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INTRODUCTION

NORMAL CABLE LAYING

Normally the people who are concerned about laying cables in the ocean are involved
in laying undersea telephone cables. ! They have available elaborate methods for measuring
and adjusting ship speed, cable payout rate, and cable tension. Since it is thought that most
cable breaks occur when the cable has been suspended above the bottom due to obstructions
or abrupt changes in bottom slopc, an attempt is made to lay the cable with a percentage of
slack. That is. more cable is laid out than distance covered. In this way it is hoped that small
bottom irregularities will be filled in. As large scale changes in bottom depth occur, and the
length of bottom which must be covered is greater than the horizontal distance which the
ship moves, a large percentage of slack is laid to cover the increased bottom distance.

Cables have a characteristic transverse sinking speed, Uy, at which if a length of cable
were falling horizontally through the water, the cable’s net weight would be balanced by the
drag force. This sinking specd and the velocity of the cable ship, V, determine the angle of
cable as it is being laid, figure 1. Thus during normal cable laying operations, the cable forms
a straight line from the ship to the bottom.

e
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Figure 1. Cable geometry with zero bottom tension.

Where the cable touches the bottom, cable tension is zero. At the ship, cable tenéion is
equal to the weight of a vertically hanging cable the length of which is equal to the water
depth.

If a cross current with velocity Uc is present, the track of the cable is displaced from
the track of the ship as shown in figure 2. However, the geometry of the cable is still a
straight line, and the cable tension at the ship is still the same as in the case with no current.

1Roden, C. E.. Submarine Cable Mechanics and Recommended Lay.ing Procedures, Bell Telephone
Laboratories, December, 1964,
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Figure 2. Cable geometry with zero bottom tension and a cross current.
1

“When trying to visualize what is happening during cable laying, it is important to avoid
the fallacy of thinking of the cable as being suspended in a catenary between the ship and
the bottom. Actually in normal cable laying, most of the cable weight is supported by the
drag created as the cable falls through the water.

LAYING WITH BOTTOM TENSION

During some cable lays, the precise measurements and adjustments of ship speed and
cuble payout speed normally used by cable layers are not available, Instead. the cable payout
tension is preset in the cable deploy ment system. In this case, cable tension at the bottom is

no longer equal to zero, and the cable is no longer straight. Instead it is curved near the boitom

as in figure 3.

B
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Figure 3. Cable geometry with non-zero bottom tension.

This report presents a calculation method and a computer program which can.be used
to determine cable geometry and tension during cable laying with non-zero bottom tension
and with a cross current. The current can be set equal to zero if the simple two dimensional
configuration is desired. :



DERIVATION OF EQUATIONS

BASIC PRINCIPLES

There are three basic principles which are fundamental to the derivation of these
. equations,

First, since the cable is Hexible, it can only exert a force which lies along its length.
Referring to figure 4, the cable tension vector always lies along the cable. This can be
expressed as:

S
AT T
t’) :‘L:IX
- dL T
] T
dz 7
3 —=—
(3) dL T

Figure 4. Cable tension vector. .

Second. with fixed bottom conditicas, the cable configuration below a certain point on
the cable is independent of how much cable is above that point. In figure S, if the bottom
tensions and ship speeds are the same, the geometry of the cable below point P is idertical
to the geometry of the cable below point P, Only the tensions at the two ships will be
different.
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Figure S. Cable geometry with two different bottom depths.

