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SUMMARY 

Measurements are presented of the free period of oscillation In surge and sway 
of the AFDL-20 (floating dry dock with 2100 long ton displacement) and of the 
forces and movements Induced.   The Dock is spread moored fore and aft, respective! 
by one I.-1/2 inch die lock chain about 260 feet long with rise of about 35 feet and 
scope of 8.   These measurements are compared with those obtained from oscillating 
a I to 40 linear scale model and from analytics and the agreement is pronounced 
good. 

INTRODUCTION 

For many years the Bureau of Yards and Docks has been concerned with resear 
on the forces Induced on moored vessels by waves. In such a study — unlike a larg< 
number of those In the field of hydrodynamics which involve consideration of signifi 
cantly free or fixed objects — the concern is with objects which are forced to move 
against the restraint of elastic type moorings. 

Since, as in the hydrodynamics field in general, it is very rewarding to study 
at a reduced scale in the laboratory, It is necessary frequently to model the charac 
teristlcs of the ships moorings as well as of the ship itself, where although the tech- 
nique for the latter seems well established, that for the former Is not. 

To provide correlated data with which to evaluate the ability to model ships1 

mooring characteristics, a relatively small floating dry-dock, was spread moored in 
a simple manner, and a I to 40 linear scale model of it were caused to oscillate 
significantly in surge and sway In sensibly still water and the period of the free 
oscillations was measured. The results obtained from the model, as extrapolated to 
the Prototype by means of the Froude Model Law since Inertlal forces seem dominan 
were compared with those obtained from the Prototype. 

Because an analytical approach is desired in general, considerable attention 
was given also to the application of basic mechanics to provide a comparlsion with 
results obtained from both the Prototype and the Model„ 

TEST FACILITIES AND PROCEDURES 

PROTOTYPE 

The vessel used Is a floating drydock £ AFDL-20 of 2100-long tons displacemi 
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FREE OSCILLATION IN SURGE AND SWAY OF A MOORED 

FLOATING DRY DOCK 
(Figure was moored In the   harbor of Port Hueneme, California In about 35 feet of 
water by one chain , 1-1/2 inch die lock of scope 8,respectively fore and aft 
(Figure 2).   Strain gage type dynamometers as described by O'Brien and Jones 
(1955) were used to measure chain tension at the Dock end. 

By means of a tug temporarily attached to it, the Dock was displaced 
particular amounts in surge or sway as the case might be and then permitted to 
oscillate freely.   The output from the chatn dynamometers was recorded as a 
funtlon of time so that direct measurement of both the chain tension and period 
of oscillation could be made.   Movement of the Dock was determined as a function 
of time by means of direct reading by surveyors of the positions of scales attached 
to the Dock. 

The initial tension In the chains was varied during the experiments to provide 
a variation   In the restoring force.   This was done either by waiting for the tide to 
vary the still water level or by changing the length of the chain.   (Table I) 

An attempt was made to conduct the experiments only when the wind, currents 
and waves were at a negligible level.   In the case of the latter persistent surges- 
those wtth about I, 3, and 12 minute period — had to be tolerated but these, like 
the locally generated wind waves and the other environmental disturbances/ were 
not considered to have affected adversely the results obtained.   In no case was It 
possible to obtain pure surge or sway, so that coupling at what is considered a low 
level had to be tolerated. 

Better results were obtained with surge where the restoring forces were 
relatively high and period and amplitudes short than with sway where the amplitudes 
were very long — of the order of 15-feet — and the motion died down after an 
oscillation or two due to the large form resistance and low restoring force involved. 

MODEL 

A I to 40 linear scale Model was constructed by the David Taylor Model 
Basin and balanced dynamically and moored by the University of California under 
a contract with the Bureau of Yards and Docks as described by Wiegel et al (1956). 
The Dock ends of the lines were fitted with dynamometers whose design and 
Installation entailed considerable effort. 

