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Fig. 6 - Cable working deck looking aft from forward of cable tank 2. 

again becomes rectangular. The transition from rectangle to vee forward 
of the cable engine is designed to rotate the parachute attached to the 
repeater through an angle of 25° so that it is outside the gripping sur­
faces as the repeater moves through the engine. The vee shape con­
tinues aft of the engine past the dynamometer (see Fig. 1), where the 
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transition from vee to rectangular shape rotates the parachute back to 
its original orientation to clear the side of the stern chute. 

Since the sensitivity of the dynamometer is a function of the cable 
angle at the dynamometer bearing surface, it is essential that this angle 
be constant. This is accomplished by providing a cable hold-down device 
in the stern chute which restrains the cable and prevents it rising off the 
trough bottom when the ship pitches. This hold-down is raised auto­
matically before the repeater reaches this position. 

When cable moves across broad, flat deck areas and over large-radius 
fa ired surfaces at low tension, the stiffness of the cable is sufficient to 
cause it to move laterally, and surface wear at these surfaces is low al­
though no lubrication is provided. This situation exists on all surfaces 
over which the cabJe passes forward of the cable engine. 

In the cable trough aft of the cable engine the cable is in contact with 
the trough bottom at one point and with the dynamometer at another. 
At these points the cable is under tension (600-7000 lbs.) and is re­
strained from lateral motion by the trough shape. Tests showed that 
under these conditions a i-inch thick plate of mild steel would have a 
life well over 10,000 nm. To further increase the life and simplify replace­
ment, hardened steel surfaces in the form of bolted inserts are installed 
at these points, and cooling is provided by water flooding over the wear 
surfaces. 

The cable and repeaters leave the ship through a stern chute instead 
of over a sheave as is common practice on most cable ships. The chute is 
advantageous in that the large radius needed (>3.5 feet) can be ob­
tained in much less space and at considerably lower cost than by the 
use of sheaves. Several proposals were considered before the final design, 
shown in Fig. 7, was reached in which the ship's hull was shaped to 
form the sides and bottom of the chute. The structural and shaping 
problems were not difficult, since the intersecting surfaces are all cy­
lindrical sections with no compound curves required. Wear in the chute 
after 3000 nm has been so small that it has been difficult to detect. 

VII. PARACHUTE DESIGN AND OPERATION 

There are two reasons for controlling the rate of descent of the re­
peater. The first of these has to do with the laying of bottom slack and 
the second concerns the protection of the repeater from excessive shock 
on bottoming. 

Under steady-state laying conditions the configuration of the cable 
between the ship and ocean bottom is a straight line; it is desirable to 
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Fig. 7 - View of stern chute of C.S. Long Lines. 

maintain this configuration to properly control the distribution of slack. 
The presence of the large mass of the repeater in the suspended cable 
destroys this condition and adversely affects slack control since the re­
peater sinking rate is several times that of the cable (8 k vs ! k). 

If the cable were laid in still water the problem. would be fairly simple, 
and substantially perfect match could be obtained between cable and 
repeater sinking rates. This condition never exists, however, because of 
the presence of ocean currents of varying and unpredictable velocities 
which affect the parachute drag. A compromise size was chosen which 
will not present excessive drag but limits the repeater bottoming speed 
to a safe magnitude of 2 knots. 

The nylon parachute is of simple circular design, seven feet in diame­
ter. The complete parachute mechanism consists of four parts: para­
chute, container, flotation bag and harness. Fig. 8 shows a repeater 
ready for launching with a parachute attached. 

The parachute is packed in a zipper-closed pocket at the end of a 
cylindrical air-filled flotation bag. This flotation bag is placed in a fabric 
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Fig. 8 - Repeater ready for launching with attached parachute. 

container which is attached to the harness. The harness serves the dual 
purpose of fastening the parachute to the repeater and, in connection 
with the trough shape, positions the parachute properly during payout. 

The operation is entirely automatic. When the repeater enters the 
water the flotation bag pops out and floats to the surface, releasing the 
parachute to deploy in the water. A corrosive link between the parachute 
shrouds and the repeater releases the parachute after about 24 hours of 
exposure to sea water. Several hundred parachutes have been used thus 
far and there has been no failure in operation. 

VIII. FORE DECK 

The fore deck at the boat deck level (shown in Fig. 9) is the location 
for all repair and recovery and buoy handling operations. It is also 
expected that a small amount of cable laying, particularly of shore ends, 
will be done over the bow. 

The three large-diameter bow sheaves are housed in the faired sur­
faces shown in Fig. 10. The three sheaves are mounted coaxially, the 
outer two being grooved and the center one flat surfaced. Cable, rope 
and chain are ordinarily carried over the outer sheaves, and heavy, bulky 
gear such as cable mooring anchors and grapnels is handled over the 



CABLE AND REPEATER HANDLING SYSTEM 1387 

BOW SHEAVES 

DYNAMOMETER 

CABLE ENGINE 

HATCH COVER 

Fig. 9 - Foredeck layout of C.S. Long Lines. 

center sheave. Two cable handling sheaves are required because during 
repair or splicing operations two cables are handled simultaneously. The 
gantry frame shown provides support for an electrically driven hoist 
used for moving heavy grapnels and mooring anchors over the sheaves. 

A ship control station is located just aft of the bow sheaves, and the 
ship's operation can be handled directly from this position. Cable payout 
information is also repeated at the foredeck control. This includes cable 
tension and amount of cable picked up or payed out through the bow 
engines. 

There are two large rectangular hatches located wel1 forward on this 
deck. The first of these provides access to the two drum-type cable 
engines located below this hatch at the upper deck level. The after hatch 
opening gives access to the upper deck, and cable, rope and chain are 
carried through this hatch to the upper deck. 

The covers for these cable working hatches are unique on a cable ship. 
The after cover telescopes under the forward cover, and the covers can 
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Fig. 10 - Bow 8hcavm-; of C.S. Lony Lines. 

be moved individually on longitudinal rails to open either or both of the 
hatches. By this means and by opening the ends of the covers, almost 
any degree of protection can be obtained for personnel and machinery 
during foul weather operations. 

IX. CHESTER LABORATORY DEVELOPMEN'l' WORK 

The use of full-scale models as exemplified in the operation of "C.S. 
Fantastic" was an essential part of the successful development of the 
cable handling facilities. While scale models were useful for purposes of 
visualization, they were of little practical value in predicting operating 
characteristics, since it was impossible to scale the cable dynamically. 

All of the details for handling cable and repeaters were built in proto­
type and subjected to exhaustive tests. Since ship's motion (pitch, roll 
and yaw) could not be simulated, all of the payout processes were re­
quired to operate successfully at speeds well in excess of the design ob­
jective of 8 knots to allow for possible adverse effects from this motion. 
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Cable payout, repeater launching, parachute positioning, crinoline 
operation and transfer of payout from one tank to another were accom­
plished successfully at speeds as high as 11.5 knots, the maximum capa­
bility of the Chester facility. 

lVIeasurements were also made of the shocks to which the repeater was 
subjected during acceleration from standstill to payout speeds in the 
launching operation. The validity of these tests was later confirmed by 
similar measurements aboard ship; even at payout speeds of 9.5 knots, 
accelerations do not exceed 19 g, well below design requirements. 

It is interesting to note that many of the innovations developed at 
Chester have been used in cable ships other than C.S. Long Lines. 

X. CABLE LOADING AND REPEATER JOINING 

The arrangements and details for loading, although somewhat less 
exacting than those required for laying, are of considerable importance. 
It is here that the possibility of confusion and error is greatest, and 
extreme care must be taken to prevent locked turns and crosses which 
could make it impossible to get the cable out without cutting and splic­
ing. 

Insofar as possible, the cable is loaded in a single continuous length 
and the mechanical continuity is never broken. This is possible only to a 
limited extent, since two load lines are normally in operation simultane­
ously. It is possible, however, to load each tank with a single mechani­
cally continuous length, and this practice is followed in general on C.S. 
Long Lines. 

The individual cable sections are taken in pans to the loading dock 
area and placed as required at the end of the loading line. The cable is 
then pulled aboard ship through the load line by a linear transporter 
located at the forward end of the cable tank slot and fed down into the 
tank for coiling. On the straight runs and around curves in a vertical 
plane the cable moves through open troughs or over faired surfaces, but 
for turns in a horizontal plane, sheaves having a minimum diameter of 
6 feet are used. 

Coiling of cable is in a clockwise direction, beginning at the outer tank 
wall and working into the central cone; then it continues working from 
the cone outward. In the large tanks each flake contains approximately 
3 nm of cable and there are about 6 flakes per section. 

This is the first time that out-in, in-out coiling of cable has been suc­
cessfully used. With conventional armored cable the practice has been 
to coil from the tank wall in to the cone and then layout to the tank wall 
and resume coiling again toward the cone. Coiling from the cone outward 
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was not successful with the armored cable because in the reverse opera­
tion of paying out there was a possibility of turns sticking, resulting in 
lifting an adjacent turn with high probability of forming a kink. With 
the out-in, in-out coiling, load factors approximately 92 per cent of 
theoretical (57.5 cu. ft./nm) for perfect pack have been achieved. 

When the last end of a cable section is reached, it is joined to the first 
end of the next succeeding section by means of a coupling connector 
usually referred to as a "dummy repeater." The dummy repeater shown 
in Fig. 11 consists of two coupling covers connected together by a tie 
bar; the combination is equal in length to a repeater or equalizer. This 
dummy serves as a convenient device for positioning the cable section 
ends in the repeater stack while the cables to and from the tank are being 

Fig. 11 - Coupling connector ("dummy repeater"). 
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dressed into position and fastened down. In addition to furnishing a 
means of mechanical connection to the cable section, the coupling covers 
protect the coupling pigtail and provide mountings for electrical con­
nection to the center conductor for electrical test during loading. Before 
the couplings are disconnected from the dummy for joining to a repeater, 
the cable ends are joined together by a rope tie. This tie is not removed 
until the process of joining the cables to the repeaters is finished and the 
lead position and continuity have been checked. 

Coiling in the tanks is manual and crews of about 25 men per tank 
are used to perform this work. Loading speeds as high as 4 knots per line 
can be achieved, and, with allowance for down time to bring the cables 
from the tank to the repeater stowage area and dress them into position, 
an average speed of 2.5 knots per line is possible. 

As soon as the first cable couplings have been placed in position at the 
repeater rack, a repeater is moved into place and the work of joining 
cable to repeaters is started. The space for the electrical and mechanical 
connection of cable to repeater is restricted, and the equipment designs 
and processes had to be carefully coordinated to work in the space 
available. 

The joining process requires exact positioning of the coupling with 
respect to the repeater, preparation of pigtail ends, brazing of center 
conductor, overmold of conductor joint, X-ray examination of the mold, 
assembly of ground leads, and bolting of coupling to repeater. lVIounting 
jigs like that shown in Fig. 12 hold the coupling in alignment with the 
repeater body during the joining procedure, and the jig serves in turn as 
a mounting for the brazer, molding machine and X-ray unit and as a 
bolting guide for final assembly. The illustration shows the molding 
machine in position. 

XI. CABLE AND SYSTEM TESTS 

Electrical tests of the cable during loading are rather rudimentary 
but will indicate any serious cable faults as soon as possible. The tests 
consist of dc resistance measurements made before, during and after 
loading; insulation resistance measurements made after loading; and 
pulse echo tests made after loading. 

The system tests are much more comprehensive and are a measure of 
system transmission performance. The transmission characteristic of 
each block is measured and the crystal peak gain of each repeater is 
measured. In addition, each of the equalizers in the system is checked at 
everyone of the 32 positions of the stepping switch. 

Since the cable loss - and hence the system characteristic - varies 
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Fig. 12 - Mounting jig with molding machine in position. 

with temperature, it is necessary to know the temperature of the cable 
at the time the transmission measurements are made. Temperature meas­
urements are made at 15 positions in each of the repeater tanks. Three 
thermocouples are located in the wall of each central cone, and 12 
thermocouples are placed in designated positions within the cable coils 
of each tank. The measurement of temperature is semiautomatic; to 
determine the temperature at any of the 45 positions, it is necessary only 
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to press the appropriate button and read out the temperature directly 
on the meter scale. 

At the conclusion of these tests, power is turned down and no further 
measurements are made until the initial splice is made and laying is 
ready to start. 

XII. SPACE LOCATIONS AND ARRANGEMENTS 

Efforts were made to assign spaces for cable operations for the greatest 
convenience and utility. Consideration was given not only to immediate 
requirements for equipment areas, working space and servicing needs 
but also to probable future requirements. 

Floor plans were worked out for all of the areas directly or indirectly 
connected with the cable laying operation. Lighting, air-conditioning 
and ventilation requirements were set for all these areas. 

Special attention was given to the layouts in the drum room, trans­
mission testroom, jointing room and taut wire room, since these are the 
active operating areas during cable laying, and convenience and effi­
ciency are especially important. 

In the transmission testroom all equipment is furnished in duplicate 
so that the failure of any unit does not interrupt system operation and 
test. Cable payout information which is of assistance to the transmission 
eingineers is repeated in the test room. This information consists of cable 
payout speed, mileage and miles to the next repeater. Cable temperature 
measuring equipment is also located in this room. 

Cable engine control during laying is from the cable operations center, 
known as the "drum room," and the layout centers around the cable 
engine control console. All of the payout control equipment is located 
here. This includes cable engine controls (both bow and stern), mileage 
counters of cable and taut wire, slack computers, depth sounders, pre­
cision depth recorder and ship's speed indicator. Slack computers and 
cable and taut wire mileage counters are furnished in duplicate. 

Cable jointing, whenever possible, is carried on in the jointing room. 
The location on the upper deck opposite cable tank 1 was chosen, since 
it is the space most readily accessible for cable ends brought over the bow 
and through the cable hatch. The layout permits splicing operations on 
all types of cable without exceeding the minimum bending radius re­
quirements. 

The taut wire room houses not only the taut wire machine itself but 
provides for stowage of full and empty taut wire reels. Racks were de­
signed and layout arranged so that the bulky reels, containing 140 nm of 
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wire weighing approximately 2000 pounds, could be safely handled 
under rough sea conditions. 

XIII. ELECTRICAL SERVICES AND COMMUNICATIONS 

The factors of safety, reliability, stability and convenience determined 
the choice of electrical service to the working areas. Alternate power 
sources supply the regular and alternate test and power equipment in 
the transmission testroom for maximum reliability, and both steady­
state and transient voltage and frequency requirements were set for the 
prime power sources. 

Fusing and switching of all of the equipment was specified so that 
these were compatible with the services furnished. In areas such as the 
transmission testroom and electronics maintenance room where portable 
equipment may be used or equipment serviced, the convenience outlets 
are fed through isolation transformers to provide single-phase grounded 
service in place of the usual shipboard single-phase balanced-to-ground 
supply. 

Coaxial circuits are installed from the switchboard bay in the trans­
mission testroom to all of the cable working areas and, by appropriate 
patching at the switchboard, test and communication circuits can be set 
up between any of these locations. 

A cable operations communication circuit connects all of the cable 
working areas. Operating stations consisting of microphone and loud­
speaker are located at strategic locations where there is active cable 
movement or cable control, and announcements over this circuit are 
repeated at all locations. 

