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ABSTRACT

The concept of buoyant, anchored structures is

proposed as having unique advantages over present conven-

tional bottom-mounted, load bearing structures in the

ocean environment. The particular case of a submerged,

buoyant pipeline, anchored below the surface energy effects

for the purpose of transporting natural gas from North

Africa to Southern Europe is technically and economically

evaluated.

A design, mathematical model of the pipeline with its

anchoring system is presented. A typical segment of the

model is analyzed to determine the maximum stresses

developed in the pipeline and in the anchoring cables and

the maximum motions of both the pipeline and the anchoring

cables when subjected to forces due to ocean currents,

surface wave action and buoyancy. The method of imaginary

reactions, combined with the method of successive approxi-

mations, is used in these static analyses and computer

programs are presented together with the assumptions used

in the analysis. The model is given structural authenti-

city because it is based upon successful full scale ocean

tests of the basic trimoored anchoring station component

using steel cables and glass floatation units.



A mathematical model of the ocean current velocity

versus depth that exists for the Mediterranean location is

presented. It is based upon the current measurements that

have been made in the area and information documented by

physical oceanographers who have studied the area. This

model is used to determine the drag forces used in the

analysis of the structural model of the pipeline and its

anchoring system.

With consideration for specific limitations on cable

sizes, pipe welding speeds, and other state-of-the-art

constraints on offshore construction, and assuming several

rate levels of gas delivery, the several probable diameter

pipelines are incorporated into specific pipeline and

anchor systems and analyzed to determine the required cable

spacing, cable sizes, anchor sizes and the other important

cost determining factors, including installation costs.

Finally, for various levels of predicted market demand

 maximum gas rate!, the preliminary capital investment and

cost analysis of the pipeline system required is made with

assumptions explained to forecast a simple return on

investment. Critical considerations such as safety factors

selected and the need for preventative maintenance are

incorporated, quantitatively, in this economic evaluation.
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1. INTRODUCTION

Since 1945 there has been world wide industrial growth

at an unprecedented rate with an attendant increase in the

consumption of energy. Most of this energy has come from

fossil fuels: coal, oil and natural gas, with oil and

natural gas growing in importance until they provided

slightly more than 50% of the world's energy consumption

in 1967 �!. The recorded production of oil and natural

gas in noncommunist countries increased 250% from 1950 to

1965 and is expected to increase by almost 50% again by

1975 �! .

The centers of greatest growth in energy consumption

have been in Europe and Japan which have both been energy-

poor and heavily dependent. upon imports of crude oil or

liquified gas via tanker transport. By 1964 the six Common

Market countries were able to provide only 57% of their

total energy from indigenous supplies �!. Even with the

North Sea gas discoveries, Europe must continue to import

almost all of its crude oil and Southern Europe its gas in

liquified natural gas tankers. By 1970 France is predicted

to be importing 53 billion cubic feet of liquified natural

gas annually from Libya and Algeria. By 1980 the predicted

liquified natural gas imports from North Africa by Spain,

Italy and France alone are estimated at, 460 billion cubic

feet annually, an amount approximately equal to that



presently shipped in the Trans-Canada pipeline. Because

these volumes have been predicted at the relatively high

liquified natural gas prices with competition mostly from

imported crude oil and expensive domestic coal, any reduc-

tion in gas prices would act to magnify this market volume

prediction.

The fact that Europe looks to North Africa for energy

resources is not surprising. Algeria and Libya are

estimated to hold about 13% of the world's total natural

gas reserves �!, 20% more than the estimates for the North

Sea-Netherlands area, the other, nearby, large source of

fluid fossil fuel for Europe.

Historically, France and Italy have been the only

large users of natural gas in Western Europe because they

were the only countries with indigenous supplies. However,

the predicted rapid growth of the use of natural gas

relative to other fuels in England, the Netherlands and

Germany due to the availability of North Sea gas �! shows

the market acceptance of gas if it is available. England

which used essentially no natural gas in 1950 is predicted

to be the largest natural gas consumer in Europe by 1980.

In the United States, 30% of the total energy consumed is

derived from natural gas and it seems reasonable to expect

a similarly large gas dependence for Europe which currently

derives less than 2% of its needs from natural gas.



For a time it seemed that the U.S.S.R. would be able

to gain by supplying a large portion of Western Europe's

energy needs and pipelines have been built connecting

Russian crude sources. with both Austria and Czechoslovakia.

However, the recent Russian military moves in

Czechoslovakia and other threats to its European neighbors

seem to preclude heavy dependence on that source for many

years to come. The other possible sources of energy for

Europe other than imported fuel in ships are indigenous

coal, hydroelectric power and nuclear reactors. The pro-

duction of coal in Western Europe has not increased sub-

stantially since 1955 and the total use of coal has remained

fairly constant. Oil and gas are expected to provide 60%

of Europe's energy needs by 1980 �!. The latter predic-

tion allows for increases in nuclear and hydroelectric

energy sources and a reduction in local production of solid

fuels  coal and lignite! which cannot compete in most

markets  see Figure 1-1!. It is therefore evident that

Europe must increasingly rely upon imported oil and gas to

supply its energy needs and these imports must come by

surface ship unless new marine transportation methods are

developed.

The rapid increase in demand for imported fluid fuel

in Europe and world-wide has been reflected in a rapid

increase in the size of tankers from 16,800 d.w. tons for

the T2 types constructed by the United States in 1943-45 to
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326,000 d.w. tons for Gulf Oil's "Universal Ireland" built

in 1969. Improvements in cargo handling systems, power

plants, etc. have permitted an increase in cargo capacity

per crewman from 500 tons to 5,000 tons, a six-to-ten fold

increase in discharge rates and an increase in ship speed

�!. Even larger tankers, constructed in Japan, will be

put into service in 1971.

While the shipping of petroleum products by tanker

has become highly efficient with the growth in tanker size,

these efficiences are now being seriously questioned. The

loss of the 60,000 ton TORREY CANYON in 1967 showed that'the

giant tanker is a large insurance hazard. The Santa

Barbara channel oil leak with its attendant publicity of

pollution hazards has sensitized public opinion to the

possibility of damage to coastline and wild life. The

first Canadian public reaction to the successful voyage of

the tanker MANHATTAN through the Northwest Passage was to

seek control over possible pollution and to raise questions

about the advisability of risking an ice-crushed tanker

spilling its cargo. Equally detracting is the fact that

the newest tankers are too large to enter most of the

world's harbors and require special docking facilities

offshore.

It therefore seems timely to consider alternative

methods of transporting the ever larger volumes of fossil

fuel energy resources which are predicted to be needed by



the world's industrializing communities. This dissertation

advances the use of a buoyant, submerged and anchored pipe-

line as an alternative. to surface ship transportation and

uses the specific application of crossing the Mediterranean

Sea to serve markets in Southern Europe with North African

natural gas to test the feasibility of this design concept.

There is also a second and more general possible

application of the floating pipeline concept, i.e., the

gathering of offshore production from deep-water producing

areas. There have been indications from recent exploration

holes drilled by the National Science Foundation in water

depths exceeding 10,000 feet, that oil resources may exist,

beneath even the deepest ocean floors  8!. Means must be

developed for bringing any such deep-water oil or natural

gas to shore if these resources are to be utilized. As oil

companies are already leasing offshore properties in water

depths exceeding 1,000 feet, the need for such a gathering

system is already immediate.

The primary defense for the floating pipeline approach

as opposed to existing methods is that the jobs for which

it is being designed and analyzed are not now being done.

In the case of the Southern European natural gas market,

the oil industry either is searching for gas on the North

Shore of the Mediterranean to meet the needs or is content

to offer liquified natural gas that is too expensive or

short in supply to compete with other fuels for most markets.



Building or maintaining bottom mounted pipelines for

moving natural gas through water depths exceeding 1,000

feet is beyond the state of present technology �! �!. A

submarine pipeline to serve Southern Europe with North

African gas was considered as early as 1960 �!, but has

not been seriously proposed because of the technical

difficulties. Similarly no petroleum or gas is produced

from offshore well depths exceeding 500 feet, in part

because no satisfactory well completion methods have been

proven for such depths, but also because no means exist for

handling the production from these water depths. Estab-

lishing on-site storage for wells producing far at sea

and regularly transfering this storage to tanker ships  for

oil! may be possible, but seems to offer as many engineer-

ing uncertainties as a. buoyant pipeline approach while

still requiring ships as part of the system. In fact, the

only systems presently operating at depths exceeding 500

feet are submarine communication cables, antisubmarine or

scientific expendable instrumentation, and military or

research submarines.

Viewing this apparent gap in the state-of-the-art in

marine pipeline transportation in the light of the docu-

mented economic forces. in Western Europe acting to provide

a growth market for natural gas in that area makes it

logical to evaluate a floating gas pipeline system in the

context of the real-world application of crossing the



Mediterranean from North AFrica to Southern Europe.



2. STATEMENT OF THE PROBLEM

The purpose of this research has been to design,

technically analyze and make a preliminary economic

analysis of the feasibility of transporting natural gas

across a water body in a buoyant pipeline' The pipeline is

to be anchored beneath. the surface at sufficient depth to

avoid surface-generated forces, and, in such a fashion as

to restrain its motion due to currents. The crossing of

the Mediterranean from Algeria to markets in Southern

Europe has been selected as the test case for analysis

because of the history of interest in a trans-Mediterranean

pipeline, and the forecasts made for energy demand, in

general, and natural gas demand, in particular, for

Southern Europe.

This problem is one of engineering design using the

full scope of the definitions of engineering and design to

mean:

1. The isolation and definition of a technically and

economically feasible and socially desirable need

that is not being met by existing technical-

economic systems.

2. Rational defense of the assumption that this

defined need has a low probability of being met

by proven operational methods in the technical-

economic area selected.



3. The delineation of a new approach for meeting the

defined need requiring significant engineering

innovation in order to have a high probability of

success.

4. The technical and economic analysis of the pro-

posed approach using the highest-order methods

necessary to reach a firm conclusion that, the

feasibility of the approach, positive or negative,

that will withstand the review of knowledgeable

men representing the significant scientific and

practical aspects involved. In order to do such

an analysis, it is necessary to first create a

prototype or feasibility design of the concept

involved in sufficient detail so its analysis is

representative of the real system that is actually

being proposed. It follows that: a! the design

model, be it mathematical or physical, must be a

faithful representation of the real thing in that

it is based upon assumptions related to the "real

world" environment, and also represents something

that can be accomplished within the state of the

technology that now exists, and b! the design

model is such that the economic analysis based

upon it will be representative of actual costs if

the full scale system is built.

10



5. Finally, for a fully successful effort in engineer-

ing design the solution should be accepted by the

technical-economic field for which it was con-

ceived, and be built and used.

This research program takes the position that the first two

engineering design steps were completed and documented in

the INTRODUCTION and concentrates on delineation of the

pipeline approach and its technical and economic analysis

in sufficient detail to offer a sound basis for deciding

its practical use in subsequent sections.

11



3. LITERATURE AND INDUSTRIAL SURVEY

Oceanographers have long sought a fixed structural

base extending from the bottom to the surface of the deep

ocean from which they could measure currents, temperatures,

sound velocity and other ocean parameters with the same

fixed reference provided by piers or towers in shallow

water. Cables hung from ships and surface buoys anchored

to the bottom by rope or steel cable were the first efforts

to provide such instrument bases. In 1951, Kullenberg �3!

made the first extensive analytical effort to determine the

changing shape  and therefore motion! of cables towed by

ships. He showed the shape to be a distorted catenary.

Ten years later, Pode �1! extended Kullenberg's work to

provide a more general numerical solution with tables that

could be applied to cable shapes related to buoy and anchor

lines acted upon by ocean currents as well as towed cables.

Both Kullenberg �3! and Pode �1! dealt with the case of

negatively buoyant cables subjected to the distorting

forces of both weight and current, but always with the two

dimensional case. Forces and the cable were considered in

the same plane.

Independent of Pode's work, Horton �0! devised an

approximate method for analyzing the long period motions of

a submerged singlewire moored buoy. The buoys,he helped

design were installed by Johnson and Savage �0! and used



to reference a floating, unmoored drilling ship which

drilled holes in the bottom in 11,000 feet of water holding

itself in one position with omni-directional propellers

�0!. This work, part of Project Mohole, Phase I, was the

first effort to use large �,000 lb. displacement! subsur-

face floats to perform an engineering task in the deep

ocean.

In 1963, Aldredge and Fitz  9! constructed and tested

a multimoored subsurface buoy with three cable legs that

were made neutrally buoyant by the addition of equally

spaced buoyant balls along the cable for the purpose of

removing the weight induced catenaries and stiffening the

system. This trimoored buoy was used for magnetometer

work. Analysis of the data showed the structure to be free

of short period vibrations. However, its long period

motions were not analyzed or measured, and it was damaged

and lost at sea within three weeks of installation.

In 1965, Savage and Hersey �0! of the Woods Hole

Oceanographic Institution completed an analysis of the

motion of a trimoored subsurface buoy with neutrally

buoyant legs subjected to both surface wave and current

forces by successfully measuring the long term motion

pattern of a full scale system in 2,500 feet of water,

160 miles off the South Carolina coast on the Blake Plateau.

The analysis of this sytem, named Sea Spider  see Figure 3-1!,

accounted for wave forces using wave spectrum data developed

13



Figure 3-1: Sea Spider, A Trimoored Buoy with
Neutrally Buoyant Steel Legs
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by Moskowitz �7! and methods developed by Milgram �6! and

Marks �5! that assume the sea is made up of a summation of

simple harmonic waves. The requirements for this system

were such that the apex could not move more than a "few

feet" for long period motions. It was therefore necessary

to minimize the current drag on the system versus the

overall buoyancy. Drag coefficients for the main apex

buoy were determined by model test using a method developed

by Kissenger and supp �2!. Other drag coefficients were

taken from Hoerner �1!.

In 1966, Savage, Corell, Blanchard and others �3!

reported to the U.S. Navy that it was technically feasible

to take saturation diving out of the realm of physiological

research at deptns down to 300 feet and to use this capa-

bility to do "useful work" at those depths. Salvage work

and some oil field maintenance work is now routinely done

at depths between 200 feet and 300 feet by Westinghouse

Corporation, Baltimore, Maryland, Ocean Systems Inc., New

York, New York, and other diving companies.

In 1967, Savage and Sni fin �9! extended the original

analysis by Savage and Hersey on trimoored buoyant struc-

tures to account more completely for motions due to the

curvature of the cables caused by current forces. This

latter work was done in preparation for the attempted

installation of such a hydrostructure, named Sea Spider II

in 19,000 feet of water approximately 300 miles north of

15



Hawaii in September, 1969, by General klotors Corporation,

Santa Barbara, California, for the Office of Naval Research.

This structure was to have a net buoyancy in excess of

30,000 lbs. The installation of this second Sea Spider-

type trimoored structure was not successful due to the

accidental activation of one anchor acoustic release after

all three cable legs and anchors had been deployed in

proper position  See Figure 3-1! at the 19,000 ft. depth.

However, the system was completely recovered, and the

contractors believe they proved the feasibility of deploy-

ing the structure. The Office of Naval Research is

proceeding with plans for constructing a similar buoyant

structure in 1970 or 1971.

In 1969, Skop and O' Hara �3! and Skop and Kaplan �4!

presented a method of determining the motions and cable

stressed for a trimoored subsurface buoyant structure

using the method of imaginary reactions. This approach

offers an improvement over that of Savage and Sniffin �9!

because it allows for a varying current versus depth

profile and for cable legs made up of multiple diameter

cables. As a considerably more general solution than the

one by Savage and Sniffin �9!, it will be particularly

valuable to the designer when more detailed current profile

data becomes available for the deep ocean.

Based upon these encouraging experiences and analyses,

it has seemed prudent to consider the extension of the work

16



to date to a possible commercial application, namely a mid-

water pipeline to transmit natural gas instead of a buoy

for oceanographic research. The pipeline would be main-

tained by divers using saturation diving techniques. The

use of a pipeline to transmit natural gas across the

Mediterranean is nct a new concept and has been considered

in France since gas was discovered in Algeria �!. The

literature research evidence supporting the market

feasibility of this application of the floating pipeline

concept has already been presented in the INTRODUCTION.

While it is recognized that all long range market forecasts

are only knowledgeable guesses, it is believed that the

documented economic forces at work in Southern Europe

support the conservative reality of the market predictions.

17



4. PIPELINE STRUCTURAL ANALYSIS

The proposed pipeline will extend from Phillipeville

in Algeria in a straight line 258 miles long to the Island

of Minorca where it will be brought to shore to pass through

a pumping station and then extend on to the southern coast

of France for 250 more miles, underwater, as shown in

Figure 4-1. An artistic rendering of the line, underwater,

is shown in Figure 4-2. For structural analysis, installa-

tion method, and cost analysis purposes the line can be

divided into two major categories: 1! that part which will

be bottom mounted as the line proceeds outward from shore

to deeper water, and 2! that part which will float off the

bottom when the water becomes too deep to permit bottom

laying with present methods of construction.

The section of the line extending from shore to the

maximum depth of submergence of the entire pipeline will be

bottom mounted in a fashion identical to present marine

pipelines. The solutions to structural and installation

problems concerned with this segment of the line are con-

sidered state-of-the-art by this study, and will not be

considered here. At a depth that is below any significant

forces due to surface wave action the pipeline will be

This depth is determined from the maximum waves expected
in this area as described in Section 4.2.1b.
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made buoyant and float off the bottom. Where the line

passes from the bottom mounted mode to the floating mode is

a point of transition requiring special design. It is

anticipated that the line will pass out through a truncated

cone-like structure to allow distribution of bending

stresses that will develop as the line moves back and

forth against the fixed point of departure from the bottom

under the influence of changing currents  see Figure 4-3!.

The final design details of this tapered section will

depend upon the anticipated forces on the pipe and is also

not considered part of this study although the construction

and installation costs of this component are included in

the section on estimated investment in Chapter 5.

The buoyant, anchored part of the pipeline, submerged

at a depth just sufficient to avoid any significant wave

forces is shown in schematic form in Figure 4-4. The

buoyant line is held down at intervals by a trimoored buoy

with steel cable legs made neutrally buoyant by attaching

hollow glass spheres at appropriate intervals. Such tri-

moored buoyant structures, hereafter referred to as the

buoyant towers, have been constructed and tested for other

purposes as indicated in Chapter 3. In addition to the

restraints provided by the buoyant towers, the buoyant pipe

is also further restrained in the vertical direction by

single anchor cables at intervals between the buoyant

tower stations. These single cables must be spaced to

21



Figure 4-3: Schematic Drawing of Transition From Bottom
Mounted to Floating Pipeline with Tower
Details
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prevent the buoyant pipeline from arching too close to the

surface where it would be exposed to significant, cyclic

forces due to surface waves or even interfere with the free

passage of surface shipping.

The procedure used in this Chapter to make the stress

and motion analyses necessary to predict the important cost

details of the system for any given pipeline diameter and

weight has been as follows'

The floating pipeline system model has been separated.

into two parts: 1! the sublength of pipeline between

any two buoyant towers together with its several,

vertical, anchoring cables, and 2! the buoyant tower

anchoring system.  Section 4.1! ~

The sublength of pipeline between any two towers is

then subjected to ocean current forces and gravity

forces and a method for determining the static con-

figuration of the sublength, under load, and its

reactions on the buoyant towers is presented.

 Section 4.1.1!.

Next, a method for determining the motion of and

stresses in the cable legs of the buoyant towers is

presented.  Section 4.1.2!.

The forces due to ocean currents, waves and other

sources are examined, and the maximum magnitude of

The specific minimum depth is determined in Section 4.2.1b.
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these forces for this Mediterranean pipeline are

determined from the available data.  Section 4.2!.

Finally, the maximum ocean and other forces predicted

are applied in the methods of analyses developed to

determine motions and stresses in the pipeline sub-

lengths and towers. A table showing the tower spacing,

size of tower buoys, cable sizes, and so forth for the

diameters and weights of pipes used in this investiga-

tion is presented. The data in this table are

developed using optimum pipe sizes determined by

Boutin �2! for various volumes of gas throughput.

The tower spacing and cable sizes for the various pipe

sizes are partially based on the motions and stress

analysis methods that have been computerized. The

computer programs are shown in Appendix I. Design

restraints caused by the practical requirements of

construction at sea are shown to be the final criteria

for tower spacing.  Section 4.3!.

4.1 ANALYTICAL MODEL OF THE FLOATING PIPELINE AND ITS

CABLE ANCHORING SYSTEM

4.1.1 The Floating Pipeline Sublength Between Buoyant

Towers

25



In order to separate stresses and motions of a pipe-

line sublength between towers from the motion of the towers

as the ocean forces vary. on both the pipeline and the

buoyant towers, the following assumptions are made:

l! the motion of the apex of any buoyant tower is

constrained to be so small relative to the

distance between the towers that the end points

of the pipe sublength between towers can be

assumed to be fixed in space.

2! the pipe is attached to the buoyant tower in such

a fashion  see schematic Figure 4-3! that the pipe

causes only simple reaction forces on the tower

apex and no moments. There will be stresses due to

bending in addition to tensile forces in the pipe

sublength in the vicinity of the attachment of the

pipe to the fixed tower when external forces are

applied.

These assumptions result in a model of the

buoyant pipeline. sublength as shown in Figure 4-5.

This Figure shows the external reactions on the

pipeline at the two fixed tower ends, the forces

acting due to the intermediate vertical cables and

the external distributed force components caused by

The bending stresses will require special design of the
attachment of the pipe to the towers and probable reinforce-
ment of the pipe in the vicinity of the attachment to achieve
more uniform stress distribution.
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ocean current drag forces on the pipe and the pipe

buoyancy. Further assumptions to make this model

sublength of the pipeline a general analytical

model for any sublength in the pipeline are:

3! The line formed by the apexes of the buoyant

towers between one land point and another will be

a straight horizontal line.

4! The current, and buoyancy forces acting per unit

length of pipeline will be considered constant and

uniform for the sublength at any given depth below

the ocean surface.

5! The maximum forces acting upon one sublength of

the pipeline due to currents, wave action and

buoyancy will be the same as the forces acting on

the immediately preceding and succeeding sections,

and these maximum forces will all occur simulta-

neously. This, of course, is a remote possibility

considering the variations in the physical oceano-

graphic parameters, but it provides the worst case

for determination of the pipe motion and stresses

and the pipe reactions on the towers if the pipe-

line is cut.

6! The bending stresses in the pipe will all occur in

The validity of this assumption in the light of the actual
current and buoyancy forces will be verified in Sections
4.2 and 4.3 of this Chapter.
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the pipe segments attached to the towers where

Figure 4-3 shows provisions will be made for a

reinforced section or strongback for distributing

these stresses over a section of pipe 40 ft. long

 one joint!. The ends of such terminal joints are

designated as Station 1 and Station N in

Figure 4-6. Between these stations it will be

assumed the pipe is completely flexible with zero

moments acting, i.e., in pure tension.

7! No part of the pipeline will be permitted to rise

towards the surface to a point where the pipeline

is subjected to current and wave forces that are so

different from those that exist for the fixed ends

of the line that the assumption of constant and

equal external forces per unit length acting on

the pipeline becomes invalid. This assumption has

been made for the very practical reason that the

tops of the towers will already be placed as close

to the surface as possible for the given wave

forces, current forces and pipe stresses. Any

significant addition to the forces on the pipe,

over and above those anticipated for the tops of

the towers, will naturally result in pipe reactions

that exceed the design limits. In other words, the

whole purpose of the design concept is to keep the

entire structure just below the strong surface

29
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effects and surface currents, but still as close

as possible to the surface for easier construction,

maintenance and repair. Therefore, it will be

arbitrarily assumed from the beginning that no

part of the pipe can be permitted to rise more

than 50 ft. above the level that the apex of

either of the two towers would assume if no pipe

reaction were acting upon them except the pipe's

buoyant force.

8! The single, vertical cables used to restrain the

vertical arching of the pipe sublength caused by

buoyancy forces will be made neutrally buoyant;

therefore they will have only the pipe vertical

loading for tensions at all times, providing the

pipe's horizontal motion is held small compared to

the depth. For instance for a depth of 10,000 ft.

the top end of a single vertical wire can move

+ 300 ft. in the horizontal plane and its distance

from the surface will vary less than 10 ft. The

horizontal motion of the pipe must be kept small

because the pipe must be fixed on charts as a

navigation hazard, the assumption will be that it

is possible to have constant tension, single-wire,

vertical restraints on the pipe at intervals

between towers providing the tension in the

vertical wire is large compared to the current

31



forces acting on this wire. The forces at the

attachment points of these wires to the pipe must

also be distributed by a stiffened section as for

the towers. A buoyant element must also be added

at these connection points to offset the weight

of the stiffened section, and the assumption will

be made again that the moments are local to the

connection section only and do not affect the

pipe shape between restraints'

4.1.1a Determination of the Static Confi uration and

Tower Reactions for a Pi eline Sublength

The technique used for these determinations is

"The Method of Imaginary Reactions" described by Skop and

O' Hara �3!, and applied by them to cable systems. With

the foregoing assumption that the pipe sublength is in pure

tension, it can be treated as a large flexible cable also.

The Method of Imaginary Reactions is an extension of the

classical method of consistent deformation, used by struc-

tural engineers to calculate redundant reactions in complex

linear structures, to the new linear problem of flexible

arrays.

A lumped parameter representation of the external

forces acting on the pipe sublength is assumed and the

bending stiffness is ignored. The lumping of forces is

accomplished by dividing the pipe sublength into a definite,

32



and convenient, number of segments as shown in Figure 4-6.

The sum of the distributed forces on the cable half

segments on either side of a lumping station is assumed to

be acting at that station. The lumping stations are also

selected so that all external point forces such as the

vertical cables on the pipe sublength are acting exactly

at lumping stations. Consequently, each pipe segment

between lumping stations is made a straight line. The

static equilibrium of configuration of the pipe sublength,

subjected to the external forces specified and including

the effect of stretching due to tension, can be uniquely

determined from formulas that are functions of only the

applied forces and the imaginary reactions. By using a

logical method of varying the redundants, the guessed

reactions at one end of the pipeline sublength, an

iteration technique that is guaranteed to converge to the

correct. reactions and consequently the correct static con-

figuration can be generated. The number of equations to be

solved for each iteration does not depend on the number of

lumping stations, but only on the number of external

redundant reactions. Prescribing a large number of lumping

stations to very closely represent the pipeline sublength

increases only the number of required arithmetic calcula-

tions but not the complexity of the problem.
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Descri tion of the Method

the external reactions in lbs.RO / RO / RO

force of the fixed buoyant tower

on the left end of the pipeline

sublength

Location of the fixed left end

tower point with coordinates

x�!, y�!, z �! .

Lumped external forces, in lbs.

force, acting at each lumping

station form number 1 to N. These

lumped forces include all the

distributed forces acting on the

pipe due to current drag and

buoyancy plus the forces due to

the action of vertical cables when

they are applied.

FN , FN , FN , respectively.

Right end of the pipe sublength

with coordinates x N!, y N!, z  N! .

This point will only coincide with

Point 0

lx' ly' lz'

F2x' F2y, F2z'

F g ~ ~ ~ ~ g
3x

Nx' Ny' Nz

R, R, R
x y z

Point N
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Figure 4-7 shows the abbreviated pipeline sublength

with lumping stations numbered from 0 to N. By lumping the

external forces acting on each segment at the stations,

Figure 4-7 shows the following forces and geometry:
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the location of the fixed right

side buoyant tower location if

R , R , R are the true reactionx' y' z

forces of the tower on the pipe-

line.

Location of the right side fixed

tower with coordinates a, b, c.

Point 8

determined; knowing these reaction components, the direc-

tion of, tension in, and new length of the segment OA

 Segment No. 1! can be found. The position of point A

 lumping Station No. 1! with coordinates x �!, y �!, z �!,

can be located. Similarly, the positions of stations

2, 3, 4, . . ., N are found by using elementary rules of

statics to determine the equivalent reactions at points

1, 2, 3, . . .  N-1!. Thus, the equilibrium configuration

of the pipe is uniquely determined.

If the point N were actually the position of the

second tower point, then, under the action of the lumped

external forces, Fl Fl Fl F FN FN the

pipeline segment with two fixed ends would be in equili-

brium in the configuration first calculated and the

reactions at point N given by R , R , R . On the otherx' y' z

hand, if point 8 is the real position of the second tower

If all the forces Fl Fl Fl are known, then the

reaction components RO , RO , RO , at point 0 can be readily



and R , R , R are only initially guessed reactions then
x y z

they are not of correct value. R , R , R must bex' y' z

corrected by some method to pull N in the direction of B

will R R , R satisfactorily represent the true reaction
x y z

of the right hand tower.

The following procedure is used to obtain a close

approximation of the true reaction:

l. The left hand tower position is denoted by

x �!, y �!, z �!

2. The position of the nth lumping station is given by

x n!, y  n!, z  n!

when n = 1, 2, 3, . . . N

3. The external force acting at the nth station is given

F  n!, F  n!, F  n!x ' y ' z

The desired location of the nth station is the right

hand fixed tower position given by

4.

a, b, c.

The unstressed length of each segment is given by

L  n!

where L �! is the first segment between the station
0

x �!, y �!, z �! and x �!, y �!, z �! .

5.

37

until they coincide within some accuracy limit. Only then



Under stress conditions, the length of a segment and

tension in it are given by L n! and T n!, respectively.

If all the pipe segments are operated in the elastic

range of tension, then

6.

L n! = L  n! 1 + L n!

B  n!

�. 1!

where B n! is the extensional rigidity of the pipe

segment.

are given by

R  n!, R  n!, R  n!x ' y ' z

These resultant force components are related to the

external forces acting on the pipe by

R  n! = F  n! + R  n + 1!

R  n! = F  n! + R  n + 1!
y

R  n! = F  n! + R  n + 1!

�. 2!

where: n = 1, 2, 3, . . . . N-1;

and

R  N! = F  N!

R  N! = F  N!

R  N! = F  N!

�. 3!

when n = N. Therefore, whatever F  N!, F  N!, F  N!
x y z

38

7. The resultant force components in the nth pipe segment



8. The tension in the nth segment is given by

T  n! = R  n! + R  n! + R  n!2 = 2 2 2

x Y z
�. 4!

w'here T n! is always positive.

9. The stretched length of each segment can now be

determined from equations �.1! and �.4! ~ The

position of each pipe station is then given by

x  n!
L  n! R  n! + x n � 1!
T  n!

y  n!
L  n! R  n! + y n � 1!
T n!

z  n! = R  n! + z  n � 1!L  n!

T  n!

Therefore for any assumed F  N!, F  N!, F  N! with thex ' y ' z

other external forces held constant, the tension and

orientation of each pipe segment are uniquely deter-

mined. However, for the case of the ends fixed at

two towers,F  N!, F  N!, F  N! are the reactions at
x y z

the right hand tower and are unknown. Our guesses at

their true values will result in the coordinates x N!,

y N!, z N! not being equal to a, b, c, respectively,

39

are selected will determine the resultant forces in all

the other cable segments if the other external forces

are constant.



the true coordinates of the tower position B in

Figure 4-7. Making x  N!, y  N!, z  N! coincide with a,

b, c, respectively, i.e. finding the true reactions

is accomplished by an iterative process.

which differ from a, b, c by some length and

direction. The measure of the error of the calculated

end position, x N!, y N!, z N! from the desired

position, a, b, c is defined by the error function:

E =  a-x  N! ! +  b-y  N! ! +  c- z  N! !
2 2 2

� ~ 5!

The Method of Imaginary Reactions �3! then states

that, "If the iteration procedure determined by the

substitutions:

F'  N! = F  N! + hF  N!

F'  N! = F  N! + 6F  N!
x y y

F'  N! = F  N! + 6F  N!

is followed where:

40

10. When the first guesses at F  N!, F  N!, F  N! have
x y z

been made, they result in values f or x  N!, y  N!, z  N!



dF  N! = 6  a-x N! !

WE

�. 6!hF  N! = 6  b-y  N! !

WE

hF  N! = 6  c-z  N! !

41

and where 6 is a positive number chosen at each

iteration so that E'<E, then after a large enough

number of iterations E ~ 0 arbitrarily closely and

the static equilibrium position of the pipe is

obtained."

This technique has been used in this study to

determine the static equilibrium position and tensions

in the pipeline sublength under external loading from

ocean forces, buoyancy and cable restraints. It is

recognized that the assumption of no bending stresses

in the pipe except directly adjacent to the tower

connection is a questionable simplification. Large

diameter, thick walled pipes will be very stiff and

neglecting the bending stresses in the analysis will

exaggerate the arching of the pipe due to buoyancy and

currents. Therefore, the motion of the pipe will be

less than that predicted by the model. It is there-

fore a practical model for determining the maximum

motions of the pipe under the external loads and



restraints. It is also a useful model for determining

the loads placed by the pipeline sublength on the

buoyant towers.

On the other hand, neglecting the stiffness of the

pipe and the movements will present incorrectly small

magnitudes for internal stresses developed in the

pipe walls.

4.1.1b The Stresses in a Pi eline Sublen th

"The stress analysis of a pipe or cylindrical tank

supported at intervals on saddles or pedestals and filled

or partly filled with liquid is difficult, and the results

are rendered uncertain by doubtful boundary conditions."

This statement by Roark �6! sums up the difficulty of

determining the true stress in a pipeline sublength. It is

possible only to bound the stresses using equations of

statics from shell theory.

The pipeline sublength has two significant stress

configurations which are shown in Figure 4-8 and Figure 4-9.

Figure 4-8 shows a pipeline sublength in plan view with the

uniformly distributed load due to current drag acting on

the pipe suspended between two towers. The vertical cables

that restrain the pipe buoyant forces have no restraining

effect on the pipeline configuration in this view. The

model is therefore the same as that for a long beam with

each end imbedded in a wall since the next p'ipe sublength on
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each end exerts a moment and reaction on the pipe sublength

in question.