As In the Prototype the Model was displaced In either surge or sway and then 
permitted to oscillate freely with force data recorded as a function of time so that 
the period could be deduced.   Movements were not measured rigorously; in some 
cases estimates of initial displacement were made 
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Table I 

Data on the characteristics of the mooring chains and free oscillations 
in surge and sway 

Period MAX. AMPL    Of MOTION MAX   HESTORIBO FORCE CHAIN GEOMETRY 

Run 
No 

Type 
of 

Motion I T 

of free 
oscil- 
lation 

Initial 
Disp 

OacillAtion Nunber Initial 
Diep 

Oscillation Hunber *\ 3>a 24    ». "» s8 
1 J A 4 1 

"L. 5 4 
KIPS SBC FT F*   | FT  1 F*   1 FT KlPS taps ! KIPS KlPSl KIPS if FT FT     FT FT FT 

1 Surge 49 45 2 4 7 27 2 4 1 4 2 3 31.6 8 3 63 4 6 5.9    38.0   35 2       ,       »       ,     . 
2 4 5 44 5 4.6 3 5 3-2 3 2 1 7 27 4 9.7 97 7 9 5 2    38 0   35.2 
3 43 45 2 4.5 4.0 38 3 1 3 2 265 11 9 98 96 9 0   37 9   35.2 
4 4 3 45.2 4.2 3 3 2 6 2 2 23 17 2 9 9 6 0 5 3 4 9   37 6   35 0 
5 4 4 46 0 4.6 3 4 3 3 2 5 1 5 15.4 88 7 4 5 6 3.8   37,8   35.0 
6 4 0 46 4 4.3 2.4 2 2 1 5 1 0 16 9 4 0 5 5 6 0 40   36 9   34 1      8      £     R   $ 
7 4.8 44.4 4 6 2 9 2 6 0 8 13 25 2 14 0 8 2 7.0 4 5   36.8   34 0      °     J     „    ~ 

8.6   36 6   34 0     »     |      »    55 e 5 5 42 0 4 0 3.7 3 1 2 6 1 5 31 0 13 0 10 5 10 5 
9 5 0 43 2 4.7 2 4 2 1 16 1 2 22 0 1 0 6.0 4 0 3 0   36.1   35 3 
10 5.0 49.0 4.5 3.0 2.1 1 9 2.1 24 2 94 5 4 47 5 6   36.2   35 4 
u 5.0 46.6 4.3 34 3.0 2 0 16 184 10 9 7.6 5.0 3 8   36 2   35 5 
12 Surge 5.0 46.2 4.8 3.3 2.7 18 1.6 24.0 10 7 69 5 3 4 0   38.4   35 6 
13 Sway 5 0 261 0 17 8 - - 0 8 03 - -    36 4   35 6 
14 I 4.0 313.0 15 2 - - - 07 0 1 - - -    38 2   35 * 
15 4.5 300 0 21 11 - - - 1 1 0 3 - - -     38 2   35 4 
16 Sway 4.5 326.0 20 12 - - - 1 0 0 3 - - -     36 0   35 2 :: 17 Surge 6.5 35 0 2.5 2 3 1 3 13 0.9 22 4 10 6 6.7 5.3 4.0   38.0   35.2 • 

18 6.5 33 6 2.8 2.7 2 0 1 7 1 4 29 0 16 0 11 5 7.9 6 4   38.1   35 3 
19 68 33 4 2 6 2 5 1 9 1 8 1 9 25 3 134 10 5 9 5 9.3   38 2   35 3 
20 7 0 33 4 2.7 2.6 1 9 18 17 25 1 15 1 11 6 9 5 83   38 4   35 6 
21 
22 7 0 33'i 32 2 7 2 1 19 18 26 6 138 99 89 80   38 4   35 6 
23 68 33 8 32 2 3 2.0 1.9 1 7 19 8 12 9 90 6.8 7 1   38 4   35 6 
24 6 8 33 4 3 3 2 8 2.4 2 0 1 5 25 9 13 9 10 7 90 5 9   38 4   35 6 
25 72 32 6 2 7 2 1 1 7 1.6 1 5 18 4 65 84 6.7 7 2   37 1   34 3     $     S     R   S 
26 , 6 9 34 8 1 4 0.7 0 4 -     37.0   34 2     ^      „     »    t- 

6.9   37.0   34 2     g     S     g    S SI Surge 7 0 33 0 3.0 2 9 2.1 1.7 1 7 22 9 12 1 9.6 88 
28 Sway 7 5 217 0 16 10 - - - 0.4 0.1 - - - 37.0   34 2       .        .       .     . 

