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BOTTOM IMPACT PRESSURES DUE TO FORCED OSCILLATION*

- by
W. Beukelman **

Abstract

Forced oscillation tests about the water surface have been carried out with a segmented ship 'model to measure

slamming pressures-on two segments.

A calculation procedure based on a two-dimensional approach has been proposed.
These analytical results; together with those: of other theories have been compared with the measurements.
Thé results of the proposed calculation method proved to:be rather satisfactory.

1. Introduction

The literature about tests and theories on:slamming
is rather extensive ‘
In most of the experiments, the object was to find a
relation between the vertical impact velocity and the.
maximum -slam pressure [1,2,3,4,5,6]. A general
form for this relation is presented by Margaret Ochi
and José Bonilla-Norat in [3] as

p= kv."
where:

p = the impact pressure
y = the impact velocity
k and n are constants.

Experimentally,. these authors found that the pres-
. sure is proportional to the square of the velocity at
impact and that the proportionality constant k is de-
pendent on the section shape. Others like Takezawa et
al., MK. Ochi, L.E. Motter [1,2,7] used a similar
relation,

p=Y%p k1v2

and established experimentally the coefficient k; of
the impact pressure dependent on the position con-
sidered as a flat bottom or stem front. For the pres-
sure distribution on the surface of a wedge-shaped
body the authors used the well-known formula of
Wagner [8]..

Remarkable model ‘test results, together with theore-
tical results, are presented by P. Kaplan et al [9] for
the case of bow slamming of SES craft in waves.

Most frequently used up to now is the procedure in-
troduced by Tick [10] and Ochi [4] with respect to
bottom impact slamming. After some evaluations,
Ochi et al [4, 11] stated two conditions required for
bottom impact slamming to occur viz.:

a. bow (fore foot) emergence: :

b: a certain magnitude of relative velocity between
wave and ship bow. '
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The critical relative velocity below which slamming

does not occur is called the ‘threshold velocity’, de-
noted by v*.
Ochi showed by tests on a Mariner model that the
threshold velocity is nearly constant with an average
of 12 fps for a ship of 520 ft length. Aertssen [12]
advised that the threshold value should be 50.percent
greater for the Mariner, that is 18 fps. Mostly the thres-
hold velocity according to Ochi is accepted with an
appropriate Froude scaling law for ships of different
lengths. ’

To analyse the problem .experimentally a series of
drop tests with a flat plate [13, 14] or a wedge [7, 15,
16, 17] have been executed. Very often, the behaviour
of the air layer between the falling ‘Body and the water
surface has been taken into consideration [13, 18, 19,
20].. :

Chuang [21] showed that the effect of this compres-
sible air causes a remarkable reduction of the acoustic
pressure, which is frequently assumed.

Mathematical models have been developed to describe
the cushioning effect of the air between the descending
body and the water surface for instance by Verhagen
[13] and Greenberg [20]. The predictions of Verha-
gen showed good agreement with experimental results.
It is, however, rather complicated to apply these theo-
ries to the real problem of ship bottom impact because
no account is taken of forward speed or of the three-
dimensional flow caused by changes in the shape of
the sections. '

Model experiments in waves or full scale observa-
tions may statistically deliver rather good and useful
results [1,2,3,4,6,12,22], but do not give a deeper
insight in the phenomena slamming. This might be very

.important for establishment of design criteria.

Several authors have tried to formulate mathema-
tical models describing slamming [13, 20, 22, 23, 24,
25, 26, 27]. _ :

The great majority of them accepted the rate of change
of the momentum of the hull’s added mass as the main
cause of the arise of slamming forces. In this way they




The characteristics of the pressure transducers were
as follows:

: Druc¢k Ltd.

— Manufacture
— Type : PDCR 42
— Range + 69 kPa (10 psi)
— Acceleration : for 69 kPa: 0.002% of full
. sensitivity : scale-output/g
- Tempevrature drift .
and thermal shock. : 0.02%/°C/FSO
— Natural frequency
(in air). : 15 kHz.

The output signals of the pressure '..r_transducers,

situated at the bottom: of the segments, were. amplified
and recorded simultaneously. on- an -analog instrumen-
tation tape recorder and UV-recorder. The latter had
been used for visual observation and preliminary de-
termination. of the peak values-of the impact pressures.
Recording on the tape recorder took. place at high
speed (1.5 'rn'/s‘ or 60 ips) ito'ensire a sufficient band-
width,
The block diagram of Figure 4.shows the instrumenta-
tion set-up for the experiments. After the measure-
ments the slamming signals were replayed one -at a
time and fed via a delay line to a correlator which was
used in its signal recovery mode.
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By using a mechanical oscillator there s an enormous’
ratio between the interval time of the oscillation and
the width of the impact wave form. Only a small part
of thie cyclus has to ‘be isolated. Therefore the signal is
sent through an analog delay line to catch both the
slamming wave form and a small piece of the signal
preceeding the impact..

A trigger pulse generated by the slammmg wave form:
at the input of the delay line triggered the correlation
and after 20 ms the .delayed wave fori entered the
correlator.

The principle of signal recovery is to examine a part of
the signal following the trigger pulse and by repeating
this observation to extract a coherent pattern. After
each triggerpulse a series of 100 samples is taken and
added to the corresponding samples of the previous
series. In this way the coherent pattern is reinforced
at each repetition while noise present in the signal is
surpressed to a degree dependent on the number of
p_ulses that had been averaged. After a summation of
128 repetitions the result had been normalised (di-
vided by 128) and could be displayed-and reflected on

-an X-Y recorder,

A digital storage oscilloscope was used to monitor the
slamming signals. The results obtained with the corre-

lator had to be carefully interpreted. A time jitter

trigger-pulse

- ‘ correlator
oscilloscope O delay l\ signal- x-y
lire recovery recorder
inv. i
. 1000 Hz
ref. f—— - :
|
| .
ampl:for transducer i 1,
. I .
. from pressure, '\ . \ i \_ i i
transducer s i / cal.amp. / :
(6. times) -inside model ) caljamp. P X ;
strain : \ - I - ]\ R
from dynamometer A-»{' 3‘:\225 cal.amp. / cal"”“l‘" */
I, . cal.am .‘L//"
. .strain - ‘ cal .amp. V//,r p. il
from dynamometer B-s{ 'Jauge - X
. ‘meter
i J i
T L » ) |
‘ d.v.m. inter- 1 .
face o . i ",
and : 9 y L
t "0\"“'-91' plexer 1 —/ X
slotted disk, for 1
(M) ‘

counter

carriage speed X
— i ) ]

i0i3

motor

excitator

motor
control

period
counter

-
for. Lo j

instrumentation-

tape recorder U.V. recorder.

O

Figure 4. Block diagram.
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could occur between the triggerpulse and the peak of
the slamming wave form due to the great difference in
both shape and amplitude of the succeeding wave
forms. As -a result the peak value could be somewhat
too small and the-width of the impact wave form too
large. However the energy contained under the pulse
was still correct and represented the energy of an
average impact wave form. o

During the experiments photo’s were taken of the
model bottom to obtain ‘an impression of the :behav-

iour of air. See Figure 2. The camera shutter was

opened. when the model was in the near vicinity of
the camera and an electronic flash was fired at the
first trigger pulse generated by an impact wave form.
Therefore the photo’s were made at almost the same
moment that the impact took place.

3. Analysis of test results

Occasionally, the measured docal slamming pres-
sures were compared with the pressures derived from
the force-measurements on the segments. Although
equality could not be expected, the agreement in the

"~ order of magnitude appeared to be satisfactory. The
measurements: showed that the impact pulses during
one run could differ a great deal in shape. Using the
method as described in 2.1., it was possible with the
aid of a correlator to obtain an average pulse with
satisfactory consistency.

A reasonable agreement coiild also be established
between the values of the peak pressures obtained
from the UV-recorder and those derived from the cor-
relator, although it remains as stated in 2.1. that the
peak values from the correlator are somewhat less
reliable. ‘ :

From the peak pressures measured by the UV-recorder
and shown in Figures 10-12 it is clear that with respect
to the longitudinal position of the pressure gauges the
most forward one, E, delivered the highest values. This
effect, which might be due to the higher impact velo-
cities or to the smaller wetted width of the section will
be discussed in 4.1. and 6.

The influence of the transverse position .of the pres-
sure gauges on the slamming pressures appeared to be
negligible as shown in Figure 10-12.

According to expression (7) of the proposed theory,
the pressures measured by A, B and F should be equal
in the cases of pitching and heaving motions with an
angle between bottom and water surface. From Figures
10-12, it is obvious that this fact was confirmed satis-
factorily by experiments.

The effect of forward speed appeared to be remark-
ably small for the cases where the bottom was parallel
to the water surface. Greater forward speed effects
were measured for the other cases. These results also
agree with the propc))ged theory, as will be discussed in
4.2.3. and 6.

For heave and pure pitch, the measured peak pres-

sures have been non-dimensionalized as p/%p v? and

plotted versus the frequency of oscillation for the
various gauges and speeds as indicated in Figure 13.

This' dimensionless pressure also represents the well-.

known proportionality constant,

From the figures, however, it is clear that such a con-
stant, proportional to the squared vertical velocity
could not be established for all frequenciés of oscil-
lation.

For a certain frequency of oscillation there was a slight
indication that the peak pressures are proportional to
the squared amplitude of oscillation.

It was assumed that the value of the peak pressure was
not significantly influenced by the elastic characteris-
istics of the model-bottom. The oscillations in the pres-
sure after the peak as shown in Figure 3 might have
been due to the elasticity of the bottom material.

The amount of time required to obtain the peak
pressure varied greatly with an average of about 4 a
5 ms for the case with the bottom parallel to the water
surface. For heaving, with an angle between bottom
and water surface, there was a large reduction of this
rise-time to about 1 ms. This might have been dué to
the greater influence of the high accelerations of the
added mass, which according to the proposed theory
occurred as a consequence of the arise of the forward
speed component.

This time, as denoted in (18) should be shorter than
the rise-time.

The photographs (Figure 2) made of the model-

bottom at the moment of impact with the water-sur-
face show that the air layer is most significant when

the bottom is parallel to the water surface, As soon as
there is an angle between bottom and water surface a
large reduction of the amount of trapped air can be
established. Concerning this observation, it should be
remarked that the distribution of the air about the
model bottom seemed rather random, so no consistant
pattern was-observed.

Finally, it is worthwhile to stress the advantages of
using a PMM (Planar Motion Mechanism) for the ana-
lysis of slamming. Vertical speed, acceleration and
angle with the water surface are perfectly adjustable,

. while the bghaviour of air can be easily observed.




4. Proposed calculation method for determining slam
pressures :

4.1. General

It is essential for determining slam pressures to di-

vide the velocities into two components: one compo-
nent along the hull (or keel-line), and one component
perpendicular to the hull. The velocities along the hull
determine the so-called planing pressure which .is
usually small and insigniﬁcant in comparison with the
impact pressure [26].
Therefore this impact pressure is mainly determined by
the velocities normal to the hull. In the case of a ship
with a flat bottom, the impact pressures on the bottom
can be determined if the velocities normal to the bot-
tom are known. This case will be considered here.

The calculation method is based on the strip: theory:

as presented in [28]. The hydromechanic force per
unit length on a strip of an oscillating ship in still
water with respect to the coordinate system x; y; z,
fixed to the ship at the center of. gravity (Figure 5)
will be }

F'=F| +F, +F, a
in which:

F| = -2pgy,s

F; = —N's
d .
F; = ——(m’'s
3 dt )
with:
p = density of water
g = acceleration of gravity

Yo = half width of the cross-section.at the moment
of touching the water surface
m' = the sectional added mass
- N' = the sectional damping
" s =the displacement of the strip into the z,-
direction, so perpendicular to the bottom.

1

z zp

—Lé— V{ship speed)

/

— t

§-4G .
Z ‘ i \rh : —3 XX,

-\“"b .

heave: z:= 25 cos wt

pitch : ©=0qicoswt Figure 5. Coordinate systems.

For a pure heaving oscillation z =z cosw ¢ about
the waterline with the keel-line or bottom_parallel to

112

§=z =2z, coswt ‘ 2)

while for a pure. pitching oscillation 6 =9 coswt
about the waterline

s—xbo coswt _ ) 3)

x,, is the distance between the strip considered and the
centre of gravity where the origin .of the X, Y2} COOI-
dinate system is-assumed to be located, see Figure 5.

It is possible to write the sectional hydromechanic
force of (1) as follows:

F'=_— (Zpgyws +N's'+%m~ s+m's )
; t 4)
——(Zpgyws+Ns+d;ns +ms)
The total slam-force on a strip may be expressed as:
F'dx, =2py, dx, : ‘ (5)

in which: ,

p = the slam pressure

Substitution of (4) into (5) delivers the following_
expression for slam pressure: .

N' . dm' 1 5 m
=_ t— st —— 5t 6
p (pgs 2yws ds 2. ° 2y_s) (6)

w

The first term of the right hand side may be neglected
because of the very small displacement during the time
that the maximum slam pressure is built up. So the

general expression for the slam pressure may be writ-

ten as:

] dm' ., ‘ .
=——|N's+—s5%+m (7
P 2y'w-( s ds s s) 7

From (7) it appears that

1. the slam pressure mainly is composed of three
hydro-dynamic terms.