For the purpose of safety to personnel and to cable, "safety alarm" 
stations are also provided at strategic locations. These stations consist of 
distinctively colored button switches connected to all of the cable en­
gines and to an audible alarm. The operation of any of these switches 
immediately stops any operating cable engine and cable payout or pickup 
comes to an immediate halt. Needless to say, this circuit is used only in 
extreme emergencies, to stop operations when personnel are endangered 
or an equipment failure requires immediate or drastic action. 
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Cable Payout System 

By R. W. GRETTER 

(Manuscript received March 24, 19(4) 

This paper describes the development of cable machinery and control 
equipment capable of laying modern submarine cable systems. The necessity 
for reliable continuous operation is established, and the problems involved in 
gripping armorless cable are pointed out. The concept of a linear cable 
engine is introduced, and the evolution of a track design is followed through 
several model stages. 

The various test programs employed to establish feasibility, prove-in 
component reliability, and check performance of the final machine are 
discussed. A control philosophy is presented and the development of a control 
system is described. Final design, construction, and testing of the cable 
machinery and its control equipment are covered briefly. 

1. INTRODUCTION 

In essence, a cable payout system consists of stowage for the cable, 
machinery for exerting a braking action on the cable to regulate the pay­
out rate and instrumentation for determining the correct payout rate. 
In the first attempt to lay a telegraph cable across the English Channel, 
the stowage and braking functions of a payout system were provided by 
a reel mounted on the after deck of a tug and fitted with a brake. For 
cable systems more than a very few miles in length, the size of the reel 
soon became unreasonable and less obvious approaches had to be taken. 

Stowage of cable in cylindrical holds or tanks was employed early in 
the development of the ocean cable laying art, and seems to have 
been a natural evolution from the common nautical practice of tiering 
chain in chain lockers or of coiling whale line in tubs. Similarly, the 
drum-type cable engines employed for many years as braking devices 
in handling telegraph cables appear to have been an early adaptation of 
the anchor windlass. 

While a combination of tank stowage with drum machinery was ade­
quate for telegraph systems, it leads to problems when systems with 

1395 
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rigid repeaters are laid, since the ship must be stopped and turns taken 
off the drum while each rigid repeater is passed overboard. Analytical 
work in the field of cable mechanics has shown that adequate control of 
slack requires continuity of operation. It was therefore necessary to 
develop continuous methods of handling rigid repeaters. Drum-type 
cable engines can be fitted with auxiliary devices for handling rigid 
repeaters continuously at slow or moderate speeds, and cable engines 
consisting of mUltiple V -sheaves have been designed for handling rigid 
repeaters at slow speeds by means of bypass ropes. For continuous 
handling of rigid repeaters at full cable laying speeds, however, a linear 
or straight line cable engine is essential. 

II. LINEAR CABLE ENGINE DESIGN REQUIREMENTS 

l\/[odern submarine cable systems, in addition to having large rigid 
repeaters, differ from previous systems in another aspect which is im­
portant from the cable machinery viewpoint, namely that the cable is of 
the so-called armorless type with the strength member in the center.! 
The strength member is composed of very high-strength steel, and is 
surrounded by the delicate transmission structure consisting of poly­
ethylene and thin sheet copper. 

The cable tension which results from the weight of the length of cable 
suspended between a ship and the ocean bottom must be transferred to 
the ship by frictional shear forces exerted on the cable surface. In the case 
of drum engines the normal forces on the surface required for the de­
velopment of the frictional forces result from the wrapping of the cable 
around the drum. In the linear cable engine, the curved surface is absent 
and the cable tension does not result in any normal force on the cable's 
surface. The cable must therefore be squeezed between the tracks of the 
cable engine. 

The cable engine design requirements, from the viewpoint of the cable 
system, can be summarized as follows: the cable engine must handle 
cable and repeaters continuously at a steady speed, in a straight line, 
gripping the cable so as to transfer the tension to the ship without 
damaging the transmission structure and passing repeaters without 
excessive shock. 

III. DESIGN APPROACH 

The development approach adopted for the linear cable engine was 
strongly influenced by two very firmly held principles. First, the cable 
engine and associated equipment was to be designed to handle a mechani-
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cally optimum cable and repeater system; in other words, the cable 
system designers would not be asked to compromise their designs in 
order to ease machinery problems. Secondly, the entire design would be 
based on achieving the highest possible reliability so that there would be 
a very high probability of completing a lay (say 2000 nm) in one continu­
ous operation without any interruption due to cable engine failure. Be­
cause of the first of these requirements, it was natural to design the cable 
engine from the inside out; that is, to commence by considering the 
problem of gripping a straight cable in such a way as to transfer the 
highest possible cable tension to the ship without damage to the trans­
mission structure. The moving track which accomplished the gripping 
was then to be designed to accommodate repeaters. A system of sprockets 
and shafting to support and drive the track would be added next, and 
addition of a framework and a drive and control system would complete 
the design. At each stage in its evolution the design was evaluated for 
reliability, and an extensive testing program was planned to prove-in 
each elemen t. 

3.1 Cable Gripping 

The squeezing forces required to develop cable tension must be applied 
in a symmetrical manner to avoid any tendency to separate the dielectric 
from the center conductor. Analysis, described in Appendix A, showed 
that the cable would have to be gripped along at least four lines, equally 
spaced around its circumference, if regions of negative pressure on the 
center conductor interface were to be avoided. The double V-block 
design which is shown in Fig. 1 gave the desired cable gripping con­
figuration. 

Because of the nature of the resulting pressure distribution in the 
dielectric, the frictional shear forces which can be transmitted across 
the various unbonded interfaces within the cable are directly propor­
tional to the radii of the interfaces. This means that the stretching of 
the center conductor which occurs under high tension cannot be ac­
commodated by slip of the entire cable, because slip will occur between 
the center conductor and the d:electric before the outer jacket slips in 
the grooved blocks of the cable engine. For this reason, a linear cable 
engine which is to handle cable without interface bonds must have a 
so-called "shear-limiting" feature which limits the shear force applied 
to a unit length of the cable. The allowable value of shear force per 
unit length depends in turn on the squeeze applied to the cable. 

Experimental work on cable samples showed that when the cable was 
gripped between the double V -blocks no permanent distortion of the 
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Fig. 1 - Double V-block cable gripping. 
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cross section would occur if the squeeze force did not exceed the value 
which gave a contact force of 500 pounds per inch along each contact. 
A working value of one-half the maximum or 250 pounds was used for 
design purposes. With this value of squeeze force and a coefficient of 
friction between copper and polyethylene of approximately 0.16, a 
tension decay rate of 40 pounds per inch of cable could be obtained 
without causing slip on the center conductor interface, which had a 
circumference of approximately one inch. Since the nominal tensile 
strength of the cable was to be approximately 16,000 pounds, this meant 
that the cable would have to be gripped over a length of 400 inches, or 
approximately 33 feet, if it was to be held up to breaking tensions with­
out any internal slip. Thus the length of the gripping region of the cable 
engine was set by cable characteristics. 

3.2 Quarter-Scale Model 

The development of the linear cable engine involved several phases. 
In the first phase a one-quarter scale model was built to test the basic 
concept. At this stage in the development the cable gripping problem 
was not completely understood, and there was considerable optimism 
regarding the development of a cable having bonds on the various inter­
faces to transmit shear stresses. It was also thought that the proposed 
tracks would have to be forced apart by some sort of cam to allow the 
repeater to pass through. For these reasons the initial quarter-scale 
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model did not include the shear limiting feature, but was fitted with a 
pair of traveling cams which were clutched into the main drive system 
so as to spread the tracks apart, leaving a pocket to accommodate the 
repeater. The tracks which gripped the cable were pressed together by 
rollers mounted on saddles, the saddles in turn being mounted on com­
pliant air bags. The quarter-scale model, shown in Fig. 2, was operated 
for several months in carrying out tests of various stowage arrangements 
and overboarding devices. Tests with this machine indicated that model 
repeaters would pass through with no difficulty and that the cam system 
was not necessary. 

3.3 Full-Scale Track Tests 

During the evaluation of the quarter-scale engine it was decided that 
shear limiting would be provided in the final engine, since it was certain 
that reliable chemically bonded interfaces could not be produced in 
time. 

Before proceeding with the design of a mchine incorporating shear 
limiting, the shear limiting concept was checked out on a bench-type 
test rig which gripped a length of cable several feet long between blocks 
mounted on rollers between squeezing units. Axial motion in the direc­
tion of applied cable tension was controlled by the shear limiting units. 
Various spring configurations were tried and an ordinary coil spring 

Fig. 2 - Quarter-scale model. 
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mounted with a preload in a cartridge was found to be the most satis­
factory. The shear limiters function as shown schematically in Fig. 3. 
The observed deflection is essentially parabolic, as predicted by theory. 

In order to allow for shear limiting motion, it was necessary to leave 
gaps between the individual members of the track. The track also had to 
articulate for envelopment of the repeater. Because the track moves 
with the cable, it was necessary for the track to move at high speed with 
respect to the elements which applied the squeezing force. After an 
investigation of possible sliding contacts, it was decided that rollers on 
the track elements would be necessary to handle the large squeezing 
forces and high speeds. 

A track test rig was designed to check out the track as conceived at 
that stage of its development. Fig. 4 shows this machine, which was full 
size as regards width of track, but was only a few feet in gripping length. 
In addition, the test rig involved only one track, the opposing track 
being simulated by a series of simple roller carriages traveling on a rigid 
base. The moving track was backed up by an articulated belt, and 
squeeze was applied by air springs as shown in Fig. 5. This test rig was 
run for many hundreds of miles and at intervals a longitudinally split 
half repeater was passed through. 

3.4 Design and Construction Contractor 

At this point Western Gear Corporation was selected to do final design 
and to manufacture the linear cable engine. Its representatives joined 
with engineers of Bell Laboratories and Bergen Research Engineering 

ZERO TENSION 

MAXIMUM TENSION 

Fig. 3 - Shear limiting. 
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Fig. 4 - Track test apparatus. 

Corporation in planning and evaluation of the test program for the track 
test rig. After observing the tests and studying the test results, the three 
groups concurred in the opinion that the rubber rollers and their bearings 
would be the limiting factors in designing a squeeze-type engine to have 
sufficient reliability. It was also concluded that the air bags which pro­
vided the compliant backing for the belts were causing an intolerable 
pressure increase when repeaters passed through the machine and that 
the solution of this problem by increasing the number of air bags in each 
stack would lead to a stability problem. 

3.5 Linear Cable Engine Design Studies 

Upon completion of the test program and associated studies, prelimi­
nary design work on a prototype linear cable engine was started. Initially, 
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Fig. 5 - Track test apparatus; detail showing articulated belt and air springs. 

effort was directed along two parallel lines : first, attempts to resolve the 
problems inherent in the squeeze-type linear cable engine and second, 
paper and model studies of alternative linear cable engine concepts pro­
posed by Bell Laboratories. * 

A nitrogen-accumulator-backed oil-hydraulic squeeze system, pro­
posed as a substitute for the air bags, was studied. These studies showed 
that a combination of hydraulic cylinders with linkages could be de­
signed to maintain the squeeze pressure essentially constant as the re­
peater entered the machine. 

The question of transients incidental to repeater passage at high 
speeds was resolved by means of a test rig based on a large lathe. A cam 
mounted on the face plate subjected a cylinder and linkage assembly to 
the displacements and velocities incidental to the passage of a repeater 

* These involved other gripping methods which would avoid the problem of 
applying high squeezing forces to a moving track. 
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at speeds up to 10 knots. After many hours of operation of this test rig 
it was concluded that the hydraulic cylinders with their linkages and 
nitrogen accumulators would be a satisfactory substitute for the air 
bags used in the previous models. 

Discussion of the rubber roller problem with many rubber manu­
facturers led to the conclusion that the loads and speeds involved in the 
proposed linear cable engine would be marginal for available rubber 
compounds. Because our particular operating conditions and duty cycle 
were unique, a test program was required to establish reliability for the 
rubber rollers. The rubber compounds which appeared to be most suit­
able were made up in sample rollers, and these were run for several 
thousands of hours on rotating drums. The rollers were pressed against 
the drums intermittently to simulate the duty cycle of rollers passing 
through the squeeze zone on the linear cable engine. On the basis of the 
results of these tests, it was concluded that the rollers could be depended 
upon to function reliably for at least 2000 nm and possibly for several 
times this figure. 

Initial design studies of track configurations capable of passing around 
sprockets of reasonable size and enveloping repeaters indicated that 
approximately 3000 antifriction bearings would be required to support 
the necessary rubber rollers. Because of the space restrictions and the 
load and speed requirements, the B 10 life* of the bearings could not be 
made high enough to give an acceptably large probability of no bearing 
failures in 2000 miles of operation. Thus it was necessary to assure our­
selves that a bearing which had failed by the usual bearing industry 
criterion would not lead to a catastrophic failure. 

The Timken Roller Bearing Company had recommended a bearing 
identical with that used in the front wheels of compact automobiles for 
this application. Its engineers felt that because of the heat treatment 
given to the bearing races an initial fatigue failure would not propagate 
rapidly and thus lead to an early catastrophic failure. In order to test 
this hypothesis a roller bearing test program was planned. The Timken 
Company produced initial fatigue failues in a group of 20 bearings in their 
laboratory. Prototype rubber rollers were mounted on these bearings and 
run at prototype loads, speeds, and duty cycles for thousands of hours. 
The rollers were then disassembled and the bearings photographed. The 
photographs were compared with photographs taken at the time of initial 
fatigue failure. In most cases there was no discernible increase in the 
spalled area of the initial failure. In one or two cases the area did increase 
noticeably, but there was no indication that catastrophic failure would 

* Life exceeded by 90 per cent of a population of bearings. 
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have occurred within many thousands of hours. Details of the failure 
propagation study are given in Appendix B. 

3.6 Track Side Chains 

The proposed track was to consist of a series of roller carriages mounted 
on roller chains which were in turn carried on sprockets. From explora­
tory work it was concluded that it was not feasible to lubricate modern 
roller chains for high-speed operation in a salt water atmosphere without 
exposing the cable to contamination by the lubricating medium. A 
special precision pintle-type chain, having oil-impregnated sintered­
metal bearings, was therefore developed. Since there are no rotating 
rollers in this type of chain and each link merely oscillates through a 
small angle with respect to its neighbor, it was possible to seal in the 
lubricating medium by means of rubber shear seals which could tolerate 
the small angle of rotation. Because of the lack of rollers, there is of 
course a sliding motion of the links with respect to the sprocket. It was 
possible to provide lubrication for this motion by means of a very viscous 
type of grease which would not be thrown off the sprocket onto the cable. 
A test section of the new type of chain was manufactured and was found 
to operate satisfactorily under the prototype loads and speeds. 