- 37 0   34.2                          1 
- 37 1   34 3      '      »     *    * 

29 
Sway 

7 5 247 0 22 11 10 - - 18 0.1 0.1 - 
30 7 5 261 0 25 6 2 - - 2 0 0 0 - 
31 Sway 7 5 250 0 20 0 2 0 _ » _ 1.8 0 _ _ -     37 5    34 7                      *     * 
32 Sway 7.5 254 0 27 0 3 0 - . . 2 5 0 _ _ -     37 6   35 0    1 
33 Surge 8 0 30 6 2 3 2 0 14 1.2 0.9 20 0 11 1 9.1 58 4.8   38 4   35 6 » t 7 9 31 2 2.1 1.7 1 3 08 0 8 20 0 12.9 65 4.9 4 7   38 5   35 7 
35 Surge 8 5 JO 0 2 2 19 1 5 1 1 08 22 4 11 7 10 0 6.0 60   38 6   35 8 
36 85 244 0 20 0 5 0 0 0 • - 2 0 0 1 0 - -     38 6   35 8 
37 65 266 0 20 0 5 0 - ~ - 2 0 0 1 _ _ - 38 7   35 9    ^     >-      ,/s    0 

- 38 8   36 0    1     <»      ">    * 38 80 30 0 2.4 1 5 1 3 . . 16 7 9 0 6 0 . 
39 8 0 30 8 2 3 1.6 1 7 1 0 0 9 15 0 11 3 6.6 66 5.4   36 7   35 9   3     3     S    K 
40 80 31.8 2 0 2 0 1 5 1 0 06 12 0 10 0 7 4 3 7 3 4   38 7   35.9    s     « 01      C] 

41 7 0 32.4 2 8 2 2 2 3 12 14 23 0 10 0 10 0 6 2 5 8   35 1   32.3 : U2 9 5 26 0 it 16 1 0 0 7 0 7 22 0 13 9 10 0 66 5 5   34 8   32.0 
43 9 5 26 4 1 5 1 0 09 0 8 26 9 14 3 10 1 7 3 5.8   34 8   32 0 
44 9 7 28 2 19 1 1 06 07 0 3 30 3 12.0 9 5 69 60   34 8   32 0 
45 9.8 26.6 2 2 1 5 1 3 1 0 08 24 9 119 9 1 6.8 5 9   35.1   32 3 
46 • 98 26.6 2 0 1 4 1 2 09 0 8 23 8 12 0 8.3 7.5 5 3   35 3   32 5 
47 Surge 10 4 25.8 21 1 7 1 3 11 08 26 9 14 4 10.7 8 1 6 8   35 6   32 8 
48 Sway 10 0 200 0 20 0 12 0 60 3 0 - 2 5 1 0 0 4 0.2 -    36.1   33 3 
49 1 10 0 222 0 15 0 10 0 • - - 1 5 0 7 - - -    36 7   33 9 
50 10 5 224.0 20 0 15.0 3 0 • • 2 5 1 5 02 - -    36 9   34 1 
51 Sway 10 5 218 0 25.0 90 - - - 5 0 06 . - -    36.9   34 1 
52 Surge 10 2 24 8 19 1 0 0.8 1.0 0.3 24 2 114 9.6 7.2 4 9   37 5   34 7 
53 Sway 10 2 224.0 15.0 7.0 - • - 1 5 4 • - - 35 2   32.4   ^    0 

- 35 4   32.6   "     ° 54 10 5 213.0 20 0 9.0 - - - 2.5 5 - - 
55 32 0 228 0 20 0 15.0 90 * - 2 5 1 5 .5 - - 38 4   35 6   $    9 

- 36 3   35 5   «"     5 56 12 5 221 0 30.0 17.0 9 0 • - 10 0 2.0 5 - 
57 12 5 223 0 30.0 18 0 10.0 - - 10 0 2 0 5 - -    38 3   35 3 
58 Sway 12.0 205 0 30 0 18 0 10 0 - - 10 0 2 0 5 - -     38 1   35.3 
59 Surge 12.0 25 8 2 3 1 6 1.3 1.1 1.0 23 7 15 5 10 5 7 9 7 6   37 8   35 0 
60 ± ]2.0 26 2 2 2 1 0 0 9 06 07 29.5 7 4 6 1 3 5 4.6   37 7   34 9 
61 Surge 11 0 26 0 2 3 1.7 1 3 1 0 1 0 34 7 15 0 92 83 8 6   37 6   34 8 1, 

