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ABSTRACT 

Presented in this report are the results of model tests performed 1 
determine the notions of a moored LSM (Landing Ship Medium) and the 
associated mooring cable forces when subjected to the action of uniform 
periodic water waves. Details are given of the design and construction 
of the 1:60 scale model LSM and the dynamic balancing of the model. Pr 
ciples of the designs of the model mooring cables and of the meter for 
measuring the cable forces are also presented. The use of the laborato 
equipment, such as the wave-towing tank, the model basin, the photograp 
equipment, and the force and wave height meters are described, and the 
testing procedure is outlined. The data are presented in terms of the 
prototype in graphical form. Resonance conditions in the surging and 
heaving motions* and the associated high cable forces, are shown to exi 
for some initial cable tensions within the range of wave periods normal 
encountered in many ocean areas. The effect of a roll damping device i 
shown. 

INTRODUCTION 

One type of mobile platform which has possibilities in the offsho: 
oil program for core boring or well drilling operations is an existing 
suitably-modified vessel. Such a vessel must be moored within narrow 
limits or boring and drilling operations must be modified to allow for 
considerable oscillatory movements; probably the solution will be a co 
bination of both. The solution of the problem from a mathematical sta 
point is complicated by the fact that the mooring cables have non-line 
charact eristic s. 

In order to work at sea it is necessary to moor a vessel so that 
will not drift under the action of wind, currents or the net motions 
associated with wave action. Further, it would simplify the operatior 
coring or drilling through a well in the ship if the oscillatory motic 
associated with waves could be minimized. In any case, the magnitudes 
these motions have to be determined. At the same time, the forces ex« 
on the mooring cables have to be predicted. In addition, devices for 
damping any induced motions should be tested to rate their effectives 

A model of the dynamics of a moored LSM was made by the rfave Resi 
Laboratory, University of California, Berkeley, California, for the C( 
ornia Research Corporation. 
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MODEL LAWS 

Gravity, inertia, elastic, surface tension and viscous forces exist 
in a moored floating body system, neglecting compressibility effects. 
From a practical standpoint it is not possible to model the system in com- 
pliance with all modeling laws simultaneously. The vessel and the waves 
were modeled in accordance with Froude's modulus. The effect of Reynolds1 

modulus was neglected in the development of the model (however, turbulence 
existed in the flow) in conformity with standard naval architectural 
practice. The effect of surface tension was assumed to be of little im- 
portance as the model was to be made large enough that the waves would be 
well into the "gravity regime" and the cables were to be large enough that 
surface tension forces would not interfere with their motions. 

The most serious question in a model of this sort is the neglecting 
of the effect of Reynolds' modulus (viscous forces). However, a brief 
analysis by Dr. Kitter (California Research Corporation, La Habra) indi- 
cated that the order of magnitude of viscous forces on the mooring cable 
would be small compared to gravity and inertia forces, and for the range 
of variables to be considered, the drag coefficient would be relatively 
insensitive to Reynolds number. 

The following model laws were used in the design of the ship model, 
model mooring cable and the cable force meter: 

Let A - cable area (cross-section). 
C » a constant of the system; for the case considered herein 

it is related to the angle the mooring cable makes with 
the force meter. 

E » modulus of elasticity of cable, 
g « acceleration of gravity (32.2 ft./sec.2). 
I « moment of inertia of cable (cross-section). 
L = cable length. 
P = applied force. 
S ts geometric scale ratio (1:80). 
W = weight of a quantity. 
"*m = refers to a model quantity, 
-p = refers to a prototype quantity. 
-r = refers to a ratio between model and prototype quantities. 
AL = axial deflection of cable. 
y   = unit weight of a quantity. 
^> = force ratio. 

For Froude similitude, set the dimension of gravity force equal to the 
dimension of inertia, axial elastic and bending elastic forces, and obtain: 

(l) Gravity forces 

4>e  - 7r U3 (1) 
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(2) Inertia forces 
S   - rmt-m

3gLDTm'   _ 2   1      , 
*T  ~   rp L/ffLmr/    ~ * Tr    V   -  <PG (2) 

also yrT/Lr*=yrLr3 

therefore -i/Zr— Tr     , 

(3) Axial elongation forces in the cable 

7^ * 4=4 =r^1 l«t  /?£"«*, then    K=yr Lr
3 . 

(4) Forces causing bending in the cable 

A       CPL3 Pm       J Am(EI)mLp3 3       /        Us 

4* =Lr,    and   (El)r~rrLr
3 . 

<Lip 

These relationships will be referred to in the following paragraphs on 
the design and construction of the ship model, the mooring cable model 
and the mooring cable force meter. 

SHIP MODEL 

DESIGN 

Before designing the ship model, it was necessary to choose a scale 
ratio that would satisfy three criteria: 

1. The effects of surface tension would not be important. 
2. The model would be small enough for use in the wave-towing 

tank, yet large enough that minor variations, when magni- 
fied to prototype, would not prove to be excessive. 

3. The model would be large enough that a proper scale mooring 
system could be constructed and the expected mooring cable 
forces would be of sufficient magnitude that they could be 
easily measured. 

A scale ratio of 1:80 was chosen. The model was scaled from a U. 
Navy drawing (Bureau of Ships, LSM (l)-S0701-112485, ALT. and LSM (l)- 
S0103-112380, ALT. 5)> <snd from California Research Corporation Drawing 
(IMOS. LC7990-7999, 9000-9007). Transverse cross section drawings for n 
stations along the ship were prepared to assure accurate ship dimsnsior 
(Figure l). The superstructure, except for the forewurd superstructur* 
deck, was left off the model, as were the several decks, and the model 
was designed to built to its own freeboard. It Was necessary to appro; 
mate successively sections C-C from station 0 on, as drawings for thes< 
sections were unavailable. For the region near the bow where the shapi 
changes considerably, many cross sections were drai<n. The skegs and 
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rudders were drawn up separately, since they were left off the b<;sic 
model shell. Because the model hull form wcs to built up in the manner 
shown in Figure 1, a series of drawings were prepared of horizontal cross 
sections through the model at 3/4-inch intervals above the bottom tangent. 

The weight of the completely balanced model was to be j.78 pounds 
while the model shell was designed to weigh 1.20 pounds, leaving 2.58 
pounds to be added for static and dynamic balancing. 

Figure 1. 

CONSTRUCTION 

The model LSM was constructed of clear soft pine. The wood was 
planed smooth to a 3/4-inch thickness. Then individual horizontal cross 
sections (at yertical distance 3/4 inch below each water line plane) were 
scaled off the drawings and a section of pine was cut to approximate this 
water plane area. The sections were glued together to make a rough hull 
form which was finished to the outside dimensions of the ship and to a 
l/4-inch wall thickness. Bulkheads were added to approximately the quar- 
ter points of the hull to give the model strength to resiste the lateral 
forces which were likely to be encountered in handling. The model was 
then covered with several coats of spar varnish. 

