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SUMMARY

The main problem in the MICS development proRram is the
operational limitation of pay-out speed to 1500 feet/minute associated
with the formation of a "reverse loop". This analytical investigation
identifies the mechanics of reverse loop initiation, and provides a
physical explanation of the phenomena. Then by means of a dynamic
analysis, anantitative relations are nrovided amone the variables I.:hich
control reverse loop formation and operating parameters of the system.
Finally, on the basis of quantitive analytical results, a solution is
suggested in the form of a design modification required for practical
elimination of reverse loop formation and attainment of higher operatior-
al pay-out speeds.
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I. INTRODUCTION

The motionless coil storage system (MCS) under development
at the NAVAIRDEVCEN is an advanced cable handling system designed
for the rapid pay-out and reel-in of towed antenna (up to 30,090 ft.)
for airborne AVLF communications. Objectives of the MCS development
program are high speed (5,000-10,000 fpm for both reel-in and pay-
out) in conjunction with low system weight and short operational response
time. The MICS concept which centers on the dormant storage of cable
in a stationary tub (as opposed to cable storage on a rotating spool)
yields reduced system inertia and allows for the very quick attainment
of peak cable handling speed. Preliminary development and evolution-
ary design progress of the MCS are described in references (a) and
(b). Among the various designs which were investigated the inside
wrap design (employed in the current apparatus) is considered to he
most promising.

As shown schematically in figure 1, the cable is driven
between a pair of pinch rollers. During feed-in, the cable passes
through a spinner which is rotating about the center line of the tub
and is wrapped against the inner tub wall. During reel-out tension
is applied to the cable to pull it out through the rotating spinner
(which is of course rotating in the direction opposite to feed-in)
thus releasing cable from the tub.

Reference (b) reports that this method allowed for sucessful
cable storage at speeds of 2000-2500 fpm. Pay-out speeds of 6800 fpm
for short periods were attained. The cable however, assumes a "reversed
loop" configuration at pay-out speeds above approximately 1500 fpm.
The reverse loop configuration precludes successful pay-out in an
operational environment thus limiting current operational pay-out
speed to 1500 fpm. Operational usage with a reverse loop is not practical
due to cable torsion.

II. DESCRIPTION OF TIE PROBIFh

The current NKS apparatus provides for cable pay-out up
te a rate of approximately 1500 fpm in an operational mode for which
the entire length of unsupported cable (i.e. cable released from the
inner wall but not yet entered into the mouth of the rotating spinner)
maintains a position forward of the rotating spinner mouth. This
configuration is shown in figure 2. At speeds above 1500 fpm some portion
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of the unsupported cable falls behind the rotating spinner mouth and
assumes the reversed loop configuration schematically shown in figure
3. The above modes of operation are termed the normal mode and reverse
loop mode, respectively.

Although pay-out speeds of 6000 fpm have been attained in
the reverse loop mode of operation under test conditions with cable
relatively free from internal torsion, this reverse loop mode performance
could not be achieved in an actual operational environment.

The considerable residual internal torsion of the current
TACAMO antenna cable (the cable unwinds under tow tension during deployment
and the resultant torsion is largely tmrelieved upon retrieval) precipitates
kinking of the reverse loop and renders the reverse loop mode of operation
impossible.

In recognition of the preceding statements, this analysis
is largely addressed to the following areas:

(1) a phenomenological explanation of tne reverse loop
formation

(2) a mathematical description to provide a quantitive
relationship with operational parameters

(3) on the basis of (1) and (2) the formulation of a practical
solution

Iti. Pt1FNOMirNOLOCICAL EXPLANATION OF REVERSE LOOP FOR"ATION

A review of the ICS apparatus and operation indicates initiation
of the reverse loop configuration occurs when the cable feedout speed
exceeds the speed with which transverse disturbances propogate along
the cable (i.e. the transverse wave speed of the cable). More specifically,
the initiation of the reverse loop is caused by the rotating spinner
moving at a rate such that it imparts a disturbance to the cable at
a speed greater than the transverse wave speed. It is noted that
the transverse wave speed depends on the tension in the cable which
in turn depends upon the operational parameters of the system.

