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abstract 

Th, anchor-last »oorln« procedure is invostißated in order to deter,»¡„e 

the transient forces in the moorins line and the velocities of the anchor. Ir 

aient forces were determined and the results showed that no severe snap „,„ds 

occurred for the cases investiliatcd. In addition. It was found that the 

vertical velocity of the anchor can he small as it approaches impact with the 

ílooi ul the ocean. 

Both extensible (nylon and dacron) and inextensible (steel wire rope) 

Unes were investigated. Lumped mass numerical models wore developed for both 

cases. 1er the extensible line case the equations of motion were determined 

for each mass from Newton's Second Law, and they were integrated using a 

second order predictor-corrector Integration technique. Hamiltonian techniques 

were utilized to determine the equations of motion for the inextensicie line. 

Ih, predictions from the numerical models show the line tensions and positions 

as a function of t 



INTRODUCTION 

Oceanographic research buoys moored in deep water arc often deployed by 

the anchor-last deployment procedure. The general sequence of events in this 

procedures is: the buoy is deployed from the ship with the mooring line attached 

and distributed in some manner on the ship; while the buoy drifts away from the 

ship the line is paid out until only the anchor, which is secured to the lower 

end of the mooring line, remains on board; finally the anchor is cast overboard. 

At sometime during the descent of the anchor it is possible for large transient 

forces to be exerted on the line, which can be destructive to the line or to 

attached conductors and instruments. One purpose of this research is to examine 

the possibilities of such large forces for line scopes greater than one. The line 

scope is the unstressed length of the line divided by the water depth. 

The Woods Hole Oceanographic Institution has conducted a series oi field 

measurements of the launching transient in mooring lines where the anchor-last 

deployment procedure was utilized (1). However, the study was restricted to the 

consideration of moorings where the scope was less than 1.0. It was found that 

a fairly steady increase in line tension occurred after the anchor drop and 

during the free-fall stage. Then a pendulum action followed where the final line 

tension was equal to the submerged weight of the anchor. During the pendulum 

action, the line (nylon) was stretching until the anchor reached bottom. After 

the anchor reached bottom a reduction in line tension occurred. 

A sin i lar problem was invest igated by Froidevaux and Schölten (4) with a 

numerical model which considered the line to be a discrete number of lumped masses 

connected by weightless line segments. However, when the elongation properties 

of the line were included, a prohibitive amount of computer time resulted and the 



investigation only calculated the first and last few seconds of fall. A short 

system was considered and results were extrapolated to apply to the <,S()0 Oceanic 

Telescope. One scope which was «renter than 1.0 was investigated but the 

distance from the buoy to the anchor at launch time was not determined, nor the 

influence of scope and line type on line tensions. The conclusion from the 

study was that there may be an overstress shortly after the drop and that a severe 

transient may occur when the anchor made impact with the ocean floor. Therefore, 

the anchor-first mooring procedure was recommended. During this investigation 

it was found that large transient forces shortly after anchor deployment can be 

an artifact of the numerical program. 

fhe lilecIronies Division of General Dynamics has employed the anchor-last 

deployment procedure for several moorings of the forty-feet diameter oceanographic 

buoy for the Office of Naval Research. It has been noticed that some conductors 

in the upper portion ot the line have experienced large stresses during the 

deployment of some moorings but not for others. Thus it was suspected that large 

transient forces occurred during the anchor deployment either concentrated at the 

buoy,or propagating up the line to the buoy. This investigation predicts that 

laige snap loads should not occur for such moorings. 

(ioel1er (5) investigated snap loads in steel cables but the study was restricted 

to the consideration of straight lines with a scope equal to 1.0 where the mooring 

was already in place and the upper end was excited with a sinusoidal motion. 

A review of the current techniques for the dynamic analysis of morring 

line systems was presented by Casarella and Parsons (3). 