The points of attachment of the mooring cables (through bars) are 
shown in Figure 1. Originally these bars were extended completely across 
the ship model in order to guard against failure of the side wall of the 
model due to excessive mooring cable loads. However, after the first 
series, this system was modified as shown, eventually leading to center- 
line mooring both bow and stern. 
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BALANCING 

After the basic model shell was completed, weights -were added to 
bring the model up to its correct scale weight. These weights were placei 
in such a manner that the center of gravity of the model was properly lo- 
cated, and so that the natural periods of roll and pitch would be correct 
This static and dynamic balancing was performed as follows: The model wa 
suspended fore and aft by suspension bars as shown in Figure 2a. The 
weight of the foreward suspension was counterbalanced on the scale prior 
to placing the model on the scale. Since the distances from the aft sus- 
pension bar to the center of gravity, from the aft suspension to the fore 
ward suspension bar, and the total weight of the model were known, it was 
possible to calculate the weight needed to balance the model when the 
longitudinal center of gravity was correctly positioned; this was done by 
taking moments about the aft suspension bar. Small pieces of lead were 
used as weights for adjusting the balance. 

0   Longitudinal enter 
of gravity sot-up 

t   Vortical CMtor of gravity Mt-up 

The model was placed on 
the device illustrated in 
Figure 2b and moments were 
taken about a given point 
(varied for each trial to 
minimize the effects of 
human error) and the neces- 
sary weight was calculated 
and set on the scale. The 
movable weights then were a< 
justed until the vertical 
center of gravity was prope 
located; this was completed 
after about twenty trials. 
After locating the vertical 
center of gravity the perio 
of roll was adjusted. 

Figure 2. Baldncing proceedure. 

The model was placed in 
the model basin, inclined 
and released. The natural 
period of roll was observec 
and recorded. The trans- 
verse position of the cents 
of gravity was obtained by 
adjusting weights until zei 

list was observed. Then lead weights were moved in a direction paralle] 
to the axis of pitch, until the correct period of roll was obtained. B? 
moving the weights parallel to the axis of pitch, the weights remained i 
the same position with respect to the vertical, so that the vertical cei 
ter of gravity was unchanged. A few trials with the device used to loc< 
the vertical center of gravity confirmed the fact that the vertical cenl 
of gravity had not shifted. 

The last step in the dynamic balancing of the model was the adjust' 
ment of the period of pitch. The experimental method used is illustrat 
in Figure 3, and the calculations required for this method are presente 
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below.    The period of pitch of a vessel is proportional to the radius of 
gyration of the vessel in the pitchxng direction, and is given by the equa- 
tion (Rossell and Chapman, 1939) 

In =      
VGM 

(5) 

where    Tn =  natural period of pitch, 
Ki =   radius of gyration of the model, 

longitudinal metacentric height of the model, and 
= 2 TT/ V5"   (where g = 32.2 ft/sec.2 ). 

GM 
1.108 

Severe damping of the pitching motion of the structure precluded accurate 
direct measurement of the 
period of pitch so that it 
was necessary to determine 
the radius of gyration of 
the model about the pitching 
axis by using the bifilar 
pendulum method as given by 
Timoshenko (1937). By hang- 
ing the model as shown in 
Figure 3> it can be shown 
that the period of oscilla- 
tion of the bifilar pendulum 
so set up is a function of 
the radius of gyration of 
the vessel about the yaw 
axis. In addition, the 

radius of gyration about the yaw axis, and the radius of gyration about 
the pitch axis are essentially equal (personal communication, Dr. A.  D. 
K. Laird, University of California, Berkeley). From Timoshenko (1937) 
it can be shown that 

Figure 3« Bifilar pendulum setup. 

Tp = 2irK (6) 

where    Tp =  natural period of oscillation of suspended model in air, 
1    = length of suspending lines, and 
a    =  equal distance from CG to suspending lines. 

In the experimental adjustment of the period of pitch    1 - 7.125 feet, 
a = 1.0625 feet,    g = 32.2 ft./sec.2,    and   k]. » 63.4 feet/80 = 0.792 foot. 
Substituting these values in lijuation 6, it was found that the period of 
the pendulum would have to be 2.2 seconds for the radius of gyration in the 
pitching direction to be properly located.    The weights in the model were 
bhen adjusted until this period of the pendulum was obtained.    The longi- 
tudinal metacentric height wts adjusted by other means. 

Following this final adjustment of the weights, the complete balanc- 
ing procedure was repeated, and the model was found to be balanced, and 
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thus both geometrically and dynamically similar to the prototype, within 
the limits discussed in the introductory remarks. 

lOOEIhG CABLM fcQUEL 

Inspection of the model relationships previously derived indicates 
that for geometric similarity the diameter of the model cable must be 
scaled according to the relationship 

dm=££   • (7) 
80 

In the same unit weight properties are to be maintained, it is necessary 
to scale the cable according to the relationship 

dm - TsoTTbJ (8) 

where b>l since the cable is stranded and the resulting unit weight 
for a given diameter is less than that of a solid wire. If the axial 
deflection forces of the mooring system are to be maintained in scale, 1 
diameter of the mooring cable must scale according to the rule 

(AE), = Y, L*  but E, =  elastic modulus of model 
'" elastic modulus of prototype 

- 3X107 

~ 107 
- 3 (9) 

(AE)r = 3 dr
2 = rr Lr

3 ;   .'. dr = J -^-   Lr"
2  . 

If the bending properties of the cable are to be in scale, it is neces- 
sary to scale the bending resistance of the cable cross section accordi 
to the relationship 

(EI)r = /rLr
6  or dr

4 = yrLr
s 

or (10) 

lr — v "3  I»r 

It was not possible to satisfy the four model criteria by choosing 
a proper cable diameter. Therefore, the cable diameter was chosen so i 
the moment of inertia of the section would correspond to and be in sea] 
with that of the prototype stranded cable. This meant it was necessarj 
choose a diameter somewhat smaller than the outside diameter of the pr< 
type stranded cable, since a geometric scale would mean that the model 
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cable extrapolated to prototype conditions would correspond to a steel 
rod in bending stiffness. Split lead shot were added to the mooring cable 
at one-inch intervals to bring the cable up to the proper weight require- 
ments. An arbitrary spacing of 1 inch between shot having been assumed, 
the required shot diameter was 0.050 inch, which was readily available. 
The axial deflection characteristics of the cable were calculated and 
found to be less than those required; hence, some axial flexibility of the 
cable system was built into the force meters. This kept the total mooring 
system deflection in scale. The only criteria not satisfied was that of 
geometric scale of the diameter, which would result in the viscous drag 
and inertia forces being even more out of scale. However, as was assumed 
in the case of the ship model, these forces would be small compared to 
other forces acting on the cable. 

FORM METER 

The force meter served two purposes: it was used as a sensing 
element in a force recording system, and it was used in the modeled 
mooring system to satisfy scale factor requirements for cable elongation 
due to axial loads. In designing the meter it was necessary to satisfy 
the similitude requirements for cable deflection (as determined from 
model lawa) and to insure sufficient sensitivity so that the meter could 
measure the smallest expected forces. 

In order to provide the proper deflection sharacteristics it was 
necessary to use other than a simple structural shape (Figure 4). The 
deflection characteristics of the beam used were calculated through 

application of the prin- 
ciples of virtual work. 
The force measuring system 
was designed to provide 
maximum possible recorder 
sensitivity to applied 
cable force.  Strain gages 
were used for the force 
measuring elements; force 
was measured indirectly by 
measuring the strains in- 
duced in the meter beam by 
bending moments caused by 
the force in the mooring 
cable. The strain measure- 
ments were recorded with a 
Brush Electronic Company 
recording system. 