3.7 Roller Carriage Design 

The roller carriages were to be connected to the side, or tension, chains 
by means of shear limiters which would allow essentially free axial 
motion of the roller carriage with respect to the chain under a certain 
axial load, thus limiting the shear force per unit length applied to the 
cable. In addition, it was necessary to design the roller carriages so that 
the squeezing forces applied to the cable through the rollers were not 
transmitted to the chains, since this would put large frictional side loads 
on the shear limiters. It was also desirable that the two chains be con­
nected transversely by a rigid member. The roller carriage design which 
met all of these requirements was, of course, somewhat complicated. 
Fig. 6 is a photograph of a wooden model of the design. The model 
included three links of the pintle chain on each end of the roller carriage. 
Fig. 7 shows the relative orientations of the roller carriages, the side 
chains, and the articulated metal belts which apply the squeezing forces 
to the roller sides of the carriages. 

3.8 Final Design of Linear Cable Engine 

Upon completion of the development testing which proved-in the 
bearings, rollers, shear limiter, pintle chain, and the hydraulic squeezing 
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units, the entire design was reviewed for comparison with some of the 
other types of linear cable engines under consideration. Although it was 
fclt that at least one of the other approaches was probably capable of 
yielding a much lighter, smaller and cheaper machine, the schedule did 
not allow for the additional study and testing work needed to prove-in 
the alternate design. The development schedule, in conjunction with 
the encouraging results of the endurance tests on the bearings and rollers, 
therefore led to a decision to drop further study of alternative designs 
and to proceed with the final design of a squeeze-type linear cable engine. 

Functionally, the linear cable engine was to consist of two major sub­
systems, the drive system and the squeeze system. The drive system 
included the track which grips the cable and moves with it, the sprockets, 
sprocket shafts, gear boxes, and a hydraulic system for driving the track. 
The squeeze system was comprised of the articulated belts between 
which the tracks are squeezed, the hydraulic units for applying the 
squeeze force to the track and the associated piping, accumulators, and 
hydraulic pumps for supplying oil pressure and nitrogen back-up pressure 
to the squeezing units. 

3.8.1 Drive System 

Because of rolling resistance of the rubber rollers and drag of the 
bearing seals, it was anticipated that there would be several thousand 
pounds of track drag. This meant that at low cable tensions it would be 
necessary to drive the cable engine in the payout direction, while at high 
cable tensions, on the other hand, it would be necessary to exert a brak­
ing effort on the track. To avoid pulling the slack, required to envelope 
the repeater, out of the return side of the chain and introducing it into 
the squeezed portion, it was necessary to drive the outboard sprocket 
when pushing cable out and to drive the inboard sprocket when braking. 
This called for a drive system consisting of a hydraulic pump with two 
motors in series, one attached to the sprocket shafts at each end of the 
machine. The replenishing oil required to prevent cavitation of the pump 
was introduced into the loop in such a way as to cause the two motors to 
pull against each other and thus keep the track under tension in the 
squeezing zone. A hydraulic schematic of the system is shown in Fig. 8. 

3.8.2 Squeeze System 

Fig. 9 is an artist's rendering of the linear cable engine as envisioned 
at this stage in its development. The machine is shown built into the 
deck of a ship, with a repeater enveloped by the track. The tracks in 
turn are backed up by the articulated "belts" which appear light-colored 
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in the figure. Details of the proposed hydraulic squeezing systems are 
given in Figs. 7 and 10. For reliability, the gripping region of the cable 
engine was to be divided into seven zones, each of which had its own 
system of hydraulic valves and accumulator. The seven sections were 
to be supplied from a dual hydraulic power supply, as shown in the 
schematic. 

IV. CONSTRUCTION 

During the final stages of the design a contract was negotiated between 
Transoceanic Cable Ship Company, a subsidiary of the American 
Telephone and Telegraph Company, and Western Gear Corporation for 
the construction of the linear cable engine and other machinery to be 
described below. This contract called for manufacture in the Seattle, 
Washington, area with assembly at a newly acquired facility at Everett, 
Washington. 

The completed linear cable engine is shown in Figs. 11 and 12. Fig. 13 
is a close-up of the tracks and belts. 

v. TEST PROGRAM 

In addition to the large amount of development testing which was 
used to prove-in various components and subsystems, two other major 
testing programs were carried out to insure reliability of the linear cable 
engine. The first of these was in the area of production testing. As a 
supplement to a 100 per cent inspection of all machined parts, extensive 
use was made of X-rays for castings and lVlagnaflux for the large number 
of aluminum forgings in the track. Many special production tests were 
made on subassemblies. For example, a special test rig was made and 
calibrated for checking the bonding of the rubber rollers to their shafts. 
Another example was the production testing of the roller carriages. 
After assembly of the rollers with the Timken tapered roller bearings, 
each carriage was put on a test rig which pressed it under the full proto­
type load against a drum which rotated with a peripheral speed of 800 
feet per minute. Temperature measurements were made and each car­
riage was run until the temperatures at several points stabilized. This 
check was intended to detect bearings with excess axial preload and 
faulty seals. 

The final category of testing involved the completed machine. This 
program in turn consisted of two categories: first, performance testing 
in which it was determined that the machine met all of the specification 
requirements as to speed, tension, etc., and second, an endurance run of 
approximately 500 miles. 
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Fig. 11 - Linear cable engine. 

Fig. 12 - Linear cable engine. 
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Fig. 13 - Linear cable engine; detail showing tracks and belts. 

For the performance evaluation and the endurance test, the completed 
cable machinery was set up in such a manner that the linear cable engine 
could be operated against one of the drums of the bow cable machinery 
which will be described below. A 1000-foot length of l!-inch diameter 
"Spring Lay" mooring line was spliced into a closed loop and was run 
through the linear engine and over one of the drums. Large horizontal 
sheaves were used to complete the loop. The machine was then run at 
various speeds and tensions up to a maximum of 8 knots speed and 8000 
pounds tension, and a wooden repeater having the size and shape of the 
prototype repeater was introduced into the inboard end of the machine 
and run through to check the articulation of the track. 

The linear cable engine was designed to pull up to tensions of 16,000 
pounds at low speed in the pickup direction. Pickup performance was 
checked by picking up at high tension with the machine in low gear. 
Next the brakes were set and a 40,000-pound static pull applied to the 
linear cable engine without slip or damage. 
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After successful completion of the performance checkout, the linear 
cable engine was run continuously day and night for 500 miles at 8 
knots with the wooden repeater being sent through at intervals cor­
responding to the 20-mile repeater spacing. In the final test the linear 
cable engine was mounted on angle blocks and run inclined at an angle 
of 22!o. Principal characteristics of the linear cable engine are sum­
marized in Table 1. 

VI. OTHER CABLE HANDLING EQUIPMENT 

In addition to the linear cable engine which was designed for steady­
state high-speed laying, it was necessary to provide drum-type cable 
engines for handling grapnel rope, buoy moorings, and various kinds of 
cable encountered in repair work on telephone, telegraph, and other 
cable systems. Drum cable engines are essentially large-diameter winches 
in which tensions are built up in several turns of cable. In the case of an 
ordinary deck winch the necessary back tension is applied by a seaman 
who pulls on the hawser on the low-tension side of the winch. For a 
drum-type cable engine, a so-called "drawoff-holdback gear" serves this 
function. 

The double-drum bow cable engine was also designed to handle rigid 
repeaters at low speeds during repair operations. This requirement called 
for large-diameter, wide drums and special auxiliary equipment. The 
12-foot diameter specified for the drums allowed some margin over the 
minimum called for by the repeater rigid length, gimbal angle, and cable 
bending radius; the three-foot width allowed for five turns of heavy 
shallow-water cable on either side of a repeater. 

As each turn of cable comes onto a drum, it tends to fall alongside the 

T ABLE I - LINEAR CABLE ENGINE CAP ABILITIES 

Cable diameter 
armorless cable 

(double-vee gripping) 
armored cable 

Repeater dimensions 
diameter 
length 

Speed 
high gear 
low gear 

Tension 
high gear 
low gear 

1.20" min.-1.80" max. 

1.20" min. * 

14" max. 
12' max. 

9 knots max. 
2 knots max. 

8,000 lbs max. 
16,000 lbs max. 

* Diameters greater than 1.80" contacted by "wings" on gripper blocks. 
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preceding turn; in other words, the cable "spools" itself across the drum. 
Drum cable engines are therefore normally fitted with so-called "fleeting 
knives" which plow the cable aside one cable diameter for each rotation 
of the drum to maintain the several turns of cable in an axially stationary 
position on the drum surface. To avoid rough treatment of the cable by 
a stationary knife, the cable engine was fitted with fleeting rings which 
rotate freely about axes inclined slightly with the axis of each drum. 
The rings are so oriented that they are further apart at the top of the 
drum, where the cable comes on, and closer together at the bottom so 
that, whether the machine is paying out or picking up, the oncoming 
cable falls freely onto the drum surface and then is pushed axially by 
contact with the inclined ring as the drum rotates. The several turns of 
cable, therefore, lie against each other and against one fleeting ring or the 
other, depending on whether cable is being picked up or payed out. 

The two drums are carried on antifriction bearings on stationary 
shafts which are cantilevered toward the center of the ship from opposite 
sides of a closed rectangular box frame. This type of mounting has two 
distinct advantages. First, the end of the "dead" shaft carries the sta­
tionary mounting for one fleeting ring. Since this structure is closed in 
by expanded metal panels, there are no moving parts which can be con­
tacted by a seaman walking between the drums. Second, the fact that 
the drums face each other facilitates transfer of cable or rope from one 
drum to another and decreases the size of the deck opening required. 

Each drum is driven by an independent direct-current electric drive 
system consisting of a heavy duty mill-type motor, a separately excited 
generator driven by one of the main propulsion turbines, and the neces­
sary amplidynes, excitation generators and control equipment. In the 
payout gear ratio, the engine is capable of paying out or picking up cable 
at tensions up to 16,000 pounds at speeds up to 8 knots. In two other 
gear ratios, tensions of up to 100,000 pounds can be handled at lower 
speeds. The drum speed and direction of rotation can be controlled 
manually from a console near the engine or remotely from the cable 
control center. In addition to the dynamic braking inherent in the elec­
trical drive, the drums have mechanical shoe brakes which can be applied 
hydraulically or by hand. 

In order to avoid bending the cable to a small radius and subjecting 
it to concentrated loads, a linear drawoff-holdback gear was designed. 
The linear design also facilitates handling of rigid repeaters and of rigid 
connectors in grapnel rope. A hydraulic drive system is used to allow 
operation at constant tension when functioning as drawoff or holdback 
gear and at constant speed if it should be necessary to use the gear as a 
cable hauler when loading cable. 
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Cable tension is measured by means of a dynamometer which deflects 
the cable and weighs the resulting component of cable tension. Earlier 
dynamometers consisted of large-diameter wheels or sheaves with load 
cells or other devices for indicating tension. The dynamometers for C.S. 
Long Lines substitute sliding of the cable on a curved "table" for the 
rotation of a large sheave. The load is weighed by a conventional load 
cell arrangement. 

To allow handling of repeaters without causing the overriding turns on 
the drum which would result if an attempt were made to fleet large­
diameter repeaters and cable together, the drawoff-holdback gear and 
dynamometer for each drum were arranged to traverse. Auxiliary travers­
able fleeting knives were also provided. When a repeater approaches the 
drum, the several turns of cable are fleeted away from the active fleeting 
ring by the traversable fleeting knife, which is then retracted. The 
drawoff-holdback gear or dynamometer is then traversed to direct the 
oncoming lead of cable onto the drum in such a manner that the repeater 
clears the cable on the drum. Several turns of oncoming cable are then 
wound onto the drum between the repeater and the active fleeting ring 
as the turns on the other side come off. Further rotation of the drum 
causes the turns to "spool" along the drum until they again contact the 
fleeting ring to complete the cycle. 

Fig. 14 is an artist's rendering of one drum of the bow cable engine 
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Fig. 14 - Cable engine drum with dynamometer and drawoff-holdback gear. 
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with its associated dynamometer and drawoff-holdback gear. Fig. 15 is a 
photograph of the actual drums as set up for test at the plant of the 
manufacturer. The fleeting rings can be seen in Fig. 16, which shows the 
starboard drum as installed in C.S. Long Lines. 

6.1 Cable Control Center 

On previous cable ships it has been the practice to control each cable 
engine from a nearby station so that the operator could maintain a 
watch on the engine and make speed adjustments by hand. Information 
needed for calculation of the required payout speed was collected from 
various sources throughout the ship. The required payout speed was 
then calculated, generally on the bridge, and payout speed or tension 
orders were then relayed to the engine operator. To integrate the cable 
laying operations and to permit a degree of automation, the concept of a 
"cable control center" has been introduced. This center was to be a 
room, located beneath the ship's bridge, containing all the instrumenta­
tion relating to the cable laying operation. It was also to be a control 
station from which any of the cable engines could be operated. Local 

Fig. 15 - Cable engine drums set up for manufacturer's tests. 
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Fig. 16 - Cable engine drum installed in C.S. Long Lines. 

control stations at each engine were still to be retained for periods when 
engine observation was necessary, such as during start-up or for cable 
repair operations. Fig. 17 shows the cable payout control console in 
the cable control center on C.S. Long Lines. 

6.2 Cable Engine Payout Control - Control J11 odes 

Submarine cable should be laid with just sufficient slack to enable 
conformance with the ocean bed, and to avoid residual tension in the 
cable after laying. Under these ideal conditions the cable tension at the 
ship during steady-state laying conditions would be essentially equal to 
what is usually referred to as the wh factor - that is, the product of the 
weight per unit length of the cable in sea water and the depth of the 
water. The tension at the ship will increase above this value if residual 
tension exists in the cable on the sea bed and conversely will be less than 
wh if sufficient excess slack is payed out to result in a significant longi­
tudinal velocity of the cable relative to the water. Severe ship's motion 
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Fig. 17 - Cable payout control console. 

will introduce transients into the steady-state laying conditions and wm 
cause undesirable tension surges if the cable is payed out at a fixed speed. 
These tension surges can be eliminated by paying out at a fixed tension. 

Because of the relationship among cable tension, payout rate, ship's 
speed, depth of water, and cable characteristics, a particular value of 
tension will yield a slack percentage which depends on the values of the 
other parameters. Because of uncertainties in some of these values and 
because of the sensitivity of payout rate to small changes in tension, it 
is not feasible to calculate the required value of tension from measured 
values of the other variables. A practical method, however, is to set up 
the steady-state laying conditions on the basis of cable engine speed as a 
result of ship speed and desired slack, to observe the resultant tension at 
that particular depth of water, and then to use this value of tension if 
ship's motion becomes excessive. Under tension control, the cable mileage 
payed out would be compared with distance steamed and the tension 
adjusted to increase or decrease the payout rate as required to produce 
the desired percentage of slack on the bottom. 

From these considerations the following basic modes of operation were 
selected: 
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(a) Manual speed control, to obtain a desired amount of slack to cover 
the contour of the sea bed. Because the linear cable engine can actually 
push cable out, it is possible to lay slack even in very shallow water 
where the tensions approach zero. 

(b) lVIanual tension control, to adjust the tension to give the average 
speed of the engine which results in the desired amount of slack. The 
instantaneous speed of the engine varies to reduce short-term tension 
variations. 

(c) Automatic slack control, in which the amount of required slack is 
calculated and set into a computer which controls the cable engine aver­
age speed to maintain the required amount of slack despite changes in 
ship speed. The fast-acting constant tension mode can still be retained 
to operate within the slow acting automatic slack control, and hence the 
effect of ship motion on the cable tension can be reduced. 

