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A thesis submitted in forefilment of the requirements for the degree
of Doctor of Philosophy - 1977.

SUMMARY

For many years the physical design of offshore hose has relied on
subjective opinicn and experience only occasionally pcpulated by factual
Jesign criteria. Similarly the testing of the same could only be
described as a faint shadow of reality. It was against this background
and an increasing history of hose fallures that the work described by
this thecis wes initiated in the form of an 1.H.D project put forward by
Dunlop Limited.

T™e thesis Gescribes the initial investigation into the problem and how
this was translated into long, medium and short term objectives togetlher
with sn action plan necessary to achieve the same.

A peed for objective design information was identified in the very early

stages of the project. This precipitated the setting up and conduction

of field tests, ofishore Nigeria 1973, designed to monitor the forces
acting on such hoses at a Single Buoy Mooring installation. In orcer to
sxtend the scope of the above tests a need was highlighted for the
establishment of model testing facilities aimed at studying the submarine
hose system design for such terminals. Such facilities were designed,
installed and resulted in the establishment of much desired information,

Opn the basis of the above work, a full scale test rig was designed, 1in
order to simulate load generation on hose under laboratory conditions.
The rig as designed was installed during 1976/7, following which initizl

Ayt

hose testing has bezn conducted.

On the basis of results to date, all indicaters point to a realistic
testing situation {rig and service failures relate), which should
enable future hose designs to be based on scientifical fact yathar than

opinion.

INDEX TERMS:

OFFSHORY TERMINALS
HOSE

MODEL TESTING
TEST RIG
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I. SYNOPSIS AND COCNCLUSIONS

Hoses have been used at single buby moofing terminals since their
inception in 1958 and during this time tanker sizes have grown
enormously with the hoses servicing them growing in proportioa. Chanzes
in hose design have also occurred but often only as a result of 2all
too painful experience. In the early days problems were perhaps to
be expected, as a product designed essentially for use on land, was
being asked to operate reliably in a totaliy different environment.
Early experience was, however, quite encouraging and, other than the
increase of hose size the basic technology of hose design was not
forced to adapt to the new civcumstances.

Eventually, the trend to larger sizes revealed the essential weak-
nesses of the dcsigns and the criteria upon which these decisions
were based. Larly attempts to improve hose 1ife and reliability were
based upon an intuitive understanding of experience and, although
often successful, the performance of the next generation of hoss and
its relationship with the design changes was not understood sufficiently
to optimise the design process.

An initial investigation by the writer confirmed the already held
suspicion of an increasing hose failure rate with respect to
increasing bore size: Also the fact that poorly kevt records, by oil
companies and manufacturcrs alike, had in'effect been masking the

above tread for some considerable period. In addition it was also

determined that:-




(a) There existed a total lack of design criteria data unon
which to reasonably specify the performance and characteristics
required of the product.

(v) Given the assumption that the latter could be made available,
few design methods, analysis techniques etc were availavle within

the industry by which to utilise the information gained.

(c) Totz2lly inadequate test me thods, procedures or indeed
equipment existed by which to evaluate revised or even existing
product design prior to service installation.

A strategy was therefore put forward by the writer in order to supply
the needs expressed in relation to the aforegoing statements. The
‘basic elements of this strategy may best be described by Figure (20),

however che programme basically involved:-~

(1) Establishment of design information.
(2) Analysis of such in relation to product design.
(3) "Realistic" testing of resulting designs.

Because of the organisation of the company in which the project was.
conducted, the writer achieved total responsibility for areas (1) and
(%) and a shared responsibility in area (2). It was proposed that thn
existing development potential should be expanded in order to forefil
much of the improvement needed in relation to direct hose design
technology.

FIELD TuESTING

After careful study of the problems involved it was considered that in
order to gain a knowledge of design forces etc., which were reliable

and attainable in a short period of time, field measurements would be



required. A comprehensive field study rrogramme was therefore set-up
in order to monitor the loads acting on hoses at a typical single
buoy mooring terminal. The location eventually chosen being offshore
Nigeria.

Because work of the nature involved had previously not been ccnducted
in relation to such a2 situation it was necessary to formulate study
methodology as well as equipment design and construction. Due to the
adverse environmsntal conditions under which the tests would be
conducted great emphasis was placed on system integrity and reliability.
The study was eventually conducted during the last half of 1973. (NB:
Since the completion of this study a similar study has been conducted

in Japan by a competitor - results unpublilished, and further, such

e

studies are being discussed by major oil companies).

As a result of the said field work reliable design data was at last
made available. The results of the study may be summarised as:-

(a) | The information required in terms of the identification of
the vrinciple loading modes, their respective magnitudes and -
application frequencies were determined.

(b) A general hypothesis that most failures result from an
inability to combat fatigue rather than an exceeding of 'design'
loads.

(c) Some correlation between the various forces measured and
prevailing sea conditions, particularly a dependence in relation to
short period, (choppy), waves.

(NB: One immedintely observable result of the said étudy was the
design of a new type of "Buoy Connection Hose" which has been installed

and proved to give longer life expectancy by a factor of approximately

3, ie: 6-18 months).




MODEL TESTING

It was recognised at the on-set of the project that field testing
could only forefil a small, allbeit extremely vital, rcle in relation
to establishing design criteria. Resources and expense were naturally
heavy factors in this decision although practicalities of the various
system designs employed also were extremely important considerations.
Whilst floating hose systems may be generally cﬁnsidered similar,
(apart from weather conditions) for all terminal sites, the differences
and scope of submarine hose systems was immense. Avart from the basic
system designs commonly employed, ie: Lazy 'S', Steep 'S', Chinese
Lantern etc., many variations exist in respect to each of these
resulting in such éomplex interaction that no two systems may be
regarded as identical. It was in this area therefore that it was felt
that model testing could play an extremely important role.

“hilst determining the tyve of facility required it was recognised

that mary forms of model testing basins existed both within the UK

and World-wide. However it was discovered that although such facilities
had been latterly used to study SBM terminals, such studies had been
generally restricted to the buoy, tanksr, mooring and anchoring systems.
On the few occasions that such tests included the submarine hose
system, the results had been uncomrromisingly bad. The latter generally
being due to the high modelling scales employed and a lack of
knowledge/appreciation with respect to hose characteristics.

Armed with the above information a proposal was put forward for the
installation of a purposely designed unit aimed at filling this gap

in existing facilities. The proposal was accepted and the necessary

equipment designed and installed during 1974, This equipment was




empleoyed with considerable success with respect to oroviding
information to the company in terms of design data and in terms of
design studies for potential customers. Due to the success and
resultant high utilisation of the facility installed a second and
more sophisticated unit was desigped and installed during

1976.

Generally the benefits derived from the model testing conducted may
be summarised as:-

(a) An indication that no single system or system variant may

T

be deemed as the 'ideal solution'. Each site or terminal has its own

particular anomalies which require a tailor designed systen.

(b) The need to clearly -define reaiistic system parameters (eg:
water depths, sea conditions etc) before commencing to design the
submariné hose configuration.

(c) Identification of areas where small changes can influence
major changes to the system, (eg: mamnifold angles, hose lengths etc.)
(a> The ability to optimise the design of system for stated
conditions, then measure the 1oads inherent in that system design under
varying conditions - Survival, Maximum and Normal Operating.

(e) The provision of the above data for hose design and testing
DUrpOSES .

The success of the model testing facility éan be judged by the number

of substantial contracts won by the Division in which model testing

formed an integral part of the package.




DYNAMIC TEST RIG

Of fundamental importance to the project, (its aim as expressed by

the Company), was the desisn of a simulation testing facility.
Previously the only mettod of evaluating revised design was to put
prototypes into service and await results, with the attendant
consequencies of such actions. |

The subject areas previousiy described, whilst complete in their own
rights, were designed so as to provide data for the design and progr-
amming of such a rig. With the data thus provided a design study

was undertaken by the writer resulting in & number of design options.
From these a single option was selected (nominally on an information :
cost ratio basis) for a further detailed design study.

On completion of the said study a technical and financial presentation
(Sanction application) was made to Dunlop, whereby a request was made
for funds in order to build such a test rig. The application w=s granted,
and the rig successfully constructed and installed &uring 1976/77.

A hose test programme has been initiated on the test rig (initial
programme period covers 12-18 months), which has been found tc perform
satisfaciorily. On the basis of early test results, the failures
produced by rig testing concur in general type with those occurring
under service conditions. The hypothesis that the rig is realistically
simulating service loading conditions might therefore be made although
it is recognised that further proof is required in order to confirm the
initial results.

Since the subject of the project has been real problems in a practical

environment, frequent reference is made throughout this thesis to



commercial and financial factors, which have been treated with equal

importance to technical consideration.

FURTHER WORK

In many ways the methodolegy of this oroject and thesis has been to
create the foundations and framework upon which to build the future
development of offshore hecse. It is recognised that much of the work
contained is either incompliete or subject to improvement or extension.
It is considered that additional work is required in some or ail of
the following areas in order to supplement the work presented.

(a) It is essential that further field work is conducted in
order to confirm the results of earlier work and that information
gained from model testing. In addition greater emphasis should he
placed on attempting to correlate such lcads with prevailing
envirommental conditions.

(NB: Discussions are currently taking place, August '77, between Dunlopn
Limited and SBM Inc - Monaco, invordér to.conduct such a Joint study
in the North Sea).

(b) lcdel testing should be continued and expanded, hope fully
until such a state is reached that all submarine hose svstem designs
are subjected to model testing prior to an'installation taking place.
Tests should also be conducted to establish the effect upon such
systems of revised hose designs and characteristics.

(c) Based upon the results of the initial test programme

further testing will be conducted on the test rig in order to meet the

objectives as 1aid down in this thesis. Simultaneously research is




required into hose orientated "NDT" techniques which may be used

in relation to both rig testing and site inspection.

(

(e) The mathematical models developed require additional
sophistication in crder that they might better describe reality.

In many cases this will require a systematic review of the initial
simplistic assumptions which were made.

(£) In addition to the above, much work is required into those
areas of the hose design which might be termed rubber technology.
This area has purposely been neglected by the work presented in this
thesis due tc the vast area already considered.

It must be stated that this thesis; rather than an authorative work
on the subject of hose design and related technology, if not zs a

beacon to illuminate the true way, then as a candle to show wher

o

others have already been.




11 CIISHORE MOORING ToRMI

11.1 INIRODUCTION

In the history of naticns, no sirngle event in the last 100 years,

not even the number of glcobal wars, has created so much panic, has
shaken the economic stability of such a large number of affluent as
vell as developing and poor naticns, as the sudden rise in oil
prices. This has created great inbalance in the payﬁent situation of
many countries and brought sbout considerable strains on development
plans.

Tay would argue thut oil energy is a key element in ths well-beirng of
people all over the world. Thére is much to bet that this
preponderance will probably last until the end of our century.

A great number cf related activities hmve sprung up around oil
production and transportation. Among the most important is the off-
shore terminal construction industry, which came as an answer to the
problems of handling oil transfer and storage at sea.

WPerminalling plays an extremely important functicn in the immense
ocean transportaticn system that is vital to the global distribution
of petroleum. Reliability is a must'.

The following paragraphs survey sorne of the events that precipitated

the single point mooring system (S.B.M). Also are briefly described

the factors that are determinant in the SBM's favour and make it

@

prevail over other systems.




Milli . \ . , , _
illions of yeers =go, the earth laid down thick deposits of organic

material thot under heat and pressure became coal, 0il and gss.
Since being discovered, these fossil fuel deposits have been consumed
at ever increasing rates, mainly because of their cheap development
cost.

Yost of the first discoveries of giant oil fields were made in
remote areas where natural harbours were nonexistent. This created
the need for artificial berths to moor the tankers during their
loading operatiocns.

With the growth of tanker size and the high cost of building
artificial harbours, the way was paved to make use of offshore
monring terminals (bringing the moorings to the skip). Many types
were tried, but in view of its flexibility, reliability and economy,

the single point mooring (SPM) prevailed.

I1.2 CIL, - ITS PRODUCTICN AND CONSUMPTION

The history of energy is closely linked to the histery of industry
and economic growth.

During 1974, the world consumption of all tyﬁes of primary energy
was the equivalent of over 115 million barrels of crude cil per cay.
more than three timss the 1950 requirements.

In the ssme period, the consumption of retroleum vroducts had Jumped
from 9.6m b/d to 4Sm b/d. (See Fig. 1).

0il hos been discovered almost everywhere: North America, North Sea,

North and Central Africa and Indonesia. However, the most productive

fields were found in the Middle East.
Table 1 shows the total production and consumpticn in 1970 for the

different parts of the vorld. As can be seen, Western Turopre was




in need of about 1l.4m b/d in excess to its production, the U.S.A.
5.1m b/d and Japan %.9m b/d.

This disparity between production snd consumption in the different
countries, which has now bezen going on for many years, is cresting 2
worldwide petroleum flow.

This flow was arocund 21.4m b/d in 1970. It reached 27m b/d in 1973.
FPig. 2 illustrates the movement of oil in 1970. Obviously, most of
the o0il was exported from the Middle East tc the West and to the Far
Hast.

In order te transport such big amounts of o0il, over the years large
fleets of tankers were built and world tanker routes were establish-
ed.

fig. 3 shows thsse world tankef routes and the o0il loading and

unloading ports.

IT.3 TANKER GROWTH

Until 1956, the largest tanker did not exceed 56,000 dwt.
That wss the year when the Suez Canal closed., This event triggered

n ocesn bulk transportation revolution : new routes had to be

Y]

established around the Cape to carry the evergrowing flow of oil
from the Middie Fast to Western Zurorpe.

Longer tanker routes and a rising demand on the transport market
pushed tue charter rates up, encouraging the newly prosperous owners
to re-invest in their fieet. Tankers increased in numbers as well as
in tonnage.

At the end of 1968, the world fleet totalled 119,348,0@9 dwt for

vessels in the 2000 dwt class and over, while figures in June 1970




for 6000 dwt class and over were 154,509,000 dwt. This revresents
an increase of more than 30 million dwt in an eichteen-month pariod.
Since tankers could no longer navigate through the narrow waters of
the Suez Canal, new standards appeared. Draft and ship length no
longer had to be restricted. Shipyards were flooded with orders for
larger ships. The era of the 1,000,000 dwt megatanker was not far
away .

The following list of world record holders illustrates the rapid

growth of tankers cver the past two decades.

NAME DY LAUNCHED
Sinclair Petrolure 56,089 1956
Universe Leader 85,515 1957
Universe Apollo .104,520 11959
Nisho Maru -130,250 1962
Tokyo Maru 157,290 1966
Idemitsu Maru 206,000 : 1966
Universe Ireland 326,000 1968
Nisseki Maru 372,700 1971
Globtik Tokyo 477,000 1973

TT.h TYDPRS OF OFFSHCRE TERMINAL

Tt has been proven that large tankers have an economic viability

suverior to that of their smaller counterparts. However, prolifera-

) X . . ' R
tion of large carriers wWas rendering many of the world's traditional

ports obsolete. It was also causing public concern because of hazards

to port traffic and pollution risks. The situation became even more




critical as the consumption of o0il in heavily populated centers
increased while 0il was found alvays further afield. It was
imperative to find other facilities for handling oil.

Many solutions were studied and sometimes experimented with differens
deprees of success. Among them:

- The artificial harbour protected by concrete jetty and breakwater

A oo . . .
I'his was found to be a very expensive sclution, especia

=
i
B

e

=

shallow waters since large amounts of sediment had to be dredged
(Fig. 4.

-~ The artificial offshtore island made up of steel construction cr
precast concrete pilings supporting vrecsst or cast-in-place concr-
ete deck structures. (Fig. 5).

- The multiple-buoys-mooring system, consisting of several mooring
buoys anchored around a berth.(Fig. 6).

- The tower mooring system, consisting of a steel structure fixed
to the bottom by piles. A turntable is fitted on top of this

structure, from which a mooring rope is connected to the ship.

\

ig. 77.
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~  Single Point Mooring System of either the cstenary-~chaintvype

SBM or the Single Anchor Leg Mooring (SALM). Both allow the ship to

=y

rotate freely and take the position of least resistance to the
combined actions of waves, currents and wind. (¥

In order ho make a valid compariscn bstween these systems, a site

has been simulated where any of these systems may be installed.

ey - . o~ .
Site, sea and weather conditions are assumed and the mooring Iorces

for each system estimated. This criterion is the mzjor factor

dsterminine the size of different terminal components and,
letermining the




consequently, the weipht and invested capital.

Fig. 10 illustrates the mooring forces on each system when all fac-
tors are fixed., Note that mooring forces on the SBM ars comparatively
the lJowest: this is due to the system's greater flexibility and

the damping effect of the chains.
In order to understand tae popularity of the SPY system it is
necessary to compsre the cpsrating costs of such terminsls as shown
by Tables {2) and (3).

It is obvious that up to a 15,000 t/hr throughput the SBM terminal
is more eccnominal and more flexible.

The multi-buoy mooring system finds its agplicstion enly in
protected waters and for relztively small tanters.

The fixed conventional berth seems justified only wnen the through-
put is very high: above 20,000 tons/hr end for huge-size tankers.
Furthermore, the waters should be well vrotected. Otherwise,a break-
water has to be constructed at high cost.

The tower terminal doss not arouse mich interest. Avart from its
costly operation, it presents collision risks. However, it is

believed that it can find an anplication in shallow, vrotected

waters.,

11.5 mrim STNGLTE FOINT MOCRING SYS

Tn view of its relatively low operational cost, rolisbility and

flexibility, the single point mooring has been widely used. More

than 100 SPMs are now in operation in all parts of the world: lost
P LICA e - v

. h! ~— - K
nf them are of the type anchorad to the seabed with long catenaries

or chains. (SBM Fig. 11).




Wihat does SR e ® Tt e, . .
s an SBM look like? Basically, it is a circular buoy with a

diameter varying between 10 and 17m, anchored to the seabed by means

of four, six or eight chain legs and fixed to the bottom either by
conventicnal anchors, driven piles or drilled-in piles

On top of the buoy, a turntahle is mounted on a roller-bearing
allowine a 360 degree rotation. This turntable is fitted with
pipings, valves, mooring bit, floating hose connections, navigational
aids and, in most caeses, lifting equipment.

The center of the buoy body houses the centrsl swivel essential for
fluid transfer between fixed end rotating parts of the buoy.
Usually, the bottom connection to the pipeline manifold is made by
one or more hose strings. Floats or buoyancy tanks are fitted *to

the underwater hose sirings to obtain a smooth curve between ths

pipeline manifold and the buoy.

3

he tanker is moored to the turntable mooring lugs by thick nylon
ropes. Oil transfer is by way of one or more floating hoses.

Another type in the SPM system is ths Single &nchor Leg Mooriug
HSALMM, in which the floating buoy is anchored to the bottom through
one single anchor leg to a base type anchor point.

The oil is trancferred from the manifold through a hose, then through
a vipe connected to & riser. From there it flows throuzh a fluid

' . (15
swivel and floating hoses to a tanker. \fig. 12).

The anchor leg chain is connected to the mooring buoy and the fluid
Al [} -

swivel by means of a universal Jjoint.

IT.6  OFFSHORE HOSE

As shown in the preceding diagrams SFM's make considerabvle use of

. "W I2LE LINK'™, These ar 3
large boroe marine nose, '"THD FLEXIBLE L INK These are used, in




submarine form, to convey cargo from the underwater sealine
1 i +3 . 2 .
manifold to the buoy; and, in floating form, from the bucy to the

ship's manifold.

<2 hose is zensrally constructed from a 'smooth bore' synthetic
ube or liner, reinforced with multiple plies
cf helically wound high tensile textile cord or wire tyre cord.
‘bove such primary reinforcement are usuzlly two 'heavy' helical
wires, alternatively discrete hoops or rings, which are embedded
in a rubber matrix. A final cover of abrasicn/weathering resistant
synthetic rubber, zlternatively polyurcthans completes the
construction, Figure (13)

Ead

In the case of

O
Hy

floating hose, Figure (14) these generally are
the integral floated type, whereby a buoyancy medium is bu i1t as an
intecral element of the hose carcase. This is genzrally provided by
closed cell exvanded rubber sponge between the reinforcement sector
and final hose cover.

Steel fittings or nipples are built into the hose at either end which
are comploted by carbon steel flanges, (slip on or weld neck) )
drilled to ASA 150, 300 or similar specification. These are used to

couple individual hose lencths together te form the required hoss

string length.

LS

Generally such hoses are ‘designed' con a pressure rating criteria

of 150-225 psi with appropriate safety factors relating to burst,

typically 5:i.

Many variants of the preceding is of course possible, particularly

~

for hoses performing specialist functions:-

=

Hoses attaching to the buoy, seabed manifold or similar semi-rigid

structures often have additional stiffness reinforcement at the

connection end tapering gradually over the hose length.




Other hoses provide location bands etc for the attackment of
discrete buoyancy chambers or floats.
It may adi g ent that ) t 1y 4

ay readily be seen that hose plays an extremely important role
in the successful operaticn of the SEM concept.

i

II.7 THn PROBIEM

0il pollution at sea has been a problem of international concern
for many years. Its deleterious effects on the environment ard on
wildlife, fisheries, etc., are matters of major concern. In any

operation where spillape might occur, every reasonavle precaution

r
2

must be taken to avoid such an occurrenca.

Pacific Clory in Cctober 197C, which gave rise to localized disaster
¢conditions, have highlighted in the public eye the potential
hszards created by the increase in tanker traffic, and associated

activity.

a

In soite of the many advantnges of the SPM's they are viewed with
som= sustvicion, particularly by enviromentalists. To some extent

C s o . . s am s o .
the worry is justified if viewed against the exyperience of pertic-

ular loading sites.

Tha SDM system comprises 211l equivment from the end of the sea line
to the tanker manifold. “xcluding the huoy and the wmooring equipment,

. . £ L ~ -
the rest of the equipment consists of piping for the conveyance of

the oil. Over 90% of this piping is flexible rubber hose.

Twis has been - and still is - regarded by many as the weak link of

the system.

. . W ose ave n 23e)8 ia i3
This is a wrong concept. #hat many ooservers have not appreciated is

that the flexible-hose line could be described as the overworked



. s -
secticn of the system. In the normal course of working within a

3 e 3 * :

dynomic environment it is the flexible line thst has to compenszte
for movements in tanker position relative to the buoy and is still
subject to its own reaction to wind and sea movement.

Tragnant? Y £ 1
Frequantly, these forces 4o not act in concert and the flexible

N ST, . . . . _
lines are subjsct to severe axial,bending, or torsional forces as

a consequance.

Y

The criticism has oflten been applied that hose manufacturers have
merely modified conventional submarine dock hoses to work in the
quite different conditions that vertain to SPh's.

This was certainly true in the early SPM sites, though they were
successful. Up to 1964 when the largest hose sizes in use were 12in
bhore, the trouhles associated with flexible hose lines were minimal
and were confined, mainly, to critical positions, such as the first
hose off the buoy and ships' ;ail hoses.

Jith the advent of 16in bore hoses more problems were encountered,

but azain were mainly associated with the first hose cennacted to

231
the buoy.

e introduction of 20in bore hoses gave some operators handling
vroblems, particularly as 16in rail hoses were used in conjunction
with 20in main lines. Nevertheless, most problems were still csenterea

around the first hose off the buoy and the rail hoses.

