
«
2

2 At
” S D
5 I8 SYST R RN I

4
R P

o

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)




o ey Y W N e T Y e VT Ve e Ny Vo WRELR W,
G BRI e SN 5 o N AR 2 A e o ol T TS B s Ol Y = e T AT T e Tia T e T RN LN B
GRPCY SR i AT R R RN NS R ARSI

hd

et
’
P

Ciow 4w by (W
WNNAA ‘fh-.:..a.".

Yy 4
v e

Nl R kS

e

L2 RO A A
Sdl.

(TS AT

A R
AARAR LI

%

i LA A L L,

23

.....

TABLE

LISTOF FIGURES . . . . . « ¢« ¢« v o « .
TABLE «. . ¢« ¢« ¢ ¢ ¢ ¢ ¢ ¢ ¢ v o v o o &
ABSTRACT. . ¢ &« ¢ ¢ ¢ ¢ o o o o o o o
INTRODUCTION. + o ¢ o ¢ ¢ ¢ ¢ o ¢ o o &
EQUATIONS OF MOTION . . . . . . «. « . .
EXPERIMENTAL SETUP AND INSTRUMENTATION.
RESULTS ¢ v ¢ ¢ ¢ o ¢ ¢ ¢ « o o s o o &
EXPERIMENTAL ACCURACY . . . . . . . . .
CONCLUSIONS . ¢ & &« ¢ ¢« ¢« ¢ o o o o o &
ACKNOWLEDGMENT. . « « ¢ ¢« &« ¢« ¢« v o « &

REFERENCES. . ¢« ¢« ¢ ¢« ¢« ¢ v ¢ o o o o &

Accession For

NTIS GRA&I g
DTIC TAB

Unannounced |
Justification

By.
Distripution[_'_
Availability Codes
!K@ail and/or
Dist \ Special

Al

“

e . M <o

OF CONTENTS

S A

Page




R R e AN AR AL A M I e Rt e o S S Uit i A e Jube
N S G R A R A R N ) 7

3 Y - R A LY NS S

LIST OF FIGURES
Page

1 - Heave Added Mass Coefficient Azz e s e e e s e s e e s e e e e e e e e 18

2 - Heave Damping Coefficient Bzz e e e e e e e e e e e e e e e e e e e e 19
"\) 3 - Pitch Added Mass Coefficient Aee ¢ e e e e s e e e e e e e e e e e e e 20
4 - Pitch Damping Coefficient Bgg « v v v v v v v v v v v v v a . h .. 21
é 5 - Heave-Pitch Coupling Coefficient L N NPT 22

6 -~ Heave-Pitch Coupling Coefficient Bze e e e e e e s e e e e e e e e e e 23

7 - Pitch-Heave Coupling Coefficient Aez e e e e s e e e e e e e e e e e e 24

8 - Pitch-Heave Coupling Coefficient Bez e e e e e e e e e e e e e e e 25

. 9 - Amplitude of Heave Exciting Force. « « ¢« &« &« ¢ v o v & o o o o o o & o 26

f’: 10 - Phase of Heave Exciting FOXCE: v + v v v 4 ¢ o ¢ o o o o o o o o o o o 27

vi*l 11 - Amplitude of Pitch Exciting Moment . . « &+ v & ¢« ¢ ¢ 4 o s ¢« o o s o « » 28

;f 12 - Phase of Pitch Exciting Moment . . . . ¢ &« v & ¢ v ¢ ¢ o o o o « o « o & 29

;i? 13 - Heave and Pitch Transfer Functions, Froude Number = 0.1 . . . . . . . . 30
AR

;iﬁé 14 - Heave and Pitch Transfer Functions, Froude Number = 0.3 . . . . . . . . 31

;?f 15 - Relative Motion at Station O . . . & & ¢ 4 ¢ ¢ 4 ¢ 4 ¢ o o o 4 o 4 0 o . 32

16 - Relative Motion at Station 1 . « ¢« v & ¢ v v o o ¢ o o o s o s s o s o 33

17 ~ Relative Motion at Station 2 . . ¢ ¢ v v & v v o o 4 o s o o o o 4 e e e 34

:X 18 - Relative Motion at Station 3 . . . . . .'. e e e st e e e e e e e e 35

_55 19 - Wave Component Caused by Heave Oscillation at Station 2. . . . . . . « . 36
5

Table 1 - Non-Dimensional CoefficientsS. ¢« v « v ¢ & ¢ o ¢ o o o o o o o o o 17




ABSOLUTE AND RELATIVE MOTION MEASUREMENTS
ON A MODEL OF A HIGH-SPEED CONTAINERSHIP

by

John F. O'Dea and Harry D. Jones
David W. Taylor Naval fhip Research and Development Center

ABSTRACT 2

b

A series of experiments was performed to measure the RS
added mass and damping coefficients, and the radiated wave }};\}}:
component of relative motion at the bow, for a model of ey
the SL-7 containership. The coefficients of the uncoupled :{ifﬁ;z
motions agree well with strip theory predictions, but the i{ifﬁ;
cross—coupling coefficients between heave and pitch are not ——
well predicted. When the measured values of the coefficients Y
are used in the equations of motion, the calculated motions Tf{yzf
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agree well with the measured motions of a freely floating o
hull. The measured radiated wave component of relative motion
is consistently larger than predicted by strip theory, and
has a different phase angle,
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INTRODUCTION

One of the important measures of a ship's seakeeping performance is
the relative vertical motion between the ship and water surface, partic~
ularly near the bow. This relative motion has a strong influence on
slamming and deck wetness in a seaway. In the past, the relative motion
has been calculated using a kinematic approach, taking the difference
between the absolute vertical motion at a given location on the hull and
the undisturbed incident wave elevation at that location. This apbroach
was not entirely satisfactory, since interference between the ship and

waves (sometimes referred to as “'dynamic swell-up") was not taken into

account. Recently, several attempts have been made to improve calculations
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of relative motion by calculating the hull diffraction effect on the
incident waves and the waves generated by the oscillation of the hull
(Beck,1 Lee et al.z).