An analysis of the stresses in such a long pipe span,

so supported, has not been found in the literature and

presents a significant problem in itself. However, for the

purpose of this investigation, the magnitude of the

stresses involved can be usefully approximated by treating

the length L' in Figure 4-8 as a long span held at the ends

and subjected to a uniform, distributed load. Since L'

spans the two inflection points of the pipe, this is a

reasonable approximation of the boundary conditions that

exist.

Pfluger �7! has developed a formula for the stresses

in a pipe in such a condition

N = P R � ur � s  R � s! sin2

s E

6r Z

�. 7!

where: N = unit normal force on the axial direction in
s

lbf/ft

weight of the pipe shell per unit of mean

diameter surface in lbs/ft

PE

s = distance from left hand end in ft to the

cross section of pipe in question

p. = the length between the fixed ends in ft

= L' in this case

r = the mean radius of the pipe in ft
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u = Poisson's ratio = approximately 0.32 for

steel pipe

the angle of rotation of a radius vector in

the plane of the pipe cross section.
0

Maximum tensile stresses occur when $ = 90

An example will indicate the stresses created by the

current forces acting on the pipe.

Consider a pipe sublength that has L = 10,000 ft

between the towers. If the point of inflection is 500'

from each tower, then L' = 9000 ft. Let the pipe dimensions

be: mean diameter r = 36", wall thickness = 1", and

length L' = 9000 +t. Treating the two dimensional problems

of Figure 4-8, assume the current drag force per ft on the

pipe is a constant 0.5 lbs/ft. In this problem there is no

gravity dimension, but the constant drag force can be

viewed as an equivalent weight to substitute in the

equation 4.7. P = 0. 5/m �! = . 053 Lbs/f t of radius
E

Taking $ = 90 in equation �.7! to get the maximum unit0

normal force gives: 9000 � . 3 �! � 0 �000-0! �!
6 �!

N = 240,000 lbs/ft of radius
s

N = 20,000 lbs/inch of radius
s
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In other words the maximum stresses introduced in the

example pipe sublength, L',due to the current load are of

the order of 20,000 psi tension. Of course the stresses in

the pipe wnere it is bent past a tower will be larger than

this, but, as mentioned earlier, a thickened, tapered

section s! will be provided here to accept the added

stress. Added to these tensile stresses caused by current

loads will be those due to the internal gas pressure in the

line which will vary from 1400 psi at one end of the entire

line to 700 psi at the other end,* but these will be small

the line will be installed will not cause current

loads in excess of 0.5 lbs/ft on a 36" diameter pipe.

The current forces on a cylinder, for any given

current velocity, are directly proportional to the

cylinder diameter. Therefore the stresses developed

for a 36" diameter cylinder in equation 4.6 are the

2!

* See Section 4.3.

** See Section 4.2

47

 less than 10,000 psi for the example pipe! compared to the

tensile strength of the pipe.

The example that has been given presents a realistic

picture of the maximum magnitudes of the tensile stresses

that will be caused by current loads, once the pipe has

been installed� for the following reasons:

1! The current maximum velocities expected at the depth



same for any othe diameter pipe with the same pipe

span, wall thickness and boundary conditions for a

constant current velocity.

3! The maximum pipe span considered between towers will

be 10,000 ft for reasons of' installation and

handling.

The other significant stresses to be considered in

this design feasibility stress analysis of the pipe sub-

length are those caused by the arching of the buoyant pipe

between vertical restraints. E'igure 4-9 a! shows the two

dimensional configuration, boundary conditions and forces

acting in this mode of stress. Once again, it will be

assumed that the pipe section can be reinforced and tapered

at the point of connection to the cable restraint. The

added stresses due to bending moments will be assumed

accounted for in this fashion at these junctions. The

other stresses to be considered are tnose that will be

Developed in the free span between inflection points, i.e.

the length, L'.

As shown in Figure 4-9 b!, the worst case  maximum

stress! boundary condition that can be assumed for this

segment are a simply supported span. Pfluger �7! has also

* See section 4.3
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considered this case

N = P s  k - s! sin $
s E

r

� ~ 8!

P = 10/m �! = 1.1 lbs/ft
E

and

N = � l. 1 500 �000 � 500! �! = 92, 000 lbs/f t

max 3

This is a stress of only 2600 psi tension on the pipe for

a 1000 ft span between restraints. It will be necessary to

restrain the pipe at least every 2000 ft in the vertical

direction to make it stay at a depth below significant wave

forces; therefore the stresses due to the vertical con-

figuration on a 36", 1" wall pipe will not exceed approxi-

mately 10,000 psi if the net buoyancy does not exceed

10 lbs/ft.

49

where the symbols are the same as in the previous stress

equation 4.7. Using the same example as before of a 36"

mean diameter, r, 1" wall thickness pipe, and taking span

1 = L' = 1000', it. is then necessary to assume a value for

P . As before, P represents the gravity force per unit

of mean surface area of the pipe in Pfluger's �7! analysis.

However, net buoyancy forces are involved in this problem.

Assume a constant buoyant force of 10 lbs/ft then



As will be shown in subsequent sections, 12 lbs/ft of

buoyancy will be the maximum allowed for a 36" pipe, i.e.,

less than 2% of the overall weight of water displaced/ft.

To be sure, this presentation of stress considerations

would hardly be suitable for a detailed pipe design. How-

ever, the other stresses due to shear and hoop tension are

all orders of magnitude smaller than those due to axial

tension according to Pfluger �7!. It is therefore prudent

to conclude that the stress problem can be readily overcome

for the pipe spans and loads that will be considered here

provided thick walled pipe of the order of one inch is used

for all pipe diameters. As will be shown subsequently, the

pipe must be weighted to reduce its buoyancy anyway, so this

does not present a buoyancy problem.

4.1.2 Motions of and Stresses in the Buoyant Towers

The other major subsystem of the total buoyant,

submerged, anchored pipeline is the buoyant tower, patterned

after the Sea Spider  Figure 3-1!. In the case of these

pipeline towers, however, provision must be made to prevent

the pipeline from exerting a movement on the apex of the

trimoored tower. The suggested method for accomplishing

this effect is a yoke around the apex buoys as shown in the

schematic drawing in Figure 4-3. Figure 4-3 also shows a

second buoy above the pipeline junction with the tower to

hold the line above the tower and prevent tangling. These
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two buoys at the apex provide the vertical force to put the

tower legs in tension. The legs, themselves, are made

neutrally buoyant by the attachment of high pressure glass

spheres at appropriate intervals along the legs. The

towers are anchored to the bottom by dead weight anchors

large enough to withstand any vertical lift or horizontal

forces predicted for the particular system.

4.1.2a Method of Anal sis of Notion and Stresses on

the Towers

An analysis of motions of and stresses in towers

of this type was first accomplished by Savage and Hersey

�0! and Savage and Sniffin �9!. However, as stated in

Chapter 3, LITERATURE SURVEY, Skop and Eaplan �4! subse-

quently developed a more general method of determining the

static configuration of such towers or cable arrays acted

upon by current induced forces. This method uses the

Method of Imaginary Reaction already described, combined

with a method of successive approximations to determine the

configuration of and stresses in a buoyant tower. A des-

cription of the method is given in exquisite detail by Skop

and Kaplan �4! and will not be repeated here, except for

an outline of the major steps involved which are as

follows:
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1! First, two key assumptions are made:

a! The current, although it. may vary in magnitude

as a function of depth, is unidirectional.

b! The drag force component which acts in the

direction normal to both the stream and the cable

is zero.

It is to be noted here that unlike the first analysis

method used on the pipeline, the current force acting

per unit length of cable is not necessarily constant.

In fact, it is permitted to vary as the cable

att.itude with respect to the current varies even

though the current is unidirectional and has a

constant velocity at any given depth.

2! As before, the buoyant structure is divided into

lumps as shown in Figure 4-10.

3! There are now three fixed ends to be considered instead

of two; therefore one of the anchor locations is

designated as primary as shown in Figure 4-11. The

other two are called secondary.

4! In the analysis method, the two ends that must be

attached to the secondary anchors are released from

the anchor points while the tower is subjected to

current forces, net buoyancy forces, and, in this

application of the method, the reactions of the pipe-

line on the tower as determined by using the method

in Section 4.1 of this chapter. Initial guesses are
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Figure 4-11: Buoyant Tower Showing Lumping Stations,
Reactions and Configurations When
Reactions Are Not True
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x y z and x y z as shown in
I I I I g I I I I I

Figure 4-11. The subscripts N,2 and N,3 designate

the last lumping station.N or the end of the cable

on secondary cable number 2 and 3, respectively. The

lumping station locations on cable 2, for example,

z 1 2 at the branch point   apex
I

vary rom x 2 y
1 t I

buoy location! to x y z where n = 1, 2, 3,
n,2, n,2, n,2

N. The cable lumping stations are numbered

from 1 at the branch point to N at the anchoring ends

for the secondary cables, 2 and 3. The reverse is

true for the primary cable numbered 1. Therefore, in

the subscript system used:

then made for the three components of reaction that

must. exist at each secondary cable end to "pull" the

cable end to the true anchor position. Using these

initial, guessed or imaginary reactions, the config-

uration of the tower is determined and the "error"

between the cable end positions and the true

secondary anchor position is determined.

5! As opposed to the single pipe system with a single

"free" end, there are now two "free" ends with

locations that are some "error" distance from their

true anchor position. These ends are at locat,ions



1,2, 1,2, 1,2 N,l, N,l, N,l

1,3, 1,3, 1,3 N,l, N,l, N,l

Also, the positive measure of error E defined

previously for this method now becomes the sum of the

two errors

E =   2- 2! +  y 2- b2! +   2- 2!2 2 2

I I I

+  x 3 � a3! +  y 3 � b3! +  z 3 c3!2 2 2

I I

d
 a � x !

2 N,2N,2

dF =  b � y !y,N,2 ~ 2 N,2

hF =  c � z !z,N,2 ~ 2 N,2

6  a � x !
3 N,3,N,3

hF  b � y !b

y,N,3 ~E 3 N,3
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6! As in the single end case, the original reactions

guessed for the anchor ends are now corrected by a

positive corrective factor



 c � z !6

3 N,3N 3

and the new guessed reactions become

F I
x,N,2 ,N,2 ,N,2

F I
y,N,2 ,N,2 ,N,2

F I
z,N,2 ,N,2 ,N,2

F f
x,N,3 F N 3 + EF,N3

N 3 N 3
F t

y,N,3

F I
z,N,3 N 3 2 N 3

satisfactory magnitude E . When this event occurs
c

then the reactions at the anchor points are considered

sufficiently true and

* If at the end of any one iteration the new error measure
E' is greater than the previous error E, then 6 is too
large. It is reduced to 6/2, and the previous iteration
repeated. The process is repeated until E'<ED
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7! These new forces are then applied to the cable ends, a

new static configuration determined, a new Error

Function E' found and the process repeated, again and

again, until the error, E' is less than some preset,



a2, b2, c2N,2, N,2, N,2

within the accuracy desired.

8! When the static equilibrium configuration is thus

obtained, the imaginary reactions at the lumping

stations represent the tensions in the cable segment

adjacent to the lumping stations; therefore, the

stresses in the cables for a given set of external

force conditions are also obtained at the same time.

This method of determining the motions of and stresses

in a tower system has been used in a computer program for

an IBM 360-67 computer to determine these data for the

several pipeline designs evaluated in this study. The pro-

gram was adopted from one by Skop and Kaplan �4! and is

shown in Appendix I.

In addition to the Method of Imaginary Reactions

already described, this program uses another important

technique to achieve the desired results: It uses a method

of successive approximations as well as the Method of

Imaginary Reactions. This is necessary because the Method

of Imaginary Reactions requires that the applied external

forces remain constant from one iteration to the next. The

current forces are a function of the cable leg attitude



relative to the current direction,* and the cable segment

directions change for every iteration. By combining the

method of successive approximation with the Method of

Ir aginary Reactions, this variable external force can be

accounted for in the method. The combined technique �4!

"consists of making an init'al guess as to the value of the

hydrodynamic  current! forces and then using these values

while finding the equilibrium position of the tower by

Imaginary Reaction. Once this position is found, the

hydrodynamic forces are recalcula+ed, and the position of

the array under these new orces is then again found by

Imaginary Reactions. The iteration technique is continued

until the desired degree of accuracy is obtained. A

natural measure of accuracy for the successive approxima-

tion routine is to compare the equilibrium coordinates of

each cable lumping station with their previous values for

two successive iterations. If the coordinates differ by

less than a preset, fixed amount, E the iteration is
1

considered satisfied; if any coordinate change is greater

than E the iteration is continued." In terms of the
I

subscripts used in Figure 4-11, the condition is satisfied

when

Because the current direction is assumed unidirectional
regardless of depth or magnitude, the current forces per
unit length change every iteration. See Section 4.2.
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X X y y z' � z are all less than
n,m n,m, n,m, n,m, n,m n,.

E for n = l, 2, . . . . N and m = l, 2, 3  signifying the

tower leg under consideration!. Therefore, in the combined

technique, the Method of Imaginary Reaction is used to

determine the equilibrium shape of th structure within

each successive approximation o.' the hydrodynamic  current!

forces. When, in the total iteration process E becomes

less than E , the cutoff value for the i".ethod of Imagirary
c

Reactions, there is an error, within ~E from the actual

equilibrium coordinates for the coordinates calculated for

every cable lumping station. Consequently, it is necessary

for the cutoff value E for the successive appruximation
D

iteration to be larger than the value of this f inal,

acceptable error. Skop and Kaplan define ~ safe erro-:.~f

E > E
c

Therefore, the methods for determinin the motions of,

and stresses in the pipeline sublengths and buoyant towers

have now been defined. Before proceeding to apply these

methods to pipelines of various diameters thai: are

determined by the rates of gas volume required to be

pumped., it is first necessary to determine the ocean iorces

that will be acting on such a submerged, buoyant, anchored

pipeline system in the Mediterranean location that has

been selected for this design feasibility analysis.
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4.2 EXTERNAL FORCE'ACTING UPON THE PIPELINE SYSTEM

4.2.1 Non Gravity Forces Acting

The non gravity forces that can act upon the

pipeline are of three kinds:

Current forces which refer here to forces

resulting from currents caused by ocean circula-

tion and not wind driven surface currents.

Surface effect forces which refer to surface wave-

generated forces and wind driven current forces.

~S ecial forces such as impact forces caused by a

subsurface ship colliding with the structure or

drag forces caused by trawler nets or other

fishing lines tangling in the structure.

4.2.1a Current Forces in the Mediterranean Environment

Current forces are due to hydrodynamic drag of the

water passing by a body with some velocity.

In the ocean the currents are due to circulation of

the water caused by temperature and salinity differentials

and interaction with the atmosphere. There are both global

and local current patterns, and velocity magnitudes vary

from zero to more than five knots depending upon geographi-

cal location or depth or both. Currents exceeding one knot

are rare in the open ocean  away from shelf areas! except
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in major current streams such as the Gulf Stream in the

Atlantic or the Cromwell Current in the Pacific.

In the western Mediterranean area under consideration,

the major current patterns as viewed at the surface are

shown in Figure 4-12. This figure should be viewed like a

one year time lapse photo of the sea surface current.

patterns. Different segments of the current pattern are

dominant at different times depending upon the season and

atmospheric pressure pattern. However, the general circu-

lar pattern along the coast of North Africa, up the

western oast of Italy and back to the west along the

southern coasts of France and Spain is a continuous

phenomena.

The currents vary not only with time and location on

the surface, but also with depth. A very simplified model

of the overall vertical current circulation would show the

Atlantic waters entering the Mediterranean through the

Straits of Gibralter in the upper zone of the water column

and spread.ing eastward still holding to the upper zones.

Then, cooled by energy interchange with the atmosphere, the

entering water eventually sinks and returns through the

Strait to the Atlantic in the lower zone of the water

column. These vertical motions of the water vary with the

season of the year and are least evident in the summer

months.
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For engineering design purposes, however, we are

interested in a much more detailed picture of the current.

velocities than the general circulation models of the

meteorologist or oceanographer. We require a model showing

the variation of the maximum current magnitudes and their

directions with depth of water along the entire length of

the pipeline crossing. Such current data can only be

obtained at present by strings of several continuously

recording current meters, extending from the surface to the

bottom and suspended from a buoy. Only a few such record-

ings have been made in the entire Mediterranean. Miller

�8! presented the results from a string of five current

meters located at a point approximately 38 N and 5 E in a0 0

water depth of about. 1500 fathoms during January through

March, 1969. La Combe �9! presented the results from a

single current meter located at a depth of 10 meters from

the Bouee Laboratoire at the location 42 N and 5 30'E in a
0 0

water depth of about 7000 ft. Figure 4-13 shows the

results. Gonella, Eskenazi and Fropo �0! reported contin-

uous current measurements taken at a depth of 20 meters at

location 42 47'N and 7 29'E in July, 1964, by Bouee

Laboratoire and again in December, 1964, at depths of 25

meters, 100 meters and 300 meters. Measurements with

moored current meters were made by Swallow near location

42 N, 5 E in February and March, 1969, and are reported in
0 0
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Figure 4-13: An Example of a Current Meter Record
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personal communication in Appendix III.

In addition to these fixed station measurements,

observations have been made using free floats making time

versus distance measurements on both the surface and

beneath the surface using acoustic tracking. However, the

total available data on currents in the Nediterranean is

sparse and we must rely on the judgment of experienced

investigators as much as upon instrument recordings to make

a useful model of the current environment along the pro-

jected pipe routes. Appendix III contains a report of a

discussion between Henri La Combe and E. E. Allmendinger of

the University of New Hampshire who represented the author

in a Paris meeting in October, 1969.

Cross correlation of the current data with the state-

ments of Niller, La Combe and Swallow received in personal

interviews or correspondence results in the following

assumed current profile variation along the pipeline route:

1! Near the coast of North Africa maximum surface

velocity of 2.5 knots �.5 ft/sec! dropping to 1 knot

�.7 ft/sec! at 300 feet and declining rapidly to less than

0.3 ft/sec at greater depths. The direction is due east.

La Combe reports this pattern persists out from shore into

water depth of 1000 fathoms, as much as 25 miles from

shore. This reasoning is consistent with the major

circulation pattern for the Nediterranean putting the

entering water from the Atlantic in this eastward coastal
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current.

2! From 25 miles off the North- African shore to Minorca

the available data shows maximum currents of 0.1 ft/sec at.

the surface as one would find with large eddy currents.

There is no data available on the surface currents in this

area, but Miller and La Combe concur that it is much less

active than the Gulf of Leone so it is reasonable to assume

that the maximum surface currents do not exceed 1 knot

�.7 ft/sec! and persist only to no more than a 200 ft depth.

3! Around the islands of Minorca and Mallorca the current

velocities are unknown, but there is no reason to believe

they exce'ed. the 2.5 ft/sec storm currents estimated for the

open ocean.

4! B6t~~.Minorca' and Marsaille, Swallow's measurements

and La Combe's: estimates show a maximum surface current of

2 ft/sec declining rapidly to less than 0.3 ft/sec below

the 300 ft depth. These currents were found by both

Swallow and the crew of the Bouee Laboratoire to be rotating

in a clockwise direction like large eddy flows. Therefore,

the current direction can be assumed variable all along the

pipeline track.

5! Near the French coast La Combe estimates a high

current velocity of 3.5 ft/sec to the west under storm

conditions and prevailing down to 300 ft in depth. The

direction is generally west at all times. Below 300 ft, he

estimates the current to be 0.3 ft/sec and also westerly.
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In all of the foregoing the current magnitudes

referred to are the horizontal components. The vertical

components are assumed so small as to be neglibible

although there are long term movements of large water

masses in the vertical direction due to density and other

changes.

This current data is a very imperfect base for con-

structing a mathematical model of the current environment

for the pipeline, but it is all that exists. So long as

we assume a current, model that exerts more force on the

structure than actually ever occurs we will at least not

underestimate the problem. Therefore, we assume current

magnitudes and directions that will exert maximum possible

forces on the pipeline and its supporting structure at all

points along the line at the same time even though the

currents are clearly periodic, in most cases, in both

magnitude and direction. Figure 4-14 assumes this maximum

drag force generating profile with the maximum current

magnitudes discussed previously being assumed always per-

pendicular to the pipeline. This current model will

certainly give an exaggerated picture of the total current

forces acting on the total pipeline structure at any one

time, but without more detailed information that simply does

not exist, this is the only uncontestable design criteria

to assume. Moreover, for any single ten-mile section of

the line with its supporting towers, these maximum current

68



69



F=4pCAV
2 �. 10!

where p is the water mass density  slugs/ft !, C is the
3

drag coefficient  dimensionless!, A is the cross-sectional

area normal to the velocity  ft !, and V is the velocity of2

the stream  ft/sec!. Because the available data indicates

very slow vertical movement of the water, it is assumed

that the significant velocities are in the horizontal plane

as shown in Figure 4-13. The other current force is that

due to frictional shearing but this force is small for a

fairly smooth cylinder like a pipe �1! and can be

neglected.

The current drag force acts on each component of the

system in direct proportion to the square of the magnitude

of that component of the velocity vector that is normal to

the component's cross-section. The current drag forces for

the various components of the system have been computed in

the following manner:
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conditions might actually all exist at the same time, and it

is this maximum stress condition that must be allowed for

in the design.

The current forces acting upon the pipeline and the

cable structures are mainly those due to hydrodynamic drag

and are expressed by Hoener �1! as



1! Cable dra forces

F=4pCdV
2

p
� ~ 11!

where CT is the tangential drag coefficient  assumed
constant when the unit, length is parallel to the stream!

 dimensionless!, d is the diameter of the cable  ft!, and

V is the velocity component parallel to the cable  ft/sec!
p

C for this analysis has been taken to be .035, which is
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For the cable legs of the trimoored structure the drag

forces have been computed by first finding the current

components normal to a unit length of one of the legs and

the components tangential to the leg. The normal components

are then used in the hydrodynamic drag expression  Eq. 4.10!

to obtain the normal drag forces. The forces are then, in

turn, separated into rectangular coordinate system vectors

and combined to form a single set of three component force

vectors for that unit length. C , the normal drag co-

efficient for the cables has been assumed to be 1.4 which is

slightly larger for the new stranded steel cables than the

1.1 to 1.2 documented by Hoener for Reynolds numbers below

the critical for new stranded wire rope. The higher value

is used in an attempt to account for surface roughening due

to corrosion. The density of sea water has been taken to

be 64.0 lbs per cu ft. The tangential drag force on cables

is often neglected but for this analysis it is taken to be:



also larger than the .02 to .03 value given by Hoener.

2! Dra on cable buo anc elements

The drag force on the glass spheres attached to the

cables has been developed using the equation for hydro-

dynamic drag  Eq. 4.10!. This force has always been taken

to be completely in the direction of the current vector

at the element since the element is so attached as to be

free to orient itself in the direction of the current and

has a constant cross-section in all directions. Only two

tested high pressure elements are currently available in

production quantities, a 48 ' 8 lb net buoyancy element with

a cross-sectional area of 2.1 sq ft and a drag coefficient

of 1.57 and a 12.6 lb net buoyancy element with a cross-

sectional area of 0.8 sq ft and a drag coefficient of 1.57

at sub-critical Reynolds numbers.

3!

The drag on the main apex buoy has been determined in

the same fashion as that for the smaller buoyancy elements.

The drag coefficient used for the elliptical buoy is 0.3

as determined by experiments by Savage �0! and also given

by Hoerner �1!. Since the buoy will be attached so that

it can freely orient itself to the currents, the cross-

sectional area normal to the velocity vector is the

smallest possible area.
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4! Pi e dra forces

The pipe drag force calculations have also been

determined using  Eg. 4.10!. As the pipe deflections will

be kept small, the tangential drag forces have been

neglected and only the normal forces considered. The drag

coefficient for cylindrical pipe has been taken to be 1.2.

The total current vector has been assumed to be exactly

normal to the pipe to give the maximum possible drag force

per unit length. In the event that the current is oriented

parallel to the pipe, the reduction in pipe tension due to

the decrease in the normal drag forces will more than cancel

the added tangential force effect from tangential current

drag.

4.2.1b Wave Forces in the Mediterranean Environment

In designing a submerged buoyant structure such as

this pipeline system, we are concerned with the maximum

forces exerted 'by surface waves at depths beneath the

surface. These forces must be added to those exerted by

currents to determine the maximum stresses developed in the

pipe and its restraining cables and the motion of the

structure.
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Kinematics

�. 12!rl = a cos  kx � at!

where rl = displacement of the wave surface

a = the wave amplitude  Q wave height!

k = wave number = 2m/wave length

x = horizontal distance from origin

t = time

Ippen �1! shows that in the region � h < y < rl and

x < + ~, the velocity potential for such a wave is

K

a cosh kh

�.13!

where the potential is defined by

� 3$u = � = the velocity in horizontal direction

�.14!

v = � = the velocity in vertical direction� 3$

3y
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By using classical, small amplitude, linear wave

theory, one can represent the amplitude of a progressive,

two dimensional gravity wave by  see Figure 4-15!



This velocity potential was obtained by solving the

Laplace equation

� + = 0
B'y B' y
Bx By

�. 15!

1! The normal velocity at, the bottom is

v = = 0 on y = -hB ~

By

�. 16!

2! Integration of the equations of motion lead to

Bernoulli's Equation �1!

B~ + 4 U + v! + � + gy = 0
P

Bt P

�. 17!

If this equation is linearized by neglecting u

and v as small compared to the other terms, then

it can be used to develop the second boundary

condition

1 B$ 1 B$

� n g Bt y=n g Bt y=o
� ~ 18!

Condition �.18! assumes that the waves are small

enough so that satisfying the boundary conditions
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for two dimensional, irrotational, incompressible fluid

motion. The boundary conditions applied in the solution to

the differential equation �.15! are



4.18 on y = rl is approximately equal to satisfying

4.18 when y = 0.

The horizontal u and vertical v velocities at any

depth, -h~«rl, cari be determined for a linear wave

by applying equation 4.14 to the wave potential

�.13!. For the deep water waves  H«h! that will

act on the floating section of the pipeline

system:

u = ! = ~ e cos  kx � at!kaa ky
x

�.19!

v= ! =~e sin  kx � at!kaa ky

y
�. 20!

These velocity components are harmonic at any

depth y. At a given phase angle, 8 = kx-ot, the

exponential function of y causes an exponential

decay of velocity with depth beneath the free

surface.

Wave Forces
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Ippen �1! defines the wave force on an object to be the

sum of the drag and inertia components. The evaluation of

the forces is accomplished by first calculating the

kinematic flow field from the surface wave characteristics

in the absence of the object and then relating the forces

to this kinematic flow field through drag and inertia



hydrodynamic force coefficients. Therefore, for a horizon-

tal circular cylinder, the. total force per unit length in

the direction of the wave propagation is defined by the

so-called Morrison equation

�. 21!dF = dF + dF

The drag and inertia force components, dF and dF

respectively, are defined by

dF = C p D I � L ds
D D

�. 22!

dF = CMp u ds7rD

4

�. 23!

where

ds = an elemental length of cylinder  ft!

p = mass density of water  slugs/ft !
3

u = instantaneous horizontal water velocity
 ft/sec!

u = instantaneous horizontal water acceleration
 ft/sec2!

77

C = hydrodynamic drag coefficient, the "drag"
D

coefficient  dimensionless!

C = hydrodynamic force coefficient, the "inertia"

or "mass" coefficient  dimensionless!

Equation �.21! was developed by Ippen �1! for the forces

on vertical pilings, but it applies to horizontal cylinders

or pipes as well. Accordingly, equations �.22! and �.23!



become

2

dF = hF = C p D- �!
D d D

�. 24!

2

dF = ~F = CMp �!
4

�. 25!

�.24! and �.25!, respectively, and add them to find hF

From equat,ion �.19!

ae yk

u : = � ~2~g at any depth y
ax

L

and

u
du k a g e cos kx � at!ky

dt

2m age y at any depth yky

L
u max
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for each foot of pipeline at a given depth. In this case,

hF + hF = hF , the total force per unit length caused

by wave action on the pipeline, and hF is a function of

time and the centerline depth of the pipe.

To determine the maximum wave force per unit length

that could be exerted upon a pipeline of diameter D at any

depth y it is only necessary. to determine the maximum

values of velocity u and acceleration u, solve equation



For example, consider a unit length of pipeline, 3 ft in

diameter, submerged 200 feet below the surface in deep

water  H«h! . For the Mediterranean La Comb  Appendix III!

reports the highest storm waves to be 6 to 7 meters

�2 feet! in height with practically no swell. Miller �8!

states  in personal communications! that the Mediterranean

waves are shorter in wave length than those of similar

height in the Atlantic while Milgram �6! states that the

largest Atlantic waves are of the order a = L/20. There-

fore, taking the largest wave amplitude to be 11 feet, we

calculate the longest Mediterranean waves will be of the

order of' 250 feet. Taking the drag coefficient C = 1.2

for cylindrical pipe and the inertial coefficient CM = 1.5

�1!, we find the maximum drag forces on the pipe will be

-9
less than 10 lbs per linear foot while the maximum

inertia'1 forces will be a somewhat more significant

0.02 lbs/ft. For deep water waves, the maximum vertical

inertial force will be the same as the maximum horizontal
i

inertial force at any given depth.

The conclusion to be reached about wave forces acting

upon the pipeline is that they can be made insignificantly

small by simply putting the line approximately 250 feet

below the surface. This depth is readily accessible by

divers for maintenance and clear of surface shipping, even

allowing for the buoys above the pipe and 50 feet of

upward arching of the pipe between cable restraints.
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4.2.1c S ecial Forces

It is possible to postulate several special forces

that might act upon a submerged pipeline as conceived by

this investigation:

1! Collision with a submersible vessel.

2! Collision with a surface vessel if cables

failed and a section of the line rose to

the surface in mid-sea ship traffic.

3! Drag from fouled fisherman's nets.

4! The action of a Tsunami.

5! Turbidity currents caused by subsea land

slides off the coastal shelf such as

occur in Southern California.

6! Subsea earthquakes moving the ocean floor.

7! Dynamic forces caused by response of the

pipe to vortex shedding induced by the

current passing by it.

For these seven possible situations, the two key questions

are: what is the probability of such a thing happening at

all and what would be the consequences if it did? The

answers can only be given in qualitative terms.

Collision with a submersible vessel.

One of the design .restraints already placed upon this

system is that its possible motion, barring separation
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of the pipeline, be sufficiently small that its location

and the location of its cables are "known navigational

hazards" to both surface and subsurface shipping, i.e.,

their position can be fixed on navigational charts within

a hundred feet at all times. All subsurface vessels are

equipped with sonar and the pipe, buoys, and the cable

buoyancy elements are "ideal" sonar targets. Moreover, the

cables will be widely separated, i.e., at least. 900 feet.

apart. The exact navigational precision of military

submarines is not published in the open literature. How-

ever, the much publicized polar crossings through ice

channels by American submarines indicates an ability far

greater than would be necessary to safely pass this pipe-

line. In the event of such a collision the possible con-

sequences to the pipeline seem no worse than a complete

break in the line, a possibility allowed for in the design

and discussed in a subsequent section.

Collision with a surface-vessel

This possibility seems more remote than collision with

a subsurface vessel. It can only happen if the cables have

failed allowing the pipeline to surface, and the pressure

activated warning system  Appendix V! on the line that is

part of the design should. immediately alert the operators

to this condition so that the vessels in the area can be
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alerted to the hazard. However, in the event that such a

collision did occur, the worst damage to the pipeline can

once again be no more than a complete break in the line,

an event. that will be allowed for in the design analysis

later on.

Dra from fouled fisherman's nets

This event could be a regular hazard to both the line

and the fishermen because experience shows that such

submerged structures become great attractions for all kinds

of fish and will in turn attract fishermen. Large trawlers

might be able to exert sufficient loads on the line or a

tower to pull the pipe to the surface, but it is doubtful

they could break the pipe because the net would distribute

the load at the point of contact. On the other hand the

damage to nets, trawler, cables and equipment and lost time

make such an occurrence one to be avoided by the fishermen

as much as by the pipeline operators. Small fishing boat

equipment does not seem a hazard because the nets or lines

would tear or be cut loose before they could damage a large

spring such as this pipeline.

The action of a Tsunami

The Tsunami or tidal wave is simply a very long wave

length wave � mile«L�00 miles! in deep water  h«H! with
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an unknown wave height  H! probably not exCeeding one or

two feet  See Figure 4-15! traveling at a high speed

C = ~gh. Referring to the equations for inertial and drag

forces, it is obvious that such a wave will exert essen-

tially zero force on the pipeline in deep water. The force

is large however when the energy reaches shallow water and

it slows down while building the wave height to sometimes

50 or 60 feet and causing rapid movement of the entire

water column. Such conditions would present a serious

threat to the bottom mounted sections of the line near the

coast. However, tidal waves are a very remote hazard in

this area, and they will not be considered in this study.

Turbidit currents

If turbidity currents exist in the areas where the

pipelin reaches shore, they are not considered a hazard

to th floating structure for the simple reason that they

move along the bottom and neither the anchors or the cables

present sufficient drag area to facilitate the generation

of any large forces. They will, however, influence the

design of the bottom mounted line. Such locations should

be, and can be, avoided because such currents are local

phenomena witn historical patterns.
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Subsea earth uakes

The possible damage that might occur due to subsea

earthquakes can be con ined to what might happen if one of

several anchors were moved tens of feet in any direction.

A sensitivity analysis by Corell �2! for the General

Motors Corporation's tests of Sea Spider II shows that any

one anchor could be moved 5% of the depth �00 ft in

10,000 ft! from their original positions without changing

the motions of the apex of the structure more than a few

feet from what they were when the anchors were in their

original position. This study indicates that 50 ft of

anchor shift would be acceptable for a 1,000 ft depth.

This distance is large movement for even a major earthquake;

therefore earthquake movement will not be considered a

hazard to the proposed pipeline.