62 , 11 0 26 4 14 1 2 08 07 0 7 21 0 12 4 8.2 5 5 5 0   37.5   34 7 
63 21 0 13 2 0 5 0.4 0 3 0 0 1 21 0 10 0 6 4 1 0 0.7   38 5   35 7 
64 21 0 13 8 06 0 5 0 3 0 2 0 1 29.2 12.6 7 2 5 3 2.6   38.4   35 6     R     ff     *     81 
65 20 0 13 6 0 5 0 4 0 3 0.2 0 1 21.9 10.4 66 36 2.8   38.5   35 7      H •a   K   S 
66 20 5 13 0 08 0 6 0 3 03 0.2 32 0 14 3 9 6 98 6 6   38 3   35 5     i «   «    « 
67 20 0 13 6 09 06 0 4 0.1 0 1 31 3 18 1 10 1 2 9 16   38 3   35 5 1 
68 Surge 20 0 13 8 0 8 0.8 0 4 0 4 0 5 32 9 17 5 10.1 7 3 4 4   38 3   35 5 
69 Sway 20 0 180 o 17.0 12 0 90 5.0 - 5 0 2.5 1 5 0.5 -     38 2   35.4 
70 Sway 20 0 186 o 18 0 12.0 90 5 0 - 60 2.5 1 5 0 5 -     38 0   35 2      4 4 : 
71 Surge 17-5 162 1.0 0 5 0 3 0 4 0 2 23 4 15 5 8 1 3* 5.6   36.5   33 7     3     8 
72 Sway 19 0 196 0 17.0 11 0 6.0 - - 5 0 2 0 1.0 -     36 9   34 1      -      r- 
73 Sway 18 0 182 0 20.0 14.0 10 0 - - 80 3.0 18 - -    37 2   34 5     $ 1! 
74 Surge 22 0 12 6 0.6 0.5 0.4 0 2 02 28 0 14 1 10.6 7 7 5.7   37 1   34.3 
75 22 0 12 6 08 06 04 03 0 2 35 3 21.2 14.0 96 7.6   37 3   34.5 
76 22 5 12.2 08 04 0.2 03 0 2 34.6 17 2 10 6 9 5 6.0   37 2   34.4 
77 23 0 116 06 0.5 0 2 0.2 02 362 19 4 11 0 8.6 6 4   37 4   34.6 8    S. 
78 24 0 11 0 1 0 • - - - 24 5 - - • -     37 7   34 9 
79 Surge 24 0 9.6 1 0 - - - - 15 1 - - - -     37 8   35 0 ej      8 80 Sway 22 0 176.0 17.0 12 0 90 - - 5.0 2.5 1 5 • -    36 3   33 5 
81 I 20.0 177 0 17 0 12 0 9.0 - - 5.0 2 5 15 - -    36.3   33 5 
82 20 0 184 0 17.0 10 0 8.0 • - 5 0 18 1 4 - -    36 4   33.6 
83 Sway 21.0 174 0 17 0 12 0 8 0 • - 5 0 2 5 1 4 - -    36 6   33.8 
84 Surge 19 0 14 6 0 7 06 0 2 02 - 34.8 10 5 74 3.4 -     36 7   33.9     8     S 
85 20 0 13 8 0 5 0 5 0 5 0.5 0 23 0 12 2 4.0 56 1.2   36 7   33 9     H 
86 19 0 13 0 06 0 5 04 0.3 0 1 24 7 19 2 13 0 7 2 5 8   36 7   33 3>     *i S 
87 20 0 
68 20 0 13 4 0.5 0 3 03 0 1 - 34 1 19 2 93 30 -    37.0   34 3 
89 21.0 13.0 0 5 0.4 02 0 - 29 3 11 5 6.3 0 -    37 1   3».3 
90 22 0 13 6 0.7 06 0 5 0.5 0.2 35.7 23.0 14 4 13.8 9 7   37 1   34 3 
91 Surge 22 0 12.8 0 7 0.3 0 5 0 2 " 313 97 6.1 16 -    37 3   34 5 • 

* Average of first four oscillations in surge, usually average of first two oscillations In sway since 
motion died down quickly In this direction 
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Fig. 1.   AFDL.-20 as moored during study. 
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Fig. 2.   Basic geometry of mooring chains, 
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ANALYTICAL CONSIDERATIONS* 