While there is no question that these effects must be included if
improvements are to be made in the prediction of relative motion, it must
also be recognized that accurate prediction of the rigid body motions is
a prerequisite to calculation of relative motion. Both amplitude and
phase of the heave and pitch transfer functions affect the calculation
of absolute vartical motion in head seas, and if the absolute vertical
motion near the bow is not accurately calculated the relative motion
calculation will be in error.

It is commonly assumed that the strip theory presented by Salvesen, Tuck
and Faltinsen® (STF) can be used with confidence to predict longitudinal
motions of conventional, monohull displacement ships at moderate Froude
number. However, this may not always be true. It has been found in
previous experimental work with the SL-7 hull that, at moderately high speed
(Froude number = 0.30) in head seas, the magnitude of heave was poorly
predicted. There are also motion prediction methods, such as che rational
strip theory of Ogilvie and Tuck,4 and the unified slender body theory of

Newman and Sclavounos,5 which in some cases predict added mass and damping

K

coefficients which are noticeably different from those calculated using the

ordinary strip theory of Salvesen.

The discrepancy between prediction and measurement of the rigid body

motions motivated a series of forced oscillation experiments on the SL-7
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hull, designed to measure the various components of the rigid body

equations of motion and determine the source of the discrepancy. At the
same time, the relative motion in the region of the bow was measured so that
the hull generated component of relzative motion could be compared to strip
theory predictions. The results of these oscillation experiments are

presented in this paper.

EQUATIONS OF MOTION
The coupled equations of motion of a heaving and pitching ship may be

written as:
gzl * Cyy2 + A, 0 + B, 8 +C,00=F, -

A - . 2 . . -
ezZ + BBZZ + COZZ + (Mky + Aee)e + Beee + ceee Me

M+ AZZ)Z + B

where ky is the radius of gyration in pitch, A, B, and C refer to the added

mass, damping and hydrostatic coefficients, Z and8 are the heave and pitch

motions, and FZ and Me denote the heave exciting force and pitch exciting

moment respectively. For steady sinusoidal motion the motion and excitation
terms can be expressed as complex amplitudes containing both magnitude and

phase information:

imt] iwt

= Re[Zoe 1, ete.

y L = Re[imZoe
It is also convenient to represent all the terms in the equations of

motion in nondimensional from, as shown in Table 1. The equations of motion

may then be written as a set of algebraic equations with complex coefficients:

L TR IR T X v__2v '
[CZZ g (1+AZZ) + ioBZZ]Zo + [C o AZe + ioB ]6' Fé (2)

[Co = oAy, + 10By, 12! + [Clo - o (k" + Alg) + 1oB} 6!
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For the purpose of determining the added mass and damping coefficients,
the hull can be oscillated with a single degree of freedom at a time. The
resuitant force and moment on the hull may then be used to determine the
coefficients. The hydrostatic coefficients may be calculated from the water-
plane characteristics or measured by static displacement of the hull.

For example, for forced heave oscillation, let the heave motion Z be
defined as a real quantity, so that it is the zero phase reference, and
let the force and moment in this case be made nondimensional by heave
amplitude rather than incident wave amplitude. The equations of motion
then become:

c!. - o2l + A + igB!_ = F!

s
2 v, 7
ZZ \ 7% ZZ YA (3)
[ ' it o MY
Cez o ABZ + ioPeZ Me

and the added mass and damping terms associated with heave motion are found

as:

C!_ - Re{F!]
¥ =
- i A
g
v - Im[F)]
By, = Z°
(5]
C., — Re[M]] )
1 =
AeZ 82 6
0.2
v Im[MA1]
Bez - ____Q_
g
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: In a similar way, if a pure pitch motion (about the center of gravity) is N
applied to the hull, and the resulting force and moment FZ’ Me are made g
nondimensional as: g
* * a3
FZ - FZ s Me = Me :_
i pgve pgVLo "
-
then the added mass and damping terms are found to be: f
. ;
* .
| - -
Al = Czg ~ RelF;] B
; 28 ——— bt
9 -
* ~
B' - Im[FZ] (5) ="
8 — .
(+] -
C! - Re[M, :
Al w Cgg ~RelMl _p02 3
8 — y "
g -
*
' Im[M v
B! = 5
, 09 - ——2
E g .
. ;
E EXPERIMENTAL SETUP AND INSTRUMENTATION ?
AY
The forced oscillation experiments were performed using a 1:60 scale .
model of the SL-7 containership ballasted to a 0.173m waterline with a N
pitch radius of gyration equal to 0.254 times the length between perpen- ;
diculars. The coordinate origin of the axis system used in the experiments g
was taken at the center of gravity of the hull, with heave motion and force .
‘ %
v defined as vertically upward and pitch motion and moment defined as bow down. %

The oscillator used was a single degree-of-freedom Scotch yoke type with

maximum stroke of +1 inch (25.4 mm) and a variable frequency controlled by

IR R VA

a servo system on the DC driving motor. In the heave experiment the model

- TE
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was connected to the oscillator through four load cells and a rigid frame
(the load cells were mounted port and starboard, at approximately + L/4
with pivot joints to avoid out-of-axis loads). For the pitch oscillation
experiment the aft pair of lecad cells was moved to the hull center of
gravity and attached to the carriage through pivots, while the oscillator
was used to vertically oscillate the forward attachment point.