Host of the hose manufacturers, at this time, were offering

specially reinforced noues for these critical positions. But the

whole system was - and still is - in a continuous state of

development. Buoys were being sited in more exposed locations.

Throughputs were continually being increased and tanker turnarcund

was becoming more frequent.



- . . e .

Lxperience was beginning to point to the fact that sites needed to
et e . ) . .

be considered in much greater depth than had originally been thought

necessary, depending upon the vecvlisr conditions that applied in

that svecific location.

A particular desipn of hose that was being successfully used at one
instaliation could prove quite unsuitable for ancther which
experienced different wind, sea or operational conditions.

A variety of underbuoy-linz configurations was considered at one
time or another, to be the most suitable. The height of the buoy
manifold relative to the sea surface was varied within wide limits
and the angle of the pipe-flange connesctions to the first hose off
the buoy has been varied from 450 to 900 to the horizoantal, with

varying degrees of success depending upon the conditions peculiar

O
to the site.
Very often, when a modification made to a system has not been a
success, the first indication of this has been exhibited.by the
failure of another of the so-called "yeak links' which has eventu-
ally fatigued due to the overstressing which had been induced.
Due, in large measure, to lack of information on the actual forces

to which hoses would be subjected in service, hose design has been

biased towards providing hoses with ever increasing bursting strength

. ] : O S R ; 3
and the nroperties usually associated with reinforeing a hose in this

direction, such as low elongation characteristics.

While strength - both radially and axially - is an obvious asset, it

. . & s E P o Th3 1S
has to be viewed 1n the context of its eilect on flexibility and

4 1 3 1
fatigue life, both of which are not necessarily enhanced and could

even be lessened by a mere increase in resistance to burst.

.. : ; i -nvi mental pr mns, cos
Surprisingly in view of the possible environ nt problems, cost

has been a major deterrent in the development of better, more-

reliable hoses. Tt still is to scme extent.

1O



With the advent Dly3
Jdith the advent of 24in bore hoses, a more random pattern of

failure has been chbserved

A o .

i-J

his is t too s s : . .

S not too surprising since the margin of safety - over and

above the buili-in minimum desi i itl

.—in minimum design recguirements - tends to lessen with

the increase in size. Of more importance is the fact thzt thes=s

nroducts are still, esszentially, handmade and can consist of upwerds
P 1S5 T . . . . . . .

of 100 senarate manufacturing operations. Quality control in this

type of ocoveration has depended too heavily in the past upon the

individual skills of the operative. Final inspection methcds are

prescribed by the various relevant specificatinns are not surfic-

jently sezrching to separate the good hose from thz not so good.

i._l

the need for design improvement is as imperative as

Neverthe

0}

ess,

arformance reguirements that arz being

o

ever. Apart from the higher

Jer

demanded there must also be an insurance facteor to reduce the risk
of pollution, even in the case of hose failure.

Geologists hold that the quentity of ultimately recoverable oil in

Enl
Him

the world could reach 300 billion tons., Forty billion tons have 80
far been produced and oroved reserves amount to 90 billion tons.

This leaves some 179 billion tons to be discovered mainly in the

oceans and under the Arctic cap.
Tt is well known that since October 1973, oil oricas have quadrupled

and that for many years, consumption has been increasing by

almost ! percent annually. Both prices and consumntion are bound to
110! t pe

escalate further, creating a strong incentive to exvlore 2nd

< - S h 3 fro der the ic
produce oil from deeper waters on the one hand and from under the 1ce

of the Arctic, on the other.

) s . s ki
We are therefore entering & new era in oil exploration and supporting

industries will have to adapt themselves to the new demands of the

market. Our own industry is bound to follow and will have to develop



equiprent to hondle oil extracted from ever greater deoths and
under even more severe environmental ccnditions than those

encountered todate.

~A
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TIT DEFINITICYH OF T0% PpRO3LEM (I

—

NITTAL INVESTIGATION)

This project was initiated by Dunlop Limited, 0il and Marins
Division because they considered a gap existed in hoses desien
philosophy and thzt tris was indicstive of the current problems
being encountered by themselves and the offshore hose industry in
general.

Taking an overview of the situation the problems exrerienced could
perhaps be most gravhically described by Figures (15) and (18) -

hose failure and resultant pollution. Tywnical costs of such a
situation are examined by Table (4). Fortunately most current S#M
installations were in remote areas of tke world where oil spiilnge,
albeit expensive to clear up, did not carry the political
consequences, (compensation etc), as such an occurrence sroundg
civilisation centres, ie., Burope, US4 etc. However the move to
install SBM's in such "dangerous waters', eg., Anglesey, prompted
greater concern in this respect.

Initially the problem in the context cf this project was not

re~dily definable in concrete terms. The following broad areas, put
forward by Dunlop Limited, formed the basis of the vroblem dsfinition.
a) A suspacted increasing failure rate in respect of

increasing bore size, (ie nominally 20in and 24in bore sizes).

9

ufficient input design data upon which to base design
b nsu k & )

modification or future designs.



c) Given that the ahove information could be made available,
few dessign calculaticns or analysis techniques were historically
available to the industry in which to make use of the available
data.
a) Inadequate test methods, procedures, or indeed equipment
isted within the industry in order to successfully evaluate
revised hose design; or even existing designs for that matter.
(Practice within the industry had previously been to clace
prototypes dirsctly into service and then await results!)

The initial work within the project framewerk was thus to define

he problem in rather more precise scientific terus.

111.2 BOSE FALLURE ST“PI”TICS

The objective of this initial study was to determine the type and
magnitude of large bore SBH Lose
As a result of many years of trading, considerable inform2tion in
the form of customer feedback, failurs renorts, site visits etc
was already available. Tris was supplemented by discussions with
a number of terminal operators and the resultant information
correlatea.

A summary of the general failure statistics is stown in Tadble (5).
Figure (17) is a map showing the graphical breakdown of the

failure statistics tabulated.

The failure data described is for all hose failures during the past
me reported failures may be for hose models no

several y2ars, SO

longer in production, however to show general trends no distinction
(]

is made for hose models.
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General conclusions which may be made from the data are as
follows: -

In most locations unserbuoy hoses have a longer life than surface
hoses, the average underbuoy revlacement rate beins generally

in excess of two years.

m ral - .
fhe first off the buoy hoses avereped ten months batween

jo )

replacements. It should be ncted however that some of the
iuencies represent scheduled replacements and not

necessarily hose failures. The avera failed

cr
O

o service lives o

'

hoses were in fact slightly over seven months. First off the buoy

v

ailures revorted while

hoses cormprise 155 of the total nurber of

. Lo -
338 sSTring. fain

they only account for 77 of hoses in the floating

line floating hoses were replaced at an average of evary tuenty-one
months with the range being 6-48 wonths. Tail/rail roses had similar
figures of 12 months and 2-48 months respectively. (ii3: Area (5)
Table (5) revporting longer life cvcles was not subject to severe

environnental conditions).

ITI.3 FATLURS CLASSIFICATION

classified into the following failurs types:

&)

iose failures wer
a) Hose fracture or breakage;
b) Nipple lezk;

c) Kinking;

a) nipple pullout;

e)  liner collapse;

) abrasion of covers;

lose fracture or brenkage can be the result of almost any loading

flectural fatigue, excessive internal vressure, bending tensile loads

-



or impact by a boat can all cause this type of failure. Yuite often
nipple leakage, de=mcribed in a later paragraph precesdes the
fractural breakage especially where the flectural fatigue is
susypected to be a cause.

Nipple leakase has occurred at every vosition in the hose string,
the nipple liner arsa is cne where dissimilar materizal bonding
causes the weakest adhesion. When nipple liner adhesion is weak,
0il will work its way alongz the nipple until it finds its way out.
Instonces of this have been reported immediately after a receipt of
those and others after having been in service for a period of time.

5 a tearing of the

-

m ; .- ,
The second types of nipple leak occur when there
liner just dowa-stream of the nipple end, oil penetrates throug

the liner and oozes along the reinforcing or breaker plies. Evidence

tioned and oil

D
o}
Q)
¢]

of this has bzen found when leaking hoses wer
found in the interior of the hose 21l along its length. Other
evidence of this cbndition is a swelling or bulging of the hose
liner and could be easily found by visible inspection.

Kinking can occur in any hose which is bent beyond its elastic

0]

1imit, that is beyond its ability to recover. Kinking failure

s

occur most often on first off the buoy hoses, over the rail hoses

f the buoy kinking occurs usually

iy

and submarine hoses. First o
just down-stream from the extra reinforcement peculiar to thet type
of hose, it should be noted that kinking often occurs during handl-
ing and installation. The danger caused by kinking is sometimes
evident by hose fracturss after some service life.

. . N T
Nipple pullout occurs either through a failure of the bdinding wire,

wire breakage or incorrect tension or excessive bending and tensile

forces being applied to the hose.



Liner collapse is a separetion of the lirer from the rest of the
hoce. This can be caused by poor adhesion, oil penetration or
excessive vacuum for long periods of time or a combinztion of
these conditions.

Abrasion can occur in submarine heses rubbing on the sea floor,
submarine or floatingz hoses rubbing against each other or some
foreign cbject rubbing against the hose. Results of this condition
are the wearing away of the outer cover exposing the interior of
the hose, this results in a weakening of the hose znd eventual

failure.

FS
17

In order to assess the picture on a hese type basis, the
failures known weve split intc hose typs groups and assesscd as

to the wode and possible cause of failure.

Table (6) is a summary of failures reported on main line hose; in
this table only the large size hoses are included, ie 2Cin and

2hin, It may be noted that failure types nct attributad to handling
are primarily cracks cr fixtures and seem to occur six to twenty-
one months after installation. The three areas of shortest life
circle, namely two, nire and ten, 2ll have steady winds and climatic
conditions inducive to a short choppy sea causing constant motion

cornditions which take their toll on main

1
3y

in the hose strings. Cihe

K

line hoses are handling of the hose and boat handling around the

buoy .

. m MmN e .
First off the huoy hose fallures, Table (7)) exhibited a significant

il
. . o -
nroportion of the failnres cccurring at the buoy nipple. lhis

)

is not surprising of coursc as this hose nominally forms the

"elastic link'' between two systems of vastly different motion

I 3



characteristics. fs stated previously the failure incidence is

a significantly greabter proportion than the related hose

population.

5 .

Rail and tail hose failures are shown oy le (8). The averag
service 1life of rail hoses is 7.4 months within the ranzs of

1-25 months. As would bhe exnected most failures occurrsd at
arproxvimately midbay of the hose, ie., the section bent over and

in contact with the shiv's rail.

It would probably be heneficial at this stape to roview the
requirements of hose design, and the basic hose consteuction

itself,

Offshore lo=ding and discharging hoses are subject to many

external forces. Service, environmental and handling are the general
classifications assigned to these forces.

Service forces are those experienced during the time a hose is

being used. Internal pressure, internal precsure surge, vacuum and
flow velocity are the four primary service loadings .

Internal pressure is used as a criteria for the rating of hoses,
however pressure appears to be the least harmful.

Internal pressurs surge 1s a condition which occurs when the
receiving station experiences a suddsn valve closing or line
restriction causing the flow rate to drop and the pressure to rise.
Surges of this nature in excess of 500 psi have been reperted.
Soms operatcrs have reported hose fallures occur rring during sursge.

T+ has been reported that some sites have installed or are in the

prccess of installing surge tanis for pressure safety devices to

alleviate the problem.

-~
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Vacuum can occur under thres conditions, the first is a natural

vacuum which occurs when a loading facility shuts down its pumps
and the velocity head of the string continues to move causing a
void condition or closes its valves when gravity loading. hActual
values Liave not been measured but since they are of short durastion
their eifects are minimal. The second tyve of vacuum is purposely
applied to drain ths ship end of the hose so o0il spillage will be
leszened or sliminated when disconnection of the flanze occurs.
This vacuum condition usually lasts from two to five minutes and
normally effects the floating string up to the buoy. The third typ

of vacuum condition is brought about after the fluid iz pumped dowm

)]

and the hose is capved. As the oil/air left in the hose ccols down,

o8
5

\
<

3

O

the fluid contracts and since the passage is ssaled off 2 uam
occurs. This vacuum varies depending on the varour pressure and
volétile.content of the fluid enclosed but has been reported by one
operator to be as high as 20" - 25" of mercury. The volume

effected can be 75 cu.ft or more (1,300 tt of 24" diameter hose
cooling down from 120°F to 85°T).

Environmental loadincs are those caused by wind, wave and current
conditions and these are some of tre most var iable. Conditions vary
from calm to rough and to arsas where general calm conditions occur
but very violent short duration storms occur frequently.

“ind, wave and current act in conjunction to producs cyclic forces
which set up fatigue loading in the hose. These forces are most
evident on the first off the buoy hose, first underdbuoy and first

" . Vet £5 Aant N -
of f the PLEM., A1l of these hoses reprosent a significant change from

a very rigld system to a more pliant one.

Lo -
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aves need te be further classified. There are two tvpes, short

o . 1" 1 . —~
period "choppy" waves and long period "rolling' ones. The short

choppy wav r i

1 y waves produce unsupported bending, hence are rore detrimental.
A long rolling sea will cause the hross to flex sently and smoothly
usually providing continuous support.

Improper installation can impcse far greater loads cn hoses than
can he imposed by the most severe environmental cenditions.
ELxcessive ftensile bending and Kinlking are the wost common occurresnces

Stretching of hoses due to excessive tensile loads can effect both

th
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hoses ahlthV to resisting external pressur

pressure. Bending and kinking can occur =t any tims 17 proper

safeguards are not taken. Lifting from storage by forklift or
improper strav arrangement, incorrect ballasting during submarine

hose installation, improper lifting and handling equipment and

~

improper storage can severely weaken hoses. Uperational handling

&
o+
ny
[¢]

loads cccur primarily on the rail and tail hose sections
hoses are lifted to manifold level. These loading cenditions are
very difficult to contrcol or predict as there are so many varizations

in manifold lifting cavabilities and manifsld placement, while

Bt o

9]

excess tensile loads are rare; bending and kinking arsz major

repl=acement criteria. (Hardling criteria are however not generally

within the control of the hosz manuf= cturer, apart from

recommzndatory action, and thus such facters are cutside the scope

of this study).

TII.h SERVICH LOAD DATA

In order to design structural elements or components (a rose may be

classed as such), a knowledge of the magnitude and statistical

L1 .



occurrence of service forces is essentia

B NS e 3 .
fecause 1in the psst few people, particularly hose manufacturers,

had treated hoses as structural members. a Vnowledge of service
. - . s A . .
loads was not scuzht. Alt natively the subject was considered to

be of such complex mognitude that no work had ay
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conducted. Because of the relatively small number of desirs
.. <

versornel within the totzl hose industry it was readily established

that service lozd data was virtually non existent. Zaually non-

existent was the manufacturcrs knowledge of of his
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by var ous personnel; operators, designers, cosultznts etc., proved

to be perplexingly incenclusive. Such assessments di

only by degree, (this

e . \
conditions world-wide), but by order of ma
Various research bodies, e.g. Netherlsnds Ship Model Basin, Dxxon
Resenrch Tnginsering etc., claimed that they had or could calculate

such figures from such input as wave spectra enersy diazrams.

However no results were forthcoming and certain other bodies threw

much doubt on others abilities to meaningly conduct such work.
Fven had the existence of such werk been proven certainly no »rriy

had conducted any onsite load measurement in order to validate

such figures.

A need for the collection of such data was therefore obviocusly

appacent.
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IT1.5 0S5 DISIGN PARAMETARS

RPN i

Iencora 1 [ I PN . . .
Generally the only characteristic reauired of hose by mandatory
specification, (British Standards, B.M.7. etc) is thst of the
ability to resist internal pressure with "suitable'' safety factor.
(ie: usually 225 1»?/4n2 oot . . .

: usually 225 1bi/in working, 5:1 safety factor, resulting 1in

a 1225 1bf/in” burst pressure).

[¢]

Consequently hose has historically
been designed on this burst pressure recguirement.

Burst pressure - In order to resist internal pressure plies of
fabric or wire cord sre applied at some angle to the hose axis.

Historically the formula used was:-

Burst pressure =

[}

> x sine(helix angle) x strength of cord(per end)x No.ends x lo.plie
Mzan application dia. x helix pitch

It may be noted that only these primsry elements are considered as

contributing hoop strength.

Tensile strength - As a result of the avove compilation a similar

relationship is often quoted for tensile strength. Generally this

feature is a resultant of the burst pressure design and not a design

consicderation itself:-

Tensile strength =

No. ®nds ¥ Streungth of cord (per end) x Cosine (Helix angle)

Both of the above formulli yield only an extremely crude

. . . . . - - N .
approximation to the proverties 1n guestiorn. The latter 1s

. y £ 2 whi -
particularly suspect for a great number oI reasons which will be

discussed later, In order for either formula to apply it may readily

S ad umption applies in that the application engle
be seen that a major X oY o

] 4 Y o Y 57 3 o + 51 -
of the veinforcement 15 assumed to remain constant. This generally hss

been accepted within the industry based upon a theory termed the



"brajiding angle", (8).
Gther desicn parsmeters frequen ntly used relate to the heavy helical
wires embedded in a rubber matrix above the main reinforcement
layer:-

1. To give the hose resistance acainst external pressure,
whether this be caused by submerging the hose or subjecting the hose
to internz2l vacuum. The formula used was derived from an empirical
formulation devised by Prof. R T Stewart in 1906 for the similar
collapse of steel tube, (q).

2. To give the hose resistance to direct crushing forces

as might apply when bent over a ship's rail etc, {50)_

Nominally these were the only desisgn foraulations generally used

in determining basic hose constructions. It may readily be s=en that
all are extremely suspect in operation ancd to the mosc part

irrelevant. No attempt hed been made to assess any other nominal

structural property, stiffness, modulus etc., let alone design for

(&)

such a property or series of propertie:

T

III.6 T 1ST EJ U_L ‘T“MEJ\JJ.S

s ~ . r 3 = L
Buoy mooring forum hose standards have only two structural

engineering requirements, a five to one safety factor tased on ho

. . R - L s s
working pressure rating and a vacuum test, nominally the ability

. . s M 1 urers gaesig
to withstand 30" flg without liner collapse. Manufacturers design hoses

i t \ i N e
to meet these pressure test requiremencs, however it adpears tngt

these might be in direct conflict with fatigue life. At present no

test or reauirement exists which can evaluate hose life under combined

- LI




loading uirer 3 . - .
AAINg or requirement in hose engineering design effort to
4 5 ~ aynla 2 o . . .
increass comoined loading fatigue life. In order to place the

effectiveness of the present t

@
9]
ct
4}
},_J

into perspective the following

example is quoted;

1] s L . 2 . .
During the past four years Dunlop have manufactured approximately

Z - N - . -
5,000 large bore hoses, not one has failed the above statutorial

Apart from the quoted statutory tests other tests are occasionally
conducted by wmanufacturers:-

Bend Tests: Such tests were conducted in order tc "assess" hoss
flexibility. Generally they consisted of either fixing one end of
the hose to a stanchion and dragging the other end around using a
winch or using a beam and tirfor arrangement, both of which are
shown by figure (19), the hose being supported on trollies along
its length. The tests thus conducted were however of 1little
immadiate benefit, test methods/conditions were variable and thus
affected the results, in addition measurement of test parameters
je: bending moment/radii of curvature (or deflection)/and interral
pressure vere frecuently neglected. Generally the test was of
gualitative value, the prime function veing tn bend the hose to it's
"minimum bend radius' (the only measured paramster), and
demonstrate that no (noticeable) permanent damage resulted. In the
writer's view much benefit and knowledge could have been gained had
these tests been properly conducted arnd results correlated.

Such obvious lack of constructive knowledge may be gleaned from

. .. ST 3 s
manufacturers published "minimum bend radii’ figures,

T




BORE SI7% 1.B.R.

16!! 8[
20" 10"
2Ln 12!

le: although such hoses are of different detail designs/materials
the M.B.R. is determined by expressing the nominal hosz radius (in
inches) as the same figure in feet. Not a very scientific process!
Elongation Tests: "Measurement of the hose's temporary elongation
under working pressure''. Such a test is recommended as a ssrvice
test for assessing the life status of a hose in a plannsd
maintenance scheme. {(eg: If % elongation = 2 x % elonsation during
factory test = hose retirement). The effectiveness of such a test
is open to extreme suspicion, no valid evidence is =availzble to
support the hypothesis and infact much exists to discredit it. No

. . . - 3 f - .
account 1s made of any permancnt change in length {either compressio

A

or elongation), and not infrequently hoses have been known to exhibit
less temporary elongation immediately prior to failure than that
ast

measured during the factory test.

1%

Again the test method is one inherited from the historical
traditions of the small bore hose industry and rubdber processing in

general, both of which are not renowned for their technological

approach!

ITI.7 PRCOBLEM SUMMARY

Based upon the initial survey/study of the problem areas projected

by Dunlop the following conclusions were made based upon the data

available.




a) Failure of hoses in the 20" to 24" bore range was
unaccevtably high. There being no apparent change in failure rate
~with either time and/or experience.

b) Such hoses show a tendency towsrds premature failure
fogr to eighteen months in areas where nominal World-wide sea
conditions exist. A nominal sea is defined as one where the
significant wave over one third of the time is 2-3 metres.

c) The first off the buoy and over the rail hose app=ar

to have service lives averaging one to twelve months. Rail hose

ot

failure data indicates that failure rate is relatively insensitive

to environmental conditions but very sensitive to handling
facilities.

d) Most first off the buocy hose failgres occur within two
diameters of the nipple. Observed failures were similar in diffcrent
areas indicating the same forces responsible for the failures.

The mechanism for failure appe ars te be flextural fatigue.

e) Yost hoses in use are constructed in a similar manner

and most probably using similar equipment.

f) In service loads information is seriously lacking

with apparently no organisation (manufacturer or user) willing to
take the initiative towards filling this gap.

g) Design technology is seriously lacking within the

industry, with mamfacturers steps towards product improvement

seemingly directed toward material variations and construction

techniques rather than being design or functionally orientated.
h) Physical properties data on hoses is incomplete and more

often than not inconsistent, ie: weight, stiffness etc.

- h7 -




i) | Statutory inspection tests (pressure and vacuum) are
virtually meeningless and indeed existing design philosophy and
specificztions serve to limit or impede hose improvement.

i) No msthod exists to meaningfully evaluate hose design/
design changes either on a static characteristic or more

importantly a fotigue basis.




TABI)B }.L

TYPICAL COSTS OF FATLED HOSZ 'CHANGE - ouT!

o

&
HOSE REPLACEMENT VALUE (eg, 35' x 2h) 10,000
0il Tanker demoorape (250,000 d wt) 20,000 / day
Service Barge - 1,000 / day
Pollution Clean - up 1,000 / Ton

TOTAL COST

£75,000 (Assuming weather hold-ups, minimum pollution)

£500,000 (Assuming 14 day weather delay, moderate - severe pollution).
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FATLURE DATA SUMMARY MAP

FIGURE (17)




v OUTLINE TO PROBLEM APPROACH

IHTRODJCPION

Based upon the data and conclusions of the preli&in%ry study of the
rroblem it was apparent that a complete and comprehensive programme
of work was necessary to achieve an improvement in large bore hose

performance. Furthermore it was recognised that certain elements of

such a programme might be:-

a) Outcide the scope of work directed towards this thesis.
b) Complete within themselves.
c) The setting up of a procedure(s) as a short or long term study

in order to aid the above objectives.

a) Severely complicated by Financial/Marketing restraints.
Considerable thought and effort were therefore expendsd in mapping out
a framework to such a programme that it might be comprehensive,
sufficiently structured to enable the package to be '"sold" to the
company and yet allowing flexibility of approach, timing and method
so as to cope with changes of emphasis as the project progressed.