D namic forces due to vortex sheddin

A "vortex street" develops behind bluff obstacles such

as a cylinder in two-dimensional or similar flow conditions'

Hoerner �1! reports that experiments on cylinders

suspended in a water stream in such a manner that they

were free to oscillate in a lateral direction between

springs  the condition for the proposed pipeline! showed

lateral lift force coefficients of two to four times those

for a fixed rigid body. As stated by Hoerner �1! this
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effect is incorporated in and is an explanation of the

realistic drag coefficients of fixed cylindrical bodies at

subcritical Reynolds numbers, but the effect on oscillating

bodies is to excite up and down swaying that can lead to

possible fatigue failure. As has already been demonstrated,

small lift forces and changes in the arching of the pipe-

line between towers can greatly magnify the stresses in

the pipe; therefore, it may be desirable in this design to

attach splitter plates or fingers to the pipeline on the

expected down current side to decrease this possibility.

No such oscillations have been observed or measured on any

underwater taut wire buoy systems, and it is theorized that

the varying currents and damping caused by the buoyancy

elements negate the possibility of destructive vibrations

developing, but there is no conclusive evidence.

The conclusion about. possible special forces that

might act on the proposed system is that their threat to

the system can be prudently minimized by proven construction

methods, and the crucial forces to be considered are those

generated by currents, waves, and the pipeline buoyancy.

4.2.2 Gravity Forces Acting

The gravity induced forces acting upon the total

pipeline system are the weights of the various components

and elements, and the buoyancy forces acting on these
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components and elements defined by Archimedes' principle.

4.2.2a Tower Gravit Forces

The basic components of a buoyant tower are its

anchors, its three cable legs, the glass buoyancy elements

attached to the legs to make them neutrally buoyant, and

the large apex buoy which provides the major tension force

for the tower legs.

Tower Anchors

In the computer programs in Appendix I: which use the

methods for determining tower motion and stresses described

in Section 4.1.2a, each anchor is assumed to be always

large enough so that. its net weight  weight in air minus

the weight of the volume of water it displaces! is always

greater than any vertical force exerted on the anchor

by tension in a cable leg.

The cable leg weights per unit length used in the

analysis are the net weights per unit length  cable weight

in air minus the weight of the volume of water displaced!.

The weight of water in all calculations is taken to be

64.0 lbsicu ft. As explained earlier, the distributed

weight of a cable segment of a leg is lumped into a single
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force at each lumping station in the Tower analysis.

Buo anc Elements

The two sizes of proven, high pressure buoyancy

elements available have net buoyant forces of 12.6 lbs and

48.8 lbs per unit. These elements are high pressure glass

spheres with attachments, one manufacturer's description

is given in Appendix IV. These buoyancy elements are

attached at appropriate intervals along each Tower leg

to make the leg neutrally buoyant. The attachment intervals

will obviously vary according to the net weight of the

cable per unit length.

The Tower apex buoys used in this study are 2 x 1,

oblate ellipsoids made of aluminum. The shape was selected

because it presents an equal drag area in any direction in

the horizontal plane, and therefore does not have a

tendency to spin around a single point anchoring line.

Also, the shape presents lower drag per unit of buoyancy

than any other shape that has such symmetry, and hydro-

dynamic stability �0!. The various buoy sizes considered

for the Tower evaluation as described by one manufacturer,

are given in Appendix VI.
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4. 2. 2b The Pi eline Sublen th Gravit Forces

A pipeline sublength is made up of the pipeline,

the neutrally buoyant vertical restraining cables and their

anchors, the intermediate buoys at the attachment to the

restraining cables and the buoys at the tower attachments.

There are other details such as the attachment slings,

reinforcements and so forth, but the effects of these

detailed components can be simply lumped in with the pipe-

line buoys in this analysis.

The net gravity or buoyant force per unit length

acting on a pipeline segment has been shown to be a highly

significant. factor in the design. It is the vector sum

of the weight of the pipeline per unit length plus the

weight of the gas in the pipeline per unit length plus the

buoyant force equal to the weight of the water displaced

by the volume of the pipeline per unit length. The weight

of the gas in the line is a function of the gas pressure

which varies with distance from the pumping station. There-

fore, determining the net buoyancy or net weight of the

pipeline to be used in this study has required a separate

investigation using a method of analysis and the computer

program by Boutin presented in Appendix II.

The approach, given in Appendix II, considers the
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entire pipeline in two lengths, the section from

Philippeville to Minorca �58 miles! and the section from

Minorca to the coast of France �40 miles!; for either

of these two lengths, it is assumed that the outlet pressure

must always be maintained at 700 psi, an industry specified

pressure for distribution services. The important steps

in the analysis are then:

1! First, a desired volume rate Q of gas throughput

is specified in thousands of cubic feet per day at

standard temperature and pressure  MSCF/D!.

2! Next, for a given outside diameter of standard

pipe  OD! and each of several different inside

diameters  ID! the input. pressure, to the 258 mile

pipe length, required to deliver the desired Q at

700 psi at the outlet end is calculated. This is

repeated for pipes of several different outside

diameters, in 2 inch increments.

3! Using the input pressures obtained in 2! above for

the several pipe sizes considered for a given rate of

throughput, Q, the pressure distribution over the

pipeline length is calculated.

4! Next, using the pressure distribution, the density

of the gas as it varies with pipeline length is

calculated.
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5! For each member of a pipe family of a given OD

and several ID's, the net, buoyancy of the line as it

varies along the length from inlet to outlet is

calculated in 10 mile intervals. The result is a

plot of net buoyancy of the line versus distance

as shown, for example, in Figure 4-16.

6! For a given gas throughput rate Q there is one

standard pipe OD and ID that offers the closest

approximation of a 2 to 1 pressure ratio of the inlet

pressure to the outlet pressure of the line while the

pipe remains positively buoyant. These conditions

have been set as the most desirable for the design of

the pipeline for reasons that:

i! a 2 to 1 pressure ratio is the maximum

considered economic, based upon industry

experience in pipeline construction.

ii! it is not considered feasible to introduce

intermediate pumping stations in the depths

of water in this location except on the island

of Minorca.

iii! the smallest OD pipe for a given rate of gas

will result in the lowest drag forces on the

system, and therefore permit the lightest and

most economical system from an original

subsurface structure investment standpoint.
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iv! the pipeline must. remain positively buoyant.

during construction to use the installation

method that has been proposed in Appendix IV.

With a plot such as Figure 4-16 for the selected pipe

size for a given gas rate Q, it is then possible to decide

what net buoyancy per unit length to use in the analysis

of stresses and motions. This is accomplished by using

the criteria that the line must be always positively

buoyant at any location regardless of the circumstances

that may occur. This means that if the pipeline breaks at

any location, causing the automatic shutoff valves to close

at the two towers on either side of the break, the averag-

ing of pressure that takes place in the shut down pipeline

must not cause any section to become negatively buoyant.

Therefore, if the pipe is differentially weighted at each

joint so that gas at average pressure in the line will not

cause any part of the line to become negatively buoyant then

the line is properly ballasted. In the case of Figure 4-16

this would result in the inlet end of the pipe being weighted

with an additional 29 lbs. net weight per foot in order to

make it nearly neutrally buoyant. This same 29 lbs per

foot would be put on each joint until the 138 mile mark was

reached. This is the point where the pipe net buoyancy is

equal to what the net buoyancy/ft. of the entire line would

be if it were all at average gas pressure, i.e., if the
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pipe were shut off at both ends and the pressure allowed to

reach equilibrium. At the 138 mile mark the net buoyancy

of the pipe in Figure 4-16 with 29 lbs net weight per foot

added is 3.2 lbs per ft. Thereafter, weight added can be

increased downline so that the net buoyancy of the pipe

will be a constant 3.2 lbs per foot. when the gas is flowing.

For instance, the weight per foot added to the last joint

of pipe at. the outlet end would be equal to: 35.6 lbs

3.2 lbs  net buoyancy allowed! = 32.4 lbs per foot. With

such a scheme, a shut off at any place in the line, causing

automatic shutoff at both ends, would never result in the

gas pressure equalizing and causing any part of the line to

go negatively buoyant. The maximum net buoyancy would

occur at. the 138 mile mark, just beyond the shutoff on the

lower pressure side where the pressure would drop and cause

the net buoyancy per foot to increase. The increased

buoyancy would be equal to the gas weight per foot of pipe-

line at the original pressure of 1012 psi minus the gas

weight per foot of pipeline at the new average pressure in

line between 138 miles and the end of the line where the

pressure was 700 psi before the shut down. This new average

pressure is not given by:

Pavg. = � p +p
1 2

3 Plp2
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where p = 1012 psi
1

p2 700 ps

because we are dealing with only the last half of the

pressure drop curve for a flowing pipeline. A simple

average of pressure  and therefore density! is more

realistic. This gives a conservative 1.5 lbs per foot

increase in net buoyancy at the 138 mile mark or a maximum

buoyancy of the pipeline of 4.7 lbs per foot to be used in

the motion and stress calculations for the pipe sublengths

and buoyant towers.

Obviously, it will be very difficult to be so precise

in the actual pipeline construction procedure, and the

water density could vary enough to cause a 0 ~ 1 lb/cu ft

variation in the water weight density during a year. There-

fore it will be necessary to allow for part of the pipe

actually going slightly negatively buoyant in the event of

a pressure failure and shut down. Therefore, the maximum

pipe gravity force for the example in Figure 4-16 is better

specified as � 5 lbs < wt/ft < + 3 lbs. This tolerance span

of 8 lbs is 5% of the pipe weight in air, a reasonable

design specification. The possibility of a pipe sublength

going slightly negatively buoyant in the event of a pressure

accident can be allowed for in the design by specifying that

the intermediate buoys above the vertical cables on the

sublength have sufficient buoyancy to allow for the
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tolerance of negative buoyancy that could occur in any pipe

sublength. This provision will require somewhat larger

buoys, but the added drag force incurred on each buoy will

be only tens of lbs per buoy for the current velocities

involved and will have negligible effect on the overall

system design.

The Intermediate, Vertical Cables

The intermediate, vertical cables shown in the

schematic Figure 4-4 will be made neutrally buoyant by

adding buoyancy elements in the same fashion as for the

tower legs. Having negligible net weight themselves, they

will be assumed sufficiently anchored so they supply

vertical, downward forces exactly equal to the buoyancy of

the pipe segments they restrain plus the buoyant force of

the intermediate buoy supporting attachment hardware and

other added weight. These cables will therefore supply

varying downward force  and will have varying required

diameters and breaking strengths! depending on the spacing

selected and the net buoyancy of the pipe system they are

anchoring.

The Intermediate and U er Tower Buo s

The intermediate buoys, already referred to, will supply

a buoyant force, at each intermediate cable location and



over the towers, that is large enough to cancel the weight

of attachment hardware, the added weight of the tapered

pipe joints required to distribute the added stresses due

to bending at these locations, and any other anticipated

weight variations in a pipeline sublength. Therefore these

buoys will vary in size according to the spacing of the

intermediate cables, the pipe size and so forth. They will

also be 2 x 1 oblate ellipsoids to minimize drag resistance.

These gravity and buoyant forces acting on the pipe-

line sublengths and towers have been incorporated into the

analysis of the pipeline and. tower configuration and

stresses that is presented in computer program form in

Appendix I. The quantitative values to be given each of

these forces is dependent upon the size of element or

component selected, and these, in turn, depend upon the

geometry of the particular pipeline system proposed. There-

fore, each proposed pipeline size or tower spacing with

attendent. cable sizes, buoy sizes and so forth requires

individual detailing of the sizes of the elements and

components for each trial run of the computer program

analysis. This is a laborious procedure, but there is no

substitute if real, standard components are to be used in

the technical and economic evaluation.
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4.3 DETERMINING THE TOWER SPACINGS TOWER COMPONENT SIZESi

AND OTHER SIGNIFICANT DESIGN PARA1KTERS OF A PIPELINE

SYSTEM

When this investigation was initiated it was visualized

that the end result would be an "optimized" total pipeline

system for any specified volume rate of gas throughput.

This visualized optimization procedure would reflect a

tradeoff of size of buoyant tower components  and cost! vs.

tower spacing. The result was expected to be primarily

a function of the forces acting, the resulting tower and

pipe configuration and stresses caused, the cost of elements

and components and so forth i.e., a highly quantified

analytical procedure could be used. As the investigation

has proceded, however, it has become apparent that there

are many practical restraints on such a system that are

equally important to the design decision process. These

other boundary conditions can be divided into two categories:

those arising from the requirements of installation of the

towers using available sizes of vessels, equipment, and

components of construction; and those arising from a

practical method of assembling and installing such a long

pipeline at sea using procedures and techniques that do not

depart appreciably from ones already proven and accepted

by the marine pipeline industry.
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Tower Installation Limitations

If a system were selected that required 1000 towers

 most of them about 9000 feet high from the bottom to the

apex buoy judging from the bottom topography of the

crossing!, and each tower took just 3 days to install, it

would require 6 installation-ship years to construct the

towers alone. This staggering result which allows for no

delays due to weather indicates the practical limits on

minimum tower spacing.

However, there is a more definitive limit to the

minimum distance between towers. The apex buoys of the

towers cannot be allowed to move more than 100 feet from

their equilibrium positions  under gravity forces only!

when acted upon by current induced forces. Otherwise,

their motion will subject, the pipe to large bending move-

ments, present an unknown hazard to submarines or, if the

motion is vertical, the buoys will exceed any feasible

crush depth limit and sink. Savage and Hersey �0! have

shown that the minimum displacement of the apex of such a

structure under given acting current forces will occur if

the tower has a geometry as presented in Figure 4-17. This

tower geometry means that it is not possible to put two

towers of equal height closer together than a distance

approximately equal to the water depth without showing

crossed cable legs in a plan view of the system. It is an
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accepted axiom of sea cable installation that two cables

lowered in the same location will become hopelessly tangled.

This rule of experience is particularly pertinent in the

case of such buoyant towers with all of the buoyancy

elements attached to the cables to assist one cable to

tangle with another; Therefore, the minimum distance

between towers will be taken to be no less than the maximum

depth of water in the location for reasons of installation

caution alone.

A second practical limitation on tower parameters is

on the maximum diameter of cable legs. This limit is

approximately one inch diameter. There are two reasons

for this limit, either one being sufficient:

1! The net weight in water of a one inch diameter,

torque balanced, steel cable is about 1.0 lbs/ft. The only

proven buoyancy elements available to use have a maximum

buoyancy of 48.8 lbs/unit. This means one element must be

attached about every 50 feet on a one inch diameter cable.

This is the same distance between the smaller buoyancy

elements used on the two Sea Spider buoyant structures.

Because cable weight increases with the square of diameter,

it becomes clear that the system tower legs rapidly become

effectively an unwieldly continuous string of elements as

cable size increases. Larger elements are not proven and

are not available in volume and would present a very
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difficult handling problem to get off the vessel and into

the water.

2! With the depth of the water to be traversed for the

crossing being mostly about 9000 feet, most of the towers

will require about 37,000 feet of cable. While a large

conventional cable laying vessel can store many times this

length of one inch cable, it is not the ideal type of

vessel to precisely manuever itself in the fashion that

has been found necessary to install these buoyant towers.

A small ship with a large clear after deck  and less

available cable deck storage! and directional propellers is

really necessary. Consequently, it will be necessary to

resupply the installation ship regularly with cable. Cable

of significantly larger diameter than one inch will present

a very difficult handling problem. The cable tensioning

system would have to be much larger than any yet used for

installing such towers, and the costs would become unpre-

dictable based upon past experience.

These two design limits in the towers drastically

curtail the allowable tower spacing range, setting effec-

tively maximum and minimum spacing.

Limitations on Tower S acin Due to Pi e Installation Method

The pipeline installation is visualized as a contin-

uous process, conducted from a single pipe laying barge with

attending tugs and supply barges to replenish the pipe

102



inventory on the installation barge. As is now the practice

in marine pipeline laying, the pipe will be welded in a

continuous string and payed out over the end of the barge.

Unlike present practice, the barge will not be anchored, but

held on course by multiple directional propellers just as

many floating oil drilling rigs hold station over the drill

hole.

The speed with which the pipe can be payed out is

limited by the rate of welding that is possible. According

to Bechtel Corporation �3!, it is possible to weld and

coat approximately 3000 feet of 30 inch marine pipeline in

a continuous 24 hour operation. This means that it will

require 3 days just to weld 9000 feet of 30 inch diameter

pipe to span the minimum distance between pipe towers.

Three days is the length of time that it usually takes the

weather to change from an originally predicted, fair

condition into storm conditions  Sea State five or greater!,

when it will become difficult for the pipe laying barge to

hold station. For smaller diameter pipelines the welding

time will be shorter by a margin depending on the wall

thickness and the diameter. However, the time required for

laying a 24 inch line with a wall thickness sufficient to

withstand the forces with the magnitude involved in this

study will still be close to 24 hours per 3000 foot. Since

a study by Boutin  Appendix II! for optimum pipe sizes shows
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that the minimum pipe OD will be 24 inches for the volume

rates that are considered, it is therefore valid to assume

3000 feet per day as the most rapid pipe laying rate, and

three days to be the shortest time required to put out

9000 feet.

Now, if the weather changes to storm conditions, drag

forces due to wind driven currents and waves will develop

that will make it impossible to hold the line straight, and

will overstress the line and cause it to buckle. Therefore,

it will be necessary to disconnect the pipeline from the

laying barge and pull the free end down below the surface.

This eventuality means that a tower must already be installed

ahead of the pipeline laying. barge so that the disconnected

pipeline end can be plugged, pulled down, and attached to

the tower which will supply the tension  at subsurface

conditions! required to hold the line in place until the

weather abates. Then, the pipe laying barge can return to

* It is to be noted that the empty pipeline will be too
buoyant at this stage by an amount equal to the weight of
gas that will ultimately flow in the line. The line must
therefore have removable, distributed weight added to it
during installation that can be removed later when the gas
is put into the line. Trimming the line net buoyance during
installation will be a significant procedure to be worked
out and executed. The trimming procedure must be done each
time the line volume rate is increased after installation
until the ultimate rated capacity is reached. A trimming
procedure is discussed in Appendix IV along with a discus-
sion of the proposed installation procedure.
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its task, pull up the pipeline end and continue welding and

laying out the line. Therefore, the installation require-

ment of always being ready to disconnect the barge and

attach the pipe end to a tower that is close enough

dictates that the towers be. as. close together as possible.

Since the minimum tower spacing has already been determined

to be approximately equal to the water depth in any

location to reduce the risk of cable crossing and tangling

of one tower with another, the tower spacing is completely

specified by the requirements of installation rather than

by the forces involved. The analysis of motions and

stresses in the pipeline system will therefore have to

start with the tower spacing already specified. The

purpose of the computer analysis is, therefore, to deter-

mine only the sizes of cables and elements necessary to

withstand the stresses developed.

4.3.1 The Final Analytical Model

It is now possible to decide on the final analyti-

cal model from which the major details of the structural

design of the system can be determined so that the capital

investment involved can be estimated. The model will be

as follows:

1! The floating part of the pipeline will be divided

into sublengths between towers as already discussed.
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2! Each sublength will be 9000 feet long.

3! The vertical cables used. between towers will

be 900 feet apart and serve to relieve stresses

due to buoyancy of the pipe as much as possible.

Placing the cables closer together than 10% of

the depth is not prudent because of tangling

possibilities.

4! The pipe buoyancy per foot will be specified for

each pipe size considered using the procedure

already outlines.

5! The pipe sizes used for this feasibility study

have external diameters of 24 inches, 30 inches

and 36 inches for ultimate gas daily delivery rates

of 400,000 MCF, 800,000 MCF and 1,200,000 MCF,

respectively. These pipe sizes are those giving

an ultimate pressure ratio of 2 to 1 for the

particular pipeline size and rate of throughput

 Appendix II! and are considered optimum from a

subsurface construction standpoint.

6! The current forces acting on both the tower and

pipeline and the buoyancy forces acting will be

constant and the maximum expected at any depth.

7! The resultant pipe reaction on the tower will be

that which will exist if the pipe broke and all

the tension forces in the pipe were transferred

106



to a single tower.

8! The apex of each tower will be 300 feet below the

surface and no part of any pipe sublength will be

permitted to rise above a 250 foot depth  below any

possible wave force of significance!.

These specifications combined with previous assumptions

about wave forces and reaction forces result in a maximum

loading condition for the tower existing when the pipeline

is not completed and a single tower must accept all of the

reaction due to a pipeline sublength's current and buoyancy

loading i.e., F . , F . , F . as shown in Figure 4-18.xpipe' ypipe' zpipe

Before proceeding further, it is necessary to establish

Figure 4-18 as representative of the maximum loading condi-

tion on a tower for what happens when the pipe breaks as

well as when the installing ships cannot hold tension on

the pipe during installation of a sublength. It is not

difficult to visualize a broken pipe section filling with

water, sinking and pulling down the tower to which it is

attached until the tower buoys are crushed; should this

whole process then begin repeating itself down the line to

each succeeding tower the ultimate destruction of the

entire pipeline is inevitable. Obviously this catastrophe

cannot be permitted to happen. It will therefore be

necessary to have pressure activated pipe safety valves

and explosive-bolted pipe flanges immediately preceeding
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and following each buoyant tower to cut off and seal the

pipe at the two towers that embrace the broken sublengths.

Then Figure 4-18 becomes valid for both the broken lines and

the free end condition during installation. The particulars

of these safety devices are dealt with in the Appendix V.

With these design specifications and using all the

previous assumptions made in this chapter, the following

procedure was then used.

4.3.2 Procedure of Design Analysis

The procedure will be demonstrated by an example

using the 24 inch pipeline.

1! The pipeline sublength is subjected to maximum

current and buoyancy forces and the computer program in

Appendix I used to determine the reaction on the towers.

2! These reactions are then applied to the towers in

the second computer program in Appendix I to determine

tower motions and stresses. Particular buoy sizes and

cable sizes are simply guessed in the beginning. If they

prove to be too large or too small from the motions or

stresses calculated, the sizes are changed until acceptable

results are obtained. A safety factor of 2 is used in

determining stress limits for cables. The vertical or

horizontal motion of a tower apex is not permitted to exceed

100 feet. The procedure is simple and a matter of trial
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and error until an acceptable answer is reached. The

variables are simply the cable size and size of the apex

buoy. Changes in these components affect the drag forces

and the cable tensions, which are appropriately adjusted

within the computer program.

Finally, the maximum tension in the tower cables and

their motion are for towers oriented as presented in the

third of the three possible tower orientations shown in

Figure 4-17. Computer runs made on each of the two

possible attitudes of the tower relative to the current

show that the maximum tower buoyancy and cable strength is

required when one of the three legs is parallel to the

current and down-current in a plan view. Fven though only

every other tower will present this weakest orientation to

the current, all buoy and cable sizes are based upon this

maximum requirement.

The results of the analysis for all three pipeline

sizes giving the size of buoys and other components finally

required for a pipeline sublength 9000 feet long are given

in Table I. Since 80% of the nearly 500 mile long line will

be in water approximately 9000 feet deep, it will be

assumed that the entire pipeline is made up of such 9000

foot sublengths and the hardware specified in Table I.

These data may now be used to determine capital investment

requirements in the cost-feasibility analysis.
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TABLE I*

Case Numbers

Final Flow Rate

Q MMSCF/D! 1200400 800

Pipe Size  in!
OD

ID

36.00

34.00

24.00

22.75

30.00

28.25

Pipe Drag Force
 lbs/ft! 0.220.270.33

Mex Pipe Buoyancy
Force  lbs/ft! 12. 08.55.0

Intermediate

Cable Specs ***
Diam.  in!
wt/ft  lbs!

3/4
0.722

5/8
0.493

1/2
0.319

Intermediate Buoy
Size

 Net Buoyancy in lbs! 20,00010,000 15,000

Net Forces on Pipe
Caused by Intermediate
Buoy 6 Cable/Station **
F  lbs!

F  lbs!

F  lbs!

0.0 0.00.0

-500.0 -500.0 -500.0

0.0 0.0 0.0

*" The drag forces do not change appreciably for buoy size
increase so a constant 500 lbs/int. sta. max.value! is
used.

*** Specs are from Appendix VI.
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TABLE I  continued!

Case Numbers

22,00017,00012,000

1339260

Tower Buoy Size
 Net Buoyancy in lbs! 40,000 60,00050,000

Tower Buoy
Drag Area  ft ! 90.082.671.5

1-1/8
1.62

7/8
.995

1

1.28

1,2701,000780

48,00041,00035,000

63,00051,00040,000

Max Motion of a

Tower Apex  ft! 10

*** Specs are from Appendix VI.
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Intermediate
Anchor Size  lbs!

No. of 16" Glass

Balls/Intermediate
Station  Number!

Tower Cable

Specifications ***
Diam.  in!
wt/ft lbs!

No. of 16" Glass

Balls/Tower
 number!

Tower Anchor Size-

3/Tower  lbs!

Max Tension in a

Tower Leg  lbs!

Max Motion of Pipe
Sublength Midpoint  ft!

X

y
z

23

350

1

30

288

5

32

245

10



5. INVESTMENT, COST AND RETURN

ON INVESTMENT ESTIMATES

Any investment and cost analysis of the proposed

pipeline system that requires installation and construction

methods that have no precedent must be based upon educated

guesses. Therefore, the investment and cost estimates

presented herein are a result of

1! Estimates by manufactures of the cost of the various

components involved in the construction of the pipe-

line.

2! Construction installation costs extrapolated from the

present cost of installing marine pipelines using lay

barges and support equipment such as pipe barges and

tug boats.

3! The experience of the author and the United States

Navy with the time and equipment required to install

trimoored buoyant towers of the type used in this

proposed system.

No effort has been made to allow for inflation which

is now a predominant factor in all heavy construction costs.

Also, there has been no attempt to reduce this proposed

cost by the introduction of new and untested methods of

construction which are indicated technologically, but would

produce cost and investment figures that are not based upon
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present state-of-the-art. Introducing untried technology

adds an element of risk beyond that readily acceptable in

the feasibility analysis of the cost. and investment of such

proposed projects.

5.1 ESTIMATED INVESTMENT

Table I of the previous Chapter provides the basis for

estimating the required investment for a pipeline of the

three capacities considered. In the estimating procedure

there are several necessary assumptions:

1! The total pipeline from inlet to outlet is 500 miles

�280 ft/mile! long.

2! Of the total length, 490 miles is floating and the

remainder �0 miles! is bottom mounted in an average

depth of water of 90 feet. This 10 miles of line

accounts for those parts of the line entering and

leaving the surface pumping and discharge stations.

3! There are two pumping stations, one at Philippeville

and one at Minorca.

4! No investment provision will be made for distributing

the gas after it leaves the outlet end. It will be

assumed that the gas is sold at that point.

5! The pipeline is assumed to be 9000 feet above the

bottom throughout the 490 mile portion. This is
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actually true for only approximately 80% of the length,

but the assumption provides equivalently for the

towers being placed closer together in the shallow

water area where the current may be found to exceed

the 0.3 ft/sec maximum that has been used as the

constant current velocity profile for the analysis

in Chapter 4.

6! The towers are assumed to be 9000 feet apart and the

vertical, intermediate cables to be 900 feet apart

 the assumption for the calculations leading to

Table I., Chapter 4!. Therefore, there are 287 towers

for the 490 mile floating line.

7! Finally, the pipeline sublengths between towers are

assumed to be 9050 feet long  the same assumption used

to make the calculations leading to Table I, Chapter 4!.

To illustrate the investment estimating procedure, the

400 MMCF/D, 24 inch OD pipeline will be used as an example

for all calculations.

5.1.1 Tower Materials

5.1.la The A ex Buo s

The 40,000 lb apex buoys required py the 400 MMCF/D

system are shown in Appendix VI to cost $15,500 each in unit

lots of 100. Allowing 10% for transportation from the U.S.
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West Coast brings .the price to about $17,000 per buoy or

$4s9 million for the 287 apex buoys required.

5.1.1b Cables

Each tower requires 40,000 feet of 7/8 inch

diameter plastic coated cable costing 704/ft  personal

communication with Mr. G. H. Bonger, Bechtel Corporation,

San Francisco! or $28,000 per tower. This amounts to

$8.1 million for all the towers.

5.1.1c Cable Buo anc

To make the tower cables neutrally buoyant, 16 inch

glass spheres are attached, each with a net buoyancy of

48.8 lbs. Table I shows 780 spheres costing $48.00 each

 Appendix VI! are required for each tower; $37,000 per

tower or $10.6 million for all towers for the 24 inch pipe-

line size.

5. 1. 1d ~Pittin s

Shackles, swivels, cable clamps, and so forth will

be required to assemble the tower legs and anchors. Based

upon the experience of Sea Spider I �0!, their cost is

estimated to be $2,000 per tower including the U-bale

attachment on the apex buoy  see Figure 4-3!. Total cost

will be about $600,000 for all towers.
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5. l. le Anchors

Anchors are estimated to cost 104/lb delivered in

North Africa and shaped to hold horizontal forces �0!.

For three anchors per tower weighing 35,000 lbs each

 Table I! the cost is $10,500 per tower. Total tower

anchor cost is $3 million.

5.1.1f Total Tower Material

The total tower material costs are $27.2 million

for the 24 inch pipeline.

5.1.2 Tower Installation

It will require two days to install one tower

including replacing cable drums, etc., for a 24 hour/day

operation. This estimate is based upon the experience of

Sea Spider I �0! and Sea Spider II  personal communication

with Mr. Rick Swenson, formerly of General Motors

Corporation, now of U.S. Navy Underwater Sound Laboratory,

New London, Connecticut!. The ship type proposed to do the

installing will cost $10,000/day including the crew  per-

sonal communication with Mr. Tom Cummings, U.S. Navy Under-

water Sound Laboratory, New London, Connecticut!. However,

the weight and length of cables required will require

continual resupply of the installing vessel. Estimating

that two crane supply barges with tug boats are required
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at $5,000/day each brings the cost of the installation

operation to $20,000/day. If each tower requires two days

and two additional days are conservatively allowed for bad

weather and moving time, the cost of installation per tower

is $80,000/tower or $23 million for all towers for the

24 inch pipeline. For the 30 inch and 36 inch pipelines,

a major increase in installation cost arises from the need

for more transporting barges for the larger components.

One additional barge and tug is assumed to be required for

each 10,000 lb buoyancy step increase in tower size; also

the installation time will be increased because more glass

floats must be attached to the heavier cables and heavier

components must be handled. Installation time  including

time lost to weather! is assumed to increase to 4.5 days

per tower for the 30 inch pipeline and 5 days per tower for

the 36 inch pipeline. Therefore, with the increased trans-

port and tug costs, the installation of the towers for

these larger pipelines will cost $32.3 million and $43el

million, respectively.

5.1.3 Pipeline Naterials Including Intermediate Buoys

Cables, Anchors

5. 1. 3a ~The Pi e

Assuming that pipe type X52 will be used, the

24 inch OD, 5/8 inch wall thickness pipe assumed for the
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cost estimates and buoyancy' calculations will cost approxi-

mately $14/ft delivered  Bechtel Corporation estimate�

personal communication with Mr. G. H. Bongers!. Each

9050 foot pipe sublength will therefore cost $127,000.

Including a $1/ft extra charge for wrapping to prevent

corrosion brings the pipe cost for the entire floating

part of the pipeline to $39.2 million for the 24 inch

pipeline.

5.1.3b Intermediate and Secondar Tower Buo s

Each intermediate or secondary tower buoy for the

24 inch line will require 10,000 lbs net buoyancy to allow

for the weight of the thickened section of pipe at the

cable connection  to allow for bending stresses! and to

allow for possible gas density changes as discussed in

Chapter 4. Based upon manufacturer's estimates for larger

buoys, the smaller buoys are estimated at $10,000 each or

$100,000 per 9050 foot sublength. Total cost for these

buoys for the 24 inch line is estimated at $28.8 million.

5.1.3c . Intermediate Cables

The > inch, plastic coated, intermediate cables

� x 19! will cost approximately 300/ft  Appendix VI!. For

each pipeline sublength, 81,000 feet of cable will be

required at a cost of $24,000. Intermediate cable costs
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are estimated at $6.9 million for the 24 inch line.

5.1.3d Intermediate Cable Buo anc Elements

From Table I, Chapter 4, 540 16 inch glass balls

will be required for the nine intermediate cables on each

9050 foot sublength. This amounts to $26,000 per sublength

or $7.5 million for the entire 24 inch pipeline.

5.1.3e Intermediate Anchors

Using the 10C/lb estimate for the tower anchors and

the Table I results, the intermediate tower anchors are

estimated to cost $3.1 million for the entire 24 inch

floating line.

5.1.3f ~ittincis

The fittings, slings for the pipeline attachment,

etc., are estimated at $1000/intermediate buoy station or

$2.9 million for the 24 inch pipeline.

5.1.3g Total Pi eline Material Costs

For the 24 inch pipeline the pipeline plus inter-

mediate and secondary tower buoy and cable material costs

total $88.4 million.
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5.1.4 Pipe. and Intermediate Cable Installation Costs

The critical factor in the speed of laying out the

pipeline, prepartory to pulling it down to the towers, is

the welding rate  personal communication with Mr. Sam Small,

Bechtel Corporation � see Appendix VI!. It has been

assumed here that the welding rate for a 30 inch line will

be 3000 feet/day and 3600 feet/day for a 24 inch line. It

is assumed that a lay barge and supporting vessels will

cost $50,000/day for all three sizes of pipeline considered.

In addition, $20,000/day must be added for the installation

and supply barges required to install the intermediate

cables.. Allowing 20% down time because of bad weather and

other delays, the cost for installing the 24 inch line is

estimated to be $63.3 million.

5.1.5 Safety Valves, Explosive Flanges and Instrumentation

There will be two safety valves at each tower

station as well as the two explosive flanges to break off

the broken pipe end in the event of pipe failure. These,

together with their instrumentation and wiring are

estimated at $40,000 per tower  See personal interview with

Mr. Sam Small, Bechtel Corporation, Appendix VI!. The

total estimated cost for the entire 24 inch pipeline is

$11.6 million. For the larger pipe sizes $5000/tower/6 inch

diameter increase is added to this figure.
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5.1.6 The Bottom Mounted Pipe

Based upon $15,000/inch diameter/mile of pipeline

 See Appendix VI � interview with Mr. Sam Small, Bechtel

Corporation!, the ten miles of bottom mounted line will

cost $3.6 million for the 24 inch pipeline.