Using the full range of the oscillator, it was possible to achieve a
heave magnitude equal to approximately 15% of the draft of *the hull. It
was also decided that a maximum nondimensional frequency (w/L/g) equal
to 10 was desirable. This frequency corresponded to a wavelength
ratio, A /L <0.5 at a Froude number of 0.3. Using these values, and es:imates
of added mass from strip theory, the maximum heave oscillation force was

estimat2d to be approximately 1000 N, and the load cells were calibrated

accordingly. Using the same load cell range in the pitch oscillation

.

)
e B

experiment the maximum pitch amplitude was limited to approximately 0.6

P
2. A58

degrees. Since the intention was to check the linear ccefficients of
the equations of motion, these oscillation amplitudes were considered
adequate.

Relative motion was measured at stations 0,1,2 and 3 using resistance-
type probes mounted flush to the side of the hull, Time histories of
force, oscillation amplitude, carriage speed and relative mction were
digitized by an on-board DEC 11/23 computer and recorded on magnetic disk.
The records were harmonically analyzed and resolved into inertia and damping

coefficients according to Equations (4) and (5).
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RESULTS

The results of the oscillation experiments are shown in Figures 1 to 8.
In each case, the experiments, were done at three speeds corresponding to
Froude number = 0.1,0.2 and 0.3, and nordimensional frequency varied from

approximately 2.0 to 8.5. The heave experiments were done over the full

range of frequencies at an amplitude Zo/T = 0.037, and repeated with amplitudes

up to ZO/T = 0.147 at selected frequencies. The pitch experiments were
done over the full frequency range at an amplitude of 0.37 degrees, and
repeated for selected frequencies at 0.19 and 0.56 degrees.

The uncoupled coefficients AZZ’ BZZ’ A66 and BGG’ shown in Figures
1 to 4 are generally in very good agreement with predictions made by strip
theory. This is particularly true in the range 3<0<5, corresponding to a
range of wavelengths near the ship length where motion predictions are
most crucial. The only area where significant scatter is shown in the data
is in the low speed results near ¢<2.5, corresponding to m-g = 1/4 where
free surface waves can be radiated ahead c¢f the hull, This introduces the
possibility of reflected waves reaching the hull, resulting in the poor
data shown. The corresponding condition at the higher Froude numbers would
occur outside the frequency range tested; therefore no such scatter appears
in the data at these speeds.

Results for the cross coupling coefficients Aez’ BGZ’ AZe and BZe are
shown in Figures 5 to 8., There are significant discrepancies between
predicted and measured values for all these coefficients. The predicted

and measured coefficients converge at the highest frequencies but diverge
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over much of the frequency range, particularly the range where cross coupling
has a strong effect on the motions a; discussed below. These discrepancies
are qualitatively similar to those reported by Faltinseu,6 who found a
significant improvement when the extra components of the Ogilvie—-Tuck

theory were added to the ordinary (STF) strip theory.

Experimental values of heave and pitch excitation were available from
an earlier, unpublished experiment on this hull. These data were obtained
with the model rigidly attached to the towing carriage, with incident waves
of steepness ZcA/XFl/SO. The results of these experiments are shown in Figures
9 to 12. In general, the heave excitation magnitude agrees well with strip
theory predictions, as does the heave excitation phase angle except at high
frequencies, corresponding to wave lengths shorter than the ship length where
phase angles shift rapidly with changing frequency. Similar agreement is
found for pitch excitation although there is an overall trend for the measured
pitch excitation to be slightly less than the predicted values.

The experimentally measured added mass, damping and excitation coefficients
have been used in the equations of motion to calculate the heave and pitch
motions. The results are shown in Figures 13 and 14, together with strip
theory predictions and experimental values on a freely floating model.

The heave motion measured on the freely floating hull is considerably
closer to the calculations made with the measured coefficients, than to the
strip theory predictions. This is particularly true at Froude number = 0.3.
The effect of using the measured coefficient in calculating pitch 1is less

obvious, and at Froude number = 0.3 in the low frequency range, the use of
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the measured coefficients actually gives slightly poorer predictions than
strip theory.
The measured values of relative motion in the oscillation experiments
are shewn in Figures 15 to 18 for stations 0, 1, 2 and 3 respectively. These
figures show the magnitude of relative motion measured by the resistance
wire probes made nondimensional by the corresponding absolute vertical motion
at the particular station (either heave amplitude or pitch amplitude times
the lever arm to that station). Thus, even when no local wave is generated
by the hull, the nondimensional relative motion has a value of 1.0. The
degree to which the data in the figures deviates from a value of 1.0, there-
fore, is an indication of the importance of the hull-generated wave component
in relative motion.
Relative motion data are shown in each figure for the four amplitudes
’ of heave motion used in the oscillator experiments and for one pitch amplitude.
; There is a trend for the results at the smallest heave cmplitude to be slightly
‘ larger than at the larger amplitudes. This was possibly caused by surface
tension effects at the smallest amplitude or by a smail bias in setting the
oscillation amplitude. All the other results show no particular trend with
osciliation amplitude. The results for the pitch oscillation are generally
close to the results for heave oscillation, when both are nondimensionalized
e by the local absolute vertical motion.
The results for stations 0 and 1 show little effect from hull generated

waves. This is not surprising, since the hull cross—section at these stations

is very small. At station 2, the magnitude of the relative motion reaches
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approximately 1.25, and at station 3 at high frequencies it reaches a value
of 1.5, indicating a significant hull generated wave component. Although
not shown, the phase of the relative motion, referenced to the phase of the
local absolute motion, was very close to 180 degrees at stations 0 and 1,
since in the absence of a local wave effect the relative motion reaches a
maximum positive value at the point where the hull reaches its deepest
immersion (maximum negative absolute vertical motion). The phase of the
relative motion at station 2 indicated a further phase lead of 5 to 10 degrees
and at station 3 a lead of 15 to 20 degrees, compared to the phase at stations
0 and 1. This indicates that the hull generated wave at stations 2 and 3
was not exactly in phase with the motion.

