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falling body causes the system to experience large tensile forces.

Sudden applications of high tensions often cause the towline to even-

tually fracture, with resulting loss of the towed body. This memorandum
presents an analysis of slack line dynamics. ASETR ALT

O F

In order to develop a criterion for the occurrence of a slack
towline, some assumptions must be made concerning the form of the ship's
motion and the manner in which the disturbance is transferred to the
body. In reference (a) it was found that the transverse disturbances,
see Figure 1, are diminished to & large extent as they travel down the
towline. However, longitudinal disturbances are relatively undamped.

/ Therefore, it will be assumed that the component of the ship motion
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e An important consideration in towed system dynamics is the j
determination of the conditions that cause the towline to become slack. |
€D The slack towline creates a problem in that the recapture of the free- '
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, directed along the towline is transferred directly to the towed body,
; while the transverse motion is completely damped.

A slack towline is likely to occur in rough seas. Since a ship
makes relatively little headway in high seas, resulting in ¢s (towline
inclination angle) s 90°, most of the disturbances will be directed
along the towline. Therefore, the assumption that the disturbance
experienced by the body is only the longitudinal component of the ship
motion is not unrealistic. If it is assumed that the longitudinal
disturbances are transmitted instantaneously to the body as long as
there is tension in the towline, then the body will have the same
motion as the longitudinal component of the ship's motion.

NOMENCLATURE

Before proceeding further, the following notation is defined:
H = amplitude of motion

AB = plan area of body
Cp = coefficient of body drag and plan direction

F, = hydrodynamic body forces in plan direction | Accession for

B
IS White Section

K = spring constant of towline 0o¢ Wil Section [
UNANNOUNCED 0!

M = mass JUSTEMEURA ......................

v o ol S 7 LAY
| SETEeae .

W = weight in water DISTRIGUTION/AVAILABILITY CODES

Dist. AVAIL. aad/or SPECIAL

x = displacement

= density of fluid H-

[
§# = towline angular inclination
E
A

= effective modulus of elasticity of towline

= cross-sectional area of towline

DISTRIBUTION STA

Approved for public release;
Distribution Unlimited




" hm’.‘!.

PRy

—— e ——

USL Tech. Memo
No. 2133-374-69 4

w = frequency of disturbances

v

velocity
a = acceleration
Subscripts:
B = body
d = change from steady state
L = component along the towline

SLACK TOWLINE CRITERION

Under conditions where a slack line can occur, if the towline is i .

buoyant a slack towline will initially appear at the ship. However,

in most practical applications the towline of itself is not buoyant and
the longitudinal component of its weight is usually larger than the
inertia and hydrodynamic effects caused by the ship's motion. There-
fore, in general, the towline initially goes slack at the towed body.
Hence the body forces govern the slack towline criterion. With this
in mind, Newton's second law of motion for the body becomes:

Wp + T + Fp = Mpa, (1)

vhere: Fp = Cp §Ap v;2 = hydrodynamic body force

By definition, a slack towline occurs when the tension in the
towline is zero. Therefore, rearranging the quantities in equation (1)
and setting T = O, the criterion that the towline does not become
slack is:

Wg >Fp = Mpag, (2)
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The exact point in time when the towline initially goes slack
depends on the relative magnitude of Mgpay , the inertia of the body,

and Fp, the hydrodynamic force. Therefore, as the amplitude of the
disturbance increases, the hydrodynamic forces become more important
to the criterion for & slack towline.
From equation (2), it can be seen that if
Wp
l Fp - MB’IJ max

is greater than one, the towline remains taut. However, if the above
ratic 1s less than one, the towline goes slack.