The condition of force eq ulllbrlum on the Dock In either surge or sway Is 
considered to bei 

Inertia + damping + restoring force *» 0 .......... (I) 

where the slgfr-for each term is determined by the performance of the system as a who 

The inertia I reaction Is made up of two parts: that of the Dock and that of 
the hydrodynamlc mass of the Dock — added mass effect — where in the case of 
surge (x)t 

Inertia force « m (!+€„,) d2x/dt2 

Cm Is the Inertia! coefficient (ratio of hydrodynamlc mass to the displaced mass). 
In most cases the term (l+Cm) is written as C^ and Is termed the mass factor.  Thus 

Inertia force = C^ m x  (2) 

The damping reaction Is based on the well known expression: 

damping force * Cp A^(x)2 /2 .  (3) 

where in the case of laminar flow the velocity term (x) may be treated as linear 
rather than squared.  A Is the projected underwater area of the vessel for form drag 
and the wetted area of the vessel for frictlonal drag. 

The restoring force F(x) consists only of that due to the weight of the chains, 
since In no case are the movements of the Dock large enough to cause the chain to 
elongate.  While In all cases the chain obviously hangs In a catenary/ It is necessc 
to consider two definite attitudes which are dictated mainly by the initial tension 
namely:  Case I (Figure 2-a) where the chain Is suspended entirely between the 
anchor and the Dock and the low point of the curve describing the system Is locate 
below the bottom of the Harbor with a run from the directrix which is greater than 
that of the chain proper; Case II (Figure 2-b) where some portion of the chain rests 
on the bottom such that the low point is located there with a run equal to that of tl 
suspended portion. 

For Case I the suspended length (2L) of the chain, Its run (2a) rise (2b) and 
unit weight (w) are measured.   In Case II In addition to 2b and w the total length 
($) is measured and the run (2a) Is assumed.  This run Is substracted from the 
horizontal distance (s) between anchor and Dock ends of chain to permit an estlmc 
of the portion of the chain (A# ) considered to be resting on the bottom. The 
estimated length (2L) of the suspended portion of the chain is obtained from the 
expression: 2L = X ~<4J?.  This assumption is checked analytically as outlined 
below and by such "cut and try" procedure a ft rm value for 2L Is obtained. 

The restoring force in etther surge or sway is the algebraic sum of the horlx 
components of the tension In the Dock end of the chain.   In Case 1 the determine 
* See list of symbols p. 893 

882 
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of the component (Ty) through use of the catenary equations as outlined by Marks 
(1930) is straightforward as follows: 

(slnhz)/z - (L2-b2)l/2/a (4) 
where z Is a parameter as defined In equation  (4) and determined by cut and try 
procedure using the measured values of L, b and a.   Then: 

c  - o/z.  (5) 

where c Is the vertical distance from the low point on the chain to the directrix 
(Figure 2-a).   With this value the horizontal component T„ can be obtained simply 
as: 

TH  =   w c  (6) 

Because the chain tension (T) and not its horizontal component is measured It is 
necessary as a check to calculate this from'the relationship: 

T = w(c + y0 +b) (7) 

where y0 Is the vertical distance from the midpoint of the line connecting the 
anchor and Dock ends of the chain to the low point on the catenary system (Figure 2~a) 
such that: 

y0 = (L/tanhz)-c  (8) 

The horizontal distance xQ corresponding to yQ Is given by: 

Xo = ctanlT'M-)  (9) 

For Case II, it Is necessary after computing the distance from the directrix to 
low point on chain (c) on the basis of equation (5) to calculate the run (2a) to 
determine whether or not this checks the assumed value.   This Is done on the basis 
of the relationship: 

2a * csinh"1  2L/c   (10) 

When the assumed and calculated runs agree then the chain tension at the Dock end 
and its horizontal component are calculated as in Case I. 

In general, as Indicated by a consideration of the catenary equations,   the 
relationship between restoring force and   movement will be non-linear such that for 
surge: 

F(x)  = restoring force = k xn  (II) 

= TH bow - TH Stern ........ (12) 
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where k Is the spring factor, x the movement In surge and n an exponent defining the 
non-linearity of the moorings. 