Figure 4« Force meter 
Details of the force 

meter design, construction 
and calibration will not be 

included as they have been published elsehwere (Beebe, 1956). 
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GEMERAL CONSIDERATIONS 

The motion of a freely-floating vessel in a seaway is extremely 
complex. Studies have been made in the past (Froude, 1861; Kriloff, 189£ 
of the motion of rolling and pitching of such vessels. Heaving has been 
studied by Haskin (I946j. Other investigators have studied these proble 
recent summaries have been given by w'einblum and St. Denis (1950) and 
toeinblum (1955). They present equations and graphs of various snip moti 
functions, among which are the magnification (response) factors (for the 
various degrees of freedom) -which are shown to be functions of the ratio 
of the wave period to the natural period of the vessel, and the exciting 

factors -which are shown to be functions 
of the ratio of the wave length to the 
ship length (see Figure 5 for example). 
Both of these sets of factors are, of 
course, dependent upon several other wa\ 
and vessel characteristics. The authors 
state that little is known of the surge, 
sway and yaw motions of floating vessel: 
and that knowledge of the total motion 
of a vessel, including phase relation- 
ships between the various motions, is a 
most nil, although it is known that cer- 
tain couplings between the motions in t 
different degrees of freedom exist. Of 
particular importance to studies of moo 
ing problems are the possibilities of 
induced roll, sway and yaw even when th 
vessel is encountering only head seas 
(Grim, 1952). 

z.iy.x> » 

Heaving force function £x tyi*) for two 
wall-sioed vessels plotted against heading 

angle * with L/X as parameter    Waterllne 
coefficient a • V» and 0 8 

| 

70 

f* • 01 

| 
•tt»o»' 

1    1 

-H £U tit'0 9 

Tu niftf Fo iof A 
4   1 0 

Magnification factor it, -   j iT    j*   in n 

The above-mentioned studies were 
concerned with periodic waves of unifoi 
amplitude.    Hecently, a few studies of 
ship motion in non-uniform waves have 
been published (St. Denis and Pierson, 
1953; Fuchs, 1955; Sibul, 1955). 

Figure 5« 

The details of ship motion are 
beyond the scope of this report and th 
reader is referred especially to the 
paper by '.seinblum and St. Denis (1950) 
for the necessary background. 

In considering a moored vessel the problem becomes more compileat 
especially as the elastic restraining force (the mooring system) is no 
linear. The motions of surge, sway and yaw become of prime importance 

It appears that only a few studies have been made of the motion c 
a moored vessel (i.ilson, 1950; Carr, kcGraw and Snapiro, 1953; Beebe, 
1955 a,b; O'Brien, 1955; "ilson and Abramson, 1955). These studies, v 
the exception of Beebe's, are of a greatly simplified problem, primaw' 
that of the longitudinal motion of a vessel moored alongside a pier, i 
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motion being induced by relatively long period harbor seiches of small 
amplitude. All .motions excepting surging are neglected, although ,,dlson 
(1950) commented upon the transverse motion. 

Z'~-T1 
*£=> 

Vr7777T77V7T77T77fr 

The pioneering 
effort on the mooring 
problem was made by «il- 
son (1950). The general- 
ized geometry of the 
dockside mooring rope 
suspension is shown in 
'Figures 6 and 7« de- 
ferring to Figure 6 for 
an explanation of the 
symbols (where in the 
generalized ca.se the 

lowest point of cable sag is at Q\   which is outside of Ai B) the equa- 
tions of the catenary were given as 

Fig. 6. Geometry 
of mooring rope 
suspension. 

Fig. 7. Geometry of 
longitudinal and 
transverse ship 
motion. 

z  = c cosh (-) 

s = c sinh (£) 

(11a) 

(lib) 

where s is the length of the hypothetical cable from point Cx to any 
point (x, z) on the catenary. Further 

zB + H = c cosh XB +1> 

ZB c cosh 5L 

(12a) 

(12b) 

ana thus 

H = c (cosh *B + L - cosh fig) 
c c ' 

3  = c (sinh XB + L _ sinh Xj^ 

(13a) 

(13b) 

After certain simplifications were >, ade, »iiilson (1950) gave the 
horizontal component of rope tension Th , at points A^   and B as 

Wc L2 

Th~      V12[SZ   -   (H2  +L2)] 

where    Wc    is the weight per unit length of the cable. 

(14) 

The next step taken by Wilson (1950) was to determine the relation- 
ships between cable tension and elongation for several types and sizes of 
standard mooring cables (coir rope anu steel wire rope). In order to 
itilize these data, a further simplification was made wiierein it was 
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shown that for common dockside mooring the following equation was of 
sufficient accuracy 

^ (15) =  VS8  - H1 

Utilizing this approximation, and referring to Figure 7 for an explanatic 
of the symbols, the relationship between the components of cable tension 
and the components of ship movements were developed. Tnese relationships 
are shown in Figure 8. Also shown in Figure 8 are the best-fit exponent:! 
curves, which are of the form 

Tx> y = k (u or v)n (16) 

where   k   is a constant and   n   is a numerical exponent.    For the case o 
a ship with many mooring lines,  this was expressed for the longitudinal 
directions as 

2TX   = G (1?) 

where G is a constant which depends upon the number, size and conditio 
of the cables and n depends upon the tension in the cables. 

A harbor seiche has a relatively 
long period (usually in the range of a 
minute or more — sometimes much longe 
and usually has a low amplitude. It i 
possible to describe the water particl 
velocities and accelerations rather 
simply compared with the case of seas 
and swell. These approximations were 
used by s&lson (1950), together with E 
approximation by Havelock (1940) whict 
expresses the wave force on a rigid 
vessel which extends to the bottom. : 

is not necessary here to go through the various steps, but merely to 
present the final result 

SHIP  MOVEMENT, llr,  ill Fnl 

Figure 8, Relationship be- 
tween rope tension 
and ship movement. 

£* + X . & +± un = SL cos pt _ 2E sin pt        (18) 
dt*  2M  dt  2M     2M 2 

where K is a constant which depends essentially upon the size and sha 
of the vessel, M is the mass of the ship and p is the angular fre- 
quency of the surge. V is given by 

qd sxn qx (19) 

where A is the seiche amplitude, q is the nodal frequency of the 
seiche, and d is the water depth. It should be noted that the phase 
angle has been neglected and the damping is shown as being proportional 
to the first power of the velocity rather than the square of the veloca 
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The natural frequency of the system thus depends upon the amplitude of 
the forcing function as well as upon the spring and mass characteristics 
of the system. 