2. the slam pressure is inversely proportional to the
‘wetted width’, 2y . . .

3. the second term is proportional to the squared ver-
tical strip velocity.

Further remarks which can be made about ‘the slam
pressure are: '

1. the first hydrodynamic term containing tﬁe sec-
tional damping will deliver a small contribution to -
the total slam pressure because it is: proportional to
only the first power of the vertical strip velocity.

2. from the second hydrodynamic térm, it appears
that the increase of added mass w1th depth is very
important.

3. the third hydrodynamic term may become very sig-
nificant if the vertical strip acceleration is high. This
may be the case if there is a component due to the
forward velocity_of the ship. This: phenomenon will

the waterline

be considered further on.
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Figure 6. Added mass and rate of change of added mass with depth per unit length for the section at pressure gauge E. .

4. the value which should be takgn for ‘the hydrody-
namic mass is not clear. In this ‘work the adjusted

frequency of oscillation has been used, but there

might also. be reasons related to the transient charac-
ter -of slamming to start from infinite frequency or
to consider a spectral value for the added mass.

4.2, Determination of speeds and accelerations

‘At. first the-velocities and accelerations-due to oscil-
lations will be calculated and afterwards the influerce
of forward speed will be considered.

42.1. Heave oscillation.

For the heaving motion, the displacement of a strip
is defined as:
§=z=z,cosw!t 2)

from which follows:

the strip velocity §=z=—w z sinwt

and (8
-~ the strip acceleration 5'=3= —w?2z ,COSw!-
with;
w = circular frequency of oscillation

.2

z, = amplitude of heave oscillation.

. In the case of pure heaving with the bottom of the

model at the. water surface in. the zero position of the

orif arc (coswt =

“oscillator,; it is clear that at the moment of impact with
the water surface the strip velocity will achieve a max-
imum value while the-acceleration becomes zero. This.

- means Fhat the third hydrodynamic term of equation

’ 2yw
this case.

, does not contribute to the slam pressure for

Q)

For heaving of the bottom about the waterline with a
constant angle .between bottom and watersurface, the
situation.is different.

If a point P on the bottom is situated at a distance

z, above the waterline in the zero position of the oscil-
lator (Figure 7) there will be contact with the water
surface if:

z=z CoSwt =2, = =X, lga
—X, tga )

a

S ay !
1 Vil LA 2
L

o 05m gl 05 gl
| . X
! b

'Figure 7. Heaving with an angle.

=4 and §<0 ‘ (9)_




————moment-of-contact-with-the-water-surface-are-respec=

The velocity and .acceleration perpendicular to the
bottom due to oscillation for the section at P at the
moment of contact with the watersurface are respec-
tively: :

§= —Z, wsiny cosa
(10)

5=z, w?cosy cosa

The angle o i small (2.3 degrees) and so. it may be as-

sumed that cosa = 1.

Another velocity component perpendicular to the
bottom results from the: forward speed viz.:

V, =—Vsina N (1

This influence will be discussed in 4.2.3.

4.2.2. Pitch oscillation

For the pitching motion the displacement of a strip
may be.expressed as:

§=x,0 =x,0_ coswt 3)
from which follows:.

the strip velocity §= —x,wd sinwt
and : - ' ’ (12)
the strip acceleration §'= —x, w26 coswt

For pitching around the aft leg with a certain
draught T' of the model the situation is different. See
Figure 8.

/
Wy (/'/ :_9‘=9r7 eV —L
T':ODZT 3 . __/_.-—-J('"'—‘V N - v

Figure 8. Pltching around the aft leg for the mode! with a
draught T'=0.02m.

If the fore leg has a displacement z =z, cosw# the
vertical displacement of a point P at the bottom will
be :

z =,za(xb + 0.5) coswt (13)
Thé water surface will be contacted if

2'=T'
therefore holds:

T}
arc (coswt =-

—f = ds<0 14
za(xb+0.5)) v ands (9

The velocity :and acceleration perpendicular to the ‘

bottom due to oscillation for the section at P at the

tively:
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§=—2z (x, +0.5)wsiny cosé
a‘\"h t I (15)

§= ~2,(x, +0.5)w?cosy cos,

8, is the angle bétween the bottom and the‘watekrfsUr-
face when the point P contacts the water surface and
may be characterized by:
. T\
0, ,=arc (g, =——— '16):
' (g' x,,+o.5) - 16

For this case 0, is small (up to one degree) and so it
may be assumed that cosg, =~ L.

Another velocity component perpendicular to. the
bottom results from the forward speed viz.:

V, =—Vsing, 7 (7

4.2.3. Influence of forwardispeed

For heaving and pitching with the bottom parallel
to the water surface at the moment of contact there is
no component of the forward speed normal to the bot-
tom. If the bottom makes an -angle a or 0, with the
water surface, the component ‘V of ‘the forward speed
normal to the bottom, will arise for a partlcular strip
as derived in 4.2.1. and 4.2.2. '
If this component V, develops within the time that
the maximum slam pressure .occurs the added mass of
the strip will be subjected to very high accelerations.

It is reasonable to expect that the effect of these high

accelerations on the -added mass is dep,endént on the

draught of the strip or wetted part of the section.and
for this reason also dependent on the strip velocitil §

due to oscillation. 7

The maximum value of the acceleration for the sec-

tional added mass will be determined in accordance

with the assumptions in the appendix.

The following calculation proc_:edure with respect to
the influence of the forward speed is proposed:

s which
should be achieved on ‘account of the -angle of the
bottom with the water surface. v

2. It is first assumed that the added mass has achieved

_ the velocity V, if the displacement of the strip s =
0.00015 m and the time in which this takes place is

¢ = 000015 (18)

s

1. Determine the normal strip velocity V,

3. Next the average acceleration is determined by

a. =4 o . 19)
. f .

4. Furthermore, it is assumed' that the peak preésure
is dependent on the maximum acceleration:. This
maximum—acceleration—due—to—the—forward-speed
component will be determined as proposed in the
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- appendix
' a ..=15a, v (20)

5. Finally the total maximum acceleration of the sec-
tional added .mass péi’pendi'cular to the bottom is
found to be:

§'=5ta, o Q1)

4.3. Execution of the calculations

To carry out the proposed calculations, it was first
necessary to determine the sectional added mass and .
damping for several draughts and for the bottom of
the model. The Frank-computer program [29] was
used to make these calculations. For numerical reasons,
it was necessary to introduce a slight deadrise in the
bottom and a slight draught. A deadrise of 0.00002 m'
and a draught of the same value served as initial inputs.

For small draughts (below 0.00004 'm) the variations

in added mass and damping are negligable. All these

calculations have been carried out for several sections
after which added mass and damping have been-deter-
mined by interpolation for the sections where the pres-
sure-gauges were situated.

Afterwards the rate of change of added mass with
depth, dm'/ds, has been determined in the same way
and values have been graphically established for zero
draught. See Tables 2 and 3. As an example, the
results-are shown in Figure 6, for pressure gauge E.
Calculations of the peak slam pressures have been ex-

.ecuted in accordance with equation (7) for the modes

of ‘motions considered with .and without the forward
speed influence as proposed in 4.2.3.

Results are shown in Table 4 and Figures 10-12 where
the peak pressures are plotted on the basis of the im-
pact velocity: y=s'=sHV, 22)

‘ Table 2
Sectional hydrodynamic characteristics for pure heave

Section at pressure gauge

A B : C D E , F
w [y,=0.124m|y =0.124m yw' =0.124m V= 0.089 m|y, =0.034 m| y = 0.072 mi

| i L_‘_i_’Z'_' | o g!i | AT d_"'l' A '1 _dﬁ'. [ d_"'l' * [ ‘ i’[’:

N | ds N | ds N._' ds N ds N ds N'| g
C|Ns [N |Ns | N |Ns | N2 |Ns| N2 |Ns | N2 |Ns | Ns?
s | 3 m2 | m3 | mZ | m3 m2 | m3 m2 | m? m2l md
4| 148 —4542|150| —4179 | 150| —4316 |72 | —6377[16 | —3051|59 | —5042
6 [169] —3836(171] 3257|170 —3473 (86 | —5435|21 | —2354 |71 | —=4179 |
8 | 175) =3237|177| =3012 (176 —3090 |92 | —4365|23 | —1874 |77 | -=3365
10| 171 | =3110 | 1737 —2796 | 173| —2914 194 | 3875 |25 | —1648]79 [ —2992 |
12 | 162 | -3090 | 163| —2815 163 | —2914 {93 | 3689 |26 | —I511 79 [ 2835 |

. Table 3
Sectional hydrodynamic characteristics for pitch and heave with an angle
' _ Section at pressure gauge 1
_ABF - | c | E b }
w |y, =00722m 'y, =0.053 m y, =0.034m {y, =0.089m
dm" ' dm'’ dm' b, amt
Nl ‘ml % Nl ml % Nl ml .dsﬂ. Nl ‘ ml dTm
| Ns| Ns| N2 |Ns | Ns*| Ns® N | Ns2| N2 | Ns | Ns?| N
s m | mE|md |[m?| m?| m mZ| m2|m® |m?| mi|md
4 ;59 L6 | —5042|38 | 10 | —4052 |16 | S 3051 |72 [ 19 | —=6377]
6| 71 12 | —4179| 46 8 [ -3276121 | 4 —2354| 86 | 14 | —5435

877 | 10 | —3365} 50 6 | —2619(23 | 3 —1874 (92 | 12 | —4365]
1079 | 9 | -2992} 52 6 | —2325(25 | 3 —1648|94 | 11 | —3875|"
112 79 | "8 | —2835] 52 5| 2178 (26 | 2 —1511193 1 10 | —=3689
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Table 4
Calculated pressures for gauge £; r=0.04 m;y = 0.034 m
) ' ) : } m .
mode ' —ﬁv— ) _dm’s% v=0.706 m/s | v=1.412 ms > s
of w | Pw | B Wy 1103y, | 1107 apa, Yw kPa kPa
-‘motion = |y= = |y= lwv= |p=
0 0.706|1.412( O 10.706 | 1.412
s—1| kPa kPa s m/s2 | s m/s2 | m/s m/s |m/s | m/s m/s |m/s
pure 4004 | LI5 . ' 119 | 1.19 | 1.19
‘heave 6 | 0.07 "1.99 - - 2.06 | 2.06 2.06
(T'=0m) 8 (011 . 282 293 293 [ 293
10 | 0.15 3.87 B 4,02 | 4.02 4.02
12 | 0.19 5.10 5.29 | 5.29 529
pitch 4 | 005 1.74 - 1.79 | 179 | 1.79
(T'=0m) | 6 | 009 |3.02 - 3d1| 311 | 3
8 | 0.14 427 4o 441 441- 1 441
10 |0.18 | 5.88 6.06 | 6.06 | 6.06
12 | 0.23 7.74 - 797 | 197 7.97
pitch 4 | 0.04 1.45 083 |20 (083 | — 41| 002140 |291 | 1.51 | 2.89 440
(T'= 6 | 0.08 2.52 056 | -30 | 056 { — 52 0:04 | 1.62 |(3.36 | 2.64 | 4.22 596
0:02 m) ‘8 | 0.13 3.56 042 | -40 | 042 | — 83} 006 | 1.80 {3:69 | 3.75 | 5.49 7.38
110 | 0.17 4.99 033 | =50 ({033 | —104:] 0:08 | 1.95 (401 | 5.14 | 7.01 9.07
) 12 | 0.21 6.45 028 | —59 | 0.28 | —124| 0.10 | 2.12 433 | 6.76 | 8.78 1099
heave 4 | 0.03 0.53 1.37 =31 | 137 | — 62| -0.03 | 2.10 (4.31 | 0.53 266 4.87
with. , 61005 091 092 |—46 | 092 | — 93| —0:06 | 2.38 [4.90.1-0.90 | 3.34 5.86
(T'=0m) 8 | 008 .} 1.29 0.69 [-61 | 0.69 | —124|-0.08 | 2.58 :’.5.35 1.29 | 395 6.72
«=23° . |10 | 0.10 1.78 0.56 | —75 | 0.56 | —154| —0.11 | 2.78 [i5.76 | 1.77 | 4.66 7.64 .
12 | 0.13 2.35 046 | —91 | 046 | —186] —0.15 | 2.97 7'6.19 233 [ 5.45 8.67

From the calculations it appears that:

1. The sectional damping given by the first hydrody-

namic term of equation (7) has very low values for
all motions.. K

. For oscillations with the model-bottom at the water

surface in the zero position of the oscillator, only
the 'second hydrodynamic term of equation (7) has
a significant value. '

. The rate of increase of added mass with depth

dm'lds for zero draught is very important for all
motions, but not easily established and very sens-

itive.
. The correction for the influence: of forward speed

might be very significant for the case of an angle

between bottom and water surface at the moment

of contact. It is strongly dependent on the value
which has been taken for the section draught neces-
sary to achieve the vertical forward speed compo-
nent.