(3)

If the displacement of the ship is considered sinusoidal in the
form:

x; = Hp sin wt,
then the velocity and acceleration are given by:

'VL = J.(L=HLQ cos wt
=~ L1 Sa 2
ap = Xp = -Hpw gin vt
If these expressions are substituted for v, and 8y, into
|5 - M5 o |,
lpB - My .L' - ‘GDB?SAB H2 w2 cos? wt + Mg H w2 sinwt | ()
the maximum of this quantity is found by setting:

Hgl:' (FB-MBQ.L)-O, or

-GDBp Ap HL2U3 linwt+MBHLu3 cos wt = 0.
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The two solutions are:
cos ot = O (5)
sin wt = MB (6)
Cp, P As By,
Substituting (5) into (3):
Wy Wy
= >1 (7)

|¥p - Mg ap | Mp B o

It should be noted that Mp is the total enclosed plus hydrodynamic
mass of the body, and Wp is the weight of the body in water. 1In
particular, Wp # My g.

For (6) to be a valid solution, it must be that

Mg .l
Cpy P Ap By,
If this is the case,
Mg
i 2 2)f, .
|Fg - Mpay | ax = (CD 4 AgH[ @ ) i o <
B DgP B L
M
B
+ M H, ? C A n
gl W7
2 2
H,w MB

L
- C pA H + E—-r "
2 DB B L DBP AB L
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and the criterion (3) becomes:
2w w
B 2 —BT 2Z_
ME H o (1+z) i ®

H.w® [C. pA_H +E_ﬂ_)
L (DBBL DBPABL

EPRRSELESS

M

T u gre—elbose |,
CDBPABHL

The quantity ‘lzfil is always between zero and unity for 04 Z ,

since if 112 >1 and Z ?0 , then:

z84+1 <€ 22
z2.22+1¢0
(z-1)*<o0

which is absurd, and hence (8) is a more restrictive criterion then (7); q
however, Z<1 is a restriction on the use of (8).

Contrata (b) has made measurements on & slack towline at sea, the
results of which are given in Appendix A.

For this particular case My = 266 x 1.3, where 1.3 is the factor
‘ used to account for the hydrodynamic mass of the body.

M 266)(1.

B = =
zsa———ﬁ—DBMBL- SN (30 sy = 235 > ! L
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Hence, criterion (7) must be used.

o - 3260 = .834 < 1.
Gy () (1.3)(.3)

%‘he criterion predicts a slack towline for the experiment reported in
b).

TOWLINE "RECAPTURE" TENSION

After the slack towline occurs, the towline tension is sharply
increased when the body is recaptured. Since the mass of a destroyer
is at least three orders of magnitude (1000 times) greater than the
mass of the body, the motion of the ship is unaffected by the recapture
of the body. Hence, the velocity of the body must change from its free
fall velocity to the component of velocity along the towline when it is
recaptured.

An energy balance can be written for the system before and after
recapture. Referring to Figure 2, the potential energy datum is taken
st the point of recapture, where the towed system regains its steady
state configuration. The whole system is considered to be moving at
the longitudinal velocity of the ship Vi . Therefore the energy
balance becomes:

KE + PE + PEpouline = Work of Hydrodynamic Forces

-3 My (Vg - V)2 - Wy x; + 3 K x%= Fyp x, (9)

The value of VB is the absolute velocity of the body at the time of
recapture, K is the equivalent spring constant of the towline, and
fn‘ is the aversge hydrodynamic force on the body at the time of
recapture., The towline can be simulated by two linear springs in
series as shown in Figure 2; the elastic spring constant, K, ;

and the spring constant which is due to the change in the towline's
shape vhen a force is applied to the towline. The equivalent spring
constant K is given by:

e T RE——————-————
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Koo
Kx + Ke
: _ AE
where: K Ml
and K, will be discussed in a later section. Assuming that K is known,
then:
T = Kx, (10)

Substituting (10) into (9),

| 1 2 : ey S L X o
; -3 Mp(Vg - V) - Wp g+ 5 Kyz - Fpy =0

2 = 2 e 2 _
i Z(WB - FBL) T KMB (VB VL) 0

£ 2 i 2
T=wWg+TFy 2 /(WB + Fgp)? + KMp (Vg - Vp)

v The negative square root is discarded, since it represents negative
i tension, i.e., compression, which cannot be supported by & towline.

For VB - VL - O,
T = 2 (Wg +TBL),

the well-known result for suddenly applied loads.