After certain other simplifications were made, Wilson (1950) showed 
the relationships between resonant period of ship oscillation, r , and 
maximum individual cable tension, Tx , 

Punodieity 
W 14,200, N> IS 

A, dm. inoorlnQs* 

l/k-324 
•    >     6.4 
d    >   46 

B^<l'» 
C, WCWW91 n|Mv 

Htori iHfctft — 

i/k- z as 
* • se 
i   •435 

0^ MBfMfS MtUMy 
HflM- 
1/1 •   0147 
n   •    IS 
4   <42S 

1 Jim ' 1 

r> /* 
»." < / / / 
i' / / / / 

t 
8 " 

• / / • / 
* 

„• (^ 
• • 

I" <\ 
s 
'A 

^' i^ B 

0, 4 i~* rs *•'* TTi J  0 !rs ri ri r~i T~ r 
AMPLITUDE OF SEICHE,   A, <|FM 

Figure 9. Influence of rope tightness on the 
resonance in longitudinal ship 
motion. 

versus seiche amplitudes, A, 
for several conditions 
of cable tension (Figure 
9). The effect of cable 
tension on the periodi- 
city of the system is 
apparent: the higher 
the tension the lower 
the resonant period. The 
effect of amplitude is 
relatively unimportant 
for cables with high 
tension, but very impor- 
tant for cables with low 
tension: the greater 
the seiche amplitude the 
lower the resonant period 
of the system. 

Recently Equation 18 has been treated by Wilson ana Abramson (1955) 
using the Ritz method (which is useful for certain non-linear differen- 
tial equations). Typical results are shown in Figures 10 and 11. In 
Figure 10 is shown the relationship between the maximum amplitude of 
horizontal ship displacement, u, and 7)z   for various values of seiche 
amplitude. 7}   is 

V = £ 0) 
(20) 

where p is the angular frequency of the seiche, w    may be considered 
as the non-linear equivalent of the natural frequency 

a.2 = 2M 
Nk 
4M 

although the non-linearity, entering through 
from the ordinary dimensions of frequency. 

(21) 

k results in a departure 

The above information on mooring has been presented although it is 
a great simplification compared with the problem of the LSM moored at sea. 
It does point to the great importance of initial cable tension and to the 
possible importance of wave amplitude. 

855 



COASTAL ENGINEERING 

Figure 10. Typical response curves of      Figure 11. 
longitudinal ship displacement 

LABORATORY EQUIPMBOT 

The laboratory equipment consisted of: 

1. Four mooring cable force meters (Figure 4). 
2. A six-channel Brush Electronic Company recording oscillo- 

graph, and six Brush Universal Analyzers. 
3. A 6-foot by 8-foot by 200-foot wave-towing tank, with 

bulkhead type wave generator (Figure 12). 
4. A 2.5-foot by 64-foot by 150-foot model basin with a 

flapper-type wave generator. 
5. Two 35mm. Bell and Howell movie cameras. 
6. Two clocks and a neon glow tube. 
7. A camera box and a camera base plate. 

Before the force meters were used their deflection characteristic! 
and their sensitivity to applied cable forces were measured. 

Two experimental set-ups were used, one in the wave-towing tank, J 

other in the model basin. The wave-towing tank was used to determine 
effect of moored vessel dynamics in head seas and the model bosin was 
used to investigate the moored vessel dynamics in quartering and beam 
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WAVe-TOWINO TANK 

Length 200 feet 
Width 8 feet 
Depth 6feet 
Windows oppx. 70 feet from generator Figure 12. 

$°" 

In 

II 
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1 
2V 

^ 
-^ ̂  
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^ffl • t ss| 
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Figure 13. 
Sample data with 
model LSM in 
head seas. 
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A few tests also were run in the madel basin for head seas in order to 
correlate the results obtained by use of the two facilities< The wave- 
towing tank would have been used for all tests because of the superior 
control possible with it; however, its transverse dimensions were not ad 
quate to permit the use of the necessary mooring cable patterns for quar 
tering and beam seas. 

The use and disposition of the cameras and timing equipment (clocks 
are discussed in the section on Testing Procedure. 

TESTING PROCEDURE, 

Three testing procedures were followed: one for the head sea tests 
in the wave-towing tank, one for the quartering sea, beam sea and head £ 
tests in the model basin, and one for the tests in the wave-towing tank 
of the effectiveness of the large bilge keels, 

WAVE-TOWING TANK TESTS 

The following procedure was used: 

1. The depth of water was adjusted to the desired value. 
2. A grid was hung from supports across the top of the 

channel in a plane through the location of the longi- 
tudinal axis of model LSM during the tests. Photographs 
of the grid were taken with 35mm. movie camera. 

3« The grid was removed and the model LSM, mooring cables, 
and mooring cable force meters were placed in the 
channel. The mooring cables were attached to the force 
meters and to the ship model. 

4. A desired initial tension was set into the mooring cable 
system and the force meters were oriented so that the 
deflection of the entire system would be in scale. 

5. A clock was placed just above the model. 
6. The wave generator was adjusted for a pre-determined 

wave height and period and the wave generator started. 
7. About eight waves were allowed to pass the leeward force 

meter, then the camera was started, and about two seconds 
l<.'ter both the clock and the force meter recording system 
were started. 

8. Affeer the forces resulting from about ten to twelve waves 
were recorded on the force-meter recorder, the recorder 
and clock were stopped. The camera was stopped two 
seconds later. 

9. Steps 7 and 8 were repeated for each wave condition to 
be tested at one particular mooring condition (scope, 
water depth, initial tension). 

The clocks and force meter recorders were started and stopped at 
same time while the camera was running for the purpose of synchronizat 
Although the clock took about 0.25 second to come up to speed, the fra 
speed of the camera was known, so that any desired phase relationship 
•tween motions and associated mooring cable forces could be determined. 
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COASTAL ENGINEERING 

The reference for the grid coordinate system consisted of two atrip; 
of black tape, one horizontal and one vertical, pasted to the glass of 
the channel wall. 

MODEL BASIN TESTS 

The model basin tests were performed in the same manner as the wave 
towing tank, with the exception that two cameras were used, A grid was 
placed in the plane through the center of the model before the model was 
placed in the water and a few feet of film were exposed. 

ROLL DAMPING TESTS 

The effectiveness of an enlarged bilge keel was tested in the wave- 
towing tank under "freely floating" conditions; that is, no mooring line 
were attached. The model was centered in the tank in such a manner taat 
it was under the action of beam seaa. The data were recorded on 35mm. 
movie film. 

ECPEaTMENTAL RESULTS AND DISCUSSION 

DATA INTERPRETATION 

Since all experimental data were recorded on either 35mm. movie fi 
or on six-channel recording oscillograph paper, it was necessary to re- 
duce this data to such a form that it could be effectively plotted. 

The data obtained from the film were plotted as shown in Figures 1 
14 and 15. In Figure 13 are shown data for Run 62 for the model LSk in 
head seas; in Figure 14 are shown data for Run 230 in quartering seas; 
in Figure 15 are shown data for Run 301 in beam seas. 'Dae ranges of cc 
ditions tested are shown in Table I. 

FIRST SERIES OF TESTS 

The first series of tests were conducted to determine the mooring 
forces and ship motions of a model LSM (1:80 scale) moored in head seas 
These tests were made in the wave-towing tank. The parameters studied 
this series of tests were initial cable tension, the cable scope, the 
water depth, the wave height and the wave period. 

Two geometric configurations were used in regard to "hawse pipe" 
cations at the ship's bow. This was because it was noticed that the w 
spacing of the take-off points of the forward cables was responsible f 
an induced roll of the model vessel when the vessel was at even a very 
small angle to the waves; hence, centerline mooring was introduced. 