The correction of the forward speed as proposed
in 4.2.3. influences only the third hydrodynamic
term of equation (7) containing the acceleration of
the sectional added mass. However, there should
also be an increasing influence on the second hydro-

but has been considered separately before with res-
pect to the maximum value of the forward speed
component without taking into account the in-
fluence of the accelerations as proposed in 4.2.3.
In this way the peak slam pressures rémain far too
low, especially for the case of heaving with an angle
of trim. '

In fact, the problem is rather complex. Both inflien-
ces are working together, however the one proposed
in 4.2.3. appeared to be a great deal stronger.

4.4. Units

All units in this paper are presented aécording to the
*Systéme Internationale d’Unités’ (SI).
For convenience the following conversion factors with
respect to the former technical or kg(force)-m-sec
units and the related English units are given for:

force : IN = lkgms 2 (SD
= 0.1019 kgf ' (technical units)
= 0.225b (Engl@sh units)
length : 1m : 3;53 f:] (English units)

pressure : lkPa

101.937 kgf/m?
0.145 psi

1000 Nm-2 = 1000kg m~! s=2 (SI)
(technical units)
(English units)

dynamic-term-with—the-increase-of -the-vertical-for
ward speed component. _
This influence was neglected in these calculations,

1 Ns2 m—1 Sy

mass : lkg

0.1019 kgf s2 m~! (techinical units)
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Figure 9. Time in which peak pressure develops.
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5. Other calculation methods

As discussed in the introduction, most of the for-
mula’s used to determine slamming pressures are based
on a relation between the squared vertical velocity and
the slamming pressure. There is a scattering in the
value of the proportionality constant for most of the
authors [1,2,3,4,5,6, 7, 22]. However, it is possible

~ to distinguish roughly two groups for the case of pure
flat bottom impact where the angle between the bot-
tom and water surface is almost zero. The first group
found a proportionality constant k; = 60 for this case,
mostly by experimental methods. Proponents of this
method include Takezawa [2], Lewison [19], Chuang
[14] and Verhagen [13]. '
The peak slamming pressures are calculated and de-
noted in Figures 10-12 as: '

py = 30 p;v2 23)

with p, in N/m?.

‘The second group also stated a proportional rela-
tion between the slamming pressure and the squared
vertical velocity for bottom impact. To this group
belong among others Margaret D. Ochi [3], who
found /that the proportionality constant is dependent
on the width and the area of a section considered with'
a draught equal to 0.08 times the design draught T.
The peak pressure may be.expressed, after some cor-
rections for the-dimensions; as

.2 ‘
Py = 14805212 (24)

with p; in N/m?

and
b = half width of the section with a draught ' =
. 0.08T
A = half area of the section with a draught T'' =
008T.
T =

design draught of the section.

As another representative of the second group may
be mentioned M.K. Ochi and L.E. Motter [1]. The
-peak pressure is written by the following expression:

C P = Y Ky v 25y

in which

- k; = a function of the hull section shape below one

tenth of the design draught T

exp (1.377+2.419a, —0.873 a,+9.624 a)

- (26)

a,,a; and ag are the conformal transformation co-
efficients. of the section with a draught of
0.1 T when a 3-parameter transformation is
applied.

ky

The pressures calculated according to method II

(Margaret D: Ochi) and method Ila (M.K. Ochi and
L.E. Motter) have been determined for the sections
situated at the "different pressure gauges. and these
results are also shown in Figures 10-12. If there is a
small angle (up to about 3 degfees) between the bot-
tom of the model and the water surface, the forward
velocity component is added to the impact velocity
due to oscillation. This. means that the velocities nor-
mal to the bottom or keel have been taken into ac-
count and not the pure vertical velocities.

For the case of an angle between the model-bottom
and the water surface it is interesting to make use of
the expressions to determine bow slamming pressures
for'high speed vehicles as presented by Stavovy-Chuang
[26] and Kaplan-Malakhoff [24].

As stated in the introduction Stavovy-Chuang define
two pressure components viz.:

L. the impact pressure p, due to the normal velocity
component, so perpendicular to the bottom for the
case considered and written in the present notation
as:

k
! 27

p; = p 144 (scosa + Vsina)?

cosa
in which k, is-dependent on the angle a.
For this case k; = 0.8374.
2, the planing pressure due to the tangential velocity
component

p, =Y%p (Vcosa +ssina)? (28)

?
The total slamming pressure according to.[26] has
been calculated and denoted as:

P =p;tp, (29)

in Figures 11 and 12 for the different pressure
gauges.

Kaplan-Malakhoff [24] determine the slamming
pressure with the equivalent planing velocity and it is

denoted here as:

Pry = Y20 (V¥ Zcota)? (30)

The results are ‘also shown in Figure 12 however,
for -heaving' with an—angle -only. For pitching around
the aftleg with a draught T7'=0.02m the angle
between modelbottom and water surface achieved a
value of about one degree, which delivered unreliably

‘high values for slamming pressure when the expression
‘of Kaplan-Malakhoff [24] was applied.

6. Comparison.of experimental- and analytical results

In comparing -experimental and analytical results,
it should be kept in mind, that perfect agreement can-
not be expected because the high sensitivity of slam-
ming phenomena reduces the accuracy of experimental



results. This is especially true for the peak values be-
cause the very short time in which a peak develops re-
quires a steep slope in the pressure curve up to the
peak. For this reason it was difficult to obtain an ac-
~ curate recording of the pressure variations. Moreover,
there might have been other disturbances which in-
fluenced the peak pressure such as local air-inclusion,
variable influence due to the local elasticity of the
material, vibrations of the model or towing carriage,
etc. :

On the-other hand, the analytical methods also show
some sensitive parameters which are not easily deter-
mined such as: the rate of increase of added mass with
depth for almost zero draught, the choice of the
draught which should be taken into acéount, the angle
between hull or bottom and water surface etc.

All analytical methods take account of only the most
important parameters which influence slamming.

It is hardly possible and perhaps not always necessary
to include local influences and disturbances as men-
tioned before.

With respect to bottom impacts which occurred duiring
pure heave and pitching motions about the water sur-
face, it can be observed from Figures 10-12 that the
peak pressures predicted by method I (Takezawa,
Chuang, a.0.) and the present method show about the
same deviations from the experimental values. Gene-
rally, the results obtained with method II (Margaret D.
Ochi, M.K. Ochi, L.E. Motter) remained a good deal
lower than the test results. It also became clear that
the measured peak pressures for this case are relatively
low in comparison with the peak pressures measured
for heave and pitch with an angle between the bottom
and water surface.

For these cases, it is obvious that the existing methods
for prediction of bottom impact (I and II) deliver too
low peak pressure values. The methods for predicting
bow slamming III (Stavovy-Chuang) and IV (Kaplan-
Malakhoff) produced values which are too high. Me-
thod HI (Stavovy-Chuang) gives the best agreement
with the test results.

It should, however, be remarked that application of
both- mentioned methods, to predict bow slamming for
the cases considered is rather doubtful because of the
very small angle (max. 2.3 degree) between the bottom
and the water surface. ‘

The proposed method provides results which show
rather good agreement with the test results for these
cases.

Howevér, it is important to note that the results are
strongly dependent on the choice of the sectional
draught at which the hydrodynamic mass achieved the
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As stated in 3, Figure 13 shows that no proportiona-
ality constant could be established for all vertical ve-
locities or for all frequencies of oscillation.

In Figure 13, the dimensionless peak pressures have
been plotted on the basis of the circular frequency of
oscillation.

This has the advantage that for a certain frequency, the
influence of the sectional added mass and the rate of
increase of added mass with depth are eliminated. Ac-
cording to the proposed theory, the slamming pressure
for oscillation with the bottom parallel to the water
surface is mainly determined by the second hydrody-
namic term of equation (7) which shows. the well-
known relation between slamming pressure and impact
velocity squared. For a certain frequency of oscilla-
tion, this means that the slamming pressure is propor-
tional to the squared amplitude of oscillation.

Figure 13 shows that the experimental results: more.or
less confirm this relationship for the cases of pure

" heave and pitch.

For heave oscillation with an angle between bottom
and water surface, the third hydrodynamic term of
equation (7) influenced by forward speed, becomes
more important. '

However, this term presents a linear relation between
maximum impact pressure and amplitude of oscilla-
tion and so the relation between this pressure and the
impact velocity becomes more complex for this mode
of motions, as discussed in 4.3. '
Experimental results such as those shown in-Figure 13
give little indication of this linear relation.
Furthermore, Figure 13 clearly demonstrates that the
dimensionless peak pressures also show the highest
values for the most forward pressuré gauge. This ob-
servation is in agreement with the proposed theory
which states in equation (7) that the peak pressure is
inversely proportional to the wetted width of the sec-
tion.

7. Conclusions and recommendations

Based on analysis of the tests and proposed — and
existing calculation methods for bottom impact slam-
ming, the following conclusions and recommendations
may be derived:

1. The bottom impact pressure in cases where there
is forward speed appeared to be much higher if
there is an angle between the bottom and water

~ surface at the moment of impact with the water
surface.

2. These high peak pressures cannot be explained by
the well-known relation between slamfning prés—

maximum—velocity—component—perpendicular—to—the — sure—andthe squared-vertical velocity of “the ship

bottom.

with respect to the water and the rate of increase
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~of added mass. with depth only..Also the accelera-_ bottom impacts is se randomly distributed, that
tion of the added mass.due to the dé_véibpmcnt of prediction is difficult and not worthwhile because
a forward velocity‘componentAperpénd_icula_r_i't'q the the slamming pressure is usually reduced by .the
bottom should be taken into. account as follows presence of air.

from the proposed calculation method. 4. From the existing calculation procedures, method
3. Photographs indicate that air inglixsion for flat I (Takezawa, Chuang, a.o.) delivers the best results
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for flat bottom impact pressures, but gives unreas-
onably low values for cases with forward speed if

there is even a small angle (about 2 degrees)

between the bottom and the water surface.

The -existing calculation methods for bow slam-
ming generally provide peak pressure values which
are too high for cases with forward speed if there is
even a small angle (about 2 degrees) between the
bottom and water surface. Method III (Stavovy-
Chuang) shows the best agreement w1th the experi-
ments for this case.

The time in which the peak pressure ,deveiobs for
the case of forward speed with a small angle be-
tween the bottom -and ‘water surface appeared to
be about four times shorter than for the case of
pure flat bottom impact, while prediction up to
now is hardly possible.

The results for the prediction of bottom impact
peak pressures according to the proposed calcula-
tion method are rather satisfactory. The deviations
from: the experimental values iin the case of pure
bottom impact are comparable with those of
method I (Takezawa, Chuang, a.0.).

Extending the results to .the situation of ‘a ship
moving in waves is possible and expedient. Bow
slamming results can also be extended to thise case.
Further investigation is needed to determine the
draught of a section at which the sectional added
mass has achieved- the forward velocity compo-
nent perpendicular to the bottom or the hull.

The question remains of which frequency(ies)
should be used for calculating the hydrodynamic
mass.

. Forced oscnllatlon by PMM proved to be of great

assistance to the experimental analyses of slam-
ming phenomena,
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9. List of symbols

A

half area of the -section 'with a draught
T'=0.08T
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a maximum acceleration perpendicular to
- the bottom due to forward speed
aj,ay,4a conformal transformation coefficients
B breadth. of the ship
b half width of the section with a draught
T'=0.08T
Cy bloc’kcoefficieht
- F' sectional hydromechanic force
Fn Froude number
G model’s centre of gravity
g acceleration of gravity
k;k, proportionality constant
LCB longitudinal position of centre of buoy-
ancy’ ‘ '
Lpp length. between perpendiculérs
m' sectional added mass
N sectional damping
n impact velocity exponent
p slamming pressure, coefficient
p; impact pressure
P, planing pressure: .
q coefficient -
r amplitude of oscillation
s displacement of section perpendicalar to
bottom
T design draught of model »
T' average draught at test condition
t time
vV forward speed
V, forward speed component
v impact velocity
xXyz right hand coordinate systems fixed to
X, V52, ship '
Yu half width of the cross sectlon at the
water surface
z heave displacement
z, heave amplitude
a angle between bottom and water surface
v angle at which bottom touches the water
surface '
w circular frequency of oscillation
p density of water
0 pitch angle
b, pitch amplitude
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for:speed

Appendix
- To achieve the: vertical forward speed component
¥, , the following relation between speed, acceleration

.and:time-has been assumed:

v=1Ypt? —'%q P

foracceleration :a = pt — q

in’ which p and g are coefficients and ¢ = time. See
Figure 1'4.

Figure 14. Assumed relation of speed-and acceleration with time
-in*which the pressure  develops.: .
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The time in which the. velocity v, for the sectional

- added mass will be achieved when a = 0-and-amounts:

Y /)
ty ==
2 q
The velocity at that time is

, 3.