The control system design was based on these principles and also 
incorporated a fail-safe feature which was intended to ensure that if a 
component or power source should fail during the operation, control 
would revert without interruption to one of the simpler modes. The pri­
mary control of the engine was therefore mechanical speed control 
operating from a lever connected by a mechanical linkage to the stroke 
of the hydraulic pump which drives the engine. 

Improving on this to enable a more precise adjustment of speed is the 
closed-loop speed control system in which a handwheel, operating 
through clutches and gear reductions, drives a dc-excited potentiometer, 
the output of which is compared with a tachometer signal from the cable 
engine to yield an error signal capable of operating the pump stroke con­
trol via a servo valve and linkage. The basic tension control was con­
structed in a similar manner, but in this case the feedback signal is ob­
tained from a load cell arranged to measure cable tension. Again the 
error signal adjusts engine speed via the servo valve. Fig. 18 is a block 
diagram of the cable engine control system. 

The manual inputs for these three control arrangements are all in 
close proximity to the cable engine, and remote operation of the latter 
two systems is obtained by means of control motors activated by push 
buttons on the console in the cable control center. When remote opera­
tion is desired, the motors are clutched into the systems in place of the 
handwheels. All necessary information regarding the behavior of the 
engine or cable is transmitted to the cable control center by selsyn sig­
nals, or as dc voltages, and displayed on the cable payout control console 
as shown in Fig. 17. 

Once control of the engine, in either the speed or tension modes, is 
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transferred to the cable control center, the automatic slack mode can be 
superimposed on the system. Now the operator is merely required to set 
the required slack as the input to a computer, which then operates the 
speed or tension control potentiometers via a further series of servo 
motors, clutches and gear reductions. 

The computer is, for reasons of simplicity and reliability, merely a 
refinement of the cone-and-cylinder type of mechanical computer used 
for many years on cable ships and miniaturized for convenience. As a 
standby a proprietary electronic computer is also available in the cable 
control center, and control could be readily transferred to this if neces­
sary. 

A separate unit was provided in the cable control center for the sole 
function of providing a continuous indication of cable mileage and taut 
wire mileage. This unit, which is shown in Fig. 17, operates independently 
of the other systems and is actuated by small pulse generators attached 
to each engine. The pulse generating units transmit one pulse for each 
fathom. of cable or wire to an assembly of stepping switches. The ac­
cumulated count is displayed on "Nixie" readouts. Remote repeaters 
with identical readouts are also provided in the test room, on the bridge, 
and on the forecastle. This type of presentation was selected to avoid the 
noise of counting relays in the test room and on the bridge, and to allow 
all units to be zero-set or reset simultaneously from one location. 

VII. CONCLUSION 

The cable engines and control system were checked out during several 
short crew-training cruises soon after delivery of the ship. Cable and re­
peaters were payed out by the linear cable engine at speeds up to 8 knots 
in all control modes. The drum engines successfully handled armored 
cable, armorless cable, repeaters, grapnel rope, chains, shackles and other 
hardware. 

Note Added in Proof 

As of May 15, 1964, the linear cable engine has payed out appro xi­
Ina tely 8200 nm of SD cable systems. 

APPENDIX A 

Cable Gripping 

Consider an armorless coaxial submarine cable having a high-strength 
steel central member surrounded by a coaxial transmission structure con-
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sisting of thin copper sheet and polyethylene dielectric. An axial tensile 
load on the strength member can only be dissipated by axial shear forces 
applied to the external surface and transmitted through the transmis­
sion structure to the central strength member. The magnitude of the 
maximum allowable axial shear force per unit length will be limited be­
cause the shear stresses in the copper and polyethylene, and particularly 
on the interfaces, must be kept to a minimum. For a given allowable 
maximum shear force per unit length, the linear cable engine which 
makes most efficient use of gripping length is that which applies a uni­
form shear force per unit length to the cable. 

Assume that a linear cable engine can be designed so that the tension 
in the cable is dissipated uniformly in a gripping length A. The tension 
distribution will then be as shown in Fig. 19. As a basis for the design of 
a cable engine which would achieve this tension decay, it is of interest to 
calculate the displacement of the cross section of the center conductor 
at the high-tension end of the machine. 

The axial strain in the center conductor is given by 

€ = T/EA (1) 

where 

T = local tension 

E = Young's modulus 

A = cross-sectional area of the strand. 

If the axial strain is integrated from the point in the cable at which the 
tension is zero, we find that the cross section at the high-tension end will 
move, with respect to the assumed stationary cross section at the zero 
tension point, an amount given by 

U = !€maxA (2) 

or 

U = ToA/2AE. (3) 

With a knowledge of the cable properties the maximum displacement 
could be calculated from (3). To avoid becoming involved in the details 
of the cable design it is more convenient to work directly with (2) and 
the fact that the strength member will be composed of "improved plow 
steel." Since this type of steel has a tensile strength of 300,000 psi and 
its Young's modulus is 30 million psi, the maximum strain in the strength 
member will reach 1 per cent under the ultimate load. For lower tensile 



CABLE PAYOUT SYSTEM 1423 

Z-" 

Fig. 1D - Uniformly dissipated cable tension distribution. 

loads the maximum strain in the cable will be given, approximately, by 

(4) Emax = T . E(max)(ultimate) • 
o(ultimate) 

Equation (1) can llOW be put into the form 

1 To 
u = -2 T . E(max)(ultimate) • A 

o(ultimate) 
(5) 

and the total displacement can be evaluated for a given operating ten­
sion, ultimate tension, and gripping length. The gripping length, in 
turn, is determined by the allowable shear force per unit length. 

Fig. 20 is a plot of normal stress on the center conductor of an armor­
less cable having bonded interfaces and subjected to a tension T on a 
V-groove sheave of radius R and V-groove angle cpo In the special case 
where the V-groove angle equals 180°, the two normal reaction forces on 
the cable surface coalesce into one and we have an ordinary cylindrical 
drum. The calculations were actually made for this case, and the 90° 
situation was obtained by superposition. 

For both the 90° V-groove and the plain cylindrical drum there are 
negative normal stresses on the center conductor in certain regions. 
Unless the cable has a bonded interface with sufficient strength to tolerate 
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Fig. 20 --- Center conductor normal stress --- one V -block. 

the tensile stresses or there is a shrink pressure on this interface equal to 
the maximum tensile stress, there will be separation and of course the 
calculated stress distributions will no longer apply. 

Fig. 21 depicts the center conductor normal stress distribution for the 
case of two symmetrically located V-blocks which represent the gripper 
blocks of a linear cable engine. In this case the radius of the equivalent 
V-groove sheave has gone to infinity and the finite cable tension can give 
no normal component of force. The two blocks must therefore be 
squeezed together. It is to be noted that the normal stress on the center 
conductor interface does not become tensile anywhere around the circum­
ference. This type of gripping will therefore not cause radial separation 
of an armorless cable with unbonded interfaces, a polyethylene dielectric 
and a ratio of outside radius to center conductor radius of four. 

The cable gripping forces which are shown as concentrated in Fig.· 21 
will actually cause slight flat spots to develop on the cable and the con­
tact stress distribution will be semielliptical, as shown in Fig. 22. The 
pressure distribution around the outer periphery of the cable can be 
represented by a Fourier series which will have a constant term given by 
the average pressure distribution which, in turn, is simply the sum of the 
four contact forces divided by the outside circumference. In addition 
there will be a series of sinusoidal terms. If the center conductor is as-
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Fig. 22 - Contact stress distribution - two V-blocks. 
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sumed to be infinitely rigid and the polyethylene incompressible, the 
average pressure term will be transmitted undiminished to the center 
conductor. The various sinusoidal terms will be attenuated in some 
fashion, but in any case their contribution to the average pressure on the 
center conductor interface will be zero. The average pressure on the 
center conductor interface will therefore be equal to the average pressure 
on the external circumference of the cable. 

The frictional shear stress which can be developed on any cylindrical 
interface will be given by the product of the coefficient of friction upon 
that interface and the normal pressure. The shear force per unit length 
which can be transmitted across the interface can be obtained by in­
tegrating the frictional shear stress around the circumference. If the 
coefficient of friction is independent of pressure, the frictional shear 
force at the condition of impending slippage will be given by the product 
of the coefficient of friction, the circumference, and the average interface 
pressure. For the center conductor interface we have 

T i = 27rf if.1.iP i(av) 

and for the outer surface 

where 

and 

P i(av) = P o(av) 

Po (av) = 4J/27rfo 

T = slip value of frictional shear force per unit length 

r = interface radius 

f.1. = coefficient of friction 

P = pressure 

(6) 

(7) 

(8) 

(9) 

J = compressive force per unit length for the area of contact with 
each of the four plane faces of the gripper 

and the subscripts "i" and "0" refer to inner and outer, respectively. 
Combining (6), (7), (8), and (9) yields 

(10) 

Equation (10) indicates that slip will occur on the center conductor in-
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terface for values of shear force per unit length which will not cause the 
outer jacket to slip in the V-blocks unless we have 

(11) 

Since the coefficient of friction on the center conductor interface will be 
approximately 0.16 and the ratio of outside to inside radius will be ap­
proximately four, inequality (11) calls for an external friction coeffi­
cient of less than 0.04. It was not considered feasible to maintain this 
value of coefficient of friction between the outer surface of the cable 
and the gripping elements of the cable engine. A shear limiting feature, 
which allowed axial motion of the gripper block at a shear force per unit 
length which would not cause slip on the center conductor interface, was 
therefore included in the track design. 

Equations (6), (8), and (9) can be combined to give 

(12) 

or, for our case 

(13) 

since the outside-to-inside radius ratio is four. 
Experimental work on gripping of cable in double V-blocks has es­

tablished 500 pounds per inch as the maximum allowable contact force. 
A design value of 250 pounds per inch was used in setting the allowable 
shear force per unit length. Substitution of this value and of the previ­
ously mentioned coefficient of friction of 0.16 into (13) gives 

T(shear limit) ~ Ti(max) = 40Ib/in. (14) 

The T notation is used for the shear limiter setting because the effect 
of an ideal shear limiter is equivalent to slip of the jacket in a gripper 
block. The active gripping length is then 

A = (15) 
T(shear limit) 

and (3) and (5) can be written 

u= 
2AET(shear limit) 

(16) 

and 

To2€(max) (ul timate) 
U = ----~--~----~-

2To(ultimate) T(shear limit) 
(17) 
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respectively. For the cable in question we have 

To(ultimate) = 16,000 lb 

€(max) (ultimate) = 0.01 

and 

T(shear limit) = 40 lb/in. 

whence 

1(, (18) 

for To in pounds. 
If this cable were gripped and tensioned in such a manner as to achieve 

the linear decay of Fig. 19 for all tensions up to the nominal ultimate, 
(18) would give 

1l(To=16.000 Ill) = 2 in. 

For smaller working tensions the required shear limiter travel decreases 
parabolically and 

1 • 
U(To=8.000 Ib) = 2" In. 

APPENDIX B 

Bearing Reliability* 

The bearing industry defines the life of bearings as that period of 
service which is limited by fatigue phenomena. The fatigue-limited life 
terminates in what will be referred to as the "initial failure" of a bearing. 
It is characterized by fatigue of the material due to repeated stress under 
rotation resulting in flaking and ultimately in spalled areas on the rollers 
and/ or races of the bearing. This initial failure will not make a bearing 
inoperable for cable engine application but will merely tend to increase 
the noise level and possibly the rotating torque to a small degree. 

When a bearing is operated after initial failure the spalled areas in­
crease in size until ultimately the bearing is incapable of performing its 
design function. It may "lock-up" so that the cup and cone cannot ro­
tate with respect to each other, or the rollers and cage may disintegrate, 
allowing large radial displacements of cup with respect to cone. In either 
of these cases the bearing will be said to have failed catastrophically. 

Since castrophic failure is a result of running an initially failed bearing 

* Furnished by G. J. Levcnbach and T. N. Grogcan. 
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beyond initial failure, it is necessary to discuss the fatigue life of bear­
ings as a basis for discussion of the subsequent catastrophic failure. 

B.1 Initial Fatigue Failure 

The following discussion is based on the assumption that the bearings 
are run under ideal conditions. We assume proper lubrication, the ab­
sence of foreign matedals, isolation from the atmosphere, and proper 
installation and handling. 

vVith these assumed running conditions, the probability that no initial 
fatigue failure will occur in a bearing running for a given time is con­
tained in a formula given by Palmgren:2 

(19) 

where 

S = probability of a bearing exceeding a life Ls 

Ls = life measured as a fraction of the life exceeded by 90 per cent 
of population of bearings (so-called BlO life) 

b = shape constant in the Weibull distribution. 

Palmgren's formula is based on extensive experimental evidence that the 
fatigue failure time distribution can be described by a Weibull distribu­
tion. 

For a sample of n bearings the probability, Sn , that all of them exceed 
Ls is derived from (19) and takes the form 

S. = exp [ - (L,)'· ~J (20) 

where a is a conversion constant given by 

10glO e 
a = 9.5 

10glO (0.9)-1 

and e is the base of the N aperian logarithm. 
The shape constant b is a property of a specific type of bearing.3 Palm­

gren notes that for commonly used bearing steels b has values in the 
range of 1.1 to 1.5. 

Data obtained from 30 bearings fatigue-failed by Timken Roller 
Bearing Company can be used to estimate the shape factor b. When the 
data listed in Table II are plotted on Weibull probability paper the sam­
ple distribution should appear as a straight line.4 The slope of the line 
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TABLE II-INITIAL FAILURE PATTERN OF TEST LOT OF 30 LMl1700 
SERIES TIMKEN BEARINGS (TIMKEN TEST NUMBER 151.3-G) 

N umber of bearings 
exceeding life L, 

L, 

29 

0.64 

23 

2.80 

16 

5.00 

10 

9.0 

3 

9.90 

gives an estimate of b = 1.45. Using (20), this can be used to calculate 
the probability that no bearing failure will occur in h hours of operation. 
This probability is plotted in Fig. 23. 

The expected number of failures (n') in h hours can be determined 
by multiplying the probability of a bearing failure p by the total number 
of bearings n and noting that the probability of a bearing fatigue-failing 
is p = 1 - s. 

n' ~ pn ~ (1 - S)n ~ [1 - exp {_(L,)b.~}Jn. (21) 

Equation (21) is plotted in Fig. 24 showing the expected number of 
failures vs hours of operation. 
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Fig. 24 - Expected number of failures in h hours. 

Another useful result is the probability that there will be N or more 
bearing failures in a given number of hours. Basically this can be de­
scribed by a binomial process. The binomial formula gives the probability 
of N failures of a total of n bearings. For easy computation, this can be 
approximated by using the pn in the previous discussion as the parameter 
in the Poisson distribution. The resulting relation shows 

P = e-pn t (~n)i 
i=N 1,! 

(22) 

where P is the probability that there will be N or more failures in a total 
number n with pn the expected number of failures. Equation (22) is 
plotted in Fig. 25 for P vs N for various values of h. 