The results of the tests for the centerline-bow, outboard-stern 
hawse pipe locations are given in Figures 16 and 17. Data were obtair 
for wave periods between 6 and 15 seconds and for wave heights betweer 
4 and 12 feet (prototype). The'least-count" accuracy of the data was 
about plus or minus five percent. The scatter of data was considerab] 
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MODEL STUDIES OF THE DYNAMICS OF AN LSM 

MOORED IN WAVES 
TABLE I.    uOOHIMG COfoDITIOaS JjOS ^ODEL LSii 

Model Prototype 

Cable Water Cable Initial iirater Cable Initial 
Runs Mooring   Scope Depth Length 1 Cable Depth Length C^ble 

Tension Tension 
ft.- 

2.5 

ft. 

15 

lbs. 

0 

ft. 

200 

ft. 

1200 

kips 

1- 9* outboard bow 6.0 0 
and stern 

11- 21 ti ti 6.0 2.5 15 0.0195 200 1200 10 
22- 39 <£-bow, out- 

board stern 
6.0 2.5 15 0.0058 200 1200 3 

40- 53 « 11 6.0 2.5 15 0.0012 200 1200 6 
54- 64* n it 6.0 2.5 15 0.0195 200 1200 10 

66- 81 tt 11 15.0 1.0 15 0.0058 80 1200 3 
82- 96 ti 11 9.0 1.0 9 0.0058 80 720 3 
97-119 11 11 6.0 2.5 15 0.00585 200 1200 3 

124-127 bow starb'rd 
line dropped 

6.0 2.5 15 —— 200 1200 —— 

128-130 ^-bowy out- 
board stern 

6.0 2.5 15 0.0195 200 1200 10 

131-133 bow, starb'rd 
line dropped 

6.0 2.5 15 — 200 1200 — 

134-136 <£ bow, <£ stern 6.0 2.5 15 0.0195 200 1200 10 
137-139 bow starb'rd 

line dropped 
6.0 2.5 15 — 200 1200 — 

140-151 freely floating 
roll tests 

2.5 — —• 200 —— — 

152-161* bilge keel — 2.5 — — 200 — — 
roll tests 

172-174 freely floating 
roll tests 

— 2.5 — — 200 — — 

175* «* natural period of roll 
210-235 direct <fe moor- 

ing bow & stern 
6.0 2.0 12 0.0195 160 960 10 

236-250 it   11 6.0 2.0 12 0.0117 160 960 6 
251-265 it   n 6.0 2.0 12 0.0058 160 960 3 

266-277 it   it 6.0 2.0 12 0.0058 160 960 3 
278-289 it   it 6.0 2.0 12 0.0117 160 960 6 
290-301 it   11 6.0 2.0 12 0.0195 160 960 10 
302-313 it   11 6,0 2.0 12 0.0117 160 960 6 
314-326 11   11 6.0 2.0 12 0.0058 160 960 3 
327-339 11   11 6.0 2.0 12 0.0195 160 960 10 
339-347 11   it 6.0 2.0 12 0.0058 160 960 3 

* Buns 10, 65, 162-171 and 200-210 were te&t runs and are not included. 
*# Runs number 176-199 were not used. 
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and much of this was due to the difficulty imposed by the least-count 
when working with a model of this scale. However, the trends were ap- 
parent, and the scatter of data of heave, surge and pitch were probably 
within the necessary limits from an operational standpoint. 

A sample of the data on the horizontal component of cable force at 
the meter for each cable have been tabulated in Table II, together with 
the averages of the bow cables, the stern cables and all four cables. T 
data presented for the individual cables are the maximum recorded forces 
as measured from the initial tension, i.e., the actual horizontal compo- 
nent of force is the tabulated force plus the initial tension. The data 
on the force records did not show much scatter from wave to wave; thus 
the scatter is due to the least-count errors and to the fact that the 33 
tern is rather unstable. Some of the variation in cable force was due tc 
the inability of the investigators to adjust all four cables to the same 
initial tension. This difficulty, and the result of this difficulty, ws 
particularly apparent in Runs 40 to 53* It is expected, however, that 
similar difficulties would be encountered in prototype; hence, the varic 
tion of data (particularly in regard to the largest forces measured) 
should be of considerable value. 

The most important fact that was evident in these data was in regaj 
to the relationship between surging motion (and hence cable force) and 

the wave character- 
istics. The data 
showed a resonance 
condition occurring 
for certain combina 
tions of wave and 
mooring characteris 
tics. A check of t 
surging characteris 
tics of the test sy 
tern was undertaken. 
It was found that t 
natural period of 
surge (for the 2 mi 
wire with lead shot 
was about 16 seconc 
for the case of a 
cable scope of 6, s 
water depth of 200 
feet, and an initi; 
tension of 10 kips 
(Figure IS). As tl 
determination of t] 
natural period was 
done with a new se 
of model cables, a 
due to the difficu 
in obtaining exact 
initial tensions, 
natural period of 
surge during Runsl 

£ 
/ 

/ 

Average Stern Cable Force 

» _ T • 14 9 15 0 wc 
X . K T • 13 2 13 4 MC 

•— 0 T «(0 5 11    1   MC 
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T 
* e 1 
. 60 

e 9 MC 

6 2MC 

WAVE  HEIGHT, infest 
10       12 

Aye Force for Bow and Stern Cobles 

Figure IS.    mooring cable forces in head seas, 
Runs  22-64. 
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MODEL STUDIES OF THE DYNAMICS OF AN LSM 
MOORED IN WAVES 

TABLE II.    S^iPLE DATA OF MOTIONS 
AMD MJQEING FOiJCES FOR LQD2L LSM IK ffiiAD 5&ib 

Run   ??ave    i/ave      Surge Heave Pitch      FBP    FBS 
No.    Period Height 

sec.  ft.   ft. 

fSP fss FB„ FSav« F<» 

ft.  deg. kips kips kips kips kips kips kips 

Runs 22-39:    scope » 6: , water • depth a 200', initial cable tension = ; 3kii 

22 6.0 4.4 1.5 0.8 1.6 2.7    4.6 0.4 1,6 3.7 1.0 2.4 
23 6.0 6.8 1.6 0.8 2.3 8.9    9.0 1.5 2.3 8.9 1.9 5.4 
24 6.0 7.8 2.0 2.4 4.0 15.2 13.7 2.1 4-4 14.5 3.2 8.9 
25 6.0 8.8 2.0 2.4 4.3 15.2 21.1 1.4 3.0 18.1 2.2 10.2 
26 8.1 4.8 6.9 3.2 2.3 0.3   0.3 1.2 1.2 0.3 1.2 0.8 
27 8.1 7.2 8.7 5.2 2.9 1.0   0.5 2.3 1.9 0.8 2.1 1.5 
28 8.1 8.8 7.6 6.4 4.0 2.0    1.1 4.0 3.5 1.5 3.3 2.7 
29 8.1 11.2 8.8 8.0 4.6 1.0    1.6 5.5 4.4 1.3 5.0 3.2 
30 10.5 5.6 6.0 4.0 1.7 -1.1   0.3 2.2 2.0 -0.4 2.1 0.9 
31 10.5 8.0 7.2 8.0 2.3 -0.3    0.9 5.3 3.2 C3 4.3 2.3 
32 10.5 11.2 8.8 8.8 3.4 0.5   1.7 7.2 4.6 1.1 5.9 3.5 
33 10.5 1.36 10.4 11.2 3.4 1.5    2.6 9.2 6.8 2.1 8.0 5.1 
34 13.4 7.8 8.3 6.6 1.7 0       1.0 3.7 2.0 0.5 2.9 1.7 
35 13.4 8.0 9.6 7.6 2,6 2.4   0.3 3.9 2.7 1.3 3.3 2.3 
35a 13.4 — — — — 2.4 -0.4 4.5 3.3 1.0 3.9 2.5 
36 13.4 13.3 14.4 11.0 2,9 5.0   2.9 9.1 6.4 4.0 7.7 5.9 
37 15.0 6.4 6.8 6.0 0.9 1.7 -2.2 3.4 2.6 -0.3 3.0 1.4 
38 15.0 7.2 6.8 6.0 1.0 2.0   1.1 4.0 3.0 1.6 3.5 2.6 
39 15.0 10.4 11.2 9.6 1.5 3.6   2.9 7.4 5.2 3.3 6.3 5.0 