V=V, = P

2

6q

‘The average acceleration. during the time t; may be
written as:. o ’

V . 2
aa =_A. =L‘ -
ty o4

The maximum acceleration will occur if %ﬁ 0,so at
the time

2q

This maximum acceleration will then be:

=P
b=

a =P :
max 4_*q'
It now éppears that this maximum acceleration is given
by: ' C

Qrax = 1.5a;
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A NEW THEORY OF MIN[MUM STABILITY,
A COMPARISON WITH AN EARLIER THEORY AND WITH EXISTING PRACTICE

by ¢
K. Jakié*

Summary

The author has already presented his new theory of minimum stability for the intact and damaged shlp, and
his own programmes for use on computers, at a Yugoslav and at two foreign symposiums.

To the best of the author’s knowledge, only Russian scientists are studying this field, very intensely. They
developed a theory that there are several possibilities to obtain a diagram of minimum stability, the most impor-
tant of which are the ‘diagram of minimum moment’ and of ‘minimum work’. It is becoming more and more
important, and essential for a damaged ship, to take the trim into account in stability calculations, generally
known in the world only to specialists. It thus seems to the author that even in discussions on the following
presentations the very simple essence of that new theory, which is to take the trim into account in. the best
possible way, has not been understood.

Here we shall try to give an even simpler explanation and also a short description of the mentioned Russian
theory, because the author considers that the new theory shows both the mentioned diagrams to be identical,
and even represented by a third, which belongs to the second group of those Russian propositions, under the new
name ‘diagram with excluded component in the direction of the principal axis of maximum inertia’. In this way
the solution is completely determined, which is very important. It seems to the author that the fact that several
solutions formerly existed is one of the main reasons why these Russian results, over twenty years old, have not
yet entered 1ntemat10nal stability regulations. :

We will also make a companson with principles applied in computation with trim in systems accessnble to the
author, like ‘VIKING’, ‘COMPUTAS’ etc Those prmcnples are not completely exact, but are, it seems, acceptable
for practice to date.

1. Introduction ~ The new theory describes the complete phenomenon
analytically. It is thus possible to carry out all neces-

In computing -the stability of a damaged ship the
sary calculations on a computer, for which the author

trim miist be taken into account, and this is growing
more and more important for the intact ship also. We
may -ask how this is to be done. Many years ago I came
to the conclusion that on calm water the lever of the
ship’s statical stability, regardless of whether the ship
is damaged or intact, obviously changes with the trim
if the heel ¢ is unchanged, so there must be a trim for
which the lever is minimum. Both these values are
critical, and thus relevant. In these studies the con-
cept of the complete lever, p, described in the follow-
ing chapter, immediately became apparent.

At the beginning of 1974 the author published a
work listed in the References under [5] (we have used
square brackets to denote works listed in the Referen- T -4; - ‘1“" >
ces), where this phenomenon for the intact ship is trim by the stern '3
treated grapho-analytically with the aid of a computer. )
Figure 1.1. was taken over from there. In it the mini-
mum levers, p min> aDpear as distinct absolute mini-
mums. Figure 1.1. refers to the intact passenger ship
treated in that work, but the same regularity was al-
ways obtained in calculations carried out on hunderds o ————e
of different intact ships in the ‘Ship Stability’ student
programmes at this Department.

P

4 J

20 25 ¢
trim.-by the stem fn]

*) Department of Naval Architecture, Faculty of Mechanical Engineering Fig““? ,1-1-‘ Dependence of complete levers of statical stability
and Naval Architecture, University of Zagreb Yugoslavia. on ship’s trim.
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Abstract. .

Forced oscillation tests.about the water surface have been carried

two segments.

A calculation procedure based on a two-dimensional approach has

been proposed.

These analyt.icdl; results, together with those of other theories
have been compared with the measurements.
The results of the proposed calculation method proved to be rather

satisfactory.
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3 The literature about tests and theories on slamming is rather ex-
€ _
7 1 tensive.
g | In most of the experiments, the object was to find a relation
S |
10 between the vertical impact velocity and the maximum slam pressure
1 [ 1, 2, 3, 4, 5, 6 :] +.. A general form for this relation is pre-
3 sented by Margaret Ochi and José& Bonilla-Norat in [3] as
. . o
S n
5 p = kv
7
f
8 where: p = the impact pressure I
20 v = the impact velocity . !
1 X .
9 k and n are constants
! , ,
4 {
5 Experimentally, these authors found that the pressure is propor-
? tional to the square of the velocity at impact and that the
' t
8 proportionality constant k is devendent on the section shape. i
15 Others like Takezawa et al., M.K. Ochi, L.E. Motter [1; 2,'7]
i used a similar relation,
2
3
4 p = %p le2
o
6
7 and established experimentally the coéfficient kl of the impact
g pressure dependent on the position considered as a flat bottom.or
40 stem: front. For the pressure distribution on the surface of a
g wedge—-shaped body the authors used the well-known formula of
3 Wagner :[:8 ] .
2 Remarkable model test results, together with theoretical results,
6 are presented by "Py  Kaplan et al [9:] for the case of bow slamming
; of SES craft in waves.
9 Most frequently used up to now is the procedure introduced by
5(1) Tick ElOJ and Ochi[4]“with respect to bottom impact slamming.
2 After some evaluations, Ochi et al [4, ll:]stated two conditions
i required for bottom impact slamming to occur viz.:
5
: a) Bow (fore foot) emergence
8 J b) a certain magnitude of relative velocity between wave and ship
9 .. 1 S T e e ol ]
bl o POW.
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2 The critical relative velocity below whieh slamming does not occur
2 is called the "threshold velocity", denoted by V*,
o Ochi showed by tests on a Mariner model that the threshold velo-
f ¢ity is nearly constant with an average of 12 fps for a ship of
g .520 ft length. Aertssen ElZJ advised that the threshold value 3.:>
ig should be 50 percent greater for the Mariner, that is 18 fps.
i Mostly the threshold velocity according-to Ochi is accepted with
i an appropriate Froude scaling law for shipsof different lengths.
4
2 To analyse the problem experimentally a series of drop tests with
1 a flat plate [13 L4] or a wedge [7 15, 16; 17Jvhave ~been 'executed.
S Very often, the behaviour of the air layer between the -falling bod§
20 and the water surface has been taken into con51deratlon [13 18, 19
» |20]. | , o
3 Chuang [21] showed that the effect of this compre551ble air causes
ﬁ a remarkable reduction of the acoustic pressure, which is
6 frequently assumed. ‘
; Mathematical models have been developed to describe the cushioning
i effect of the air between the descending body and the water surface

oy
(@]

for instance by Verhagen:[lB] and Greenberg [20] . The predictions
of Verhagen showed good agreement with experimental results. It is)
however, rather complicated to apply these theories to the real

problem of ship bottom impact because no account is taken of for-
ward speed or of the three-dimensional flow caused by changes in the

shape of the sections.

~

O 20 O U d W= QWU WN - D0 ®-DWT A WX -

1

Model experiments in waves or full scale observations may statis-
tically deliver rather good and useful results E}w.2, 3, 4, 6, 12,
22 ], .’ but do~ not give a deeper insight in the phenomena slamming.

This might be very importaht for establishment of design criteria.

Several sauthors have tried to formulate mathemaﬁical models
describing slamm1ng[13 0, 22, 23, 24, 25, ""27]
The great majority of them accepted the rate of change of the

momentum of the hull's added mass as the main cause of the arise of
slamming forces. In this way they found, that the maximum slamming
pressure is indeed proportional to the sguared relative vertical

impact velocity.

mTo"caieulate%:the:hydrodyﬁamtc:impact:force7iK§p1an_EAA;}made_usewJ
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of the well-known stripmethod, however, with a different Way of
treatment of the forward speed influence.

Kaplan [24] ’ Ochi[G ] and Lewison EZZ] also stated that the
slamming pressure is proportional to the rate of change of the
added mass with depth.

Stavoyy and Chuang [26:}determined slamming pressures for fast

ships by a method based on the Wagner impact theory, the Chuang
cone impact theory and experiments.
They stated that slamming pressures acting normal to the hull

bottom may be separated into two components:

1. the impact pressure due to the normal component to the water

surface of the relative velocity between the impact surface and

the wave.

2. the planing pressure due to the tangential component to the

water surface of the relative velocity between the impact sur-

face and the wave.,

The planing pressure is usually small compared to the impact

pressure.

In the present work it was the intention to investigate mainly bot
tom impact slamming. To know more exactly the relationship between
the vertical impact velocity and slamming press&re a choice had
been made for experiments with a model forced oscillated in still
water,

The bottom in which several pressure gauges were mounted was
situated at or near the watersurface.

The measurements of the maximum slamming pressure have been com-
pared with the results of some :0f the discussed methods and with

the results of a proposed calculation procedure.

2. Description &f 'the experiments.

The oscillation tests were carried out with a. glass fibre reinfor-
ced polyester ship model of the Todd Series 69, CB = 0.70 parent
hull form. The same model has been used in the past for experiments

bl
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; deséribed in [28] . The main .particulars of the model are summa-
3 rized in Table 1. The model consisted of seven separate segments
i connected to a continuous strong box girder above the model.
S See fig. 1. | '
[
2 For pure heaving without an angle between the bottom and the water
1: surface three pressure gauges A, B and C were placed in the middle
2 segment (no. 4) and three, D, E and F in segment no. 6 after the
Z forward one, as denoted in figure 1.
5 For pitching and heaving with an angle between the bottom and the
? watersurface, all six pressure ganges were mounted in segment no. 6.
8 See also figufe A, Each of the segments with the pressure gauges
Qg was connected to the box girder above the model by means of a
1 force dynamometer. This provided a rough check on the pressure
;. gauge readings by comparing them with the pressures calculated
? from the total force on the segment bottom,
:
Z The fore and aft leg of the oscillator:were0.5 m from the model's
; centre of gravity G.
3? Four modes of motions were carried oﬁt by the oscillator:
f 1. A pure heavigg.motion with zero angle between model bottom and
5 water surface. In zero position of the oscillator the model
g bottom was situated on the still water surface.
: _
42 2. A pure pitching motion around the model's centre of gravity in
1 such a way that in the zero position of the oscillatox the
i model bottom was also situated on the still water surface.
: ,
5 3. A pitching motion around the connection point of the aft leg
S and model in such a way that the model had a draught ' = 0,02 m
? in zero position of the oscillator.
55 '
; 4, A heaving motlon with an angle of 2.3. degrees between model . - ..
3 bottom and water surface. The draught of the model at the modell's
: centre of gravity, so half way between the legs, was zéro in
6 the zero position of the oscillator.
7
8
9 L The model was tested at two fo;qg£§~§peeds, Fn = 0.15 ag@rgtggizrf;ﬂ__
Bl o -
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two amplitudes 6f oscillation, r = 0.04 and 0.06 m and five i
i frequencies,W = 4,6, 8, 10 and 12. '

l

!

! Photographs of the model-bottom at the moment of contact with the

¥ B S I | A AR ' I SR FAANRN St T "\J A i 4 A el e . ST euf S S
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water surface are shown in fig. 2 for some cases. From these

pictures it is clear that the air-bubbles do not exhibit a reqular

pattern,
Fig. 3 contains photographs taken of the oscilloscope illustrating

some slamming pressures.

+ The time in which the peak pressure has been built up, the

The peak values of the slamming pressures, measured from the
UV-recorder are shown in fig. 10 -12 for the four modes of motion,
both forward velocities except for pure pitch and the maximum
amplitude of oscillation. '

Thése peak pressures have been plotted on the basis of the impact

velocity v as defined in eq. (22).

so-called rise-time, has been determined with the aid of the corre-~

lator and is shown in fig. 9 for the highest speed and both ampli-

tudes of oscillation.

[ oY
Cc

N [8;] A
i WO NNL R WNR OO TOURWNROED=I6 R W N -

~mi-nation--of -the—-peak—values--of-the—impact—pressuress—

2.1, Instrumentation.

The slamming pressures have been measured by means of 6 semi condue—

tor pressure transducers while at the same time forces have been
measured on two segments as denoted in 2.

The characteristics of the pressure transducers were as foéllows:

= Manufacture : Druck Ltd.
- Type : PDCR 42
- Range ¢ 69 kPa (10-psi)

for 69 kPa: 0.002% of
full scale output/g

- Acceleration sensitivity

— Temperature drift and
thermal shock s O.OZ%/OC/FSO

- Natural frequency (in air)i 15 kHz

The output signals of the pressure transducers, situated at the
bottom of the segments, were amplifled and recorded 51multaneously

on an analog instrumentation tape recorder ‘and UV—recorder. The

latter had been used for visual. observation and preliminary deter-
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Récérdingroﬁr£ﬂe tépe féﬁorderqtook place at high speed

(1.5 m/s of 60 ips) to ensure a sufficient bandwidth.

The block diagram of figure @ﬁshows the instrumentation set=up for
the vexperiments. After the measurements the slamming signals were
replayed one at a time and fed via a delay line to a correlator
which was used in its signal recovery mode.

By using a mechanical oscillator there is an enormous ratio betwee
the interval time of the oscillation and the widfh of the impact
wave form. Only a small part of the cyclus has to be isolated,
Therefore the signal is sent through an analog delay line to catch
both the slamming wave form and a small piece of the signal pre=
ceeding the impact.