The hull generated wave component of relative motion, as predicted by
strip theory, is shown in Figure 19 for station 2 at Froude number = 0.3.
As shown, the phase angle of this component lags the absolute motion by
approximately 90 degrees. Since the relative motion is the vector difference
between the absolute motion and hull generated wave, and the latter is typi-
cally a fraction of the former, the relative motion predicted by strip theory
would show very little influence from the hull generated wave if it is phase
shifted 90 degrees from the absolute motion. 1In contrast, when the measured
value of relative motion reaches a magnitude of approximately 1.25 at this
station, it 1s an indication that the hull generated wave has a magnitude

of at least 0.25, and the phase of this wave component is closer to 180

degrees than to 90 degrees.
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EXPERIMENTAL ACCURACY

The accuracy of oscillation experiments can be affected by many factors.
The first is the accuracy of the oscillation motion itself. If the
- oscillator motion is not purely sinusoidal, or if there is vibration of the
carriage, the measured forces and moments will be distorted. While
harmonic analysis of the time histories will filter most of the unwanted
1 poxtion, the effective signal-to-noise ratio will be reduced. It was

found in the experiments reported here that there was a background noise

e

level in all of the force gages of approximately one Newton RMS. This
was presumably caused by carriage vibration, and did not vary with carriage
speed. The oscillator motion itself was very nearly a pure sinusoid, with

the first harmonic typically accounting for about 99% of the total mean square

Caige \\ ity

energy of the motion signal. The magnitude of the force signals was typically
% much large than the background noise level, except for the smallest oscillator
amplitudes and lowest oscillation frequencies. However, even in these cases
the first harmonic of the force signals typically were greater than 50% of

the total energy,

Another factor in the accuracy of the experiments is the degree to which
the hydrostatic coefficients, measured from static displacement of the hull,
agree with calculations using the waterplane characteristics of the hull,

3 It was found that the heave static cceificients, as measured by the slope
of static force and moment against static heave displacement, agreed very

well with calculated values. Of course, there was an offset of the

et o o d
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intercept of such calibration curves which increased with Froude number,

This is reccgnized as the steady forward speed loads causing sinkage and

trim on a freely floating hull and in fact the measured offset values
correlated well with measured sinkage and trim values previousy measured

on this hull. In the pitch oscillation experiments, there was a noticeable
discrepancy between the measured and calculated pitch hydrostatic coefficient,
Cee . This was apparently caused by some residual stiffness in the hardware
which was accentuated by the very small oscillation amplitudes used. There
was also a small apparent tendency for this static coefficient to vary with
forward speed. The experimentally measured values of all the static
coefficients were used in analyzing the results according to Equations

(4) and (5), but the uncertainty concerning CGS makes the values of Aee
perhaps the least reliable of all the dynamic coefficients.

The accuracy of the relative motion probes on the bow is a function of
their linearity, sensitivity, and possible surface tension effects. These
probes were originally designed to measure relative motion over a large
range, from bottom emersion to deck immersion. However, their electronic
sensitivity was adjusted for these experiments in recoguition of the fact
that oscillation amplitudes would only be a fraction of the draft, and in
fact the small amplitudes served to reduce possible nonlinearities, since
the hull was effectively wall-sided in the oscillation range. However,
the small oscillation amplitudes may have introduced surface tension effects,
since the probes were in physical contact with the water surface, and the

size of the meniscus was not necessarily negligible in comparison to measured

magnitudes.
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In considering the accuracy of the various coefficients, one must consider
the magnitude of the force or moment component associated with a particular
coefficient, in relation to the vector sum of all the forces or moments in
the equations of motion., The relative balance between the components is
a function of frequency. That is, at low frequencies the equations are
dominated by hydrostatic effects, while at very high frequencies inertial
effects predominate. This means that the accuracy of measuring added mass
will be good at high frequencies, but at low frequencies one may expect
rather more scatter in the added mass data since the inertial part is
only a small fraction of the real part (or in-phase component) of the force
or moment. If there is an error in the corresponding hydrostatic coefficient,
a bias will be introduced into the low-frequency added mass estimates,
in addition to increased scatter.

In an intermediate frequency range, the static and inertial terms tend
to cancel each other, with the phase of the net force or moment approaching
a 90 degree shift from the motion itself. This corresponds to the resonance
condition for a mechanical oscillator. In this situation the total force
or moment is dominated by the damping term, so that the most accurate
measurements of damping are expected in the intermediate frequency range.

* Implicit in the discussion above is the need to measure phase angles
accurately, since the forces and moments for arbitrary frequencies contain
information about both damping and inertial coefficients, and the real and

maginary parts must be carefully separated.