It is seen from the previous discussion that there is a high probability 
that there will be initial failures in relatively short operating times. For 
example, in 300 hours, which is roughly the time for one ocean crossing, 
Fig. 23 shows that there is only 70 per cent probability that there will be 
no bearing failures; Fig. 24 shows that the probable number of failures is 
approximately 1; and Fig. 25 shows that there is a 5 per cent probability 
that there will be 2 or more. 

With these facts known for bearings run under ideal conditions, it is 
necessary to accept the fact that there will be initially failed bearings in 
the cable engine during extended running periods. The possibility of 
propagation to catastrophic failure is therefore of interest. 
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B.2 Failure Propagation 

The bearing industry has not been greatly concerned with catastrophic 
failure; consequently, little information is available. At the request of 
Bell Laboratories, Timken Roller Bearing Company ran accelerated life 
tests on four bearings of the type considered here. The four bearings were 
run on their laboratory fatigue test machines at high speed under heavy 
load with oil lubrication. Two of the four bearings experienced what 
might be considered catastrophic failure at the end of 3.4 and 4.0 BlO 
life. The other two. were still operable at the end of 4.7 BlO life. 

In addition to this accelerated test result, Timken supplied Bell Labo­
ratories with twenty bearings which had been run to the point of initial 
fatigue failure with oil lubrication. Eight of the twenty bearings were run 
under prototype loads at prototype speed by Western Gear Corporation 
and lubricated every 400 hours with Shell Darina A-X. The test was 
terminated after 3020 hours with little change in running properties. 
Pictures taken before and after the test indicate that the failure did not 
propagate to any considerable degree. 

The remaining twelve fatigue-failed bearings were tested at Bergen 
Research Engineering Corporation. In this case they were initially 
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greased with Shell Darina A-X and run continuously without further 
lubrication. At 5500 hours the driving torque on one roller had increased 
significantly, and the test rig was shut down. Inspection indicated that 
the grease had become dry and hard in both bearings of the offending 
roller. The remaining rollers were regreased and the test resumed. 

At 5850 hours, it was observed that several seals had been forced out 
against the ends of the rollers, apparently because dried grease had 
blocked the vent fittings. The test was therefore terminated at 5850 
hours and all twelve bearings were returned to the Timken Roller Bear­
ing Company for examination. Photographs taken before and after the 
5850-hour failure propagation test were compared. Although there had 
been a considerable increase in spalled areas in some cases none of the 
bearings could be said to have failed catastrophically. 

B.3 Interpretation of Results 

Because of the small amount of failure propagation data available, it 
is not possible to develop a failure distribution theory similar to that 
which applies to the initial fatigue failure. It might, however, be of in­
terest to look at the results under the somewhat tenuous assumption 
that the times to catastrophic failures are exponentially distributed. 

(a) Assuming the accelerated life test of the four bearings terminated 
at 4.0 BIG, which is conservative, we estimate the mean life for cata­
trophic failure to be5 

Oa = 231,000 hours = 7.7 BlO . 

(b) Assuming one failure in the eight-bearing test to have occurred 
at 3020 hours provides an estimate of 

Ob = 24,000 hours = 0.8 BIG. 

(c) Assuming one failure in the 12-bearing test to have occurred at 
5500 hours provides an estimate of 

Oe = 66,000 hours = 2.2 BlO . 

Taking the lowest estimate at its face value would yield a probability 
that an undetected initial fatigue failure would not propagate in the 
next 300 hours to the point of catastrophic failure as 

exp (-tiO) = exp (-300/24,000) = 0.99. 

This result is conservative in that there was actually no catastrophic 
failure in the eight-bearing test. 
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Design and Powering of Cable Ship 
"Long Lines" 

By J. H. BUTLER, C. J. ALTENBURG, R. J. McSWEENEY 
and L. E. SUTTON* 

(Manuscript received March 31, 19G4) 

The C.S. "Long Lines" was designed both to lay the new SD submarine 
cable system and to repair new and existing undersea cables. lFithin the 
limits imposed by this dual purpose, an entirely new cable ship design has 
been evolved which gives maximum working efficiency, maneuverability, and 
stability. While most of the special features of the ship - wide-range power 
plant, cable storage and handling facilities, etc. - are the result of its special 
function, a great deal of attention has been paid to providing optimum 
working conditions for, and safety of, the ship's complement. 

1. INTRODUCTION 

1.1 Factors Affecting Ship Design 

The primary purpose of the new Cable Ship Long Lines was to lay a 
new type of cable system. Its secondary, but scarcely less important, 
purpose was to be capable of repairing all existing and new cable systems, 
both telephone and telegraph. The ship then, a tool in itself, had to 
carry other tools or hardware to do the job for which it was de­
signed. First in importance were the cable tanks, the number and size 
depending on the amount and type of cable to be carried, then the means 
of payout for laying, and last the type of pickup for repair work.1 ,2 

Speed and range were developed when the owner specified the extent 
of the_ship's run, its longest service steaming time, and its time on the 
so-called "cable grounds.)) 

Since the Long Lines was to be at sea for long periods of time and 
carry a multimillion-dollar cargo, great emphasis was put on the relia­
bility of the ship and its component parts. All machinery and equipment 
used were designed to operate satisfactorily with a momentary roll of 
30 degrees to either side or a pitch of 10 degrees, a permanent list of 

* All of Gibbs & Cox, Inc., New York, N.Y. 
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15 degrees to either side, and a permanent inclination of 5 degrees in 
either direction fore and aft. 

Various agencies whose regulations had to be considered in the design, 
construction, and installation of all its parts, equipment, and outfit are 
listed in Appendix A. This listing shows that, in addition to the owner's 
specifications, regulations had to be followed with regard to the con­
struction of the ship itself, the machinery, auxiliaries and outfit, the 
safety of the ship in the event of damage by flooding or fire, and the 
safety of the crew and those engaged in loading the ship. 

1.2 Contract Specifications and Plans 

When the cable and repeater laying techniques had been developed 
and test facilities and other requirements determined, authorization was 
given by the Long Lines Department of the American Telephone and 
Telegraph Company to proceed with the preparation of bidding data for 
a new cable ship. These data included the preparation of detailed ship 
specifications incorporating the requirements for the ship itself, its 
detailed characteristics, full machinery and electrical requirements, 
outfit, accommodations, messing, and decoration. 
~, In addition to these specifications, approximately 30 contract plans 
and numerous other detail plans were prepared as further guidance to 
the prospective contractor. These included ship construction, ship 
arrangements, and plans peculiar to a cable ship, viz., bow sheaves, 
electronic spaces, jointing room, drum room, etc. 

1.3 Opening of Bids and Contract Award 

All of the foregoing bidding data were incorporated as a package unit 
and transmitted to shipyards in several countries who had expressed a 
desire to bid on the ship. A period of eight weeks was allowed for the 
preparation and submittal of the bids to the owner. The contract was 
awarded to Schlieker Werft of Hamburg, West Germany, who submitted 
the lowest bid. 

Owing to the unfortunate circumstances of bankruptcy proceedings 
against Schlieker Werft when the ship was about ninety per cent com­
pleted, it was taken out of this yard and completed at Deutsche Werft, 
Hamburg, West Germany. 

II. DESIGN 

The design of a special-purpose ship such as a cable ship is complex 
and requires consideration of many factors not usually encountered in 
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cargo ship design. The discussion that follows has been limited to areas 
of particular importance in cable operations. 

2.1 Selection of Hull Form 

A cable ship must be a stable working platform and have good sea­
keeping qualities. It must operate at a variety of speeds and with varying 
loads. Consequently, considerable attention must be paid to the hull 
form. 

A ship that is to be operated at high speeds is designed with relatively 
fine lines, while a ship operated at lower speed can have much fuller 
lines. This is because at low speeds the frictional resistance, which de­
pends on the area of the ship below the water line, is most important, but 
at higher speeds the wave-making resistance increases in importance; 
it is desirable to reduce this as much as possible by fining down the ends 
of the ship. The fineness of a ship is indicated by the block coefficient,3 
which is the volume up to the designed water line divided by the product 
of the length, beam and draft of the circumscribing block, thus: 

where 

V 
Cb = L X B X d 

v = volume of displacement in cubic feet 
L = length of ship at load waterline in feet 
B = extreme immersed breadth in feet 
d = draft of water in feet 
Cb = block coefficient (or coefficient of fineness). 

The block coefficient is selected fine enough to give a reasonably low 
resistance when the ship is propelled at the design speed, but high enough 
to avoid an excessively large and costly ship. In selecting the block 
coefficient, the speed of the ship considered is not the actual speed but a 
speed in relation to the length of the ship, namely the design speed 
divided by the square root of the length. A longer ship can therefore be 
made fuller than a shorter ship for the same speed. 

The heavy weights of the bow sheaves and the cable engines located 
at the ends of the vessel increase the moment of inertia and have a 
tendency to increase the pitching motion. This was considered in the 
development of the lines in order to reduce this adverse effect as much as 
possible. 
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2.2 Displacement and Light Ship Weight3 

The displacement of a ship is the total weight of the water displaced 
by the ship, and is equal to the weight of the ship itself (light ship 
weight) and all weights carried on board. The full load displacement is 
the light ship weight plus the deadweight. The deadweight is the total 
of the variable weights on board. 

The light ship weight can be divided up into the weight of the hull 
structure, equipment and outfit, and machinery. In the case of the Long 
Lines, these weights and the deadweight are subdivided as follows: 

(1) hull structure, the weight of the steel in the hull; 
(2) equipment and outfit, the weight of all joiner work and furniture, 

all machinery for handling the cable, steering gear, anchors and cable 
gear, boats and all other equipment needed for operating the ship, including 
the electric generating plants for the ship's use, and the approximately 
62 miles of electric cable in the ship; 

(3) machinery, the weight of all machinery and auxiliaries needed 
for the propulsion of the ship at the required speed j and 

(4) deadweight, the weight of the cable, water in cable tanks, spare 
cable, cable gear (such as buoys, grapnel, rope, etc), crew, stores, fresh 
water for ship's use, reserve feed water for boilers, and fuel oil for the 
specified cruising range, part at full speed, part at cable laying speed. 

With the exception of the first few items of deadweight that are the 
owner's requirements, all other weights are interrelated and depend on 
the size of the vessel. The procedure, therefore, is to select a family of 
ships of different displacements with proportions and coefficients based 
on data from other ships. Preliminary rough estimates of the weight of 
hull, equipment and outfit, horsepower required and weight of machinery 
and fuel oil for each of these ships are then made. Based on these esti­
mates, dimensions of a hull able to carry the required payload are se­
lected for further consideration. Arrangements are then drawn up to 
check that sufficient space is available for cable tanks, cable handling, 
machinery, crew accommodation, etc. Based on these arrangements, 
additional checks are made of the weight, and adjustments are then made 
of the dimensions. 

2.3 Stability 

In selecting the dimensions of the ship, the operational stability of the 
ship has to be considered. The stability depends on both the vertical 
location of the center of gravity of the loaded ship and the beam of the 
vessel. With a given center of gravity, the beam must be wide enough 
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to avoid excessive heel due to high wind abeam or excessive angles of 
roll in a seaway. On the other hand the beam must not be too wide, since 
this may result in an excessively fast period of roll and violent motions 
when rolling, making it hazardous to move around on the deck. 

When the ship is floating upright as shown in Fig. l(a), the weight of 
the ship and its contents, W, acting downwards through its center of 
gravity, G, is opposed by an equal buoyance force acting upwards 
through the center of buoyancy, B, and the ship is in equilibrium. The 
buoyancy is the sum of the vertical components of the water pressure 
acting on the outside of the hull, and is equal to the weight of the water 
displaced by the ship. The center of buoyancy is the center of gravity 
of the underwater volume of the ship. 

If the ship is heeled over by an external moment, the buoyancy pro­
vided by the wedge A in the upright position is replaced by the buoyancy 
provided by the wedge AI. As a result the center of buoyancy moves 
from B to BI and the weight and the buoyancy are no longer in line but 
provide a couple, W· GZ, tending to bring the ship back to the upright 
position, as shown in Fig. 1 (b). 

The force acting through the center of buoyancy intersects the center­
line of the ship at a point M. This point is called the metacenter. It is 
constant for moderate angles of heel at a particular water line. 

The location of the metacenter for different drafts depends only on the 
width and properties of the water line and the displacement at that 
draft, and can readily be calculated. 

Since the stability of the ship depends on the location of the center of 
gravity in the different loading conditions, careful calculations of the 
center of gravity of the light ship and all items of deadweight are made in 

_- - - MOMENT 

W

t
' G 

------- - -- ---

W B 

(a) (b) 

Fig. 1 - Factors affecting stability: (a) equilibrium state; (b) heeling. 
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order to be able to calculate the center of gravity and the stability for 
each loading condition. 

The freeboard, or the distance between the water line and the deck 
at side, is also an important factor in the safety of the ship, since it 
determines the maximum angle of heel the ship can take without losing 
stability and increasing the chance of capsizing. 

The righting moment is W·GZ where GZ = GM sin cp. GM is referred 
to as the metacentric height, and is a measure of the stability of the ship. 

2.4 Model Testing 

When the dimensions and coefficients of the ship have been selected, 
a preliminary set of lines defining the shape of the hull is drawn, and a 
scale model of the ship's hull is built for testing. 

This model is towed in a tank to determine the resistances of the hull 
at different speeds. The results of these tests are compared with the 
results of other model tests to determine that the resistance is reasonably 
low. Often several sets of lines are tested in order to obtain the best pos­
sible lines. 

After completion of this towing test for bare hull resistance, the hull 
is tested with appendages added such as bilge keels* and rudders, and 
finally a self-propelled test is conducted to determine the interaction of 
the hull and propeller, the propulsion coefficient, and the actual horse­
power required to drive the ship at different speeds. 

In order to insure that the flow around the hull is as smooth as pos­
sible, especially near the propellers, where an unsatisfactory condition 
could lead to hull vibrations, the models are frequently tested in a 
circulating water tank. In this tank the water is moved in a uniform 
stream at different speeds by large pumps and the model remains sta­
tionary. Tufts are attached directly to the hull or to small pins a short 
distance from the hull. Windows are provided in the side and bottom 
of the tank, permitting observation of the direction and steadiness of 
the flow as indicated by the tufts. In addition, small quantities of dye 
are injected in the water at different points along the hull to indicate the 
flow. The model is observed both with and without the propeller running 
at the correct rpm for the relative speed of the ship and water, in order 
to observe the effect of the propeller on the flow around the model. 

For Long Lines, preliminary tests for bare hull and appendaged hull 

* A bilge keel is a long fin running fore and aft and fitted to the hull, port and 
starboard sides at the turn of the bilge, to reduce rolling. In the case of the Long 
Lines these bilge keels were designed with a deeper than usual profile and a shorter 
longitudinal extent in order to minimize resistance and increase damping to effect 
a steady cable laying platform. 
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(with bilge keels attached to the hull, bossings and rudders) resistance 
were conducted at Stevens Institute of Technology using a scale model 
of wood, approximately five feet long. 