A trigger pulse generated by the slamming wave form at the input
of the delay line triggered the correlator and after 20 ms

the delayed wave form entered the correlator.

The principle of signal recovery is to examine a part of the signal
fodllowing the trigger pulse and by repeating this observation to _!-
extract a coherent pattern. After each triggerpulse a series of
100 samples is taken and added to the corresponding samples of the
previous series., In this way the coherent pattern is reinforced

at each repetition while noise present in the signal is surpressed
to a degree dependent on the number of pulses that had been averaged.
After a summation of 128 repetitions the result had been normalised
(divided by 128) and could be displayed and reflected on a X-Y re=
corder,

A digital storage oscilloscope was used to monitor the'slamming sig-
nals. The results obtained with the correlator had to be carefully
interpreted. A time jitter could occur between the triggerpulse and
the peak of the slémming wave form due to the great difference in
bofh shape and amplitude of the succeeding wave forms. As a result
the peak value could be somewhat too small and the width of the
impact wave form too large. However the energy contained under the
pulse was still correct and represented the energy of an average

impact wave form.

During the experiments photo's were taken of the model bottom to
obtain an impression of the behaviour of air. See figure 2,

The camera shutter was opened when the model was in the near

_“gigiggty of‘thp camera and an electronic flashwwas<fired_at_the_““

[N 2,
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; Efirctririgger.pulse gencrated by an iﬁpééi wave form. Therefore 5
3 the photo's were made at almost the same moment that the impact !
2 took place. i
&
; 3. Analysis of test results.
9
j? Occasionally, the measured local slamming pressures were compared |
2 with the pressures derived from the force-measurements on the
2 segments. Although equality could not be expected, the agreement
5 in the order of magnitude appeared to be satisfactory. The measure-
s ments showed that the impact pulses during one run could differ a |
3 great deal in shape. Using the method as described in 2.1., it was
22 possible with the aid of a correlatér to obtain an average pulse w%th
1 satisfactory consistency. ‘
; |
4 A reasonable agreement could also be established between the values
Z of the peak pressures obtained from the UV-recorder and those deriYed
7 from the correlator, although it remains as stated in 2.1.that the peak
2 values from the corrélator are somewhat less reliable.
36 From the peak pressures measured by the UV-recorder and shown in |
i fig. 10 - 12 it is clear that with respect to the longitudinal 7
3 position of the pressure gauges the most forward one, E, delivered
i the highést values. This effect, which might be due to the higher
5 impact velocities or to the smaller wetted width of the section
¢ |will be discussed in 4.1. and 6.
9 The influence of the transverse position of the pressure gauges
4? on the slamming pressures appeared to be negligible as shown in
2 fig. 10 - 12,
3
4
S According to expression (7) of the proposed theory, the pressures
2 measured by A,B and F should be equal in the cases of.pitching
8 and heaving motions with an angle between bottom and water sur-
sg face. From fig. 1Q - 12, it is obvious that this fact was confirmed
1 satisfactorily by experiments.
g
4 The effect of forward speed appeared to be remarkably small for the
2 cases where the bottom was parallel to the water surface. Greater
7 forward speed effects were measured for the other cases. These
o |results also agree with the proposed theory, as will be discussed
—b- G Y
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in 4.2.3. and 6.

For heave and pure pitch, the measured peak pressures have been
non-dimensionalized as p/%p v? and plotted versus the freguency

of oscillation for the vari?us gauges and speeds as indicated in

known proportionality constant.

From the figures, however, it is clear that such a constant, pro-

for all frequencies of oscillation.

For a certain frequency of oscillation there was a slight indica-

fig. 13. This dimensionless pressure also represents the well- |

|
i
portional to the squared vertical velocity could not be established

")

oy

tude of oscillation.

'It was assumed that the value of the peak pressure was not signi-
ficantly influenced by the elastic characteristics of the modelj
bottom. The oscillations in the pressure after the peak as shown
in fig. 3 might have been due to the elasticity of the bottom

material.

The amount of time required to obtain the peak pressure véried
greatly with an average 6f about 4 3 5 ms for the sase with. the
bottom parallel to -the water surface. For heaving, with an angle
between bottom and water surface, there was a large reduction of
this rise-time to about 1 ms. This might have been due to the
greater influence of the high accelerations of the added mass,
which according to the proposed theory occurred as a consequence
of the arise of the forward speed component &

This fime, as denoted in (18) should be shorter than the rise<time

The photographs (fig. 2) made éf the model-bottom at the moment
of impact with the water-surface show that the air layer is most
significant when the bottom is parallel to the water surface. As
soon as there is an angle bétween bottom and water'surface a large
reduction of the amount of ﬁrapped alr can be established. Concer-

ning this observation, it should be remarked that the distribution

|of the air about the model bottom seemed rather random, SO no con-

sistant pattern was observed.

Lgipa;}y{ it is worthwhile to stress the advantages of using a

tion that the peak pressures are proportional to the squared amplis

{

e ———— ————— S e —————— - o d
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; 'PMM (Planar Motion Mechanism) for the analysis of slamming. Vertic%l
3 speed, acceleration and angle with the water surface are perfectlyi
g adjustable, while the behaviour of air can be easily observed:
5
; 4, Proposed calculation method for determining slam pressures.
9
10 i
1 4,1, General. !
2 !
2 It is essential for determining slam pressures to divide the velo- :
o cities into two components: one component along the hull (or keel-
g line) , and one component perpendicular to the hull. The velocities
8 along the hull determine the so called planing pressure which is
22 usually small and insiginificant in comparison with the impact
1 pressure"[26J . L
'3 Therefore this impact pressure is mainly determined by the velo- !
3 cities normal to the hull. In the case of a ship with a flat bottoé,
6 the impact pressures on the bottom can be determined if the velo~ i
g cities normal to the bottom are known. This case will be considereq
9 here. I
39 The calculation method is based on the strip theory as presented | |
j in c28] . The hydromechanic force per unit length on a strip of
3 an oscillating ship in still water with respect to the coordinate
j system x vy 2z, fixed to the ship at the center ofj§f§Vﬁ#yz
6 (fig. 5) will be
‘
42 F' = Fi + Fé + Fé (1)
1
i in which: Fi = -2p g Y,S
4 Fy, = - Nd'é
2 Fé = = EE.(m'é)
7
8 with: p = density of water
53 g = acceleration of gravity
; » Yy = half width of the cross-section at the
3 moment of touching the water surface
4 m' = the sectional added mass
Z N' = the sectional damping
;Ei s = the displacement of the strip into the zb-direction
e L _______So perpendicular to the bottom.
—b1 o
blanco
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2 For a putre heaving oscillation z = z cosuwt about the waterline
3 with the keel~line or bottom parallel to the waterline
4
5 s = 2z = 2z_ cos wt (2)
7 a
8
9 while for a pure pitching oscillation 8 = ea cos wt about the
10
5 waterline
2
) = x.0 t (3)
4 s = x,6_  cosw |
S
6
7 Xy is the distance between the strip considered and the centre of
8 gravity where the origin of the X ¥y 2y coordinate system is assumed
9 .
920 to be_located, see figure 3.
1 |
; It is possible to write the sectional hydromechanic force of (1)
4 as follows:
5
G . d !
7 ' — - [ _E . e
¢ F (2pg vy, * N's + 3¢ S tm S)
9 _ am"
30 = - - + 1 e __Ill s 2 L
: (2pg y,S N's + 35 S ‘+ m's) (4)
2
3 The total slam-force on a strip may be expressed as:
4
o
& ' =
0 F'dx, 2p y,, dx, (5)
8
42 in which: p = the slam pressure
1 o )
2 Substitution of (4) into (5) delivers the following expression for
3
4 slam pressure:
5
6 . N' [ dm’ 1 2 m' e
7 p = - (pgs + 50— 8 + =— = § + 5— 8) (@)
o 2yw ds Zyw 2yw
9
50 The first term of the right hand side may be neglected because of
; the very small displacement during the time that the maximum slam
3 pressure is built up. So the general expression for the slam
: pressuremay be written as:
: dm'
7 N ' dm® . 'e
8 p 7y (N's + 3 S + m's) (7)
w
9 _ . . . s —
—bl o
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From (7) it appears that

1. the slam pressure mainly is composed of three hydro-dynamic

terms.

2. the slam pressure is inversely proportional tothe "wetted
width", 2yw.

3. the second term is proportional to the squared vertical strip

velocity.
Further remarks which can be made about the slam pressure are:
1. the first hydrodynamic term containing the sectional damping

because it is proportional to only the first power of the verti-

gal strip velocity.

2. from the second hydrodynamic term, .it appears that the increase

of added mass with depth is very important.

will deliver a small contribution to the total slam pressure
3. the third hydrodynamic term may becomes very significant if the
vertical strip acceleration is high. This may be the case if
there is a component due to the forward velocity of the ship.
This phenomenon will be considered further on.
4. the value which should be taken for the hydrodynamic mass is ‘
not clear. In this work the adjusted frequency of oscillation
has been used, but there might also be reasons related to the
transient character of slamming to start from infinite

|
frequency or to consider a spectral value for the added mass. \LL

\())
4.2, Determination of speeds and accelerations. \\w/>

At first the velocities and accelerations due to oscillations will

be calculated and afterwards the influence of forward speed will

be considered.
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D 14.2.1. Heave oscillation. ;
V] i l
i |
; {For the heaving motion, the displacement of a strip 'is defined as:
Y !
5 : . ]
N ’ s = 2z = za cos wt (2)
10 \
; from which follows:
3
41 . . ] — — - . 3
5 ! the strip veLoc1ty § = 2 = w2z sinwt (8)
5 and the strip acceleration 8§ = % = —(u%a coswt
-, .
a
a |with: w = circular frequency of oscillation
20 :
4 | z, = amplitude of heave oscillation
r
3 ,
a gIn the case of pure heaving with the bottom of the model at the *‘
o gwater surface in the zero position of the oscillator, it is clear i
6 , o
" ithat at the moment of impact with the water surface the strip velor
& icity will achieve a maximum value while the acceleration becomes
3 < - ' ..
50 | zero. This means that the third hydrodynamic term of eq. (7), %;E,
! | does not contribute to the slam pressure for this case. W i
2 \
3 ’For heaving of the bottom about the waterline with a constant I
4 angle between bottom and watersurface, the situation is differentru _
o) - ) _7” : B . o B o _—_l ) _ t.
D
\'}:/’
- 4 . . - ) - - . ECE— e —————
S If a point P on the bottom is situated at a distance z, above the
6 . : .
7 waterline in the zero position of the oscillator (fig. 7) there will
8 be contact with the water surface if:
9 —— e = . - —— ,=-, et —_—— - - e _—— . - —_— -
D1l ;0
blanco .
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3 l
: z = za coswt = -zo = T Xy tga }
i i
| ~X,, tga .

|jor if arc (coswt. = -——E———f) =y and s < 0 (9)

I : a

\

§The velocity and acceleration perpendicular to the bottom due to
‘oscillation for the section at P at the moment of contact with the
Ewatersurface are respectively:

{

i é =

8 = - zawzcosy coso,

-z W siny cosa (10)

The angle o is small (2.3 degrees) and so it may be assumed that
c

os o =1.

Another velocity component perpendicular to the bottom results from

the forward speed viz.:

Vv =

A (11)

- Vsinao

|
f
i
5
l
!
i
!

This influence will be discussed in 4.2.3.

l4.2.2. Pitch oscillation.

For the pitching motion the displacement of a strip may be expressed

as:
X8} coswt (3)

from which follows:

the strip velocity s = - waeé sin wt (12)
and the strip acceleration § = - xbwﬁ% cos wt } :

For pitching around the aft leg with a certain draught T' of the

model the situation is different. See fig. 8.

.. T
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If the fore leg has a dlsplacement z = Z._
placement of a point P at the bottom will be

L

wt the vertical dis-

COSs
a

i —
z = 2z, (xb + 0.5) coswt -.(13)
The water surface will be contacted: if
z'! = T :
i
theréfore holds:
( £ T ) ) (14)
rarc (cos w = — ' ) =Y and s < 0
Z‘a'—(xb + 0.5) .

The velocity and
oscillation for the section at P at the moment of contact with the

water surface are respectively:

Ule
Il

n
I

et is the angle

point P contacts

For this case¢ Gt

_assumed_that cos.

bl
blanco
cijfer
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acceleration perpendicular to the bottom due to

3

(xb + 0.5)w siny (15)

coSs et }
cos O

the watersurface when the

(xb + 0.5)w?cosy

between the bottom and
the water surface and may be characterized by:

_ . T [] . . !

(kg 6y =3 %035 (16)

is small (up to one degree) and so it may be

ﬁt =~ 1 . e o .

(enkelzi jdig)
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Another velocity component perpendicular to the bottom results from

the forward speed viz.:

VA = =V sin et (17)

4.2.3. Influence of forward speed.

For heaving and pitching with the bottom parallel to the water
surface at the moment of contact there is no component of the
forward speed normal to the bottom. If the bottom makes an angle

o or et with the water surface, the component VA of the forward
speed normal to the bottom, will arise for a particular strip as
derived in 4.2.1. and 4.2.2.