The first technique to be employed during this study was like the one used 

by Nath (7, 8) where the line is considered to he a continuum and the partial 



üi11ercnti al equatiuns ol motion arc solved by the method of characteristics, 

fatcr the analysis technique was changed to a lumped mass approach that was 

very similar to the analysis made by Wang (10) except that the equations 

developed were in a different coordinate reference frame and the integration 

technique was different. 
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NUMERICAL MODELS FOR EXTENSIBLE LINES 

The numerical models presented here pertain specifically to the anchor- 

last mooring procedure. The basic equations and procedures for the method of 

characteristics solution were presented by Nath (7, 8) and they will not be 

reproduced here. However, certain modifications to the earlier program will 

be presented which shows the attempts to utilize the method of characteristics 

for the anchor-last procedure. The lumped mass model for the extensible mooring 

line • ;11 be presented in detail. It is similar to the approach taken by Froid- 

evaux and Schölten (4). The lumped mass model for the inextensible case will 

not be presented in detail because it is available in the work by Kupe (<)). 

Method of Charact eristics 

The computer program presented in (7) was modified to accept the new boun¬ 

dary conditions of the anchor-drop problem. The first runs produced results 

which gave unrealistic ’ooring line shapes. Attempts to improve on the numerical 

procedure met with only limited success. The problem was caused by the extremelv 

tight curvature of the line in the first few seconds of fall. The calculations 

of line positions did not correspond to the line velocities. 

The solution technique was to solve for the normal velocity, VN, the tangential 

velocity Vi and the local angle, 0, made by the tangent to the line and the horizon. 



5 
lui simplicity and as a first approximation the buoy attachment point 

was assumed to be fixed. At first it was assumed that the mooring line was 

composed of a series of straight lines between calculation points. Then the 

coordinates of points along the line could be calculated using: 

X. = X. . ♦ AS cos U. l i-1 i 

(1) 
Z. = Z. + AS sin 0. 
i i-1 i 

where AS is the distance between calculation points. It is easy to visualize 

why this technique would give unreasonable results if the mooring line were to 

be given a high curvature or "kink”, which is exactly what takes place during 

the early stages of anchor drop. 

In an attempt to eliminate this problem the following more accurate approx¬ 

imation was used to calculate the mooring line position: 

cos 0. 
i 

sin Ü. 
i 

(2) 

Since the 0^'s areknewn it constant intervals along 

required is to integrate the above equations along 

point to the anchor. For example, the trapazoidal 

= (cos ♦ cos 

the line, then all that is 

the line from the attachment 

integration formula gives 

(3) 
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which is equivalent to assuming that the line shape is quadratic between 

calculation points. Hoth the above formula and Simpson's rule were used, however, 

the curvature of the line is so steep that even these higher order approximations 

did not eliminate the problem. Therefore, the decision was made to proceed with 

the lumped mass model of the following section. 

Lumped Mass Model 

A mooring line can be modeled as a group of discrete masses interconnected 

by springs as illustrated in Fig. 1. The various distributed forces which act 

on a mooring line are gravity, hydrodynamic viscous drag and acceleration, and 

the line tension, which is influenced by the internal, or structural, damping 

and the stress-strain relationship. In the lumped mass model these forces are 

discretized and it is assumed that they act at each mass. Figure 2 shows the 

various forces acting on a typical mass. The magnitude of the various torces 

were calculated in the following manner: 

Spring Force. From closed solution studies of taut line mooring dynamics it 

has been found that the external hydrodynamic forces are considerably larger 

than the internal damping force. For this study in particular, where periodic 

oscillations arc not a factor, the internal damping force was negligible. 

Therefore it was not included into the equations ot motion of the masses. 

Hooke's Law was taken in the general form 

o. = f(t.) 
i i 

(4) 

calculating the strain, using the straight line distance between masses, then 

AH 

i = "T 

fu. , - *.r ♦ - v' 
i L i*l i i*i i -i 

8.. 

1/. 