13

Voo . e -

- - . - - 4 - Dl - - ~ .
- - - ~ i . - M - v -~ - . ~ ~ - - s - - -
E S PR T . S e tac. . - e e - -
» - DY N . el . S - . RO R NN -
. NIRRT S . NN S - . DR LT - e - L n M e
hm;.l.;‘;"°;~--z(‘]‘. P A e T S T T B S - Lot Tl et PR LRI s~ e e, ..'.‘.-.‘-“- DY e -
L - . -~ O

-~ i ‘i - _----.‘\- .- - .. - - - ~
: LW TN U TR WK NS WO TR S ST i S Vi e e o e < L B AL R il




Tag Vg Ih g Thg it AT LT A Vi s W ey W W TR AR WO W o & N Sl - Aol S TP T T T WL e e 1T i -y e T =T e .
e T R o T N T A o T T T AT T T e T T LT T e T e L S st e T e T T e e 2

A final measure of the accuracy of the experiments is the repeating of

conditions which was done at different oscillation ampltitudes. This is

a check both on repeatability (the degree of scatter) and linearity
(trends with amplitude). 1In these experiments, very little nonlinearity
was observed. There is some tendency for the measurements at the very
smallest oscillation amplitude to differ from other amplitudes, but this
may be simply an indication of the limit of the accuracy with which the-
actual oscillation amplitude could be set. The smallest amplitudes

corresponded to only a few millimeters at the oscillator attachment point

so that even a tenth of a millimeter might bias the results. Other than

-4

il

s
2 ket wiA

this, there was no discernable nonlinear trend in any of the results, and

the variation between results at different amplitudes would have been

Nt

f e e,
At

considered quite acceptable scatter even if only one amplitude had been
repeated.
CONCLUSIONS

The measured coefficients of heave and pitch motion of the SL-7 show
good agreement with strip theory for the uncoupled coefficients. However,
the cross coupling coefficients show a considerable discrepancy at all but
the highest frequencies of oscillation. The measured wave excitation loads
are in reasonable agreement, with measured pitch exciting moment being somewhat
less than predicted by strip theory. When the measured values of added mass,
damping and excitation are used in the equations of motion, the resulting
calculated values of heave and pitch response show improved correlation to

the measured motions on a freely floating hull, particularly at high speed.
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The measured relative motion near the bow due to forced heave or pitch motion

o L AT

is consistently higher than predicted by strip theory. The phase angle of

T

the measured relative motion is close to 180 degrees from the motion phase,

indcating that the hull generated wave is also near this phase angle. This
tends to maximize the relative motion, while the 90 degree phase shift
predicted by strip theory tends to minimize the effect of the generated wave
on relative motion, |
ACKNOWLEDGMENT
This work was sponsored by the Naval Sea Systems Command under thec
General Hydromechanics Research Program administered by the David W. Taylor

Naval Ship Research and Development Center,

15

P ~ i)
- -~ - PR
., - . fa ta e

P I T TP Y “ v+ e~ = - - e e e e m
PRI . . w e " e e [N
LN A W L

RN RN e L - LRV At -t - e e T
NN ERTR O PSR IR oL T PN R ALY R o PP Tt W S P T AP U Uy S PPV O N




'''''

REFERENCES

Beck, Robert F., "Relative Motion Components for a Mathematical Form
in Regular Waves," 14th Symposium on Naval Hydrodynamics, Ann Arbor,
Michigan, August 1982,

Lee, Cho&ng M., John F. O'Dea and William G. Meyers, "Prediction of
Relative Motion of Ships in Waves," 14th Symposium on Naval
Hydrodynamics, Ann Arbor, Michigan, August 1982,

Salvesen, Nils, E. 0. Tuck and 0dd Faltinsen, "Ship Motions and Sea
Loads," Transactions SNAME, 1970,

Ogilvie, T.F. and E.Q. Tuck, "A Rational Strip Theory of Ship Motions,
Part 1," University of Michigan, Department of Naval Architecture and
Marine Engineering, Report 013, 1969.

Newman, J. Nicholas and Paul Sclavounos, "The Unified Theory of Ship
Motions," 13th Symposium on Naval Hydrodynamics, Tokyo, 1980.

Faltinsen, O0dd M., "A Numerical Investigation of the Ogilvie~Tuck Formulas
for Added-Mass and Damping Coefficients," Journal of Ship Research, June
1974,



z2Z
z22Z pV

A
Z9

©
<‘
o

TABLE 1 -~ NON-DIMENSIONAL COEFFICIENTS

B C

' 2z
C =
Bzz oV /L/g zz pgﬁ

B C
v o= 28 - -
Bio =T Ve %o = gy



..,
DA
4 . +

.
e

-
B
.
o

z—i‘* 1.5 |-

b\ 1.0 —

STRIP THEORY
0.5 — EXPERIMENT: 2/T = .037 O —

074 O
110 O
.147

@

[
' r
AA S

L
(A OV

l'i}l
)

bk S ]

-

05 — —

14
-—

05 — —

18




Fn = 0.1 -

=
F -3
]
&b

_'f _'l

STRIP THEORY -
EXPERIMENT: Z,/T = .037 O

074 O
4100
1470

c2Yox )

w
!

T

G o Fn = 0.2 -

B

cnlr‘

+
-+
=
-

Figure 2 - Heave Damping Coefficient Bzz

19




LI sl i B S P T AL T B o
"-'. -
-

$-.‘

-
A

bl !
2},
¥, o

* .