If this component VA develops within the time that the maximum slam
pressure occurs the added mass of the strip will be subjected to
very high accelerations.

It is reasonable to expect that the effect of these high accele-
rations on the added mass is dependent on the draught of the strip
or wetted part of the section and for this reason also dependent on
the strip velocity § due to oscillation.

The maximum value of the acceleration for the sectional added mass
will be determined in accordance with the assumptions in the

appendix.

The following calculation procedure with respect to the influence

of the forward speed is proposed:

1. Determine the normal strip velocity VA which should be achieved

on account of the angle of the bottom with the water surface.

2, It is first assumed that the added mass has achieved the vélo-
city VA if the displacement of the strip s = 0.00015 m and the

time in which this takes place is

0.00015
S

t = (18)

3. Next the average acceleration is determined by

(19)

]




4, Furthermore, it is assumed that the peak pressure is dependent
on the maximum acceleration. This maximum acceleration due to
the forward speed component will be determined as proposed in the

appendix

a = 1.5 a S (20)
max a

5. Finally the total maximum acceleration of the sectional added

mass perpendicular to the bottom is found to be:

§' = 8 4+ a (21)
max

4.3, Execution of the calculations.

To carry out the proposed calculations, it was first necessary to
determine the sectional added mass and damping for several draughts

and for the bottom of the model. The Frank-computer program [29]

was used to make these calculations. For numerical reasons, it

was necessary to introduce a slight deadrise in the bottom and a

slight draught. A deadrise of 0.00002 m and a draught of the same

value served as initial inputs. For small draughts (below 0.00004m)

the variations in added mass and damping are negligable. All these

l
calculations have been carried out for several sections after which i
added mass and damping have been determined by interpolations for ‘

\
|
\
|

the sections where the pressure—gauges were situated. ’/ A \
Afterwards the rate of change of added mass with depth, dm'/ds, has.\WQgﬂ
been determined in the same way and values have been graphically =
established for zero draught. See table 2 and 3. As an example, the‘ ks /
results are shown in fig. 6., for pressure gauge E. \ f>
Calculations of the peak slam pressures have been executed in \y/
accordance with eq. (7) for the modes of motions considered with .&}
and without the forward speed influence as proposed in 4.2.3. ‘Qﬂ
Results are shown in table 4 and fig. 1@ - 12 where the peak R
pressures are plotted on the basis of the impact velocity:! >V"

v o= 8 = & + v, (22) 1

From the calculations it appears that:
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ﬁl. The sectional damping given by the first hydrodynamic term of

eq. (7) has very low values for all motions. '
2. For oscillations with the model-bottom at the water surface in
the zero position of the oscillator, only the second hydro-

dynamic term of eq. (7) has a significant value.

3. The rate of increase of added mass with depth dm'/ds for zero

draught is very important for all motions, but not easily

established and very sensitive. ' !

|
4. The correction for the influence of forward speed might be veryi
significant for the case of an angle between bottom and water
surface at the moment of contact. It is strongly dependent on
the value which has been taken for the section draught necessar&
to achieve the vertical forward speed component. |
The correction of the forward speed as proposed in 4.2.3. in-
fluences only the third hydrodynamic term of eq. (7) containing
the acceleration of the sectional added mass. However, there
should also be an increasing influence on the second hydro-

dynamic term with the increase of the vertical forward speed

This influence was - neglected in these calculations, but has
been considered separately before with respect.to the maximum
value of the forward speed component without taking'into
account the influence of the accelerations as proposed in
4.2.3. In this way the peak slam pressures remain far too low,
especially for the case of heaving with an angle of trim.

In fact, the problem is réther complex. Both influences are

> working together, however the one proposed in 4.2.3. appeared

All units in this paper'are presented according to the "Systé&me

For convenience the following conversion factors with respect to

the former technical or kg (force)-m-sec units and the related

e . o

3
a4
5
G
¢
3
9
10
T
2
3
4
A
6
0
3
it
20
i
3
5
g
7 i
8
3
30
i
2
3
4 component,
5
6
i
g
9
20
|
2
3
4
3
6
7 to be a great deal stronger.
8
9
50 4.4. Units.
1 Lnits.
2
3
4 .
5 Internationale d'Unités" (SI).
6
7
8
q — -
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é { English units are given for:
3 ' ’
¢ -2 i
5 i force : 1N = 1lkgms (ST) :
6 | = 0.1019 kgf (technical units) ,
! ]
6 = 0.225 1b (English units) !
9 |
10 ;
i length : lm = 3.28 ft-} !
Z - 39.37 in (English units) |
. 1
4
g pressure : lkPa = 1000 Nm 2 = 1000 kg m ! s™%  (SI) |
'y = 101.937 kgf/m?® (technical units)
S | = 0.145 psi (English units)
20 '
5 i 2 —1
, I mass : l1kg = 1Ns“m (sI)
3 ! = 0.1019 kgf s? m- L (technical units)
4
3
; 5. Other calculation methods.
G
39 As discussed in the introduction, most of the formula's used to
2 determine slamming pressures are based on a relation between
2 the squared vertical velocity and the slamming pressure. There is
5 a scattering in the value of the proportionality constant for
? most of the authors [1, 2,-3, 4, 5, 6, 7, ZZI] . However, it is
8 possible to .distinguish roughly two groups for the case of pure
Ag flat bottom impact where the angle between the bottom and water
1 surface is almost zero. The first group found a proportionality
f constant k1 ~ 60 for this case, mostly by experimental methods.
4 Proponents of this method include Takezawa [2 ] Lewison [19],
Z Chuang [14:] and Verhagen [13]. ,
7 The peak slamming pressures are calculated and denoted in figure
S 1@ - 12 as:
50
1 A o= 2
2 Pr 30 pv _ (23)
3
4 with p. in N/m® "
5 I e T
6
é The second dgroup also stated a proportional relation between the
a 1 _slamming pressure and the_squared vertical velocity for bottom __
e} '
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impact. To this group belong:among others Margaret D. Ochi [3], wh
found that the proportionality constant is dependent on the width
and the area of a section considered with a draught equal to 0.08

times the design draught T.
The peak pressure may be expressed, after some corrections for the

dimensions, as

0

_ i b 2
= 1480 x Vv (24)

with Prr in N/m

As another respresentative of the second group may be mentioned
M.K. Ochi and L.E. Motter [i:]. The peak pressure is written by th
following expression:

Prra = 3P k; V° (25)

in which k, is a function of the hull section sshape below one
tenth of the design draught T.

k1 ‘= expr(1.377 + 2.419 a,; - 0.873 as, + 9.624 aS)

(26)

al, aj and ag are the conformal transformation coefficien
of the section with a draught of 0.1 T when a 3-paramete

transformation is applieéd.

The pressures calculated according to method II (Margaret D. Ochi)
and method IIa (M.K. Ochi and L.E. Motter) have been determined
for the sections situated at the different pressure gauges and
these results are also shown in fig. 10 - 12. If there is a small
angle (up to about 3 degrees) between the bottom of the model and
the water surface, the forward Qelocity component is added to the

impact velocity due to oscillation. This means that the velocities

normal to the bottom or keel have been taken into account and not

e = -

J

20
blanco
cijfer

‘ L ;
and b = half width of the section with a draught T = 0.08 T
A = half area of the section with a draught T' = 0.08 T

T = design draught of the section.
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§thé pﬁre‘vertical veiocities.
For the case of an angle between the model-bottom and the water-
surface 1t i1s interesting to make use of the expressions to deter-
mineé bow slamming pressures for high speed vehicles as presented
by Stavovy-Chuang [26] and Kaplan ~ Malakhoff [24],

As stated in the introduction Stavovy - Chuang define two

pressure components viz.:

1. the impact pressure P; due to the normal velocity component, so

perpendicular to the bottom for the case considered and written,
in the present notation as:

k

Pi T Cos'a

p 144 (5 cos o + Vsin a)? (27)

in which k1 is dependent on.the angle «a. i

For this case k1 = 0.8374.

2. the planing pressure due to the tangential velocity component

p. = % p(Vcos o+ & sin a)? (28)

p
The total slamming pressure according to [26:]has been calcu-
lated and denoted as:

Prrr = Py TP (29)

P

in figures 1l and 12 for the different pressure gauges. /

Kaplan - Malakhoff [24:]determine the slamming pressure with the
equivalent planing velocity and it is denoted here as:

= % p(V+ 2 cot g)? (30)

Prv
The results are also shown in figure 12 however, for heaving with
an angle only. For pitching around the aft-leg with a draught

T = 0.02 m the angle between model-bottom and water surface

achieved a value of about one degree, which delivered unreliably

high values for slamming pressure when the ~expression of Kaplan-

o Malakhoff (24 | was applied.

-~ 2 -
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»influence due to the local elasticity of the material,‘vibrations

6. Comparison of experimental- and analytical results.

In comparing experimental and analytical results, it should be kept
in mind, that perfect agreement cannot be expected because the
high senéitivity of slamming phenomena reduces the accuracy of
experimental results. This is especially true for the peak values
because the very short time in which a peak develops requires a
steep slope in the pressure curve up to the peak. For this reason
it was difficult to obtain an accurate recording of the pressure
variations. Moreover, theirmight have been other disturbances which

influenced the peak pressure such as local air-inclusion, variable

of the model or towing carriage, etc.

parameters which are not easily determined such as: !

t the rate of increase of added mass with depth for almost zero i

On the other hand, the analytical methods also show some sensitiwve |
draught, the choice of the draught which should be taken into accoﬁnt,
the angle between hull or bottom and water surface éetc.

All analytical methods take account of only the most important |
parameters which influence slamming.

It is hardly possible and perhaps not always necessary to include ‘
local influences and disturbances as mentioned before.

With respect to bottom impacts which occurred during pure heave
and pitching motions about the water surface, it can be observed
from fig. 10 -'12 that the peak pressures predicted by method I
(Takezawa, Chuang, e.a.) and the present method show about the
same deviations from the experimental values. Generally, the results
obtained with method II (Margaret D.Ochi, M.K. Ochi, L.E. Motter)
remained a good deal lower than the test results. It also became
clear that the measured peak pressures for this case are relatively
low in coﬁparison with the peak pressures measured for heave and |
pitch with an angle between the bottom and water surface.

For these cases, it is obvious':that the existing methods for pre-
diction of bottom impact (I and II) deliver too low peak pressure
values. The methods for predicting bow slamming III (Stavovy -
Chuang) and IV (Kaplan - Malakhoff)'produced values which are too
high. Method III (Stavovy - Chuang) gives the best agreement with
the test reswults.
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It sHould, however, be remarked that application of both mentioned

Cr N

methods, to predict bow slamming for the cases considered is

.
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rather doubtful because of the very small angle (max. 2.3 degree)
between the bottom and the water surface.

The proposed method provides results which show rather good :
agreement with the test results for these cases. '

However, it is important to note that the results are strongly
dependent on the choice of the sectional draught at which the

hydrodynamic mass achieved the maximum velocity component perpen-

dicular to the bottom, AN
As stated in 3, fig. 13 shows that no proportionality constant /?q\\
could be established for all vertical velocities or for all fre- i3

quencies of oscillation.
In fig. 13, the dimensionless peak pressures have been plotted on
the basis of the circular frequency of oscillation.

This has the advantage that for a certain frequency, the influence

of the sectional added mass and the rateof increase of added mass

o
f with depth are eliminated. According to the proposed theory, the
g | slamming pressure for oscillation with the bottom -parallel to ‘the
39 water surface is mainly determined by the second hydrodynamic
; term of eq. (7) which shows the well-known relation between
3 slamming pressure and impact velocity squared. For a certain fre-
i quency of oscillation, this means that the slamming pressure is
6 proportional to the squared amplitude of oscillation.
é Fig. 13 shows that the experimental results more or less confirm
9 this relationship for the cases 6f pure heave and pitch.
4? For heave oscillation with an angle between bottom and water sur-
2 face, the third hydrodynamic term of eq: (7) influenced by forward
2 speed, becomes more important.
5 However, this term presents a linear relation between maximum im-
g pact pressure and amplitude of oscillation and so the relation
8 between this pressure and the impact velocity becomes more complex
Sg for this mode  of motions, as discussed in 4.3.
1 Experimental results such as those shown in fig. 13, give little l
i indication of this linear relation.
% Furthermore, fig. 13 clearly demonstrates that the dimensionless
g peak pressures also show the highest values for the most forward
7 pressure gauge. This observation is in agreement with the proposed
g theory WhiCh_§EEP§§TEE;ES:_J]),that the peak prg§§gre"£§_"w~____i
bl ;O :
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inversely proportional to the wetted width of the section.

7. Conclusions and recommendations.

Based on analysis of the tests and proposed - and existing calcu-
lation methods for bottom impact slamming, the following conclusions

and recommendations may be derived:

1. The bottom impact pressure in cases where there is forward speed
appeared to be much higher if there is an angle between the bot-
tom and water surface at the moment of impact with the water

surface.