In the case of sway: 

F (x)  = TH bow (cos<?0  + T„ stern (cos <=>C) (13) 

where oC Is the horizontal angle between the chain   and the direction of motion 
(sway). 

The natural period of oscillation in  surge or sway Is obtained by a solution of 
e quatlon (I)  In the form of an expression for movement as a function of time such 
that the period — time between two successive peaks — can be evaluated.   Because 
the restoring force is In general non-linear with movement, such a method demands 
the solution of a non-linear differential  equation which is best accomplished by 
numertcal methods utilizing machine  computation. 

If damping and added mass effects are neglected, graphical methods as outline 
for example by Timoshenko (1937) may be used to obtain the natural period (T ) whic 
will vary of course with amplitude of initial displacement.   Thus from equation (I): 

mx - F(x) (14) 

where graphical methods or the equivalent must be used when F(x) Is non-linear. 
However, when F(x) is linear then the natural period from equation (14) Is the very 
familtar: 

Tn - 2 TT  (mA)'/2 (15) 

ANALYTICAL RESULTS 

The relationships between restoring force and movement was calculated by u 
of equations (12), (13) and (4) through (10) for three initial tensions with results of 
the type shown In Figures 3 and 4.   The relationship is found to be non-linear althc 
depending upon the initial tension, there   is in all cases a range over which this 
non-linearity is very weak. 

The natural periods of oscillation for particular conditions of restoring force 
versus movement were calculated by means of graphical intergrations of restoring 
force-displacement curves such as those In Figures 3 & 4 on the basis of equation ( 
It was assumed that the added mass effect Is negligible — this is substantiated by 
experiment — and that the damping can be neglected In a consideration of natural 
period.   Such an analysis (Figures 5 and 6) indicates that for any particular initial 
tension the natural period varies Inversely with the initial displacement In a non- 
linear manner. 

If the nearly linear restoring force-displacement range Is considered then it 
rewarding to study the relationship between the natural period (Tn) and initial ten 
(IT) only.   The results of such a study are presented In Figures 7 and 8 where the < 
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used to define the curves Is taken from the nearly linear portion of the curves In 
Figure 5 (Tn of 42,25.5 and 12.5 seconds for JT of respectively 4.5, II and 22 kips) 
and Figure 6 (Tn of 315,225 and 175 seconds for IT of respectively 4.5, 10.5 and 
21 kips).   It Is Indicated that, within such a linear restoring force-displacement 
range, the natural period varies Inversely with Initial tension such that: 

Tnx = 55.5/1.07,T  (16) 

Tny = 530/IT0*366 (17) 

where Tn Is In seconds and IT Is In kips and x and y refer respectively to surge and 
sway.   Equations (16) and (17) are not proper when initial displacements are Into 
the definitely non-linear range. 

It Is Interesting to note that by linearizing the restoring force data over a 
reasonable range of initial displacements and then Introducing the slope of the 
restoring force-displacement line as the spring factor (k) In equation (15) It is 
possible (Table II) to obtain values for the natural period which agree well In many 
cases with those obtained by more elaborate means for the true condition which is 
non-linear. 

Table II.   Natural periods computed using the true and linearized 
curves of restoring force versus movement (Figures 3 & 4) 

DIr. Run 
No. 

Initial 
Tension 

(kips) 

Initial 
Disp. 
(feet) 

Girve 
Used 

Natural 
Period 
(seconds) 

surge 90 22.0 0.5 true (non-linear) 
linearized 

10.0 
12.5 

0.3 true 
linearized 

12.5. 
12.5 

sway 83 21.0 15 true 
linearized 

136 
174 

10 true 
linearized 

175 
174 

That reasonable agreement is obtained Is due to the fact that In this study the 
restoring force-displacement relationship is not strongly non-linear over a considerable 
range of movements.   Linearizations permit natural periods to be computed relatively 
easily where the results obtained in many cases may be well within the accuracy 
desired in ordinary engineering applications. 

A more complicated mooring system for the Dock, consisting of eight chains 
(I each fore and aft and 3 each port and starboard) each with a large concentrated 
load as described by Wlegel et al (1956) was studied analytically using equations (4) 
through (15).   The comparison between the natural periods of oscillation in both surge 
and sway as calculated, on the basis of the developed restoring force-displacement 
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curves, and as measured on the Model Is indtcated to be very good. 