Runs 40-53:    scope = 6. , water 1 depth • 200', initial cable tension » 6 kij 

40 6.2 4.0 1.2 3.2 1.5 -1.5   4.9 1.4 1.1 1.7 1.3 1.5 
41 6,2 5.2 1.6 2.4 2.9 3.4.   8.4 2.8 1.3 5.9 2.1 4.0 
42 6.2 10.8 3.2 3.6 4.3 7.2 11.0 2.3 1.4 9.1 1.9 5.5 
43 8.8 6.4 5.6 5.6 2.9 -1.2   1.4 6.6 2.1 0.1 4.3 2.2 
44 8.8 8.0 b.O 6.4 3.4 —     — — — — — — 
45 8.8 12.0 8.8 7.6 4.9 0.2    5.8 13.2 6.4 3.0 y.t- 6.4 
46 10.9 6.4 7.2 6.0 1.5 5.2    7.7 11.0 3.4 6.5 7.2 6.9 
47 10.9 8.0 9.6 7.2 2.3 2.7 11.6 16.6 6.4 7.1 11.5 9.3 
48 10.9 12.4 13.6 5.2 3.2 5.7 18.7 26.0 11.9 12.2 16.9 15.6 
49 13.2 5.6 5.6 3.6 1.1 0.4    6.2 7.6 1.5 3.3 4.6 4.0 
50 13.2 6.4 8.8 6.4 1.4 2.6 10.4 14.4 4.7 6.5 9.6 8.1 
51 13.2 10.4 19.2 9.6 2.4 13.8 39.1 42.1 19.7 26.5 30.9 28.7 
52 14.9 5.5 7.7 4.4 1.0 2.2 10.8 13.0 4.0 6.5 8.5 7.5 
53 14.9 7.7 33.5 7.6 1.4 50.2 59.0 61.8 61.2 54.6 61.5 58.1 

Note: Fgp, force measured for port bow cable; FBS, for starboard bow 
cable; FSP, for port stern cable; and Fss, for starboard stern 
cable. 

863 



COASTAL ENGINEERING 

T> 10 tips 
'     1 

| T>6kys T = Ski|» _.. 
,— -"" '^J • ^ ' A - 

,.*. 

n*-* 
*# t^- ^^ 

*# •:-.,r" H- * 
T * 10 kips T°6kipa T-3»ip» 

/' / '/ ,//•' 

•" A '/y 
/$?'   f'_i 

-'' 

/l 
A o 

/'•'' 

s /*' 
**> A o 

<*'' 
U fl o_ 

s 
^ ̂  1 t ^ J' o 

t 3S3 

T* 10 kips T*6 kip* * -— »   T«I25-I34I*J 

B a 

T* 8I-89MC 

r« 60-6 2 sw 

1 •/ •/ 
/ * 

i / 
/ i T< 3 kips / » 

t, / i / 
Q 

/ 

• i / * / 
1   /\ A 

i / 
I 1 

1 

/ / • f, /• 
I" j . 

• {/ / • 4 y 

1 11 / 1   J 4 fi 
'•/ 

% 
/ 

3 
(0 i J / 

/ 

£ ̂ i 
r\ / ' -2—•" 

D<! t K •> 
WA m m lGHTt it 

r   I 6 « i )     i i 

Figure 17. Fitch, heave and surge in head 
seas, Runs 22-64• 

might well have been 
a few seconds less. 
It was evident from 
the data in Table II 
and Figures 16 and 17 
that the relationship 
between both surging 
and cable force and 
the wave height was 
non-linear, at least 
when near resonance. 
Both the surging mo- 
tion and tue cable 
force increased quit< 
rapidly for the 
greater wave heights 

It is apparent 
that this difficulty 
would not be encoun- 
tered when operation 
were conducted in an 
area where the wave 
period was in the 
vicinity of 5 to 8 
seconds, nor would i 
become apparent for 
low waves (say, in t 
neighborhood of 3 f« 
due to the inability 
of a person to judg< 
the extent of such 
small motion. 

It was found that for the case of low initial cable tension, the 
highest mooring cable forces were associated with the shortest wave 
period; however, as the initial tension increases, the highest forces 
were associated with the longer periods — those nearer, or at, resonan 

In regard to the vessel motions, what was really needed was its 
spatial location as a function of time. The tremendous amount of calcu 
lations necessary to present this information precluded obtaining it on 
this investigation, and instead the individual motions were shown in re 
lation to the wave height and period. These data have been presented i 
Figure 17. It was found that the pitching angle was nearly a linear f\ 
tion of wave height with the shortest period (within the limits of the 
experiments) being responsible for the greatest pitch. The pitching 
angle appeared to be independent of the initial cable tension. Heave TI 

greatest for the longest wave periods and appeared to be independent oi 
the initial cable tension. 

Surging motion was dependent upon initial cable tension to a grea- 

degree. In addition, it wos not linearly related to wave heightj rathi 
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MODEL STUDIES OF THE DYNAMICS OF AN LSM 

MOORED IN WAVES 
it increased with wave height at an increasing rate, at least where the 
period was in the vicinity of resonance. 

SECOND SERIES OF TESTS 

The model cable first used (2 mil diameter wire with lead shot 
attached for weight) was found to deteriorate very rapidly in use; hence, 
very small forces would break the cables during tests. California Re- 
search Corporation and University of California personnel agreed that a 
10 mil wire should be used if tests indicated that the result wouid cor- 
respond with those obtained using the 2 mil-with-shot wire, and providing 
swivels were used at points of attachment, and kinks in the wire avoided. 

In order to determine the difference in effects in mooring dynamics 
due to the use of two types of mooring wires, a series of tests were run. 
At the same time the effect of "breaking" one cable was studied, as was 
the effect of introducing a centerline mooring "hawse pipe" at the stern 
of the model. The data were compared with the results of prfvious tests 
and were found to be in fair agreement provided the differences in natural 
period of surge are kept in mind. For example, in the case of an initial 
cable tension of 10 kips, a resonance, or near-resonance, condition for 
the 2 mil-with-shot cable occurred for both Runs 63 and 18 (12.5 and 13.0 
second wave, respectively) while for the 10 mil wire this condition oc- 
curred for Run 129 (a 9.2-second wave period). This can readily be under- 
stood by examining the curves of natural period of resonance versus initial 
cable tension in Figure 18. 