(5) 
I 



where ¢-. is the unstressed distance between masses and X and Z are the coordin- 
1 i i 

ates of the mass M . This gives the spring force SF as: 
1 i 

SFj = Area . f JThu - y2 - »h,! - y2 -sTj 
The net spring force acting on the mass M. is given by 

I spring force 
|x direction * = SFX. = SF. cos(0.) - SF. , cos(0. .) 

i i i i-l ' i-l' 

I spring force\ 
iz direction 

■£FZ. = SF. sin(6.) - SF. . sin(G. ) 
i i i i-l i-l' 

(7) 

Ihe Hooke's Law relationship was assumed to be in the form 

0. * c, (c.) 

where C and C are constants. The values used for the various lines are given 
12 6 

in the appendix. 

Hydrodynamic Drag Forces. Using the quadratic drag law, the tangential and 

normal drag forces on the mass NT are given by 

{tangential Drag} = ^1^,1 

/ 1 (8’ 
SNormal Dragf = DFN. = CDN-p-AN (VN ) |VN.| 
V J i-l 1 1 

where tangent and normal are referrcnccd to the ang.'c OAVj as illustrated in 

Figure 2, and 



(M)T = Tangential Drag (,‘oH'ficient 

(1DN = Normal Drag Coefficient 

VTj = Tangential Velocity of Mass M. 

VN. = Normal Velocity of Mass M 
i i 

p = Fluid Density 

AT = Tangential Area = irDJl 
i 

AN = Normal Area * IH. 
i 

Defining VCX and VCZ to be the local velocities due to currents and waves, 

then the tangential and normal velocities of mass M. are given by 

VT. = {k - VCX) cos (OAV.) + (2. - VCZ) sin (OAV ) 
11 ii i 

(9) 

VNi = - (Xi VCX) sin (0AV.) + (z 
1 i 

VCZ) cos (eAV.) 
1 

Added Mass Forces. The added mass forces due to the acceleration of the 

line masses through the still fluid was considered in the usual way. That is, 

the excitation force accelerates the line and the fluid medium around the line. 

The pressure distribution on the line from the accelerating fluid is characterized 

by the displaced mass of fluid times a coefficient called the added mass coefficient 

and the product is called the added trass. The sum of the line mass and the added 

mass coefficient for the line in the direction normal to the line was taken equal 

to that for a smooth cylinder (0.5) and in the tangential direction it was assumed 

to be zero. 

C.ovcrning liquations for the Line. Substituting the above forces into Newton's 

second law and including the hydrodynamic added mass effect with the actual line 

mass (the sum is the virtual mass) 



tangent ial 

norma] = (M. 

♦ CIT*p*Volj) ACl^ 

♦ CIN-p*Vol.) ACN. 
i i 

where 

(.IT = Added Mass Coefficient Tangential 

CIN = Added Mass Coefficient Normal 

f> = ¡'luid density 

Vol = i)isplaced Line Volume = —- - 
4 

ACN = Normal Acceleration of the Mass M. 
i 

ACT - Tangential Acceleration of the Ma s M. 
i 

Then the accelerations are given by 

(10) 

ACT » (SFXiJcosiOAVj) +(SFZi - WT¡) sin (OAVj) ♦ DFTj 

i (Mi + CIT-p.VoIj) 

ACN. 
i 

-(SFXj) sin (üAVj) ♦ (SF2i - WTj) cos (eAVj) ♦ DFNj 

(Mj ♦ CIN-p-Volj) “ 

(ID 

In the X, z coordinate system the accelerations are given by 

X = ACT cos (ÜAV.) - ACN. sin (OAV.) 
11 i i i 

sin (UAV.) ♦ ACN. cos (OAV ) . 
1 » i . 

(12) 

(iW£r»in6 Aquations for the Anchor. Figure 3 shows a free body diagram of the 

anchor from which the following governing equations can be obtained 
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• _ I c»s(Bj » 1/2 CIWV*jvx-V 

ÍMA + (! I • i • Vo ! ) 

(1.^) 

T sin (^i) - W - 1/2 CD- A*p• z • V 
(MA + CI-p*Vol) 

where CD = the anchor drag coefficient 

T = line tension at the anchor 

Cl = the anchor added mass coefficient, constant in ill directions 

A = Area = ttI)^V4 . cl 

For simplification, the water velocities from current and waves hr.ve been ignored. 