The programme structure eventually put forward and adopted by the
Company is shown by Figure (20).

It was intent that the programme be conducted such that results wounld
be directed towards providing structural parameters that could bz ussd

to improve hose in service life. The ultimate mid-term objective was

however to gain sufficient knowledge to design/build a "full scale dynamic

test rig", capable of subjecting full scale hoses to loads which

simulate actual service conditions. Through this device it was

projected to duplicate failures that h=ve been observed in the field,



such that the mechanisms of failure could then be analysed and the
effect of design changes determined under controlled lavoratory
conditions.

Before considering the programme in detail however it is worthwhile
to note the peripheral activity of failure data collection. During the
preliminary study it beceme abundantly apparent that the reporting,
catalogning and correlation of failure data left much to be desired.
It was therefore considered, although generally outside the scope of
the work undertaken by the writer, that the development and
implementation of a hose failure reportiné procedurs was a primary
immediate goal. Such a system was eventually develcped by the Market
Planning Department of the Company with reference to the writer on

N

technical aspects. A questionnaire type format was devised with

particular emphasis on flagging failures, site characteristics, and
probable conditions under which those failures occurred. An example
of this format is contained in Appendix (i), and is now completed by
Company personnel visiting or communicating with a site from Director
level downwards, the degree of completion dependent upcn previously

reccrded data on the particular site.

Studying the progromme in some detail it may be identified that the

subject matter has been segregated into two major areas, namely "Macro®

v

and "Micro'", which call upon similar or complementary areas of

zctivity in order to achieve the final aim. It is therefore worthwhile

£

3 - 12 A it -
considering what is meant by the terms "acro" and'"Micro" and how the

various activities integrate at various stages of the programme.



MACRO ACTIVITY

The term "Macro" has been employed

in the outward looking or external

S £ Ly NPy A
sense ol the word. Work conducted within this
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at examining the hose as Sy
mining the hose as an element within = system with respact to

has been regarded vi:

MO

7Y 0SS AT " o , .
where neccssa;y) and the effect of the environment and/or the sverall

systems response to the envircnwent determined or monitored in the
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form.of service loads; ie the determination of functioral innut d-ta.

/1‘ "TELD TESTING (FULL SCALZ)

MODEL T=STING

MACRO
MATHEMATICAL ANALYSIS
Bach of the individual subjectwmatter will be described in detail later
in this thesis, however for clarity it is worthwhile to briefly

censider the role and chronology of each aspect of the study

FIVTD TE8TT

Durine the structuring of the work programme framework it bacame

apparent that field. testing would have to forefil an extrewmely

important role. Firstly because of the diversity of service loszd

estimates (previously noted by order of magnitude) an attemnt to

construct a mathematical or other model of the system would have basn

thwart with problems. The orly accevtable test of a model is to

compare its output with reality; if reality is not capable of



Lh-t-'1\t— on b = hi

construction of a full scale test facility, with respact of financial
atonnd fAne
scrategy considerations it was necessary that this

rogramme ran virtually concurrently with other stuly
areas, or at worst only marginally behind. Madior items to be
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considered, even at specification staze, reguired a basic knowledgsz

of service loads, eg: are torsional loads sipnificant with respect to

other loading modes? What are likely maximum load magnitudes? etc.
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As stated above, mathemestical prediction was similarly nﬂt considered

to be adequate., Thirdly because cf externsl pressures ugon the

sl
o
[}
jal
(@}
T J
3

(Al
[6)]
Q
=)
\D
ot
oy
I
13
M

Cempany it was important that they were seen

Lo overcome their problems. From a marketing overvisw, field testing
demonstrates such far more readily than sny amount of thaoretical

WOrK.,

)
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Thus for a variety of reasons, scme technical, others not, the

setting up of a field testing project was =iven immaediate priority.

C 3

An initial site survey was therefore implemented in crder to detern@ne

an aporopriate terminal or tarminals at which to cocanduct the study.

Two principle criteria were szt for the selection of the test site,

first the site must have = record of moderate - severe sea condi

such that meaningful data could be obiained (preferably seasonally

dependent conditions), secondly the srea{s) must be accessible in

order to maintain/monitor the equipment and such that revair or

within 5011302
replacement of equipment may be made available withic =2 reasonable

A 3 - “ ~ LNE=F: 4 " A s +
period of time. Another extremely important factor was the regulrement
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for the supporting co-opsration of the operateor of the terminal.
Naturally work would be done at the convenience of the terminal work
schedule, but naturally there would be times when certain delays

might take place and the co-opsration of all parties involved would

be necessary.

Evertually a joint study was set up in conjunction with the Royal Dutch
Shell Group and tests conducted at Shell BP's export terminsl in

Mid West Nigeria during the latter half of 197%. This study; the
preparation, performance and evaluation is described in detail in

Chapter (V).

MODEL, TESTING

As will bz described in Chapter (V) the field tests conducted
related to a study, nominally of the floating hose system. It was

also originally intended to conduct a similar study in relation to
submarine hose applications. Upon reflection however it was considered
that such a study might be subject to a number of complications not
encountersd during the afore mentioned study, namely:-

a) Failure pattern peaks in relation to submarine hose systems
were found to be spread throughout the various components of the

system(s) and not located at readily definable points as was the case

with the flcating system.

b) An attempt to instrument any area apart from those immediately

adjacent to the buoy would be extremely complex and expensive.

c) It was apparent that the design of the submarine hose system

. . , i 1 i
contributed, to a great extent, to the envircnmental loads acting upon

the hose.



Considering the latter point in some depth, it was determined that
the detail design of such submarine systems, (typically Chinese
Lantern or Lazy 'S'), was extremely suspect. Generally it was found
that such systems were detailed on a Grawing board, using crude
drafting techniques, totally ignoring the structural characteristics
of the hose elements. (eg: The writer during the course of his work
viewed an internal memorandum of a large international oil company
specifying a certain type of electrical flex which could bLe used to
represent submarine hose in much the same way as flexi-curves are
used by draughtsmen).

At best it was determined that such systems had occasicnally been
designed/evaluated using a crude model consisting of springs
(representing hose elements) supported by counterbalancs weights
(buoyancy units) in air. It was not much wonder that divers had often
spent weeks or even months installing such systems, laboriously
modifying the buoyancy distribution on a trial and error basis, only
to achieve a spate of early hose failures.

It was considered that considerable improvements could be made in this
situation by some form of simple model testirg, particularly if such
tests could be conducted in a water basin rather than in air. The
criteria whereby model testing had initially beeun rejected prior to
the field study were again considered. Howsver it was noted that two

important aspects had changed:-

a) As a result of the field study, (although it be mainly related

)

to surface hoses) an order of magnitude for service loazds had been

determined. It was assumed that such loads, although different in

detail, could in general be considered applicable to submarine hose.

VP81

This was bosed upon the basis that designs for the respective hoses
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varied very little and thst the incidence of failure associated

with submarine hose differed only marginally from that of their
floating counterparts.

b) The "visual®™ configurations achieved during model testing could
be compared directly with practice (ie: previously installed systems),
and a comparative evaluation made between model and “real 1life'.

A proposal was therefers put to the Corpany that some form of model
testing facility be constructed. Initially such a unit would be used
mainly to evaluate correct hose length, buéyancv distribution,
manifold angles etc under extreme static envelope conditions, but
l=ter would be extended to enable dynamic input to be considered
together with some form of load/stress determination within the
model.

The proposal was accepted and a model test tank/peripheral equipment
designed and installed during late 197h.

The initial test facility was purposely designed on rather a simple
basis (ie: Dynamic input only allowed one degree of freedom for the
similated buoy motion) mainly due to the lack of knowledge in relation
to meaningful input data. This facility is described in detail by
chapter (VI).

Subsequent to the installaﬂion of the above facility and the
evaluation of numerous submarine systems, {3irectly fer customers

and for Dunlop R & D) a further, more‘sophisticated unit has been
installed (Late 1976). The latter unit enables greater scale mocdels

to be employed and provides a better simulation of bucy motion, (three

degrees of freedom). This also is described in Chapter (VI).



MATHEMATICAL ANALYSIS

During the I i
ring > course of the work conducted as described previously it

became apparent that either gaps could be filled or knowledge
extrapolated by the use of mathematical models in conjunction with the
measured data previously ocbtained.

A) FLOATING HO3E BEHAVICUR PREDICTICN MODEL -

The purpose of this study was to project the dynamic behaviour of a
floating hose string at an S5PM subjected to wave action. A floating
hose string was modelled by splitting the total length into a number

of elements and specifying each element in terms of weight,
displacement and stiffness. The system thus defined was subjected to

a regular wave train of specified height and period, and the maximum
bending loads at each of the elemental mecdes calculated for different
hose stiffnesses. (Chapter VII a)

B) BUOY CONNECTION HOSE CONMFIGURATION -

As a direct consequence of the previously noted studied,results and
observations made in relation to the Forcardos field study, and general
failure statistics, it was noted that the loads acting upon this

Mfirst hose off the buoy" are governed to a great degree by the hose
configuration. That is tne weight, buoyancy and stiffnass distridbution
of the hose in relation to the offtake manifold geometry.

. s ; . .
The system was thevefore mathematically evaluated, (in a static state),

by building a model which enabled the equilibrium state to be

. . . £ 1 oA 1
determined for various combinations of the above quoted input

parameters.

Such a study was considered necessary as there is a great variety of

offtake manifold geometry in existence worldwide and an equal variety

of hose designs (mainly differences in buovancy distribution)
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pertaining to be the ideal for that particular manifold geometry. In

fact a analogous situation exists to that of the proverbial "Chicken

and Egg". (Chapter VII b),

c) BUOY EXCURSION PREDICTION MODEL -

During the initial period of model testing it became apparent that
very little information was available in relation to buoy excursion;
(large lateral displacement of the buoy due to the nooring load of a
tanker), let alons general buoy response characteristics.

The SBM terminal adopts a multi-chain system catenary anchor cheins to
effect anchoring of the buoy body. As sach the anchorage system is

based on a relationship between unit chain weight and buoy excursion.

b

More sp001flcally when a mooring force is applied, the buoy will move
sideways, thus lifting sufficient chain from the seabed to restore

the equilibrium.

The requirement of this study wasAto determine the relationship between
bﬁoy excursion and mooring force_for various depths of water and
anchoring system design. (KNB: The relationship previously quoted by

the buoy manufacturer and used by Dunlop gave an envelope of maxinma _

excursion at various water depths as a squat cylinder - clearly

incorrect!) (Chapter VII c).
D) SUBMARINE HOSE CONFIGURATION MODEL -
In conjunction with model testing it was considered desirable to build

a computer model of a submarine system, such that a certain amount of

desien work could be evaluated before introduction of the physical
et}

model into the tank. Clearly, if possible, this would offer considerable

benefits in reducing the number of test variables, thus reducing time

and costs, at the model testing stage.

The computer model developed represents the initial work in this area

%n relation to a Chinese Lantern type system (Chapter VII 4).

N Nominally the aforegoing concludes the work grouped by the writer into the

[N

ot

;ﬁ? 'Macro!' area. - 67 -
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MICRC ACTIVITY

The term "Micro' has been employed in the inwarg loocking sense. That

is work associated with treating the hose as an entity, the evaluation

of its intrinsic properties and response to applied loadings.

In a similar manner that Macro activity revolved around the original
Dunlop postulation that there was "Insufficient input design data

upon which to base design modification or future designs" : Micro
activity was based upon the parallel statement: "Given that the above
(Macro) information could be made available, few design calculations
or analysis technigues are historically available within the industry".
In a similar manner to the Macro study the area was subdivided, this

time into two categories:- -

////CHARACTERISTIC PROPERTY EVALUATICN

MICRO

\\\\~THEORETICAL FREDICTION OF PRCPERTI™S
Again each subject will be described in detail elsewhere within this

thesis, however for clarity each role is briefly considered at this

stage.

CHARACTERISTIC PRCPZRTY SVALUATICN

As stated previously in Chapter III, although hoses had been

manufactured for many years little was known of their characteristics,

that is apart from their burst capability.
It was therefore put to the Company that they should adopt a policy of

s . . ies/combination of properties as
measuring and recording as many properties/ prop

possible for their past, current and future generation of hose

designs. In doing so it was hypothesised that characteristic properties

- i constructional design criteria in
could eveutually be correlated with cor g



order to develop prediction formulii or models for specified
characteristics. Additionally a basic xnowledge of properties could
considerably aid the Company's efforts in system design, Model testing
etc. The Marketing potential evolved in being able to publish
characteristics, (whilst competitors showed no signs of being able to
do so),was alsc not overlooked or indeed understated.

The Company accepted that such work was both desirable and indeed
necessary, thus a programme of such tests, as described below, was
inplemented.

In selecting the basic tests that were to be conducted the criteria
considered were:-

1) Because of expenditure elsewhere (ie Model testing, Dynamic

test rig etc), Capital evpenditure should be kept to a minimunm.

2) Tests conducted should causs minimal disruption to other factory
activities, such as final inspection, transportation etc.

3) Tests should be aimed at providing the most immediate "customer
orientated" results, rather than any protracted R & D study, although
the latter as an integrated part of the former was acceptable.

Based upon these criteria the following three basic property tests

were conducted:- (NB: Burst tests were not generally considered as

they were already conducted periodically to fulfil specification

requirements, although not documented at all well. Secondly, such tests

required specially constructed specimens, necessary in order to effect

pressure sealing of the fittings, and were destructive).

A) BEND TESTING:-
A system for bend testing of hose was standardised which enabled:-

1) Direct comparisons to be made between test specimens (ie Hose A w

Hose B).



2) Calculation of bending rigidity, EI values.

3) Evaluation of EI against radius of curvature and internal
pressurisation.

The test method devised has now been adopted by many oil companies/
'turn-key' construction consortiums and it is projected that it may
be written into the BMF specification as a standard, ex manufacture,
final inspection test. (Chapter VIII a),

B) TENSILE TESTS:-~

Various tensile tests were conducted, some to destruction, in order
to evaluate figures relating to "tensile modulus™ as well as ultimate
tensile strength. Correlations were also made as to the effect of
internal pressurisation upon these properties. (Chapter VIII b).

C) VOLUMETRIC DISTENSICN TESTS:-

This test was devised in an attempt to replace the much distrusted,
(with just cause), "temporary elongation under pressure” test; as a
means of evaluating hose deterioration. Nominally the test consists

of measuring the volumetric change of a hose during a pressurisaticn

process. (Chapter VIII c¢).

THZORETICAL ANALYSIS

During the course of the characteristic property testing programme,

certain phenomena were observed that required explanation; also

iti 3 i - i der teo predict or
additional techniques were found necessary in or P

correlate certain parameters. The following two are examples of such

work: -

A) LARGE DEFLECTION OF BEAMS -

It became increasingly apparent that small deflection theory could

not adequately predict the bending configuration of such a relatively

7NN



flexible member as a hose. A technioue was therefore developed that

enabled such large deflections to be accommodated. In doing so a state
of geometrical instability was noted which later was particularly
useful in relation to the dynamic test rig (Chapter IX a).

B) BENDING STIFFNESS PREDICTION

The bending stiffness properties of hose structures were found to be
relatively complex, the characteristic varving with radius of curvature
and internal pressure. This study was an attempt to exyplain the

latter of the two relationships. (Chapter IX b)

Referring back to Figure (20) - the programme structure - it may be
noted thet as an offshoct of the Micro study area was a project

termed '"'Analysis of hose construction'. This was included in the total
study programme as the writer considered that in order to evzluate
parameters, in general, relating to the external properties of the hose,
it would be beneficial to also examine in some detail the internal hose
construction. This could have been done, and indeed was done, by
studying the various manufacturing processes and in addition

examining failed hose specimens. It was however considered desirable
to relate and document this knowledge in rather a more formal manner.
It also helped to clarify various conflicting views on why certain

components were included/omitted.

In order to forefil the above need a failure rode and effect analysis

(FMEA) was conducted. (Chapter X).

FULL SCALE DYNAMIC TEST RIG

As stated previously the primary aim of the programme of work under-

taken by the writer was to develop a full scale testing facility for

the company. As reflected in the programme structure, the work
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conducted was aimed at supplying the needs in the development of such

a facility although much was useful in its own right and/or enjoyed
many spin-off usages.

A considerable amount of time was therefore syrent working upon the
many facets required for the introduction of such a piece of hardware.
This is reflected in the extent of Chapter XI of this thesis.

In Chapter XI the various design parameters will be reviewed, the
various initial rig concepts discussed leading to the creation of the
final functional specification.

The design of the various elements are then considered together with
the associated costings,; time table and capital raising exercise.
Finally the installation/commissioning of the rig is reviewed together

with limited feedback from the provisional tests conducted.
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(a) Direct measurement of the loads applied to the hose via the
buoy connection. (Possibly involving the use of strain gauges, load
cells etc).

(b) Measurement of the relative motions of the hose with respect
to the buoy systeﬁ and environment from which applied loading might
later be synthesised possibly involving the use of accelerometers,
gyroscopes etc.

No work, to my knowledge, had been undertaken in this varticular area
previously. Thus no guidzlines were available as to which approach
might lead to the more meaningful or "readily-adaptable’ results. The
basic worry when weighing these alternstives was the possible
interaction of hose construction etc. (ie: would modifications carried
out in view of the test results then invalidate the further use of those
results). In elementary terms the problem was one of determining the
"more' independent of the two variables, (ie: determining the
dependent and independent variable). Stating the problem thus, perhaps
over simplifies it, but it does bring out the essence of the

problem.

Consideracion of the problem in greater depth proved to be inconclusive,
possible load versus deflection relatioaships being devendent upon

a number of paramsters such as "slenderness ratio" (ie: bore/length),
stiffness, buoyancy distribution etc.

Thus with very little to choose between the approaches from the final
analytical viewpoint, economic and practical factors were considered.
viewpoints option (a) (Load measuremen?) clearly emerged

From these

favourite. This is clearly indicated by the following points:~
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LOAD MEASURING SPOOL

Initially it was thought that it might be possible to implant strain

gauges within the hose during its construction. This approach appeared

to offer the following advantages.A

(a) Overall loads, of the stated modes, could be measured at any
point.
(b) Effects resnlting from the super-position of these loads could

be monitored, ie: total loading.

(c) By implanting gauges both radially and longitudinally within
the carcase, stress distributions could be determined.

However, after careful consideration, this was thought to be too
adventurons and complex for the initial research, particularly with
respect to fhe probable on-siﬁg conditions. (Determination of stress
distributions etc. could be performed at a later stage, recreating
loadings via a dynamic test rig);

Having thus descided to concentraté on the transmitted loads, (ie: load
acting betwesen the buoy and hose flanges), it appeared logical to
gauge a metal, rather than rubber structure. (Gauge techniques being
that much simpler). In this respect the existence of a short installation
spool adjacent to the manifold simplified the system considerably, the
measuring spool being a replica of the instal}ation spool, suitably
instrumented with strain gauges. The geometry of the system was, (very
importantly) therefore, not altered.

At thé outset it was considered that even order of magnitude results

would be a significant improvement on the present situation. None-the-

less an accuracy of * 10% of measured value was considered of more use

as a design tool. The lowest forces of interest (Axial load) were

considered to be approximately 8 tons, it was therefore desirable to

measure to ¥ 1 ton.
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rrojecting from the "buoy end" of the hose wers also vrotected b
shrink fit sleeving and terminzted in waterproof Hydro-lock
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and capacitance were not sufficient to influsnce the measurecent,

BSince the mininum desired sisral of 5 micro-ztrain corresvonded i
shunt resistance of arproximately 3.4Y ohms or its eguivalent shunt
capacitance of 5 rico farads, it was evident that the closest atien

was renuired for the insulation of the circuits. This included trackin

esistance on the pluzs etc., and tha possibility oFf variations in

-

shunt canncitance due to flexure of cables etc.

(Tre effect of cable flexure was to be determined durins the Calibratiny

rrocedure).

Tt was dzacided, alons with measuring the hoss loading, to measura th
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askets and "shrink fit" wlszstic slecves. Carlas

nre., This was npromrted hy the occasi~nal occcurrasnce of prezsur:

line pressure



surges during valve closures etc.

A pressure transducer was installed to measure both normal and

surge pressures at the buoy.

INSTRUMENT CAPSULE

Once connected to the instrument capsule, any four of the nine channel
inputs, (2 x axial load, 2 x V. Bending, 2 x H Bending, 2 x Torsion +
1 x pressure), could ba connected (via bridge balance and conditioning

units) to a frequency modulated tape recording system. These instruments,

o

together with radio receiver, power supply and auxiliary circuits,
were contained within a water tight G.R.P. housing purposely designed
and ccnstructed.

The instrument and camera housings mounted cn the upper structurs of
the'buoy were considered to be in a Zone 2 safety area. (ie: Explosive
risk due to presence of oil vapour/electrical equipment ).

On the basis of Zone 2, applicable safety measures were:-

(i) Kestricted breathing

(ii) Flame Proofing

(iii) Intrinsic Safety

(iv) Hermetic Sealing

(v) Purging (+ monitor)

Of these it was considered that the equipment could best be made to

conform to (i), ie: restricted breathing standards (BS 4683 part 3,

1972).



he basic reaniren £ he 3
31C remilrenent of westhar and waterproofine for such an

cati i rtyual Tavnn . . .
location virtually darnnndeg hermetic serlins. Multinle externa?

Lapn oy A
surmnrine duty.
)

4s an additional precaution the instrument cannule wns mounted on

S N 3 . .
ezch of the four strain gouge bridges uvader chservs
mn

modules, Vibrometer 81CT units, provided “oth briize balancse =and

anplification facilities. Operatingz from a stabilised 7.C. sunnly

N

these units operated on the cerrier freguency »rincinle a2t 2 ¥HZ

(Clearly an A/M system would have suffered from severe loss of
sensitivity and noise "mick-up'" bzcavse of the long cables =tc). Tha
cntput could be varied by a combination of step and variaohle zain
controls thus vroviding an input sensitivity of 20 —~ LOOC mv f.-

. , +
and a voriable D.C. output of O to - 10V,

o
joN

f this unlt were its extreme robustness an
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The princinal features

4 . et
stability, (temperature zero drift £0.,02%/7C: Tons term
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Month).

( tpmendix 7))

The selection of a suitable teape racorder was extremely difficult.