The essential physical character of this mechanism may be
explained for a system consisting of an infinitely long, stationary,
flexible string under uniform tension T. Consider a roller moving to
the right with a constant velocity V which transversly displaces the
string some distance ''d".

2
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Figure (4) schematically depicts the string configuration
associated with four different roller speeds. For a &sped V much less
than the speed of a transverse wave c (where C .,; see appendix
A) the displacement pattern shown in figure 4-a prevails. As the
velocity V approaches C , however, the length of displaced string
ahead of the moving roller is reduced as shown in figure 4-b. Whea
V is just 2qual to C , the sharp edged configuration nortraved in

figure 4-c, can be visualized. Finally as shown in figure 4-d, when
V exceeds c, (i.e. the string tension is insufficient to maintain a
wave velocity equal to the roller velocity), the string cannot respond
before it is passed by the roller thereby causing the string to lag
behind.

The reverse loop phenomena in the MCS is analogous to this
fictitious example. In the case of the MCS the lonp straight string

is actually of course curved around the relatively large diameter of
the tub (tub dia.>) cable dia.) and the moving roller is replaced by the
spinner inlet. The essential physics of the reverse loop initiation and
the straight string example are identical.

Having established the physical mechanisms of reverse loop
formation and operation, this understanding provides the basis for a
dynamic analysis (to be presented in the next section) which will quantize
the relation between "reverse loop" formation and system parameters.

IV. DYNAMIC ANALYSIS

A. Normal Mode of Cable Pay-out

Proceeding from the phenomenologically established relations
of the preceding discussion, a dynamic analysis is undertaken to
quantitatively relate cable tension (and in turn transverse wave speed of
the cable) to the MCS operational parameters. The primary system con-
figuration which is considered is steady state pay-out of cable from the MCS
apparatus in the so called normal mode of operation (i.e. before a
reverse loop has formed).

Figure 5 shows the basic elements of the system under con-
sideration which include the cable, the spinner and the inner wall of the

tub. Consistent with steady state operation, it is assumed that the
cable is being reeled out at a constant speed V.. The angular speedof the spinner 0 , is related to the pay-out speed by Q= U), where rj

is the radius of the cable wrap (assumed to be the radius of the inner
tub).

* 3
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An analysis based upon a control volume approach and. the
conservation of moment-of-momentum is presented in this section. An
alternate development based upon force/acceleration principles is given
in appendix B. The same results were obtained from both approaches.

The control volume to be considered is taken as shown in
figure S. This control volume encloses the entire spinner and rotates
with the spinner. Coordinate system x, v, z is a moving frame of
reference fixed with respect to the spinner. For constant rate of
cable pay out the x, v, z system rotates with constant angular
velocity C (about an axis through the origin) relative to the inertial
reference frame XYZ . It can he shown (see for instance, ref (c)) that
the vector equation governing the rate of change of moment-of-momentum
as expressed relative to the rotating control volume takes the form
given in equation (1) below.

0 -4 - (..X .0 10 * -*. - "

(1)
MS r V(M5x7A))}pdX .X ipiy

where (J is the angular velocity of the spinner

WJ is the angular acceleration of the spinner

Ms = ioment about 0 due to surface forces distributed
on the control surface

MO = External applied moment about 0

= Position vector of a cable element in the x, y, z
reference frame

SXYZ = Velocity of a particle in the x, y, z reference
i.e. the relative velocity of a particle with
respect to the spinner

o Mass density

C.s. = Control surface

C.V. = Control volume
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The surface integral reprosent; The o! ff1ux of moment -of-
momentum through the control surface. The first voluime irteiral
represents the rate or increase of imnt of momentinn ins ide the
control volume, while the second volumec intepral accounts For inertial
forces associated with rotation of the control volume.

it is convenient for the svstemr uinder consideration to re-
solve the vector quLantities of F(1. (1 in cvlindlri cal coordi nates

e f and i% as follows.