Third. in steady state laying, cable velocity. through tne water is directly related to

cable geometry. In figure 6, points Py and Py represent two points on the cable at time, t.
Y £ p 1 1 p

Al some later time, t + At, the whole cable geometry will have moved to the right a distance
cqual to AL = (A0 (V). Point P> will have moved to P, which corresponds to the same
position on the new mhlc LOH'II._,UI’J[IOI] as point Py held on the cable configuration at time
t. The vertical component of the cable velocity through the water is:

v Az
Yy
dz_y .
_ s (G7)
AL/V
- iz | .
-h v, = -vsﬁ , _
Or using cquation 3: /
T,
g = Z
.(D) V'I,‘ = -VS—T—'

T
A
(6) V‘ = \’s <l 1 .
. b
4
(7‘) Vy = UC - VS T

where U Lis the velocity of the cross current,

O
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Figure 6, Cable geometry at two different times,
TOUCHDOWN POINT

Conditions are known for the point at which the cable touches the bottom. It is shown
in reterence 1 and will be shown in later examples that the tension in the cable at the point
where it touches the bottom is equal to the tension at the cable ship minus the net weight ot
avertically hanging cable, Thus the tension at the bottom, Ty is known,

Since the cable is being laid in g straight line in the X direction:
(8 T, =0

Since there is o net bottom tension, the cable will be horizontal where it touches the
bottom. Theretore:

(N T, =0
Sinee l'_\. and T g Are zero:
tim Ty =T,

CABLE SEGMENTS
Now consider adding a short cable segment. The grometry gets rather complicated and
1 musl casilty handled using vector notation Uu.uw n.

e, 2
e
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Figure 7. Vector geomeétry at a point on the cable,

Let L be the unit vector which lies along the cable,

(ln L=in+Ly_i+l.zk i

From equations 1-3: : i
T, | .

12 L, = = 57

(l. x 5T §
T

> - \4 .

(l.‘) Ly - T v
T,

(I L, = T—’-

Let V be the velocity of the cable with respect to the waterat any point :\fbl\g the

¢

cable. '

(s V=V,

e [ ,-._ i
\l'\‘:_\'yj'*\zk {

where the terms V V,. V, are found from equations $-7

Define Cas o unit vector perpendicular to Land V.,
Vx L

(o C = == . :
l\’ x L l ‘ "
Define Pas the third unit vector making up a right hand coordinate system, s

8
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perpendicular to Loand Cand in the plane of L and V,

(N T=1 *
I order to caleulate the drag on the cable segment, it is necessary fo find the velocity
components paratlel and perpendicular to the segment, The drag coetlicient tor flow
perpendicutar to a evlinder is on the order of 100 times larger than the drag coelticient for
flow parallel to it. Since in cable laying the component of cable velocity perpendicular to the
cable is also much targer than the component parallel to the cable, the drag due to the velocity
component parallel to the cable will be negiected. '

The term IV x U is the magnitude of the component of V which is perpendicular to
L. and T is the unit vector which is perpendicular to Loand lies in the plane of Vand L. _
Theretore, the vector representation of the component of V which is perpendicular to L is:

(18) VP =V 1Ll 7

When the cross products are expanded:

(19 Vo= Vi T+ v T v,

wherne:
QO v = L>.(S’x Ly Ve L) = L (V, Ly = VL)
(20 Vpy = Lo (Vy Ly = Vo L) - Lo (Vg Ly = Vi L)
vy, LetV, L - VL) - Lyt L, - VL)

The drag on the cable segment is:

23 B=n7 = <
ARY D =Di+ Dyi+ DX
where:
B Dy = Sl [V v
(15 Dy = aplpdt [V, v
(20 D, = apCpdl Vv,

‘\
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‘where:
p
Cp
d

L

= Mass density of seawater
= Cable drag coefficient
= Cable diameter

= Cable segment length,

Since the cable segment is in equilibrium, the net force on it is zero, or:

Qn 0=T; +T,+D+W
where:
?‘ = Cable tension at bottom of segment
-1—‘3 = Cable tension at top pf segment
B = Drug on the cable segment
W = Net weight of cable segment

The vector equation (27) can be expanded into three scalar equations. -

8 0= Ty + T + Dy
(30) 0=T), + Ty +D, +W,

The only unknowns in equations 28-30 are the cbmponents of Ta However, the drag
is a function of the average peometry of the cable segment which in turn is determined by the

average tension in the cable cegment Since the drag equation is non-linear, an iterative
solution is required. :

ITERATIVE SOLUTION _ -

The iterative solution is obtained as follows:

.T‘

—
=

1. Assume '_l‘-z

Calcufate the average tension in the cable segment, T AS

-~

Use ?A in emmtions 12-14 to caleulate L.