As a part of this same series of tests data were obtained which showed 
the effect of one mooring cable breaking. The tension in the diagonally 
opposing cable dropped off considerably and the vessel yawed slightly, 
slacking off the remaining two cables (from an "initial tension" stand- 
point). This caused an increase in the natural period of surge. Hence, 
the resonance occurred at a greater wave period. For example, a resonance 
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or near-resonance condition occurred for a wave period of 9.2 seconds fo 
the 10-kip initial cable tension with four mooring lines, but shifted to 
13.5 seconds when the starboard bow cable was dropped. It was not possi 
ble to tell conclusively from these data whether dangerously high forces 
will be experienced when one cable breaks, because of the spread of wave 
periods tested, with the resulting probability that the peak resonance 
condition might have been encountered for the 13.5-second wave but not f 
the 9.2-second wave, vice versa, or neither. 

Data were also obtained for a centerline stern mooring.    The effect 
of this type of mooring was not apparent unless there was an induced rol 

THIRD SERIES OP TESTS 

In order to test the effect of roll-damping devices,  it was necessa 
to use the wave-towing tank, which in turn prevented the testing of a 
properly-moored vessel.    Because of this, the effect of the device was 
studied for the freely-floating condition.    The data have been given in 
Table III.    The roll was considered in two parts, as shown in the folloi 
ing sketch: 

Direction of Wave Motion         f*T      "TT^^ZZl"       Roll =  a++a~ 

a+ was the angle of roll as measured upwards on the up-wave side of th 
vessel, while a— was the angle of roll as measured downwards on the u 
wave side of the vessel. It can be seen in Table III that a+ was con 
sistently larger than a-. This was a dynamic characteristic of the 
interaction between the waves and the vessel and was probably a result 
diffraction. It did not occur during tests for natural period of roll; 
hence, it was not caused by some unbalance in the vessel. This "dynami 
list" was most apparent for the case where bilge keels were added. The 
bilge keels were very effective (especially for the short period waves) 
when one considered the mean roll from its dynamic equilibrium positior 
(i.e., a+ + a-/2 ); however, it was not nearly so effective when the 
maximum roll ( a+) from the horizontal was considered. 

FOURTH SERIES OF TESTS 

The fourth series of tests was performed to determine the vessel 
motions and mooring forces in quartering and beam seas. In addition, 1 
tests were made of the vessel in head seas. This was done so that a c< 
p&rison could be made between the tests in the model basin and the tesJ 

in the wave-towing tank. Due to the limitations of the model basin it 
was possihle to moor the vessel in no more than 160 feet of water (pro' 
totype). 10-mil model mooring cables were used. Some of the data hav 
been plotted in Figures 19 to 21. In addition to a least count accura 
of ±5% the data obtained in the model basin are subject to variations 
as the wave generator motion is not as consistent as in the wave-towin 
tank and because it was not possible to have complete protection from 
wind effects on the model. 
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MOORED IN WAVES 

TABLE III. .EFFECT OF HULL DOPING DEVICES 
FOR FREELY FLOATING iuOOiSL LSM Ii* Bii*ji SKAS 

Hun Wave Wave ave. Ave. Range of 
Wo. Period Height a+ a- Roll 

sec. ft. deg. 

lamping 

deg. 

devices 

deg. 

Runs 140-151, no roll d 

140 6.3 1.2 5.0 4.2 3.3 -   4.5 
141 6.3 2.1 10.0 8.0 8.5 - 9 
142 6.3 6.3 12.3 10.2 11.0 - 11.5 
0-43) 
144 7.8 4.6 5.0 3.7 4.3 - 4.5 
145 7.8 7.9 8.2 7.0 6.3 - 8 
(146) 
147 7.8 7.1 7.5 6.7 7  - 7.3 
14S 7.8 11.6 11.5 10.0 10.5 - 11 
149 12.5 3.2 2.5 1.7 1.5 - 2.0 
150 12.5 5.8 2.5 1.5 1.8 
151 12.5 8.2 3.9 3.2 2.3 - 3.6 

Runs 152-161, with bilge keel 

152  natural period of roll * 11.9 seconds 
153 6.3 5.4 4.3 1.0 1.5 - 3.5 
154 6.3 10.1 10.2 0.9 3  - 7 
155 6.3 1,6 3.0 0 1.3 - 1.8 
156 7.9 3.8 4.6 0 1.8 - 3.3 
157 7.9 7.7 6,5 0.3 2.5 - 4.0 
158 7.7 11.0 8.4 0.7 3.5 - 6.5 
159 12.9 3.5 2.0 1.0 1.3 - 1.8 
160 12.9 6.6 2.7 2.0 2.3 
161 12.9 9.5 3.5 2.5 3.0 

Runs 172-175, , no roll damping devices 

172 6.1 1.4 9.4 8.0 7.3 - 9.5 
173 6.1 4.6 12.3 11.8 11  - 15 
174 6.1 7.5 20.6 18.6 19  - 22 
175 natural period of roll «• 5,1 seconds 

Note: 
1. All values tabulated are for the prototype. 

2. Roll= 
a+ 4- a- 

2 -, where a+—•  
5= — 

  —- 
*•• 

3. Maximum variation of±1 degree for roll angle 
for no damping device. The variation was up 
to ±2 degrees for the case of the bilge keel; 
near resonance conditions may be larger. 
The time history records of the roll motion 
of the freely floating model LSk can be con- 
sidered to be of two types: 1, the rolls 
were nearly uniform; and 2. the roll were 
irregular. The data presented in Table III 
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TABLE III.    Note (cont.) 

are of two types: 1. a+ and. a- -which are 
the' values of straight lines put on the 
records by eye to represent the average posi- 
tion of the roll up and the roll down; and 
2. range of roll, which shows the range of 
roll angles as measured from the roll down 
position to the following roll up position. 

An examination of the forces in the mooring cables for head seas 
as obtained in the wave-towing tank and the model basin for the same 
initial cable tensions and cable scopes, but different water depths, (Fi 
ure 16 and 21a) showed that they compared reasonably well considering th 
difference in model cables* This was also true of the pitching and hea\ 
ing motions (figures 17, 20a and 21a). Considering the fact that ocean 
waves are non-uniform in both amplitude and period and the possibility 
exists of a particular wave period component forcing the vessel in reso- 
nance, it would appear that the comparisons of the two sets of data witl 
respect to maximum probable vessel motions and mooring cable forces are 
good. 

It can be seen that the vessel rolled, yawed and swayed even thougl 
it was in "head seas". It is not possible to fix the vessel heading 
exactly, and any induced motion would be emphasized by the elastic moor- 
ing cables. In addition, there may be an inherent instability as dis- 
cussed by Grim (1952). 