They can be easily added^if necessary. The anchor was assumed to be a sphere, 

with a high drag coefficient to recognize the fact it is not actually a sphere. 

Numerical Integration. Numerical integration of Eqs. (12) and (1Õ) was accom¬ 

plished with the following second order predictor-corrector set (6) . 

Velocity Predictor: 

Let 

x^t), 2. (t) ) X (t) = f (X. (t), z. (t) 
i i 

(14) 

and z.(t) = g(x.(t), (t), x.(t), z.(t) ) 
i i i i 

where the functions f and g are equations (12) above. The velocity predictors 

are then 



11 
and 

p 
Zj(t) (t-At) + 2At z.(t). (15) 

Displacement Predictor: Similarly the predictors for displacements are 

and 

p 
X. (t) 

At 
Xi(tJ + ~ (xi(t) + x.(t+At) ) 

At I» 
Mi) + — (zjit) + i.u+At) ) 

(16) 

Velocity Corrector: The corrector equations are for velocities 

X (t+ t) = f(x (t+At), z (t+At), xP(t+At), zP(t+At) ) 
i i i i 

(17) 
..P 
.(t+At) = g(\P(t+At), ZP(t+At), A.ft+At), iP(t+At) ) 

and 

Xjit+At) 

(t+At) 

• . _ A t •• P 
x¡(t) + ^ (x. (t) + X*. (t+At) ) 

1 ¿ i i 

2.(t) + fijit) + /(t+At) ) 

(18) 

Displacement Corrector: Likewise, the corrector equations for displacements 

are 

xf(t+At) = x.(t) + £t(xi(t) + x?(t+At) ) 

and zi (t+At) z. (t) ♦ --(2.(t) + zC(t+At) ) 
i ¿i i (19) 

Ihe corrector valias are then considered to he the actual position and 

velocity. Ihe appropriate error at each step of the integration for each mass M 



can be calculated ((>) usinj; the following formula 

t(x.) (x^(tj - X.(t) )/5. 
i i i 

(20) 

C(2.) ^ (2^(t) - ¿’’(t) )/5. 

These errors were monitored at all time during the integration and when 

errors exceeded a specified limit, the time step was cut in half and the integra¬ 

tion continued; conversely, if they fell below some minimum limit the time step 

was doubled. 

From the form of equations (14) through (19) it is .'vident that both position 

and velocity must be known for the time (t - At) and (t). However, when starting 

a solution or just after the time step has been changed the position and velocity 

will only be known for the last time step, and therefore some ether equations 

must be used to generate this required data. In this particular case the Runge- 

Kutta third order single step integration formulas were used. 

Rungc-Kutta: liquations (14) can be integrated to give 

X. (t+At) = X. (t) (f. ♦ 4V. ♦ V. )/b 
i I 12 3 

2.(t*At) = z^t) + (kj + 4k.i + ks)/6 

and 

X (t+At) = X (t) ♦ (n, + In + n )/<» 
i i •- 3 



2j(t+At) = z. (t) ♦ iiij + 4m, f m^)/b 
(22) 

where 

Zl = At Zi(t), *.(t), ¿.(t) ) 

î-2 = At f(x.(t) + 11^2, Z. (t) + iTj/2, x.(t) + 9.^/2, z.(t) + k^/2) 

l = At t(x (t) - n + 2n , z. (t) - m. + 2m , x (t) - t + 2t , 
1 ¿ ¿ i i 2 i 12 

ziít) ‘ k] + 2k2} i (23) 

k1 * At K(x.(t). Zjft), X. (t ), i.(t)) 

k2 = At gix^t) ♦ nj/2, z.(t) + m^Z, x. (t) ♦ i.^/2, z. (t) ♦ kj/2) 

k3 = At g(Xj(t) n2 + 2n2» ziitJ nij ♦ 2m7, x.(t) -1+21 ¿i J 

^(t) - kj + 2k2) (24) 

ni = At x. (t) 

n 1 At (x. (t ) + 1/2 ï. ) 
■ I 



lí* 

n = At (x (t) - P. + 2£ ) • r'»'-,) 
3 i j 2 ’ u:>J 

and 

ml = At z.(t) 

m2 = At(z.(t) ♦ 1/2 kj) 