If the towline is considered inextensible away from the body in
any computer solution, the change in towline shape can be associated
with the accompanying change in tension. There, K, can be found by
developing a functional relation between the tension and the longitud-
inal displacement of the towline. Such a relationship has been
computed, using the dynamic computer program of reference (&), for the
system towed by Contrata (b). The parameters of this system are given
in Appendix A. Figure 3 is a plot of dynamic change in tension, Ty »
versus longitudinal displacement of the towline, Xy-
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T Xy = 1.25 x 1077Tq 0< T4 < 1200 pounds

Hence Ky becomes:

= > = . 02 :
et yaspn - 221 W

Using the quantities of Appendix A,

P TS T 5
K, = 7 = 1.89 x 107 #/ft.

Although K, could only be evaluated for tensions up to 1200 pounds,

it issignificant to note than K, is the same order of magnitude as
; K, . Also as more tension is added, Ky will increase. Therefore
the equivalent spring constant may be slightly underestimated by |
using the linear approximation as the tension in the towline becomes
large. Using the above values of Ky and K, the equivalent spring
constant becomes:

K = 5.6 x 10% #/rt.

e T AT T IR

Substituting the values of Wp , Mg , Vg, and Vj, from Appendix A,
and K from above into (11):

12.5+8.15)z

T = 3260 + (0. 3)(30.66)( >

+JF260+(0. 3)(30. 66) (&-5—;—&-‘—5)3]3+(5. 6x10%)(1. 3)(266)(12.5-8.15)2 |

T = 23, 842 pounds

This compares favorably to the experimental value of Contrata, which
was:

T = 22,000 to 30,000 pounds.
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CONCLUSIONS

Certain general conclusions can be made about the slack towline
study:

(1) A slack towline is the result of the component of ship
motion directed along the towline. Since, @ , towline angle incli-
nation at the surface (and hence the motion along the towline) decreases
as the towing speed and the towline length increase, the possibility of
experiencing a slack towline at high towing speeds and with long tow-
lines is decreased.

(2) The "recapture" tension increases with increasing equiva-
lent spring constant K of the towline. However, the equivalent spring
constant decreases with increasing towline length and towing speed.
Therefore, the recapture tension decreases with increasing towline

length and towing speed.

(3) The quantity HLcnz in (7) and (8) represents the
maximm acceleration amplitude experienced by the stern of the ship.
In this report, a sinusoidal ship's motion was assumed, however, this
is not in general the case. Kreitner (c) has done a statistical study
of the accelerations experienced by the fantail of a destroyer in
various seaways at a speed of 17 knots. If this study were extended
to include other speeds, and some assumptions were made regarding
velocity behavior, realistic criteria based on ship speed, sea state,
and towline length could be developed for slack towline behavior.

In general, it is clear that high stern acceleration decreases the

ratio(-!?- , and if this ratio becomes less than unity, then
max

certainly slack towline conditions appear.

10
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APPENDIX A
The following are the parameters of the system tested by Contrata:
A = 30.66 £t
By

A1, = 11.3 ft/sec

max
= 3
CDB
WB = 3260 1b.

HL = 8 £t.
My = 1.3 x 266 slugs

P/2 = 1.0 slugs/ft3

A = 1.42 in®

E = 10 x 10° 1b/in2
1 = 75 £t

vp* = 8.15 ft/sec

12.5 ft/sec

<
U’*
)

* These values were computed by Contrata (b).




R T AR SRR v i i e

USL Tech Memo
No. 2133-374-69

SHIP

|
=
B

R A RIS




L —

g R

¢

T Te—

ke 5 NG . VR v

e TSR g v L NS —

il 2 s A

USL Tech Memo
No. 2133-37h4-69

Ke




ettt TR BRI I S d s i i SN S —OR——

UST: Tech Memo E
No. 2133-374-~69 f
{

B TN e A NP B PR T —

e
i

1200

1000

(o]
Tq

e
5

CHANGE IN TOWLINE TENSION,
FIGURE 3

Loo

o
e §
o
o)
& 4 Gl 2 2

o

®x CANTIMOL J0 INEWHOVIASTA TYN AL TONOT