In addition to these still water tests, the Stevens Institute Towing 
Tank conducted tests on the 5-foot model to evaluate the behavior of the 
ship in waves. Two types of long-crested irregular "seas" were chosen, a 
moderate sea with a significant height* of 19 feet generated by a 28-knot 
wind, and a steep sea with a significant height of 28 feet generated by a 
33-knot wind. Test conditions were chosen to simulate full-scale opera­
tion when laying cable over the stern at slow speeds and repairing cable 
over the bow at zero speed. For each sea type, ship speeds were varied 
fronl zero to 14.6 knots for head seas, zero to 11.6 knots for following 
seas and zero speed for bow, beam and quartering seas. The model 
demonstrated superior seakeeping qualities under all conditions, and 
it was concluded that cable operations could be conducted under all 
conditions except steep head seas for ship speeds of about 10 knots and 
above. 

On the basis of these test results, final ship lines were chosen for test­
ing at the David Taylor lVIodel Basin, Washington, D.C. Using a larger 
scale model, about twenty feet long, made of special wax, bare hull and 
appendaged hull resistance of the ship were tested. Then, with a suit­
ably chosen set of stock propellers, the self-propelled tests were run. The 
deep water basin where these tests were conducted is 2775 feet long, 51 
feet wide and 22 feet deep. 

Lines of flow for bilge keel locations were also determined at the David 
Taylor l\10del Basin. After completion of the self-propelled test series, 
the fully appendaged model was checked in the circulating water channel 
at several displacements and under various operating conditions. 

Final model tests were conducted by Schlieker Werft at the Hamburg 
l\/Iodel Basin, Hamburg, Germany. These tests were all conducted at 
the full load displacement of the ship, and comprised an appendaged 
resistance test with several self-propelled tests. The self-propelled tests 
employed a series of propellers and formed the basis for the selection of 
important characteristics of the propellers designed for the ship. 

2.5 Inclining Experiment 

When the ship is essentially completed, the calculated light ship weight 
and the center of gravity of the ship are checked by the shipbuilder by 
means of an inclining experiment. 

* The significant height of a wave system is the average of the highest one-third 
of the waves which pass during an interval. 
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The ship is moored in such a way that it floats freely with minimum 
restraint. The draft of the ship at the draft marks is measured carefully 
from open boats simultaneously on both sides, forward, aft and midship, 
and the specific gravity of the water is obtained from samples at several 
locations along the ship. From this information and the shape of the hull 
the displacement of the ship in the inclined condition is very accurately 
determined. 

The ship is inclined by moving one or more weights from a location 
on the centerline of the ship, Fig. 2 (a) . 

The weights are moved to several positions away from the centerline 
of the ship, first on one side, then on the other, and finally on the center­
line. The distance of the weights from the initial position is carefully 
measured after each movement and the resulting heeling moment 
w' x (a moment tending to incline the ship away from the upright po­
sition) is calculated.3 

The angles of heel cf> for each position of the weights are obtained by 
measuring the deviation of three long pendulums in different locations 
in the ship. The tangents of these angles are plotted against the cor­
responding heeling moments to keep a check on the consistency of the 
readings, since theoretically all observed points should fall in a straight 
line through the origin of coordinates. 

If the displacement of the ship is W, and the heeling moment is W'x, 
then, from Fig. 2(b) 

wx 
GGI = W = GM tan cf> 

1>*' ~=-=-_~:.~ __ ~ 1. ____ _ 
I I ------

WOOD 
PENDULUM I BATTEN 

(a) (b) 

Fig. 2 - Inclining experiments: (a) placement of weights; (b) forces affecting 
height of center of gravity during heeling. 
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Taking the average value of (tan ¢/wx) from the plot, the distance G]J;1 
is calculated. Since the location of the metacenter lJ;1 for the inclined 
condition is known, the location of the center of gravity of the ship in the 
inclined condition can be determined. 

At the time of the inclining experiment the ship is completely sur­
veyed, and the weight and location of all items needed to complete the 
ship is noted. All items aboard the ship not belonging to the light ship 
weight, such as inclining weights, liquids in tanks, tools, etc., are also 
recorded. By addition or deduction of the weight and moments of these 
items from the weight and moments of the ship as inclined, the light 
ship weight and center of gravity can be calculated. 

Based on the inclining experiment, a stability book is prepared giving 
all information to the l\/Iaster to enable him to load the ship to insure 
sufficient stability in all conditions of loading. 

2.6 Flooding and Damaged Stability 

The ship is divided into compartments by transverse watertight 
bulkheads spaced so that if any two adjacent compartments are 
flooded the ship will not sink. The ship loses stability when flooded, and 
it is possible that even if the ship would not sink, it could capsize due to 
insufficient stability or excessive heeling moments due to unsymmetrical 
flooding. The effect of the flooding of adjacent compartments on the 
stability of the ship is therefore calculated for different drafts, and the 
minimum initial stability that the ship requires before damage occurs is 
obtained. The stability required to prevent capsizing in case of damage of 
the most critical adjacent compartments for different drafts is tabulated 
in the stability book, and the ship must meet this requirement in all con­
ditions of loading. 

III. MANEUVERABILITY 

Early in the conceptual period of Long Lines it was recognized that 
a high order of maneuverability and precise control of propulsion power 
were required to permit the full exploitation of the advanced cable 
handling techniques. 

A cable ship should be capable of precise, rapid maneuvering at low 
speeds, such as is desirable in grappling and coming-up on a buoy, and 
should be able to maintain accurate station-keeping in adverse sea and 
weather conditions when standing on a cable. These requirements 
demand consideration of maneuverability aids and a propulsion system 
which is easily and rapidly controllable and can provide high propeller 
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torques at low speeds for rapid accelerations. Further, it is desirable 
that the propulsion plant be readily adaptable to remote control, in 
order to permit maneuvering the ship for cable handling from the most 
advantageous position. This approach eliminates the time lag and op­
portunity for misunderstanding inherent in systems in which orders are 
communicated through several people to the engine room. 

3.1 111 aneuverability Aids 

3.1.1 Number of Screws 

Twin screws versus a single screy,' were considered and selection was 
made in favor of twin screws. 

3.1.2 Rudders 

Twin spade rudders were selected and are located in the propeller 
race. They have an area 50 per cent larger than normally used for 
merchant vessels, and rudder angles of 45 degrees instead of the usual 35 
degrees, thus providing sharper turning angles. 

3.1.3 Bow Jet 

A propeller-driven bow jet was decided upon as an effective aid in 
maneuvering with the vessel operating at very low speed. The propeller, 
5 feet in diameter, is mounted in an athwartship tunnel near the bow and 
is driven by a reversible dc electric motor through a reduction gear. It 
is controlled from the wheelhouse and from forward and aft control sta­
tions. 

IV. PllOPUIJSION STUDIES 

Various propulsion schemes were studied in the light of the ship 
requirements, and it quickly became apparent that a variable-voltage 
direct current system provided precisely the requirements desired. Its 
primary advantages are as follows: 

(1) Very large torques (limited by shaft strength to 175 per cent of 
full load torque) are available at any propeller speed from zero to full 
speed. This is essential to provide the rapid propeller accelerations and 
reversals demanded by the precise ship maneuvering requirements. 
Propeller reversals from full ahead can be accomplished in less than two 
seconds. 
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(2) Remote control is easily accomplished by the provision of a simple 
rheostat and appropriate instrumentation at the remote location. 

(:3) Propeller speed is smoothly and continuously variable from zero 
to full in either direction. 

(4) The ship will spend a great deal of its life at reduced powers during 
cable operations; electric drive permits available propulsion prime 
mover power during these periods to be used for other purposes, such 
as supplying cable engines and some of the ship's service electric power. 

(5) Electric propulsion is inherently flexible, permitting shutdown of 
unused units during periods of low demand and easy cross-connection 
in the event of a casualty. 

The major disadvantages of dc electric propulsion are its relatively high 
weight and somewhat low efficiency. The high weight is acceptable in 
return for the desired operating characteristics. The low efficiency is not 
very significant in this ship bec:1use the low propulsion power of the 
ship, combined with the high hotel and auxiliary power demand created 
by the working nature of the vessel, results in the propulsion power 
being a much smaller percentage of the total ship's power requirements 
than in most conventional ships. A large portion of the ship's operating 
time will be at very low propulsion power for cable laying (about one­
eighth power), decreasing the importance of high propulsion efficiency. 

4.1 Selection of Prime 1I10ver 

Having selected dc electric drive, there remained the question of the 
type of prime mover to power the generators. After preliminary studies 
diesel engine and steam turbine prime movers were selected for further 
study. Their respective advantages are as follows: 

(1) Advantages of the diesel engine 
(a) lower first cost, 
(b) lower weight of fuel required, 
(c) lower machinery weight, 
(d) lower amount of fresh water required, and 
(e) smaller machinery spaces. 

(2) Advantages of the steam turbine: 
(a) lower operating fuel costs, 
(b) lower maintenance and repair costs, 
(c) increased reliability, 
(d) less noise and vibration, and 
(e) the large number of seagoing licensed marine steam engineers 

available. 
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4.2 Final Selection of Propuls£on Plant Drive 

After consideration of all the facts, such as the heavy work schedule 
for the new cable ship, limited availability of licensed marine diesel 
engineers, reliability and minimum time out for maintenance and repair, 
and the problem of noise and vibration in the engine room and crew 
quarters, it was concluded that the propulsion plant drive should be of 
the steam turbine type. 

T ABLID 1-PUINCIP AL CHARACTERISTICS OF C.S. "LONG LINES" 

Length over-all 
Beam 
Load draft 
Horsepower normal, total 
Sustained sea speed 
Cable capacity (Ii" dia. cable) 

V. OVER-ALL DESCRIPTION OF SHIP 

511'-6" 
09'-6" 
26'-9" 

7700 shp 
15 knots 

2000 nm 

The principal characteristics of the Long Lines are given in Table 1. 
The hull is all steel and is designed with transverse framing except for 
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Fig. 3 - Typical cross section in way of cable tanks. 
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the inner bottom and bottom shell, which are framed longitudinally. It 
is of welded construction throughout except for certain shell seams and 
deck edge connections which are riveted. The shell is strengthened for 
navigation in ice. The propeller shafts also include an allowance for ice 
strengthening. 

The three large-diameter cable tanks are located forward of the ma­
chinery spaces and provide approximately 138,500 cubic feet of space 
for cable storage. They are fitted with watertight cones and also with 
recesses for cable bightsl at the forward end which extend for the full 
depth of the tanks. Fig. 3 shows the cable tank construction. 

Ship service electric power and power for the linear cable engine are 
furnished by four ac generators, two driven by the propulsion turbines 
and two driven by independent steam turbines. Emergency service elec­
tric power is furnished by a diesel engine-driven ac generator set. Elec­
tric power for the bow cable engines is furnished by two dc generators 
driven by the propulsion turbines. 

A helicopter deck, with its own lighting and with special safety rails 
around its periphery, is located at the aft end of the houses. 

All joiner work throughout the ship, linings, bulkheads and ceilings, 
is of incombustible construction. Incombustible furniture and fire­
resistant draperies, portieres, bedspreads, etc., are installed throughout 
as far as possible. All living accommodations, offices, lounges, wheel­
house, chartroom, radio room, and the principal working spaces are 
air-conditioned for personnel comfort and to provide a good environment 
for the large amount of electronic equipment. 

A general arrangement of the decks is shown in Fig. 4. 

VI. PROPULSION PLANT 

The propulsion machinery is of the twin screw, steam turbine, direct 
current electric drive type. 

0.1 Design Conditions 

Design conditions for the propulsion plant are given in Table II. The 
layout of the main machinery spaces is shown in Fig. 5. 

0.2 Generator Train and Propulsion Motors 

Each generator train is driven through a single reduction gear by a 
5000-hp steam turbine. Each train consists of the following, all driven 
in tandem at a constant 900 rpm by the propulsion turbine (see also 
Fig. 6): 



Fig. '1- General arrangement of decks. 
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TABLE II - PROPULSION MACHINERY DESIGN CONDITIONS 

Shaft horsepower - normal, each shaft 
Shaft horsepower - normal, total 
Shaft horsepower - maximum, each shaft 
Shaft horsepower - maximum, total 
Sustained sea speed (at 80 per cent of normal power 

at full load draft) 
Steam conditions at boiler superheater outlet 
Full fuel capacity (half cruising at full power 15 knots 

and half cruising 7.5 knots) 

-------

[Ql ENGINE 0 19J ROOM U 
O[] _. 

~ 

DD~ 

3,850 
7,700 
4,250 
8,500 

15 knots 

GOO psig - 850°F 
14,350 nm 

Fig. 5 - Layout of main machinery spaces. 
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6.2.1 DC Main Propulsion Generators 

The two armatures in each generator are completely independent 
electrically. The generator is totally enclosed, water cooled and force 
ventilated by a separately driven cooling blower. 

6.2.2 Ship Service Generators - 3-phase ac 

The machine is open and air cooled. This generator can be utilized to 
supply some of the ship's service power during periods when the ship is 
not operating at full propulsion power. 

6.2.3 Bow Cable Engine Generators 

This generator, rated 480 kw, 800 amperes at 600 volts, is totally 
enclosed, water cooled, and force ventilated by a separately powered 3-
hp blower. Because of the infrequent service it is also provided with an 
externally operable brush-lifting device to lift the brushes off the com­
mutator when the generator is not in use. 

6.2.4 Propulsion Motors 

Each propulsion motor is rated 4250 horsepower at 135 rpm. It is 
separately excited, with field weakening to reach 147 rpm in order to 
utilize full available power in the light ship condition. The motors are 
totally enclosed, water cooled and force ventilated by a separately 
powered 30-hp blower. 

0.2.5 Cooling of Units 

All propulsion motors and generators are kept slightly pressurized 
by means of a small make-up air fan. This fan supplies clean, electro­
statically filtered air to the inside of the machines and maintains a slight 
positive pressure so that any leakage will be out of the machine. Thus 
the machine interiors are protected from engine room air contaminants. 

6.2.6 Control and Switching 

The basic principle of control is motor speed control by variable 
armature voltage with constant motor field. The manually operated 
speed control rheostat works in a control field of an amplidyne, the out­
put of which supplies generator excitation. Since generator speed is 
held constant, this varies armature voltage, thus controlling motor speed. 
The system is speed regUlated by means of generator output voltage 
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feedback, and current and power limiting controls are incorporated to 
prevent overstressing or overloading the mechanical portions of the 
system. In addition, the necessary switching, interlocks and safety 
devices are incorporated in the control to take advantage of the flexi­
bility available, yet prevent malfunction. One of the switching arrange­
ments provides the ability to connect one of the propulsion armatures to 
the bow jet motor, thus providing 750 hp to the bow jet without the need 
for a separate generator. The control components and switchgear are 
contained in a propulsion set-up switchboard and a propulsion control 
console, both located in the motor room. In addition, there are propulsion 
control consoles in the bow of the ship, near the bow sheaves; in the 
wheelhouse, port, centerline and starboard; and in the stern of the ship, 
in view of the overboarding chute. 

6. 3 Main Turbines 

The main turbines are of the high-speed, single-casing type and are 
connected to the main reduction gears through a flexible mechanical 
dental-type coupling. The port and starboard turbines are identical and 
have the same rotation. The turbines are designed to deliver the normal 
rated horsepower at the point of best economy with initial steam condi­
tion at the turbine throttle of 585 psig and 840°F total temperature and 
a vacuum of 28.5 inches Hg at the exhaust. The turbines are also de­
signed for uncontrolled bleed steam for feedwater heating, boiler com­
bustion air heating and other purposes. 