- DA

o3uction

J

Althoush many recorders could fulfil the signal repr
requirements they ould not meet the recessary continucus run cr

ingent size =2nd power requirements. (It was bacause of these

ren

or ven recorders were dismi ssed).

anuirements, and Computer Anslysis consideraticns, that twvpes of U.G
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Limited. Both its size and power requiren

ents bhad heen reduced by tha
uez of dntegrated circuits 2nd minjaturized tame Arive sosbam. Tra
B GabS AR AL LVE Sy o Lol -z

Ay rad oy N 1 -
rive syscem, runuing 2t a tape sneed of 2mn/sec

over twelve hours with a standard C-60 Cassette

o) o
Fecause of the extremely slow tape sreed the sisnal bond widith wes

in NS ~ N - By . + 3
ho s> ortest wave reriod anticinuted wns

}J
t

vwas necessary to measurc harmonics also up tc a frequency of saveral

Hi. It was considered that the recorder giving oll~off of 3 2b

In order to achieve such a low tape speed and yet retain good =sicnzl

«‘v

reyproduction characteristics 2 pulsed rodulntion carrier systarm wes

ot

> ~ AN
1¢c cf tre

ir\}q '['hn Yf""Y‘K SM3IC2 Ye

{

carrier). As in any F.¥. svstem, tape speed stability was of varamsu-t

imevortance. The tape sarvo system gave the following charactsristics:

Long term stability <0, 5%; short term flutter <277 in the moasuratent
band

(Appendix 9)

i sunply for all instrumentation was provided by Keon-recherg-

ihe power

eahle dry batteries. Thzre were four groups of hatteries:-

(i) internal to thz tare recorder

(i) 36 v supply for conditioning wunits. (stabilised to 22V)

(iii 12 v supply for the camera and its auxiliaries (stabilised to
(iv) 24 v surply for the radio receivar.
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Tre radic supoly (iv), +ve only one in continuous use, was sizad for

a minimum of seven days contimuous oparat

[
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tne comolets
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svster was energised, as stated, by a short wave radio

link. The receiver, mounted within the instrument cansiile, counld he
activated on receipt of a sisnal from the transmitter installed cn £ha

offshors platform or service vessel. This radio system cnerated con a
frequency of 73.075YH%Z, (later changed to 87.15VHZ), vurnosely chosen

outside normal operating channels. As an
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accidental operation, ths signal wa
relay link ensured full operation of all systerms five scconds ~Ttay

‘1atch-un". For the purpose of calihration, testing ete., 1t w=s
£ i 3 (53 k]

')

possible to override the radio link wanually from the instrumznt

The photogranhic equipment was also contained within a heavy gaurce

water t£izht housing to the same specifications as described previously.

Tar clear vision a double window assambly and windscreen wigpsr uere

. - 7 . . -
The camera used was Zeaulicu S.P. 16mm Cine equivped with a

M.
anzle Angenieux lens with servo cox tro]lnd diaphrasm. Time l-nsa

he filming rate being v i hle from six to sixty
ne S o B

filming was employed,
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rames po2r Mminvte, o 8! m 4
_ sino a 200 feet magazire, (2,000 frames
Tave a mayimum run period of seventeon hours. In order to

. iV amAd ke
the film and tore 3y3terms, the followin
(a) Limht emitting diocde illuminated !

o

simultareous transmission of 10 HZ (savere wave )

S y, k] . .
onuo channel 1 of the tane recorder, overwriting tre data.

™

. .
ig2 train

" MSlate oraratian vsed for initi-l synchrernisation a2nd laballing
the Film.(  board nositioned in front of the camera lens
tris sequence eciving details of recording date, film nurmbor etc., =h»
marker unit opcrating the synchronisation facility with each Fframa. )
In order to trim the comera for varicus lightins conditions servo coniral
of the diaphragm was employed wiz an electro mechanical drive srstan

i3

controlled by a photo-cell. During normal operatio

this control svystem was within 1/3 of an f stopn. Current limits
circuits werse included to pravent sarvo overload n verwv low 1is

agccu

=3

I-Yolid

cond 5.
The G.2.P. crmera housing was located on a turntable mon

hove the "right hand” bucy offtave, (Figure 23). The mounting nesition
and equipment were so designad to zble chaneses to ba male to the
field of view, both in rotation and elevation.

CALIBRATICON

In any me=surement chain precise calibration of the total system iz
vit21l to obtaining accuraste and repeatakle results. It is poosible to
calculnte such chéracter' stics from thecretical stress analysis nnd
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Provieusly fetined component parameters. Yowe o missionine

PACn commission: A

of possible sienal desradation an

poszible interaction beatween iLhe

various chennels, alse to checl the temperature

etc. The system proveid satisfactory in all resxr
\ . . . . 5.

(1 The discrete neture of the signzls (pure axial loading, rure

bernding and pure torsion) wess confirmed.

(2) tleat was applied to both spool and instrument cansule “n order

to check their temverature stability; avparcnt strain seneration or

was determined by flexing the cables; nc effect was noted.
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(&) Prolonged spreying with water 3 10 moisturzs inpsrass,

e

n1 stool waz fixad

Te parform the load caliuration. the load measur

firmly (encastre) to a2 load hearing stanchion. Banding moments ov toraus

which force was arvlied by a winch or jack srstem. Accurate measure-
maents of the forces avnplied to the beam were registered with a load
i to be

AY
cell, thus allowing the applied moments (torques)

calculated.

8)

Z
(D
N

ixial load was anolied by internal pressurs with the flongad ends
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lated from a tnovlodae of tha intarral

2ssure. “he residusl effacts of hooy

- . . . . . .o .
‘WO major problems were immediztely obvious: the amplifiers offared
variahle c2in coutrol and, cnce installed on site the svsten could

not be "unloaded" for zerc 2rift corraction.

resistor method: (le: applying a resistor across the terwinals of ~ns

to trat of a static load. )

comnared with the avvrepriate calibrztion curve for thre resistar "load

W

The second of thz two prohlems was rather more difficult to solve in

trzt it was not possible to create an identical

‘Nnce purroses.

ol

to connect in place of the spool circnits for zero bal
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caiieration astabliched 23 describad ahove.

N

At this stare

3 L9 el L1 SRR . Lo

#as 1dentical to the initial calibration state). & standord coriro
[ £ : . . s
nricdge, of high toierarce resistors, was then substitutsd for szach

circ:it in fturn. Static voltam:
the true and dummny circuits

- ..
“n the bucy all chrnnels could be returred to thre trus zero shate

nreviously established. Tn this msnner, both zero bslance and =ain
always ba established.
Prncadure routines and standsrd on-site racord sheats werse nratared

f51lowed te ensure the consistent validity of cn-site

Toe oriri-al consirnment of test eguipmant arrived in

£ some confusicn concerning Shte import agents, Custen

FUp
i

cordition. However, the packaging of the spool and communications

as found to be damaged. An electrical test of tre spool circuits

defects in two of the four modes.

l
con
and

£

(0]

authorities a2nd tronssortation, some conziderahle delav was encountarad
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During furthar tests on thre ecuipment the radio receiver (7

N

D
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w7 - advised by S$hell-BP) was found to activate via one of the
¥orcados woicae channpsls., \1fhwnmh the activating sicnal reauired was
frequency coded, this code was foun? o he mererated during certain
sreech patterns). Tun further operating frequencias wera thon advised
by Srell-3P. (Subzsanently the radins system was modified to 27.1

and found te function correctly).

A - ‘ Lo
An examination of the fixtures mounted on the huoy, (modific tionrs
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requested by Dunlon) in

arainst the drawings svbmitted to the Hague. Shell-BP were resussted
to renosition holts etc., accordingly.
L "Back-up" spool was disvatched to MNigeria at the beginninzg ~f July

4fter some delay, (Customs cleararce, trarsportation etc) tre enool

arrived at Yorcados. On this occasion no visible damaze was

stallaticn Aid not

Bacause of constant use of the Buay, spool

n
A

st Towaver due to severe

rot nossible to crmplete the installation. (Ur to
this tims the spool and floating hose string had heen uolte
position, the communications hose however had not been preorly securad!)

vessel sheared onz of its mooring line-,

At this stog

Bzcause or the apparent danger, the turntable was relesased and the 'hoze
rang' taken from the bucy after temporarily securing the free end of

tre communications hose.

Cn return to the buoy the IolloWﬂnu day, the communic=tions hoss was
found to be seversd immediately adjacent to the srool theredby enabling

water to enter the sealed system. Inspaction indicated that the fre

NN



end of the hose had hoen secured by the hoss Ganm to A nom-robsting

section of the buoy. Thus releasine the tursbable had made the

COMEARIURNCAS insvitahla .

A Turthear "mack-n ?1 sm00l was dignatched to Niparia which arrivad Ny

Mid-tamst, On this aoccasion, Customs clearance eotc., unroved to ba lass

of 2 oroblem. The s120l was subsequortly safaly 11ed and the tast
cgrammez implemented ot the baginnins of Septe-har.

fifter two weeks cparation, the tests were brourht to a temporary halt

fue to failure of the signal cables within the communications hone.

(Puring » submarine hose change, (with the turntable locked); motion

of the 24" horizoatal swivel caused overstressing of ths communicntisons

hose, rasultine in the cables severing),

The spool was removed from the bucy and returncd to Forcades for ransir,

Damage was found to be not ssvere. Repair .

with only the loss of two "back-up" ben

The spool was available for re-installat

However, the existence of excessive terminal stock levels causad 2
further three week delay before the buoy became availanle for <nstallation
PUrposes.
Tre tact nvaspaame thus recommenced Aduring tha first weelk »f Cctoker,
Tests then continued at regular intervals throusicat October and early
1+1 ‘ 1+ {tan= »nlavad

Nevember. Initial on-site analysis, (tapes played

) h f ting and V1Tu931°
recordar) indicated that interestini
obtained.

11-3P

The vroeramme was brousht to a close by joint agreement between She

Hague and Lagos meetd nes) in mid-Movemher.

and Dunlop,
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ne analysis of the recorded data was made in the followine manner,
17 manner

Cschenstically shown by Fienrs (30)):.

Unon recovary of the mam

replayved via an ultra-viole: racorda 2T, so nroducing a vignu-
nroducing a visu

recard of the loadings

D .

A <1 N - \ .
(b) oea state data (ﬁnnuaily recorded™) in terms of wove holght,

pariod and direction was analysed and schematiczlly represertad for

1 recerding period (Figure 32).

.

(c) Pilm relating to each test peri~d was processed and similarly

recordad in relation to (a) and {b) Ficure (33).

(47 By examing iters (a), (b) and (¢} in coriunction samnle
r2rinds of each recerd were selected for detailed analvsis; in order

to perform the latter the records were

processing by digital computer. (Detniled method described in irrondisx
-4\
(L4,

naraneters were used to describe the aralytical zone,

(=15 minutes real time):-

Yean Value

M
)

Autocorrelation

Power Sweccral Density

- Q92 .
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Distribution:
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as follows:-
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of such an an~lwsis.
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neglizible due to the efficient actinn of thre
swivel inztalled on the hunr.
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*Originally the Forczdos projsct had been planned such that extensive
lo=d/sea state correlations could b2 analysed., To foref

razaunirement 5hel1l-3P we-e to make avasilahle data

mounted wave recorder (nressure type/, locsted avoroximately ove nile

~ . R - £, Sk cxmenyT
from the test site. The mesasurement methoed, cne five minule pLlay
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1. AXTAL LOAD

Cne cbvious possible cause for such static tensile losds is the
effect of surface current acting along = rel-tively lons hosz

ieY

string.

Considering that the shear force actinz abt the hose surface mav be

Xy rosSe o 1CR AR O
(] s .

avnproximated to:

2
=1/ ﬁaf
(

for a 24" hore hose (irnoring the effects of fittings etc) the

roaghness of the hose surface arvproximates to 0.0043 resulting in 2

friction factor of 0.0h4.

~ -~ A}
Thus assuming a "wetted" surface area of 0% and a hose string length
of 1000 ft.
- ' 0 —2 b m 5 = nr~rant TY AT
The drag force Fnﬂj-)QQ u_ 1bf where u = current stras
vel.
Tor the

Tharefore considering a current range of 1 - 3 knots

o
T <

. . \ Faree Hecnmes -
Torcadng lozrtion/; =) “e°u1tant drag force decomes

o i sidoratsan
] cNulres [2333C RN GISE A YV IR 41
lso requires. cons .

features: .- Wind

03

I

A
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coalculated.,

2. LR TG

1 may thus tend Lo assume

Virtually by de

arplicable to static situations

Ccensionally, 2

. . . 3 R ~Arls
nis was as exracted, since torsionel loo2ds may ~nly

-~ o — . ., L% e N N b .

2 Sicns 12r greater than thore nreviously
o o B I 3 = N . . INE

ignificent stotic torsiocn lewvel was dot

differaential rotati~n of the buoy/hn 2

finition, such motion is oscillatory and

minor degree .cf static forsior was deteoctable

e ek
systenm.

‘xaminntion of the data describing the 2 prouvriate variods sugmos

a nossible 2oxplan=

£ C O

CURRENT 3

303

DirscTion OF CoRRENT

———

- 97 -



Resulting from a ccmbination of environmental loads, (current, wind
etc), the tanker establishes a largs mooring force. This, as a result
of the buoy geometiry and anchdring system causes the buoy to tilt as
indicated by the diagram. In doing so the pipe arm manifold effectively
rotates and alters the buoy coﬁnection hose configuration. It is
estimated that with buoy tilt of (5—100) torsional loads apprnaching

10 ton ft could be produced.

(NB: Buoy tilt may be noted from a number of the photogravhic records,
Figure (33), exhibited as a sloping horizon, of approximately

7 deg.)

3. BZNDING {VERTICAL)

Calculations were performed in order to predict probable 'static

de flection" bending loads, the method employed based upon small
deflection theory, incorporatinglﬁacauley's Method in a numerical
solution. (The latter was necessary as the resultant hose configuration
determines to a great extent the bending loads which act upon the
system, ie: nett buoyancy distribution).

Similar calculations were per formed for four type connection

configurations.

FLANGE ANGLE  HOSE FLOATATION DISTRIBUTION

(a) 15 deg. 2/% Distribution
(b) 30 deg. 2/3 Distribution
(c) 15 deg. 1/2VDistribution
(@) 30 deg. 1/2 Distribution -
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"ha following resulie were oht-insd:-—

BEEDTNG WOMUINT SRACTION TCRTY (Bnth at thae
(70 (o) instrumented sa00l)

A reasonable degree of correlation would therefors amne r to

Yetween the bending monment measured an? thot which mi: be thesretically

-]

rredicted.

’ : : "3 P fmmen i E 3 ;
(M3: Tha wolaticnship batween buoy monifeld anzle/mosition ard

Jorld. Initially horizcntal hose connsctions were made employirg

3 ™ teyvar W 5 o~
f11ly floated main line *type hose. These were however prone to rani

failuare and

Ly TNTRIAL DRESSTDE:

1
&

. ~a ~ Yeos e a oY H°+D”"'ﬁ’j
" ; ! ressure peaks or surges were detecid.
Durinz the test series no serious pres _ ]

ses ever onerated at anythins
L . - +od that the hoses were ne T Y =
%3ditionally it wn2s note .

(Maximum vressures racorded

. ‘e re rating.
approaching their desion pressure ©



and on2 wonders 1L % icant pressure r-
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thus engendered could not be raduced in order to achieve more desirnb
oroparties in other arsas, ez: Flexibility etc).
I+ was noted howevar that minor pressure fluctuations were

: + o e i
presant, these being of an order of O - = 20 1bf/in . These were
eventually found to anproximately corrslate to bhuny heave rotion, ie:
vertical motion generated by wave action. This is perhans not surpris

a

0]

in a vressurs varient, in this magnif

rasult of tuwin 20 inch bore

24 inch floating line.

The presence o i ~

. < 3 i 1A e At +0 sk corers
arpear te bo insispificant, however it should be notod Thsx zovernl
voear t o insign

- e e
a y2ar, (Aarendent vron
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i1lion such variations could occur

such could contribute to the
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3
o))
W
0]

nredoninant wave pariod range), an

(v) SPTALTC 10ADS

Tionre (34) that the nrebaniliiy density functions
Fiem) g LT :

AN

tre effective static head will vary with buny heave, thus resultin

3 ~ ~e) A N = - ot
of these relotivelv gmall prossuce veriziions ray at Jirst
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Locase, agvrrovimated to a2 Gaussion distribubic:

(*7: It 1ay ba noted that the Avial Lpoad diatrihgbd g chibi
WOnef Tnat waz Axial boad distrihution exhibits a
f} S, t r . 1 - . . . 3
spike ' towerds the nesative asymntote. This fenture nar b exelalincd
1 41 -~ - o . - 3
oy the camarn synchronisaticn nulse overwritien on the

By its n=ture a n rmol disiribution

rrofound in its nature, the aonroximation of asuch ohysicael pheromena

Y

235 She vrobability of any load occurring, from a knowledse of <tha
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V.8 FINANCIAL EFFECT

The costs associated with the Forcados project were as

follows:~
£

1. Load measuring spool piece

3 off including, structure gauging,

testing etc. 4,000
2. Data logging equipment including

recorder, piayvback unit, radio equipment,

housing etc. 7,000
3. Camera recording unit including camera,

housing synchronisation equipment etc. 3,000
L, Transportation of equipment to Nigeria: 2,500
5. Analysis of results, computing time etc. 800

. - . 1] ]
6. Miscellanecus asscciated 'on' costs 1,500
18,800

TOT AL STUDY COST:

The above total was divided on a fifty percent share basis between the

two companies involved, ie: Dunlop and Shell BP.



NB: Costs such as the following were paid directly by

companies:~

DUNLOP

SHELL-BP

.

>
.

Test Personnel Salaries.
Equipment design overheads etec.
Test personnel travel and associated

expenditure in Nigeria etc.

Installation of Equipment on Buoy.

Bucy/Terminal access costs {eg: launch

time etc)

Personnel accommodation charges.

The resulting cost to Dunlop was thus:-

50% share of Capital charges:

. s s
Peripheral expenditure as indicated

above:

TOTAL:

the individual

jto

9,400
5,C00

14,400



RETURN ON INVESTMENT:

At the time of conducting the above study Dunlop held an approximate
fifty percent share of the Shell-BP hose market.

As a consequence of the Forcados study, in terms of goondwill, technical
achievement, product improvement* etc; Dunlop have since that period
obtained virtually one hundred percent of Sheil-BP's business.
(Naturally they veriodically purchase competitors products for comparative
evaluation purposes).

At 1977 prices the above market is valued at £450,0C0 per annum.

Thus the gross coatribution to Company profits over the four years
since the study is approximately £300,000.

As a result of the information gained from the study, particularly with
regard to the magnitude (measured) and concentration (photograrhic
evidence) of the bending loads a ré—désigh of the off—bhoy hose was
initiated. This briefly comprised of stiffening the reinforced (bucy)
end of the hose, extending the reinforcement further into the body of

the hose and tapering thz reinforcement/(stiffness) over a much greater

length of hose than previously.

Field feedback of the above hose design from Forcados has indicated

-

the following results:-

Average Service Life (Original Design) =~ 3- 6 months

Average Service Life (Revised Design ) - 12-18 months +

It may readily be seen that the increase in service life achieved was

somewhat greater than 300%.

1177



Aston University

Content has been removed for copyright reasons

FIGURE (21)

SHELL-BP FORCADOS BUCY

' AVERAGE YEAR'
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DUNLOP FORCADOS HOSE TESTS

TAPE 701 DATE 29.10.73 DURATION 15.16 -~ 15.40
SUMMARY STATS (

SER.NO. MEAN RMS STD DEV  MAX MIN RANGE

1 23.8 247 4.2 381 13.8 242

2 -32.5 329 4.6 -20.0 -49.5 29.6

3 -46.38 46.48 3.14 -34.38 -4 .2 20.0

TIME PLOT OF FIRST 30 TERMS IN SERIES

XIAL LOAD (TONS; TORSION (FT. TON) VERT.BEND. (F7. TON)

/\/
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SER.NO. 1
Mid Marl I veq
-9.52 0 3%
-8.71 1.4%
-7.90 1.5%
-7.09 1.3%
-6.29 4.6%
-5.48 4 1%
-4.67 5.4%
-3.87 6.7%
-3.06 6.4%
-2.25 6.6%
-1.44 7.3%
0.64 85%
0.17 7.8%
0.98 5.4%
1.78 6.4%
2.59 5.1%
3.40 5.4%
4.21 2.9%
5.01 3.2%
5.82 1.9%
6.63 2.4%
7.43 1.6%
8.24 1.2%
9.05 0.6%
6.86 0.1%
10.66 0.7%
11.47 0.1%
12.28 0.4%
13.09 0.2%
13.89 0.1%

SER. NO. 2
Mid Mark Freqg
-16.64  0.3%
-16.56  0.0%
-1457 02%
-13.68  0.5%
-1259 0.3%
-11.61 1.1%
-10.62  0.8%
- 963 1.3%
- 8.65 1.9%
- 766 2.0%
-6.67 29%
-569 3.7%
-470 52%
- 3.71 5.8%
- 273 7.0%
- 1.74 7.4%
-076 8.4%

0.23 8.5%

1.22 7.8%

220 7.8%

3.19  7.8%

418 6.5%

5.16 4.7%

6.16  3.0%

714  2.0%

8.12 1.5%

9.1 0.6%
4 NO 0y Do/

PROBABILITY FUNCTIONS

HISGTOGRAM

XX

XX

XX

XXXXXX
XXXXXX

XX XXXXXX
HKAXKXXXXXX
KHXXAXXXXX
HAXXXXXXXKX
KXXAXXXXXXX
XXAXXXXXXXXXX
XXKXHXAXXXXXX
AXXKXXKXX
MXXXKXXAKXXX
XXAXKXX
KXXXXXXKXX
XKXKXX

XX XX

XX

XXX

AV
/\/l\

X

PROBABILITY FUNCTIONS

HISTOGRAM

X

X

X

XX

XXX

XXXX

XXXXX
XXXXXXX
XXX XX XXX

XX XX XXX XXXX
XX XXX XXXXXX
XXX XXX XXXXXX
XXX XXX XXXXXX
XX XXX XX XXX X
XXX XXXXXXXX
XX XXX XXX XXX
XX XX XXX XX
XXXAXXX
XXXX

XXX

XX

Gaussian
0.6%
0.9%
1.3%
1.9%
2.5%
3.3%
4.1%
5.0%
HS%
0.6%
7.2%
7.5%
7.6%
7.4%
7.0%
6.3%
55%
A 6%
3.8%
2.9%
2.2%
1.6%
1.1%
0.8%
0.5%
0.3%
0.2%
0.1%
0.1%
0.0%

Gaissian
0.0%
0.0%
0.1%
0.1%
0.2%
0.4%
0.6%
0.9%
1.56%
2.1%
3.0%
4.0%
5.1%
5.2%
7.2%
8.0%
8.4%
8.5%
8.3%
7.6%
6.7%
5.7%
4.5%
3.5%

- 2.6%
1.8%
1.2%

0.8%

30 CLASS INTERVALS

HISTOGRAM

X

X

XX

XXX

XXXX

XXXXXX
XXXXX XA
XAXKXXAKAX
KHXXAHAKKX
KAXKXAKAAXK
XAXXXXAKXXAX
XHXAXAXKKXAAK
1 9:9.9,.9:9.9.9.9.9,94
AXAKXKKKAK KK
XXAKXAKXKKXKX
XX AXXKKXX

XX AXXX
XXXXX

XXXX

XXX

XX

X

X

30 CLASS INTERVALS

HISTOGRAM

X

XX

XXX

XXXX

XXXXX
AXXAXXX
XXAKXXXXXX
XXAKXXXXXXX
XXXXAKXXKXXXXX
XXXXXXXAXXXXX
XXXXXAXXKXXXXX
XXXXXXXXXXKXK
XXXAHAXXXXXXX
XXXAXXX XXX
XXXXXXXX
XXXXXX