-S ( Sr + +e

MA Mk1
Recognizing that uinder the assumed steady-state onerating condition,
the angular acceleration of the spinner & is zero, the z component
of Eq. (1) which is the only component of interest in the current
problem takes the form

(M,) 5(z wr V)~ rV VA0 +~ -A 0 a

Referring to figure 1, it can he seen that the followinr' relationships
exist

(&)~~r = ~~T, c os

(b) ~ V#~ dQ V. c(- o Cs S*Vo) =,,u I-, C 0 9'

(c-) S~ r Vr~,p zr r -V0 ),IAdr V,

where T, is the magnitude of the cable tension at a point immediatelv
outside the mouth of the spinner andjK is the mass per unit length of
the cable. It is also noted that in the interests of simplicity the
evaluation of expression (c) proceeded on the assumption of a shamn
90* bend connection between the radial and circumferential portion of
the spinner. Substituting the above relations into equation (2) yields:

V. ,V c. o s MA.+
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and solving for the tension gives the expression below:

Ta V ) (3)
T V'( I r Cos Y,

Equation (3) shows that the tension T, is Primarily a function of the
mass of the cable. , the pay-out sneed V. , system goemetry, and
whatever external moment MA may he acting on the system. Expression
(3) for the tension can now be used to obtain the transverse wave speed
C of the cable from the following re'ltion (see appendix A)

Additionally recalling the discussion of section Ill, the necessary
condition for pay-out operation at speed V. without formation of the
reverse loop is that the pay-out speed he less than the transverse wave
speed. This provides a condition on the cable tension T, which can
be expressed as

Combining expressions (3) and (5) yields:

va r-
A ~ ~ r V. (i r 2 , co -J

or

Ma
MA - VIrI TAM ()I

Thus relation (6) provides a condition for the magnitude of
the negative or retarding moment (the retarding moment in turn leads
to higher cable tension) which must act on the system to avoid reverse
loop formation at pay-out speed V . This retarding moment (negative
M A) is the externally imposed moment which acts on the spinner in a
direction opposite to the direction of spinner rotation. The retarding
moment present in the current K S system consists of resisting moments
due to frictional forces and aerodynamic drag. It is relatively small.
When the pay-out speed reaches a value which requires a retarding moment

6



higher than that which is presentl- assoc i ntedl with t~ic MCS systeml, tne
cable assumes the reverse l00)OIL coni gurat ion.

Numerical valueCs of the cable tension and retardinfg moments
which are required to prevent reverse loop~ formation at two illustrative
pay-out speeds are given in a later section.

B . Reverse Loop Mode of Cable Pay-out

Figure (3) depicts the operating configuratIOn1 fm)r the
reverse loop mode of cable pay-out. Employing a control volumne approacii
Completely anal agous to the Orec'ed itg de2vc1iU7me~nt the fri:i e su t
for cable tension at thle spinner mouth atin be obta Lnled.

T=,A~V z~a r, Co 0 p S, yokos ip(7
Comipar ison of the re vt r,;,i loon con nurir.ion w til the

preceding ana isi- indicates ha,,t rte nei d c -.( cal e t ctn si on and
influx of cable mome1tuIm into thile I flflt' .O.I 4 rcve rstU in ii cct ion
(sign) . This revorsi] of siign is refi ected in -xpres;sion (7) which
indicates a higher caiole tensioni for operation with a reversed loop) than
for normal mode operat ion. A retarding, morient (nepative M,,) would in
this case act to reduIce the cable tension.

Reference (1)) observcd1 tha. a reverse loop developed at
pay-out speeds above approximately 1i00l ft/mmn. The total length of
the loop seemed to increase somnewhat ns thc pav-out spieed was initially
increased, fbut, fuirthor increas es ill speed resulted1 in no additional
increase in the length of tile re-verse loop. These observations suggest
that above a certain pay-out sreed the leiipth of the reverse lo is
essent ial 1 r incdenoiido nt of' the, pay-out s-eed . A phvsi cal expl~anat ion
of this phynomenon is as follows.