= Atfz.(t) - k1 + 2k2) . (26) J 

Using the predictor-corrector set and the single step Kungc-Kutta equation 

for the first time step the governing equation for the lumped mass mooring line 

and the anchor can be numerically integrated. In this routine, the error can 

be automatically controlled by increasing or decreasing the time step At through 

1^5. (20). The general outline of the calculation scheme is illustrated in 

Fig. 4. 

It should bo noted that higher ordered predictor-corrector schemes exist 

which increase the precision of the integration. However, the accuracy of the 

technique used may be well within the accuracy of the entire computations. Until 

data from physical models becomes available to prove otherwise it is felt that 

this technique gives adequate results. 



A tentative model for the inextensible case has been developed jointly 

with the Oregon State University Sea Grant Program (9). Hamiltonian techniques 

were utilized to develop the equations of motion. The explicit detailing of 

the numerical procedures will not be presented here as for the inextensible 

line case because this has been accomplished in Reference (9). 

The model assumed the line to be perfectly inextensible. Thus the motion 

of each mass is more directly influenced by tie motion of each other mass than 

for the extensible line case. A listing of the program is presented in the 

Appendix B. 



16 MiSm.TS 01 Tl ST RUNS 

Prior to the production runs several preliminary tests were made. The 

first of these showed large dynamic loading in the segment of the line near 

the anchor at about 20 seconds after the anchor was released from the "standard 

catenary configuration" of Fig. 5a. This result was reported in the 1972 report 

to ONR toRether with results where the anchor was released from the "goose neck" 

catenary configuration of Fig. 5b. The second configuration showed much lower 

dynamic loading. Since that time the segment lengths were made considerably 

smaller and the control on the time step was improved by using the integration 

method described in this report. It is now evident that the high dynamic loading 

reported earlier was an artifact of the first lumped mass numerical program. 

The results presented in the following section show only a small amount of 

transient loading during the early stages of anchor deployment. 

After this experience, each test case to be run was divided into several 

time segments and the computer results were examined at the end of each time 

segment. In this manner, links in a critical area along the line could be 

subdivided while links in areas where the line tensions were more constant could 

be consolidated. After these adjustments, the computer continued the solution 

from that time until the end of the next time segment where the output would 

again he examined and adjustments made in the link lengths. In this way, accurate 

results could be obtained without using an excessive number of links and computer 

time could be conserved. 

Nylon Line 

Figures 6 through 13 present the results for the 2.5" diameter nylon mooring 

line for both the 15° catenary and the 0U° catenary initial condition. Figures 



12 anil 13 show Tesults'for the "noose neck" initial position. Figure 6 shows 

the line shape for various times during the drop for the 15° catenary, ligure 

7 shows the tension contours for the 15° catenary as a function of position 

and time. Ihe most notable feature of these results is that the line has 

essentially constant tension during most of the drop, and there is no snap 

load during the fall or after the anchor touches bottom. Figures 8 and 9 

present the same plots for the 60° catenary. Although the line tension is not 

constant the ensions vary slowly with time and position due to the high hydro- 

dynamic resistance forces acting on the line. 

Figure 10 compares the tension for both catenaries at the anchor link for 

the First 11() seconds of drop. Figure 11 compares the vertical anchor velocities 

during the drop. It is interesting to note that the terminal velocity for the 

12,000 lb. anchor in free fall (unrestrained by a mooring line and where drag 

acts only on the anchor) is about SO ft/sec. When the anchor is attached to a 

mooring line, the velocity approaches the terminal free fall velocity during the 

first few seconds of fall and then reduces considerably due to the drag on the 

mooring line. Figure 11 also shows the horizontal anchor velocities. The 

maximum tension during the drop was approximately equal to the anchor weight. 