2. These high peak pressures cannot be explained by the well-known
relation between slamming pressure and the squared vertical velo-
city of the ship with respect to the water and the rate of
increase of added mass with depth only. Also the acceleration
of the added mass due to the development of a forward velocity
component perpendicular to the bottom should be taken into

account as follows from the proposed calculation method.

3. Photographs indicate that air inclusion for flat bottom impacts
is so randomly distributed, that prediction is difficult and
not worthwhile because the slamming pressure is usually reduced

by the presence of air.

4. From the existing calculation procedures, method I (Takezawa,
Chuang, e.a.) delivers the best results for flat bottom impact
pressures, but gives unreasonably low values for cases with
farward speed if there is even a small angle (about 2 degrees)

between the bottom and the water surface.

5. The existing calculation methods for bow slamming generally pro-
vide peak pressure values which are too high for cases with
forward speed if there is even a small angle (about 2 degrees)
between the bottom and water surface. Method III (Stavovy -

Chuang) shows the best agreement with the experiments for this
case.
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6. The time in which the peak pressure develops for the case of
forward speed with a .small angle between the bottom and water
surface appeared .to be about four times shorter than for the
case of pure flat bottom impact, while prediction up to now is

hardly possible.

et
N AR WN = OOWwW OO DN w N

7. The results for the prediction of bottom impact peak pressures
according to the proposed calculation method are rather satis-
factory. The deviations from the experimental values in the
case of pure bottom impact are comparable with those of method

I (Takezawa, Chuang, e.a.)

@

Extending the results to the situation of a ship moving in
waves is possible and expedient. Bow slamming results can also

be extended to this case.

8. Further investigation is needed to determine the draught of a
section at which the sectional added mass has-achieved the
forward velocity component:: perpendicular to the bottom or the
hull.

9. The question remains of which frequenc(y) (ies) should be used

W NN OWO N UGS W= OWw

for calculating the hydrodynamic mass.

~N 3 G

10. Forced oscillation by PMM proved to be of great assistance to °

o]

~ the experimental analyses of slamming phenomenas

Y
[@ N
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3 9. List of symbols.
5 | .
s A half area of the section with a draught T' = 0.08 T
, |
{
a {aa average acceleration perpendicular to the bottom due
9 § to forward speed
10 i
1 ‘amax maximum acceleration perpendicular to the bottom due to
2
3 forward speed
4
5 al,a3,a5 conformal transformation coefficients
6 .
7 B breadth of the ship
3
o b "half width of the section with a draught T' = 0.08 T
20
1 Cy blockceoefficient
2
3 F' sectional hydromechanic force ;
5 Fn Froude number !
6
y G model's centre of gravity
8 .
9 g acceleration of gravity
30 :
1 k,k1 proportionality constant
2
3 LCB longitudinal position of centre of buoyancy
4 . o
5 Lp? length between perpendiculars
6 .
7 m' sectional added mass
3
9 N' sectional damping
40
1 n impact velocity exponent
2.
3 p slamming pressure, coéfficient
4
5 Py impact pressure
6
7 pp planing pressure
8
9 q coéfficient
50
1 r amplitude of oscillation
2 ' .
3 ] displacement of section perpendicular to bottom
4
5 T design draught of model
6
7 T' average draught at test condition
]
o 1t time . ] o ]
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7 \Y forward speed i
3 :
4 Va forward speed component ;
5 7
. ) i
4 v impact velocity ;
. :
& Xy z - : . !
9 } right hand coordinate systems fixed to ship j
- Z !
i : ¢
2 Yo half width of the cross section at the water surface ;
3 ’ ;
4 z heave displacement i
5 .
- z heave amplitude
S a
7 .
8 o angle between bottom and water surface
9
20 Y angle at which bottom touches the water surface :
1
5 w circular frequency of oscillation
4 ) i
P p density of water i
> ; |
6 3] 'pltch angle i
7
. 0 pitch amplitude |
o . ,
30 |
1
2
3
4
3
6
7
]
9
40
1
2
3
4
5
6
7
8
9
50
1
2
3
4
S
6
7
g
I e
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) Appendix.

) | .

; %To achieve the vertical forward speed component VA' the following i

7  relation between speed, acceleration and time has been assumed: )

5 ’ ' B I

! 2 1 3

0y for speed : = ¥ pt® - 34t

” :for acceleration : a = pt =-qt?

3 ‘ - 6? ;X(/
4 b, . v o , .

5 iln which p and g are coefficients and t = time. See fig. 14.

5 ' i |
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Fig.14 Assumed relation of-speed and acceleration with time

‘ in which the pressure develops.

The time in which the velocity V for the sectional added mass

4
A
will be achieved when a = 0 and amounts:
= P
£, q

The average acceleration during the time t2 may be written as:

2
a = —A = ..p__!-

a t 6

N
Q
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The maximum acceleration will occur if =+ = 0, so at the time

° = £
t1 2q

[y 1

‘ - N
[This maximum acceleration will then be:

3

10 p?
a = —
max 4

Q

A It now appears that this maximum acceleration is given by:
o
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TABLE 1 Main particulars of ship model. :
f
Length between perpendiculars (Lpp) 2.258 m } :
Breadth (B) 0.322 m .
Draught (design) . (T) 0.129 m ! |
Draught (used for test condition) (T?) 0.040 m ;
Volume of displacement (design) 0.0657 m?® |
Volume of displacement (test condition) 0.0181 m?
Block coéfficient (design) (CB) 0.700
LCB forward of Lpp/2 (design) 0.011 m
LCB forward of Lpp/2 (test condition) 0.035 m
i
"|TABLE 2 = Sectional hydrodynamic characteristics for pﬁre'heave.
- " SECTION AT PRESSURE GAUGE.
. A ) B C D R F
w Yy 0.124m Y, 0.124m Yy 0.124m Y O‘O&Qm..yw_ 0 034m y,W'. (_):._07_:;1 ,
dm' dm' dm'| ., | dm' dm' dm’
' ' - ] e ] haid ] e ' A ' g
| N ds |V 3s |V as [NV a N| TH V| s
-1|Ns | Ns?INs? Ns?|Nsq| Ns?|Ns| Ns? [Ns| N2 |Ng| Ns?
s wim| ™ m| ™ |m W [w ™ |w w
4 (148 |-4542|150{-4179(150|-4316| 72 |26377 |16 |-3051 |59'|-5042
6169 |-3836|171|-3257|170|-3473]|86 |-5435 21'_2354“71i_4179
8{175|-3237{177|-3012}176|-3090|92 [-4365 |23|-1874|77|-3365
10 |171 [-3110]173|-2796]173[-2914]94 -3875 |251-1648 |79 (-2992
12162 1-3090|163|-2815]|163|<2914{93 |-3689 (26 [-1511 |79 [-2835 "
- 34. - ,
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TABLE 3 : SECTIONAL HYDRODYNAMIC CHARACTERISTICS FOR PITCH" |
AND HEAVE WITH AN ANGLE. i
SECTION AT PRESSURE GAUGE (S)
i A, B, F C E D
' _
i w y, =0.0722m |y =0.053m |y =0.034 m|ly =0.089m
' dm' : dm' dm' dm'
] Ranctad ] ] - ] ] = L] ' —_ .
! N' [m' | 55 N' [m 15 N'|m'| oo N' | m' | R
| |
c~1 | Ns | ns?| ns® | Ns [Ns?| Ns? | ns|ns] Ns? |Ns |Ng| Ns® |
™| m| m m || m | of| m] m? ™| my m .
i
59| 16 | -5042| 38 { 10 | -4052]| 16| 5]-3051 |72 ]| 19|-6377 i
71| 12 | -4179 | 46 '8 | -3276 | 22| 4 |-2354 |86 | 14|-5435| .
77 ] 10 |-3365]1 50| 6 |-2619}| 23| 3|-1874 |92 | 12|-4365
10 79 -2992 | 52 6 |-2325] 25| 3-1648 |94 ]| 11}|-3875 ;
12 79 -2835| 52| 5 |-2178] 26| 2 |-1511 |93 | 10|-3689 3
| * |
‘ i
|
!
"2 - 35
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"FOR GAUGE E; r =

TABLE 4 : CALCULATED PRESSURES

0.04 m; y_ = 0.034 m

mode _ _I;_; _ g_x;_' g__ v=0.706 m/s) v=1.412 m/J _m' 3 p
of w w t.10° a t.10% a Y4 kPa kFa
mo'tion . max max
: : v= |v= |v= Ju= | V= V=
_ .0 [0.706]1.4120 0.706) 1412
s~! kPa , kPa s m/s? s m/s? | m/s |m/s |m/s |m/s n/s | mfs.
4 0.04 1.15 - - - - - - [1.19]1.19}1.19
) E Cl 6 0.07 1.99 - - - - - - |2-06{2.06}2.06
e 8 0.11 2.82 - - - - - - |2.93]2.93(2.93
g _" 10 0.15 3.87 - - - - - - - |4.02|4.02}4.02
2B 12 0.19 5.10 - - - - - - |[5.29]5.29(5.29
4 0.05 1.74 - - - - - - |1.79]1.79{1.79
€ 6 0.09 3.02 - - - - - - - J3.11]3.11}3.11
© 8 0.14 4.27 - - - - - - 14.41]4.4114.41
§ ! 100 | o0.18 5.88 | - - - - - | - le.o06|6.06{6.06
e 12 0.23 7.74 - - - - - - 17.97(7.97|7.97
G 4 0.04 1.45 |0.83 |-20 0.83 |- 41 0.02[1.40{2.91]1.51(2.89|4.40
S 6 0.08 2.52 |o0.56 | -39 0.56 |- 52| c.04]|1.62(3.36|2.64]4.22]5.96
e 0.13 3.56 |0.42 ]-40 0.42 |- 83)] 0.06/1.80{3.69/3.75/5.49|7.38
§ _" 10 0.17 4.99 [0.33|-50 0.33 {-104| 0.08|1.95|4.01{5.14{7.01|9.07
: HoE 12 0.21 6.45 10.28 | -59 0.28 |-124| 0.10|2.12|4.33|6.76|8.78|L0.99
Om .
o~ 4 0.03 0.53 1.37 | =31 1.37 |- 62 |-0.03|2.10]|4.31(0.53{2.66[4.87
B s 6 [ 0.05 0.91 |0.32 -46 | 0.92 |- 93|-0.06|2.38/4.90/0.90(3.34}5.86
oo 8 0.08 1.29 |0.69 | -61 0.69 [ -124[-0.08{2.58(5.35(1.29]3.95/6.72
| E o 10 0.10 1.78 {0.56 |-75 0.56 |-154|-0.11|2.78|5.76 |1.77]4.66|7.64
1 I 12 0.13 2.35 |0.46 | -91 0.46 | -186[-0.15/2.97)6.19]2.33|5.45|8.67
i
|
! t
‘ s
|
|
| _
| - 36 .-




TABLE 5 : CALCULATED PRESSURES -
FOR GAUGE E; r = 0.06 m; y = 0.034 m.
W

[ ' 2 = = ' .
mgge w B g—ywé ) gi:- %w : (1)0302 =L : iojlz m/J ) gYwS' kPa P kFa
motion | - | ) max ) max
V= [v= [v= |v= fv=y=
lo  lo7osfr.412{0  Jo.706 1412
s~ | kxpa kPa s m/s? s m/s? | m/s [w/s |m/s |m/s |m/s [m/s
- 4 0.06 2.58 - | - - - 1 - - - |2.64]2.64}2.64
E B 6 0.11 4.47 - - - - | - - - |a.58|4.58/4.58
He 8 0.17 6.33 - - - - - - - |6.50|6.50{6.50
8 _" 10 0.22 8.70 - - - - - - - |8.92{8.92[8.92
m s 12 | 0.27 11.49 | - - - - - | - | - pL7sl1L76[1L76
4 0.07 3.92 - - - - - - - [3.99}3.99]3.99
G 6 0.14 6.78 - - - - - - - 16.92[6.92}6.92
e 8 0.21 9.59 - - S - - - [9.80[9.80]|9.80
g ! 10 | 0.27 13.19 | - - - - - | - | - h346l1346/1326
ne 12 0.34 17.43 - - - - - - - n72.77)17.7717.77
g 4 0.07 3.63 | 0.53)- 31| 0.53| - 66| 0.02[2.22]3.61(3.72]5.92]8.31
3 6 0.13 6.30 | 0.35]-47 | 0.35| - 98| 0.04]|2.54|5.29{6.47|8.97/1L72
o 8 0.20 8.90 [0.26 |- 63 | 0.26| -131] 0.06/2.80]5.79]/9.16{1L90[14.89
g _“ 10 0.26 12.25 | 0.21 |- 78 | 0.21| -164| 0.08]3.04}6.29 1259|15.55|18. 80
HOE 12 0.32 16.16 | 0.18 |- 94 | 0.18 | -196| 0.10|3.30| 6.7816.58[19.78|23 26
Om -
it 0.05 1.95 | 0.72 |- 59 |-0.72 -119]| -0.03| 4.05| 8.29)1.97] 6.05|10.29
E bl 0.10 3.40 [ 0.48|- 88 | 0.48| -179) -0.06/4.63]|9.50{3.44}8.13{1300
B o 0.15 4.80 | 0.36|-117 | 0.36 | -238} -0.08[5.05/10.374.87{10.00/15.32
g 10 0.20 6.61 | 0.29]|-146 | 0.29| -298| -0.11| 5.44[11.21{6.70{1225/1802
5 -:‘ 12 0.24 8.74 | 0.24|-176 | 0.24 [ -358 -0.15|5.85[12.06 |8.83(14 83|21 04