Under high - so ced ro i - out operat ion , the predomi nant
foe SIIVoIled inl t he IoOn arc (tens ion at thle mouth of tile uinner)

S(force r-C,1ui red to aclcelerate the cable from rest ) , and Or (frict ion-
il forcc exerted onl thle c3ble hr thle outer wall 1 Thc sum of these three
forces should he approxiMateiv zero. Since thle angille W*figzurc 3) is
small and M~is also relative!.% smnall with respect to the forces listed
above, we can assumeW, = 0 andMA ThIis leads to the following

equation of equililbrkum in the circumferential direction.

rr
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where Cf = coefficient of sliding friction between the cable
and the outer wall

L = Length of the reverse loop in contact with the outer wall
of the storage tub.

= radius of outer tub wall

Substituting r =4.6, r, =4.4 and P =4.0 in the above equation leads
to the following results:

I (+ eet)

Assuming a value 0.1 for Cf, the above equation predicts
a length of cable in contact with the wall of 10 feet. This is close
to the values observed during previous laboratory operation. It is
apparent that for a given system geometry the length of cable in con-
tact with the outer wall is a function of only Cf ( the coefficient of
friction) and a reduction in the friction coefficient will increase
the length of the loop.

The total length of the reverse loop (variation in the
total length derives essentially from the variation in the length of
cable in contact with the outer wall) also depends onCf and is in-
dependent of the pay-out speed V.

C. Reel In Tension

The storage tension developed during reel-in also depends
upon the external moment MAapplied to the spinner. To obtain a desired
storage tension T the external moment which must be provided can be
derived from Eq.(2) by reversing the signs of both Z7 and V The
following equation results:

MA ; cos o ' -. Cos -
It is noted that if reel-in and reel-out spinner moments of the same
magnitude and direction are applied, then the reel-out tension developed
at the spinner mouth will equal the storage tension.

V D. Tension Measurement

Reference (b) reported cable tension measurements obtain-
ed during reverse loop pay-out operation. These measurements were
considered to be the cable tension at the exit of the spinner before
it enters the floating guide tube. These reported tensions are incorrect
because account was not taken of cable forces acting on the guide tube.

8
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These cajlc forces are caused by momentum changes due to changes in
the direction of cable velocity*'. The readings may, however, be
analytically converted to tension. For instance, the actual tension
associated with the reported operating condition (6500 ft/min.) is
higher than the measured quantity by a factor of approximately 3.

V. RESULTS

Based on the dynamic analysis presented in the last section,
the solution to the pay-out speed problem is to provide sufficient
retarding moment to avoid formation of the reverse loop.

The magnitude of the retarding moment renuired for various
pay-out speeds can be calculated from equation (6). The representative
results presented below are based on the geometric dimensions of the
current system:

Required Retarding
Cable Cable Pay-out Cable Retarding Force

Diameter Weight Speed Tension Moment
(in.) (Lb/Ft) (Ft/Min) (Lb) (Lb-Ft) (Lbj

0.160 0.064 6,000 20 97 22
0.160 0.064 10,000 56 270 62

0.210 0.11 6,000 34 175 40
0.210 0.11 10,000 95 460 105

The retarding "forces" in the above table are listed for
reference purposes. They represent forces which would be required to
act at the mouth of the spinner in order to produce the required
retarding moments.

Since the required retarding moment is proportional to the
square of the spinner rotational speed it would be advantageous to
implement a device that would generate a retarding moment in the same
fashion. However, so long as sufficient retarding moment is applied
to the spinner to fulfill the requirements of the desired maximum speed
then reverse loop formation can be avoided over the full range of pay-
out operation.

VI. HIGH SPELD OPERATIONAL CONSIDERATIONS

In view of the increased cable tension requirements for high

speed pay-out operation suggested by the preceding analysis the
following is presented for consideration.