XXXXX

XXX

XX

X

X



SER.NO. 3 PROBABILITY FUNCTIONS 30 CLASS INTERVALS
Mid Mark Freq  HISTOGRAM Gaussian HISTOGRAM
RS 0.4% 0.3%
7.52 0.2% 0.5%
h.55 1.1% X 08% X
6.1 1.2% X 1.2% X
5.52 2.2% XXX ' 1.8% XX
4.85 3.2% XXXX 2.6% XXX
4.8 4.6% XXXXXX 3.5% XXAXX
3.51 B6.7%  XXUXXXXXXX 45% AXXXXX
2.85 7.0%  XXHXAXXXXXX 5.6% XXXXXXXX
2.18 B.5% XXX AXXXXX 6% XXXHAXAKXXKXX
1.51 B8.0% XXXAXXXKAXXXX 7.5% XUXXXXXKXXXX
084 7.3%  XXHAXXKXXXX 82% XHUXAXXAXKXXXX
0.18 9.1% XXXAXXXXXXXXXX BH%  XXXXXXAXAXXXX
0.48 9.0%  XXAXXXXXXXKXXX 8.4% XXXXXAXXXXXX
1.15 6.7% AXXXHXXXXXX 7.9% XXXXXXAXXKX
1.82 55% KXXXXXXX 71.2% XAXXXXAXXXX
2.48 5.0% XXXXAXX 6.2% XXAXXXXXX
3.15 4.6% XXHXXX 5.1% XXXXXXX
3.82 3.8% XXXXX 40% XAXXXX
4.49 22% XX 3.0% XXXX
.16 21% XXX 2.2% XXX
5.82 09% X 1.5% XX
6.49 1.2% X 1.0% X
7.16 09% X 0.6%
7.82 0.2% 0.4%
8.49 0.0% 0.2%
9.16 0.2% 0.1%
9.83 0.1% 0.1%
10.49 0.1% : 0.0%
11.16 0.1% 0.0%
SER.NO. 1 AUTOCORRELATION MAX.LAG.28
LAG(S) AUTOC. CORR. :
0.0 1.000
0.7 0.614
1.4 0.071
2.1 0.111
+ 2.8 0.106
35 0.337
4.2 0.323
49 0.101
55 -0.038
6.3 0.056
7.0 0.218
7.7 0.287
8.4 0.186
9.1 0.106
9.8 0.081 .
10.5 0.144 .
11.2 0.171 .
11.9 0.160 .
12.6 0.110 .
13.3 0.101 .
14.0 0.113 .
14.7 0.119 .
15.4 0.131 .
16.1 0.129 .
16.8 ~ 0.151 < X
17.5 0.134 4
18.2 0.123 FIGURE (34)(c)

Ay n NO1 U V2



SER. NO. 2 AUTOCORRELATION MAX.LAG 283
LAG(S) AUTO.CORR. ... .« . .. . ...
0.0 1.000 )
0.7 0.569
1.4 0.181
2.1 0.214
2.8 0.180
35 0212 - /
4. 0.196 (
4.9 0.223 \
5.6 0.253 \
6.3 0.139
7.0 .0.091
7.7 0.170
8.4 0.162
9.1 0.265
038 0.058
105 0.078
11.2 0.072
11.9 .0.007
12.6 0.082
13.3 0.035
14.0 0.012
14.7 0.075
15.4 0.042
16.1 0.003
16.8 0.120
175 0.006
18.2 0.077
18.9 10.088
19.6 © 0.006
SER.NO. 3 AUTOCORRELATION
LAG(S) AUTO.CORR.
0.0 0.999
0.7 0.638
1.4 0.325
2.1 0.121
2.8 0.191
3.5 :0.108
42 0.032
49 0.076
5.6 0.308
6.3 0.252
7.0 0.032
7.7 0.035
8.4 0.279
9.1 0.318
938 0.087
10.5 0.024
1.2 0.205
11.9 0.385
12.6 0.168
13.3 0.084
14.0 0.094
14.7 0.305
15.4 0.168
16.1 -0.094 FIGURE (34)(d)
16.8 0.056

17.5 0.355 . {
18.2 0.291 .
18.9 0.168 ¢

i e o e N



SER. NO.

FREQ(HZ)
0.000
0.025
0.051
0.076
0.102
0.127
0.152
0.178
€.203
0.229
0.264
0.279
0.305
0.330
0.355
0.381
0.406
0.432
0.457
0.483
0.508
0.533
0.559
0.584
0.610
0.635
0.661
0.686
0.711

SER. NO.
- FREQ(HZ)
0.000
0.025
0.051
0.076
0.102
0.127
0.152
0.173
0.203
0.229
0.254
0.279
0.305
0.330
0.335
© 0.381
0.406
0.432
0.457

- 0.483

0.508
0.533
0.559
0.584
0.610
0.635
0.661
0.686
0.711

1

PSD
156.4
22.5
23.6
245
25.7
26.3
27.3
27.8
252
33.2
39.2
440
45.4
445
42.7
40.6
38.4
36.1
33.7

1
31.3

28.7
26.1
23.5
20.8
18.1
15.5
13.1
10.5

7.7

2
PSD
1.7
0.6
1.3
6.2
15.4
23.6
26.7
27.6
29.8
33.0
35.0
354
34.7
33.6
32.2
30.2
278
253
22.7
20.2
17.6
15.0
12.3
9.6

5.7
5.3
3.6
0.8

PERIODOGRAM

N

PERIODOGRAM

X
FIGURE (34)(e)

-~



SER.NO. 3

FREQ(HZ)
0.000
0.025
0.061
0.076
0.102
0.127
0.162
0.178
0.203
0.229
0.254
0.279
0.305
0.330
0.355
0.381
0.406
0.432
0.457
0.483
6.508
0.533
0.559
0.584
0.610
0.635
0.661
0.686
0.711

PRUS: 32

EXIT

PSD

9.2
15.0
20.0
244
2b.7
27.1
35.3
44 1
45.3
43.7
42.1
40.3
38.3
36.23
34.1
31.7
29.4
271
24.5
234
23.9
23.0
20.5
17.9

15.3
128

1w

10.0
7.3
4.6

PERIODOGRAM

ELAPSED TIME : 1:13.70
NO EXECUTION ERRORS DETECTED

FIGURE (34)(f)







VI MU

a . . .
Single point mooring terminals are complex systems which present

v
a Yformidable problen to those who are engaged in their design. ot
least of these problems is that of vnderbucy hose configuration
design. Sxperience and opiniocn, neithsr of which are totall ly reliable.
cann result in extremely costly errors of judgement. The fallibility
of such experience and ocvinior is well known and, on considershle
occasions, has resulted in ardless trouble and expense,

In reviewing the design technigues availabl
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svstem design engineering the writer was staggersd to find how
crudely, votentially fundamentsl decisions were taken. As stuted
previously much of such system design was conducted in drawing offices
by a draughtsman, using some form of flexi curve to represent the

hose string, having little, if any, knowledge of hose or their

charactaristics. At the best "dry land" mock-ups of subma
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had been attempted, using springs to represent the hose

«
O]
3
Cu

counterbalanced wires to vrovide ‘bucyancy'

In addition to such work cil companies had, for a numbter of yoors,
been using sophisticated model testing basins for the svalu~stion of cil
tanker design. Latterly these had also been used to study the S$3l
itself, although mainly restricted to the buoy, tanker, moorirz and
anchoring svstems. A certain amount of work had simultaneously been

conducted into the desizn of the Quoﬁarlne hose system. However



because of the rather large modelling scales adopted in order to
accommodate the tanker/buoy, (typically 1/53), in shallow wave and
current basins the hose models, at best, were extremely suspect.

(A typical comparison would be that of a piece of rather flimsy
laboratory rubber tubing). As such model tests, in this respect, were
leld in dubious regerd, and mest desisns still originated from =z
arawing board.

Aware of the shortcomings therefore, of previous attempts at modsl
testing, the writer put forward the followins provosals:-

1) Dunlov should consider installing model testing facilities

to concentrate on the model testing of the submarine hose systen,
neglecting the other aspects of the SPM operation, ie: buoy, mocring
system etc. (Direct consideration of the latter would involve
extremely large and complex facilities, outside the scope of a hoss
manufacturer).

2) 411 necessary test input in respect of the hose configuraticn,
such as buoy motion etc., could either be gained from external
sources, (customers model tests, calculations etc), or calculated
within the Division - refer to VII (d). It was recognised that this
would involve various approximations but these were considered acceptable
when comcared against the alternatives.

3) Dacause of 1) and 2) the buoy may be replaced by a

red,

[N

machanical simulator captable of simulating the buoy motions requ

L) By virtue of the avove, wind/wave generation would not be
raquired, therefore & relstively deev low surface area basin or tank
could be utilised. (ie: @ind/daove basins require large surface

area basins in order to maintain stable test conditions, including

Ypeaches to overcoms wave reflection etc. By virtue of such size the



Verticsl dimension hnw C .
ertical dimension has to be mipimisad in order tc reduce power

roquirercnts in the w ; i . :
quirercnts in the wave generation equipment, and capital cos*).
Usine a t ~
5) sing a tank as put forward by &), generaslly denth/

1T at] 7 S 1 . .
relative size is no longer of such mmporvance and thus the modalling
< > . -
scale may be reduced, (ie: size of models increased). It was tostulzted

4 W v ~ - : .
that the maximum scale possible to ensure reasonably representative

model hoses was 1:20,
6) Current, nor the effects of current, could be readily
simulated in such a tank. However this would not be a sericus oroblem

as most CPM sites do not experience significant current flows and even
that encountered tended to approximate to surface layer flow, therefore
not of great importance to the submarine hose system.

The above proposals/comments were conside-ed hy the Divisional
Management, who finally agreed that some form of model testing

facility sﬁould be commissioned. |

At this stage however it wss very difficult for either Divisional

lanagement or indeed the writer to accurately assess the benefits of

[
~

such a facility. (&port, that is, that it would be considerably bett
than most vrevious attempts at submarine system design). Bearing thes?2
reservations in mind it was finally decided tc install a model test
tank of limited capability. Thereby funding the expenditure directly
from the Division, rather than seek capitsl sanction expenditure

from the parent Company, (Punlop Holdings Limited).

The initial model testing unit was therafore an advancement of the
drawing board. A model could be examined, in three dimensions, underwater
in a static condition or a very simple dynamic stste, (vertical
sinusoidal motion of a buoy simulator).

. . 3 s . .
This test arrangement is described in section (b).



The above modal testing unit was installed during 1974, and has

been in use corntinually from that date. As a result of the work
conducted, it became cbvious that:—

a) Congiderable benefits could/were being derived from such

a facility.

b) Confidence in the accuracy of the results was high, (ficld
feedback etc).

c) Improvements could/should be made in order to improve the

total modelling capability.

a) A number of propcesed studies could not be accommodated by

the tank because of size limitations (particularly N. Sea instzllations).
That is without predjudicing the current modelling scale.

e) More work was available than could be accommodated by tn=
existing unit.
On the basis of these rather conclusive arguments 2 decision was made
during early 1976 to apply to the parent Company for capital sancticn
in order to install a large revised testing unit. Approval was gained,
(refer to section (j)) and the new facility installed during late
1976,

. . . . . \
™ is also is described in section (b).

=y
o
o

(NB: The 'old' test unit wns resited during the installstion o

new unit together with the dynamic test rig, see figure (26)).



b) OESCRIFTION OF FACILITIES

The model testing unit consists of two model test tanks, housed in
a purpose desizncd building, (Ficure 36) monitored from a central
control rcom, together with associzted model prevaration and
changing arees.

SMALL TANK

The smallor tank of the two designed to accommodate model systems at
a scale of 1/20. From (Figure 37), it may be ssen that the tank is
constructed from modular'panels, totally externally braced and
internally welded. Tank dimensions are respectively 12ft long x 8ft
wide x 8ft deep, capacity 4800 gallons.

Above the tank is mountecd a hydraulicaliy activated buoy motion
simulator, restricted to one dggree.of fréedom - described in
Section (c).

The tank is‘fitted with portholesvto enable observation and or
filming of the model system tests, and is wired for video and strain
gauge recording.

" Tank capabilities in terms of water depth, eic at a model scale of
1/20 are given in Table ( Q).

Generally the small tank is used for siuple tests (ie: restricted
dynamic input) for shallow water systems.

LARGE TANK

Desizned to accommodate model systems at a scale of 1/20, 1/15 and
1/10. (Figure 38) shows that the tank is of similar construction to
that of the smaller tank, but in addition has a high level gantry
surrounding the upper panels. (NB: The gantry forms an integral part
of the external tank bracing (locking ring) required because of the

volume of water contained. It may also be noted that the portholes



are smaller than the previous tank because of the stressing of the
necessary reinforced glass). Tank dimensions are 20ft long x

12ft wide x 16ft deep; Capacity 24000 g2llons.

Once again a hydraulic buoy motion simulator is mounted above the
tank, although of a more sophisticated design than the former unit,
three degrees of freedom are available - deséribed in Section (c).
Again the tank is wired for video and strain gauge recording.
Tank capabilities, at each of the modelling scéles are given in

Table (13).

The large tank is used for all tests on deep water systems, (scale
vsually 1/20) and for the more sophisticated tests on shallow water
systems, (scales of 1/15 and 1/10).

The tank designs are described in more detail in {27j'

CONTROL ROOM

The control roomn, Figure (39), is situnated adjacent to the tanks

and houses:-

- Motion simulator controls/read out

- Video Camera Controls/Recording Sysfem

- Strain gauge data logging system

- Personnel communications system

The test programme controller directs the model tests.from the contr51

room from where he is in communication with the camera operators,

diver etc.

MODEL PREPARATION ARDA

Adjacent to the test area is small laboratory specifically for the

preparation and testing »f model hoses, lozad transducers etc as

described in latter sections. A changing/shower room/diving equipment

store is adjacent to the assembly laboratory (Figure 40).



c) BUCY MCTION STEULADTON

h 5 fa .
In the case of a relatively small mooring buoy, (as is the case of

most SPM svste . . .
mos systems), the motions of the buoy, when occupied by a tanker

are, exXcept the vertical heave motion, mainly dictated by the loads
in t} bor WS A kol ed .
in the bow hawser. A knoiledge of such buoy motion enatles the

minimum and maximum distances between the suspension vcint of the

e

underwater hose of the buoy and the piveline end manifold (PLIM) to

3 nt - . . . .
be deternined. This data is indispensable for a proper desizn of ths

xh)

underwater hos2 system. The horizontal motions of the bueoy zre
normally largest in extreme operational conditions when the buoy is
occupied by & tanker; the vertical moticns are largest in survival
conditions without a tanker moored to the buoy.

An example of the envelopes of motion of the hose suspension point cof

an SPM buoy in extreme conditions is shown in Figure (41).

Up to now a propsr explanation for =211 phenomena that occur with
regard to the behaviour of the system tanker - single point mooring
is not available. However much effort is being put into this subject,
and there follows a brief review of typical calculations that may bhe-:

per formed.

Thagse methods of calculaticn involve on the core hand a mathemctical

I

erivntion of the important characteristics of the SPM - ship systen,

des

including nen linear re ctor1r~ forces and the inertia and damping of

the buoy and ship for various modes of motion, and on the other hand
a mathematical description of the environmental forces acting on the

elezments ¢f the system.

Dus to the non linearities of the systenm, equatiors of motion are



I ————
integrated on a step by step baosis using swall increments of tims.
Genmerally it may be ascumed thot the environmsntal forces ars due
to:
~ WIND
~ WAVES

SIMD FORGCTS

m

[

he formulations for the lateral and longitudinal wind forces and

yawing woment are of the following type:

F -3Pa V" 4 C

W v Two dw

In the forrmlation the cecefficient de is determined from model tests

~ 1

in wind tunnels for different headirg anzle of the vessel and
wind.

- CURRENT

~ BN

The formulation for this type of force is similor to those used
for the wind forces:

P o= 1PV A C

“c &4 c c dc

by

o ¥

The valus of the current force coefficient CdC is determine

oblique towing tests or by tests in current for diffeient angles

betweaen vessel and current (4 ). Both wind and curvent forces =rs

congtant values for a constant speed of wind and current.

WAVE FORCES

The forces due to waves wmay be split up into two components:

- wave forces =nd moments which are proportional to the wave height

(15t order wave forces)

- wave forces and moments which are proportional to the square of the
a 25 3

. . PSR S A
wave heicht (2nd order wave forces or wave drifting forces)/.
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My, s w".r:! Q e o . . .
The lst and 2nd order wave forces in regular waves (the only systen

o @ e -~ A A AF ) . .
presently considered”), may be calculated from the vressurs distribubion

on the hull using Bornouillis equation:

N 7
p:;—-lpgz-/p%\é—%/l\/'v

s

irst crder velocity potential. The first order wave

®
s
[©]
=
r_J .
[©]
ot
&
h

5

he null wherady
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ound by integroting the pressures acting on t

th

the Znd order contributions of the pressure comnonents are nezlectad.

P
B

The mean wave drifting force is foun? hy integrating all second order
nressure contribtutions. In determining the 1st order wave force only
the components —/7gz and —/)%% are taken inte account. All three
ccmponents of the pressure contribute to the wmean drifting force.
Currently only regular wave patterns are considered, mainly to avoid
the added comnlexity of celculation required for irresular waves.
This certainly does involve a éertain degree of non similari
hetween 'real life' and the wmcdel, however it is considered that the
aporoximation is still sufficienfly valid to yield useful results).
On the basis of the aforegoing, a knowledge of the loc~l environmeatal

.. - . ’
inent to the SPM site, and certain assusptions (or facts)

o

condition per
in relation to the probable type of vessel to be used, aprroximations

25 to the ship mooring forces may be derived. Tyrical output from

LR

such calculations sre shown by Figure (u2).
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It then revains to translate such forces int

motion of the buoy and to calculate the heave resporse of the buoy to

the required wave pattern.
In order to calculate both, it is necessery to consider the cha

anchor syctem of the buoy. The principle of such a system is that of =

- ! P " 7 Ametd
mlti les catenary, see Figure (43), and is based upon a relationship



Ty, O O T NS Yyt iy A ..
betwesn unit chain weisht and buov excursion. More srecifically

3

whe 8 moorine faren 4 e . [

Wien & noor ing Iorece 1s :lpi_lj_led, the })‘l.IO_"I' e an move side HAYS thus
t ! art 4 - .

lifting A certain amouni of cha in off the sea bhed

“hen the weight of lifted chein is sufficient to balsnse the moorsos
[ SSSrae i § - o - IS5 A e (';)

force a new equilibrium position is formed and

occurs urtil the lozd is chunged. In crder to pravent the chrain from
ever coming into a fully ternsioned position, causing shock leads,
the chain length is such that 2 minimum section nf it remains lying
on the sea bed under maximum load conditions. (Cften dictated oy
the breaking strain »f the mooring hawser).

In order to conduct the required calculzations a mzthamaticsl
description of the catenary anchor system is thms vital., A method of

generating such characteristics is dealt with by Chap

971

Calculation of the vertical buoy moticn is conducted by calculating

the wave vprossure distribution on its hull and using this as the

&

input force into the anchorage system. Generally howaver, because of

he relative size of waves in comparison to water depth ete a

i

t

-t

simplification to a dovble syring mass system may be considerad,

[FA . }
Figure (L4),
P - 554 ¥ both sets of calculations it is therafore possivle
Py a supcrvosition ol bott T

to derive avvroximatious as to form buoy motion envelopss, as shown
by Fisure (41). Fow then is this envelepe reproduced machanically

in the model tank

L TARK

{ : z ale noti s o s 3 g
As the originally installed tank, the metion simulator used 1s of

. . e 7. - 14 hotoocrant 3 B ~ an
a very simple desisn, Figure (45). From the photograph it may be szen

£

that +he simulator consists of a single hydrauvlic actuator mounted on
~ e L L Lo I B D - b



a fixed carriage assembly above the tank. The static vertical
position of the actuator may be raised or lowered or a screw and
oinion device to accommodate changes in water level (tide)/Water
depth. Since the assembly is fixed relative to the surface of the
tank, effective buoy excursion is produced by relative movemant of
the model PLEM with respect to the simulator.

It will be noted that whilst the simulator may produce dynamic

heave motion (vertical) of the buoy oniy static excursion motion
(lateral) may be attained. The latter is a severe limitation of the
facility (dictated by cost considerations) angd reqguires that the
motion envelope, (Figure 41) be split into a series of vertical
strips, studied independantly and later superimposed. The latter however
was found to not always be necessary as many cases of excursion

have been determined whereby the displacement could nom;nally ba
considered as static (wind/current dominated forces) and only the buoy
heave motion considered superimposed upon the said static excursion.
Heave motion, rroduced by oscillation of the hydraulic actuztor, may
be controlled in terms of amplitude and freguency, and is nominally
sinusoidal in form. However facilities exist, and have been used, to
inject the signal input from an external source, ie: signal
generator, magnetic tape etc.

The maximum capability of the simulator is naturally determined by

e characteristics, also by the model scale

its amplitude and respens

employed. lowever, considering a scale of 1:20,; the following

apply:-
1 »+ ct
Max heave motion : -~ 151
Max excursion : 50Tt

Max Heave frequency 1/5 Hz at full stroke.
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et upon the experience cained {rom the suall tani simulztor,
12 same dead on: Lm ¥ P P o

the same desienad for the lerge tank was of a wors sovhlsticated

design, Figure (h6). 4s may e seen the simulator
upon @ moblle carrisge system shove the £aonlc which enables 4, Y
and 4 wmotion of the simulator mountirg with resrzct to the tank.
The simulator itself, 2ithouzh restricted to wmotion in a single
plane, is allowed three degrees of freedom. Thus heave, excursion
(or sway) and tilt of the buoy may be repreduced.

It may be noted that thre simulator consists of two hydraulic

actuator uniis which are attached at a variable position pivot

on the vertical ram.

Static displacement of the carriage assembly coupled with simulator

dynsmics may be superimposed to produce most buoy motion patterns,
naturally limitations ao exist. Although dy na%ics may only be
vroduced in the one plane, it is pousible to rotate thz model hose
system with respzct to this plane in order to study the effect of
directiona2l phenomena.

Controcl of the simuilator is produced in a similar manner to that

- ..

described vreviously for the small unit. This time however the

ontrol Tunction is doubled (ie frequency and =mplitude of two

actuntors), and is coupled with phnse control between the two syste
plus mechanical adjustment of the simulator gecmetry. (nce again
4 - 3 1t -
sinusoidal input is nominally used althou similar "random” input
facilities ore available.
Specifying the capabilities of the simulator is a similar manner as
Il e

i at scale of 1:2C).
previously used, (again at a scale of 1 )




Static Disvlacement
Static Displacement
Static Displacement
Max Heave Amplitude
Max Heave Frequency
iax Sway Amplitude

Max Sway Frequency

Z

Y

X

(Z)

(Y)

I hoft
Doft
I 301t
1/5 Hz at full stroke.
I Lort

1/5 Hz at full stroke
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whare: V . - . A~ .
X V. = a velocity in the model or prototyne

I

o o = ravitata 3
g 8, = gravitational conztant in the model or prototyre

£

T - 1., ~ o L. .
L s L = a characteristic length in the model or nrototype

fssuming that g = g

and that ¥
P o : -
E = linear scale factor
m

it follows that: V

o}
!
y
}
1l

scale factor of spead

and L

3
3

LN . PRI . . .
where: >\: rotio between specific gravity of sea water

1 Ty > . :
the SFM location and the fresh water in Lre

ime scale Tactor for fregvency becomes:-

o1
i ‘;E-

4 = frequency in radians/sec or cycles/sec etc.