In general, the long run times for these solutions (see Appendix E) were 

a result of the high curvature in the line near the anchor. When the anchor is 

released it drops straight down which causes a "kink" in the line just behind the 

anchor, l.arly during the drop the line motion tends to be mostly tangential 

especially near the anchor, which requires that the line on the buoy side of 

the "kink" must move around the "kink" at relatively large velocities. For the 

lumped mass model, this means that a lump on the buoy side of the "kink" is 



.ici c 11'r.i t cd toward the "kink" and obtains a relatively lar^c horizontal velocity. 

As this lump moves around the "kink" its velocity must very rapidly change from 

nearly horizontal to vertical. Because of this large acceleration the time step 

is drastically reduced as a mass moves around the "kink". 

The problem is compounded if the links arc relatively large. As a large 

heavy link is accelerated toward the "kink" it obtains a considerable amount 

of momentum and it has a tendency to over-shoot the "kink" which causes jumps 

in the line tension. In one particular case the horizontal anchor velocity 

changed directions as a relatively large line mass overshot the "kink". This 

result is shown in Figure 11 where the horizontal anchor velocity becomes positive 

ior a short time during the early portion of the drop. 

Comparison ot the output for the "standard catenary configuration" and the 

"goose neck catenary configuration" of Figun 5 showed about the same results 

provided sufficiently small link lengths were used. Figures 12 and 13 show the 

results for the ’goose neck" catenary during the first 70 seconds of the drop. 

I he comparison ot anchor link tensions for the "goose neck catenary" and the 

standard catenary" shown in Figure 13 indicates very similar results except 

that at any given time the "standard catenary configuration" has about 1000 lb. 

more tension. Since thc"standard catenary configuration" seemed to be a more 

realistic starting configuration, and because the results are very similar, no 

further runs were made using the "goose neck" catenary. 

Dacron Line 

1igure 14 through IP present the results for a 1.0 "diameter dacron mooring 

line for both the 15° catenary and 60° catenary initial conditions, ligure 14 

shows the line shape for various times during the drop for the 15° catenary. 



Figure 15 shows the tension contours for the 15° catenary as a function of position 

along the line and time. The computer runs for this case were terminated after 

140 seconds of drop because the results in general were not greatly different from 

the 2.5" diameter nylong line presented in Figs. 6 and 7. There was no snap 

and the tensions seemed to he fairly constant and approximately equal to the 

anchor weight. Figures 16 and 17 present the same plots for the 60° catenary 

initial condition. For this case the computer runs were terminated after 100 

seconds oi drop because of the general similarity to the results obtained for 

the nylon line. 

Figure 18 compares the tension in the anchor link for both catenary initial 

conditions during the first 140 seconds of drop. Figure 19 compares the anchor 

velocities during the drop and here again these results are very similar to the 

results for the nylon line. 

Steel Wire Rope 

At the time of this writing a computer program to model inextensible steel 

or chain mooring line-i has just been completed. A few preliminary runs have been 

made for the anchor drop problem. The results of one of these runs is presented 

in Figs. 20 and 21. Figure 20 shows the line shape for various times during the 

drop ior the 15° catenary initial configuration of a fictitious equivalent 2.5" 

diameter steel cable with a density of 350 lb/ft3. This diameter was selected 

initially to compare with the 2.5" diameter nylon line results. Subsequent runs 

will use more realistic diameters. 

Although the program was only run for about the first 85 seconds of fall, 

the results are considerably different from the previous results as would be 
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expected due to the larBc line welBht and the ¡„extensibility conditions. The 

„suits show that the line falls almost as fast as the anchor, which is expected, 

figure 21 shows the tension contours in the line and the results are markedly 

different with the maxima, tensions occurring at the attachment point. Although 

these results are preliminary, in that the link lengths should he reduced and a 

more realistic case shouid he run. they do indicate general tendencies. The drop 

was run for only 85 seconds due a limited computer budget. 