5.1.7 The Pumping Stations

The Capital Investment for the pumping stations is

estimated at $1.0 million for the buildings and $200/HP of

pumping power required. This variable investment is not

included in the Investment figures shown in Table II, and

will be accounted for later in the return on investment

calculations.

5.1.8 The Total Investment

The total investment, exclusive of pumping station

costs, for each of the three pipeline sizes and respective

gas rates is shown in Table II. For the purposes of

calculating return on investment, it is expected that it

will require two years to construct the 400 MMCF/D rated

pipeline, and three years for either the 800 MMCF/D or the

1200 MMCF/D rated lines. There will be no income during

these periods, but the average investment during the

construction period is approximately one half the total

for each year of construction for each of the three pipelines
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TABLE I I

ESTINATED INVESTNENT  9 million!

RateItem

400 NNSCF/D 800 NNSCF/D 1200 llNSCF/D

41.4

43.1

33.8

32.3

27. 2

23. 0

Subtotal

2! Tower Installation

3! Pipeline Naterials
Pipe 39.2
Int. Buoys 28.8
Int. Cables 6.9
Cable Buoyancy 7.5
Int. Anchors 3.1
Fittings 2.9

198.1

95.0

88.4 155.7

76. 0

Subtotal

4! Pipeline Installation 63.3

5! Safety Devices and
Instrumentation 14.412.911.6

6! Bottom Nounted
Pipeline 5.44.53.6

397.47! Subtotal 315.2217.1

8! Other Charges and
Contingencies �0%! 21.7 31.5 39.7

437.1346. 79! TOTAL 238.8

*The totals exclude the pumping station investment of
$500,000/site for the two sites plus $200/HP of pumping
capacity  personal communication with Nr ~ Charles Arnold,
Bechtel Corporation!.

123

1! Tower Naterials
Buoys
Cables

Buoyancy Elements
Fittings
Anchors

4.9

8.1

10.6

0.6

3 ~ 0

5.1

9.8

13.8

0.8

4.3

93. 8

31.7

10.5

11.4

4.4

3.9

5.2

12.6

17.5

0.9

5.2

119. 9

34.6

15.6

16.5

5.7

5.8



considered. This investment and the interest and other

charges are considered later.

5.2 ESTIMATED COSTS

5.2.1 Maintenance and Inspection Costs

The critical aspect of maintenance on marine pipe-

lines is predicting the effects of corrosion. The cost

estimates for cables on this pipeline have included the

cost of completely coating the cables with plastic to

reduce the corrosion possibilities. However, any breaks

in the coating will cause "pin-hole" corrosion and failures

will occur. Present experience with marine cables indi-

cates a maximum life of between five and ten years  personal

communication with Mr. M. H. Peterson, Naval Research

Laboratory!; these are the critical features in the struc-

ture's integrity. Bechtel Corporation reports indicate

that corrosion of the pipeline is not a critical problem

because pipelines already in the water have lasted more

than twenty years. It is assumed that our pipeline will be

coated with an anticorrosion and antifouling material

similar to that now used on bottom mounted pipelines.

It is difficult to estimate any realistic maintenance

cost for the pipeline; therefore, it is proposed that the

return on investment picture be examined on the basis of
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having to replace all of the cables over periods of ten

years, fifteen years, and twenty years, respectively.

Table III gives estimates of maintenance and inspection

costs for each size pipeline depending upon whether a ten

year, fifteen year, or twenty year life expectancy for the

cables and towers is used. The maintenance figures in

Table III are obtained by totaling the cost of all cables,

fittings and anchors for each pipeline system, doubling the

amount to account for reinstallation costs and then

assuming ten, fifteen and twenty year life expectancy rates.

The inspection cost estimates have been determined by

assuming the cost of three  one standby! lock-in, lock-out,

diver submarines at $5000/day including personnel and

support vessels  personal communication with Perry

Submarine Inc.!. These submarines will patrol the line,

continuously looking for corrosion, replacing fittings,

etc. They cannot observe possible failure points at great

depth, and these must be handled as they occur.

5.2.2 Insurance and Interest

It is assumed that the pipeline will be charged for

self insurance in an amount equal to 1% of its total value

per year to cover possible catastrophies that would utilize

this sinking fund. This would allow for the costs of

repairing a possible pipeline rupture which might involve
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TABLE III

MAINTENANCE AND INSPECTION COSTS  $000!

Cost/Year of Operation

10 yr ~ life 15 yr. life 20 yr. life

4,5005,8007,000TOTAL

3,500

2,000

5,5009,000 7,200TOTAL

4,500

2,000

6,500TOTAL 11,000 8,800

126

400,000 MSCF/D

Maintenance

Inspection

800,000 MSCF/D

Maintenance

Inspection

1,200,000 MSCF/D

Maintenance

Inspection

5,000

2,000

7,000

2,000

9,000

2,000

3,800

2,000

5,200

2,000

6,800

2,000

2,500

2,000



large losses of product and equipment, if not life. For

example, the 400 MMCF/D rated line would be charged $2.4

million per year self insurance in addition to interest and

other fixed charges.

5.2.3 Other Fixed Costs

The other fixed costs for any particular pipeline

are $120,000/year fixed operating costs for the pumping

stations  personal communication with Mr. Charles Arnold,

Bechtel Corporation!.

5.3 VARIABLE COSTS  Bechtel Corporation!

The only variable costs considered under the method

of cost allocation used are gas consumption of 12 cu ft/

HP/day for whatever HP is required at each pumping station

and $5/HP/year on the same basis. The gas at the input to

the pipeline is assumed to cost $0.10/MCF.

5.4 RETURN ON INVESTMENT

Appendix VI presents a computer program that

computes the return on investment for each pipeline

assuming ten, fifteen and twenty year life expectancies

for each pipeline. For each life expectancy, the ten year
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level of structure maintenance is adopted from Table III.

Therefore, three different return rates are calculated for

each size of pipeline for a given selling price for the gas.

In preparing this program, a present value approach

to return on investment was taken with year 0 starting when

the pipeline construction starts. The following assumptions

were made:

1! The three sizes of pipeline require 2, 3 and 3 years

to construct, respectively.

2! The rates of flow will be Q/2 for the first 3 years of

operation, 3Q/4 for the second 3 years of operation

and Q  the ultimate rated capacity! for the remainder

of the life of the pipeline.

3! The value of temperature, pressures, and the other

physical parameters of pipe flow are those assumed in

Appendix II.

4! The cost of gas at the Minorca pumping station is

calculated by trial and error to achieve a cost equi-

valent to the cost to any other customer.

5! The cost of gas at the input to the pipeline is

80.10/MCF.

6! The selling price of the gas has three possible

levels; $0.40/MCF, $0.45/MCF and $0.50/MCF.

7! The interest rate is 8%.
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The results of applying this computer program analysis of

the return on investment for the three sizes of pipelines

at the three maintenance levels shown in Table III are

shown in Table IV.
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Selling Price
of Gas

Percent Return on Investment for
Expected Pipeline Life of

Flow

Rate

 MMSCF/D!  9/MSCF! 10 Yrs. 15 Yrs. 20 Yrs.

Negative400 9.5

9.0

12.0

Negative800

9.0

12.5

1200 9.5

* The percent return is before allowing for any taxes,
transit fees or depreciation. All calculations
assume an 8% interest rate for calculating present
value.
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0.40

0.45

0.50

0.40

0.45

0.50

0.40

0.45

0.50

TABLE IV

RETURN ON INVESTMENT

Negative

Negative

Negative

13.5

17.5

11.5

14.5

17.5

15.0

18.0

21.5

12.0

14.5

13.5

16.5

19.0

17.0

20.0

23.0



6. DISCUSSION

The findings of Chapter 4 and Chapter 5 permit several

significant observations:

1! The stresses and motions in the towers of the pipeline

can be made sufficiently small to meet the design

criteria specified earlier in this investigation. The

cables and buoys required are of practical sizes for

handling at sea with present equipment.

2! Although the mid-points of the pipeline sublengths

between towers move as much as 350 feet in the

horizontal direction, the remainder of the pipe

system can be held to the motion tolerances that. have

been specified. It is not possible, under the

current conditions specified, to hold the horizontal

motions of the pipe sublengths to significantly

smaller variations. To do so would require shortening

the pipe sublengths to less than 9050 feet. This

shortening causes rapid increases in pipe tensions

and reactions on the towers in the event of pipe

failure. The reactions then are too large to be

restrained by towers of a size that permits reliance

on present state-of-the-art methods.

3! The resulting motions and stresses shown in Table I

are for a constant-current profile of 0.3 feet per
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second. It is apparent that any appreciable increase

in the current profile over this value will result in

stresses and motions that are much larger. Therefore,

pipeline systems of our type may be feasible only in

areas where the current velocity is low. In shallow

water, where it will be possible to put the pipeline

towers closer together, the larger currents could

probably be handled with components of a size that

could be handled by presently proven methods. However,

these limits have not been studied in this investiga-

tion.

4! The capital investment required for each of the three

pipeline sizes considered is about twice the invest-

ment. for bottom-mounted pipelines recently installed

in the Gulf Coast area of the United States �4!.

This much larger cost can be justified only by the

fact that the line is traversing water depths averag-

ing approximately 9,000 feet instead of a few hundred

feet. However, even then the added cost can be justi-

fied only by economic evaluation against other

possible means of achieving the same results.

5! While there are admittedly many guesses involved in

the cost estimates which have led to the final return

on investment figures presented in Table IV, the

conservative assumptions made, and the consistent
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effort made to rely upon only proven state-of-the-art

methods of construction and installation, should mean

that the estimates are conservative.

6! The return on investment calculations presented can

be meaningful only in the light of experienced assess-

ment of the risks involved. Even though every effort

has been made to use a conservative approach, the

risks are still admittedly large because this is an

unproven system. Even the buoyant towers have been

proven only in prototype form and there is no measure

of their long-term durability in the face of sea

water corrosion.

7! It is apparent from the return on investment estimates

presented in Table IV that the highest capacity pipe-

line, 1200 MMSCF/D offers the most attractive return,

regardless of the expected life. If the expected

selling price of $0.50/MSCF  personal communication

with Mr. John Giese, Bechtel Corporation! can be

realized, this largest line shows a pay out before

taxes of less than six years even with the high main-

tenance estimates for only ten year expected cable

life. This rate of return approaches that of an

attractive oil producing play and exceeds that of most.

pipelines built on land. The higher rates of return

shown for longer expected pipeline life, while more
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attractive, are less determining in a feasibility

decision because the element of risk for such a new

venture is larger than these higher return rates

reflect.

8! The estimated return results for the smallest capacity

pipeline seem to rule out any consideration of

building a line of this ultimate capacity for this

location. Looping the line to increase its capacity

later when the market develops to greater size as is

often done for gas pipelines does not seem a feasible

consideration here.

9! The sensitivity of estimated return on investment to

selling price variations of only 20% probably also

rules out consideration of the 30 inch diameter,

800 MMSCF/D capacity line also. Its best, estimated

pay out for a ten year expected life is more than

eight years even before taxes on the conservative ten

year expected life basis. This rate would leave only

a two year profit period if the life expectancy period

estimate proved correct.

10! Based upon the observations expressed in the above two

paragraphs, the proposed pipeline seems to provide the

alternative of all or nothing, i.e., build a large

capacity pipeline for a large market or no pipeline at

all. This last finding means that the potential
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investor must take a very large capital risk or not

take any risk at all. Although the estimated returns

on the largest capacity line are certainly attractive,

the projected investment of nearly $0.5 billion

required to try this new concept makes this particular

location a questionable place to test this new concept.

Beyond these observations, it must be emphasized that

this entire investigation has been a first-order feasibility

study of the floating, anchored pipeline system. Further

and more detailed analysis is clearly indicated, particularly

in the area of bending stresses in the pipe near the

connections between the pipeline and the buoyant towers.

Also, although detailed computer results are not presented,

there appears to be a relationship between the buoyancy

allowed for the pipeline and its lateral excursion at the

mid-points of the pipe sublengths between towers. It is

to be noted in Table I that the larger pipelines with

greater buoyancy per foot allowed have smaller lateral

excursions. It is possible that some adjustment can be

made in the buoyancy of the smaller diameter pipelines such

that the lateral excursions will be smaller while the

stresses in the pipeline and the reactions at the towers

are not appreciably increased. Such optimization has not

been within the scope of this investigation, but it

recommended for further study.
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While every effort has been made to make the costs and

investment figures realistic, it is believed that they are

probably larger than necessary because of the desire to be

conservatives It is recommended that these figures be

carefully analyzed because significant reductions may be

indicated. Such reductions would obviously produce more

attractive return on investment estimates.

Finally, it seems prudent to consider testing this

pipeline concept in a smaller-scale operation before

seriously considering making the large capital investment

that will be required for this Mediterranean crossing.

Other possible opportunities for proving the concepts that.

have been evaluated in this investigation are transporta-

tion of natural gas or oil from the North Sea discoveries

to Norway, a proposed crossing from Tunisia to Sicily

{personal communication with Mr. Sam Small, Bechtel

Corporation!, or a gas pipeline from Sicily to the island

of Malta. In all of these locations, the water depths are

considerably shallower and the distances to be covered much

shorter. On such. a smaller-scale operation, the installa-

tion methods could be perfected, and the admittedly unpre-

dictable effects of corrosion could be experienced and

mastered at much lower levels of risk.
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7. CONCLUSIONS

According to the results of this technical and

economic analysis, it is feasible to construct a submerged,

buoyant and anchored pipeline to cross the 1'lediterranean

to serve the European market, providing a sufficient market

and distribution system exists close enough to the French

coast outlets Obviously, there must be several qualifica-

tions to such a conclusion.

The first and perhaps most important qualification is

that the necessary international diplomatic and economic

arrangements must be satisfactorily concluded. These

ramifications are not considered in this report.

Second, although the return on investment estimates

appear to be attractive to potential investors, the magni-

tude of the undertaking and the uncertainties that must

remain in any such major new development strongly indicate

the desirability of proving these concepts in a smaller-

scale operation before undertaking this ambitious project.

While this investigation has been in progress, major

new developments have opened additional markets for

liquified natural gas from North Africa in the United

States. This development combined with reported agreements

between European countries and the USSR for new sources of

natural gas have undoubtedly affected the market and supply
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situation to make if different from that assumed by this

study. The effects of these new conditions must be care-

fully evaluated by any potential investor.

The high degree of sensitivity of pipe tensions and

stresses to current forces clearly demands very detailed

and thorough long term current surveys of any proposed

location for such a floating, anchored pipeline. While the

use of trimoored buoyant towers offers the possibility of

being able to reduce pipe tension caused by current forces

to workable levels for both installation and subsequent

operation, there are probably locations where the water

depths combined with high current forces will make this

system impractical.

In the final analysis, however, the use of submerged

buoyant and anchored pipelines to transport natural gas

through the deep ocean appears to be extremely feasible

and it is recommended that. it be considered as a real

alternative to transporting liquified natural gas by tanker

wherever the potential market and distribution system is

sufficiently large and concentrated.
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APPENDIX I

COMPUTER PROGRAMS TO COMPUTE

PIPELINE AND TOWER

CONFIGURATIONS AND STRESSES
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APPENDIX I

The following computer programs show example outputs

for the 400 ~INSCF/D, 24 inch OD pipeline. The first

program calculates the motions and stresses for one 9050

foot long sublength attached to a tower at each end. The

sublength is divided into 100 lumping stations. Trial runs

using only 50 lumping stations show less than 0.1% varia-

tion in the values of stresses and maximum motion. The

components of external force determined for each end of the

pipe sublength are the reactions to be placed on a tower to

test its ability to withstand maximum possible loads.

The second program computes the motions and stresses

in a tower for a 24 inch pipeline. Only 21 lumping stations

per leg are used. Analysis of motions on such a trimoored

tower by Paquette  personal communication with Dr. R. L.

Paquette, General l1otors Corporation! has shown no signifi-

cant difference in the results using 40 stations versus 21

stations. The results include the stresses and motions of

the first and last segment and the first and last station

on each leg. These results have been used to make the

decisions for component size and other data shown in Table II,

Chapter 4. In addition to the results for the 24 inch pipe-

line towers, the results for the 30 inch and 36 inch pipeline

towers are also shown at the program's end. The cable speci-

fication for these latter two tower sizes are omitted to

save space.
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OS/360 FORTRAN H

ON P I PF. ~

ISN 0002
I SN 0003

100! e

READ  5 ~ 1!FOPISN 000ee
ISN 0005
ISN 0006
I SN 0008
I SN 0009
ISN 0010
I SN 0011
ISN 0012
ISN 0013

CONTINUE16

148

I SN 0014
ISN 0015
I Sh 0016
ISN 0017
ISN 0018
ISN 0019
ISN 0020
I SN 0021
ISM 0022
ISN 0023
ISN 0024
ISN 0025
ISN 0026
ISN 0027
I SN 0028
ISN 0029
I SN 0030
ISN 0031
ISN 0032
I SN 0033
ISN 0034

C C

C C C
C C C
C C C

C C C C C
C C

C C C

THE MOTIONS OF A BUOYANT BUT ANCHOPED PtPELINF. THAT IS FIXED
AT BOTH ENDS ~ RESTRAINED IN THE VERTICAL DIRECTION AT INT. RVALS
BETWEEN THE END POINTS, AND ACTEO UPON BY THE FXTEPNAL FORCFC OF
ORAG DUE TO CURRENT AND FORCES OUE TO BUOYANCY ~
THE P IPE IS ASSUMED TO BE ANCHORED SUFF ICIENTLY BELOW THE SURFACE
TO BE RFMOVED f POM ALL FORCES DUE TO SU'RFACE WAVF ACT ION ~

CCMPUTER PROGRAM BY G ~ H SAVAGE USING THE METHOD OF
IMAGINARY REACTIONS ASSUMING SMALL MOTI ONS SO CURPENT FORCE CONST ~

$0P ~ P IPE DRAG FORCE/FT IN LBS ~
FBP PIPE BUOYANT FORCE/FT IN LBS ~
FXIeFYI ~ FZI ~ INITIAL GUESSES AT THE REACTIONS OF TOWER
LENG = THE UNSTRESSED LENGTH OF PIPE SUBLFNGTH
N NUMBER OF LUMPING STATIONS ON A PIPE SUBLENGTH
XO ~ YO,ZO COORDINATES AT ONE FND OF PIPE SUBLENGTH ~
XN YN ZN COORDINATES AT OTHER END OF PIPE SUBLENGTH ~
COMPE ~ ACCEPTABLE VALUE OF ERROR e E ~
R E A L L F. NG 0 e L E NG e L
DIMENS ION T l100! ~ LENGOl 100! eFXl 100! e FY  100! ~ FZl 100! ~ RXl

1RYl100! eRZt 100! eLl100! ~ Xl100! eYl100! e Zl 100!

1 FORMAT FI 0~ 2!
IF   FDP ~ EQ ~ 1 ~ 0! GO TO 110
READ� ~ 2! FBP ~ FX I ~ FY I e FZ I ~ LENGeN

2 FORMATl5F10 ~ 2 ~ l3!
REACl5 ~ 3! 8 ~ XOeYOe ZOe XNe YNe ZN

3 FORMAT F12+1 ~ 6FIO ~ 2!
READ l 5e 4! COMPE

4 FORMAT F10+3!
INITAL IZATION
ICOUNT ~ 0
LEAP = 1
ITEST ~ 1
DO5M~1 ~ N
LENGO M! ~ LENG/N

5 CONTINUE
M ~ N
FX M! ~ FXI
FY M! ~FYI
FZ M! ~ FZI
DELTA w ABS� 5 0 FZ N! !
NX = N-1
006 M~ lekX
FXtM! ~ 0 ~ 0
FY M! ~ FDP+LENGO M!
FZl M! ~ FBP+LFNGO  M!

6 CONTINUE
DO 16 M ~ 10eNX ~ 10
FZ M! ~ FZlM! - FBP+10o + LENGOlM!
FYl M! ~ FYl IN! -500+



I SN 0035
I SN 0036
I SN 0037
I SN 0038
ISN 0039
I SN 0040
ISN 0041
I SN 0042
ISN 0043
ISN 0044
I SN 0045
I SN 0046
I SN 0047
ISN 0048
ISN 0049
I SN 0050
I SN 0051
I SN 0052
ISN 00'53
ISN 0054
I SN 0055
ISN 0056
I S N 0057
I SN 0058
ISN 0059
I SA 0060
ISN 0061
I 5N 0062
! SN 0063
ISN 0064
ISN 0065
I SN 0066
I SN 0067
I SN 0069
I SN 0070
I SN 0071
I' SN 0072
I SN 0073
I SN 0074
I SN 0075
I SN 0076
I SN 0077
ISN 0078

ISN 0079
I SN C080
I SN 0081

TAT ION
EACH 5~do ~
Pl PF

,FY PIP,
HE MnT IP'lS

PUPY

DO 77 M = IyNe1
WRITE�,80! M
FORMAT /y 10Xt SFGMENT' NO~~ ~ 12!

SUMX = 0 ' 0
SUMY = 0 ~ 0
SUMZ = 0 ' 0

ICO DO 177 M = liN
DO 17S K = M ~ N
SUMX = SUMX + F Xl K!
SUMY = SUMY + FY K!
SUMZ = SUMZ + F Z K!

178 CCNTI NUE
RX MI = SUMX
RY  M! = SUMY
RZ M! = SUMZ
SUM X 4 0 ~ 0
SUMY = Oe 0
SUMZ = 0 ~ 0

177 CONTINUE
DO S M = 1,N
T M! = SQRT RX M!++2 + RY M!'«+2 + PZ M! ++2!
l. M! = LENGO MI+{ 1 + TlM!/8!

8 CONTINUE
DO 9 M ~ 1 ~ N
GO TO �0ell! eM

11 X M! ~ {L�I!/Tl M! !+RX M! + X M-I!
Y M! =  LlM!/T M! !+RY M! + Y{M-1!
ZlM! =  L M! /T M! !+RZ M! + Z{ M-I!
GO TO

10 X MI =  L M!/T M!!+RX{M! + XO
Y M! = {L{M!/TlMI!+RY{M! + YD
Z M! =  LlM!/TlMI!+RZlM! + ZO
CONTINUF.
E =  XN-X{N!!++2+ YN-Y N!!++2+ ZN-Z N!!++2
ICOUNT = ICOUNT + 1
IF E GT COMPE!GO TO�9 ~ 50 y15! gLEAP

121 WRITE�,69!
69 FORMAT  ~1' 10X ~ 'REACTIONS AND COOPDINATE AT KFY POINTS' !

WRITE l6 71! ICOUNT E
71 FORMAT�0Xy ' COUNT= ~ y I3pIOX 'E=' yF16 ~ 9!

WRITE�e58! ITESTy E
58 FORMAT  !OX' I TEST~ ~ I 2y 5X ~ E ~ E16 ~ 9!

WR I 7 E � y 773 I DFLTA
773 FORMATllOX 'DELYA ' E16 ~ 9!

WRITE l6 ~ 144! 8 ~ XN
144 FORMAT {10X ~ 8 ~ E16 ~ 9 ~ 10X ' XN=' E16 ~ 9!

CC THF. PROGRAM NOW PRINTS THE COORDINATFS OF F ACH LUMP ING S
C THE STRFSSES IN FACH SEGMENTS AND THE FX>FRNAL FORCFS AT
C THE EXTERNAL FORCES AT EACH END APF THF. P FACTIONS !F THF.
C SUBLENGTH ON THE TOWERS AT EACH END ~ THESE ARF ~H'E FXP IP
C FZPIP TO BE USED AS DATA IN THE NEXT PROGRAM TO nRTAI { T
C AND THE STRESSFS IN THE TOWERS Tn DFTFRMINF. PFQUIRFD
C ANO CABLC ANO ANCHOR SI ZES ~
C
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ISN 0082
I SN 0083
I 'SN 0084
ISN 0085
I SN 0086
ISN 0087
ISN 0088
IS N 0089
I SN 0090
I SN 0091
ISN 0092
ISN 0093
ISN 0094
ISN 0095
tSN 0096
I SN 0097
ISN 0098
I SN 0099
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ISN
ISN
I SN
ISN
ISN
ISN
ISN
I SN
ISN
ISN
I SN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
I SN
ISN
ISN
ISN

AOCCNS

0! 01
0102
0104
0105
0106
0107
0108
0109
0111
0112
0113
0114
0115
0116
0118
0119
0120
0121
0122
0123
0124
0125
FOR E

WRITE� ~ 78! XlM! yY{M! gZ M!
78 FORMAT{10Xg ~X M!= ~ ~ E16 ~ 9t 10X ~ YlM!= r F16 ~ 9f 10X ~ Z lM!= ~ F16 9!

WR I TE I 6y 578! F Xl M! yF Y  M! ~ F Z  M!
'578 FORMAT llDX 'FX=' E16 ~ 9 ~ 10X 'FY=' ~ F16 9 10X 'Fl= ' F! 6 ~ <!

WR I TF l 6 s 179! RX  M!, RY I M!,a Z I M!
179 FORMAT�0X 'RX=' E16 ~ 9 10X 'RY=' E16 ~ I~X 'RZ=' F16 9!

77 C 'NTI NUC
GO TO 111

19 LEAP = 2
20 EP = E

XP = X{N!
YP = Y{N!
ZP = Z N!
FXP = FX N!
FYP = FY N!
FZP = FZ{N!
GO TO 12

50 IF{ ARS YN Y  N ! ! GE ~ COMPF ~ OR ~ ABS  ZN Z{N! ! ~  iE COMPF !GO TO 1500

C THIS APPROX IMAT ION OF FX USES NEWTON'S METHOD TO ACCELERATE
C CCNVERGENCF TO AN ACCEPTABLE ERROR AFTFR DELTA HAS BECOME SMAll
C ORDER TO REDUCE THE Y AND Z ERROR ~

I TEST = I TEST + 1
IF  X{ N! ~ EQ ~ XP !GO TO 1500
DELFXP =   FX{N!-FXP!/{X{N!-XP! �{XN-X N!!
FXP = FX{N!
FX{N! = FX{N! + DELFXP
XP = X N!
GO TO 100

1500 IF{ F. ~ LT ~ EP! GO TO 20
DELTA = DELTA/2 ~

12 DE = DELTA/SQRTtF.P!
FX N! ~ FXP +  XN-XlN! ! +OE
FYlN! = FYP +  YN-Y{N! ! +DE
FZl N! = F ZP + l ZN-Z N! ! +OE
IF FX{N!.NE.FXP.OR.FY N!.NE.FVP.nR.FZ{N!.NE.FZP!GO TO 100
LFAP = 3
GO TO 100

15 ! RITE� ' 122!
122 FORMAT�0X ~ THF PROBLEM HAS NOT BEEN SOLVED'/!

GO TO 121
110 CONTINUE

RETURN
ENO

XTERNAL REFERENCES
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OS/360 FORTRAN H

CUMPUTER PROGRAM BY G H SAVAGE ~ AN ALTFRAT ION QF 4 PI:!GR4M I J
SHOW THF. MOTIONS OF AN INDE PFNDENT TRI- MOORED BUOY BY
G H S AVAGF. S C PAHUJA AND R W COR ELL UNIVERSITY OF NEW RAi P SHIRE
WHO ADAPTED WQFK ON IMAG NARY REACTIONS BY SKQP AVD KAPLAN ~ NAVAL
RESEARCH LABURAT !R IF S TO THF IBM 360/40 AND 360/65
DEFLECTION ANALYSIS USING THE METHOD OF IMAGINARY REACTORS
REAL BLr BLBARr BLT r MUr MUE r MUUr MUUF
COMMON/C2/FX�1 ~ 3 ! r FY {21r 3 ! ~ F2 ?1 ~ 3 !
CGMMON/Cl/XF r X�1r3! r YF r Y{?1r 3! rZFr Z�1r3!
COMMON/C3/Wl? I r 3 ! r WC ? 1 ~ 3 ! r WF   10r 21 r 3]
COMMON/C4/MMAX  3 ! KMAX   21 3 ! KT I LDA   21 3!
COMMON/C 5/B LB AR   21 r 3 ! ~ BL   21 r 3 ! r SdAR   10 r 21 r 3 ! r T   21 ~ '. ! r BLT   21 r 3 !
COMMON/C6/AA1�! rBBl l3! rCCI � ! r E ~ DEL TA ~ JUMP rL3OPFrLOOPA
COMMON/C 7/HOR I Z L   21 r 3! ~ HF IGHT   2 1r 3!
COMMON/CB/CX�1r 3! rCY�1»3! ~ CZ�1r 3!
COMMON/C9/AV{ 5! r BV�! r VFr V{ 5! r HFrH�!
COMMON/C 10/COMP E r COMPO ~ PS I r ST A PS I r DELPS I r EN'!PS I
CO M M 0 N /C 1 I / X T Eh!   2 I r 3 ! r MU { 2 1 r 3 ! ~ MUE   10 ~ 2 I r 3 ! r > 0   2 1 r 3 !
COMMON/C12/ALPHA �1r 3 ! r BE TA { 2 1r 3! r GAMMA { 21 r 3!
COMMON/C13/RX{ 21 ~ 3! ~ RY�1 r 3! ~ RZ�1 ~ 3!
COMMON/C 14/ XOI 2 1 r 3 ! ~ YO  21 r 3 ! r 1 !   21 ~ 3 !
COMMON/C1 5/XB{ 21 ~ 3 ! ~ YB  21 ~ 3! ~ ZB  21r 3!
COMMON/C16/FXP  3! ~ FYP�! r FZP  3! r XP  3! r YP  3! r ZP  3!
COMMON/C17/DELTA1
COMMON/C1 8/FFX  2 1r 3 ! ~ FF Y  ? 1 ~ 3 ! r FFZ   2 I ~ > !
COMMON/C19/FXPI P FYP I P FZPI P
WRITE lbr606!
FORMAT�H1!
COUNT THE ANCHOR POSIT l QNS FNTERED
SAY=1
COUNT THE NUMBER OF P I PE FORCE CARDS / ANCHLR PQSI T IQ'i  / B J.!Y S I ZE
RAG= 1
READ Ah!D PR lh!T INPUT INF !RMATI',!N
CALL INPUT
COMPUTE MIQSEGEMENT DISCRFTE ELFMENT KTILDA <r N!
DQ 2 N= 1r3
MX = MMAX{N!
DQ 2 M = 2rMX
KX = KMAX  M ~ N!
DU 1 K = lrKX
IF   SBAR  KrM ~ N! ~ GT BLRAR  M ~ N !/2 ~ ! GO TQ 2
CONTI NUE
K = K X+I
KTILDA MrN! = K-1
SUBSCR IPT S FOR VV I MARY ANCHOR
X� ~ 1! = AA1�!
Y  lr 1! = BBI{ 1!
Z lr!! = CC1�!
I NI T I AL VALUES
LEAP = 1
JUMP = 1

ISN 00u2
I SN 0003
ISN 0004
ISN 0005
ISN uu06
ISN 0007
ISN 0008
ISN 0009
ISN 0010
I SN 0011
I SN Gu12
I SN G013
I SN 0014
I SN 0015
I SN 001b
ISN 0017
ISN G018
ISN 0019
ISN GC2G
I SN 0021
ISN 0022
ISN 00?3 606

C
I SN 0024

ISN 0025

ISN 0026

C
b l

C

C,
610ISN 0027

I SN 0028
ISN 0029
ISN 0030
I SN 0031
I SN 0032
ISN OG34
ISN 0035
ISN 0036 2

C
I SN 0037
I SN DOSED
I SN Gu39

ISN 0040
ISN 0041
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MUT IONS AND STRESSES IN P IPE T<!WERS WI TH SF A SPIDER CONF I 3JR4T I ONS
THAT ARE ACTED UPON BY EXTERNAL FijRCFS EXERTFG BY THF P IPE Ai{D C !~WFNTS



I SN Oi042
I SiV 0043
ISN 0044
I SN 0045
ISN 0046

C
159I SN 0041

I SN 0048
ISN 0049
ISN 0050
I SN 0051

683
154

I SN 0052
I SN 0053
I SN 0054
I SN 0055
I SiV 0056
I SN 0051
I S� 0058
I SN 0059
I SN 0060
I SiV 0061
I SN 0062
ISN 0063
ISN 0064
ISN 0065
ISN 0066
ISN GO67
I Sf4 UOOH
I SN 0069
I SN 0010
I SN G011
I SN JG72
I SN v073
I SV 0014

16

I SN 0015
t SN 0016
I SN 0017
I Sf4 0018
I SiV 007'J
I SV OOHu
I SN QOH1
I SN G082
ISN 0083
ISN 0084
ISN GQ85
ISN 0086

?7

110
10

I SN 0087
I Sr4 0048
I S!4 GQ89
t SS 0090
I SN OG'J 1

PS I = STAPS I
P I = 3 ~ 14159265
I OOPE = 0
L DOPA = 0
BOUNT=O
C JMPUTF STAT ION GRAVITY FORCE Sw  7 4 I AV 0 INI TI AL F lt C 5= X F Y = 1
CALL GFORC
WR I TE I 6y 154!
WRITE�y683!
FORMAT�H1!
FORMAT�0X 'GRAVITY FORCES CALC! !LATED WITH THE PIPE ATTACHE 0 1

1 THF APEX OF THE TOWER'/ !
COMPUTE CABLE FORCFS RXyRYy RZ TFNSI ON 1   M yN! STRESS E3 LENGT HL   7 r Jl
DO 7 NN = I y3
N = 4-NN
MX = MMAX N!
Gfi TO� ~ 4t4! rN
RX MX ~ N! = FX MXrN!
RY MX tN! = FY MXyN!
RZ  MX yN! = FZ  MXrf4!
G ] TO 6
RX MX y1 > = FX MXr 1! +RX�y 2!+RK ? y 3>
PY MX ~ 1! = FY MXr I!+RY�t2!+RY�t 3!
RZ MX yll = FZ MXyl!+RZ�y2!+RZ ?r3>
T MX, N! = SIJRT  RX MX,N>¹¹2+RY  MX, Nl ¹¹2 rRZ  MX, V l ¹¹2!
BL MX,r > = BI.BARIMX,N!¹t l.+Tt MX�4}/XTEN MX,N! !
BLT MXtN> = BL MXrNl/T MXy!4!
MX = MX-1
Dfi 7 MM = ?yMX
M = MX-MM+2
RX MrN! = FX  Mr N!+RX M+lr Nl
RY My N! = FY My N! + RY M+1 y N}
RZ  M ~ N! = F Z Mt N! + RZ  M+1 ~ N!
T�yN! = SQRT RX I yN!¹¹2+RY MyN>¹¹?+RZ Mr Nl¹¹>!
RL Mr N! = BLBAR Mr f4!¹� +T tfdr N! /XTf N Mr N! !
BLT  MrN! = BL  M ~ N! /T  Mr N!
CIJMPUTE X Y Z COOP 0 INATES OIDF EACH STATION
DO 10 I'4 = 1r3
MX = MMAX N!
nu 9 M = 2,MX
X MrN! = BLT MrN!¹RX MrN!+X M-lyN!
Y MrN! = BLT MyN!¹RY MyN!+Y M-ltd!
Z MyNl = BLT M ~ Nl¹RZ MyN!+Z M-ltN!
GO TO�7r 10! yN
DO 110 NN = 2y3
X  I yNN! = X MXr 1!
Y l yNN! = Y MXy I!
Z� yNNl = Z MXr 1!
CONTI NUE
COMPUTE ERROR FUNCTION
LOOPE = LUOPE+1
E = 0
DO 11 N = 2y3
M = MMAX  N!