10



4, Use ?A in equétions 5.7 to calculate V.

5. 'Use equations 20-22 to calculate Vp.

6. Use equations>24-26 to calculate D.

7. Use equations 28-30 to calculate a new value for -112.

~ Steps 2-7 are iterated until the change in Tz is less than some predetermined amount.

CABLE GEOMETRY

Once a satisfactory value has been found for the tension at the top of the cable
segment, the geometry of the scgment is found from:

T
X]+LAX

@1 x;

5 .
(32) y2=y,+L,rA¥

(33) : 2'.2

]
N
-+
-

Now another cable segment can be added at the top of the previous one and the
process continued until the required water depth is reached.

1 4

COMPUTER PROGRAM

A computer program was written which employs the calculatién procedure derived
above to calculate the geometry and tension of a cable being laid with non-zero bottom
tension in a cross current. A listing of the programs, the required mput variables, and a
sample output are included in appendix A.

In the program, the iterative process which determmes a new value for the tension
at the top of a cable segment is stopped when the new T2 is less than 1 percent different from
the previous value. .

In general, the cable will be curved in the area near the bottom andfwill gradually
approach the straight line geometry which it would have had if the bottom tension had
been zero. An initial value is input for the cable segment length at the start of _a,computer
run, but when the number of iterations required to get a solution for the new Value of T2
becomes less than three, the length of the succeeding cable segments is doubled. Also, when
the slope of the cable changes by less than | percent from one cable segment to the next,
the cable is considered to be straight the rest of th'e_way to the cable ship.

11




RESULTS

This paper is intended to be a presentation of a caleulation method rather than the
results of its application to a specific cable. However, an example will illustrate some of the
cable laying concepts referred to in the Introduction and demonstrate the apparent validity
of the computer progrim outputs,

Consider an example similar to one presented in reference 1, List 1 SD cable is being
laid in 2000 athoms of water at a ship speed of § knots. The cable characteristics are:

Cable diameter = 1.25 (inches)

Cable weight per foot in water = 317 (1bs/10)

d

W,

The drag coefticient normally used tor a cylinder in cross flow is 1.2, However,
according to reference 1 the results during cable laying experiments indicate that a drag
coctticient of 2 should be used for cable Laying calculations. ;

The transverse sinking speed. U, is determined from:
Drag/tt = Weight/ft

‘/zp('l)dUs: = WU

D J17
Joo o e Ll
Us V2p(3) (IJ

i)

U, = LO(ttfsee) = .6 (knots)

S

ta

[ 2]

The angle. @, at which the cable talls to the bottom as it is being laid at § knofs is:

U, b

@ = =3 =20 = 12 (radiany) ¢
V. s 1

4

= i

o = 0.9 (degrees)

This shallow angle is typical of the cable angles which occur during cable laying, With

0w

this angle. the cable will touch bottom 16.5 nautical miles behind the eable s,

I the cable is laid with zero bottom tension, the cable tension at the ship is equal to

the cable weight per foot multiplied by the water depth, 3
Tg = Wy h = (317) (12,0000 | t
T, = 3R00 (Ihs)



T B

I ix important to realize that the cable geometry and tension remain virtually the same
it the cable pavout vate i just equal to the ship speed and no shiack is laid or it cable payout
rate i preater than ship speed and extra cable, or slack, is laid on the bottom.

According to reference 1, p 70, the presence of a unitorm current perpendicutar to
the path of the cable ship will result in the cabe being laid a distance, M, from the projection
on the bottom of the path of the ship,

(N
M= —‘& h
Us
where:
U, = Velocity of current
Ug = Cable transverse sinking speed
h = Water depth

In our example, i the current velocity is equal to the transverse sinking speed of
0 knots, the cable would be kaid 12,000 €1 from where the ship passed,

The above example was input to the computer program with the cable tension at the
ship equal to 8,000 tbs rather than 3800 Ibs, In this case. the tension at the bottom is
cqual to K000 - 3800 = 4200 1bs.