1

at
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(2) shodny UHARACTSARTSTICS

m ! , ~
fo yield dota frem which realistic frets can be interar ated it is

absolutely essential for every model component to be correctly
scaled.
lMolels of ancillary equipment (Figure L) eg: buoyancy tanks,
submarine floats, svreader bars, swivel unions etc., are constructed
from a variety of materials; wood, metal, synthetic Toemn, plastics
etc. In practically all cases, components are made as rigid as vossible
since the tests are simed st the deter rmination of rigid body behaviour
and not at the determination of elastic behaviour of construction

elenents. “Weipght and/or buoy rancy of the models are determined and

)

adjusted; centre of gravity is determined and adjusted by means of

ests in air while the mass distribukions are checked by

ct

inclining
means of pandulum tests.
Model hoses are similarly prepared, however additional featurcs relating

to bending, axial and torsional stiffnesses are also considered. It

is worth, therefore, to consider in gre:ter detail the pravzration of

each length of model hose.

PREPARING THE HOSE NMCDHL

These hoses in reality consist of strings of large bore flexibles, each

string of hoszs consisting of elements w1th lengths of rominally
30 - L4Oft holted together. The bore of these hoaes mzy vary betwee

12 and 2% irches in reality. & hose elemant consists of a flexible
niddle section made of a fabric/vire/rubber composite matrix with
semi rigid/rigid end sections terminsting in a flange.

Models of such hoses are made in a manner similar to reality and

consist of a steel wire, variable pitch h2lix embedded iy a low



el 13 et TN . .
modulus natural rubber compound, (ovren weave fahric mesh is also
1 + e Mmoo o~ . -~ el N . .
used in the smaller scale, larger size modeis). The extremities of
b ade T arne it A e o LN : -
each model element ending in a rigid part with a 'connsctor' to which

the next section may be attached, Fipure (4

)

o]
~
.

Criginally by a basic avvroach of experimentation, (eg: size/pitch of

helix, rubber modulus, hardness, s.g. etc), followed by cerefully

[ 3

jo¥

controlled batch production the following pronerties were scale

- LENGTH/DT AMET AR

T ot YT AN T e
- BENDING STINFNESS
AVOT AT mr1~v YN L
- AXTAL TIFFNESS

- 'TORSTIONAL STIFFHESS (1/15 and 1/10 scale models only - not 1/20)
At this stage it would be useful to review the tests conducted to ensure
the uniformity of the above choracteristics.

The first test conducted is a check on the models underwater weight,

(either "full" of o0il of svecified gravity or, water), both series of

models are made; (NB3: water is always maintained within the hose,

in water, Ficure (%9). Hinor adjustments are then made by thz addition
of small ballasting weizhts.

The second test ensures that each of the lengths of hose h=s
required ovending characteristics. Such characteristics are complex and
dependant upon such factors as internal pressurs and radius of
curvature. The test is therefore a repetition of a seriss of tests
performed on the equivalent full size hose, the wndel conforming to a
fixed configuration for a predetermined load, Figure (50). Series of

models are often mads corresponding to differing internal pressurss,

At



Usually a minimum of +ve i
PUALLS A mndmun of tve are used in the test nrogramme, 7Zeroc

pressure - buov unoce q and . - . . 2
X oy uncccuried and working pressure 150 - 225 1v%/in

- tanker lecading.

The third test {on2 Wdue
third test voniy conducted for 1/15 and W,L; scale models®) i

G

for torsinnazl chsracteristics. The rmodel is mounted in a torsion rig
and its ansular twist moasured for various torgue loadings

(Figure (51)).

(It was found impossible in the 1/20 scale model zeries to
simultaneously reproduce all of the full size characteristics., s

the most difficult to model, and considered to bz of least importance

+ - et : [ . . v
to the test, the torsional characteristics were not reproduced. The

(]
(
2
o
}_l
<
o)
)_l
[
3
ct

models infact had a much lower torsional stiffress that the
in reality, approximately ~507 -75 derendin g upon bore size).

The final test conducted is for axizl stiffness, (extension under lo-d).
This characteristic is determined by mounting the model in an
extensometer rig and plotting its load - deflcction curve (Tisure (523)).
Minor adjustmeﬁts are then made to the wodel by adjusting

in an internal synthetic cord running between oprosite end

COU.U 11’1"‘8 o

[N

hat a considerasle amo'mt of work is conductad

t

It may readily be seen

on the models prior to introduction into the tankk to ensure accuracy

and authenticity of the test results.



(f) TBEST RECORDING/LOAD MEASURRMZNT

VIDEC RECURDING

During the course of the test series the motion and resultant
configuration of the submarine system are recorded using still and
cine photographic techniques, (the latter from underwater if required),
and also by video equipment,

In the case of the latter three video cameras are used, two external
to the tank viewing through portholes and the third en underwater
unit operated by a diver. Bach camera has a calibrated grid lens
system in order that deflections, radii of curvature etc may later
be analysed from the recording.

During tbhe course of the tests, each camera is simaltaneously
displayed on its own mounterlpoused in the control console,

(Figure (53)). Any picture may then be selectedvby the test controller
to be transferred onto video tape. The selected picture is
simultaneously displayed on a fourth monitor. In addition a "caption"
camega mAy be over-written onto the video tape recorder in order to
ideﬁtify each video Sequence to the test conditions.

At all times during the course éf‘the test the test controller is in
audio contact with the camera bperators and diver such that cameras
can be pamued, refocussed etc and adjustments made to the model
(Figura (54)).

During the final sequence of a test programme the recorded video
tape is edited onto a second recorder, additional captions inserted
and an audio commentary added. (NB: At this stége the modél scale

motion (frequency) is reduced to the equivalent motion in reality to

avoid later confusion when reviewing the tapes.
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Axial Torces, bending moments (in mutually verpendicular olnnes) and
i 5 1/ i i !

tersion (1/15 and 1/10 scale series only), are measured in the

underouoy hoses. These sre messured by means of specially desizned/

constructed strain gause

transducers that may be fitted at wvoints

where hose elements are "flanged" tosether or connacted to ancillary

Fad

o of the transducer is such that they correspend

cr

equipment., The lenc

us

[®

to the length of the rigid hosze fittings, in this woy no additicnal
discontinuities in the cnrvature of the hoses are retained.
Before continuing further it would be worthwhile to briefly outline

the design/constructicn of the transducer. In designing the transducer

the following criteria had to be met:

aj Ability %o work underwater
b) Sufficiently sensitive. to measure relatively small loads

whilst retairing sufficient rigzidity in the transducer body to

accommodate survival load peaks. -

c) Give nominally a linear response over the ocutwubt range reguived.
a) To be constructed from a material such that additional lozds.
(ie: trancducar weight) were not introduced into the model system.

e) hzage of introduction into the model underwater by a diver.

The above criteria were evzntually resolved via two basic desicns

o3}

employing copolymer (Delirin) as the shell material. Delrin was chosan

because of its nominzl ncutral buovancy in watzr, rnodulus

characteristics and machinability.
Tae first design, thin walled tube concept, was adopted for the 1/20
The st desig

scale series medels and was capable of measuring the stated lozds +iith

the exception of torsion, (Fizure (55)). i&s may bz seen from the

photorsraph one end of the transducers could be located into a msdel



hose coupling via a screw threag whilst the other is "snaoped" into
its appropriate counterpart .,

The second desipgn, double perpendicular barbell concept, was a
modified design for the 1/15 and 1/10 scale series of models and was
capable of measuring forsion in addition to the previous loads,
(Figure (56)). The method of connection into the model may be seen

as replaceable plastic "snap-in'" rivots.

Both transducers emvloy linear foil strain gauses, (45° rosettes

used for torsion measurement), bonded to the delrin surface by a
specially developed adhesive system. The gouzes, terminations

etc are finally baked to remove all traces of moisturs and
encapsulated in 2 low modulus silicone rubbasr compound to effect
water-proofing. Waterproof strain sauge cables are used to connect the
transducer to the surface connection tox, joints at the transducer
once again being protected/sealed by the silicone encapsulant.

(NB: During initial work with the transducer(s) it was found that
considerable temperature gradients were built-up within the tank(s)
due to the effect of the bottom heating coil and overhead arc liphts.
Thermally generated strains were regorded as the transducer(s) were
moved within the tank, the latter naturally occurring during motion
of the hose system under test. Because of the restrictive size/design
of the transducers it was not possible to resolve this effect via
compensating networks for all of the measuring grids. Temperature
self comvensating gauges were therefore employed with a temperature
coefficient of eof = 65 x 10“6, corresponding to the thermal exvansion
coefficient of delrin.

Five such transducers may be used in conjunction with the current

measurirg system (ie: up to 20 channels of data). The system employed
= g Sy . :

is a IM system, which simultaneously heats (energises) all of the data



channels and continuously Samples one channel from each transducer
for display (Figure (57)) and Appendix ( 6).

(NB: Both the video and strain logging systems can be used in either
of the test tanks, ie: a test is run in one tank whilst the other is
prepared for the next test series etec).

Before introduction into the tank each transducer is balanced (in
conjunction with its associated balance network of the measuring

system), and calibrated on a purpose designed calibration rig.

(Figure (58)).

LOAD RECORDING

Static signals are read directly from a digital display/store. Simple
dynamié signals (slow moving) are recorded in the same manner.
Generally dynamic signals arq_:ecorded on é multi-channel ultra violet
recorder or magnetic tape recorder, dependine on the number and/or
complexity of signals to be msasured.

Signals recorded on.UV paper strip.are used to read off maximum and
minimum values and for checking purposes. Siznals recorded on magnetic
tape are digitised and used for‘more complex analysis. (Often however
similar information may coften be extracted from the UV strip usirg
gravhical techniques).

From the signals recorded during tests,; the normal statistical
gquantities aralysed are:

- MZAM VALUE

- RCOT MRAN SQUARE VALUE
- MAXIMUM VALUE
- MINIMUM VALUE

SIGNIFICANT VALUE : Mean value of the one-third highest veak

to trough values.



If required distribution characteristics can also be calculated

Ais can be seen from the above, one signal measured during one test

can already yield a large amount of data. Althoush all these

quantities describe t

¢ behavicur of the siznal, the amount of data

is too weildy when it ¢ o usin

o]
¢t

ne

%]

g such results for desisn
purposes. In many ceses the designer only requires a reliasble value

fer the extreme of a particular signal.



(g) INPUT DATA/TEST EPROCTDLRTS

INPUT DATA

] L
Several aspects must be considered for the test yprogramme:
N [

] K ~ e . . .
Behavicur and system loads in extremes environmental
conditions when the terminal is unoccupisd. During tliese tests thre

so-called survival conditions are investigated. The system loads for
such a sea state combined with the probability of occurrence of the
sea state form the basis for detern 1ining the prohability of survival
or system damage.

- Behaviour and system loads with the terminal occupnied by a

tanker. During these tests the upper limits (witn respect to the

4
[

0]

1
« 1

<.

environmental conditions) for operating are investigated. The res:
of such tests cowbined with the probability of occurrence of linit ing
sca conditions form the basis fof the evaluation of workability.

- Behaviour and system loads under environmental conditions

which occur a large vercentage of the time. These results, combinsd with
fatizue data (if known) can form a basis for mzinberance

scheduling.

R

In order to set up a model test programme, tke following environ

information should be known:

1) iater depth and tidal variation.
2) Current : Speed, direction, variations in speed and direction.
3) Javes: Frobapility cof occurrence of a given significant wave

height and period. Dependence of significant wave height on mean peried.

<

Lependence of significant wave height on the direction of the waves

1 directional relationship with above suantities.

Iy Jind : Speeds an

-

Generally published wave, wind and current data are used or a conz1lt-

ing body used to obtain the same, for example wave height/period



probability data, see Fisure (59),.

From the cnvirommental data a numbor of sea conditions with respesct
to wind, wave and current ars selected uader which the tests will be
carried out. At this stage experience gained Trom previous tests or
from experience gained with existing, similar installations is
effective in reducing the number of different sea conditions pozsihle
to a level which is acceptable from the voint of view of limiting

the npumber of tests. Jhilst still remaining sufficient to zain results

representative of the particular system.

#hen the environmental ccnditions and the configuration of the

terminal are krown, the test programme may be set up. Generally a limited
selection of environmental conditions to e tested is made from the

wide range of condiﬁions which may occur. The selection is usuzlly

as follows:-

SURVIVAL T3STS - conditions are chosen which have a probahility of
occurrence ol once in 50 or 100 years. These conditions are usually

with high winds, waves and current from the same direction.

EXTRTME OPRRATING - conditions are chesen with a probability of

4]

orcurrence of 1 to 10;. Cfiten these conditions will be selected which,

from cxperience, ars known to give high forces due for instance to
the relative dircctions of wind, wave and current.

NCRMAL OPITRATION - moderate conditions with the huoy occupied or
unoccupied, conditions are chosn to have a vprobability cf occurrence

ir the region of 50%.

. - 1S o 1 ne T e
The number of different sea states is generally as follows:



Survival tests with the buoy unoccupizg
Operational tests with a tanker moored to the buoy
3 to 6

‘ests in moderate conditions

The sequence of tests is often as follows:

g'f'
e

Cne test in survival conditions and two or three under orer

9

conditions.
Frem the results of these tests it may be concluded that some
characteristics or the system need to be altered, for instance:
manifold argles, hose string length, bucyancy distribution etc. The
first tests would then be followed by two or three tests in which the
efiect of the changes sre checked, This parl of the yprogramme
consists of, as it were, quick look tests and preliminary optimizatio
tests. After the first part, a series of tests are carried out under
onerating conditions to investigate the influence of verincus inrut
combinations. These tests form the bulk of the prozfamme and way
nurmber from 10 to 30D tests. Generally not all poasible combinaticns

of parameter varistions are tested, howsver. After this part of tha

,_J
®]
]

nrogramme, a number of tests are usually devoted to the optimi

of some specific aspect of the system.



V1.8 TYPICAL TEST RESULTS

Rather than to illustrate the results of one particular test in
depth it is intended in this section to discuss various aspects
of system design, their effects as illustrated by model testing
and basic¢ guidelines for their application.

(a) INPUT DATA

Whilst it might appear almost naive to stress the importance of

obtaining accurate and reliable input data it is a point that

unfortunately is frequently overlooked. Although most companies
institute a survey, prior to the selection of a terminal siting,
these generally are of little value to a system designer. Often the
only useful information relates to watér depth, tidal range and
bottom topography. Particularly with respect to wave and current
conditions information is usually very scarce or non existent.
Faced with such a situation, designers often over specify in order
to 'safe-guard' their decision. However this procedure often tends
to 'back-fire' in relation to submarine hose system design. For
example the survival and maximum operating for a buoy are often selected
on rather an arbitrary statistical basis. Frequently the survival
condition is chosen to be the 100 year storm condition, and maximum
operating some fraction of the above figure.

The results of such arbitrary decisions may be best illustrated

by the following example:-



SITE Location Uruguay

WATER DEPTH (Mean) - 19m

TIDAL RANGE : 1.2m
SURVIVAL WAVE : 8.2m
MAXIMUM OPERATING WAVE : 2.2m

NB: Maximum operating is defined as that condition in which a

tanker could remain moored to the buoy.

It ‘may readily be seen that in the worst case the wave height
represents in excess of 40% of the water depth. On querying the above
information it was determined that records over the most recent
eighteen month period indicated maximum wave heights of < 3m, a
significant difference. However as the above figures were already
written into all of the relating specificaticns no person was prepared
to replace such by realistic values. (The oil industry is well knownr
for its conservatism and resistance to change!).

On the basis of the above therefore a totally unique system required
development, which was rather an unsatisfactory solution to the problem.
As may be seen from Figures (13%0) and (131) the eventual solution
incorporated the use of swivels (mounied beneath the buoy), a totally
new and untried concept. (Varicus attempts have been made to incorpecrate
swivels at the floating buoy manifold with very little success,
generally the swivel bezring 'breaking-up' extremely rapidly). Figure
(131) clearly indicates however that such were necessary in order to
accommodate the wide variation in water depth required.

Also of extreme importance is a true and accurate determination of buoy

excursion under the vaerious conditions to be studied. Gemerally this



situaticn may be represented in very simplistic form by the

following diagram; (refer also to Chapter VII.2):-
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EXCURSION ENVELOPES OF POINT P

’Generally two excursion envelopes are of interest. The survival
envelope where no tanker mooring load is present, but is subject to
maximum wave forces; and the maximum operating envelope where wave
forces are reduced but replaced by large directional mooring loads.
These respectively tend to be of the shapes indicated.

Because of lack of understanding (or more correctly the apparent
inability to calculate buoy excursion), it was frequent practice
within the industry to quote a single excursion value as being
representative for all conditions. It may resdily be seen that such

a practice, ie: extending the above envelopes to points BE' and GD'

P



significantly increases the required performance of the hose

system; often to a stage whereby the whole concept becomes

cxtremely suspach.

Unlike most other engineering systems, designing for extreme values
is detrimental in relation to submarine hose design. freaquently
there exists a conflict between the system which gives optimised
performance for a large range of cperating conditiors, and that
which proves necessary in order to accommodate the large extremes

of low statistical probability. Frequentliy the latter case prevails,
(as the specified design criteria) and the resulting system although
capable of accommodating design conditions, (encountered very

rarely ie: every 10 years etc., if at all); results in a badly
engineered system which gives rise to higher failure rates under
normzal conditions than should have been the case.

In relation to hose system design a compromise questicn should be
asked; "Ts it more advisable to design a system for optimised
performance for some 90%-95% of conditions encountered and accept
failure under the remaining 5% of situations, or does one design for
the extreme and accept a general higher failure incidence for lesser
conditions". Frequently the probabilities are such that former is by
far the most economical sound decision. However due to a lack of
appreciation by the vast majority of personnel specifving such system
the latter generally prevails. In both cases however the need for
reality and accuracy in specifying input data is paramount.

(b) WHICH SYSTEM?

N C o
Generally two systems predominate submarine system design:-



LAZY 'St - FIGURE (132)

CHINESE LANTERN - FIGURE (133)

As may be seen from the Figurss the terminoiogy is self-explanatory.
There are however variants on these, particularly in the former case
where either buoyancy tanks or individual floats might be employed
as the buoyancy system.

The prime conceptual difference between the two systems is the way
in which they derive their respective configurations. In the case

of the Lazy 'S', this is governed predominently by a balance between
gravitational and buoyancy forces, ie: one is trying to achieve
neutral buoyancy. Structural stiffness plays a relatively minor role
in the resultant configuration perhaps apart from trose areas
immediately adjacent to buoy and Plem. However the converse is true
for the Chinese Lantern system. Here the configuration is governed
predominantly by system stiffness and lesser affected by both weight
or buoyancy. These initial criteria lecad one to the first statement
concerning the apprepriate use of each system. In order to make

the best use of, and to reinforce these characteristics, the

Lazy 'S' is better suited to deeper water installations, (= 1001t)
whilst the Chinese Lantern performs best in shallow water (50-1CO0ft)
systems. Having identified one major characteristic of these systens,
hence a guide to choosing that most appropriate the following is an

attempt to further classify each system in terms of its advantages/

disadvantages:-~



a) WATER DEPTH

b) ABILITY TO

ACCOMMODATE

LATERAL BUOY

EXCURSION

LAZY 'S

Best suited to depths

of 100f¢t, may be

used for shallower sites
although problems

occur in relation to
system stiffness and
accommodating the
necessary hose length

in the area available.

Generally much greater
scope than equivalent
Chinese Lantern.
Degree increases with
water depths, as
generally does the

requirement.

CHINLSE LANTERN

Becomes significant at
depths between 50-100ft
when used at greater
depths, the prime
characteristics of the
system stiffness becomes
a lesser influence,
requiring the increasing
balance of body forces

by adding buoyancy.

Relatively restricted by
conceptual design however
for shallow water systems
excursion are generally

not great.



LAZY 's' CHINESE LANTERN
¢) EFFECT OF Little effect, Because of the
INTERNAL the configuration inter-relationship
PRESSURISATION only marginally between pressure and
altering. stiffness, pressurisation

can have a significant

effect on configuration.

d) SPECIFIC Can have a significant Little effect, except
GRAVITY OF effect pa;ticularly where used in deeper water
CONTENTS - for a float supported installations.

( PARTICULARLY system.,

IMPORTANT IS In the float supported

SYSTEM REQUIRED case, the removal/loss

TO BE WATER of a float can also
FLUSHED DUE TO induce significant
ENVIRONMENTAL configuration change
REASONS). (See Figure 134). This

is because an attempt is
made to achieve a neutrality
of forces on a ''step by
step" basis throughout the
system. In the case of a
tank(s) supported system a

similar "overall" situation



e) USE CF

MULTIPLY EHOSE

STRING

LAZY 'g!

is achieved, but by
concentrating buoysncy
in a single location.
This latter case is less
susceptible to such
changes as incurred by

individual float loss.

Not best suited for .
multiply string
operation, Generally
because of the cost

of additioﬁal Plems
(required if the

strings were fo be
independent), such
systems require the
hoses to run in parallel.
The latter requires the
use of movement rest-
ricters or spreader

bars to restrict lateral
differential hose move-
ment which could cause

local loading/abrasion.

CHINESE L ANTERN

Ideal for such use,

three, four or even more
strings may be pgeometrically
displaced about the buoy
centre line. Each is a system
in its own right, and does
not affect the others during

installation or operation.



LAZY 'S¢

CHINESE LANTERN

Generally the above
do not work well, aznd
in the case of a float
supported system float
ebrasion/loss can be a
problem (refer to d).
Gererally only two or

at maximum three strings
may be installed as such.

Even then they interact

during both installation

f) STABILITY

(UNDER WAVE
INDUCED

FORCES)

and operation.

Generally the Lazy 'S’
is a very stable
system. However in a
certain situation a
phenomenon termed
"cork-screwing' occurs,
re fer to Figure (135).
"As the buoy moves
towards the Plem the
curvature of those
hoses beneath the

buoy increase. At a

Under some circumstances -
particular for less stiff
systems. Vertical buoy motion
induces a three dimensional
configuration to occur,
(refer to Figure 136). This
tends to induce large
torsional forces at both
the buoy and the Plem,
which is detrimental to
system performance and

hose life.



LAZY 'S CHINESE LANTERN

critical curvature

0

the system distorts

from a nominally

planar configuration
into a three dimensional
mode which when viewed
appears as a cork-screw.
Whilst appearing to bé
rather alarming the
above has found to be
only a transient
instabilify and in
actual fact is beneficial
in reducing system
loads - particularly

bending moments.

Whilst an attempt has been made to develop a critique of system(s)
performance based upon the results of model testing it must be stressed
that each installation is inevitably a compromise. This in many cases
has resulted in the need to model testvalternate systems to enable a

. " > "
responsible selection decision to be made. The phrase "Hoses for Courses

is very appropriate in this sense.