E +     A A!   N ! - J    M y f4 ! ! ¹ ¹? +   8 8 I t V ! � Y   M ' ! ! ¹ ¹ "r   '. C 1   V ! - Z I "i ~ '! I ! t ' !
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ISN 0092

I SN 0394
I Si4 0095
I SN 0096
fS4 0097
ISN 0098
iSN 0099

I SN 0100

I SN 0101
ISN 0102
I SN 0103
ISN 0104
ISN 0105
I SN 0106
ISN 0107
I SN 0108
ISN 0109
ISN 0110
I SN 0111
I Si4 0112
ISN 0113
I SN 0114

I SN 0115
I SN 0116
ISN 0117
I SN 011H

I SN 0120
5 IT I "4

I SN 0121
I SN 0122
I Si4 0123
ISN u124
ISN 0125
I SN 01/6
I SN ul/7
ISN Ci! 2b
I SN 0129
I SN 0130

{ Y  Mr N! - Yr!   Mr 4 l ! +ri2!

ISN ui3i
ISN 0132
I SN 0133
ISN 0134
ISis 0135
I SN 0136
I SN 0137
ISN i	38

ISN 0139

300
C

C
51

53

C
52

55
C

56
999

C
57

59

C
50

IF E ~ GT ~ COMPF!GO TO{19 50 15! LFAP
UPDATEf! DIRECTION COSINES
00 300 N = lr3
MX = MMAX{N!
DO 300 M = 2rMX
ALPHA MrN! =  X MrN!-X M-lrN!l/BL i< ~ N!
BETA  MrNl =  Y MrNI-Y M-AN!!/BL MrN!
GAMMA MrN! =  Z MrN! Z M IrN!l/BL MAN!
ERROR FUNCTION COMPAR I SION SAT I SF IEO
GO TO�1r52!r JUMP
PRINT ANO STORE EQUIL I BR IUM POS IT Ii!N
CALL STAPOS
JUMP = 2
LOOPE = 0
DO 53 N = 1 ~ 3
MX = MMAX {Nl
00 53 M = 2rMX
XO MrN! = X MrN!
YO MrN! = Y M AN!
ZO MrN! = Z M AN!
XB MrN! = X M AN!
YB MD Nl = Y M AN!
ZB MrN! = Z<MrN!
CONTINUE
GO TO 61
COMPARE ACCURACY OF COORDINATES
DO 55 N = lr3
MX = MVALUE{N!
DO 55 M = 2r IX
IF AB SIX  M t<l -XO{ M ~ Nl l ~ CrT ~ COMPO ~ OR,

1ABS{Y M,N!-YO M Nl! ~ GT ~ COMPO ~ Ok,
?ABS Z{MrN!-ZO{MrN!l ~ GT ~ COMPDlGU TO 57
C I ! N T I NUE
ACCURACY SAT ISF I ED-PRINT EQQUI L I BR I UM PO
DO 56 N = I r3
MX = MMAX N!
DOi 56 M = 2rMX
HORIIL MrN! = SQRT    X M ~ N! Xr!{ M ~ Nl ! +<2 +
HE IGHT{MrN! = Z MrN!-ZB M AN!
CONT I NUF.
CALL DYNPOS
LOOPE = 0
LOOPA = 0
Cr'0 TO 60
ACCURACY NOT ADEQUATE-REITERATE
00 59 N = 1 ~ 3
MX = MVALUE { N]
DO 59 M = 2,MX
XU Mr N! = X MrN!
YO MrN! = Y MrN!
ZO MrN! = Z M,N!
CONTINUE
GO TI.! 62
ERROR FUNCT I 0!s COMPARI SI '.N NOT SAT I SI-I ED
IF E ~ LT.EP!GO TO 20
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I SN 0141

I SN 0142
I Si» 0143
I SN 0144
I SN 0145
I SN 0146
I SN 0147
I SN 0148

ISN 0149
I SN 0150

I SN 0152
ISN 0153
I SN 0154

I SN 0155
ISN 0156

I SN 0157
I SN 0158
I SN 0159
I SN 0160
ISN 0161
I SN 0162
I SN 0163
I SN 0164
I Si» 0165
I SN 0166
I SN 0167
ISN Ole8

ISN 0169
ISN 0170
I S» 0172
I SN 0173
I SN 0174
I SN 0175
I SN 01/6

ISN 0177
ISN 0178
ISN 0179
I SN 0180

I SN 0181
I SN 0 1 i


I SN 0183

C INCREASE IN ERROR FUNCTION
DEL TA =DE L TA/?

C C JMPUTF ERROR FUNCTION
12 DE ~ DELTA/SQRTlFP I

DO 13 N = 2t3
MK = MMAX {N!
FXlMXtNI = FXP N!+ AA1 N!-XP N! I+OF
FY MXtN! = FYP N!+ 881 N! YP N! I+DE
FZ MX N! = FZP  N !+  CC1  NI-ZP 'I I ! +DE

13 CONTINUF
C CHECK CHANGES IN IMAGI»ARY R iACT IONS

OO It N = 2t3
IF FX MX NI NE ~ FXP N!.OR ~

IFY MX tN! ~ NE eFYP  Nl +OR ~
2FZ MKtN! ~ NE ~ FZPlNI !GO TO 3

14 CONT INUF.
LEAP ~ 3
GO TO 3

C NO CHANGE TIME TO QUIT
15 CALL EX I TT

GO TO 100
C DECRE ASE IN ERROR FUNCTUUN

19 LEAP = 2
20 EP ~ E

OO 21 N = 2 ' 3
MX t- MMAX N!
XP N! = X{MXtN!
YPlN! = Y{MXtNI
ZP N! = Z MXtN!
FXP{NI = FX MX ~ N!
FYP{NI = FY MXtN!
FZP NI = FZ MXtNI

21 CONTI NUE
GO TO 12

C INCRE ASE CURRENT ANGLE
60 P5 I = PSI+DELPS I

IF   PS I ~ GE ENDPS I ! GO TO 100
61 COSPSI = COSl PS�PI /180 ~ !

SINPS I = SIN  PS I+PI�/180.!
62 DELTA = DELTA1

LEAP = 1
LOOPA = LOOPA+I

C DRAG COEFFICIENTS
C

DO 30 N = 1 t
MX = MMAX  N I
DO 30 M = 2t MX
CAOELT=SQRT   HFTA  M, N! ~CDSVSI -ALPHA {M » It 5 I»PS I!t +7

1 + GAMMA  M t N! t'<2 !
BUFFER ALPHAl Mt N! +COSPS I t df TA   M ~ " I + 5 {NVS I
C X  M ~ N! =MU  M t N! t  C AOELT +

1 l { G A M M A   M t N I it t'? + 8" T A   M t N ! t' t' 2 ! t' L 3 S P S I
2 ALPHAlt{ AN! + BETA "t»I t' SINPSI !
3 + ROl Mt NI 4' ALPHA{ Mt NI t' HUFF ER !

CYl Mt NI=MUl Mt NI + CADELT't
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I SN 0184

[SN 0185
'! SN 0186
I SN 0187
ISN 0188
I SN 0189
I SN 0190
I SN 0191
[ SN 0192
I SN G193
I SN 0194
I SN 0195
[ SN 0196
I SN 0197
[ SN 0198
I SN 0199
ISN 0200
ISN 0201
I SN 0202
[ SN 0203
ISN 0204
ISN 0205
'[SN 02I36
ISN 0207

ISN 0208
ISN 0209
I SN 0210
ISN 0211
ISN 0212
I SN 0213
I SN 0214
ISN 0215
ISN 0216
[ SN 0217
ISN 021d
ISN 0220
I SN OZ2 I
I SN 0222
ISN 0223
[SN 0225
ISN 0226
ISN v227

I    GAMMA  Mi N! ++7 t ALPHA  M,N! +t7! i!iSI NPSI
2 ALPHA M N! t BETA M N! ij' COSPSI !
3 + RD MiN! t BETA MiNI + BUFFER !

30 C 1   M ~ N I = MU   M N ! t GAMMA   M ~ N ! '" BIJ F F E R +   R D  M V ! -C A 0 F L T !
C COMPUTE CABLE DRAG FORCES HXiHY ~ HZ-AiVD ELEMENT I!RAG FORCFS HXEi HYE

DO 40 N = 1 ~ 3
MX = MVALUE  Nl
00 40 M = 2i MX
MXMN=MX-MtN
I F   M XMN-2 
 3 i 24 ~ 24

24 A 1 = AREA  M ~ N ~ 1 !
A2 = AREA M+liNi2!
HX = CX M ~ Nl + Al + CX M+1 ~ N! < A2
HY = CY M ~ N! + Al + CY M+I ~ Nl + A2
HZ = CZ MiN! t Al t CZ  M+ 1 i Nl + A2
DT = AREA MiNi 3!+AREA  M+1 ~ Ni 4!
HXE = DT + COSPS I
HYE = OT it SI NP S I
GO TU 26

23 Al = AREA MX i 1 i 1 I
A2 = AREA� ' 2i2!
A3 = AREA�i 3i2!
HX ~ CX MiN! t' A 1 + CX�i 2! " A2 + CX�i 3 I + A3
HY = CY  liN! t Al + CY�i2! < AZ + CY� ~ 3! + A3
HZ = CZ MiN! + Al + Cj� ~ 2! + AZ + CZ Zi3! + A3
DT = AREA MXi 1 i 3!+AREA�i 2i4!+AREA  2i 3i 4!
HXE = OT + COSP S I
HYE = DT t S INPS I

C NEW TOTAL FORCES
26 FX MiN! = rIX + HXE

FY MiNI = HY + HYE
FZ MiN! = HZ + W MiN!

40 CONTINUE
FX MMAX�! il ! = FX MMAX� ! r 1! + FXPIP
FY MMAX  1 I i I! = FY MMAX  1 ! ~ I! + FYP I ~
FZ MMAX[1! ~ ll = FZ MMAX�! ill + FZV IP
GO TO 3

100 RAG = RAG + 1
P S I =P S I-OEL PS I
I F   RAG ~ GT 1 IGU TD 602
READ  5 ~ 600! FXPIPiFYPIPi FZP IP

600 FORMAT�F10 ~ Ol
GO TO 610

602 IF   SAV ~ GT ~ 3 !GQ TO 603
GO TO 611

603 STOP
END
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QS/360 FORTR AN H

I SN 0002
ISN 0003
I SN 0004
ISN 0005
I SN 0006
I SN 0007
ISN 0008
I SN 0009
ISN 0010

C
100I SN 0011

ISN 0012
I SN 0013
I SN GG14
I SN 0015
I SN 0016
I SN 0017
I SN 0018
I SN 0019
ISN 0021
I SN 0022
I SN 0023
I SN 0074
I SN 0025

I
10

C
200ISN 0026

ISN 0027
I SN 0028
I SN 0029
ISN 0030
ISN 0031

C
300I SN GG'I2

I SN 0033
I SN 0034
I SN 0035
I SN 0036
ISN 0038
I SN 0039
I SN 0040
ISN 0041
I SN 0042
ISN 0043

4
40

C DRAG
400ISN 0044

ISN 0045
ISN 0046
ISN 0047
ISN 0048

165

FUNCTION AREA MrNr IGO!
REAL BLr BLBAR ~ BLTr MUr MUF r MUUr MUUE
COMMON/Cl/XF rX�1r3! ~ YF ~ Y�1r 3l ~ ZFr Z�1 ~ 3!
COMMON/C4/MMAX l 3! rKMAX I 21 r 3! ~ KT ILDA�1 r 3!
COMMON/C5/BLBAR�1 3! ~ BL{ 71 ~ 3! SBAR�0 21r3! ~ T�1 ~ 3! BLT�1 3!
COMMON/C9/A V  5! r BV�l r VF r V�! ~ HFr Hl 5!
COMMON/C 1 1/ XTEN   21 ~ 3 l ~ MUl 21 r 3 I ~ MUE l 10r 21 ~ 3! r R D �1 ~ 3 !
COMMON/C12/ALPHAl21r3! ~ BETA{21r 3l r GAMMA{21r 3!
GO TO{ 100 ~ 200 ~ 300r400! r IGO
LINE INTEGRAI BELOW STATION
CONT I NUE
KL = LIMIT  Z  M-I rN!+GAMMA Mr N!r'BL M ~ N! /7 ~ !
KU = LIMIT   Z M ~ N! !
TOP = BL  MrN!
BOT = BL{M AN!/2 ~
KMIN = MING { KUr KL l
KTOP = KM IN � I + IABS l KU-KL I
SUM = 0 ~
I F I KM IN ~ GT ~ KTQP ! GQ TQ 10
DO I K = KMINr KTOP
XI =  H{K!-Z{ N-1rN! ! / GAMMA MrN!
SUN = SUM + AREAS{ MrNrK ~ XI! � AREAS{M ~ N ~ K+1 rXI !
AREA = SYGN  KU-KL! r'SUM+AREAS{ Mr Nr KUr TOP l-AREAS lNr N ~ KLr 3JT!
RETURN
L INE INTEGRAL ABOVE STATION
CONTINUE
KL = LIMIT Z M-lrN! I
KU = LIMI T l Z { M-1 ~ N! +GAMMA  Mr N l r'BL   N ~ Nl /2 ~ I
TOP = BL Mr N! /2 ~
BOT = 0 ~
GO TO 2
DRAG OF ELEMFNTS BELOW STATION
CONTINUE
KB = KTILDAlMrNl + 1
KX = KNAX NrN!
SUM = 0
IF KB GT.KX!GQ TO 40
DO 4 K = KB, KX
ZT = 2{ M- I AN! + GAMMA l MrN! r' SBAR K,M AN!r'l 1 ~ +T l Mr'i{! IXTEN{ Ir' ! I
J = LIMIT  ZT !
SUM = SUM + MUE  K ~ MrN! r'  AV  J! + BV  J! r' ZT!r'r'2
AREA = SUN
RETURN

OF ELEMENTS ABOVE STAT ION
CONT I NUE
KB = 1
KX = KTILDAlMrk!
GQ TQ 5
END
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ISN 0002
ISN 0003
ISV OOOO
ISN 0005
ISN 0006
ISN 0007
ISN 0008
ISV 0009
ISN 0010

FUNC T ION SYGN   J !
IF I J I 11 2s 3

I SYGN = -1
RETURN

2 SYGN = 0
RETURN

3 SYGN = 1.
RFTURN
END

OS/360 F OR TR AN
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I SN QJJT
ISN QJud
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I SN JC Jl
ISN JJJ3
I SV OGDEN
Ibb JuO!
ISV JCJ6

F UNCT IUV AREAS  !rr Nr Kr Xl l
COHMON/C1/XF, X  21r 3! ~ YF r Y   21 r 31, LF ~ l   21 r 3 !
COMMON/C9/AV� I r BV  5! r VFr V�! r MFr H  5!
COMMON/C 12/AI.PMA�1 ~ 3! ~ Bt I'A�1 ~ 3! ~ GAMMA�1 ~ 3!
AREAS =   AV K!+BV K!r L M-1 Nl !++2 ~ XI

I +  AV K!+BV K!+l  M-I ~ Nl ! r'BV K I r'GAMr A  Mr Nl r'   X I rr'2 l
2 + BV K!r GAMMA M ~ N! !rr2 r'  XIII  3/3 I

RETURN
ENO
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I SV 0002
ISN 0003
ISN 0004
ISN 0005
ISN 0006
ISN 0007
ISV 0008
ISN 0009

FUNCTION MVALUE   N!
COMMON/C4/MMAX�! iKMAX�1i3! iKTILOA�1' 3!
GO TO� ~ 2 e? ! tN

1 MVALUE = MMAX N!
RETURN

2 MVALUE = MMAX N! � I
RETURN
END



OS/360 FORTRAN N

I SN r�02
ISN 0003
ISN 0004
ISN 0005
ISN 0006
I SN 0007
I SN 0008
I SN 0009
ISN 0010

3!, Tt 21,3!,BL 7  Z!,3!
PrLOOPF ~ LOOoA

1
10

2
30 ! oBL BAR I M+I ~ X ! /2 ~

4
20

1!rl!/2 ~
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ISN 0011
I SN 0012
ISN 0013
I SN 0014
ISN 0015
ISN 0016
I SN 0017
ISN 0018
ISN 0019
ISN 0020
ISN 0022
ISN 0023
ISN 0024
I SN 0025
I SN 0027
ISN 0028
ISN 0029
ISN 0030
I SN 0031
I SN 0032
ISN 0033
ISN 0034
ISN 0035
ISN 0036
ISN 0037
ISN 0039
ISN 0040
ISN 0041
ISN 0042
ISN 0043
ISN 0044
I SN 0045
ISN 0046
ISN 0048
ISN 0049
ISN 0050
I SN 0051
ISN 0052
ISN 0053
ISN 0054
ISN 0055
I SN 0056
ISN 0057

SUBROUT NF GFORC
REAL BLrBLBARrRLT ~ MU ~ MUE ~ MUU ~ MUUE
COMMON/CZ/FX  21 r ! ! ~ FY�1 ~ 3! rFZ  ZI ~ 3!
COMMON/C3/W�1 3! WC�1 ~ 3! WE I 10 ~ Zl ~ 3!
COMMON/C4/MHAX  3! ~ KMAX�1r3! r KT ILDA I Zl r 3!
COMMON/C5/BLBAR   Zl ~ 3!, BL  Zl 3 !, SBAR   10, 21,
COHHON/C6/AA I  3! r 881 I 3! rCCl I 3! ~ Ey DELTA ~ JUM
COMMON/C17/DFLTA I
COMMON/C19/F XPI P r FYP I P ~ F2 PI P
COHIUTE STATION <;RAVITY FORCES NtH,N!- AND
WT = 0 ~
DO 3 N = 1 r 3
MX = MHAX N! � I
DO 3 H 2, HX
WX = 0 ~
FX MrN! ~ 0 ~
FY MrN! = Or
KB = KTILOA MrN! + I
KX ~ KMAX HEN!
I F I KB eGT ~ KX ! GO TO 10
DO I K = KBr KX
WX = NX + WE  KrMrN!
KX = KTILDA H+lrN!
IF KX ~ EQ ~ 0! GO TO 30
00 2 K = I r KX
WX = NX + WF K ~ M+lrNI
W HrN! o WX+WC M ~ NloBLBAR M ~ N!/2 ~ +AC M+I ~ N
FZ HEN! ~ W HEN!
WT ~ WT r N  M AN!
WX ~ Oe
FX HHAXt I ! ~ ll = 0 ~
FY MHAXll! rl! ~ Oe
KB ~ KTILOA  MHAX  1 I r 1 I + I
KX ~ KMAX  MMAX   I ! ~ 1 !
IF KB ~ GT ~ KX! GO TO 20
DO 4 K o KB ' KX
WX o WX + WE KrMHAXtl!rl!
CONTINUE
DO 6 N ~ 2r 3
KX ~ KTILDA AN!
FX  MMAX  N I r N! = 0
FY MHAX N! ~ N! = 0 ~
IF KX.EQ ~ 0! GO TO 6
DO 5 K = I r KX
WX = WX + WE Kr2rN!
WX = WX+WC�rN!OBLBARI2rN!/2 ~
W HMAX ll ~ I ! ~ WX+WC MHAX I I ! ~ 1 ! oBLBAR r HAX 
FZ MMAX l!,1! - W MMAX�!,1! + FZo P
00 35 N ~ 2 ~ 3
FX  lrN! = FX MMAX  I! r I!
FYt lrN! ~ FY HHAX l! ~ I!
FZ  I ~ Nl = FZ MMAX� ! ~ 1!
NT = WT + W MMAX l!rll

INITIAL FORCES FX ~ FY ~ FZ



ISN 0058
ISN J059

I SN 0060
I SN 0061
I SN 00@2
I SN 0do3
ISN 00oo
I SN 0055

DO 7 N = 2s 3
7 Fl MMAX N sNI = -NT / 3 ~

C
C COMPUTE INI T I AL DEL TA

SG2 = SQRT   2. !
DELTA1 = ABS  SQ2+WT/3 ~ I
DELTA = DFLTAI

997 CONTINUE
RETURN
END
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C
ISN 0002
ISN 0003
ISN 0004
I SN 0005
ISN 0006
ISN 0007
ISN 0008
I SN 0009
ISN 0010
ISN 0011
I SN 0012
ISN 0013
I SN 0014
I SN 0015
I SN 00L6
ISN 0017

ISN 0018
I SN 0019
ISN 0020
I SN 0021
ISN 0022
ISN 0023
ISN 0024
ISN 0025
ISN 0026
ISN 0027
ISN 0028
ISN 0029
ISN 0030
I SN 0031

ISN 0032

ISN 0033
ISN 0034
ISN 0035
ISN 0036
I SN 0037
ISN 0038
ISN 0039
ISN 0040
ISN 0041
I SN 0042
ISN 0043

ISN 0044
ISN 0045
I SN 0046
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OHP ILER OPTIONS
SUBROUTINE OUTPUT
REAL BL ~ BLBAR ~ BLT ~ MUrMUE ~ MUU ~ MUUE
COHHON/Cl/XI X�1 ' 3!eYF AY�1i3! ~ Zl ~ Z�1 ' e!
COMMON/C2/FX�1 e 3! ~ FY�1 ~ 3 I ~ FZ   21 i 3 !
COHHON/C3/W�1r 3! ~ ejC  21 e 3 ! ~ WE f 10e 21 r 3!
COMMON/C4/MHAX  3! ~ KMAX  21 i 31 ~ KT ILDA   21 i 3 !
COMMON/C5/BLBAR�1 ~ 3! ~ BL�1 r 3 ! ~ SBAR�0 ~ 21 ~ 3! ~ T� i 3! ~ BLT�1 ~ 3!
COMHON/C6/AA1�! 881�! CC1�!,F DELTA JUMP ~ LDDPF LOOPA
COHMON/C 7/HOR I Z L � I e 3 ! r HF I GHT   2 I ~ I !
COMHON/CIO/COMPE COMPO PSI ~ STAPSI DELPS I ENDPS I
COHMON/Cll/XTEN�1r 3! iMU�1i3 ! eMUE  10i . I el! eRD�1e 3!
COHMON/C19/F XPI PiFYPI Pi FZPI P
ENTRY STAPOS
WRITE l6r1 3!

16 WRITE� ~ 5! E ~ DELTA ~ LOOPE
5 FORHAT  1X 41HEQ !lL !BR IUM POSITION UNDFR GRAVI TY F3RCE5 ~ //I OX

I 2HE~i F16 ~ 9 r IOXr 6HDFLTA= ~ F16 ~ 9i !OX ~  9He D ~ OF ERROR LDDPS*
2 e I '5 l
WRITE l6r 200!

200 FORHATl/ 1X ~ 'PIPE AND MAIN BUOY LIFT FORCE COMPONENTS'/!
WRITE� 680!WE KHAX MMAX  1! I ! r MAX�! 1! FZPIP

680 FORHAT�0X ~ BUOY BUOYANCY  LBS ~ ! = r F10 ~ 2 ~ 2X ~ FZP IP= ~ FIC ~ 0/ !
WRITE I 6e 690!

690 FORMAT /e2X ~ 'FORCE AND MOTION VALUES FOR KFY SEGMENTS'/!
6 DO 10 N=l ~ 3

WRITE l6 ~ 7!N
7 FORHAT //e3X ~ 13HCABLE NUMBER=e�!

MXe:MMAX  N !
MHX=HX-2
OO 10 M=2eHX ~ HHX
I~M-I
WRITF � ~ 8! I ~ FX MeN! ~ FYIHiN! ~ FZ M ~ N! ~ X Hi%! ~ Y H ~ N! iZ M ~ N! ~ T Mr X! e

18L MrN!
8 FORMAT / ~ 5X ~ 15HSEGMENT NUMBER= i 17 ~ /

1 10X ~ BHFX  M N! E16 ~ 9,10X BHFY  M ~ N! ~ E16 ~ 9 ~ I OX BHFZ  H ~ N! = E b,'7/
2 10XeTHX MrN!= ~ E16 ~ 9rlOX ~ 7HY H ~ Nl=rElb 9elOXi 7HZ H ~ N!=rEIS ~ 9/
3 10X ~ BH T MeN!=eE16 ~ 9elOX ~ BHBL MeN!e'-eE16 ~ 9!
GO TO   10 ~ 9! e JUMP

9 WRITE � ~ 11! MORI ZL Me N! ~ HE IGHT  He N!
11 FORHAT�5X 12HHORIZLIM ~ N! ~ E16 ~ 9 ~ 10X 12HHEIGHT M Nl = E lb ~ 9!
10 CONTINUE

RETURN
ENTRY DYNPOS
WRITE �r I 3!
WRITE �,116!

116 FORMAT�3Xr EQUILIBRIUM POSITION UNDER ACTING FORC=S //!
17 WRI TF �i12! E r DELTAeLOOPEeLOOP h ~ PSI
12 FORMAT�0X ~ 2HE F16 ~ 9 IOX 6HDELTA= E16 ~ 9/13X 19HNO ~ OF ERROR L'!Der%

1= ~ 15 10X 22HNO ~ OF ACCURACY LOOPS= 15/15X �HCURRENT ANGLE=,
2FB ~ 3/!
WR I TE �e 6 81 I FXP I P ~ F YP IP iF ZP I P

681 FORMAT�0Xe FXPIP~ ~ F10 ~ 0 ~ 2Xr FYPIP= eF10 ~ Oe2X ~ FZPIP= ~ F10 ~ 3//!
GO TO 6



I SN 0047
ISN 0048
ISN 0049
ISN 0050

ISN 0051
ISN 0052
ISN 0053

ENTRY EX I TT
WRITE �e 13l
WRITE� ~ 14l

14 FORMATl 1X// iX ~ 90HPROBLEM NOT COMPLETED ~ DELTA HAS GOTTEN TOO SMALL
ITO CHANGF. THE IMAGINARY REACTIONS
2/1XelOOHEITHER ACCURACY REQUIREMENTS ARE TOO SMALL COMPEI DR A CAB
3LE HAS GONE SLACK  CHECK TENSIONS I
4/IX ~ 55HPR IN'TOUT IS GIVEN FOR TROUBLE SHOOT IN" PURPOSES ONLY ~

GO TOl 16' 17! y JUMP
13 FORMAT   IH1 I

ENO
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I SN 0002
ISN 0003
ISN 000/i
ISN 0005
ISN 0006
I SN 0007
ISN 0008
ISN 0009

FUNCTION LIMIT  ZT!
COMMON/C9/A V  5! ~ BV  5! y VF y V   5! ~HF ~ Hl 5!
DO I J = 2 ' 5
IF ZT-Hl J!
o2y 

I CONT I NUF
2 LIMIT = J

RETURN
END
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ISN 0002
ISN 0033
ISN 0004
ISN 0005
ISN 0006
ISN 0007
ISN 0009
ISN 0010
ISN 0011
ISN 0012
ISN 0013
I SN 0014
ISN 0015
ISN 0016
I SN 0017
I SN OOia

SUBROUTINE VPROFL
C 0 M M 0 N /C 9 / A V   5 ! ~ 8 V   5 ! ~ V F i V   '5 ! ~ H F ~ H {5 !
K=1

I READ� ' 2!H K! ~ V K!
2 FORMAT  2F io ~ 0!

IF l H K! GE ~ 40000 ! GO TO
K > K + I
GO TO I

3 KX = K
OO 4 K=2 ~ KX
BV K! =   V K!-V K-I ! ! /  H K! -H K-I ! !
AY{K! = V K-I!-BV K!AH K-I !
WRITE{6g9!AV K! iBV K!

9 FOR!{AT{ IOX ~ 6HAV K!=tE16 ~ 5/IOXr6HBV K! =eE16 ~ 5!
RETURN
ENO
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I SN 0013
ISN 0014
I SN 0015
ISN 0016
ISN 0017
ISN 0018
ISN 0019
ISN 0020

READ� ~ 201! FXPIP t FYP IPt FZPIP
201 FORMAT�FIO ~ 0!

ISN 0021
I SN 0022

C
C
C ANCHOR POSITIONS
C

ISN 0023
ISN 0024
ISN 0025
I SN 0026
ISN 0027
ISN 0028
ISN 0029

40

31
2

45
C NO ~

ISN 0030
ISN 0031
ISN 0032
ISN 0033
ISN 0034
ISN 0035
ISN 0036
ISN OD37

50

55

60
C

C C
C
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ISN 0002
ISN 0003
ISN 0004
ISN 0005
ISN 0006
[SN 0007
ISN 0008
I SN OOL!9
ISN 0010
ISN 0011
I SN 0012

SUBROUTINE INPUT
REAL BL ~ BL BAR t BLT t MUt MUE ~ MUU ~ MUUE
COMMON/C3/W�1 ~ 3! ~ WC�1 ~ 3 ! ~ WE l 10t 21 ~ 3!
COMMON/C4/MMAX  3! tKMAX�1 t3! t KTILDA�1 t 3!
COMMON/C5/BLBARl 21 ~ 3! t BL�1t 3 ! ~ SBAW   10t 21 t 3! ~ T�1 ~ 3! t BLTl 21 ~ 3!
COMMON/C6/AA1�! 881�! CC1 �! F. DELTA, JUMP LOOPE L DOPA
COMMON/C9/AV  5! ~ BVI 5! ~ VF t Vl 5 I t HF t H  5!
COMMON/C10/COMPE ~ COMPO ~ PS I ~ ST A PS I ~ DEL PS I ~ ENDPS I
COMMON/Cl 1/XTENl 21 3! ~ MU  21 3 ! MUE  10, 21 ~ 3!, <D�1 ~ 3 !
COMMON/C19/F XP I Pt FYP I P t FZ P I P
DIMENSION SBARSl 15! WESI 15!

COMPAR I SON VALUES AND CURRENT ANGLF. REQUIREMENT 5
WR I TE � ~ 688!

688 FORMAT�H1!
WR I TE � ~ 35!

35 FORMAT�Xt 'COMPARI SION VALUES AND CURRENT ANGLE REQUIREMEN! S' / !
READ� ~ 1!COMPE COMPO ~ STAPSI DELPSI ENDPSI

1 FORMATIFIDt 2 ~ 4F IO»0!
WRITE�� ~ 30!COMPE COMPO ~ STAPSI OELPS I ENDPSI

30 FORMAT�X ~ COMPAR I 5 ION VALUE FOR E= ~ E I 5 ~ 6 ~ COMP AR I 5 I 0% VAL UL
I FOR D I SPLAC EMENT t FB ~ 3/2X ~ I Nl T I AL CURRENT ANGL F» ~ FB ~ 3 ~
2 DEG ~ INCREMENT OF ANGLE ~ FH ~ 3 t DEG ~ F INAL CURRENT A4GL F. = t
3FBt 3t 'DEG'/!

EXTERNAL FORCES ACT I NG ON THE TOWFR

WRITE�t40!
FORMAT�0Xt 'ANCHOR POSITI ONS' /!
DO 31 N = lt3
READ  5 t2 ! AAI  N! t 881  N! t CC1 N!
FORMAT�FIOe0!
WRITE �t45!   AAI  N! t 881 N! t CCI  N! tN» It 3!
FORMAT  ?X ~ AA 1» t F 10» 0 ~ 881 = t ~ F 10 ~ 0 ~ CC I» ~ F 10 ~ 0/ !
OF STATIONS PER CABLE
WRITE l6 ~ 50!
FORMAT�0X ~ 'NO OF STATIONS PER CABLE'/!
READ�t3!  MMAX N! ~ N»l ~ 3!
FORMAT�I5!
WRITE� ' 55!le MMAX N! AN»lt3!
FDRMATI2X ~ 'CABLE NO ~ ' ~ Ilt 15!
WR I TE � ~ 60!
FORMAT / 5X ~ PROPERTIES OF SEGMENTS AND DISCRETE ELEMENTS'/!