The samiple computer output given in appendix A is the output for this example.
Figure 8 shows the geometry of the lowest 10,000 teet of the approximately 100,000 teet
of cable that is suspended in the water at any time, Uis interesting to see that this large
increase in cable tension produces a rather small change in cable geometry.

Figure 8 could also be interpreted as the geometry of a cable being laid in 1000 11 of
water . In this case, for the straight line geometry, the tension at the bottom is zero and at
the topis 317 Ibs. For the curved geometry bottom tension is 4,200 1bs, and ship tension:is
L STT b, : .

13
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Figure 8. Cable geometry for the example problem.
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APPENDIX A

COMPUTER PROGRAM
The input parameters required by the computer program are:
LY - Cable segment length at start of caleulations (1)

\\_’éigm per foot of cable in water (1hs/10)

\y .
Cl - Cable drag conslmﬂ NapCpyd (It)
V9 - Ship speed (It/sec) | |
V8 - (‘urrcntv speed (£1/sec)
D9 - Water depth (D

- Cable tcﬁsion at bottom (Ibs)

Bl

The program listing is included as figure A-1, Figure A-2 is a typical output.



100
110
120
130
140
130
160
1o
180
190
200
<10
220
230
<40
230

260

220
<80
290
300
310
320
330
340
3150
360
370
3180
390
400
410
$20
430
440
450
460
370
60
490
500
S10
520
$30
$40
330
360
570
380
590
600
$10
620

REN (HBASIC VERSION) :
REN CABLE LAYING GEONETYRY UITH A CROSS CURRENT
PRINTCINPUT L9, N.C1"

INPUT L9.U.CH

PRINT “INPUT Vv9.vE*

INPUT V9,.Va

PRINT INPUT D9, Bl'

INPUT 09,061 :
PRINTCINPUT PRINT OUT FLﬁG +1  LPRINY
IRPUT |

PRINT® LY L cl ve ve 09
RS = * G000 S0. 02000 4. 0000 %0 .40 ne 0 NR0MN.

"PRINT USING AS:L9,V.C1,V9,V8,09,.81

PRINT

PRINT ¢

PRINT

PRINT" X Y Z TX TY
IF 1<{0 THEN 330

LPRINT STRINGCS ¢10.,10)

LPRINT" L v ct ve vs D9
LPRIRT USING AR$:L9,¥.C1.V9,v8,09.B1

LPRINT STRINGS$(3.10)

LPRINT" X Y 2 TX TY

Bl=-81

B2=0

BI=1E-04+B1

X0

¥Y=0

2=0

REM START A CABLE SEGMENT
B4=30R(B1¢B1+82+82+83+83)
N=0

Ti=s~B1

T2=-82
T3=-B3
Al=(T]- Bl)/!
A2=(T2-82)/2
A3=(T3-83)/2
ﬁ(tSOR(ﬁ1001052OA20h3t03)
NsN+t
Li=A1/n4
L2=A2/04
Lina3/né
VisV9e(1-A1704)
V22Y8-~V9+A2/04
Vie-Y90A3/04
PielL2e(VieL2-V2eL1) = L3e(VIelt~ Vx-L3>
P2ulL3e(V20L3-V32L2) - Lia(ViaL2-V2sL1)
PIsLio(VIeLi-ViolL3) ~ L20(V20L3-¥3IeL2)
PesSOR(PLIoPL+PeP24P3eP D)
ODl=-CielL9ePdeP]
D2a=ClelSeP42P2
D3s<Clel9ePénpP3

Figure A-1. Computer program listing.
16
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030
040
630
060
670
¢80
©90

~10

T30
40
30
60
70
T80
T90
300

- 810

320
830
840
250
8ol
370
380
290
900
910
920
230
240
950
260
270
980
2990
1000
1010
1020
1030
1040
10350
1060
1070
1080
1090
1100
1110
1120
1130
1140