NEIN

"1

_Q

o

2 ] ] i I ! | I I [

Fn = 0.1
0.10 — —

i) EXPERIMENT:0,= 0.186° O
0.372 O
0.06 |- o 0.558 O ]

O oo
0.08 - g 8 STRIP THEORY -
VA

:ZE: 0.04 — Oa ]

0.02 |- -

-
Fs
——

-
—ae
-

0.08 — e} —

ev2 0.06 — Oﬁ -~

0.04 {— VAN -

S 0.02 I— —]

g Fn = 0.3
e~ 0.08 |— —

0.06 |— 0 —

0.04 |— Aa\g\ —

0.02 — -

.
“:

. .
14
{]
X
~

Xy
3
B

Figure 3 - Pitch Added Mass Coefficient Agg

e g Ay ']

SRR =

20

R

LY 3 "*‘"‘.‘g"r ll,"

- Tt A T v T e e
-w.‘--jnw.-’.-.'_\.-_\_\‘-
» - - .

\g:\‘“ "“‘ . -‘.!‘v-l"'.'m-;;."\.;:.:

" at 5 L 534 »- 2 5EY
4, LA Ly

A3
.

«
]
“




A

A

‘e
Syt

oLt ok 2ot b coed)
e )
~r

» e

RN #
‘il

L DO S R R

T FFF

et
ke A

s, RG]
AN

't M
.
P

gt dy it S
4

OO

e

2 &
LR SR Y

ey
coALm b, A

—ev . - e -
O P -
- - - - - - . - - -t

Bgg
evyp2

.-
ERE Wl . 2 et e . « et e
- .

E

- . (ORI LTI S AL SO S RS F
LW TR PR N PR WK e et e T e

R A b A S b e
RSO IRl .

0.2

0.1

0.2

0.1

-a MU a A YA

TV IS - -
T T I R T R A S IR TR R IR R LA,

ol ! | i ! |

STRIP THEORY
EXPERIMENT: 9 = .186°
.372°
.5668°

O
Fay

a

——

——

pr
.

Figure 4 - Pitch Damping Coefficient Bog

21

. e . e .- - . ... . P -
A P LA . - . Y-
» - .
TS ¥ S GNE N ST L, A WSy

3
SN .

LI Wl RO RSy SN W5 AU SO SR S U JPA S, S uy

AT



S
-~
b

Fatat UE IR O Pl gt 4
3 R

R sk
3
Py

13

o KT,
Sy WSyt
e

R~
L2

it
T
P
e

Py
[y PRp e

S/ e

< PSRN . N
VROONT L s [ e

0.1

N T N L L e R e SV e e s T TR R R e T
AR R R

--
\;

-0.1 —

0] Fn = 0.2

o
A o

"B, )

0.1 }—

o
2"

PRI

ARy

ol

e

e
:-.
-
:

STRIP THEORY

Fn = 0.3

0.1 p—

EXPERIMENT: 9 = 0.186° O
0.372° O
0.558° O

—
——
-

-0.1 | ] | | 1 |

T

Figure 5 - Heave-Pitch Coupling Coefficient Aze

22




IR G o ARG T A N G B A R A e N R S DR IO A R R S TR SRR A

0.5 _
STRIP THEORY  ————ee——
0.4 |- EXPERIMENT: ¢ = 0.186° O ]
A 0.372° O
0.558° O
y AR A e,
0.2 |~ % g A A —
3 0.1 - ZAY Fn = 0.1 ]
(o)
1 l ] ! L | i —1 l
I 1 L 1 1 T i 1 T
0.5 [— |

k4
4
i
4
y
L
3
\
X
"
»
'
<
L]
-
"
E~

0.4 |- \ _
B A N

20 L
\Lgt 0.3 |- a L0 = -

02 -~

0.1} O o Fn = 0.2 —

—
T
T

0.5 I— —_

0.2 |~ A Fn = 0.3 —

0.1 —

-
N
w
S
)]
[+2]
~
[o]
(1]

10

Figure 6 ~ Heave-Pitch Coupling Coefficient Bze

23




- R -

Bt i L S A D -:'_u".l‘“‘.a:;;;l. -
- v B T e R

Fn = 0.1
0.2 |- —
o STRIP THEORY ———
O EXPERIEMTN: Z,/T = 0.037 O
Fo 0.074 O
01 c.1100 -

0.1479

T T T ¥ L T T 1 I
Fn = 0.2
0.2 cg —
AGz
ovL
0.1+ -
}
0.2 - —
0.1 -]
i
1 10
’ Figure 7 - Pitch-Heave Coupling Coefficient Aez
N 24
2N
{

¥
s




B T S T T L 7T, P, 75, 30 o T R e S T T AT e e R e
: ~ - - - . - M - - - ~ - . -~ Lt N -« . ~
N

£
e

»

TR

T €

VrTess;

2y

o e
h Ta
. 4

s
g

x
.

QO
]
O 04
o> -
2o ?
el
n
o
]

TRy
MR
P

02

-0} —

0.1~ -

Y ete X

l'j"

¢ o)
rou
.
&t
b
~

STRIP THEORY
EXPERIMENT: Z,/T = 0.037 O

0.074 &
0.110 (3
0.1 0147 QO _

1ot
>

X
)

O

-

o
AP N

Figure 8 -~ Pitch-Heave Coupling Coefficient Bez

25

S R Y R t . TR TN - “~ v Te . . -
M - L ST e . ., Tty a7 et -

. “ s . -, - - . ~ - -
X o % -~ d - n Lt - . - - . - - - . P . - ~
PN T N PR P I T WL FAYRATRY W Iy . g WP CIPT GPTLIPNS N NPT JPORIP I YO 0T S AL . S N e S .