SINCE WE HAVE ASSUMED CONDITIONS SUCH THAT THE PHYSICAL
CHARACTERISTICS OF EACH SEGMENT OF ALL THREF LEGS ARF ALL THE
SAME ~ A MODIF ICATION HAS BFEN INTRODUCED HERE TO REDUCF



THE NUMBER OF I NPUT CARDS FROM ONF FOR FACH SEGMFN! T3 04E
FOR ALL THE SEGMENTS IN ALL THREE LEGS. IN THE EV! NT THAT
THE USER WISHES TO USE MORF. THAN ONE CABLE S I LE ON ANY ONF T3WFR
THIS PART OF THE PRESENT PROGRAM MUST RE CHANGFD
WTC= WEIGHT OF THE CABLE IN WATER P<R UNIT LENGTH
BLBAR5= LENGTH OF A CABLE SEGMENT
WCS WFIGHT OF THE CABLE IN WATER PER UNI T LENGTH
TDRAGS~ THE NORMAL DRAG COFFF FOR THE CABLF
CABOI AS= THE CABLE DIAMETER
PDRAGS= THE TANGENTIAL DRAG COEFF ~ OF THF CABLE
XTENS= THE EXTFNSI ONAL RI GID TY OF THE CABLF. = MODULOUS X AREA
KMAXS= THE NUMBER OF GLAS FLOATS ATTACHED TO EACH SEGMENT
XAREA = CROSS SECTION AREA OF CABLE PER FT
DRAGC F = DRAG COFFF IC IENT OF THE CABLE

C C

C C C C

C C C C C C C C C
ISN 0038
ISN 0039
ISN 0040
ISN 0041
ISN 0042
ISN 0043
ISN 0044
ISN 0045
I SN 0046
ISN 0047
ISN 0048

ISN 0049
I SN 0050
ISN 0051
I SN 0052
I SN 0053
I SN 0054
ISN 0055
ISN 0056
I SN 0057
ISN 0058

I SN 0059
ISN 0060
ISN 0062
ISN 0063
ISN 0064
ISN 0065
ISN 006o
I SN 00o7
ISN 0068

ISN 0069
I SN 0071

READ� 15!BLBARS,WCS,TDRAG ~ CABDIA,PORAG XTENS,KMAXS
15 FORMAT l 5F 10 ~ 3 eF 10 ~ 2 e 1 5!

DO 77 KKK=I ~ KMAXS
READ  5e20! SBARS{KKKliWES KKK! ~ ORAGCFsX AREA

20 FORMAT�F10 2!
77 CONTINUE

DO 10 N=1 «3
WRITE �,70! N

70 FORMAT�0X ~ CABLE NO« r �/I
WR ITE los 65!

65 FORMAT�X ~ 'M ~ ~ 3Xt'STRESSFO LEN ~ '«3X ~ 'WFIGHT/FT'f3X« 'EXT ~ RIGI3IT
1Y' 2X DRA{' CHRACTER' lX 'DRAG COF RAT IO' 2X K' ~
2 6X ~ SBAR' 9X WEIGHT' I!. X ~ MUF'!

MMN=M MAX   N!
OO 10 M=2 «HHN
WC HeN!~WCS
BLBAR MyN!=BLBARS
XTEN  MeN!=XTENS
KMAX{ H ~ N! =KMAXS
MU{ M ~ N!=1 ~ 94+TDRAG+CABOIA/24 ~
RD  Mr N! =PDR AG/TDRAG
I ~M- I
WRITE I 6 ~ 24! I ~ BLBAR  MyN! y WC{Mt Nl « XTE N  M ~ Nl ~ MU  M ~ N! ~ RDl 8 ~ 4! y

IKMAXl H ~ N!
24 FORMAT{{5y5E15 ~ 6 ~ {5!

IF KHAX{M ~ Nl ~ EQ ~ 0! GO TO 10
KKN~K MAX  M ~ Nl
OO 5 K= I ~ KKN
SBARIKgMyN! = SBARS K!
WEIK ~ H ~ N!=WESlK!
HUE KyMeN!~1.94+ORAGCF4XAREA/2 ~

5 WRITE �t25! SBAR{ K ~ M ~ Nl ~ WE l K ~ MIN! COHUE K ~ M ~ N!
25 FORMAT 85X,3E15 ~ 6!

ENTER THE MAIN BUOY PARAMETERS AT THE APEX
XAREAB = CROSS SECTION AREA OF THE APEX BUOY ON TOWER
DRAGCB ~ DRAG COEFFICIENT OF THE BUOY
THESE ARE ENTERED HERE SO THAT THF. BUOY IS TREATED AS ONE UF
ELEHENTS RATHER THAN BE ING TREATED AS AN EXTERNAL FORCE LIKE P IPF.
IflN«GT.1 IGO TO 10
IF H« LT ~ MHAX{N! ANO ~ N ~ EQ 1!GO TO 10

176



I SN 0073
ISN 0074
I SN 0075
I SN 0076
I SN 0077
I SN 0078
I SN 0079
I SN 0080
I SN 0081

I SN 0082
I SN 0083
ISN 0084
I SN 0085
I SN 0086

KKK=K MAX S+I
!r MMr: M MAX I 1 !
READ l 5 ~ 71 0! SBAR l KKK r MMM ~ N ! ~ WE l KKK r MMM ~ N ! ~ DR AGC B ~ X AR FA8

710 FORMAT I4F10 ~ 2!
KMAXlM AN!~KKK
MUElKKK ~ MMM ~ N!= I ~ 94+DRAGCB+XAREAB/2
WRITE l6r 712! SHARlKKKr MMM ~ N! r WE I KKKr MMM ~ N! ~ RUE lKKKr MMM ~ 4!

712 FORMATl75X ~ 4HBUOYr6X ~ 3515 ~ 6!
10 CONTINUE

C PROVIDE VELOCITY PROFILE IN SUBROUT INE VPROFILE
CALL VPROFL
WR IT E l6 ~ 75!

75 FORMATI40Xr'XXXXXXXXXXXXXXXXXXXXXXX'rTIr' 1'///!
RETURN
END
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INTRODUCTION

OBJECTIVE

The purpose of this research has been to develop an

analytical model of a gas pipeline and its pumping stations

in order to present:

1! The effect of the pressure ratios and pressure profile

of the gas over a segment of pipe  between pumping

stations! upon buoyancy of the pipeline and, therefore,

the forces due to buoyancy exerted on the total

structure.

2! The pumping station and power requirements for various

quantities of gas throughput in various size pipelines

in order to eventually relate pumping station invest-

ment and pumping costs versus pipe size for various

levels of expected rate of product transmission.

SCOPE AND APPROACH

This report has relied heavily upon industry standard

procedures developed by the American Gas Association and

also acknowledges the advice of the Bechtel Engineering

Corporation, San Francisco, California.

The approach has been bounded by several basic

assumptions:
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1! The pipeline route will be from Philippeville, Algeria

to 1'linorca to llarseille, France.

2! Pumping stations will be located only at Philippeville

and Plinorca; i.e. there will be no stations located

at sea.

3! The input pressure at the Philippeville station and the

delivered pressure at the input of each pumping

station will be 700 psia, an industry accepted

pract.ice upon which gas prices are based.

4! The gas gravity for Algerian gas is 0.66  Bechtel

Corporation!.

5! The gas temperature is a constant 60 F maintained by0

the sea flowing by the pipe. This will, of course,

vary seasonably by a few degrees.

6! Pipe thickness can be varied by 0.25 inches for

standard pipe in calculations of pipe buoyancy.

7! Compression ratios for individual compressor units

should not exceed 1 ~ 6 and for compressor stations

should not. exceed 2.0. These are industry practices

recommended by Bechtel Corporation.

8! The water density is a constant 64.0 lbs per cu ft.

Other assumptions of physical constant are specified in the

text where they are introduced.

The flow equations utilized to compute the pressure

profile for a pipe section are for partially turbulent
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flow �!:

Q = �.0775 FTB . FPB . FGR . FTT . FPV!

 FD . FT . FF . FFE!    Pl � P2 ! /L! '2 2
 Eq. 1!

where:

Q = vol. flow rate � NCF/day

FTB = base temperature factor

FPB = base pressure factor

FGR = gas gravity factor

FTF = flowing temperature factor

FPV = super compressibility factor

FD = line diameter factor

FT = transmission factor

FFE = flow efficiency factor

P = upstream pressure � psia
1

P = downstream pressure � psia
2

L = line length � miles

and for fully turbulent flow:

Q = 0.775  FTB . FPB . FGR . FTF . FPV!

 FD  FDR + FIR! FFE  P � P ! /L!
1 2

 Eq. 2!

turbulent flow,
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where Q FTB FPB FGR FTF FPV FFE P 1 P 2 and L have

the same meaning as in the equation for partially



FDR = diameter ratio factor

FIR = interior roughness factor

The values of the. various F factors in equations 1 and 2

above can be determined from charts, tables and examples

in the reference �!. No further efforts will be made here

to justify or substantiate this industry accepted method of

calculating the pressure profiles related to flow rates,

diameters and other variables.

ANALYSIS

1. COMPUTATION OF THE PIPELINE DIAMETER AND THICKNESS

REQUIREMENTS AND THE PRESSURE, GAS DENSITY AND

BUOYANCY PROFILES ALONG A LONE SECTION FOR A GIVEN

FLOW RATE

It is to be noted here that it is a necessary objec-

tive of the overall design to have the pipeline be as

nearly neutrally buoyant as possible while remaining always

positively buoyant. It is assumed here and throughout the

design that the most economic method of ballasting the line

is by making the thickness of the metal pipe such that any

given OD pipe will be as close to neutrally buoyant as

possible at the high pressure and using a standard pipe

thickness for a given gas pressure profile over the section.

Obviously the weight of gas will decrease as the pressure

drops along the line and the line buoyancy per foot of line
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will increase. Balancing this buoyancy increase is dis-

cussed in the main report.

The first objective of this part of the work, there-

fore, is to find an inside pipe diameter for a given out-

side diameter of pipe and a given final flow rate of gas

such that 1! the pipe section is nearly neutrally buoyant

or positively buoyant throughout its length and 2! the

compression ratio of 2.0 for each pumping station is not

exceeded but nearly equalled.

In order to calculate the input pressure for each

section of the pipeline under different conditions of

volumetric rate of flow as well as for given external dia-

meter sizes, a computer program has been developed using

FORTRAN IV language. The flow chart for this computation

is as follows:

START

/READ PIPELINE, GAS, FLOW DATA~
 INPUT Subpro ram!~B.� .

COMPUTATION FLOW CHART
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A. Determination of the i eline inside diameter  ID PIPE!.

Conforming to gas industry practice, the output pressure

P2 is always taken to be 700 psia for each section of the

line. We need to know the pressure Pl required at the inlet

of each line section in order to maintain P2. We need to

have the inside diameter of the pipe  IDPIPE! such that the

line is as close to neutrally buoyant as possible when the

maximum volume of gas it has been designed for flows

through it. Hence, for a section of length L miles, and

for each given final value of the flow rate Q, MMSCF/D!, we

have several proposals to consider with different outside

diameter sizes of the pipe, OD,  in!. For each outside

diameter, first we want to calculate the value of IDPIPE,

then, knowing the type of flow, use the proper flow equation

from either Eq. 1 or Eq. 2 to develop the significant

profiles related to buoyancy along the line: the pressure

profile, the gas density profile and finally the buoyancy

profile itself.

At the point where the line is the heaviest, which is

where the gas density is the greatest or where the highest

pressure exists, it must be either neutrally or slightly

positively buoyant. This is true at the inlet of the line.

For each OD size available on the pipe market, different

standard inside diameter sizes are provided. In order to

compute which of these values IDPIPE will take, we use an
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iteration procedure. Using as a first value for IDPIPE

that of the Standard pipe available for that particular OD,

we compute the value of the highest pressure in the line,

 Pl!, hence  RO!, the density of the gas at the inlet, hence

the weight of gas in a one-foot section of the pipe. Know-

ing the corresponding weight for the pipe, if we add these

two weights, we get the vertical downward force acting on a

one-foot length of the line. This system is also submitted

to the vertical upward Archimedes force. Hence the buoy-

ancy of the system, BU,  LBS/FT!, is determined as being the

difference between Archimedes force and the two weight

forces. It may be expressed as follows:

BU  LBS/FT! =  OD  RO -RO ! �  IDPIPE!  RO-RO !!7r 2 2

4x144
2 1 1

 Eq. 3!

where R01 and RO2 are the pipe and the sea-water densities
respectively. If we find a negative value for this buoy-

ancy, the pipe is too heavy and we should take the next

larger inside diameter available. However, we will arbi-

trarily reject a thinner pipe than standard line pipe as

being unsafe practice. Hence the corresponding OD should

not be considered for this flow rate. If, on the other

hand, we find a positive buoyancy value this means that the

pipe is lighter than it should be for neutral buoyancy of

the line, hence we try the next smaller value of inside
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diameter available for that ODPIPE as a value for IDPIPE.

We continue doing so until we find a negative buoyancy.

When such is the case, then we give to IDPIPE the value of

the previous value and that is the IDPIPE for which we

compute the pressure, density and buoyancy profiles.

Note that in the above Eq. 3, only the value of the

gas density RO is unknown. It may be determined from the

value Pl of the pressure using the state equation of gas:

Zx.ix  TF! /M
Pl

RO

 Eq. 4!

where:

TF is the temperature of the gas in K
0

Z the gas compressibility factor

R the universal gas constant, 10 ' 732  Lb/in ! ft !
2 3

 Lb mole!   R!

M the molecular weight of the gas.

Since the molecular weight of the gas is simply G x  mole-

cular weight of air!, Eq. 4 yields:

Pl G x 28.47
X

Z 10.732 TF

 Eq. 5!

",."0

In this equation, we need only compute the values of Pl and

Z, since G and TF are given as constant in our assumptions.



B. Determination of ressure, gas, density and buoyancy

in the line at the inlet  Reference 1!

1! Determination of Flow Type

 IDPIPE! x RO x C b d fFRN by definition
12 x MU

 Eq. 6!

where: C = the mean gas velocity � ft/sec

MU = gas viscosity � lb/ft-sec

Expressing C in terms of Q and IDPIPE, and RO in terms of

G we obtain:
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When the values for L, Q, OD are given and any

value for IDPIPE has been chosen, it is necessary to know

the type of flow in the pipeline in order to select the

appropriate flow equation from Eq. 1 or Eq. 2 from which

to determine Pl and Z. The determination of the type of

flow is done by computing and comparing the flow Reynolds

number  FRN! to the transition Reynolds  TRN!. When the

flow Reynolds number is greater than or equal to the trans-

ition Reynolds number, the flow is said to be "fully

turbulent"; otherwise, it is called "partially turbulent".

i! First, the flow Reynolds number  FRN! has to be

computed:



IDPIPE PBxGx28.47 Q x 10
6

1
X x x

12MU 10.732xTB 24x3600 m IDPIPE
2

4 144

=477 5   !  � !  !
MU TB IDP IPE

 Eq. 7!

where: Q = gas flow rate MMSCF/day at the base conditions

of PB and TB

becomes:

FRN = 59.7Q  !   � !
G PB

IDPIPE TB

 Eq. 8 !

ii! Next, the critical Reynolds number  CRN! is

calculated. It corresponds to the theoretical transition

point from partially to fully turbulent flow in a plot of

transmission factor  FT! versus flow Reynolds number  FRN!.

Its value is given by:

20.912  IDPIPE! 3.7 IDPIPE!
x LOG

K K

 Eq. 9!
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PB = base pressure assumed equal to 14.73 psia.

TB = base temperature, assumed equal to 520 R �0 F!
0 0

G = gas gravity assumed equal to 0.66

-6
Given the gas viscosity MU = 8 x 10 lb/ft-sec the Eq. 7



Figure 1: Transition Reynolds Number as a Function of
Drag Factor and Critical Reynolds Number
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TRN= ax  CRN! + c
b

 Eq. 10!

where: a = 0.706

b = 1.04

c = 53,350

A comparison between FRN and TRN will result in the

selection of the partially turbulent flow equation  Eq. 1!

for FRN < TRN and of the fully turbulent equation  Eq. 2!

for FPN > TRN in order to determine the value of Pl

necessary for any Q, L, IDPIPE and P2 equal 700 psia.

In each case, from the flow equation we may derive a

pressure equation by solving it for Pl. From the flow

where K is the roughness of the pipeline. E is taken to

-3
be 0.25 x 10 inches for plastic lined pipe which we will

assume for this project.

iii! The final step in determining the flow type is to

compute the transition Reynolds number  TRN!. The actual

transition in type of flow does not occur for the critical

Reynolds number  CRN! because drag inducing characteristics

exist in the actual pipeline and not in the theoretical

case. Thus a drag factor  FF! is introduced in the deter-

mination of TRN. For a straight pipeline as postulated for

this project, FF is conservatively taken to be 0.97. From

Figure 1, a relationship between TRN and CRN may be deduced

when FF = 0.97:



equations, we get: Pl � P2 = LQ F
 Eq. 11!

Pl =  P2 + LQ F! '

where: F = .0775 x 10   !  ' ! IDPIPE!   � !
520 PB 100

 FT!  FF!   ' !   � !   � !
G TF Z

for partially turbulent flow and

2

F= . 0775x10   !   !  IDPIPE!   � ! x4LOG
520 PB 100 K

� 6! �20! �!
6 TF Z

for fully turbulent flow.

We see that Pl is an explicit function of L, Q, and IDPIPE.

The values given to the parameters P2, TB, PB, FF, G, TF,

and FF are related directly to the pipeline system itself

or to the ocean environment, and are given the constant

values already established. For fully turbulent flows only

the factor Z is unknown. For partially turbulent flows the

factors FF and Z are unknown. Both factors are implicitly

related to the main variables L, Q, IDPIPE.
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2! Z Factor Computation

In order to compute Z, the gas compressibility

factor, we need know the actual average pressure in the

pipeline  PAV! given by:

PAV = �  Pl + P2 � !
3 Pl + P2

 Eq. 12!
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Although P2 has been fixed at 700 psia, Pl is not Vet

known. Hence, we can calculate neither PAV nor Z ~ The

procedure followed here is an iteration for the computation

of Z, assuming an initial value for PAV independent of Z

and equal to P2 in our method. As long as the new value we

get for PAV differs from the previous one by an amount

greater than a given error � psia has been chosen here

and represents less than 1% of the minimum pressure P2 in

the line!, then another iteration is done. Otherwise we

get. an acceptable value for Pl.

Actually Z is not generally a simple function of PAV

as stated previously but behaves so in our case because of

the special conditions specified. Indeed, Z is a function

of the pseudo-reduced temperature  T".i! and of the pseudo-

reduced pressure  PR!. These two variables are determined

by computing the ratio of the flow temperature and pressure

with respect. to the pseudo-critical temperature and

pressure respectively. The latter two variables are



functions of the gas gravity. Hence we have:

f  PR, TR!

PR = P  flow! PF

PCPC

T  flow! TF

TCTC

PC = f  G!

TC = f G!

3! FT Factor Computation

FT is an implicit transcendental function of the

flow Reynolds number  FRN! and hence of the variables Q

and IDPIPE �!:

FT = 4LOG  FRN/FT! � 0. 60  Eq. 13!

A trial and error procedure is used to compute FT. Since

FT has an order of magnitude of 20, no further precision
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We have a given gas gravity G = 0.66 for Algerian gas;

therefore, PC and TC are not variables. From NGSMA charts

�! they are: respectively, 670.0 psia and 360 R.
0

As seen previously, the P flow! considered is the

average pressure  PAV! in .the pipeline. We have assumed

the flow temperature reaches an equilibrium value of 520 R
0

rather rapidly due to the constant bath of the ocean around

the pipeline. Therefore, Z is a function of PAV only.



than the first decimal digit has been judged necessary.

We now have all the elements necessary to the computa-

tion of the pressure Pl in Eq. 11 for both partially and

fully turbulent flows. Hence, we may find the gas density

using Eq. 5 and the corresponding buoyancy using Eq. 3, so

that we can go ahead with the iteration for the choice of

the value of IDPIPE.

C. Determination of the ressure, as densit and s stem

buo anc rofiles alon the line

Now that we have determined the best possible value

for IDPIPE corresponding to the OD being considered, we

are interested in the buoyancy. of the line for the ultimate

throughput Q as well as for smaller throughputs in the

early life of the line when the market. is growing. As a

simplifying hypothesis two intermediate fractions of the

ultimate transmission rate have been chosen in accordance

with the industry practice, Q/2, and 3Q/4. For each of the

three critical flow rates  Q/2, 3Q/4 and Q! we shall deter-

mine the pressure � density � buoyancy  PDB! profiles by

computing the pressure, density and buoyancy values at

regularly spaced points, every STEPL miles. This is equi-

valent to holding the end of the line characteristics

constant and computing these values for lengths of pipeline

of STEPL miles, 2 x STEPL miles, . . . up to L miles. For
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each successive length . LX!. we shall obtain a set of three

values: PX  gas pressure!, ROX  gas density!, and BUX

 pipeline buoyancy/ft!. The pressure equation  Eq. 11! may

be used if we replace L and Pl by LX and PX respectively'

Of course, for each of the three flow rates, we have to

find the type of flow first, which has been explained in

subsection B.l!. Then in subsection B.2! 2 and eventually

FT in subsection B.3! are computed to reduce the pressure

PX corresponding to the length LX. Then Eq. 5 and Eq. 3

will yield the values for ROX and BUX respectively. Now

we have available the Pressure � Density � Buoyancy  PDB!

profiles for each of the three fractional flow rates for

each ultimate flow rate.

The results of this analysis using the computer pro-

gram from Sub Appendix A are shown in Sub Appendix B for

various ultimate flow rates of gas.

D. Relation of section ressures to um in station

com ression ratio

Knowing the ratio Pl/P2 for any pipe section of

length L is equivalent to knowing the compression ratio

required at the upstream pumping station  SCR! because the

input pressure to this station is a constant P2 700 psia

and its output pressure is Pl for the section. Appendix A'

describes the computer program for determining the value
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for IDPIPE, the PDB profiles, the average PDB in the line

when shut off, and the compression ratio, R = Pl/P2, at the

upstream pumping station for each L, Q, OD considered.

2. COMPUTATION OF COMPRESSOR PLANT REQUIREMENTS

Now that we have, for each case study, the compression

ratio that is required for each section, we may proceed

computing other characteristics of the line such as the

number of compressor units required for each pumping

station and the total station horsepower needed.

There are specific industry practices governing the

operations of a station and its units: 1! coolers become

necessary when the output temperature exceeds 120 F
0

�80 R! and extra power is needed; 2! the engine rating0

should not be less than 3500 HP; 3! each unit compression

ratio should be no more than 1.3 in any case. The overall

station compression ratio does not exceed 2.0. If the

overall station compression ratio is below 1.5, the

temperature rise will be less than 60 F, the output0

temperature will be less than 120 F for an input tempera-0

ture of 60 F, and no coolers are required.0

Knowing the compression ratio for the station  SCR!

the determination of the number of units  N! is given by

the following relationship �!:
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UCR =  SCR � ~ 005! !  Eq. 14!

211

Nith SCR known, a trial and error procedure is used,

starting from N = 1 and increasing its value until the

unit compression ratio  UCR! is 1.3 or below. Then, from

SCR and N, we obtain the horsepower needed per MMSCF/D for

each case of flow rate Q, diameter OD and length L con-

sidered �!.

Each value must be corrected by pressure and tempera-

ture correction factors, KP and KT �!. Since we assume

that the inlet temperature is 60 F, KT = 1.0. Taking the

inlet pressure to be 700 psia, KP = 0.90  KP = 1.0 for

0 psia!.

The corrected value of power required in HP/MMSCF/day,

FUHP, multiplied by the throughput gives the total power

need, THP. Hence dividing this value by the number of

units, we get the horsepower per unit, UHP. By industry

practice  Bechtel! this value should not be less than

3500 HP, even if it is not required to maintain a maximum

unit compression ratio of 1.3 .
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SUB APPENDIX A

Description Of The Computer Program

To Determine The Pressure Requirements

Now we know the procedure to follow, we can show a

precise flow chart of the actual process of the computation

for one set of variables L, Q, OD.

l. INPUT Subroutine

spacing of points for profiles

density of pipe

density of salted water

gas gravity

base pressure

base temperature

pipe roughness

downstream pressure

STEPL

Rol

RO2

G

PB

TB

K

P2
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By calling the INPUT subroutine,  see Sub Appendix B!

the values of AMAX, BMAX and CMAX are read. Three integers

represent the total number of values of L, Q, and OD that

we are going to study. These three integers are on the

first data card.

The second step is to read the various parameters

discussed previously. They are



= pseudo-critical pressure for G

= pseudo-critical temperature for G

temperature of the gas flow

flow efficiency

= drag factor

PC

TC

TF

FE

FF
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For the presented computations we have assumed values for

all of these parameters in the program. These values are

included in the program under the following nomenclature:

STEPLO / RO10 / RO20 ~ GO ~ PBO / TBO~ KO ~ P20 / TCO ~ TFO / FEO

FFO, and are set to the assumed values if the values read

from the data cards are 0. . There is one card per parameter.

Hence, if all the assumptions are satisfactory, 13 cards

must be input with 0 ' ; otherwise, the new value has to be

specified in place of 0. . These values form the Block

Data Subprogram.

The third step is to read the variables: AMAX values

for L, BMAX for Q, CMAX for OD. These variables are

one-dimensional arrays. For L A!, the program allows for

computations up to AMAX = 3, and A is the array parameter.

For Q B!, it allows for computations up to BMAX = 5, and

B is the array parameter. For OD C!, it allows for com-

putations up to CMAX = 10, and C is the array parameter.

For each OD C! read, ten possible corresponding values of

IDPIPE are computed and stored in the two-dimensional

array ID C,D!. In order to do so, the IDSUB Subprogram is



called:

Figure  Al! IDSUB Subprogram

2. COMP Subprogram

This subprogram is called to determine IDPIPE and

then compute the PDB profiles corresponding to Q B!.
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Figure  A2! COMP Subprogram

The first part of the subroutine, down to n, implements the

computations in section 1A of the analysis. Note that the

type of flow is determined in FLOTYP subroutine, Pl value
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in PFLO subroutine, RO value in ROSUB function subprogram,

and BU value in the BUSUB function statement. The next

call for FLOTYP subprogram is skipped. FLOTYP and PFLO

subprograms are explained further in this appendix.

The second part of COMP subroutine computes the

Pressure-Density-Buoyancy  PDB! values for DISTMM points

along the line and the PDB average values for the line

by using PFLO, ROSUB and BUSUB respectively. The corres-

ponding DISTMM lengths LX are determined by LX DIST!=

 DIST-1!xSTEPL. DISTM is the largest number of times L A!

contains STEPL miles. The value L A! is given to LX DISTEMM!

where DISTMM=DISTM + 1.

3 ~ Main Program

The corresponding diagram is presented in Figure A3.

After calling INPUT, the program enters the three loops on

the L, Q, and OD arrays. For each set of three values,

COMP is called and then the OUTPUT subprogram,then; keeping

the same IDPIPE value, the PDB profiles are computed by

calling COMP1. COMP1 is the part of COMP dealing with the

profiles computation, a first time for a flow rate of

Q B! /2, and a second time for Q B! x3/4. OUTPUT is called

immediately after each profile determination.
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Figure  A3! Idain Program
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4. FLOTYPE Subprogram

This subprogram executes the calculation presented in

section 1.2. computing and comparing the three Reynolds

numbers FRN, CRN, TRN and sets an integer FLO to 1 for

partially turbulent flow and to 2 for fully turbulent flow.

The value of FLO indicates the proper pressure equation in

PFLO. This is FLOTYP diagram:

ENTER

Figure  A4! FLOTYP Subprogram
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5. PFLO Subprogram

This program executes the pressure calculations

presented in section B.l! of the text. First, PAV is

set equal to P2. Then the iterations on Z, the pressure

value and PAV are accomplished until PAV does not change

more than 5 psia. ZSUB and FTSUB are called to compute the

values of the Z factor and of the transmission factor FT

when FLO=l  partially turbulent flow!.

Figure  A5! PFLO Subprogram
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6. ZSUB Subprogram

The method developed by Sarem �! and using polynomials

Calculate PR,U,TR,V

Figure  A6! ZSUB Subprogram

where U and V are functions of PR and TR respectively as

defined in �!.

COEF  i; j ! xPOLSUB  i, V! xPOLSU!':   j, U !Then Z

x=1 3=1

The polynomials are listed in POLGU" 'ubt.rog.l.~,

7. FTSUB Subproqram

A trial and error procedure is useD as explained in

section B.3! of the text. In Eauation 13,. knowing t!~e

value for FRN, the initial value for " T is set ecrual to
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up to fifth degree is applied. The flow chart describing

the procedure is shown below:



Then the increments are considered as follows:

10.0, 1.0, 0.1

8. OUTPUT Subprogram

When OUTPUT> is called it first prints the values of

L, Q, OD, IDPIPF. under study, then the tableau of the

profiles, with LX� PX, ROX, BUX in the 1st, 2nd, 3rd and

4th column respectively, and finally, the PDB average

conditions in the line for the specified values of the

variables.

A sample of printed results is given in Sub Appendix B.
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SUB APPENDIX B
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5

6 7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

SHATF OR
C
C
C
C
C TH S PROGRAM IS HY PIERRE L BJUT IN O'AGUFSSEAU
C I T IS TO COMPUTE PRESSURE PROF ILE AND POWER REQUIREMENTS
C FOR A TRANSMEDI TFRRANEAN SUBMERGED NEUTRALLY-BUOYANT
C NATURAL GAS PIPELINE FOR VARIOUS VOLUME CONDITIONS.
C
C
C
C
C MA I N PROGR AM
C
C
C
C

COMMON /COM1/ Aq AMAX ~ BqBMAXyCt CMAX ~ Dt Ltg ~ CDt 10
COMMON /COM4/ IDPIPE,LX,PX,ROX,BUX,DISTMM
COMMON /COM2/ STEPL ROI RO2 G PB, TB, K P2 PC, I C, TF FE, FF
COMMON /COM3/ STFPLO ROID R020 GO ~ PH ! TAO KO P?0 P .O TCO ~ TFO FEO

I FFO
REAL I DP IPE
REAL L �! t Q  5! yOD  10! t ID  10g IOI ~ LX  100! ~ PX  I 00! PROX  100! y BUX  100!
REAL+8 ZZ
INTEGER A AMAX B BMAX C CMAX 0 DIST DISTM DISTMM FLO
CALL INPUT
'M 1 A = IyAMAX
DO 1 8 = IeBMAX
DC 1 C = 1rCMAX
CALL C .MP l L A! eQ B! ~ 00  '! t �1CtCI!
CALL OUTPUT   L A! eQ B! eUDlC!
VQ = Q B!/? ~
CALL COMP!  L  A!tVQr OD C !!
CALL OUTPUT  L  A!rVQ ~ OD C!!
VQ = QIB!+3 ~ /4o
CALL CCMP1  L  A! t VQtOD C !!
CALL OUTPUT  L  A ! tVQiOD  C ! !

1 CONT INUF.
2 CONT I NUF

STOP
END
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SUBROUTINE I NPUT25

C C C C
26

27
28

29
30
31
32
33

34
35

37

39 IF  G ~ EQ ~ 0!
C

40 IF  PB EQ ~ 0!
C

41 IF  TB ~ EQ ~ 0!
C

42 IF lK ~ EQ ~ 0!
C

43 IF   P2 ~ FQ ~ 0!
C

IF   PC ~ EQ ~ 0!
C

45 IF   TC ~ EQ.O!
C

46 IF  TF ~ EQ ~ 0!
C

«7 IF  FE ~ EQ ~ 0!
C

48
49
50
51
52
53
54
55
56
57
58

P8= PBO

I 8= TBO

K= KO

P2= P20

PC= PCU

TC= TCO

TF= TFO

FE= FED

IF  FF ~ EQ ~ 0! FF= FFO
DO 1 A = IrAMAX

I READ 12 ~ L A !
DO 2 8 = 1,8MAX

2 RFAD 12 rg R!
DO 3 C = 1,CMAX
READ 12 rOD  C!
CALL IOSUB OD C! rCr IO!

3 COVTINUE
RETURN
END
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COMMON /COMI/ Ar AMAXr Br BMAXrC r CMAXr 0 r Lr QrODr I Dr
1 I DPI PE r LX r PX ~ ROX ~ BUX ~ D I STMM
COMMON /COM2/ STEPL ~ RU1 r R 02 ~ G ~ PB ~ TB ~ K ~ P2 r PC r I C ~ T Fr f E r FF
COMMON /COM3/ STEPLO RO10 RO2U GO PB<! TBO KO P20 P '. ! TCO TFO FEO ~

1 FFO
RF.AL I OP IPE
INTEGER A,AMAX,B,BMAXrC ~ CMAX,D ~ DISTrDISTMr0IST  M ~ FLO
REAL L   3! Q  51 OD  10! ID  10 10! r LX�00! <'X  100!, ROX  100! BUX�00!
READ 11 r AMAXr BMAXr CMAX

11 FORMAT�I2!
C AMAX IS THE NUMBER OF P IPEL INE SEC! IONS CONSIDERED
C BMAX IS THE NUMBER UF FINAL FLOW RATES CONSIDERED
C C MAX IS THF NUMBER OF OUTS IDE DIAMETERS CONSIDERED

READ 12 STEPL ~ ROI RO2 ~ G PB TB ~ K, P? ~ PC TC TF, FE FF
12 FORMAT FBO ~ 2!

C STEPL �0. MILES IF 0!
IF   STEPL EQ ~ 0! STEP L= STEPLO

C DENSITY RO1 OF PIPE �90 ~ LBS/CFT IF 0!
IF   RO1 EQ ~ 0 ! RO1=RO10

C l!ENSITY RO2 OF SALTFD WATER l0 64 LBS/CFT IF 3!
IF   RO2 ~ EQ ~ 0 ! R02= RO20

C SPECIFIC GRAVITY OF NATL!RAL GAS l 0 ~ 66 IF 0!
G= GO



59 SUBROUTINE COMP  VL VQ VOD ID C 4!

60
61
62
63
64
65
66

67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82

83
84

+WA RNI'4Ge'»'
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107
108
109

C3ei "rON ICCMZI STFI L ~ RI 1tRO2 ~ G ~ PB ~ TBtK ~ P2tPC ~ TC ~ TFtFFtFF
COMMOh, /COM4/ I DPI oE,LX,PX,ROX,BUX,DI STMM, PAV, ROAV,BUAV
INTEGFR A, AM AX 8 t BMAX, C,CMAX, D,DI ST,OI STM,DI STr M,FLO
REAL L � ! Q  r !,OO  10 !, ID  10 [C! LX�00! PX�00! ROX  100 l iSUX�00!
REAL I DP [PEt K
PAVSUB  PA ~ PB ! = 2 ~ /3 ~ <   PA+PS PAe'PB/  PA+PS! I
BU SUB   VOi! ~ V I i! ~ V 8 0 ~ V R Ol r V R0 2 I

1     VRO2-VRij I l +VOD<VOD +   VR0[-VRO! e'Vf D>V I 0 I r' 3 ~ 14159/ ! 76m
DISTM = VL/STEPL +
OISTMM = DISTM + 1
LX� I STM!r ! = VL
DO I I = 1 ~ 10
[DP I Pf. = I D  C r I l
CALL FLOTYP  VQ I DP IPF 0 PB TB K FLO FRN!
CALL PFLO VL r VQr IDP I PE r FRI'Ir FLOg P r 65!
PX DISTMM!
ROX DISTMM! = ROSUR reX DISTMM!l
BUX  DI ST4'er ! = RU SUB  VI. 0 I '!P I PE ROX  DI STMM! ROI RO7!
IF  BUX  DI STM<! . LT.O. ! i;0 TO 2

I CONT I N IE
2 IF   I ~ GT ~ 1! GO TO 3

[OP I PE = I D  Cr 1 I
PR liNT 21 t VL t VQt VOO

21 FOi MAT  '0' r ' WARN ING FROM   OMPUT FOR L= ' e FB ~ I e ' e 0= ' r F5 ~ 1 e
1 A<D DD= ' F4.1 / 'THERE IS NO ID WE CONSIDER'
2 LARGF FNOUGH TO MAKE THF   INE BUOYANT ~
3 / ' PROGRAM WAS SE NT TO NEXT COMPUTAT ION ~ ' !