9I
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(1) The relatively high cable tension required for pay-out
operation without formation of a reverse loop may be incomnatible
(undercutting will occur) with the low tension wrap currently em-
ployed during the MCS reel-in operation.

(2) The reliability of high speed operation will be improveli
by the implementation of a liphtweivht level wind mechanism more refined
than the articulated spinner presently used in the ,,CS apparatus.

(3) Increased tension in the cable would imply more severe
wear due to the frictional forces developed by passage of the cable
through the spinner. In thi; case a system of pulleys may he a more
attractive design alternativ than the siinner tube.

VI I. CONC LUS ION S

1. The current CS system is limited to an operational pay-
out speed of approximately I509 feet/minute due to the occurance at this
speed of a "reverse loop". Operation with a reverse loop is not
practical due to cable torsion.

2. The mechanics of the reverse loop formation have been
identified and a pheonomenological explanation of reverse loop initiation
is presented herein.

3. Reverse loop formation is basically a wave phenomenon which
occurs when the catle pay-out speed exceeds a maximum permissible
speed equal to the transverse wave speed of the cable. The transverse
wave speed of the cable is dependent upon the tension developed in the

cable under system operating conditions.

4. Prevention of reverse loop formation requires that the
tension in the cable be increased sufficiently to provide a cable trans-
verse wave speed greater than the pay-out speed. This can be accomplished
by applying a retarding moment to the spinner.

S. A mathematical analysis has provided quantitative dynamic
relations for tension and wave speed as functions of system operating

parameters.

6. The retarding moments and cable tensions required to pre-
vent reverse loop formation have been determined for pay-out speeds up
to 10,000 feet/minute and are presented herein.

7. The tension measuring system (spring loaded, hinged tube)
utilized in the prototype system does not indicate the actual operating
tension because of momentum change effects. The indicated tension is low

,- "". . . . . -



by a factor of approximately thre, for the reported test ,onlit:o I .
is possible to analytically conve.t the experimentai measurenents to
tension by )ron)erly accountinr fo: momentum ch3nge.

Vii. R_:COMENDAT IONS

I To ;revent reverse o) f;n mation, moe ifv the )rotot, .
system to apply the required momeilt as thtermined in this stiudy.

2. Experimentally verifv the analytical conclusions stateC
herein by operation of the modified system.

3. For high speed operation at tension values sufficient to
prevent reverse loop formation consider the following additional design
features:

a. Reduction of cable wear and abrasion by utilization
of pulleys in lieu of tubing or in conjunction with tubing to guide
the cable (alternatively ii" it is decided to retain the tubing, its

shade should be chanved to minimize friction and wear ).

b. Utilization of a more precise level wind mechanism in
lieu of the articulated spinner.

c. Reel-in at sufficient tension to prevent undercutting
during reel-out at increased tension levels.

IX. REFERENCES

(a) NADC Report No. AM-6927 "AVLF Cable Handling Development
Interim Report" of 16 May 1969
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APPENDIX'A
DERIVATIONOF WAVE EQUJAT ION
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APPENDIX A

The transverse vibration of a flexible cable with mass per unit
length , under constant tension. T, is described by the following
partial differential equation

T , 4L

where the transverse displacements, %e( ), are assumed small. The
general solution of this equation is of the form

Y (X.)f (X- Ct) + (x -Ct

where f and g are arbitrary functions and c = . If the solution
Y(Yet) = f (X - CA) is considered as a function of x for

varying values of time + , it is seen that at II = 0 , Y(XpO)=f()
and at any following timet# Y(Vt)is represented by the same curve
f(x) moved parallel to itself a distance C+, in the positive x
direction. Thus, a solution Yx,q.fot-afrepresents a curve f(x) moving
in the positive x- direction with velocity c. Similary, a solution

06'%) = (X*+) represents a curve g(x) moving in the negative
x- direction with velocity c. These solutions are generally known as
travelling wave solutionsand c X is known to be the transverse
wave speed. T'

A- 3 FALM-1,,G .,-fl D b A 71S"
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APPENDIX B
ANALYSIS fOF MCS SPINNER BY
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