In regard to motions in quartering seas, it can be seen that the 
surge and pitch amplitudes are of the same order of magnitude as for th 
head seas tests in the model basin. The difference in water depth (160 
feet rather than 200 feet) should not be of any significance as both 
depths are relatively deep as far as the water particle velocities and 
accelerations within the surface layer of the same thickness as the vea 
sel's draft. The heaving amplitude is greater than for head seas; in 
fact, the heaving exceeded the wave height on many occasions. A portic 
of this can be attributed to the effect of angular distortion; however, 
it is mainly due to the fact (vteinblum and St. Denis, 1950) that the 
heaving force function increases with increasing angle between the shij 
bow and the wave direction (see Figure 5a). This, combined with the ma* 
nification factor (Figure 5b) for a damping coefficient of 0.4 (approx: 
mately the value for an average ship), leads to a heaving amplitude wh. 
can be in excess of the wave amplitude. In addition, there is consid- 
erable sway, roll and yaw. An example of the type of data obtained ha 
been given in Figure 14. It was apparent from the tests that the sway 
and yaw records may be either fairly uniform or quite non-uniform. Th 
record in Figure 14 cannot be said to be typical; rather, there was an 
entire spectrum of variations. The&e two motions appeared to get in a 
out of phase for certain wave periods; maximum values of away and yaw 
often as much as 25 percent greater than the average values reported i 
the tables. The mooring cable forces were of the same order of magnit 
as in head seas and the trends appeared to be the same as in head seas 
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In beam seas the surging motion decreased considerably, although it 
aid not go to the zero. This was possibly due to a small error in the 
positioning of the vessel, unequal initial cable tensions, or both. Tne 
Same was true for pitching. The yawing was appreciable, although the 
magnitude was not as great as for the case of quartering seas. The roll- 
ing motion appeared to be of about the same order of magnitude for beas < 
for quartering seas. The sway increased. It was evident that large mo- 
tions could be expected for certain combinations of wave heights and 
periods. The reason for the apparent "resonance" condition occurring fo 
sway in beam seas was not apparent considering the long natural period. 
It was evident from Figure 21b that it was nearly independent of initial 
cable tension. However, it well may be explained if curves similar to 
Figure 5 were available. Certainly the "swaying force function" must be 
very large. The ratio of the maximum values of sway to wave height neve 
approach the maximum value of the ratios of surge to wave height. 

200 

10 20 30 40 
SURGE,  m F«t 

SO 

RELATIONSHIP BETWEEN  AVERA6E MOORING 
CABLE FORCE   AND SURGE IN HEAD SEAS 

The maximum cable forces 
occurred for lower wave peri- 
ods in beam seas than in eithe 
head or quartering seas. Thu 
it might be necessary to head 
the vessel differently, deper 
ding upon the wave perxod 
(say, local seas or swell). 

GWKBAL 

The average cable force 
data have been plotted in 
Figure 22 in relation to the 
vessel surge for three initis 
cable tensions for the vessel 
in head seas. The data take: 
in the wave-towing tank show< 
a marked degree of correlate 
In addition, the data taken 
the model basin (for an init 
cable tension of 10 kips) we 
plotted. Some of the data 
were not consistent. Some 
waves used in the model basi 
were considerably higher tha 
was the case for the tests i 
the wave-towing tank and the 
data which were most out of 
agreement were those associa 
with the highest waves and t 
accompanying large pitching 
and heaving. It is believed 
that for waves under, say, 
12 feet in height, the rela- 
tionship shown in Figure 22 
should be valid. 

Figure 22. 
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The bow cable forces for the model in head seas were considerably 
higher than the stern cable forces for the shortest wave periods used. 
For longer wave periods this relationship was reversed, while the longest 
waves tested showed the relationship often reversed again. The ratio of 
the average bow cable forces to the average stern cable forces have been 
plotted in relationship to the wave period in Figure 23. The curve was 
found to drop abruptly at about 6g seconds to a ndnimum value and then 
to increase with increasing wave period. 

The data could have been plotted as a function of the dimensionless 
parameters X/L (ratios of vessel length to wave length) and H/L (ratio 
of wave height to wave length). This was done for a few cases for check- 
ing purposes. However, it does not clarify the understanding of the 
phenomena as anly one ship model length, A, was used; hence, the dimen- 
sionless numbers would have no significance. 

CONCLUSIONS 

The problem of the prediction of notions of a freely floating vessel 
in a seaway has not been solved completely. The motions of a moored 
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vessel are much more complicated and require an empirical solution at tne 
present time. From a practical standpoint the most important difference 
between the motions of a freely floating and a moored vessel is the possi 
bility of resonance conditions occurring in the surging, swaying and 
yawing motion of a moored vessel, as sell as in the heaving, pitching and 
rolling motions. 

Resonance conditions were found to occur in the surging motion of tt 
model in both head and quartering seas; resonance conditions were found i 
occur in swaying and heaving motion in both quartering and beam seas (es| 
cially in beam seas), although the magnification factor for studying v,as 
not nearly as high as for the case of surging. The greatest forces in tf 
mooring cables occurred at these resonance conditions. 

The natural periods of surge, sway ana yaw were found to be cribica. 
dependent upon the mooring cable configuration and initial tension, with 
the greater the initial tension the shorter the natural period. Heaving, 
pitching, and rolling appeared to be essentially independent of the ini- 
tial cable tension within the limits of the experimental range of condi- 
tions; if they were not independent the relationsnip was masked by the 
experimental scatter. The natural periods of sway and yaw for the range 
of initial c-ble tension used in the tests were found to be much greater 
than the periods of waves normally encountered in the ocean. The reso- 
nance condition for surging for the higher initial cable tensions used i 
the tests was found to occur within the range of wave periods normally e 
pected along the Pacific Coast of the United States. The relationsnip 
between the surging motion (and mooring cable forces) ana wave neight wa 
non-linear, at least when near the resonance condition. The surging 
motions and cable forces were found to increase at increasing rates with 
increasing wave height. 

It w&s found that the higher the initial cable tension the greater 
were the maximum cable forces experienced when the vessel was subjected 
to wave action in head or quartering seas. This was because resonance 
conditions occurred for wave periods in the range of ID  to 1$ seconds. 
However, in the case of beam seas the cable forces were found to be relc 
tively independent of the initial tension. In this case the maximum 
cable forces occurred for the shortest wave period tested (about 6 
seconds). These occurred in the cables on the "waveward" side' of tne 
model, t&  the same time, the forces on the "downwave" cables were rela- 
tively small. It would appear that the high forces on the "waveward" 
cables were due to a combination of diffraction and second order effect; 
for this case. 

The data on heaving, pitching, rolling and yawing v.ere relatively 
consistent and it should be possible to determine these motions for the 
prototype with an acceptable degree of accuracy. 

Considering the difficulties inherent in obtaining quantitative 
results using a small model, and where no prototype medsurements are 
available to use d.s a guide, the results of the mooring cable force mea 
urements are not too inconsistent. Certainly the trends can be relied 
u^on dS can the order of magnitude of the motions and tne cable forces. 
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This is especially true »Jaen the non-uniformity o£  ocean waves is con- 
sidered. 

Ij'one of the motions or cable forces appear to be excessive for a 
wave height in the neighborhood of 5 feet, regardless of wave period. 
;iaves in excess of 8 feet (more or less), on the other hand, might result 
in high moorin^ cable forces and large surging, swaying or heaving motions, 
depending upon initial cable tension, wave period and vessel heading. If 
the characteristics of the waves in a certain location were known, it 
should be possible to use the curves presented in this report to predict 
the dangerous conditions. 

In regard to roll-damping devices, it was found that the bilge keels 
decreased the periodic roll angle considerably (especially for the snort 
period waves); however, when bilge keels were used, a "dynamic list" was 
developed. 
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