20 - STRIP THEORY —————  __
(o) EXPERIMENTO O O

10 — —]

20 —
Z
10 —]
1
}
1) 20 +— —
(BA
';-:‘\
10 +— —

5
N

Figure 9 -~ Amplitude of Heave Exciting Force

26




:‘:_—.:.". o ,;\:'-,:,_\F-J}-_—:‘:-_:.\-:-.. \_-\_\"_';" _._': -“v_-\_ SMSVET T T e Te R N, T

| | I i ] | | -]
0 O
____.I__-M:og i i Il | ]
1 1 P | 1 t 1
\o____— _
STRIP THEOQORY
EXPERIMENT O O O
:“-:‘
s
" 180 e = 0.2
90 e ——
€z§- 0 } T T )=|\ % ! % { :
-90 { ]
u
-180 [ ]
v 180 03
2N
90 pos. ——
“ M
4 ! e | | 1 1 l
0 ! T 1 T f T ! T
’ -90 [~ -
\_F___TO
-180 ] i | | | | | -
1 2 3 4 5 6 7 8 9 10
w,,t_
g
3 Figure 10 - Phase of Heave Exciting Force
L
::_:. 27




STRIP THEORY

41— —_—
EXPERIMENT 00O
3 —
21— —
1 ]
L 1 | i ] ] 0] 1 1
T 1 1 T 1 1 T T 1
5 -

Fn=0.2

egv ¢,

NP
-

=
o
-

o oY B3
¥ -
S TES

Fn =03

g O
[

FLT SIS T R IY
H

ek

QeI
)
PRFarE — W

oy
k)
,.,u.

Qett
-
l

O

x
b
p—

S

R ..
RS &
1

H lvl“
€
<.o|r"|

=ty CNs
PRI

22 yrd;

Figure 11 - Amplitude of Pitch Exciting Moment

Ry

Ay

28

vy
Lk

«
F

“‘“‘. B
b 1
2
.

'
»*«
2
2t
a*
N
e
v

«
i
*
P
.
«
)
N
) ‘s

«
A
ol
4

f
SN
Yy s
N

,

S " S



i
PR VgL ¢

2

d.&

-V eV, v

2 ARl T W e e 3 e W I WIS W WL W Trg e~ am -
AN APt i HOIL R Ll A A R A S P ICAs I RGeS Dt B St Il S 2 s (08 5 > T T JERE
- - - - - - - - - - AT T et -

[ i | ] | ] | | 1 l
Fn = 0.1
- \— —
()
| } } | ! } } { !
(o]
STRIP THEORY
ExXPERIMENT ©O O O
|_. Fn = 0.2 —
S \ —
O
O
1 1 1 ] 1 1 1 1 L
1 ¥ 1 N ] T 1 1] )
%

L Fn = 0.3 -
3 \\?3\5____- _
1 1 1 ] H 1 i 1 Il
¥ ] 1 { 1 1} o I 1]

Q00s © o .
- | ] ] ] ] ] | | 1 ]

R

ORI ST TN AT I TR S PR
LR T, W, PP - ]

Figure 12 - Phase of Pitch Exciting Moment

PRI
~ . %

29

R _:-\-.‘ RS

-~ ORI
PR B T TR ) W

TN
AR L I PRI
O TR WS T 3 U U WP, 1 8 0 AT T T Py

. N

N R WA P 2 W

R L




Tew g x Caad el et e P Sl A Yt~ S Ty iR St e S i A Y e e
Rl e e Gk et e O e e A A e B e L A LA A LA AL PR LN A AN .

1.0 'l

STRIP THEORY
MEASURED COEFFICIENTS == -——-
EXPERIMENT O O O

\\
VY.
i 1 i i 1 i ] L |
180°— | i 1 1 1 ] I o | 1
€2 —
! | . l
T T T !
4
Lo
-2
, ta 3 -
2 -
11— —

180°1 ! 1 ]

A 90°|- —

i’
- "
¢ N

A
2 d‘
™
o)
e
o
-t

rv‘"‘:;‘:'u"
& = A

s

Iy

e

l."

u
s.lg., K
At

Pt

-

-180 - | i | | | | | | -
10

S
-
N
w
S
o
o
~
©
[{+]

3
I

Figure 13 - Heave and Pitch Transfer Functions, Froude Number = 0.1

A
Vo ')
s

e T4
o o B e

0y

30

z
P
‘/l

~

B o Ce pe) W

g
o0t




h

A s
v

'|
PR

.
L

i,
"
Y Al
A
"
)

STRIP THEORY ————
MEASURED
COEFFICIENTS =~~~

EXPERIMENT O O O

0.5 .
l
90° 1 o
ng- 0| :
_900 ; -
Wo
tal °
4| -
3+ -
2 -

T

180° I 1 1 T 1 { | —d

90°|- —

% o—t—t+——t—+—F—+—

-90°- T .
%
| | 500 I

—180° |

—t—

Figure 14 - Heave and Pitch Transfer Functions, Froude Number = 0.3

31




0.037 O

EXPERIMENT: z,/T

0o C o
0]
aeia & o

EgOO
a

Fn = 0.2

Fn = 0.3

o&o
ad &

%‘A

CAEMREAY) ¢ 35 2

A0C <
-]

esy

Q= ™

N-E-N-
i
(-]
[oo3

-

=)

u

=4

U

]

0

L ud

NPT e EAISETRIO NI (A RS Y
MM PRNIYS et DRSO NN APV LWL

1.0 -
2.0 —

15~

1.0 —

|5z

20—

1.6 —

1.0 —

10

Figure 15 - Relative Motion at Station 0

32

D G - ATRTAE N DY AR 8 G ¢ -~ T QR Y { iy ST T TP A 15T + e s

RN -
T ST . .