EXPERIMENTAL RESULTS FROM THE PROTOTYPE 

The oscillations of the Dock occurred tn the range where restoring force varied 
In a nearly linear manner with displacement.   This range varied with Inttlal line 
tension being up to 0.6 and 2 feet in surge for initial tension of respectively 22 ant 
4.5 kips and up to 15 feet in sway for the same initial tensions. 

A very marked increase in restoring force occurred when the Dock moved into 
the definitely non-linear region where, although the tug used to produce initial 
displacement had the capability to move the Dock into the lower part of the 
definitely non-linear range, the free oscillations were never sustained in this 
region due likely to the high rate of damping involved. 

The results obtained are in the form of oscillograms of oscillations in force 
(those from the chain dynamometers) as a function of time.  A facsimile of two sucl 
oscillograms is presented In Figure 9.   The oscillations appear to be approximately 
sinusoidal and to exhibit a dying down typical of a system with greater than critlc< 
damping.   In the case of surge the amplitudes appear to decrease in nearly equal 
decrements as an arithmetical series (.7, .5, .3, .1, etc. feet for maximums in th 
case of run '90, Figure 10).   This seems to be characteristic of a Coulomb type 
damping — an apparent anomaly In a hydrodynamic system — where the non- 
linearity is located in the damping system. 

The chain tensions, measured at the Dock end of the chain, when resolved 
Into their horizontal components by use of measured chain slopes, give the restorii 
forces as expressed by equations (12) and (13). The comparison between these 
values and those obtained analytically is considered In the main to be good — th< 
results presented In Ftgures 3 and 4 are examples — although there is considerabli 
scatter in the data in places. This is considered to reflect both the non-linear an 
coupled nature of the Dock movement which was not purely In either surge or swo 
and to certain vagaries In the measurement of this movement by surveyors readtn; 
from some distance on scales attached to the moving Dock. 

The magnitude of the added mass effect was evaluated at the extremes of the 
oscillations where the acceleration (x) was maximum and the velocity and thus th 
damping was zero.   For surge equations (I), (2) and (12) 

CM   "   F(x)/mx 

=   OH  b°w " ^H stern)/m x    (18) 

Values for the maximum acceleration were obtained by plotting the measured 
movements of the Dock versus time and performing the necessary two differential 
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of this curve graphically (Figure 10).   These values along with values for the 
measured restoring force and mass (m) when substituted in equation (18) gave 
values for C^ close enough to unity to permit the added mass effect to be declared 
negligible in this study. 

The oscillations tend to maintain themselves at a nearly constant period even 
though the amplitude of the motion tends to die down in the manner discussed 
previously.   This linearity of period with movement as well as time permits 
consideration of the measured periods as a function only of the initial tension. 
An inverse relationship is indicated (Figures 7 and 8) as predicted by the analytics. 
The comparison between the experimental and analytically derived periods on this 
basis is considered good with the greatest differences occurring at the lowest initial 
tensions. 

EXPERIMENTAL RESULTS FROM THE MODEL 

The principal effort was devoted to obtaining the natural period of oscillation 
in surge as a function of Initial tension and displacement.   The data is contained 
on oscillograms of force — that is the Dock end of the lines — versus time.   From 
these data the periods were measured. 

The Model values for the period were extrapolated to the Prototype by means c 
the Froude Law — a kinematical relationship which states that for identical conditi< 
of gravity the length ratio Is equal to the square of the time ratio — which in this 
study means that the natural periods obtained  in the Model were multiplied by 
6.3 — the square root of the length ratio of 40 prototype to I model — to obtain th 
corresponding value In the Prototype. 

Movement of the Dock was not measured directly.   It Is recognized that  this 
movement can be obtained by indirect means from the force oscillograms — this wa; 
done in three cases of particular interest by use of calculated curves of restoring 
force versus movement — but such an effort on a general   basis was considered 
beyond the scope of this paper.   However, from the limited indirect studies of 
movement which were made, it appears that in general the free oscillations occurrc 
In a range of amplitudes within  which the variation of restoring force with movetm 
was close enough to linear to permit the Model results for period to be reviewed as 
functions of initial tension only* 

Such a comparison is made in Figure 7 where, although the scatter is consider) 
with the mid Initial tension, the comparison with the Prototype and analytically 
derived values Is thought to be good with the usual Inverse relationship between 
period and initial tension indicated.   The scatter,   besides being due to the inabil 
of the experimenters to cause the Dock  to oscillate purely in surge, is attributed 
to the fact that the restoring  force-displacement relationship is not truly linear 
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although assumed so for this presentation and therefore for any particular Initial tension 
there could exist many natural periods of oscillation depending upon the initial 
displacement given to the Dock.   This same criticism is of course applicable to the 
Prototype and analytically derived data as presented in Figure 7 where for the 
latter case a series of curves each for a particular Initial displacement could be 
drawn as a function of period and initial tension. 