GO TO 6
RETURN I

ST-4
3 I = I-'

IDPIPE = ID Cr I!
6 GQ TO 7

EhiTR Y COMP1   VLt VQ t VOD!
CALL FLOTYP  VQ IDPIPErGePP TB K FLO FRN!

7 CONTINUE
OO 4 DIST = lrOISTM
LX DIS I I =   DIST-I! +STEPL
CALL PFLO LX DI ST! t VLj ~ IOP I PE ~ FRN ~ FLOe I ~ C5!
PX DIST! = P
ROX DIST! = ROSUR PX CIST! !
BUX OI ST! = RUSUB  VOO IDPI PE Ri!X DI ST ! RO1 RO2!

4 CONT INUE
D[STMM = 0[STM + 1
LX OI STMM! = VL
CALL PFLO LX DISTMM! VQ IDPIPE FRN FLO P 65!
PX  DI STMIIII! = P
ROX[DISTMM! = ROSUB PX DISTMM! !
BUX I Dl STMM! = BU SUB   VODe I DP I PE ROX'[ 0 I STMM! ROI RO2 l
PA V = PA VSUB   P2 t PX  DI STMM! I
ROAV = ROSUB PAV!
BUA V = RU SUB   VOD, I DP I r E t R CIA V, ROI, ROZ !
RETURN

5 RETURN 1
END
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110

C
C PART IALL Y TURBUL ENT FLOW
C

119
120

I FLO = 2
RETURN
ENO

121
122
123
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111
112
113
114
115
116
117
118

SUBROUTINE FLOTYPI VQqVIO ~ VGtVPBrVTBeVKiFLOeFRN!

INTEGER FLO
FRNSUBI VQ VI 0 VG VPB VTB! = 59 7+VQ/V I O'«VG+VPR/VTB+I E6
CRNSUB VID ~ VK! = 20 ~ 912+VIO/VK+ALOGICI >e 7+VID/VK!
TRNSUB VCRN! = ~ 706+VCRN++I ~ 04 + 53350,
FRN = FRNSUBI VQ ~ VIOtVGe VPHt VTB!
CRN = CRNSUBIVIO ~ VK!
TRN = TRNSUB CRN!
I'F  FRY GT TRN! GO TO 1

FLO
RETURN

C
C FULLY TURBULENT FLOW
C



SUBROUTINE P FLO   VL e VQ e V ID r VFRhrF LOs P e s'!124

125
126
127
128
129
130
131
132
133
134
135
136

137
138

139
140
141
142
143
144
145
146

147
148
149
150
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COMMON /COM2/ STEPL R01 RO2 ~ G PB TB K P2 PC TC ~ TF,FF FF
INTEGER AsAMAX ~ BeBMAXrCeCMAXr0 ~ DISTeDISTMeDISTMMrFLO
REAL s'8 Z Z
PSUB  VL e VQs VF sVP ! = SQRT  VPs'VP + VLs'VQs'VQ/VF !
PAVSUB PA ~ PB! = 2 ~ /3 ~ +  PA+PB PAs'PB/ PA+PB! !
PAV = P2
00 5 I = lr10

1 CALL ZSUB PC eTCeTFrPAVeZZ!
Z = ZZ
GO TO l2 ~ 3! r FLO

2 CALL FTSUB VFRNe FT e F 8!
F = 1 /   Z'«G/ ~ 6+TF/520os'   PB/14.73s'520 ~ Eb/TB/ ~ 775/ VIDs's'2 ~ 5

1 /F F/FT/FF ! 442 !
GO TO 4

3 F = I /   Z's G/ ~ bs'IF/520 s'   PB/14 ~ 73s'520 ~ E 6/TB/3 1 / V I Ds's'2 ~ 5
1 /F E/ALOG10   3 ~ 7s'V ID/K ! ! s'+2 !

4 DUMP = P SUB  YLe VQr FeP2!
MIN = PAV � 5.
MAX = PAV + 5 ~
PAV = PAVSUB P2eDUMP!
IF   lMIN LT PAV! ~ AND. PAV CLIMAX! ! GO TD 7

5 CONTINUE
PRINT 13 r VL ~ VQr V ID r VF  0

13 FORMAT  '0' ~ ' 10 LOOPS MADE IN PFLO FOR VL ' F5 1 ' VQ= ' F'5 1
1 ~ eIO- s,F4 1,s lFLO- ~ rIIee !s !

7 P = DUMP
RETURN

8 RETURN 1
END



151 FUNC T I CN RG SUB  VP!
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152
153
154
155
' 56
157
158

COP~ON /CUN2/ STEPLiROliR02iGiPB ~ TBiKiP2 ~ PCi TC ~ TF ~ FEiFF
REAL+8 ll
CALL 1SUBl PC ~ TC i TF i VPi Zl !
l = ll
R0SUB = VP~G+28 ~ 97/l/10 ~ 732/TF
RETURN
ENO



SUBROUTINE FTSUB VFRN>FTe+!159

190
191
192
193

230

160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189

FTFRNl X! = X+10.+<    X+ ~ 60!/4.
I = I
J = 1
K = I
FT = 0
VFT = 0,

1 A = FTFRN FT !
IF   A-VFRN! 2 F11 i'J

2 I = I+I
IF  I GT ~ 4! GO TO 9
VFT = FT
FT = FT+10 ~ 0
GO TO 1

3 FT = VFT
4 A = FTFRN FT!

IF l A-VFRN! 5,11,6
5 J = J+I

IF   J.GT ~ 11 ! GO TO 9
VFT = FT
FT = FT + 1.0
GO TO 4

6 FT = VFT
7 A = FTFRN FT!

IF   A-VFRN! 8t 11i11
8 K = K+1

IF  K ~ GT ~ 11! GO TO 9
FT = FT + I
GO TO 7

9 PRINT 14y I p J eK
14 FORMAT  ~ 0 ~ i ~ FTSUd IN   RROR ~ I � ~ ~ I I i ' ~ J= ' ~ I ~ ~ iK � ~ ~ IRt

1 ' y PROGRAM WAS STQPPE0 ~ ' !
RF TURN 1

11 CONTINUE
RETURN
END



SUBROUT I NE Z Sue  V~C, VTC, V TF, VP, Z Z !194

195
0 33123524»
0 ' 0197039RO»

-0 ' 13403614»
-0.026383354»

0.066880961,
0.019262143»

-0 ' 0271 7426!e
-0 ' 01153539 '

0.0088512791,
0.0042910089»

-0.0021520929»
-C. 000113025>he

196
197
198

199

200
201
202
203
204
205
206
2C7
208
209

C C C
C

231

REAL+8 COEF  6 »6! /
1 2 ' 1433504» 0 ' 10572871»
2 -0 ' 052184040» -0.0053095900»
3 0 ~ 083! 76184e -0 ' 050393654»
4 CD 04 431 2 146» 0. 00 89! 78330»
5 -0.021467G42» 0 ' 0050924798 '
6 -0 019329465 ' -0 ' 010894821 '
7 -0 000871 40318e 0 010551336»
8 0 ' C058972516e 0 ' 009559389»
9 0 ' 0042846283» -0.00731 81 933»
! 0 ' 0015366676» -0 ~ 006011 4017»
2 -0»0016595343» 0 ' 0026959963»
3 -0.0028'326309» 0.0031'.75170/e
4 ZZ»POLSUB

PR = VP/VPC
TR = VTF/VTC
IF   { PR ~ LT ~ ~ 1 ~ OR 1 e ~ 9 ~ LT ~ PR! ~ OF ~  TR ~ LT 1 ~ C5 ~ OR ~ 2 ~ >5 ~ LT ~ TR! !

1 PRINT 15»PR»TR
15 FORMAT  ' 0' e ' THE RANGE FOR PR VALUES I S ~ 1 TO 14 ~ 9 4NO P~ =

1 F5 ~ 2» 0 ~ THE RANGE FOR TR VALUES I S 1 ~ 05 T ! > ~ 95 4ND T4= ~
2 F5 2»'0'e' »Z IS IN ERROR '!

U =   2 ~ .PR � 15 ~ ! /14 ~ 8
V = �.+TR � 4 ! /I 9
ZZ = ~ 0
DO 2 I = 1»6
OO 1 J = 1 ~ 6
ZZ = ZZ + COEF{I J!»j'POLSUB{I V!+POLSUB J U!

1 CONT I NUE
2 CONT I NUF

RETURN
ENO



FUNCTION POL SUB K W!210

REAL48  A-H,O-Q!
y2g3y4y iyb! yK

~ 7071068

232

211
212
213
214
215
216
217
218
219
220
221
222
223
224
225

IMPL I C
BO TO

1 POL SUB
RETURN

2 POLSUB
RETURN

3 POLSUB
RETURN

4 POLSUB
RETURN

5 POLSUB
RETURN

6 POI.SUB
RETURN
ENO

1 2 24745+ W

.790569%~  3~WOW � I !

.93 54145~  5~W~~3 - 1!

. 26 5165~  35~W~~4 � 30~W~W + 3.!

~ 2931 51 +  63+W+~5 � 70+W4'+3 + 15+w !



SUBROUTINE IOSUBI VODtC ~ ID!226

233

227
?28
229
230
?31
232
233

INTEGER A AMAX 8 BMAX ~ C ~ CMAX 0 ~ DIST ~ DI STM DISTMM ~ FLO
REAL ID{ 10' 10!
DP I D = 1 F10
ID C eO! = VDD � 75 - 0+.?5

1 CONT I NUE
RETURN
F.NO



SUBROUTINE OUTPUT  VL t VQ ~ V 3DI234

235
236
237
238
239
240
241

242
243
244
245

246
247
248

249
250

234

COMMON /COM2/ ST EPL,RO1 RU2 G PB TB, K P2 PC, TC TF FE, FF
COMMON /COM4/ IDPIPE LX PX ROX BUX Dl STMM PAV R3AV BUAV
INTEGER A AM AX B BMAX 0 CMAX 0 0 I ST 0 I ST>  DI STMM FL O
REAL I CP I P F.
REAL L� ItQ�! ~ OD�0!t IO�0 ~ 10!tLX�00! ~ PX lOOItROX�00! ~ BUX�00!
PRINT 31 VL VQ VOO I DP I PF.

3! FOR tAT '1' 50X 'RESULTS FOR L= ',F5 ~ 1 ' 0= ' Fb ~ I ' DO= ' F5 ~ 2
1 t IO= ' tF5 ~ 7!

DO 1 DIST = ltOI STMM
DL = VL-LX DIST!
PRINT 32t DL t PX DIST! t POX OI ST I t BOX DI ST!

32 FORMAT  /t2'5Xt L= tF5 1 ~ 20Xt ' t P= ~ F6 I t tRO= ' tF6 ~ 2 ~
1 >BU= ' tF6 ~ 2!

1 CONT I NUE
PRINT 33t PAV t ROAVt BUAV

33 FORMAT   / t 25X t AVERAGE PRESSURE IN SECTION WOULD BE t Fb ~ 1 t
I / t25X t AVERAGE DENSITY IN SFCTI ON WOULD BF. ~ F6 ~ 7 ~
2 / 25X ' AV ERAG>E BUOYANCY IN SECT ION WOULD BE ' Fb ~ 2 I

RETURN
END



HL 3CK CATA251

252

253

254

DATA

SDATA

235

C C C C C
C C C

COMMON ICOM3/ STEPLt! ~ RU10tRO20tGO ePB<!t TROD KQ ~ P2Ot PCU ~ TCOt TFOt FE Je
1 FFC
REAL STEPLO/10 / RQ1 !/490 ~ / RU20/64 / GO/ ~ 6&/ PBO/14 ~ 73/

1 TBO/520 ~ / KO/ ~ 25E-3/ P20/700 ~ / PCO/670 / TCO/360 ~ / TFO/523 ~ I
? FED/100 ~ / ~ FFO/.97/

END
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AE'PENDIX III

LETTERS AND INTERVIEW

RECORDS CONCERNING CURRENTS

AND WAVES IN MEDITERRANEAN SEA
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NATURAL ENVIRONMENT RESEARCH COUNCIL

NATlONAL INSTITUTE OF OCEANOGRAPHY

TKLKI'HOHE c WORMLKY 21 22
TKLKORARHIC AOORESK s OCEAHK. WORMLEY, KURREY
RLY. KTATIOH   WITLKY

o R~. JCS/PES

WoRMLEY, GODALMING,

SURREY.

24.th September 1969

Professor G.H. Savage,
Lloyd. Noble Petroleum Engineering Laboratories,
Stanford University,
Stanford,
California 94505.
U,S ~ A.

Dear Professor Savage,

I sm afraid that my experience of currents in the Mediterranean is

very limited, too limited to be of much use in deciding on the shape of a

maximum velocity profile. Professor Allmendinger telephoned. me this

morning but we were not able to arrange a meeting - I am off to a conference

in Dublin and. then at sea after that until mid-October, so I agreed to

write directly to you.

Rocky Miller's suggesting my name in relation to Mediterranean currents

is probably based. on some co-operative work that we did in the N.WE

how typical these currents may be, of conditions in the Mediterranean

generally.

Yours sincerely,

J AC Swallow
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Mediterranean in February and March this year. We made some current

measurements from the "Discovery"2 using both moored. current meters and

neutrally buoyant floats, in a small ares   approx. 40 mls square! near
42 N, 5 E. The duration of individual moorings was 1 to 2 weeks, with

$ to 5 current meters per mooring. About 70 per cent of records are

usable' Floats' 'ere tracked for periods of about a week each. In all,

10 moorings and 20 floats were laid. Evidently these do not provide anything

more than s very limited. view of currents in the Mediterranean Speeds

were typically of the order of 20 cm/sec at 100m, and 10 c+sec at 300-

1500m, the maximum speeds observed being less than $ times those values.

The measurements were made in a region where new deep water wss being

formed. Currents were quite variable in the horisontal, with a typical

radius of curvature of float trajectories of about 20 km, I have no idea





LACONBE  CONTINUED!

b. Area B   I rerrch Con>4b
�! Near Surface � Current velocities of 1 knot down to 100

meters depth. Direction of current vector is generally to

the west. With winds from the east, wind-driven currents

may attain velocities of about 2 knots with direction to

the west.

�! Below 100 meters � Current velocities of 10 cm/sec or less

with direction to the west.

�! Sea States � Area not far from Gulf of Leone, an area

notorious for severe storms. Storm waves may approach 7+

meters in height.
  Sorcelona Coa~d!

c. Area C � Professor LaCombe has little information on this area.

�! Near Surface � May have rather high winds from the north-

east, causing drift current to add to mean current giving

a higher, near surface velocities � perhaps approaching 1.5
knots. Direction generally south-west.

�! Below 100 meters � Current velocity probably about 10 cm/
sec or less.

�! Sea States � LaCombe had no specific information.
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APPENDIX IV

INSTALLATION METHODOLOGY

It is visualized that the pipeline will be installed

using essentially the same methods now used to install

marine pipelines; welding the pipe sections in a continu-

ous string and paying them out off the end of the pipe-

laying barge. The primary change is that the pipeline will

be buoyant and float on the surface. A structural stinger

to support the pipe weight will not be necessary. In fact,

the pipeline will have to be pulled under the water sur-

face to its final location.

The major steps envisioned in the installation method

upon which the cost, estimates are based are as follows:

1! The buoyant towers will be installed in a straight

line well in advance of the pipeline using essentially

the same method outlined by Savage and Hersey �0! for

the Sea Spider trimoored buoy. Bottom mounted

acoustic navigation devices and optical surveying from

one intermediate station to another  only 900 ft! can

assure accurate emplacement of the towers. Once they

are installed, acoustic location by vessel and optical

surveying can determine the actual distance between

any two towers by a few feet �0! ~
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2! The pipe-laying barge will then proceed to pay out the

pipe from the last bottom mounted station. As each

900 foot length is completed, the intermediate cables

will be payed out from the auxiliary vessel, anchor

first, and attached with the intermediate buoy to the

pipe. At this point, the empty pipe will be much too

buoyant and must be ballasted with steel weight

collars spaced at appropriate intervals so that the

maximum buoyancy force per foot of pipe is only the

specified 5 lbs/ft for the 24 inch line for example.

This ballasting will prevent the pipe from being over-

stressed as it is pulled down by the intermediate

anchors when they are released by the auxiliary

vessels. Meanwhile the laying barge must have

sufficient thrust from its propellers to both maintain

itself on a straight line and provide sufficient pipe

tension to hold the pipeline as taut as it must be

when the anchors are set. Only the 900 feet of pipe

section on the surface will be subjected to surface

currents and the auxiliary vessel will be helping to

hold the current induced side forces on the pipe. The

laying vessel will b holding tensions of a magnitude

equivalent to those calculated as maximum forces on

the towers in Table I, Chapter 4. Figure IV-1 shows

plan and side views of the pipeline and installation



vessels at this stage of installation.

3! Men a tower site is reached, a different procedure is

necessary. The 900 foot segment, is weighted to be

slightly negatively buoyant. It is held up near the

surface by the secondary tower buoy that is attached

by the auxiliary vessel. The pipe is then lowered to

depth and attached by divers to the tower. The

secondary buoy is then pulled down into place by the

auxiliary vessel using pulleys, and secured by divers

who also cut off the extra cable. See Figure IV-2.

4! The procedure then goes on until the next tower is

reached.

This brief explanation of the installation procedure

assumes a high degree of coordination and seamanship on the

part of all vessels and crews. Naturally, there will be a

learning period and it. is probable there will be many

problems before a standard procedure is worked out and a

good laying speed achieved. Diving teams of highly quali-

fied divers will be necessary to the entire operation.

The trimming procedure has already been referred to.

Installed and empty, the line will be much too heavy to

accept its expected half-capacity, initial gas throughput'

It will be necessary to lighten the line by stages, build-

ing up the throughput at each stage. This will be

accomplished by removing one of the weight collars every
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so many feet for the. entire pipeline length and then build-

ing the gas pressure to offset that weight. The weight

collars will be removed by divers working from a lock-in-

lock-out submarine who will use cutting torches to cut bolts

holding the collars to the pipe. Several of these trimming

steps may be necessary to bring the pipe up to the desired

throughput level without overstressing it due to excess

buoyancy at any step. The collars will be lost forever,

dropping to the bottom unless it is found feasible to

salvage them by pulling them to a surface vessel when they

are cut loose. The weight of the collars and the number

required per 100 feet of pipeline to carry out the trimming

procedure to ultimate capacity will be a study in itself

and the details are not worked out here. The cost of the

collars and the trimming is considered part of the 10%

contingencies estimate in the investment.
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SIDE VIEW

LAY BARGE

Figure IV-1: Pulling Pipe Down with Intermediate
Cables
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Figure IV-2: Making A Tower Connection

AUXILIARY VESSEL LOWERS PIPE
LAY BARGE

BOTTOM IVERS SECURE
PI PE

SIDE VIEW

2!> 2
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APPENDIX V

SAFETY DEVICES

As shown in Figure 4-3, there will be safety valves

and explosive flanges provided on the pipeline on each

side of every tower. The purpose of these safety devices

is to assure that a break in the pipeline can flood only

one ruptured sublength in which the break occurs. The

broken pipe will cause a rapid pressure change in the pipe

in the vicinity of the break. The pressure change will

activate the safety valves near the towers at each end of

the section  see Figure 4-3! and also signal to the line

operator which valves have been set. These valves are

visualized as being bag valves which are inflated into the

pipeline by high pressure air cylinders for each valve and

therefore quick reacting., With the pressure shut off, the

ruptured sublength will probably quickly flood and begin to

sink. As it pulls down the two towers, pressure activated

switches set for 600 foot depths, will trigger the explosive

bolt flanges, the pipe sublength will separate at, these

two ends and drop to the bottom. The bending stresses

already developed at the flanges by the flooded pipe weight

will assist the pipe separation when the flanges are

triggered. If the pipeline only partially floods, its
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intermediate buoys may hold it up, the flanges not fire and

the pipe sublength may be salvaged. These flanges are only

a final safety precaution..

It is also visualized that there will be a pressure

activated alarm switch at every cable station on the pipe-

line that will go off if the external pressure varies by

more than 50 lbs. In the event that several intermediate

cables fail and the pipeline rises to the surface or

buoys fail and the pipeline sags, the operator will be

warned and can take remedial action.
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APPENDIX VI

COMPUTER PROGRAM TO COMPUTE

ESTIMATED RETURN ON INVESTMENT

FOR VARIOUS GAS PRICES

AND EXPECTED PIPELINE LIFE
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$WATFOR

C C C C C C C C
C C C,
C

C C C C C C C C C
C C C C
C C C C
C C C C C
C C C C C
C C C C

C C C C C C C
C C

C C C C
C

THIS PROGRAM IS BY PIERRE L BOUTIN D'AGUESSEAU
I T IS TO COMPUTE THE TECHNICAL AND ECONOMIC FEASI8IL I TY
FOR A TRANSMEDI TERRANEAN SUBMEPGED NEUTRALLY-BUOYANT
NATURAl. GAS P IPELINE FOR VARI'!JS VOLUME CONOITI3NS ~

MA I N PROGRAM

FXPLANATION OF THE DATA CARDS ANO SYMBOLS

THE SYMBOLS USED IN THIS PRClGRAM IN AOOI Tl 0'l TO TH .SF USF3 I l
THE PROGRAM GIVEN IN APPENDIX I I ARE AS FOLL3WS
AMAX = NUMBER UF LENGTHS BETWEEN PUMPING STAT IOhlS! 7 Il'l THI S:ASE
BMAX = NUMBER OF FLOW RATES TO BE READ: 3 IN THI S CASE
CMAX = NUMBER OF P I PE SIZES TO BE READ: 8 IN THI S CASEi 8 JT V JTl-'

THAT ONLY ONE S IZE IS FINALLY ALKALI ZF ~! FOR EACH RATE.
THE NEXT 13 CARDS READ ARE ALL SET TO THE VALUE 0 ~ FXACTLY AS
EXPLAINED IN APPENDIX I I ~ IN FACl, THE F IRST PART OF THIS PRD" RAM
IS IDENT ICAL TO THAT It! APPENDIX I I ~
THE REST OF THE DATA CARDS ARE AS FOLLOWS-
15 758 ~ MILES T HF. LENGTH OF AHA XI
16 240o MILES THE LENGTH OF AMAX2
17 400 ~ MMC F/0 VALUE OF BMAX1
18 800 ~
19 1200
20 THE NEXT 8 CARDS ARE THE VALUf-S OF THE PI PF J.IJ. ' S TR I 5'!,
21
22
23
74
25
26
27
28 F MAX NUMBER OF INTEREST RATES TO TRY
29 MMAX NUMBER Of VALUES OF PIPE LIFE 3 IV TiIS "ASE
30 +08 THE ASSUMED PRIME INTEREST RATE
31A .10 AN INTEREST RATE TRIED FOR COMPARISDV
31 10
32 15
33 70
34 BPMAX THE NUI BER OF VALUES OF BUYING PRICE-' 1 I l THIS CASE
36 .10 THF BUYING PRICE OF GAS ASSUMED FOR THIS STUI!Y.
35 SPMAX THE NUMBER OF VALUES OF SELLING Pk I  E: 3 Ihl THIS CASE
37 ~ 40 THE FIRST QF THREE SELLING PRICES ASSUMED
38 ~ 45
39 e50
NOW FIJR FACH FLOW RATE Cf!NSI DER ED ~ THE FOLLOW IN" CARDS ARE RFAD:
YF AR S CF CONSTRUCT ION L IFE
CAP I TAL INVESTMENT FROM TABLE I I
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C

C C C C
C C
C C
C C
C C
C

C C
C

10

I
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10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

'EXTFNSION<

MAINTENANCE COST FOR 10 YFAR RFPL ACE MENT F R " I ABL F. I I
MAINTENANCE COST F'IR 15 YEAR REPLACEMENT FROM TABLF I I
MAINTENANCE COST FI!R 20 YEAR RFPLACEMENT FROM TABLF. I I
THEN FOR THE NEXT FLOW RATE TO BE FXA" INFO THF SAME I TE'rIS 4 5 T1E
PREVIOUS F JUR CARDS ARE R FAD WITH THE hPPROPR I ATE VALUES TAKE' 
FROM TABLE II

NOTE IN THE SAMPLF OUTPUT SHOWN THAT,"INLY THE LAST P I PEL INF
DIAMETFR SHOWN L I STEO FOR A FLOW RATE IS THE ONE USE I TD OMP JTE
THE RETURN ON INVESTMENT FIGURES LISTED FDR THE THREE DIFcFRENT
SELL ING r R I C ES ~

DIMcNSIDN BETA�!,Nl  >!,LIFE�!
CO~~ON /COMI/ A, AMAX,B, !!MAX, C,CMAX.D,L,Q,OD, I D,ODD, I DD, r Oa
COMMON /COM2/ STEPL rRO1 ~ RD2r Gr PBr TBr KrPZ ~ PCr TCr TFrFE ~ FF
COMMON /COM3/ STFPLOr R01'Ir ROZOr GOr PBOr TBOr KOr P20r PCOr TCOr TFOr I-EDr

1 FFO
COM,ION /CUM4/ IDPIPErLXr PXrROX ~ BUX ~ DI STMM ~ PAV ~ R JAY ~ SUAVr TRPr'4rUEP
COMMON /COMA/ Ml rMZ r FMAXr HMAXr MARRrL IF Fr BPMAXr SP4IAXr

1 GASBP r GASSP rNl r P IP CAP r P I PMAI
COMMON /COMB/ BETA
REAL I DP IPE
REAL L � ! Q  '5! Ol!  10 ! r ID  10 r 10! r LX� 00 l r PX�00!, ROX �00! r 3UX�00 l

1 000�rl 0! r I DD� ~ 10 ~ 3! r POw br 10 ~ 3r 5!
RFAL GASBP�!rGASSP  5! r MARR�!rP IPCAP �!r P IPMAI�r5!
REAL'Ir8 ZZ
INTEGER A AMAX ~ 8 ~ BMAX C CMAX D DIST DISTM DISTMM FLD
INTEGER l ~ FMAX ~ F LAG ~ H ~ HMAX r 8 Pr BPMAXr SP ~ SPMAX
CALL INPUT
00 1 8 = 1rBMAX
DO I C = lrCMAX
00 1 A = lrAMAX
CALL COMP   L hl rQ B! rOD C! r ID ~ CrC10r C3!
POW BrCr3rA! = THP
VQ = Q 8! /2
CALL COMP1  L  A! ~ VQr OD C! !
POW 8rCr 1rA! = THP
VQ = Q 8�3./4.
CALL COMP1  L  A! r VQr OD C ! !
POW BrCr2rA! = THP
000 8rC! = OD C!
IDD  8 r C r A! = IDP I PE
GO TO I
ODO BrC! = OD C!
IDD BrCrA! = 0 ~
POW  BrC ~ 1 rA! � 0 ~
POW  8 ~ Cr 2 r A! � 0 ~
P jW BrCr 3rA! = 0 ~
CONTINUE
CALL OUT 1
CALL I NPUT1
00 2 F=l, FMAX
PRINT 50 MARR F! +100.
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39

40
41
42

43
44
45
46
47

49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68

69
70
71
72

73
74
75

76
77
78
79
80
81
82
83
84
85
ae
87
88
89
90
91
92

~ tI

FAPS ~ ',
I !

G ~
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50 FORMAT  1 t50X ~ RAIE OF INTER' ST ' tF4 1 ~ PER CEi!T
1 / t50Xt '
2 / t50Xt ' ~ !

DO 2 H=l tHMAX
PRINT 51 t L IF E H!

51 FORMAT  0 t40X ~ EXPECTED LIFE OF ~IPEL I <E t I2f Y
1 / t40Xt '

DO 2 B=l t BMAX
PRINT 52 ~ Q 8 l

52 FORMAT{'0',20Xt'FLOW RATE: 'tF6.1t' MMSCF/!.'!
DO 6 =1tCMAX
PRINT 53 t OD  C!

"3 FORMAT{'0' t'LINE DIAMETER: ' tF5 ~ 2t ' IN.'!
I=O
IF t IOO 8tCt 1! ~ EQ-0 ~ ~ Oh ~ IDD{BtCt 2! ~ EQ ~ Oe ! GU TO 6
1=1
DU 4 BP= 1 t BPMAX
PRINT 54tGASBP BP!

54 FORMAT '0' 30X ~ 'GAS BOUGHT AT ' F4 ~ 2 ' DOLLARS/MSCF.
CALL PIPOUT MARR  Fl t Nl 8! tLIFF H! tB ~ H ~ ALPHA!
GPS1 = GASBP  BP !
GPS2 = GASBP BP!

20 GP = GPS2
A = 1
CALL POWOUT MARR F! N!  8! LIFE H! ~ Ml M2 GPSl!
A = 2
CALL PCWOUT  MARR  F ! t Nl   8! t LIFE  rl ! t Ml ~ M2 ~ GPS2!
CALL GASP!tF  MARR { F I Nl   8! L lf'E H! M! M2 Q 8! GAMMA!
GPEURI =   ALPHA+BETA�! +BFTA{ 2! ! /GAMMA + GPSI
GPS2 = GPS1 +   GPELiR1-GPS1 !'t258 ~ /498.
IF  GtPS2 ~  iT {GP+ ~ 01 ! l GO TO 20
PRINT 55 t iPS2

55 FORMAT �0X t ' AND CHARGED 'F4e 2 t ' DOLLARS/MSCF ' t
/t30Xt 'AT STATION 2 ~ ' I

DO '5 SP= 1 t SP MAX
IF   SP GT ~ 1! G l TO 19
PRINT 56

56 FORMAT   0 t 30X ~ SE  L IhiG PR ICE t 7 X ~ RATE OF RETURN
1 / t 30Xt '  DO  LARS/MSCF!' t 7Xt 'ON INVESTMEVT' l

19 IF  GPEUR1.LE ~  iASSP  SP ! ! GO TO 22
PR I h!T 21 t GAS SP  S P!

21 FORMAT  '0 t t ~ THIS PROPOSAL NOT F EASIBLF FOR  iAS SELL IN
1 PRICE AT tF4 ~ 2 ~ A/MSCF IV FRAVCE ~ I

GO TO 5
22 FLAG = 1

DUMR = MARR  F!
23 ROR = DUMR+ ~ 10
24 CALL P I POUT { ROR t Nl t 8! t L I FE   H l t 8 t H ~ ALPHA!

A = 1
CALL POWOUT RORtNI {8! tLIFE H! tMl ~ M2tGPS1!

A = 2
CALL POWOUTt ROR ~ Nl { 8! t LIFE {�H�! t Ml t M2 ~ GtPS2!
CALL GASPWF ROR Nl 8! ~ LIFE{ H! Ml M2 Q B! GAMMA!
GPEUR2 = GPSl + {ALPHA+BETA�!+BETA�! !/GAMMA
GO TO �5t28t31! tFLAG

25 IF  GPEUR2-GASSP SP! ! 26 ~ 32 ~ 27
26 DUMR = ROR

GO TO 23
77 FLAG = 2

ROR = DUMR+ ~ 02



93
94
95
96
97
98
99

100
101

E XT ENSI QN+
102
103
104
105
106
107
108
109
110

GO Tn 24
28 IF  GPEUR2-GASSP SP!! 2.'i32e 30
29 DUMR = ROR

GO TO 27
30 FLAG = 3

ROR = DUMR + ~ 005
GQ TO 24

31 IF  GPEUR2-GASSP SP!! 29y32i32
32 PRINT 57iGAS SP SP!iROR+�0

IQ-C
57 FORMAT  0 e35X ~ F4 ~ 2i15XiF4 ~ I ~ PER CENT ~ !