6.4 Reduction Gears 

The reduction gears are of the single-reduction, double-helical type, 
arranged to allow the main condensers to be mounted athwartship under 
the turbine. 

6.5 Shafting 

The shafts are solid forged steel, American Bureau of Shipping Grade 
No.2 material. 

VII. ENGINE AND MOTOR IWOM AUXILIARIES 

7.1 Distilling Plant 

Since the ship will be at sea for long periods of time, all the fresh water 
required on board is produced by two complete sea water distilling plants 
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of the flash type. Each distilling plant is designed to meet the fresh water 
purity requirements of the United States Public Health Service, and 
each unit has a capacity of 12,000 gallons per day of fresh water of 
potable quality. One distilling plant can provide all the fresh water re­
quirements for drinking water, hot and cold washing water, hot and cold 
fresh water for galley and pantry service (cooking and dishwashing), 
laundries, and make-up water for the boilers. 

7.2 Boilers 

Two natural circulation water tube boilers are installed, and each 
boiler is of the bent tube, oil-fired, single-furnace, single-uptake, air-en­
cased type with water-walled furnaces. Each boiler is fitted with double­
cavity, walk-in type superheaters, economizers, steam air heater and 
submerged internal type desuperheaters installed in the steam drum. 
These boilers produce superheated steam at 600 psig, 850°F at the super­
heater outlet. 

The boilers are fitted with steam-mechanical atomizing fuel oil burners 
suitable for use with the automatic combustion control system. These 
burners combine the features of steam and mechanical fuel oil atomiza­
tion. The system is unique in that the burners are used in two ways. 
They provide straight mechanical atomization (no steam assistance) of 
the fuel burned when the ship is operating at full power. In addition, 
they function as a steam atomizing burner (steam assisting in the atomi­
zation of the fuel oil) at low steaming rates, as during periods of reduced 
propulsion steam demands (cable laying and cable repair). This second 
function results in reduced fuel consumption when the straight mechani­
cal atomizing efficiency falls. The primary advantage of the steam­
mechanical atomizer is that good combustion efficiency over a wide range 
of operation is obtained with minimum steam consumption and a low 
fuel oil system operating pres,sure. The importance of wide-range burners 
may be appreciated when considering that the ship will operate for ex­
tended periods at light steaming loads, as during cable laying, cable re­
pairing, maneuvering and in-port operation. These burners also have the 
advantage that the furnace can be kept clean under low steam demand 
operation of the vessel, because more efficient steam atomization of the 
oil results in more complete combustion. 

The boilers are fitted with a pneumatic-type automatic combustion 
control system designed to maintain constant superheater outlet pres­
sure. The combustion control system attains maximum fuel economy 
by maintaining the boiler steam pressure and temperature at the highest 
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design conditions by controlling the quantity of oil and air being de­
livered to the boiler in the proper ratio to maintain maximum combustion 
efficiency. Maintaining the proper steam pressure and temperature in­
sures maximum turbine performance. The control system will follow the 
fluctuations in the boiler loads due to changes in the ship's speed or elec­
tricalload changes, at the same time maintaining maximum fuel economy 
with a minimum of smoke. 

VIII. SHIP'S SERVICE REFRIGERATION MACHINERY 

A ship's service refrigeration system is provided and designed for the 
direct expansion of Freon 12 gas. Since the ship will be at sea for long 
periods of time, approximately 8000 cubic feet of refrigerated stores have 
been provided. 

IX. PIPING 

All piping installed in the ship was designed to meet the highest marine 
piping standards used in the U.S.A. Corrosion-resistant materials were 
used to reduce maintenance and repair costs and to obtain long life in 
service. All piping carrying sea water is of 90-10 copper-nickel alloy. 
This alloy is very resistant to the corrosion-erosion effect of sea water. 
Stainless steel has been used in many of the other piping systems. There 
are approximately 12 miles of piping installed in the Long Lines. 

X. SAFETY AIDS 

10.1 Watertight Doors, Firescreen Doors 

Five watertight horizontal sliding doors have been installed at vantage 
points in some bulkheads to maintain the watertight integrity of the 
ship. These doors, normally open, are electrically operated and can be 
controlled collectively or individually from the wheelhouse. There are 
local door controls on both sides of each door. 

Approximately 48 firescreen doors, normally held open by magnet 
control, can be operated from the wheelhouse and locally; about 30 more 
firescreen doors, normally closed, are operated locally. All of these are 
installed in the firescreen bulkheads for protection against fire. 

10.2 Fire Detection System 

A thermostatic detection system is provided to sound an alarm in the 
event of a fire. Detectors are installed in all public spaces, lockers, holds 
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and similar unattended spaces. Manually operated alarm boxes are pro­
vided in all fire zones in readily accessible locations. An annunciator 
panel, which indicates the area originating an alarm, is installed in the 
wheelhouse, and alarm bells are provided in the wheelhouse, engine room 
and quarters of the firefighting crew. 

10.3 Firefighting Systems - General 

The vessel is equipped with the following firefighting systems: 
(1) sea water extinguishing system for use in fighting fires in ordinary 

combustible materials, such as dunnage, canvas, wood, etc, 
(2) carbon dioxide extinguishing systems and liquid foam extinguish­

ing systems for use in fighting fires in substances such as gasoline, oils, 
etc., and fires in live electrical equipment, and 

(3) steam smothering extinguishing system for limited use in fighting 
fires in substances such as fuel and diesel oil. 

XI. BOW SHEAVES 

An assembly of three roller-bearing bow sheaves is mounted in the 
overhang of the stem and enclosed within a supporting structure fairing 
into the forward body of the ship. The center sheave has a diameter of 
11 feet, and the two outboard sheaves are each 10 feet in diameter at the 
root. The ring and hub of each sheave is of cast steel, and the sheave 
body is made up of steel weldments. The shafting is in three sections of 
different diameters to permit easy installation and removal. Automatic 
lubrication for the bearings has been provided. 

For handling forward, a monorail and hoist have been provided ex­
tending over the bow sheaves. This is an impressive looking structure, 
since it includes a frame of heavy scantlings for overboarding repeaters 
at the bow. The frame can be fitted with a vinyl-coated nylon fabric 
covering for protection in severe weather. 

XII. STERN CHUTE 

Instead of a conventional sheave at the stern, a stern chute has been 
employed. This chute is located to starboard of the centerline of the ship 
and is formed by a 16-inch wide indent in the upper deck plating at the 
extreme aft end. This indent gradually falls away and fairs into the shell 
plating at the stern. 
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XIII. ALUMINUM ROLLING HATCH 

A power operated aluminum rolling hatch about 50 feet long and con­
structed of two nesting sections is located over the bow cable engines. 
This construction coupled with rolling end flaps, also power operated, 
permits continuous bow cable operations in adverse weather. 

XIV. SPECIAL STOWAGE 

Stowages for various types of apparatus and equipment peculiar to 
the functions of cable laying have been provided and are located at 
vantage points throughout the ship. 

Buoys are stowed in a large hold, two decks high, located forward of 
the cable tanks. This stowage is conveniently arranged so that the buoys 
can be transferred by a minimum amount of handling with a monorail 
and hoist device into the center of the hold; the hoist device picks up 
each buoy from its stowage position and, through a self-releasing hook, 
transfers the buoy to the deck crane hoist and from there to its "ready" 
stowage on the port or starboard buoy skids, or directly overboard. These 
buoy skids have been especially designed with overhead platforms to 
facilitate control in launching and positioning the buoys. 

Stowages for grapnels, mushroom anchors and similar heavy equip­
ment, together with chains and buoy rope, are located in the same hold 
as the buoys, but in the two tween decks directly above the buoy stow­
age. The chain is stowed in bins having a raised floor in portable sections, 
all to permit easy maintenance. Chain pipes are installed port and star­
board, extending from the upper deck to the stowage on the third deck. 
By means of swiveling devices at the lower ends of these chain pipes, the 
chain can be run direct into each of the seven chain stowage compart­
ments. 

A total of four tanks, each 20 feet in diameter by 10.5 feet high, for 
the stowage of spare cable, are installed on the tank top level, port and 
starboard, between the main cable tanks. Twelve circular steel bins, all 
4 feet high but of diameters varying from 4 to 16 feet, are provided for 
grapnel rope stowage. New rope is stowed on one side of the ship and 
used rope on the other side. 

xv. NAVIGATION EQUIPMENT 

In considering the nature of the mission of the Long Lines, it becomes 
apparent that it is of utmost importance that navigational facilities be 
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provided that will determine the ship's location with the maximum 
possible accuracy at all times during cable laying or pick-up and repair 
operations. 

Standard radio direction finding equipment, as required for certifica­
tion by the United States Coast Guard, has been provided for taking 
fixes on land-based telegraph stations and beacons and on other ships 
at sea. 

Loran equipment installed is of the latest type, known as Loran "C." 
This system provides greater range and greater accuracy than the stand­
ard Loran "A". It also has Loran "A" capabilities built-in for use in 
areas where Loran "c" signals are not available. 

Decca Navigator equipment is installed in the chartroom. This equip­
ment, operating in an area of Decca signal coverage, provides a con­
tinuous instantaneous indication that will give the ship's location by 
reference to Decca charts. 

Two Decca true-motion radar sets are installed with indicators in the 
wheelhouse. True-motion presentation shows a fixed geographic area on 
the indicator with all moving objects, including own ship, moving across 
the displayed area, making it easier to plot vessel speeds, approach paths, 
etc., than is possible on the standard relative motion display. One radar, 
operating on a 10-cm wavelength, is superior at long range and in pene­
trating adverse weather conditions. The other radar is a 3-cm set that 
exhibits superior qualities in close navigation, as in rivers, harbors, 
buoyed channels and in close proximity to other vessels. 

In order to provide correlation with charted depths and to furnish 
accurate depth information regarding a cable lay, two echo depth sound­
ers are installed. Each sounder is provided with alternate transducers, 
one set forward and one aft. Kelvin-Hughes sounding equipment is pro­
vided in the chartroom for navigational purposes, and a duplicate indi­
cator is installed in the drum room. The second echo sounder, located in 
the drum room, is an EDO instrument. In addition to the two echo depth 
sounders, there is a Westrex Model XV Precision Depth Recorder that 
is capable of extremely accurate depth recordings in conjunction with 
either the Kelvin-Hughes or EDO equipment in either the drum room or 
chartroom. 

In addition to the foregoing, there is a standard Sperry Gyro Compass 
system. Steering control may be manual or by gyro pilot, using either of 
the dual controls in the wheelhouse, or manual from the bow or stern 
ship control console or, in emergency, from the trick wheels in the steer­
ing gear room. 

A Pitometer Log is provided for showing the ship speed in the chart-
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room and wheelhouse and the draft of the vessel in the wheelhouse. A 
Chernikeeff Log System is provided to show ship speed in the drum room 
and to furnish input of ship speed to the true-motion radars. 

XVI. EXTERIOR COMMUNICATION FACILITIES 

A standard radiotelegraph installation has been installed for ship-to­
shore and ship-to-ship communications, as is customary on all vessels of 
this size. 

In addition, to provide optimum communications between the ship 
and the shore stations during her long periods at sea, a 5-kw single­
sideband transmitter has been provided. As a back-up for this unit, 
and for use when maximum power is not required, a l-kw single-side­
band transmitter is provided. Compatible receiving equipment is in­
stalled, and interconnecting facilities are provided to permit use of the 
radiotelephone equipment from selected stations of the ship's automatic 
telephone system. 

Low-power radiotelephone equipment is provided for use in harbor 
communications and VHF frequency-modulated units are provided for 
communication with the cable work boats or for communication with 
similarly equipped stations on other ships or on shore. 

XVII. INTERIOR COMMUNICATION FACILITIES 

Communication between key stations for ship operation is provided 
by sound-powered telephone, since the Coast Guard requires that such 
communication be independent of any other system on the ship. Normal 
communications facilities are provided by an automatic dial telephone 
system of latest design which incorporates private tie-lines between se­
lected points in addition to dialing facilities. 

Two public address systems are provided, one for general ship's use 
and the other for communication between functional stations of the 
cable operations system. 

XVIII. SHIP'S ILLUMINATION 

Conventional marine illumination standards, as set forth in the Il­
luminating Engineering Society's "Recommended Practice for Marine 
Lighting," 4 were applied to all interior living spaces, work spaces, 
machinery compartments and exterior areas. The standards were modi­
fied to provide special illumination treatment to suit the function of each 
area, since it was important that good lighting always be available. 
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Recreation, berthing, messing and office spaces were illuminated to a 
standard employed for first-class passenger ships. 

The floodlight installation on the forward open deck was designed to 
facilitate cable handling operations at night and includes special fixtures 
to illuminate the exposed cable from the deck to the water surface. 

XIX. SEA TRIALS 

On March 6,1963, C.S. Long Lines sailed from Hamburg to the North 
Sea for sea trials, and returned on March 12, 1963. 

These trials included the usual proving of all systems: speed and econ­
omy trials; the adequacy of the control system under all conditions of 
operation; steering and maneuvering tests, including ahead and astern 
steering, Z maneuvers and turning circles; and special steering trials to 
determine the maneuverability of the ship when laying and repairing 
cable. 

All the trials and tests were successfully conducted and the ship was 
remarkably steady and free from vibration. 

APPENDIX A 

Various agencies whose regulations were required to be met in the 
construction and installation of all parts, equipment and outfit of C.S. 
Long Lines, include the following: 

(1) American Bureau of Shipping to the highest class, 
(2) United States Coast Guard, 
(3) United States Public Health Service, 
(4) Federal Communications Commission, 
(5) United States Customs, 
(6) Panama Canal Company, 
(7) Suez Canal Authorities, and 
(8) International Convention for the Safety of Life at Sea, London, 

1948. 
In addition to the foregoing, it was required that the recommended 

methods, materials and practices contained in the latest issue of the 
following published standards be followed in the construction of the ship: 

(1) American Institute of Electrical Engineers, Standard No. 45, 
(2) American Standard Safety Code for Elevators, Dumb-waiters and 

Escalators, 
(3) American Bureau of Shipping recommendations for reducing 

stress concentration at keyways in propeller shafts, 
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(4) Code of Recommended Precautions Against Accidents connected 
with the loading and unloading of Merchant Vessels, 

(5) American Society of Refrigerating Engineers Recommended Prac­
tice for Shipboard Installation, and 

(6) Society of Naval Architects and Marine Engineers Ship Trials and 
Test· Codes. 
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A Lens or Light Guide Using Convectively 
Distorted Thermal Gradients in Gases 

By D. W. BEnnEMAN 

(Manuscript received May 2G, 19(4) 

Development of systems for long-distance communications using laser 
beams is of considerable current interest. A major problem is to avoid 
losses in transmission systems for light. Losses by scattering and ab­
sorption in solid transmission schemes are likely to be large. By using 
gases as the media that guide the light beam, such losses should be 
minimized. A number of schemes in which gases can be made to guide a 
light beam have recently been investigated. 