. TABLE 6 : CALCULATED PRESSURES

FOR GAUGE F AND GAUGES A, B (PITCH AND

" HEAVE WITH AN ANGLE); r = 0.04 m; y = 0.072 m.

nodé - rzq_y_ 5 %_rsg' % v=o.zos m/s v=1.:12 m/q _ % a o
of_. w W i t.10 anax t.10 3nax W kPa kFa
motion - B
: ve jv= (v=  v= V= |v=
- o lo.7061.41200 |o-706}1412
s”!| xpa kPa s m/s? s m/s? | m/s {m/s |m/s |m/s |W/S |m/s
{ ~1 4 0.07 0.89 - - - - - - - Jo.960.96[0.96
s Gl 6 0.12 1.67 - - - - - |- - h.79|1.79|1.79
= T 8 0.17 2.38 - - - - - - - |2.55(2.55]2.55
8. 10 |-0.22 3.32 - - - - - - - [3.54]3.54|3.54
22 |12 | o.26 a.52 | - - - - - V- |- la.78l4a.78a.78
0.07 1.03 - - - - - - - Jh.1of1.10]1.10
G 0.13 1.91 - - - - - - - |2.04]2.04|2.04
:’ 0.19 2.74 |- - - - - { - |- J|2.91]2.91]2.91
§ . 10 0.24 3.82 - - - - - - - |4.06)4.06)4.06
mE li2 | o.28 5.21 | - - - - - |- |- |5.49]5.49]5.49
B 4 0.06 0.80 J0.99 |- 20 | 0.99 |- 43| 0.04}2.22]|4.73{0.90[3.08{5.59
S 6 0.11 1.49 |{0.66 |- 30 | 0.66 |- 64| 0.06|2.54]5.39]1.66/4.14]6.99
o T!’ 8 0.17 2.14 |o.50 |- 39 | 0.50 |- 85| 0.09|2.82[5.962.40]5.13]8.27
S 10 0.21 2.97 |o0.40 |- 49 | 0.40 |-106| 0.12{3.13]|6.62(3.30|6.31{9.80
BB 12 0.25 4.06 |0.33]- 59 | 0.33 |-127] 0.17]3.49[7.34{4.48|7.80 165
Om .
o 4 0.05 0.60 |1.15 |- 37 | 1.15 |- 75| -0.04|4.00]8.20{0.61|4.65]|8.85
E . 6 0.10 0.11 [0.77 |- 55 | 0.77 [-112|-0.07}4.51]9.23|1.14]5.72}h0.44
= o= 8 0.14 1.60 |0.57 |- 73 | 0.57 | -149| -0.10]4.98[10.24|1.64|6.7211.98
2 o 10 0.18 2.22 |0.46 |- 92 | 0.46 | -186[-0.14]{5.47{1027]2.26{7.87p3 67
Be |12 0.22 3.02 |0.38|-110 | 0.38 | -223|-0.19|6.00{12.41|3.05[9.24 15.65
|
\
|
|
|
|
> - 38 -
|




TABLE 7

: CALCULATED PRESSURES S
FOR GAUGE F AND GAUGES A, B (PITCH AND .
" HEAVE WITH AN ANGLE); r = 0.06 m; ¥, = 0.072 m.
nods _ % sl - g_,_:. -‘;’-:7 v=0.306 m/s| v=1.412 m/s] _ gn_'_ 5 p
. of w w wjt.10% a t.103% a Yy  kpa kFa
motion max max
v=|v= |v= jv= fv="|v=
0 [o.706f1.412]0 Jo.706|1412
st kPa kPa s m/s? s m/s? | m/s [m/s |m/s [m/s [m/s |m/s
4 0.10 2.01 | - - - - - |- 1- l2z.11|2.11 {211
E Gl 6 0.18 3.75 | - - - - - | - | - [3.93]3.93]3.93
& ‘: 8 | 0.26 5.37 | - - - - - |- |- JIs.72{5.72]5.72
8 10 | 0.33 7.46 | - - - - - |- |- lr.79]7.79{7.79
BE |12 | 0.3 10.18 | - - - - - |- |- pos7pos7pos?
4 0.11 2.31 | - - - - - | - | - J2.42{2.42]2.42
B 6 0.19 4.32 - - - - - - - lausifa.s1]a.51
e 8 | 0.27 6.18 | - - - - - |- |- l6.45|6.45|6.45
E ! 10 | 0.36 8.56 | - - - - - | - | - l8.92{8.92(8.92
oEeE 12 0.42 11.70 - - - - - - - Rh212i2121212
Gl 4 0.10 2.10 |0.61 |- 32 | 0.61 |- 69] 0.04]3.55{7.60{2.24]5.759.80
S 6 | 0.19 3.89 [0.41[-"48 | 0.41 |-103| 0.06{4.048.62[4.14[8.12}12.70
° 8 | o.26 5.57 |0.31 |- 64 | 0.31 |-137] 0.09]4.49]9.56|5.92}10.3215.39
§ ! 10 | 0.33 7.74 |0.25 |- 80 | 0.25 |-171| 0.12{4.91)10.61|8.1912.98[18.68
HoB |12 | o0.40 10.58 [0.20 |- 96 | 0.20 {-206| 0.17]5.55[1L77 115016532275
oﬂ
o 4 0.09 1.72 |0.68 |- 62 | 0.68 |-127|-0.04]6.82[13.91]1.77|8.63[15.72
E & 6 | 0.17 3.21 [0.45|- 93 | 0.45 [-190|-0.07[7.71)15.76 [3.31}1L.09[19.14
5o 8 0.24 4.57 |0.34]-125 | 0.34 [-253|-0.10[8.58}17.39{4.71]13.39{22.20
E o 10 0.30 6.36 |0.27 | -155 | 0.27 |-316|-0.14]9.35[19.18|6.52[16.01 [25.84
I 12 0.36 8.68 [0.23|-186 | 0.23 [-379|-0.19{10.31{21.19[8.85/19.35[30.23




TABLE 8 : CALCULATED PRESSURES

FOR GAUGE D;

r=0.04my =0.089 m,

mode _ % &l - %' i—; v=0.706 m/s| v=1.412 m/ g_‘_ g P
mgtf:_ion u w wit.10%a | t.10° nax Yo  xpa KkEa
v= |v= fv= |v= |v=|v=
0 Jo.706[1.412[0 .|o.706]1412
st kPa kPa s m/s? s m/s? | m/s {m/s [m/s Im/s [m/s {m/s
4 0.07 0.92 - - - - - |- - lo.99{0.99}0.99
E® 6 | 0.12 1.76 | - | - - - - |- |- |1.88|1.88|1.88
& ‘: 8 | 0.17 2.51 | - - - - - | - | - |2.68}2.68|2.68
8 _ 10 0.21 3.48 | - - - - - |- - |3.69]3.69|3.69
mE 12 0.25 4.78 |- - - - - - | - |- |s.03|5.03]5.03
0.07 0.90 | - - - - - | - - Jo.97/0.97]|0.97
C) 0.11 1.73 - - - - - - - 1.84}1.84[1.84
°© 0.17 2.47 - - - - - - - |2.64[2.64|2.64
§ ! 10 0.21 3.41 | - - - - - | - | - [3.62]3.62]3.62
oEe 12 0.24 4.70 - - - - - - - [4.84{4.84(4.84
Gl 4 0.06 0.68 [1.10]~ 19 | 1.10 |- 39| 0.03{2.09|4.15|0.77|2.83|4.89
S 61| 0.10 1.29 [0.73]|-29 | 0.73|- 58] 0.06[2.39/4.73]1.45|3.78]6.12
° 0.14 1.84 [0.55|~- 38 | 0.55|- 77] 0.09] 2.68]5.27]{2.07]4.66]7.25
§ N 10 0.18 2.56 | 0.44 |- 48 | 0.44 - 96 0.12/2.98|5.85|2.86|5.72|8.59
H OB 12 0.22 3.50 | 0.37|-58 | 0.37 ]| -115| 0.16]3.35/6.53]|3.88] 7.07]10.25
om
o 4 0.06 0.70 [ 1.08 |- 39 | 1.08] - 79]-0.034.14[8.46|0.73]| 4.90]9.22
E " 6 0.10 1.33 [0.72]-59 | 0.72 | -119( -0.06/ 4.68] 9.59)1.37| 6.11{11.02
= oo 8 0.15 1.89 | 0.54|-78 | 0.54 | -157|-0.09| 5.16/10.60]1.95} 7.20}12 64
g2 o 10 0.19 2.63 | 0.44 |~ 97 | 0.44| -198] -0.12] 5.69[{11.71}2.70| 8.51[1453
é E': 12 0.22 3.61 | 0.36| -117 | 0.36 | -238| -0.16] 6.31/13.00!3.6710.1416.83

40 -




TABLE 9 : CALCULATED PRESSURES o - -
FOR GAUGE D; r = 0.06 m; y_ = 0.089 m. ' '

_mOde ) % sl - %- % v=o.305 m/s v=1.a:12 m/J - x;_;. g p
of w W w| t.10°| a t.10°% a W kPa kFa
motion ) max max
' k V= [V= V= [v= |V= lv=’
o lo.706]1.412|0 |0.706[1412
s ! | xpa kPa s m/s? s m/s? | m/s {m/s |m/s [m/s |m/s Im/s
1 i S )
. 4 0.10 2.07 - - - - - - - J2.72.17 2.17
E B 6 0.18 3.96 | - | - - -0 - |- | - [|4-14[4.14[4.124
g° 8 0.25 5.66 | - - - - - - | - J|s.915.91l5.91
2] _" 10 0.31 2.85 - - - - - - - |8.16/8.16|8.16
E‘E: 12 0.37 10.75 - - - - - - - 1L12|11.12]1L12
4 0.10 2.03 - - - - - - - ]2.13/2.13{2.13
G 6 0.18 .89 - - - - - - - la.07|4.07|4.07
e 8 0.25 5.56 - - - - - - - |s5.81]5.81}5.81
E _" 10 0.31 7.72 - - - - - - - |s.03]8.03|8.03
he 12 0.37 10.58 |- - - - - - - - |r0.9510.95{10.95
G 0.09 1.80 |0.67 |- 31 ] 0.67]- 63| 0.03]|3.38/6.75/1.92|5.27|8.64
‘3. 0.16 3.45 |o0.45|- 47 | 0.45|~ 94| 0.06[3.87|7.69]3.67(7.48[1130
e 0.24 4.92 |0.33 |- 63 | 0.34{-125| 0.09/4.32{8.55|5.25(9.48{13.71
E _" 10 0.29 6.86 [0.27 |- 78 | 0.27 | -157] 0.12|4.81|9.50[7.27|11L.96{16.65
HE 12 0.35 9.40 |0.22 |- 94 | 0.22|-188| 0.16/5.3810.58]|9.91]15.31|20.33
om
o 4 0.09 1.84 |o0.66 |- 63 | 0.66 | -129|-0.03}6.78|13.83]|1.90|8.71[15.76
B L 6 0.17 3.53 |0.44 |- 55 | 0.44 [ -194]-0.06[7.65[15.64]3.64]|11.35[29.34
& = 8 0.24 5.04 |0.33|-127 | 0.33 | -258]-0.09{8.47[17.33|5.19{13.75}22.61
S o 10 0.29 7.00 [0.26 |-159 | 0.26 | -323]-0.12|9.39|19.21|7.17|16.68[26.50
o, 12 0.35 9.59 [0.22 |-190 | 0.22 | -388]|-0.16|10.38[21.309.78|20.32]31. 24
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TABLE 4

CALCULATED PRESSURES = -
FOR GAUGE E; r = 0.04 m; y = 0.034 m

TABLE 5 : CALCULATED PRESSURES
FOR GAUGE E; r = 0.06 m; yw = 0.034 m.
TABLE 6 : CALCULATED PRESSURES o
FOR GAUGE F AND GAUGES A, B (PITCH AND S
HEAVE WITH AN ANGLE); r = 0.04 m; y = 0.072 m.
TABLE 7 : CALCULATED PRESSURES -
FOR GAUGE F AND GAUGES A, B (PITGH AND =
HEAVE WITH AN ANGIE); r = 0.06 m; vy = 0.092 m.
W
TABLE 8 : CALCULATED PRESSURES _ S
FOR GAUGE D; r = 0.04 m; Y = 0.089 m.
TABLE 9 : CALCULATED PRESSURES

FOR GAUGE D; r = 0.06 m; vy = 0.089 m;
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Fig. 5 Block diagram.
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