TS=-B1-D1
Té=-82-D2

T?72-83-D3+VsL9

REM CHECK CHANGE IN TENSION

IF ABSCC(TS-T1)/T1) > .01 THEN 710

If ABS(T2/T3)> ¢ 1E-04 THEN 700

IF ABSC(C(TE-Y2)/T2) > .01l THEN 7i0

IF ABSCCT?=-T3)/T3> ¢ .01 THEN 770

T1aTS$

T2=T¢

T3=17

IF N<30 THEN 450

L9921 9% 75

GOTO 400

T1=2TS

T2=Té ' .
T3=T? '
T42S0R(T16TI+T24T2+4T36T3) -
IF ABS(C(T1/T4+B1/84)>+B4/B1) > .01 THEN 880
IF ABS(B2/B3) ¢ 1E-04 THEN 840

IF ABS((T2/T4+82/B4)sB4/B2) > .01 THEN 850
IF ABS((T3/T4+B3/B4)+B4/83) > .01 THEN 860
GOTO 1010 '

XsX+LI®A1/A¢

YzY+L9eA2/A4

232+L9%A3/R4

BS = * SOU0000. VORENR. F SRR00 .0 DRSE & RONNE. D BNNNN itlll,i..IQOQ.‘

PRINT USING B$:X,Y,2.T1,72, T3, T4, N
PRINT

IF 1<O0 THEN 950
LPRINT USING ©$:X,Y,2,T1,T2,T3,T4,N
LPRINT

IF NC3 THEN L9sL9%2 o ,

IF-2%= D9 THEN 1140 : ) §
B1a-TS f
B2=-T%
B3=-T7

GOTO 400D

PRINT*CABLE STRATIGHT FRON HERE ON UP"

IF 1{0 THEN 1040

LPRINT*CABLE STRAIGHT FRON HERE ON UP'

V7=SQR(N/C1)

VE=SARCVI~2 + VB 2 + V742)

T1=T1 + WU(D9-2)2V¥9/V¢

T22T2 + U*(D9-2)sVB/VE

T3=T3 + U(DI-2)eV? V6 ) \
T4=T4 + U*(D9-2) : ‘ o

K2X + (D9-2)eV9/V7
Y=Y + (D9-2>e¥8/V7?

2=D9 e
GOTO 890 L3
END | | :

Figure A-1 (Continued). Computer program listing.
17



L9 v
100 0.3170

X
100.

200.
300.
400.
600,
799,
999
1397.
1795,
2192.
2589.
29853,
3776.
4566.
18356,

6934,

0

10.
18.
27.
48.
73.
103.
139.
178,
234
338.
426.

607.

0.3120

Y

3

. 1
0

1

8 12.
2 21.
2 32.
9 9.
I 9.
s 129.
1 169.
s 212.
1 302.
3 3.
s 488,
8 677.

‘CABLE STRAIGHT éROH HERE

101834,

11841.0 12000.

ve

ve 09
8.45 1.00 12000.
2 ™ TY
¢ 41999 29. 4

41997 33.6
2 4199.4 79.3
¢ 4199.0 t00.8
2 4198.4 139.0
1 4198.0 172.5
0 4197.8 .202.%
0 4198.8  255.S
9 4201.7 301.0
2 4206.8 340.0
8 4213.9 372.9
8 4223.0 399.9
S 4244.9 4409
6 4269.9 468.0
S 4297.4  485.0
2 43%54.7 506.3
ON UP ,
0 7952.9 936.6

4200.0

3.
60.
87.

114,
163.
208,
249.
320.
37s.
46,
446,
..
491,
s0S.
511,
s19.

948,

Figure A-2, Typical computer program output.
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- 4299,

4200.
4200.
4201.
4201 .
4203.
4206 .
4210.
4218,
4229.
4241 .
4233 .

4267 .

4325.
435¢.
4414,

8063.
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