5 CONTINUE
4 CONTINUE

IF   I ~ EQ ~ I! GQ TO 2
6 CONTINUE
7 CQNT I NUE
3 CONTINUE

STOP
ENO
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SUBRGUTINF. INPUT

112
113
114
115

116
117

118
119
120
121

122
123
124

125
126

127

128

129

130 IF  G ~ EQ ~ 0!
C

131 IF   PB ~ EQ ~ 0 l
C

132 IF  TB ~ EQ ~ 0!
C

133 IF  K ~ EQ ~ 0!
C

134 IF  P2 ~ EQ ~ Ol
C

135 IF   PC ~ EQ ~ 0 l
C

136 IF   TC ~ EQ ~ 0!
C

137 IF   TF ~ EQ.O !
C

138 IF  FE EQ ~ 0!
C

139
140
141
142
143
144
145
146
147

PB= PBO

TB= TOO

K= KO

P?= Pc 0

PC= PC 0

TC= TC 0

TF= TF0

FE= FECI

IF   FF ~ EQ ~ 0! FF= FFO
00 1 A = 1yA MAX

1 READ 12 tL A!
00 2 B = liBMAX

2 READ 12 eQ B!
DO 3 C = 1yCMAX
READ 12 eOO  C!
CALL IDSUR OD C! eCe IOl

3 CONT I NUE 261

DIMENSION BETA�!rN1�!yLIFE�l
COMMON /COM1/ A, AMAX B,BMAX ~ C CMAXyD ~ L Q 00 I 0 300 I 30 PUW
COMMON /COM2/ STEPL eR01 tR'32 ~ GsPB e TB ~ KeP2 ~ PCs TCe TFeFE OFF
COMMON /COM3/ STEP  0 ~ R010 R02U ~ GO PBO TBO KO ~ P>O ~ PC l TCO TFO ~ <E3 ~

I FFO
COMMGN /COM4/  DPI PE,LX,PX,ROX,BUX ~ DI STMM ~ PAV,RC AV,9 JAV THP,'V,UHP
COMMON /COMA/ Ml M2 FMAX HMAX MARR LIFE RPMAX SPMAX

1 G A SB P ~ G A S S P e N 1 ~ P I P C A P ~ P I P I4I A I
INTEGER A AMAX B RMAX C CMAX D DIST DISTM ~ DISTMM ~ FLD
INTEGER F ~ FMAXy FLAG ~ HyHMAXyBP ~ BPMAXe SPySPMAX
REAL I CP I PE
REAL L�! e Q�! F00  �! e ID�0elOl eLX�00!e PX�00!PROX  100! v BUX�00! i

1 000� ~ 10! t IDD  5y 10 ~ 3! ~ POW� t 10' 3t5!
REAL GASBP�! yGASSP�! yMARR�! yPIPCAP�! gPIPMAI�g9!
READ 11 y AMAXy BMAXy CMAX

11 FORMAT�12!
C AMAX IS THE NUMBER OF P IPEL INE SECTIONS CONSIDERED
C BMAX IS THE NUMBER OF FINAL FLOW RATES CONSIDERED
C CHIAX IS THE NUMBER OF OUTS IDE DIAMETERS CONSIDERED

READ 12, STEPL, RO1, R02, G, PB, TB ~ K ~ P2, PC ~ TC, TF, FE, FF
12 FORMAT FBI 2!

C STEPL �0 ~ MILES IF 0 l
IF   STEPL ~ EQ ~ Ol STEPL= STEPLO

C DENSITY R01 OF PIPE �90 ~ LBS/CFT IF 0!
IF  R01 + EQ ~ 0 ! ROi=ROI ',

C DENSITY R02 OF SALTED WATER � ~ 64 LBS/CFT IF 0!
IF   R02 ~ EQ ~ 0 ! RO2= RO2  

C SPEC IF IC GRAVITY OF NAl URAL GA'S � ~ 66 IF 0!
G= GO



148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
lee
167
168
169

RETURN
ENTRY INPUT1
READ 1 le Ml y M2
READ 11 ' FMAXyHMAX
DO 4 F=l rFMAX
READ 13iMARR F!

13 FORMAT�0F5 ~ 3!
DO 5 H=1 ~ HMA X

5 READ 11 ~ L I FE  H!
READ 1 1yBPMAXySPMAX
DO 6 BP= jr BP MAX
READ 12 GASBP BP !
OD 7 SP= 1 g SPMAX

7 READ 12pGASSP SP!
OO 8 B=l y BMAX
READ 1 1 ~ Nl B!
READ 14 ~ PI PCAP B!
DO 8 H=l yHMAX

8 READ 14 ~ PIPMAI  ByH!
14 FORMAT BF10 0!

RETURN
END
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170
C

C I
C

171
172
173
174

175
176
177

178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193

SUBROUTINE COMP  VL,VQ,VOD, ID,C,~,~!

COMMON /COM2/ STEPL,ROI,RI
 G,PB TB,K P2,PC, TC,TF,FE,FF
COMMON /COM4/ IDPIPEyLXyPXyROXyBUX ~ 0I ST  M ~ PAV ~ R1AV ~ 3UAV ~ THPy ViUHP
INTEGER A ~ AM AXe 8 ~ 8' AXtCtCMAX ~ Dr D I ST ~ DI STM ~ Ol STMM NFL 1
REAL L�! ~ Q�!yOD �! ~ ID�0 ~ 10!yLX�00!yPX�00! ~ ROX�00! ~ BUX�'�! ~

1 ODD '5 t 10! ~ I DD  5r 10 ~ 3 ! t POw l '5 ~ 10 ~ 3 ~ 5!
REAL I DP I PE ~ K
PAVSUB PAiPB! = 2,/3.4  PA+PH � PA+PB/ PA+PB! !
BU SUB  Von, Vt 0, VRO, uROI, VROZ!

1 I   VR02-VR01! > VOD+VUD +   VROl-VRO! <VI 0+V I '! ! * 3,14159/576 ~
OI STM = VL/STEPL + 1
DISTMM = DISTM + I
LX DI STMM! = VL
DO 1 I = 1y10
IDPIPE = IDICt I!
CALL FLOTYP  VQe I OPIPEs GePBe TB ~ KeFLO ~ FRN!
CALL PFLO VL VQ IDPIPF FRN,FLO P C5!
PX  D I STMM! = P
ROX DISTMM! = ROSUB PX DISTMM! !
BUXl DI STMM ! = HU SLIB  VOD IDP I PE ROX ID I STMM! RO1 %07 !
IF  HUX DISTMM! . LT.O ~ ! GO TO 2
CONTINUE

2 IF   I ~ GT ~ I! GO TU 3
IDP I PE = ID Ce I !
PRINT 21t VLe VQrVOO

Zl FORMAT 'O', ' WARN IN FROM COMPUT: FOP L= ' F6,! ~ ' r Q= ' F6 ~ 1

194
195
196
197
198
199
200
201
202
203

204
205
206

207
208
209
210

211
212
213
214

1 AND DD= ~ F4 ~ 1 t / ~ THERE IS VD ID WF CONS '!ER ~
2 LARGF ENOUGH TO MAKE THF L I NF. BUOYANT ~ ',
3 / ' PROGRAM WAS SFNT TO NEXT COMPUTATI3N I V MAIN ~ ' !

RETURN 1
3 I = 1-1

IDPIPE = ID Cyl!
GU TO 7
ENTRY COMP1  VL ~ VQ ~ VOD!
CALL FLOTYP  VQg I DP II'ED GtPB yTBy KyFLOy FRN!

7 CUNT I NUE
DI STMM = DI 5 TIKI + 1
LX D I STMM! = VL
CALL PFLO LXlDISTMMI ~ VQr IDPIPEwFRNeFLO ~ Ps65!

C A NEUTRALLY OR POSIT IVELY BUOYANT PIPE HAS BEEN FDUND ~
C IF PI/P2 ! 2 ~ r GU TONEXT COMPUTATION IN MAIN9

IF  P ~ LE ~ 1500 ~ 0! GU TO 8
PR IN T ?2 i VL e VQ ~ V OD ~ I. DP I PF ~ P

22 FORMAT  '0' ~ MESSAGE FROM CO"IPUI: FOR L= ' F6 ~ '! ' Q= ' ~ F6. 1
1 tOD � i F'5 ~ 2t AND ID= ~ F5 ~ 2 ~ / ~ A BJOYANT LI !F. ~
2 EX I STSi BUT Pl/P2 I S GREATER THAN 2 ~ e W I TH PZ=
3 F 6 I y PROGRAM WAS SENT TO NEXT COMPUTAT I DN IN MA IN ~ !

RETURN 1
8 PX DI STMM! = P

ROX DI STMM! = ROSUB PX OI ST4!M ! !
BUX DI STMM! = BUSUB VOO, IDPIPE,RJX DISTMM!,ROl,RO2!

C COMPUTAT ION OF P .D. B. PROF IL FS o
00 4 DIST = leDISTM
LX DI ST! =   DIST-I ! ASTEPL
CALL PFLO LX DIST] VQ IDPI PE FRV FLD I' 65!
PX DI ST! = P
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215
216
217
?18
214
220
221
222
223
224

ROX DIST! = ROSUHlPXlDIST! !
Hux DIST! = HUSUa VOD,tDPIPE,RJX DIST!,R01,R02!
CCINT I NUE
PAV = PAVSU8  PZ i PX  0 ISTMM ! !
Ri]AV = ROSUH PAV!
HUAV = HUSU8 VOOitDPIPEeROAViRGliR02!
CALL POAER  PE VQr�TMP�~�N~�dHP� !
RETURN

5 RETURN 2
END

264



225

265

226
22T
228
229
230
231
232
233
234
235
236
237
238

SUBROUTINE POWER VPt VQ» THP ~ N ~ UHP I

COMMON ICOM? I STEPL ~ RO1 PRO? ~ G ~ PB ~ TBy K» P2 ~ PC ~ TC ~ TF ~ FE ~ FF
REAL KPyKT
KP = ~ 9
KT = 1.0
SCR ~ VP/P2

2 IF lSCR-1»5! 3 ~ 3y»
3 VHP = [ SCR-1 ~ 0! ¹ 50» 0

GOT05
4 VHP = �5 ~ 0 +  SCR-1 ~ 5! ¹3 7 ~ 5! ¹ 1»?0
5 FUHP = VHP¹KP¹KT

THP = FUHP¹VQ
6 RETURN

END



239

248
249

250
251
252

266

240
241
242
243
244
245
246
247

SUBROUTINE FLOTYP VQ V ID VG VPB VTB VK FL3 FRNI

INTEGER FLO
FRNSUH VQe VIDeVGeVPBeVTB! = 59 ~ 7+VQ/VID+VG+VPB/VTB+I ~ Eb
CRNSUB VID ~ VK! = 20 ~ '	2+VID/VK+ALOGIO� ~ 7~V�/VK!
TRNSUB VCRN! = ~ 706+VCRN++1.04 + 53350 '
FRN = FRNSUB VQ ~ VIi3r VG ~ VPB ~ VTB!
CRN = CRNSUB VI DeVK!
TRN = TRNSUH  CRN !
IF  FRN ~ GT ~ TRN! GO TO 1

C
C PARTIALLY TURBULENT FLOW
C

FLO = 1
RETURN

C
C FULL Y TURBUL ENT FLOW
C

1 FLO = 2
RETURN
END



SUBROUTINE P FLU  VL ~ VQ ~ VIP t VFRN ~ FLOi P ~ ¹!253

254
255
256
257
258
259
260
261
262
263
264
265

266
267

268
269
270
271
272
273
274
275

276
277
278
279

267

COMMON /COM2/ STEPL ~ ROlykl
 ~ GyPB ~ TB ~ KyP2 ~ PC ~ TC ~ TFyFE ~ FF
INTEGER Ay AM AXr8 yBMAXyC yCMAX ~ D QADI ST ~ D I STMr OI STM4 NFL'3
REAL¹8 ZZ
PSUB VLrVQsVF ~ VP! = SQRT VP¹VP + VL¹VQ¹VQ¹Vf !
PAVSUB PAiPB! = 2e /3 ~ ¹  PA+PB � PA¹PB/ PA+PB! !
PAV = P2
DC 5 I = le 1 0

I CALL ZSUB PC ~ TCt TFePAVtZZ!
Z= ZZ
GO TO � ' 3!r FLO

2 CALL FTSUB  VFRNe FT ~  '8!
F Z¹ G/.6¹TF/520 ~ ¹   PB/14 73¹520. F 6/TB/. 775/ V I 3¹¹? . 5

1 /F E/F T/F F ! ¹¹?
GO TO 4

3 F Z¹G/ ~ 6¹TF/520 ¹   PB/14 73¹520, E6/TR/3 ~ 1 / VID¹«2 ~ 5
1 /FE/ALOG10� ~ 7¹VID/K! !¹¹?

DUMP = P SUB  VLi VQeF ~ P? !
MIN = PAV � 5 ~
MAX = PAV + 5
PAV = PAVSUB P2 i OUMP!
IF    MIN ~ LT.PAV! ~ AVDe PAV ~ LT ~ MAX! ! GO TO 7

5 CONT I NUE
PRINT 13 VL VQ VID VFLO

13 FORMAT  '0' g ' 10 LOOPS MADE IN PFLO FOR VL= ' e F5 I g ' i VQ= ' r F5 ~ I y
1 ' ~ ID= ' F4 I '  FLO= ' ll ' !' !

7 P = DUMP
RETURN

8 RETURN 1
ENO



FUNC T I CN ROSUB< VP j?HQ

268

281
282
293
284
285
286
287

C0N'NON /CUM2/ STFPL ~ R01 ~ R02 e Gi PB r TBiKiP2e PCe TC ~ T FUFF q FF
REAL+8 ZZ
CALL ZSUH PC~TCtTFiVPiZZ!
Z = ZZ
RCSUB = VP+G+28 ~ 97/Z/ 10.732/TF
RETURN
END



SUBROUTINE F TSUB   VFRNe FTt +!288

319
320
321
322

269

289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318

FTFRN X! = X+10 ~ +~   X+ ~ 60!/4 ~ !
I = 1
J = I
K = 1
FT = 0 ~
VFT = 0 ~

1 A = FTFRN FT!
IF   A-VFRN! 2111 t3

2 I = I+1
IF 92 I.GT ~ 4! GO TO 9
VFT = FT
FT = FT+10 ~ 0
GO TO 1

3 FT = VFT
4 A = FTFRN  FT !

IF   A-VFRN! 5y llg6
5 J = J+1

IF   J ~ GT 11! GO TO 9
VFT = FT
FT = FT+ 1 ~ 0
GO TO

6 FT = VFT
7 A = FTFRN FT!

IF  A-VFRN! 8 ~ llyll
8 K = K+I

IF  K ' GT F 11! GO TO 9
FT = FT + .1
GO TO 7

9 PRINT 14~le JeK
14 FORMAT 'O','FTSUB IN ERROR: I= ', ll, ',J= ', �,',K= ' 12,

1 ' i PROGRAM WAS STOPPED ~ ' !
RE TURN 1

1 1 CONTINUE
RETURN
END



SUBROUTINE l SUB  VPC,VTCr VTFe VP r l l !323

324
0.33123524r
0.019703980r

-0 ' 13403614r
-0 ' 026 383354r

C ~ 066880961 r
0.019?62143e

-Ge027174261r
-Go011 53539r

0 ' 00885122 !Ie
0 ~ 004291 0089r

-0.0021520929r
-0.00081302526r

325
326
327

328

329
330
331
332
333
334
335
336
337
338

C C
C
C

270

REAL+8 C !EF  6r6! /
1 2 ~ 1433504r 0.10'572871r
2 -0 ~ 05? 184040r u ~053C95900
3 0 0831761 84r -0 ' 0503 �654r

0 ' 044312146r 0 ~ 0089178330r
-0. 02 1467 C42 r 0 ~ 03 50924798 e

6 -0. 019329465, -0.010894821r
7 -0 ~ OOC87140318r C ~ 010551336r
8 0.005897 2516r 0 ' 009559389r
9 0 ~ 0042846283 r -0 ~ 0073181933 r
1 0 ~ 0015366676, -0 ~ 00 60 11 401 7 r
2 -0 ~ 0016595343 r 0 ' 0026959963r

-0. 0028326809, 0 ' 0031175170/e
ZlrPOLSUB

PR = VP/VPC
TR = VTF/VTC
IF    PR.LT ~ ~ 1 ~ OR ~ 14.ALT.PR!.OR ~  TP .LTD 1.05 ~ OR ~ 2 ~ 95 ~ LT.TR!

1 PRINT 15rPReTR
15 FORNAT '0' r ' THF RA'eGE FC'R PR VALUF5 IS ~ 1 TO 14~9 ANO PR= ' ~

1 F5 ~ 2 e ' THF RANGE FOR TR VALUFS IS 1 ~ 05 TO 2 ~ 95 AND TR= ' r
2 F5 ~ 2r rl 15 IN FRROR ~ !

U =   2.+PR � 15 ~ ! /14. 8
V = � ~ +TR � 4r ! /1 ~ 9
ZZ = ~ 0
OO 2 I = 1 ~ 6
OO 1 J = 1r6
ZZ = Zl COEF  I J!+POLSUB  I ~ V!+POLSUB  J ~ Ul

1 CONT INUE
2 CONTINUE

RETURN
END



FUNCT ICN POL SUBl Kt w!3 39

R E A L + ! l A - H r  ! - 0 !
t2 ~ 3t tt5 ~ 6! tK

. 7071068

271

C C
C C

340
341
342
343
344
345
346
347
348
349
350
351
352
353
354

INPL ICIT
GU TO �

1 POL SUB
RF TURN

Z oOLSUB =
RETURN

3 POL SUB
RETURN

4 POLSUB
RETURN

5 POLSUB
RETURN

6 POLSUB
RETURN
ENO

1. 2 2474 5t' W

~ 7905695<  3t W+W - I !

.9354145+�+W~~3 - 1!

~ 265165+  ~5+W'«+4 - 30+WttW + 3 ~ !

~ 293151+  63+W++5 - 70trWtt+3 + 15~W!



SUBROUTINE IOSUH VUDyC y ID I

272

356
351
358
359
360
361
362

INTEGER A~AMAXq H e RMAX~C~CNAX ~ D ~ 0 I STAN�DI STI4I ~ Dl ST%4 ~F LO
REAL IDI 10 ~ 10!
DO 1 D = lt10
I D C ~ Dl VOO ~ 75 0+ ~ 25

1 CONT I NUE
RF TURN
END



SUBROUTINE P IPOUT   ! NCONS NL I FE B H, A  PHA!>63

'! 64
365

�6
367
�8
369
37Q
371

372
>73

273

DIMENSION BETA�! Nl�! >LIFE�!
COMMON /COMA/ Ml yMZ y FMAXg! MAX' MARRyL I E y BPMAXg SPMAXg

1 GASBP GASSP NI P IPCAP P [PMAI
INTEGER A AMAX B BMAX C CMAX 0 DIST DISTM QISTMM FLQ
INTEGER FyFMAXgFLAGyHgHMAXyBPyBPMAXg S>iSPMAX
REAL GASBP�! yGASSP�! ~ MARR�! ~ PIPCAP�! ~ PIPMAI '5y.>!
SPWF  NV ~ RV! = 1 /   1+RV! +*NV
UPWF NV ~ RV! = 1/RV +   1-1/�+RV!++NV!
ALPHA = PIPCAP B!/NCONS+UPWF NCONSeR! +  PIPMAI BvH! +

1 ~ 01+ P IPC AP   B! ! + UPWF  NCONS+NL IFE e R!
RETURN
END



SUHROUT I NF POWOUT  R ~ NCCNS r NL IF E ~ '� ~ M2 ~ GP!374

375
376
377
378
379

380
381
382
383
384
385

386

387

388
389
390

274

DIMENSION BETA�!
COMMON /COMB/ BE TA
COMMON /COMI / A AMAX 8 BMAX C CMAX 0 L Q OD I 0 00'! I 03 P94
INTEGER Ar Bt C
R'E AL L   3 l r Q   5 ! ~ 0 D{ 1 0 I t ID   1 0 ~ 1 0! ~ L X   1 00 ! ~ P X   I 00 ! ~ ROX   1 00 I r AUX   I 3 0 ! r

1 ODD� 10!.IDD�r 10r3!rPUW�, 10. 3,5!
SPWF { NVr RV! = 1 /   I+RV! t't'NV
UPWF  NVr RV! = 1/RV rt   1-1/�+RV! t'+NV!
N2 = NCONS + MI
N3 = N2 + M2
M3 = NL I F E - M1 � M2
POWCAP 500 ~ + ~ 2t'  POW{ ! ~ Cr 1 ~ A!t SPHF "ICONS ~ Rl

1 + POW{ BrC r 2rA !t' SPAF  N2 R !
2 + POW BE Cr3rA!t' SPrrF %3rR! I

POWOPE = 120 t'UP WF   NL IFE r R l ttSPWF   NCONS ~ R !
1 + POW B rC r 2 r A!+UPWF  Ml r R! tS PWF  NCONSr R l +GPt' ~ 365t' ~ 288
2 + POW  8rC r 2 r A!+UPWF   M2r R I t'SPWF  N2 ~ R!«GPt' ~ 365t'.288

+ POW  BrC r 3 rA!t UPWF M3r R !+SPWF  N3 ~ R l +GP+ ~ 365+ ~ 288
POWMA I = ~ 005 t   PO!r   B ~ C r I r A l +UPWF  Ml r R I t'SPr F   NCONS ~ R !

1 + P U W   8 r C r 2 ~ A l t'UP WF   M. r R ! t' S P W F { N2 r R !
2 + P 0 W   8 r C r 3 ~ A ! t'U P W F   M 3 r R ! t' S P W F   N 3 r R l !

BETA A! = POWCAP + POWOPE + POWMAI
RETURN
END



SUBPOUTI NF GASP WF  R NCONS ~ NLIFE Ml M2 VQ GAMMA!391

392
393
394
395

396
397

275

SPWF NVyRV! = I /   I+RV!++NV
UPWF  NV ~ RV! = 1/RV + �-1/�+RV! ++NV!
M3 = NLI FE � Ml � M2
GAMMA = VQ+365 ~ +   I /2 ~ +UPWF MI R!+SPWF N"ONS R!

I + 3 ~ /4 ~ +UPWF M2iR!+SPWF NCONSqR!
? + I ~ +UPWF   M3e R! +SPWF  N" ONS+Ml+M2 e R! I

RETURN
ENO



SUBROUTINE OUT   VL rVQtVOD!398

399
400
401
402
403
404

405
406

407
408
409
410

411
412
413

414
415

416
417
418
419
420

421
422
423

424
425
426
427

428

<EXTENSION+
rEXTENSIQN+

429

430
431
432

276

CQHMON /COM1/ A,AMAX 8 BrtAX C,CMAX 0 LrQrQD ID ODO IDD PDW
COMMON /COM2/ ST EVE RQ 1 ~ RQZr G ~ PB t TB ~ K rP2 r PC ETC ~�TFrFE� ~ FF
COMMON /COM t/ IDPI PE tLX ~ PX r ROXr BUX ~ D I ST~Mr PAV ~ ROAV ~ 8 JAV r TIP ~ Nr URP
INTEGER ArAMAXr8rBMAXrCrCMAX ~ 0 ~ DI STrOISTMrOISTMMrFLQ
REAL I DP I PE
REAL L{3! rQ{ 5lrOD�0! ~ [D�0r10! rLX�00! ~ PX�00! rRUX�00l ~ BUX�00! ~

1 ODO{5r10! r IDD�r 10 ~ 3! rPOW� ~ 10 ~ 3r5!
PRINT 31r VL ~ VQ r VQ ! r I DP  PE

31 FORMAT{ 1 ~ 50Xr RESULTS FQR L= rF5 ~ 1 ~ ~ Q- tF6 ~ lt rQD= rF5 ~ 2r
1 t ID= ' r F5 ~ 2!

DO 1 DIST = 1rDI ST'"M
DL = VL-LX{ DIST!
PRINT 32 ~ DL ~ PX  0 1ST ! ~ PQX DIST�! ~ BUX{DI ST!

32 FORMAT  /r25X ~ L= ' rf5~1r20X ~ ' ~ P= 'r Fb ~ I r ' rR3= ' tF6 ~ 2r
1 rBU= ' if6.2!

1 CONTINUE
PRINT 33rPAVrRQAVrBUAV

33 FQRMAT {/r 25X r AVERAGE VRFSSURE IN SECTION WOULD BF rF6 1 r
1 /r25Xr'AVERAGE DENSITY IN SECTION WOULD BF 'rF6 ~ 2r
2 / 25X 'AVERAGE BUOYANCY IN SECTION WOULD BE ' F6 ~ Zl

PRINT 34r Ar THP
34 FORMAT{/ ' THE TOTAL HORSEPOWER NFEDED AT PUM>ING STATION NO

1 � ~ IS ~ F6 ~ Ol
GO TO 3
ENTRY OUT1
DO 2 8 � 1rBMAX
PRINT 35rQ B!

35 fORMAT  1 r25X ~ POSSIBLE CASES FOUND FEASIBLE FRO ! A STRUCTUWEr ~
I FLOW ANO POWER REQUIREMENTS POINT OF V IEWr ' r
2 / 50X 'FOR Q = ' F6 1 ' HMSCF/D ~ ' / 50X

!
IF { AMAX ~ LE ~ 2! GO TQ
PRINT 36

36 FORMAT / ~ 'MESSAGE FROM OUTI: FORMAT ARE FOR AMAX=2 IN THE
U 'PRFSENT SURPRDGRAHr PROGRAM WAS STOPPFOr PLEASE
2 ' REARRANGE FORMAT STATEMENTS. ' l

RETURN
4 OQ 2 C=lrCMAX

PRINT 37rODD BrC! rIOD E rCr lit IDD{BrCr2!
37 FORMAT / 'OD = ' F5.2 ' INCHES AND' 26X ' I'0 = F5 ~ 2 ~ ' IN ~ ' ~

I 36Xr'ID = 'rF' ~ Pr' IN ~ '!
PRINT 39 ~ Q 8 l/2 ~ rPOW{ BrCr lr 1 ! rPOW{ Br C ~ lr2! rQ{ 8 !+3 ~ /4 ~ f

1 PQW   3r C r 2 r I I ~ POW  8 tC ~ 2 r 2! ~ Q { 8 l r POW  8t C t 3r I I r POW  8 ~ C r 3 ~ 2 !
IO-C
IQ-C

39 FORMAT /r10X rF6. lr 36Xr F6 ~ Or44Xr F6.0r
1 / 10X F6 ~ I 36X F6 ~ 0 44X ~ Fb ~ 0
2 /rlOX ~ F6. 1t 36X ~ F6 ~ Or44 X ~ F6 ~ 0!

2 CONTINUE
3 RETURN

END
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525 WILLIAM PENN PLACE

9wdri itrrigitx~V 'zri TELEPHONE
AREA CODE 212

888 4801
J. H. GALLAND

HANAGER
WIRE ROPE 6 ELECTPICAL CA8LE PRODUCTS WIRE PRODUCTS SALES

O QSS TIGER BRAND WIRE ROPE
January 20, 1970

H. T. CHESTER
SENIOR PRODUCT ENGINEER

WIRE ROPE PRODUCTS
HAILING ADDRESS:

TI 8ROADWAY
NEW YORK, NEW YORK IOOO8

Professor G.H. Savage
Department of Petroleum Engineering
Stanford University
Stanford, California 94305

S JEC ' OFP H RE TO ' SYST
Dear Sir:

With reference to our telephone conversation, you will find
enclosed curves shoving load strain characteristics of typical wire
ropes and of our 3X19 construction vith elevated elastic limit.
The material in the fatter ropes is very stable, in its stress strain
relationship. Repeated loading, within the elastic limits, does not
change the relationship shown.

You vill also find enclosed Table No. 1 of U.S.S. Torque
Balanced Ribpes. This chart supplements the brochure that you have
by giving weights in air and water for ropes with or vithout
extruded Jackets. The degree to which plastic Jacketing increases
the buoyancy of the cable in sea vater is shown in Table 1. This is
made possible by incapsulating the many internal voids of the 3-strand
construction. In very deep water the pressures will compress the
Jacket into the interstices of the rope. However, the maximum stress
encountered in a buoy's mooring should be near the surface where the
water pressure is less and the increased buoyancy is helpful.

I trust the information herein will ansver your immediate
questions concerning our Oceanographic Wire Ropes. We are sincerely
interested in your proJect and would be happy to discuss any aspects
of our products in detail with you.

Very truly yours,

E E'd
H. . ster, Senior Product Engineer,
Wire Rope Products

282

It is well known that the plastic Jacket vill enable the steel
rope to resist corrosion in sea water as long as it is intact. We are
still testing to determine whether corrosion v111 continue if the
Jacket is p1erced by small holes caused by fish bites. It 1s suspected
that even though the Jacket will leak, the oxygen supply vill become
depleted.
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0January 16, 1970

Z
III
VI

To I Sullivan S. Marsden, Jr.
Petroleum Engineering

F>oM : Godfrey H. Savage
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'C',  !GHS:lg

ccT F. G. Miller
R. L. Street
P. L. Boutin
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TA>LR OF ROU~R NOTATION

Net Buoyancy �000 lbs.! 30 4020 50

Spherical Shape
-Unit Cost Lot Size 100
-Unit Cost Lot Size 200

VI

Z

O

$11,725
$10,396

$15, 861
$15>409

$12>054
$10,567

$13,421
$12,005

Elliptical Shape
-Unit cost Lot Size 100
-Unit Cost Lot Size 200

C Z

C W
VI

$11,623
$10,248

$15, 816
$14,333

$15,536
$14,075

$13,509
$12>098

Diameter, Spherical Shape  ft.!

Diameters, Elliptical Shape  ft.!

8.48 9.72 10.7 11.52

10. 5 12. 25 13. 5 14. 5
5. 25 6. 13 6. 75 7. 25 0
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Sva>>c>: COST OF FLOTATION, BOTH MAIN METAL BUOYS AND GLASS FLOAT CABLES

By telephone, I received the fcllowing cost quotations which I
requested from Rohr Corporation, San Diego, California  sales volume
currently $400-million annually!. Bohr manufactured the large
ellipsoidal aluminum chambers for both Sea Spider I and Sea Spider II
�4,000 lbs. net buoyancy!. These metal buoys will be used to hold
up the towers prior to attachment of the pipeline. Rohr has promised
to substantiate these quotes in writing  Mr. Charles Kayte, Marketing
Department and Mr. Thomas Collard, Program Manager for Marine Products!.

Attached is a zerox copy of a letter from Corning Glass on the
cost of glass flotation. The cablemate floats have hard plastic covers
with eyes for attaching to steel cables; therefore the higher costs
over a plain glass sphere. These spheres test to 10,000 psi.

NOTE: This cost is for a buoy of 6061-T4 Al, chambered in eight slices for
safety against puncture. Maximum pressure ~ 500 psia �000 feet plus! .
All welded construction with external pad eyes.

3
0

Z 0
C
3





CC!LENIN i CiLA~.> KVOfil .-! ~ CC!INNING ~ Nf.'=W YORK

Sta»ford University
Mr. Jeff 11. Savage

24 Dec olllbor 1969

page 2

The above prices are provided for your planning purposes and
should not be considered as a firm fixed price. It is our
feeling, however, that the above prices are realistic and
would remain relatively cons tant dur'ing the next two to three
years. D' livery 'schedules are somewhat harder to predict but
f or planning purposes assume that the 10" versions could be
shipped within 6-8 months af ter receipt of order and the 16"
versions could be shipped wi thin 12-18 months af ter receipt
of order. If these delivery schedules are not acceptable I
am sure that, within reason, we can shorten this schedule.

I hope that I hhve been able to provide you with the in-
formation you needed and we at Corning wish you success in
your endeavors. If any additonal information is needed
please do not hesitate to call upon us. With best personal
regards, I remain,

Sincerely yours,

CO i'P/I NG GLASS WORKS

Gerald N. Moore

Advanced I'roduct s Dept .

.! 86
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January 16, 1970

Sullivan S. Marsden, Jr.
Petroleum Engi.neering

Faoh< : Godfrey H. Savage

Sue<Tert INTERVIEW WITH SAM SMALL, BECHTEL CORPORATION

On Tuesday, December 23, I met with Mr. Sam Small, Head of Marine
Pipeline Fngineering, Bechtel Corporation, to discuss construction costs

Basing the pipeline construction on present methods, Small estimatT
that the entire flotilla of equipment: pipelaying ship, supply barges,
tugs, equipment and personnel, will cost $50,000 per day to operate.

The key to the cost is the welding with Small estimating that they
could make 3 welds per hour on a 30-inch diameter pipe. This is accomp
by having welding done at 5 separate stations on each 40-foot section o
pipe. The only way the process could be speeded up would be to use lor
sections, but then a larg< r ship would be required. At the resent tin
however usin resentl >roven methods we could not ex ect to la mor
the 3000 f .t~f' * I:d  lah rd i. Thl 1 t f $12p
foot if no delays for weather and exclusive of materials and cost of
wedding the pipe to the subsurface structure.

The safety valves we have discussed  bag valves to seal pipe in t
event of leaks - quick release valves! might cost $15,000 per unit inc
ing the control if we base the cost on present quick release gate vali
for high pressure.

The pipe type used for marine work in API-5L-5LX. They find Jap;
pipe excellent and price advantageous.

Discussing the costs of laying bottom mounted pipe out to a dept
where it could float undisturbed by bottom effects, Small suggested
$5000/inch diameter/mile, exclusive of materials, as a rule of thumb.
The Oil and Gas Journal  September 15, 1969! estimates a cost of $2ef
$3.00 per foot per inch diameter for pipeline laid in 90 feet of wet<
or $13,000/1 h dt et /&2 ~tl dt t 1 1 . Ti c fee ar'
consistent.

Asked about corrosion, Small said that their concrete coating o
marine lines has been demonstrated to last 20 years, but they also u
electric charge and cathodic protection and do not have ma!or proble
in marine lines. I was very surprised. They use a 7 concrete co'
on marine lines.

It is diificult to pro!ect much of present methodology into th
construction of a floating line, but these figures and opinions are
only kind of basis we have.

GHS:lg

ccr F. G. Miller, R. L. Street, P. L. Boutin
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SUBJECT: PIPE AND CABLE COST INFORMATION GIVEN

BY MR G ~ H BONGERS i BECHTEL CORPORAT ION

Price/ft

.254

.573

. 784

Diam.

1/2 inch

3/4 inch

1 inch

1-1/8 inch

type

3 x 19

3 x 19

3 x 19

3 x 19 . 972

These were U.S. prices for unjacketed steel bridge cable.

Shipping and plastic coating costs should be added.

G. H. SAVAGE
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On Tuesday July 21, Mr. Bongers, at the request

of Mr. Lee Snyder, telephoned the following information

on pipe prices for type X52.

24 inch OD, 5/8 inch wall � $13 to $14 per foot

30 inch OD, 5/8 inch wall � $17 to $18 per foot

36 inch OD, 1 inch wall � $40 to $50 per foot

These prices were European prices, probably Italian. He

noted that the 1 inch wall thickness pipe was unusual

and the price was a rough estimate.

Cable prices were as follows.