Tests on models of one type of gas lens or light guide utilizing refrac­
tive index gradients caused by temperature gradients are to be described 
in this paper. These particular models consisted of a suitably shaped 
continuous heating element or train of separate elements supported by 
insulating material inside a cooler pipe. 

Heating elements composed either of a series of closely spaced, dough­
nut-shaped rings or toruses, or of a single, continuous helix of suitable 
dimensions were used in the experiments to be described. The beam 
travels through the doughnut holes or down the axis of the helix. Helices 
were used in the more detailed tests to be reported here because they 
are much easier to construct and to support in the cooler outer jacket. 
They focus at least as strongly and with as little aberration as toruses of 
approximately equivalent dimensions. 

Lens trains of the types described focus to some extent by the alternat­
ing gradient (AG) focusing mechanism. *1,2 However, if the temperature 
distribution is suitably distorted by moving the gas past the heating 
element, a great enhancement of focusing can be obtained. The enhance­
ment is due to the ordinary focusing effect of a radially decreasing aver­
age refractive index, which' is absent if the gas is static. Convection 
alone caused the gas motion in the lenses described here. 

The best of several experimental models of convective thermal gas 

* A. R. Hutson first proposed use of AG focusing in gas lenses to the author in 
private discussion. 
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lenses, in terms of specific convergence* vs power consumption by the 
heating element as well as absence of aberrations, is illustrated in Fig. 1. 
The model contains a helix about 0.75 meters long and is closed at the 
ends with flat glass plates to confine the gas. In tests of power consump­
tion the helix was warmed electrically, but for detailed tests for con­
vergence vs temperature difference between helix and outer jacket, it 
proved more convenient to run warm water through the helix, which 
was made of copper tubing. Temperature differences were measured 
with a thermocouple (not shown), fastened to the helix and to the inside 
of the outer jacket. Measurements of focusing strength and aberration 
were made with considerable precision using a modification of the Fou­
cault knife-edge test.3 A very fine pinhole light source, two SO-em tele­
scope objective lenses (one for making the incident light parallel and 
the other for enhancing its reconvergence), and both horizontal and 
vertical knife edges were used in the tests. The two knife-edge orienta­
tions enabled us to measure not only focal length, but also spherical 
aberration, astigmatism, and a type of aberration that might be char­
acterized as "S-shaped" or "sagging lens" aberration. The latter was 
revealed by the horizontal knife-edge test as an inequality in focal length 
between the upper and lower halves of the clear aperture. One should 
expect astigmatism and sagging lens aberration in a convective system. 

The amount of astigmatism is surprisingly small, and the amounts of 
spherical and "sagging lens" aberration were too small to detect with the 
gas lens shown in Fig. 1, using air, CO 2 or propane gas at temperature 
differences that gave focal lengths of more than about 5 meters or specific 
convergences less than about 0.3 meters-2. At higher temperature differ­
ences, both astigmatism and sagging lens aberration began to appear, 
but were relatively small perturbations on the convergence. Fig. 2 shows 
a detailed study of the astigmatism and convergence (1/ F) versus tem­
perature difference (helix temperature minus jacket temperature) with 
the jacket at approximately room temperature using CO 2 at one atmos­
phere pressure. 

When helices with considerably larger apertures for the light beam 

* The periodic light guides described here had the property that the focal length 
of anyone cycle of the guide was very much longer than the length of one cycle. 
Consequently, AG focusing was very weak and the focusing was due largely to 
the fact that the mean refractive index along the axis was higher than along par­
allellines off the axis. The mean refractive index at radius r from the axis can be 
described by the equation n = noel - ~Cr2) when aberrations are absent. When 
AG focusing is negligible, the quantity C is equal to average focusing power, or 
convergence, of a segment of unit length out of the continuous "lens train." Hence, 
it is appropriate to call C the specific convergence of such a light guide, a term sug­
gested by W. L. Bond. The maximum allowable curvature of such a light guide is 
proportional to its specific convergence and to the diameter of its aperture. 
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Fig. 1 - Convective gas lens showing the best of several warming elements, a 
helix, inserted in such a way as to be heated with warm water; the jacket is also 
kept at a fixed lower temperature with water. 

were tested, there was a large amount of spherical aberration when pure 
CO 2 was used, but not when a mixture of half CO 2 and half helium or 
when pure argon was used. Likewise, the helix shown in Fig. 1 gave 
measurable spherical aberration when C4F 10 was used but not with any 
of the lighter gases tested. A helix with an even smaller aperture would 
probably greatly reduce the spherical aberration with C4F lO • These facts 
are consequences of the differences in relative rates of convective and 
conductive heat flow in the gases. 

Another effect that depends on these factors, and also on the specific 
refractive index of the gases, is the specific convergence when the power 
per unit length consumed by the heating element is fixed, or what may be 
called the efficiency of the lens. Efficiency has the dimensions of meters-1 

watts-I, or diopters per watt. The efficiency of the lens shown in Fig. 1 
was found to be almost independent of power consumption in the range 
where aberrations were small. lVIeasurements at different pressures with 
CO2 showed that efficiency is approximately proportional to pressure. 
When one watt of electrical power was supplied continuously to the 
helix with the jacket at room temperature, the temperature differences, 
efficiencies and values of specific convergence shown in Table I were 
measured with the gases listed. 

The amount of AG focusing with a helical heating element was calcu­
lated and shown to be entirely negligible when the helix turns are as 
closely spaced as in the lens shown in Fig. 1. This is confirmed by the 
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TABLE I 

Gas ~T Efficiency Specific Convergence 

air 4.0°C 0.045 m-1w-1 0.06 m-2 

CO 2 3.9°C 0.091 m-1w-1 0.12 m-2 

C3Hs 3.4°C 0.12 m-1w-1 0.16 m-2 

C4Flo* 2.6°C 0.15 m-1w-1 0.20 m-2 

* This gas was suggested by K. B. McAfee. The focal length is only approxi­
mate because of spherical aberration. 

symmetry of Fig. 2, since AG focusing would be independent of the sign 
of the temperature difference. Fig. 3(a) is a three-dimensional plot show­
ing how the refractive index, n, would vary as a function of position in 
a plane normal to the optic axis if there were negligible convection. In 
that case, both the temperature and the refractive index would very 
nearly obey Laplace's equation. Suppose one considers two orthogonal 
cross sections of the plot parallel to and containing the optic axis. Near 
the axis, a cross section that cuts through the helix has curvature a2n/ ay2 
that is equal in magnitude but opposite in sign to the curvature a2n/ ax2 

in the orthogonal cross section. (Cf. lines YOy' and XOX' on Fig. 3a.) 
This is a direct consequence of the Laplace equation and the symmetry 
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Fig. 2 - Reciprocal focal length, or convergence in vertical plane (I/F v) and 
in horizontal plane (I/FH), vs temperature of inner helix minus temperature of 
outer tube for the lens shown in Fig. 1 with CO 2 at one atmosphere pressure. The 
difference between horizontal and vertical convergence is a measure of astigma­
tism. 
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Fig. 3 -(a) Refractive index vs two coordinates of position in a plane normal 
to the optic axis in the gas lens. The refractive index is highest at the jacket wall, 
represented by the large circle seen in perspective on the right side, and lowest at 
the warm helix wall, represented in cross section by the small circle on the left. 
This figure represents the hypothetical situation in the absence of convection. (b) 
Similar to (a) but with convection. Note difference in magnitudes of curvature of 
the plot in cross sections through the optic axis normal (XOX') and parallel 
(YOY') to the plane of the drawing. Such difference is zero in (a). Details would 
vary somewhat with azimuth of helix at the plane of the plot. 

of the helix. No ordinary focusing occurs in this case, because there is 
no change in average refractive index with radial distance from the axis 
on lines parallel to the axis. A more rigorous analysis shows that no 
ordinary focusing occurs anywhere inside the aperture of any system 
having either helical or ordinary axial symmetry if n obeys Laplace's 
equation. Fig. 3(b) is the same sort of plot as Fig. 3(a), except that the 
contours are changed by convection. The convection produces a sharper 
temperature gradient near the helix surface and the temperature is more 
nearly uniform elsewhere. Consequently, the plot of refractive index 
curves more sharply, near the axis, than before in the cross section 
through the axis and the helical tube, and less sharply in the orthogonal 
direction. The result is that the average refractive index is then higher 
along lines near the axis than along lines farther away, so that there is a 
net positive ordinary focusing effect. 

A detailed mathematical analysis of such convective flow has not been 
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made to the author's knowledge, but experiments on temperatures and 
flow in gases between concentric cylinders of unequal temperature have 
been rcported in Ref. 4. That paper shows temperature distribution 
alteration by convection in a quantitative way and also presents the 
relation between convection and the relative size of inner and outer 
cylinders and the viscosity, specific heat, density and heat conductivity 
of the convective fluid. 

Although any element of the helix is far from straight and is not very 
near the center in any cross-sectional element, the convective flow in any 
plane is qualitatively very similar to that described for small flow rates 
in Ref. 4. The flow patterns in several planes were observed and photo­
graphed in a glass-walled replica of the lens using tobacco smoke in air. 
The flow was perfectly steady and nonturbulent, even with a temperature 

Fig. 4 - Smoke moving with air in glass-walled gas lens. The camera is some­
what below and to one side of the lens. Smoke is flowing upward around the helix 
and downward on both sides, inside the jacket. Helix is 10°0 warmer than the 
jacket. Illumination is from the upper right through a narrow slit normal to the 
axis. The illuminated region cuts through the helix at a point level with the axis. 
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difference of over 10°C, and always showed a two-kidney shaped pattern 
similar to that obtained with a concentric cylinders.4 Fig. 4 is one of these 
photographs, taken in a plane where the helical tube is on a horizontal 
line from the axis, where one might expect greatest departure from the 
results with concentric cylinders. 

It is evident, especially from Ref. 4, that temperature gradients are not 
axially symmetric even when averaged over a complete loop of the helix, 
because of the relation between the convective flow patterns and the 
direction of gravity. It is therefore surprising, but none the less true, 
that nearly perfect, aberration-free focusing can be achieved with the 
convective gas lens if a uniform helix of the proper cross-sectional dimen­
sions is chosen for the warming element. There seems to be no reason 
why a continuous helix and tubular jacket of similar cross section but of 
great length might not have the same local focusing properties as the 
short segment that was tested. 

Acknowledgments. The author wishes to acknowledge the assistance of 
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A Gas Lens Using Unlike, 
Counter-Flowing Gases 

By D. W. BERREMAN 

(Manuscript received May 26, 1964) 

Because of the current interest in gas lenses for possibe use in long­
distance laser beam transmission, it seems worthwhile to report on the 
successful operation of an example of another class of gas lenses. This 
class of lenses utilizes the difference of specific refractive index of different 
gases to achieve focusing in a region where there is a variation in relative 
concentration of different gases. In the device to be described, two gases 
flow together continuously from opposing tubes into a mixing chamber. 
The chamber is designed so that the effective interface where the gases 
meet is an axially symmetric curved surface, which acts as a lens for light 
passing down the axis of the opposing tubes. 

In order to minimize distortion due to gravitational force, it is desir­
able to use two gases of about the same density. It may be most economi­
cal to separate and recycle the gases after they have run together. In 
principle, continuous separation with a semipermeable membrane would 
consume only a moderate amount of power. Except for a computation of 
the theoretical minimum of power consumption, no further discussion of 
the problem of gas separation will be presented in this paper. 

A working model of a single element of a counter-flowing gas lens is 
shown in Fig. 1. Rather elaborate precautions were taken to avoid 
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Fig. 1 - Experimental model of counter-flowing, unlike gas lens; over-all 
length is 8 inches. 
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Fig. 2 - Schematic diagram of a part of a continuous series of counter-flowing, 
unlike gas lenses connected to a separator for recycling gases. 

turbulence or asymmetry that might be introduced if the gas entered 
directly into the tubes through holes in the walls. Such precautions could 
probably be dropped if greater length of tubes existed between the points 
at which the gases enter and the regions in which they mi.x (see Fig. 2). 
For a continuous series of such lenses, one might have the actual lenses 
or "mixing chambers" a few feet apart, with gases of alternate types 
entering midway between the mixing chambers, as shown in Fig. 2. 

The focal length and aberration of the lens as a function of flow rates 
were measured using a modification of the Foucault knife-edge test 
mentioned in the accompanying B.S.T.J. Brief on thermal gas lenses. l 

1'he two gases were run through long parallel copper tubes, which had 
been soldered together, before they entered the gas lens. Water was 
circulated through a tube soldered to the copper gas tubes and through 
a tubular coil wrapped around the gas lens (see Fig. 1). This precaution 
insured the absence of any focusing due to thermal differences. At moder­
ate flow rates no appreciable aberration was observed, but some spherical 
aberration appeared before turbulence set in. 

Fig. 3 is a graph of the variation of focal length with rates of flow of 
argon and CO 2 • The lower group of curves shows such variation in the 
simplest model, in which CO 2 flowed out the end of a i-inch ID tube or 
nozzle into a relatively large cavity surrounding the end of the nozzle. 
The cavity was supplied with argon from the opening opposite the 
nozzle. The upper group of curves shows the same parameters when the 
solid nozzle was replaced with a cylindrical tube of 50-mesh copper 
screen. The screen allowed mixing of the CO 2 with argon over a longer 
distance with greater radial variation in concentration. The result is 
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Fig. 3 - Graph showing variation of focal length and convergence with gas 
flow rates. Note increased efficiency using screen nozzle. 

much greater curvature of the effective interface between the CO 2 and 
the argon, which gave a much shorter focal length at a given flow rate. 
Diffusion is certainly very important in the enhancement of focusing 
strength when the screen is used. A. R. Hutson was the first to suggest 
gas lenses utilizing refractive index gradients controlled by diffusion of 
gases of unequal refractive index into one another (private discussions 
with the author). 

The curves stop at flow rates of about 1 liter per second of either gas 
because turbulence appeared at higher flow rates. Flow appeared to be 
completely free of turbulence at lesser flow rates. 

The minimum power consumption, if the gases must be recycled, can 
be obtained using a simple thermodynamic argument due to K. B. 
McAfee.2 If it were possible to find two semipermeable membranes, one 
for one gas and one for the other, the power required to separate the 
gases reversibly, neglecting small departures from ideal gas properties, 
would be 

[ 
1 - X ] P = -fRT In X + ----y-ln (1 - X) 
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where f is the flow rate of one of the gases in moles per second, R is the 
gas constant in joules/mole oK, T is the absolute temperature, and X is 
the mole fraction of that gas in the mixture. If the flow rate of each gas 
is 200 cc/minute, so that X = 0.5, the formula gives a power consump­
tion 

P = 0.50 watts. 

Tests showed that the focal length at such a flow rate was about 15 
meters in the lens with a screen nozzle, using CO 2 and argon. The theo­
retical maximum "efficiency" of the lens is thus 0.13 diopters per watt at 
this flow rate. It may be of interest to note that this efficiency is the 
same order of magnitude as that of the convective helical gas lens re­
ported in Ref. 2. However, it should be emphasized that scuh low 
power consumption is only a theoretical limit for a counter-flowing gas 
lens of these particular dimensions. 
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