o TN

NN ATt et e
o . e IR
B A R R
e NN WYL, WGP WD PHL A, PR

P aeal

-,




| | | ] i | ] | |
0O
1.5 - Fn=0.1 o ]
ﬁgls
]
OAO%A 08 © 0o o o
10 - NY Y S e 4
i L | | ] ] | | 1
I I 1 1 | I i T I
EXPERIMENT: 2, T= 0.037 O
20 — Fn=10.2 0.074 O —
0110 O
0.147 Q
8,=0.372°&
1.5 |- —
in
$q
3058 °
1.0 |- O o) —
Lassan A A A A A
\ 1 i i i ! | l ]
1 0 1 | 1 i I I 1§
20— Fn=0.3 —

Figure 16 - Relative Motion at Station 1

33




* «t e . R Y N

e AR e S R R S e RN e e iE LR RO S L it it R OISR S 0 £ A4 T TRIITRS T T T R T O K TR R A T M T B e T R A 2T T
3 ST N TR STES R B T T R T T T T T S N T L T S TN R L N A NSNS R IR e

Fn = 0.1
1.5 L. —

1.0 . —

2.0 . —

Fn = 0.2

ER O O

1.0 | —

-l 1 L i 1 H 1
1 i i ] 1 BB |
EXPERIMENT: Z,/T = 0.037° QO

2.0 - 0074 A
0.110 O3
0.127 O

6, = 0.372° &

3

IS

Fn = 0.3

3

,
4 ,.‘ -

1.5

*

= \i,:"

» O

OO0
w8
»
D
(@)
'y
O
»O

1.0 |- ]

ke Figuce 17 -~ Relative Motion at Station 2

34




i I S TSR IR I S TR 4o A W S e R e T Ee T s - p AR Y .
A O Y AR ‘u,‘*}j:},_-j‘.“{\‘l oV 3'_1‘., -(':Yn‘,hf‘;\"“.“"_ﬁ";’ir;l"“‘n FET TR RN LN b 6 R R oS- T
N - NS R N e (AT

e
;o
4 "a "y

i N
[ LIS R
L .
- .

4
>

AN

Lok i e 4
AR
k]

-."’

TN

Zele

1.5 — Fn = 0.1

MT;W
alal
»0
l

D

O

»0
»O

_dvle]

»
e

1.0 - Q _

A} — e

EXPERIMENT. 2T = 0.037 O
2.0 r_ Fn = 0-2 0.07A A P

0.110 8
0.147

6, = 0.372° &

e

1.5 s (o) a -]
e 8

£
S3

-4
1
+

- 20— Fn =03 -

00
»
"3
(>

M YO
2.

L%

o
T
|

Figure 18 - Relative Motion at Station 3

35

P T T T Y PR A R U N R N
« e ~ . - s P LI ~ o, N . e

N
Al - - ~ PR ~
o v - T e T T S e e N AN L N [NE RN PR . " .
ORI T R RTINS WY T, e [T I Y N I « - “ ~ PR N e D .
s SEEERRORE SRR S SRR R S T N R A S N S S A N ot S T
AT b anliatl a3 o 2 e N o i Akt

L ST T I U




AR

Fn = C.3

STRIP THEORY

0.2}—

(ol

2 Porv A

0.1

£Cz

~90

—-180

10

Figure 19 - Wave Component Cauced by Heave Oscillation

at Station 2

36




Copies

LA Y T T e R mt w W v m oy m & e e

T N - - Sall=bh v ST A A el » TCN T Rk ¢ e - R T 3
RSO L AN TP MY A e Pl S T P A e S A e L R S N
- ~ 5 e T e s T T “ e b R N -t - et et

INITIAL DISTRIBUTION

CHONR
1 Lib

NRL (Library)
NAVSEA
1 O05R24 (Sejd)
1 55 (Keane)
1 55W3 (Comstock)
1 55W3 (Sandbery)
USNA
1 Lib
1 B. Johnson
NAVPGSCOL Lib
NROTC & NAVADMINU, MIT
NADC
NOSC (Library)
DTIC
HQS COGARD
MARAD
NSF Engr Div Lib
U Cal Berkeley/Dept NAOF
NAOF Lib
J. Paulling

W. Webster
R. Yeung

e

MIT
1 Barker Eng. Lib
1 Ocean Engr/Sclavounos
1 Ocean Engr/Newman

Boeing Adv Amr Sys Div

Copies
1

2

Copies

i

SIT Davidson Lab/Lib
Webb Inst
1 Ward
1 Hadler
SNAME
Hydronautics
Science Applications, Inc./
Annapolis

1 Salvesen

Univ Washington
1 Mech Engr/Adee

Maritime Res Inf Service
U Michigan Ann Arbor/Dept Name
1 Beck
1 Troesch
MMA
1 Lib
1 Dr. McClean
Florida Atlantic U OE Lib

U Hawaii/Bretschneider

CENTER DISTRIBUTION
Code Name

1504 Monaczlla
1506 Hawkins

1506 Fein
152 Lin
1521 Day




. - & e

Coples Code Name

1 1522 Wilson

1 154 McCarthy
1 154 Yim

1 1542 Huang

1 1542 Chang

1 156 Cieslowski
1 1561 Cox
10 1561 0'Dea

1 1562 Hong

1 1562 McCreight
1 1562 Moran

1 1563 Russ

1 1843 Haussling

10 5211.1 Reports Distribution
522,1 Unclassified Lib (C) (1m)
523,2 Unclassified Lib (A)

38

. - " . .
e ~ PO T DL R T N T Oy