CONCLUSIONS AND DISCUSSION 
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lhe lumped mass „„del together with an appropriate integration scheme 

such as the predictor-corrector method is a useful tool for the dynamic 

analysis of extensible mooring lines. It is easily adapted to almost any 

line configuration and can readily handle non-linearities. 

The results obtained for the anchor drop problem show no dynamic line snap 

for the configurations that were considered. It appears that the high drag 

Of the long mooring line Huickly disípalos the kinetic energy of the anchor 

which slows the anchor to a velocity well below its free fall terminal 

velocity of 50 ft/sec. 

The elastic properties of the line do not seem to play a great role in the 

line motion during anchor drop. The nylon and the dacron line showed 

similar position time histories. 

Mooring line diameter did not seem to'play an important role in the 

mooring line motion. Both the 2.5- line and the 1.0" line showed about the 

same position time histories. 

For an anchor drop from the 15' catenary as modelled here, the line tension 

IS essentially constant with respect to line position. 

lor an initial condition of a M)° catenary the tension increases more 

slowly than for the 15° catenary. 

At no time, tor any run, was the line tension greater than the anchor weight 

tor the extensible mooring lines. 

Time-velocity histories of the anchor show that the anchor settles onto 

"'l'     "'"'FaI velocity of about 5 f,/..,., for the 2.V nvlon 

rope. 



22 

(), Preliminary runs made for an inextensible steel line show a much different 

behavior. At least for the limited runs made, no snaps loads were observed, 

further runs must he made to verify this result. 

10. It is postulated that the high loads during buoy mooring implantmont that have 

been experienced at sea for scopes greater than one were not caused by shock, 

or snap, loads in the line. Possibly, during the time of anchor fall, the 

line was relatively taut and the dynamic loads from waves acting on the buoy 

created the high tension forces close to the buoy. 
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figure 5b. (ioose Neck Catenary Configuration 



30 
POSITION (ft) 

Figure b. Nylon Line 2.S'' Dia (NVROS) 

Figure 7. Tension Contours ^ Kll’ 
15 Catenary Nylon lino 2.5 »• ui.» r.vito 
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Figure 9. Tension contours'* 11’ 
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Figure 14. 15° Cat Dacron Line (VR08) 
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Figure 15. Tension Contours Kll* 
1.5° Catenary Dacron line 1.0" Dia. (NVK08) 
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Figure 18. Anchor Link Tension Tor Dacron Line 
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Figure 19. Vertical Component of Anchor Velocity 
Dacron Line 1.0" Dia. (NVKDHi 
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Figure JO. 15° Catenary Steel Line 2.5" Dia. (NVR07) 

129 KIP at t =0 

ligure 21. Tension Contours KIP 
15° Catenary Steel l ine 2.5" l»ia. ÍNVR07j 
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Append i X c; 

Pro^rüin Sc(|ucnce 

NVKOl - The standard method of characteristic program reference |f>| 

debugged for the Bonneville Power Administration Computer. 

NVIU)2 - 1'he first modification of NVK01 to allow the boundary conditions 

for the anchor-drop problem. 

NVR03 - An improvement of NVK02 which used equations (3) of the text for 

calculating line coordinates. 

NVR04 - An improved version of NVR02 using a Simpson's integration formula 

to integrate equations Í2) of the text. 

NVU05 - flic first lumped mass program using a self starting predictor-corrector 

for the "Standard catenary configuration" of a Iig. C. 

NVR06 - The same program as NVR05 except the initial condition is the 

"Goose neck configuration" of figure E. 

NVR07 - The inextensible line lumped mass model of reference |9J. 

WROX - Ihe final version of the lumped mass model using the second order 

predictor-corrector of Section 11-3.0. 