The measurement of the natural period in sway in the Model proved unrewarding 
because the unwanted damping contributed particularly by the winds in the outdoor 
model basin was enough to override effectively the very small restoring force 
provided by the chains and therefore no significant free oscillation of the Dock In 
this direction could be sustained for a long enough period to obtain a significant 
recording.   Visual observations indicated that for a range of Initial tensions of 
about 10 to 20 kips the natural periods varied between 215 and 170 seconds which Is 
considered to confirm roughly those obtained from the Prototype and analytics 
(Figure 8). 

On the basis of the results obtained In surge (Figure 7) it is considered that It 
has been demonstrated that it Is possible to model successfully not only the 
characteristics of the Dock itself but also of the moorings in the manner described 
byWIegeletal (1956). 

CONCLUSIONS 

For the Dock as spread moored by a single chain of 8 scope, respectively, fore 
and aft and oscillating in either surge or sway It Is concluded that: 

1. The natural period of oscillation calculated as a function of amplitude and 
Initial tension by use of the catenary equations and graphical Integration of the well 
known spring-mass equation, checks the experimentally determined values to a 
sensible degree of accuracy where damping and the added mass effect are neglected. 
Such calculations are suitable for design purposes; much more complicated mooring 
systems can be treated in the same manner. 

2. Restoring force varies with movement in a non-linear manner.   For small 
movements —maximum of 1/2 and 6 feet for initial tensions of respective! y 22 and 
4.5 kips — this relationship can be linearized without significant loss of accuracy 
for use in the equation: 

Tn = 2-rr (m/k).1/2 

3. The natural period (Tn) In surge (x) and sway (y) varies inversely in a non- 
linear manner with Initial tension (IT) such that for relatively small oscillations 
Tnx = 55.5/l.07IT and Tny = 530/IT0-366 where Tn is In seconds and IT in 
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kips.   This period varies also with the amplitude of oscillation so that for relatively 
large oscillations the expressions given do not hold. 

4.   The natural periods as obtained from oscillating a I to 40 linear scale Model 
In surge confirm to sensible degree those obtained from the   Prototype and by 
analytics; the Model results in sway are not as extensive as in surge but also tend 
to confirm the Prototype results.   On the basis of the surge data it Is concluded 
that the characteristics of a ships mooring   lines can be modeled satisfactorily. 
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SYMBOLS 

A        =      Project underwater area of vessel for form drag 

=     Wetted area of vessel for frictional drag 

2a      =     Run of chain 

2b      =     Rise of chain 

c        =     Vertical distance from low point on the chain to the directrix   in the 
catenary system 

Cp     =     Coefficient of drag 

Cm     =      Inertial coefficient 
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^M    =     ^ass fac*OT 

F(x)    = Restoring force 

g        = Acceleration due to gravity 

k        = Spring factor = ratio of restoring force to movement 

2L      = Suspended length of chain 

£      - Total length of chain 

Ax     = Portton of chain resting on the harbor bottom 

m       = Mass of vessel 

n        = Exponent defining the non-1 Inearlty of the moorings 

s         = Horizontal distance between anchor and Dock ends of mooring chains 

T        = Chain tension 

Til      = Horizontal component of chain tension 

Tn      = Period of oscillation 

IT       = Initial chain tension 

w       = Unit weight of chain 

y        = Movement in sway 

x        = Movement in surge 

xQ      = Horizontal distance corresponding to y0 

y0      = Vertical distance from the midpoint of the line connecting      anchor c 
vessel ends of the chain to the low point on the catenary system 

z        = Catenary parameter    = a sinh z / (L* - b*) ' 

oC      = Horizontal angle between the chain and the direction of motion 

d x/dt = Acceleration of vessel  = x 

dx/dt = Velocity = x 

r      - Density of water 

894 