(c) INITIAL SYSTEM OPTIMISATION

T . .
One of the greatest benefits derived from the model testing and
facilities descriked, is that initi i mi i
Aities serived, 18 that of the initial system optimisation.
= T+ } 3 3 1
These tests generally being of the form of static and a few dynamic
tests 1in order to assess the ability of the system to accommodate

design extremes coupled with the normally prevailing conditions.

During these initial testec many variants in the form of:-

SYSTEM TYPE

HOSE LENGTH (TOTAL + INDIVIDUAL ELEMENTS)

: MANIFOLD ANGLES

: BUOYANCY DISTRIBUTION ETC

may be rapidly evaluated. Using both visual and load monitoring
techniques the effect of change can rapidly be measured and

categorised. |

It is during this stage that most of the major design decisions are
made. (During model testing it has been found that differences in

hose length of, eg: S5ft in 100ft, can be significant when reflected

in measured system loads). Generally during latter testing, the bulk

of the dynamic tests, relatively little additional system modification
of any significance results. In other words a law of diminishing returns
operates. These latter tests however to generate considerable
information regarding systeﬁ loads with respect to operation conditions
which are extremely useful both for test rig input data and later should
enable typical system 1ife prognosis to be made.

(a) GENERAL CONCLUSIONS

- The hose loads are in general greatest at the buoy end of the hose

string.



~ The hose loads at the buoy are more sensitive to changes in the
sea conditions than %o changes in the hose configuration.

- The hose loads at the Plenm are to a large extent devendent on

the hose configuration.

- The influence of the ptesence of the tanker in the loading of the
hose(s) near the buoy is relatively small. However the converse

is true for the Plem hoses.

- Visual observation is indispensable for the judging of the general
performance of a submarine hose system.

Because of the diversity of systems tested, and their individually
tailored design only a brief resumé of generalised results has been
made. For greater details of individual tests refer to the appropriate
model test report, reference»(lS). (NB:_The release of some of those

reports will be subject to approval from the o0il company involved).
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Tests are carried out according to Froude's 'aw of similitude.

This means that scale effects will occur in phenomena many devendent
or friction effects since these are dependent on eguality of the
2ynolds number.

Tne greatest influence of frictiocnal effects during ths conduction of

tests is that of flow around the hosss and/or buoyancy units =tc.

Generally buoyancy chanbers approximate to flat submergad bHuoy type
structures, the current flow around such bodies being three dimensional.

That vpart of the flow encountering sherp corners will result in flow

=eparation in th2 model as we ell a5 in reality.

the flou around such bodies match quite well witn reality, and

- ~ ‘o-y'. b ‘,'-‘ ; — M - -
C(*ng@quantly, scale effects due to friction will be small. Lney are

ot

estimated to be in the region of 0-107

ara of a slender cylinder form, the flow around
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However, ih:

| : v form. In vrincinle the nodel
such elements will be of a two dimen sional form. In principle the mode

. 34 £ e ints flov aration to the
with these then shows diffsrent points of flow separation to th

full scale svstem Tn this case we must look nt the local Raynolds
Pl L D v Ul e -



number re model and vrototype and determine the difference in drag

PP = . . .
Coe*flClenvS_Cd. For circular cylinders the drapg coefficients Cd

\

Wt - . N . i .
are. showi ©0 a base of log ro in Fipurs (04;? taken fiom (5)°

Model tests are vractically always carried out at sub-critical

Reyn~1ds numbers. This means that the Cd values are always

approximately equal to 1. Prototype Rewvnolds numbers are often in the

super-critical region. The C_ value in this region is, however

d
dependent npon the roughness of the cylinders as shown in Ficure (60).

In the case of actual iastallations, quite high roughness values may

be reached due to the marine growth., This tends to increase the Cd

valuas for the prototype thus bringing it closer to the model values.

In general, mecdel values of such "current'" forces will be scmewhat
higher with valves being from O to 20% above those in reality.

SENSTTIVITY OF MEASURING DEVICES®

The load transducers are generally capable of measuring forces with an
accuracy far in excess of the minimum accuracy required. They are accurate

to avproximately:-

BENDING MOMENTS 1%
AXIAT. FORCE 5%
TORSION _ %

Errors may also be made in reading values off UV traces, sampling and
digitising signals recorded on magnetic tape.

These are dependent on the trace width, noise levels, sampling rate

etc.

Generally errors mgy amount.to approximately 2 to 5%

USE OF REGULAR WAVES

In irregular waves the height of the incoming waves is a slowly

varying quantity. Since the wave drift force (2nd order wave forces)



also

force

is proportional to the square of the wave heisht, this will
show slowly varvins or low frequency components, (sea Tipure (¢ 65)).
As may be seen from this figure, peaks in the wave drifting
are associated with ths accurrserce of grouvs of higher waves

in

principle the comporents of the wave drifting force in irreguler
have freguencies from O to infinity, however, the main components
are concentrated between the frequency O and the freguency of ths
waves from which the force orizinates.

Hoored ships senerally constitute mass spring systems with natursa

periods for horizontal motions

seconds. These frequencies are outside of

in the order of msgnitude

Javes

5
A

of 50 -~ 5C0

the wave freguencies and

in the ranze of the freguencies of the drifting forces. Damping in

the horizontal motions is generally low.

cembined with

the freauencies of the slowly varying wave drifting

force can nroduce large amplitude low frequency motions in mcore

vessels, These motions may in some cases dominzte the
+1 - . 3 \ . T cyyea (6f\
on the system as showrln rigure 5/,

Under certain conditions, with the ship head onto the

These two characteristics

loads imposed

waves,

it

vossible to calculate the mean drifting force in regulsr waves

strip theory (7 ).

Based or certain sssumptions the mean value and the s; pactral

wove d

)

the oscillating part of the low frzquency

: ular was Hox ] o
be calculated for irregular waves. However in cor

RN T SR
riftine

tests on moored vessels such calculations do not give an accursa

moasure of such behaviour.

In reviswing the above it
in the

this for

possible inclusion of considerable

is

fr

om

~
LoTrCes may

narison with model

may therefore appear that the ahsence of
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ewever, wita reicrence Lo the submarire hose svsten, trhis is not

strictly so. i TR . - .
siriculy so. the uvper limit of the zbove force which may effectively
1 ~1liad 1o hiys v . .

ce applied, via buoy excursion, is restricted by tha breal

the ext jaoirle

Up to now « prover explanation for all vhienomena that cccur with
regard to the behaviour of the system tanker - huay mooring is not

available. Tuus the motions calculated are subject to error and finally

the motions renroducad are subject to additional error (ie: restrictinn

“stimates of the degres of error involved vary with the tvpe of motion

(m—gnitude and frenuency) =ané the invtut information av=il zble,

N ~t .
generally these are considered to be of the order of 1C) - 267,
The avove errors may agpsar rather large, however they must be

considerad in nerspective. Bucy motions measured in o

Faled

reduce sucli error - efforts are continually beiogg mad

success, to ohtain such information.
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However, irrespective of how the buoy motion
eproduced the largest single cause of ervor is probably errors
inherent in the environmental input data.

. . . . 3 kS o N PR B
{({IR: Data c~llection in recent wvears, in the N, S2a a5 ravealed

n previcusly emploved data, and

(=5

consideratle inconsistencies

continuss to exposs anomalies within itself.
of 3TM sites are not as well documented!)
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e inability of the present facilities to model current is a limiting

s . e A 31 . : - s 4 2 o
hich is imposed. UGenerally tests are considered dubious

restriction



S encounter dirsctional currents of greater than
0.75 knots in magnitude. However the vast majoriiv of current/plannad
SBH installations come within this restrictive band.
Attempts at reprodncing the effects of current, via calcul«tion
and the attachment of counterbalance wires, have heen made with
limited success. Such tests are generally restricted to static
studies, {(ie: no wave motion).
Mternate methods of inducing current tvpe loads (ie: elsctro magastic
fields etc) are presently being evaluated,
In conclusion, althoush the possible sources of error high-lichted
by this review might appear to cast considerable doubt on the
validity of such model tests. The advantages of, cven such limited,
odel tests bevond that of historical design/nvaluation nethods
is conclusively apparent. .
However one must not be.tempted to confuse such model tosts with
reality, they are an indication of reality, (sometimes poor, sometines

treated



VI.10 FINANCIAL EFFECTS

By their very nature, the justificaticns for the capital investment
outlined, are very difficult to quantify. It will certainly result
in the flow of additional business to the Division, as demonstrated
by previous experience, particularly if our competitors do not take
a similar course of action. Dunlop's standing, as market leaders,
will also be enhanced by our ability to compete not only as hose
suppliers, but also as system designers/evaluation engineers. To
summarise, the investment would result not only in visual evidence
of the technical competence of the Division but alsc in direct
financial benefits based upon market place decisions in response to
such facilities.

In general, the effects of the investment may be quantified by both
financial gains and savings:i-

(1) During 1975/76 a total of three major coniracts were gained
partly because of our ability to conduct model tests, (total value
£1,060,000). With the additional tank primarily engaged upon deep water
installations it would not be unreasonable to anticipate a minimum
contribution in excess of £140,000 as a direct consequence. (ie: One
major N. Sea contract/year). However, as it is difficult to be
certain that the obtaining of a contract is directly as a result of
model test facilities, the values above have not been used in
justification calculations.

(2) On the basis of conducting four major test series in the

large tank and ten similar tests, (of less complexity) in the smaller



tank during 1976/77 a total turnover contribution of approximately

£100,000, (ie: Test fees), would not be unreasonable. Of this figure

£30,000 hn~s been assumed to result directly from the proposals
outlined.
(3) In addition to the above positive aspects, a saving,

as a result of significant diver redeployed for some 75% of his
time, would amount to approximately £2,000 in a full year. As this is

only a redeployment, no use has been made of the value of

calculations.

(4) The direct beneficial'effects of such a facility, in
relation to the Division's R & D effort in new and existing products,
must also be considered: (eg: Salm hose development). This however,

is extremely difficult to measure in financial terms.

FINANCIAL SUMMARY

(1) CAPITAL EXPENDITURE

Capital expenditure as detailed below will be incurred between the end

of May and the beginning of December 1976.

£
Enlarged tank and carriage assembly » 13,000
Water supply; pumps, piping etc 1,545
Water filtration/circulation plant - 1,813
Water tempering; heat exchanger, pump etc 2,303
Electrical supply, lighting equipment 995
Screening of work areas; heating; lighting ' 1,500
Hydraulic buoy motion simulator 8,123
Torsional load measurement equipment 4,150

33, bk

P



(2) A & R EXPENDITURE £

Transfer of existing tank 3,150
Transfer of henting/filtration equipment plus shower etc. 1,380

Making good existing units 385

4,915

(3) TIMING OF EXPENDITURE

On the basis of the lead time of components the capital and A & R
would be spent before the end of 1976. (This assumes sanction
approval by the end of June).

(%) DEPRECIATION

Depreciation has been calculated as follows:-

ITEMS VALUZ LIFE DEPRECIATICN
Hydraulic Equipment - £ 8123 4 years £203%)
Electronic Equipment £ 4150 4 years £1037
Other items £21171 - 10 years £2117
£3344i £5185

Tt has been assumed that only half this charge would be borne in the

first sancticn year.

(5) RUNNING COST

The additional costs of running the proposed equipment will be as

below: - |
ITEM AEEQAL COST FIRST YBEAR COST
Water Usage £ 200 £ 100
Electricity £ 500 £ 250
Maintenance £ 1800 -
Model hoses £ 6500 £6500
Labour - £ L4500 £2250

£13500 £9100 -  aQz



(6) INCCME

The sale of services is estimated as giving rise to income of
£100,000. For the purposs of the calculatinns £30,000 has been
assumed as arising directly from the new.facility as in times of
strong competition the ability to sell the service, as opposed to
offering it free of charge, may be affected. It hss been assumed
that only a quarter of the savings would be achieved in the first
year.

(7) PAY BACK

The above figures give a pay back in 2.75 years.

(8) DCF

DCF will be in excess of 25%.
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TABLE 9

OPERATING CAPACTTY SMALL TANK ( AT 1/20 )

- s 1 e s e s s W ap St e S e s et
= o’ —— oy (o P 20 e B A Gt P B G A T o P P S B e e

MAX DEPTH 40 £t

MAX BUQY HEAVE + 15 ft

MAX EXCURSION 50 ft

MIN HEAVE PERIOD 5 sec

TABLE 10

OPERATING CAPACITY TIARGE TANK ( AT 1/20 )

MAX DEPTH 300 £t
STATIC DISP Z + 60 ft
STATIC DISP Y + 4O ft
STATIC DISP X + 140 ft

MAX HEAVE + 30 ft

4+
-
>
a2
[\

MAX HEAVE FREQ +

MAX SWAY

i+
=
o
L]
o+

MAX SWAY FREQ 1/3 HZ
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FIGURE (64)
WAVE FORCES OR CYLINDRICAL BODIFS (REF 5)
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The purpose cof investigation was to predict the dvn-mic

7

=N

behaviour of a floating hosz string for a singie poinit rooring syshenm

[

subjected to regular wave action. i

The method of solution adopnted was to model the hose string by a

Q_u

number of elements of known waight, displacement and stiffnass and to
integrate the squations of motion until a steady state solution was
obtained. Linear wave and beam theories'were used however the nonlinear-
ity of damping and buoyancy feorces were accountad for.

A mumber of basic assumptions were made:

1) The system was assum2d to bz in desn

theory was adequste. Further the hose was
2) In ideslizing the bose string into s nunber of beam elements,
only vertical deflections were considered, no tension or torsion was
defined in the hose, small deflections and linearly elastic
materials were assuned.

3) Buoy motion is considerably simflified and allowed only two

degrees of freedom.

}.JI
iy
]
=
Y
9]
9]

To study the effects of different hose stiffnesses the bending st
51 was varied for a constant sea state and the maximum moments
calculated for each of the elemental nodes for each =I value.

The outline solution method used and summaries of the bendirg mowments

versus hose stiffness are contained in Appendix (=2).




Of particular interest however is the increase 1n bending momesnt at

(3

N

the buoy flange as the hose stiffness is increossd.
Figure (67) indicates the maximum moment versus hose stiffness (at the

.« o~ N o .
bucy manirold, for the example used (ie: 8ft, 8 sec regular wave);

Y
Ao

shown circled is an experimental point taken from the Forcados field

study.

Whilst no definitive conclusions may be drawn th

]

prograrme

assumptions aypear valid for the simplistic apvroach taren. Many more
data points are needed, and to this end it is intended to conduct
further runs of the programme for varicus sza states. In ocrder to do so
a number of wave probability histogrammes have been calculated (see
Figure (21) and (ﬂﬁb ) and will be used tec ebtain similsr load
kistogrammes for the various sites available. Initially Forcados Nigeria

will be used and the results comparsd with those obtained from th

D

field study.
Jowever before such work is performed the prograume requires refinement.

Initially to ailow for greater stiffness variation, but also to allow

Hiy

for the incorporation of tension and torsional generated loads.

VTT.2 BUOY EXCURSICN UNDER THE INFLUENCE CF LATERAL FCRCES

Data acguired from a veriety of sources in order to satisfy the ne=ds
of the various model tests which have been undertaken has szemed to
indicate the presence of a rather confusing picturé for buoy
excursions. In some cases the excursions for the operational condition
have excceded those for the non-operational condition and in others
the reverse has occurred. In some cases the excursion has been said

to increase with depth whilst more frequently the excursion has

reduced with increasing depth. It is clear then that an appreach

- 21 -




from basic principles is needed in order, Tirstiy, to i

el

-

cren~ge our

-

b Kaltal

understanding of bucy systems and the effect of their design upon hose
behaviour and, secondly, to be able to provide a more complete
service to our customers when our zdvice for system design is
sought.
It has bzen found possible to treat the problem entirely from a
thecretical standpoint in order to derive excursion predictions under f
known loadings which can be rezarded with confidence. Tre work perfermed
has been based on the relationships relating to the catenzry and a
buoy system of six anchor legs has heen considered.
The known parameters for any system are:

L -~ the total length of each cha

b - the depth to be considersd

d - the Wt/unit length of chain

and ©o{- the chain angle at a known depth and rosition
From these parameters it is necessary to find a relationship between the
excursion and the horizontal force causing the excursion. The
mathematics used to derive this relationship appears in Avpendix (1.
laving obtained this relationship for a single chain the problem of

charinz the total horizontal force between 21l six chains still remains

uq

and it has been found euasier to specify the excursion and from that
ovalunte the horizental component of the tension in all the chains
and then sum the results. In this way each chain can be treated
independently rather than solving a set of simultaneous equations for
the entire system.

For these calculations the buoy position must be related to some

fixed poirt and it is most convenient to consider this fixed point as

being the piling at the very end of each anchor chain. The



"displacement' is then measured from this point. In the equilibrium

position, at which the known value of oKX was measured, the

displacepent” figures for all six chains will be the same. If the

buoy is now disrplaced a distance x then, gerneraily, three of the six

"displacement' figures will incresse and three will decrense., In one

particul-ar case only four of the six cheins will be affected as the

other two will be in the plane perpendicular to direction of mction. g

The amount of change will depsnd upon the chain under consicderation.

For the two chains in the plane nearest that of the translating force

(at angle € to it) the change will be I %cosS and for the other four
+ +

chains the change will be approximately - xcos (60 < €). This change

is approximate becsuse the angle which is initially 60° does in fact

change slightly as the buoy moves. The differences from 50° are so

small however that for all practical purposes the anproximation is

fully justified. The small errors introduced by accepting this

avproximation are explained in Appendix (10).

The problem of relating excursicn to translating force is treated

numerically as no analytical approach has been found suitable. The

procedure is ocutlined in the following steps.

(i) Pind the maximum chain angle at a specified denth at which all
of one chain will just 1ift from the sea bed.

(ii) Tind the maximum chain angle at the same depth at which the
chain will be drawn taut.

(iii) Find the relstionship between displacement (horizontal distance
from buoy to anchor pile) at the depth at which the known chain angle
was measured for all angles (lo interval) up to the maximum svaluated
in (ii). The avpproach adopted is finding this relatiorship is different
if the angle is between 1° and the maximum found in (i) compared with

the case when the angle is between this maximum and the absolute

. : [P
maxigum found in (ii).
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(iv) With a new cdepth (if it is to be chanzed) at which the
excursion is to be considered repeat steps (i), (ii) and (iii).

(v) By comparing the relationships obtained in the first and

second runs through step (iii) obtain the enuilibrium ancgle at the

new depth.

(vi) AGd - cr subtract according to the chain under consideration -

the appropriate excursion figure to the equilibrium value of 'f
displacement. |
(vii) Pind what value of horizcntal force corresponds with this

value of displacement by referring to the table formed in the seceond
run through step (iii).

(viii) Repeat steps (vi) and (vii) fer all the chains with the
anpropriate displacemsnt for each chaln related to ths bduoy.

(ix) The forces obtainzsd can be added to give the total horizontal
force caunsing the excursion.

This process could obviously be very tedious =8 a number of the stages
have to be repeated several times and each stage itself require
usually about 70 or 80 similar calculations to be rezsated. This kind

denl for solution by computer and an interactive

of vroblem is

programme for its solution has been written.

Ficures (63) and (69) show graphs typical of the outout from the
computer programme written. yller sets of granhs, tables stc ar
included in appendix (12).

Trom a study of the results of the above claculatibns, figures etc.

it is possible to list a number of characteristics common to all multi

catenary chain anchor buoy systems:-

1)
2)
0
D
i

(i) The force required to cause a particular excursion incr

with increasing depth but is not in direcct proportion to the de

A tvpical relationship is shown by Figure (6
g S




(ii) The difference in maximum excursion at w

ths i3, perhaps surprrisingly, relatively small.

1

(iii) Looking at the buoy system in plan, the form of the excursion

caused for any particular translating force acting in any direction

o}

around the full 360° is virtually hexagonal in shape, the corrers of

03]

the hexagon corresponding with the mid points between each of the

chains. See Figure (69).

Ao

(iv) Providing the entire length of the chains opposed o the ‘
translating force is nolt lifted from the sea bed the additional force
required to cause equal increments in excursion rises only very

slowly and could almost be approximated to a straight line.

(v) The gradient of this part of the curve (before the chain

entirely 1lifts from the sea bed) increases with increasing devoth.

(vi) “When one or more chains opposad to the translating force ha
extended bevyond the point at which some of its length still lies

on the sea bed the translating force required to cause further excursion
begins to rise very sharply. The shape of the curve during this

phase cannot be approximated to a straight line as the gradient

very rapidly rises to infinity.

VII.% MATHEMATICAL MODEL OQF SUBMARING FOSE CONFIGURATICH

In the practical situation the submarine hose is a comrlex

structure with many factors involved in causing internal loads.

The loading of the hose will be a direct consequence cf the geometry
and physical properties of both the hose and its environment. The

followine factors affect the stress pattern.
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(i) Size of hos2, both length and cross-scction.

(ii) Tlastic propertiss of the comvlex material from which the

(iv Devth of the sea; this is variable and the effect of buoy

movement in a vertical direction is important certainly because of

variation of depth and from a dynamical point of view.

(v) Cenditions at the manifolds at either end of the hose.
(vi) Drag loads exerted by the water on the hose.

Any mathematical model which includes all the parameters given in
of the

(1) - (vi), would be a complex model making the analysi

193]

<

problem very difficult. A simplification of the problem can be obtained

d to the

)]

by noting that the length of the hose is large compar

diameter so that as a first approximation the hose can be conside

red

to be a thin strut fixed between two points {ths bucy and the sea bad

]

manifold). The construction of the hose is complex and elastic

propertics are difficult to predict so that it seems rezsonable to

consider the structure as uniform and isofropic with a banding

stiffness that can be measured. Yith these two simplificstions the

problem can be written down in mathematical terms. The quations for

the prohlem are well kmouwn - they are the Euler equations for thre
buckling of a thin elastic rod.

Proceeding a stage further, the next approximation is that of a
thin rod constrained to lie between two fixed points but with the
lower end pivoted rather than clamped, so that the bending momen
at the lower end vanishes. The equations are the same as those of
first approximation, the difference being in the boundary

conditions.
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It may he' possible to obtain numericzl solutions to these two
problems, but before any attempts are made to find such numerical
solutions some attempt at analytical solutions should be made.

In the followinz analysis an attempt is made to find zn snalytical
solution to determine the forces and bending moments in a unifornm
tihin elastic rod fixed between two voints in the same vertical line.

This model is subject tc the following restricticns:-

(a) it each end the rod is clamped in a vertical direction. (This
implies that the manifolds on the sea bed and the buoy are vertical,
which is not the practical situation).

(v) Tha loeds in the rod are caused solely by the fact that it is

)

lenger than the distance between the fixed points. (Tris neglects
the effecc of drag forces and assumes that the hose 1is neutrally
buoyant).