Tahul.'ition of Constants 

Nk)orin)» l.inc 

Nylon - 2.5” Dia. 

Density = 71 lb./ft' 

i:T = (. (ios j 11. i j 

CI = 0. 
t 

CI = .5 
N 

Length - 5(>(>0 ft. unstressed 

Stress = C|(strain/ 2 

Cj = 1. <)7 X 1()8 PSI 

C = 4.57 
4* 

Pacron - 1.u” Dia. 

Density - 1.0" Dia. 

CN = 1,4 

C.J. = (.()08)(1.4) 

CI - .5 
N 

Stress = Cj(strain) 2 

Ct = 1.2 X 109 

C, =3.7 

length 5660 ft. unstressed 

Pncidiig ptge blank 



Density = 350 Ib/ft"* 

C = 1.3 
N 

C.r = (.008)(1.3) 

Cl = 0. 
t 

Cl = .5 
N 

Inextensiblc 

Anchor 

Weight = 12000 lb. 

Vol. = 24.5 ft3 

*) 

Frontal Area = 12.6 ft4" 

C|, = -4 

Cj = 1.0 

Length = 5660 ft. 

Water 

Itensity = 64 lb/ft5 

Depth = 5000 ft. 



Appendix li 

Computer run times for computations made on the Bonneville Power 

Administration CPC-6400. 

Runs made for nylon lines 

1) 15° catenary 

a) liarly portion of drop t = 1 ^ co.mfutc.r. -s.-- 
Real Sec - Mass 

b) Late portion of drop t = »1 Computer Sec 
Real Sec - Mass 

2) 60° catenary 

a) Larly portion of drop .28 Computer Sec 
Real Sec - Mass 

b) Late portion of drop .21 Computer Sec 
Real Sec - Mass 

Runs made for dacron lines 

1J 15° catenary 

Larly portion of drop .84 Computer Sec 
Real Sec - Mass 

2) 60° Catenary 

1.4 Computer Sec 
Real Sec - Mass liarly portion of drop 



A 

ACN 

ACT 

C 
n 

CD 

CDN 

CUT 

Cl 

CIN 

err 

d 

Da 

DFN 

DFT 

M. 
i 

MA 

SF 

SFX 

SFZ 

T 

vex 

VC Y 

Frontal Area of Anchor 

Normal Acceleration 

Tangential Acceleration 

Constants 

Drag Coefficients 

Normal Drag Coefficient 

Tangential Drag Coefficient of the Line 

Added Mass Coefficient for Anchor 

Added Mass Coefficient Normal for Line 

Added Mass Coefficient Tangential for Line 

Line Diameter 

Anchor Diameter 

Drag Force in the Normal Direction 

Drag Force in the Tangential Direction 

The i1^ mass representing the Line 

Anchor Mass 

Spring Force 

Spring Force in the X direction 

Spring Force in the Z direction 

Line Tension at Anchor 

Local Water Velocity in X Direction 

Local Water Velocity in Y Direction 
4 

Preceding peg*w,llk 



VOL Anchor Displaced Volume 

VCN Line Velocity Normal 

VCT Line Velocity Tangential 

W Anchor Weight 

WTq Weight of the ith Mass 

line Segment Length 

kj to k4 Runge Kutta Parameters 

*1 t0 l?, RunKe Kutta Parameters 

mj to m4 Runge Kutta Parameters 

n, to n^ Runge Kutta Parameters 

Horizontal Coordinate 

Vertical Coordinate 

Arc Distance Along the Line 

hqual Distance Taken between Calculation Point 

Time Increment 

Angle from the Horizontal to the Anchor Line Link 

t h 
Line Strain at the i link 

Angle Between the Horizontal and the Line Tangen* 

The Aver;.ge Between Two Adjacent Links 

Mass Density of the Line 

Mass Density of the Anchor 

Stress in the Line 

Lrror in Velocity Computation 

X 

z 

S 

AS 

At 

ß 

f.. 
i 

0 

P 

pa 

0 

e 