{c) The problem is a statical one. (Vertical movement of the buscy

is not considered although the solution is found for different sea

depths).
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T* Tension

S* Shearing force
M* Bending moment
s* Arc length measured along the curve
L Total length of hose
o* Anzle between the tangent to curve and x* axis
D Distance betweer the fixed points.
B = BEI wherzs ® is Young's modulus and I the moment o
inertia of the cross-section.
The equilibrium equations are (Mathematical Treatise on Zlesticity
A E H Love)
ar* g
a0* =
aM* g
ds*
M* = B %§;
ds
For the problem where the ends are clamped vertically t

conditiors can be written as

it

x* o, v~ 0

I

x* = D v

i
o

These equations can be written in dimensionless

introduction of new variables.

n
1
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Under this transformztion the equations and boundary condition

become
aT
g _ g .
3 1.1
as
o= ~T 1.2
&l g 1.3
s
M = do 1.h
ds
and
=0, 8 =0 whens =0

.
i.5

X = 1 & =0 when s = 1
k]

S

Equations (1.1) and (1.2) may be integrated and since the problem

is symmetrical the she=sring forces at the ends must vanish which

jimplies S = O when & = O. Hence (1.1) and (1.2) gives

[0

S = w2 sin® , T = ~H2 cosO 1.
wheras W 1s a constant.
Bquations (1.2), (1.4) and (1.6) give

d2®

2

S

= ~Wzsin®

jen

which on integration yields

N n" 2
(%L) = 2d [COSG + c-], ¢ constant
as -

By writing ¢ = -cos e this result becomes

2
ds 3 ,NZ . 2 ;(% _ .‘2 1
(Eg) = 44 [s*n 5 > sin > @]
ds + 2 1 2 1 1
le: M:a-é-=—2‘!:l [511". é-@(—s:m —2-81 2
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where the choice of sign derends on the region, as indicated on
the diagram 1
1 0FxT ¢, e [sing’%"{-—sin'%@]i
1T %;E'th % ' gg = =24 [sin2 %-c% - s;na % é] i
ITT 15:5 x 1, g-f- = 24 [sma %—‘% - sin” ;—9‘] °

The symmetry of the solution enables the boundary con
be modified so that

when 6 = ¢

=
i
i
62}
|
I

Using (1.7) it is now possible to obtain two equations which determine

W and o, namely

o
L, ] s 1
2y— Jrﬁ'z-];o( 02}—72
° Ls*n > - Sin > @J
o<
a WD cos® 4l 1
an - = o
2L .21 21 2
= o - sin =
° [51n 5 sin” 3 o}

The intesrals in these equations are elliptic integrals and can bhe

itoS6]

evaluated by using tables. An approximate solution can be found by

o

= which 1is

ro =

expanding the integrals in powsr series invelving sin

less than unity. Such 2 mathod gives

J o 95
s =1+pf rwf
2 1.8
WD 3 15 8
— - = - 2 1
2L 1 4 e) 64 ™ where sin 504 :644 1

. 2 ;
A first apvroximation can be found by reglecting 6. and solving

(1.8) to give

/J = 87T
G+D
= 1.9
L
2 2
@ = S1in 1 X 21‘"(1 -
2 % + D
T




. . L - )
Now that '/ and sin > ™  h2ve been calculated we can transform back

to physical quantities S*, T*, M*,

n

S* = BY_ sin%*
12

. + 2. .21 21
i - o = . - ol - 33 — QF
Mt = - [sin 2 erno 3 s j 1.10

The extreme values of these loads can now be examined. For convenience
the *'s will now be dropped.

Shearing force S:-

This varies from Zero st the two end points and the mid point to a

max —— sin

L
Using (1.9) this can be written 1
D D 2
S - 2567578 (1 - 1)(5L - 12&
mex 2 3 1.11
(3_’_2) P

Tension T:-~
From (1.1C) the tension is always necative so thre hose is in

compression at each point alorg its lenzgth. The extrems values of

this tension are
] = - B ‘12 L= - BA.‘J2
max > min > cos X
L L
Using (1.9} these are
2 2 D
T = - 64TNTR T . = - ALTR"B(9L - 5)
max > > s min > 3
L°(3 + D) L7(D + 3) 1.12
L L
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Bending moment M:-
The bending moment M varies from a minimum of zero at ths points

Ao

+ . : : :
where O = - & | tc a maximum value at the end points and the mid

roint.
M = 24
max —ig-sin %fﬁ
Using (1.9) 1
2,2
M = 327vB(1 - 1)
max -
2
L (3 +D)° .13
L
These extrems valuzs can be found to a greater degree of accuracy

Fad

by using second approximations for W and sin < which are obtainable
from (1.8).

While thic model is a very simple one from the point of view of
practical hose installations, it does give some indications of thre
features that may occur. In the simple situstion whera the hose is
loaded because of its position alone there are bending moments which
conld cause yroblems. In this situation tre tension is of little
significance because it is predicted that the hose weuld in fact be
in compression and failure due to tension is probably unlikely.

a1

This mathematical model is far too simple for the practical situation
hut a more suitable model is outlined %

There would be obvious advantages in making M vanish at the sea-bed
menifold by adjustment of the end conditions. A prediction cf

the angle of clamping at the sea~bed to achieve this situation would

U\a

be of importance.
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FIGURE 3
Region I dé > 0. At A O =et, 48 =0
ds ds
Region II as ¢ O. at B 8 :@ , d8 =0
' ds ds

For this problem the equations remain thre s=me as in the previous

analysis but the boundary cenditions become:-

0
i
(]
"
1t
(@)
<
1
O
@
I
o

when

when s=L, x=D, y=0, da8=0 (>8=8)

However, the changing of the second boundsry condition makes the

analysis extremely complicated and no solution can b2 obtained without

some numerical work. An easier approach would be to solve this probvlem

by numerical techniques only, this method is shown in Appendix ().
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From avvendix (9 ) it hns been shown that the simplified problem

T
£

outlined can be solved using a numerical technioue. rurther from

the results it has been shown that:-

a) A suitable fixation angle at the sea bed (Plem manifold
angle) can be established corresvondine to zero bsnding moment at
that point.

b) The configuration resulting and angle above variss only

slightly with "body force™. The latter being a dimensionless

2
3
. T oy - .
quantity &' = WL~ where W = Total nett hose weight
B .
L = total nett hose length
B = hose hending stiffness :

(NB: The latter hss been demonstrated via model tests whereby the
addition of substance amounts of buoyancy (ie addition of submarine
floats) hes produced little change in configur~tion of the system
under study).

c) Changes in both the neutral fixation angle and megnitude

of bending moments were found to be greatly devendent upon variations
in the ratio of sea devnth to hose length. This obviously is important
in considering the extreme survival motion ststes of a bucy system,
(meximum wave heights).

aj Maximum bending moments (in oprosing senses) were found to
occur at the buoy manifold and at a point approximately two thirds of
the distance down the hose string.

Whilst the mathematical model constructed is obviously a
simplification of a real system it does serve zs a useful tool in the

initial design of a system. That is 2 study of a proposed system at

n order to

e

mean water level and other "assumed static" states

initially evaluate ideal hose length, manifold angle(s), buoyancy

joF]

istribution ctc.
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\

Comparisons with measur

)

(

2itents taken from model tests,

and configuration, have given favourable results.

Further work currently being undertaken includes the introduction

ofr-

1) Buoy Excursion

2) Drag (current) forces

2) Three dimensional solution
L3 Dynamic solution

The latter two areas are considered to be extremely complex if any

meaningful results are tc be obtained. It mazy therzfore prove to be

uneconomic to pursue such a complex study at this stage ard to

concentrate on physical model testing.

Figure (70) shows a predicted submarine coufiguration, superimposed

upon which is a measured conficuration (model tests) for similar

conditions.
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VIII CHARACTERISTIC PROPARTY TESTING

INTRODUCTICN

In essence, a hose consists of no more than four principle
components in one permutation or another; the lining, the reinforcing
plies, some form of hoop reinforcement and a final outer cover. It

is,however, this very '

'simplicity" which makes the design of a hose
very complex for the only two compenents which affect its physical

behaviour or propsrities (the reinforcing plies and hoop reinforcement)

must account for:-

(1 Burst strength
(2) Crush/Kink resistance
(3) Bending Properties ; Bending stiffness
) Minimum Bending Radius
(4) Axial Properties § Axial Stiffness
) Tensile strength
(5) Torsional Properties ; Torsional stiffness
) Torsional strength

Traditionally hose has been designed on the basis of the first two
properties listed, ie: burst strength and the ability to withstand
external loading. Little or no attention was paid to the latter
properties, not even those values resulting from the primary design
criteria let alone attempting to design for these latter properties.
It was thus considered appropriate to attempt to define and hopefully
classify some of these properties in order to gain a fuller under-

standing of hose design. Additionally the historical method of
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designing hose purely as a pressure container clearly was not
adequate for products intended to function as "structural elements"

in a marine environment.

VIITI,1 BENDING CHARACTERISTICS

Bending stiffness is one of the most variable and imperfectly under-
stood properties of hose behaviour. Such properties are however
extremely important, particulariy so in the design of underwater
systems, where the hose layout or configuration is mainly defined

by such stiffness properties. .

Initial test work in this area, (prior to the involvement of the
writer) was very '"basic'" and of little value. Figure (121) illustrates
the test method employed. - Basically the hose was clamped at one
~end and a pulling force applied at the other, this end being lifted
clear from the ground by means of a rolling crane. The pulling force
was measured as was the deflected share by means of triangulation
between two fixed points on the floor and marked intervals on the hose
surface. - Based on the test results a grachical method was employed
in order to calculate the radius of curvature and bending moment,
stiffness was then calculated, (usually a single.value), using the
relationship :- M/I = E/R.

The above method however proved inadequate in a number of ways:-

(a) Method of test/evaluation were very crude and resulted in

considerable inaccuracies.

—-23T~



(b)
cranes/personnel.
(¢) No tests were verformed with the
state.

A revised test/evaluation method was thus

overcome thes

]

problems and to extend the

conducted.

The general bending principle employed is
loaded strut (refer to Figure (122).

(a) under test

Both e¢nds of the hose

Test method involved the use of !

‘offsite" mobvile

hose in a pressurised

evolved by the writer to

n

o

t

. L
s

[}

scope of

that of an eccentrically

are sealed with blind

flanges and the hose filled with fresh water.

(b) A structural member lever arm is
flange.
(e) A steel cabhle is attached to each lever

point with a load measuring device (load
inserted betwezen attachment points.

(a) The hose is supported, with the
in a horizontal position, on a number of
(These trolleys are equipped with smoocth
and run on a
effects).
(e) The
segment arc.

various internal pressures ranging from O

hose

At this stage load cell readings,

bolted to each blind

attachment

arm

21l) and tensioning device

axis and lever arms

rcller bearing trolleys.
~immed steel wheel castors

smooth concrete surface in order to minimise frictional

steel cable is tensioned until the hose bends into a

P, are recorded for

1b/in2 to 275 1b/in2. In

addition the distance, YO, between the steel cable and the initial

hose centre line is determined, and the de

flected curve defined by

a series of deflection measurements, Y, at equal intervals along the

wire axis.
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1))
4}
[}
a
=2
T
or

(£) The test described by (c¢) is repzated for variou
arc deflections until a minimum bend radius is achisved.
(NB: Load readings are recorded in both increasing and decreasing
curvature directions and the results averaged in order to climinate

any residual frictional effects of the support frolileys).

In order to calculate the bending moment, radius of curvature and hence
bending stiffness from the results obtained it is first necessary

to specify various properties of the deflection curve mathem=atically.
The data obtained from the test consists of a set of co-ordinates

(X,Y) giving the shape of the bent hose at a set of N points equally

i

. Tl . .
spnced along the axis, so that the n~ co-ordinate is:-

h being the distance between the points, and the corresponding Y value

is:-

Y =X

1}

then the derivatives can be calculated by a simple finite difference

formula as follows:-

1
2h
and
11 1 oyl 2 << N2
Yn - Yn+l Yn-l =



or alternatively:-

Yll =Y - 2Y + Y
n n+2 n M-

Ln

AV

Thus the radius of curvature may be defined:-

(NB: It is not sufficient to define Ry R =1 as 'large' deflections
11

are involved). h
Naturally the accuracy of the above derends cn the accuracy of the
measured values Yn and the size of interval h.

The bending moment M is calculated dirzctly by:-

M =T Y where T is the wire tension which is
n (p)'n (p)
a functicn of internal pressure.

Thus the bending stiffness may be calculated from the relationship:-

Typical results of such tests are shown by Figurés (123) and (124),
Test results show the stiffness to vary not merely along the hose
length (ie: varying stiffness resulting from additional reinforcement
at points of discontinuity such as fittings) but also with varying

with internal pressure and degree of curvatur=a.

ie: Bl & (p), (R)
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A1l tests conducted for differing hose sizes and constructions
exhibit such relationshivs and clearly illustrate the fatuity of
quoting single value stiffness values for hose as previously

done.

Further work has shown that the multiplicity of curves (TFigure 124%)
relating to varying pressures may be approximated to a single straight
line of intercept A and slops B if stiffness is plotted against the

1

quantity Rp§ where R = radius of curvature

1}

p = internal prescure
(Figure (125)).
The constants A and B are unique and indicative of the hose in
questiou.
In addition to the previous relationships it was also determined that
hose stiffness varies significantly with age, by factors as great
as two or three. (Figure 124). Work investigating this phenomenon
is as yet far from complete, however initial results would suggest
that the rate of decline in stiffness is most rapid in the early
stages of use and thereafter decays exponentially.
It is not surprising, in view of the complex behaviour pattern
determined, that it has not proved possible to dzvelop a satisfactory
theory to explain or predict such behaviour. In particular, the reasons
for the very significant changes which occur during the initial
stages of working life are not at all clear. Nevertheless, it is
possible to identify some general proportionalities and suggest the
causas behind some of the observations.
Tt would not be unreasonable to assume that stiffness is generally

proportional to a combined modulii for the hose construction. If we



simplify this complex problem to a situstion whereby two modulii
are considered as representative of the main reinforcing plies: El
and E2 representing the cords and rubber matrix resypectively.
The latter is extremely difficult to contrcl or specify es it depends
upon:-

CHARACTERISTICS OF THE COMPOUND

CURING PROCESS

SHAPE ADOFTED

EFFECTIVENESS WITH WHICH IT IS CONTAINED.
The latter two being stress dependent, thus variable. Additionally,
the value of E1 for the modulus of the cords is not a constant, but
variable dependent upon cord elongztion.
The effect of pressure in relation to hose stiffness is dealt with
elsewhere in this thesis, (Chapter IX.2), however let us briefly
consider the stiffness/curvature relationships observed. Most cords,
whether wire or fabric used in hose cooctructions have variable

properties which, as previously stated, depend upon elongation. A

typical graph of which might be as shown below:-

+ Tensile

-~ Compressive



It may readily be seen that the compressive capability of such
cords is very limited before buckling occurs. It is this feature
coupled with the peometry of the hose that may be used in orde} to
explain decreasing stiffness with increasing curvature.

"Under low levels of curvature, cords under both compressive and
tensile loading exhibit similar load bearing properties resulting
in a symmetrical stress distribution and the achievement of maximum
stiffness. However as the curvature is increased the cords undex
compression progressively collapse (depend on position) thereby
transferring the compressive stress to the matrix material and the
remaining plies, thereby radically altering the "effzctive section"
of the hose together with the position of the neutral axis. Eventu-
ally a situation is reached whereby the total compressive stress

is carried by the matrix material rather than the cords'.

Naturally pressurisation of the hose decreasss the magnitude of

the compressive stresses for any given degree of curvature, hence
delays the onset of localised buckling of the cords and thereby
increases the effective stiffness.

Work is contimuing in this area, both thecretically and practicaily.
in order to gain a greater understanding of these effects. In the
latter case, cords (Kevlar) are currently being evaluated which have

a greater compressive loading capability, than those currently

employed.
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VITII.2 TENSTLE PROPERTIES

Tensile or axial stiffness is a property whkich has not historically
been considered either as a design parameter or even as a resuvltsnt
property. As such no information was initially available tc the
writer. An initial appraisal of the property, and how it was achieved
by a hose type construction immediately suggested that it was an
extremely complex property dependent upon a wide variety of variables.
These variables were considered to inclucde:~

HOSE DIAMETER

MAIN REINFORCING PLIES  (Material (properties), distribution,

(

(Angle of applicaticn, ete.

RUBBER MATRIX (Material (praperties), shape factors,
(
(adhesion levels, effectiveness of
(

(containment .
HELICAL REINFORCEMENT (Size, number, svacing etc.

(

(of helical wires or alternate members.
INTERNAL PRESSURISATION
It may readily be seen that already so many combinations are available»
that in order to fully understand the property considerable test work
would need to be conducted. A further complication arose, in that such
tests would be expensive to conduct, in both time and materials. In order
to overcome this latter problem, whilst a small number of tesis were
conducted over a range of hose Sizes; (in order to gain an assessment
of the orders of magnitude involved), tests designed to assess the

contribution of the many variables were limited to short length, small

bore samples. (Gensrally the samples used were 8in #$ x 15ft, NB: The
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szeningly long lengths were found necessary in order to ovarcome
complications resulting from end effects due to the fittings and

additional reinforcement of this area.

Axjial stiffness is defined as:-

BA = N/t}L/L where N = Tensile load
L = Original

Section length

AL change in length

U

Figure (720) is a typical set of test results whereby the effect of
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varying the main reinforceme
helical wire (d) were assessad.

N.B. The hoses testad as shown by the above figure consisted of twe main
plies of X2 @ CPI and two holding plies of 8376075, the variable parameters

are shown bealow: -~

Sample Application angle (C) helic wire dia (d)
GYP 11/75 L5° 18
/76 L5° 3'S
/77 35° 1S
/78 35° , 3'S
/79 50° 3's
/80 50° 18
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A number of featurss may be observed from this graph:-

1) Axial Stiffness increases with decreasing ply angle, i.e.
GYP 11/77 (78) o{ = 35 are stiffer than other camples.

2) As the ply angle decreases; the effect of hoop reinforcament,

(helical wire), on hoss stiffness diminishes. Tt may be sa2a;

jas)

that at a ply angle of 35°, changes in the hoop re=inforcement are
little or no effect upon stiffness.

3) Conversely to (2) as the ply angle is increassd, the hoop re-
inforcement takes on a more direct role in contributing to axial
stiffness. N.B. It may be seen that for a ply angle of 45° s
two stiffnesses are exhibited relating to helical wire diameter).

L) At low values of application anzle (i.e.of £ %0) a single stiff-
negs is exhibited, i.e. load deflestion curve is of constant
slope. For values of greater than L0 deg. there is an increasing
tendancy of the similar curve to exhibit dual slopes, stiffn=ass
remaining at a relatively low valne for initial extemsion thance

achieving s higher constant valuefor greater elongations.

Similar test were conducted in order to evaluate the effect of hose
diameter, various ply materials etc.

On the hasis of such tests the following basic 1nitial conclusions are
drawn: -

1) The effect upon stiffness of hoop or helical reinforceme;t increases

with increasing ply application angle, This may be explainsd by

the relationship between application angle, pitch and wound

diameter of the reinforcing cowponents:-

P = 47

———n

Tan ok
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For a given elongation under load there results a change in
effective pitch, thus in order to restore equilibrium D and
must also change. By virtue of the tangent curve it may readily
be assessed that ths greater the angiec( the greater is the
changz in D for a constant change in P,
|

wOI’dS . . - . J s s

In other -7 the tendancy for greater radical dilation exists

for increasi

w3

g ply angles. Since such movement is

]

Q

estricted by
the helical or hoop reinforcement the latter naturslly plays a

significant role in restraining axial elongation, hence increasing

tensile stifiness in such cases.

[e3)

It has been found that for ply application angles of less than

40 deg. (i.e.xC < 35 ) stiffness is effectively independent of

~
)
O
>

poth helical reinforcement and rubber matrix stiffnsss
extensions considered, ije. 4110%)

In these cases it has been determined that stiffness is proporitional
to the hose diameter, ply properties and the ply appliration angle.

This depsndance may be expresssd by the relationship:-
2 ;
EA = f.D cos @ F.n.N.

where EA -~ Axial stiffness
D - hose diameter (Mean wound ply diametsr)
@ - cord application angle
F - Force/unit extension of individusl cords
n - N¢ of cords/ply
N - N°@ plies
f - empirical factor relating to the type of

reinforcement material employed.

The above formula has resulted in reasonable correlation with test

recsults.
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For cord application angle of greater than 35 deg., rubber matrix

stiffness and helicsl reinforcement properties predominatz. (In
fact the properties of the ply material have little or no effect
assuming they are of sufficient strength to transfer the resulting
"strangulation" or collapsing stress onto tha helical reinforcement).
In this case, initial deformation occurs, in thz main, within the

rubber matrix. Since the Maround diameter' of the pliss is

restrained by the hoop reinforcement initial hose elongation is

accommodated by an alteration of the ply angle. Uncder ihese conditions

which exhibit & shallow slopz on the load/deflection curve, the

following relationship exists:~

o)
EA = Pf D

~

y of the rubber matrix.

ot

whare - Pf - Stiffrness proper
(NB This is extremely difficult to predict bescauss
of its dependance on stress, shs

etc)o

other symbols as previously defined.

After initial extensions as definsd by the above, the properties of th=

helix pradominate resulting in an approcimate relationship:-

2
BA = f, S, D

D’ B Tanff
where Sy, =~ Hocp or helix stiffness under crushing
Dy = ~H60p or helix diamster
P, ~ Hoop or helix pitch
f, - Efficiency factor (const) depeﬁding on hooo
material/construction,

other symools as previous
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The latter two formullii hypothesised prove difficnit to use since:-
a) Trancition from ons to the other is difficult to accurately
praedict, also no method has proved satisfactory in predicting
properties during the transition .
b) The factors Pf and f,, often prove difficult to evaluate
particularly the former.
Never-the-less predictions obtained do generally correlate reasonuably

well with empirical results.

The final property that briefly has to be evaluated is the effect of
internal pressurisation upon axiel stiffness. Figure (127) shows a
comparison between two twenty four inch bore hoses, stiffness plotted
against jinternal pressure. (The samples being nominally identical apart

from the ply application angle, this being 35 deg. and 50 deg. for curves

(a2) and (b) respectively).

In the case of (a){:Dc = 35?], it may be wveen that stiffness initially
increases with internal pressure but rapidly a constant valus, at

50 lbf/in2 which prevails over the working bressure range evaluated,

For case (b)[p& = 50?1, stiffness increases; from a lower initial value

than the previous case, the increase continuing over 2 range of pressure
values until it again approaches approximately the same constant value as in
the previous case.

Whilst information with respesct to the above is based on only the one

. - . heaeda .
experiment, whose results are presented, the following hypothesis is made:

Internal pressurisation repidly stabilizes the matrix formation, controlling
the structures ability to deform radially. The initial difference between

the structures may be attributed to strangulation effect of the higher ply
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angle, (i.e. Tensile load is in effasct translated as a srangulation

or crashing pressuve on the helix; until interan) pressure reach=s an
equilibrium value the hose stiffness is still influenced by thz factors
previously described, howsver once an equilibrium state is achieved the

pressure loading predominates.

The above situation may bs described by the following:-

Crushing pressure dus to end loading may be approximated as:

P = 2L ’Can?'}ﬁ
n?
Where P = Crushing pressure
L = End load

Other symbols as previously defined.

For the sample hoses in guestion

Sample (a) Ls 35 el
Sample (b) Ls 50 26
L @ D

it

46.5 lbf/in
134 @ 1bf/in"

Thus, P (a)
(b)

it

It may be seen from figure (127) that the above values closely

approximate the pressure at wich stilfness becomes a constant.

Work is continuing in the above area in order to gain more information

oy

and to confirm that already obtained. Naturally orogress is slow,
because of sample and testing costs, however the information gained

to date would certainly seem to warrent the continuation of such

evaluation.
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FIGURE (121) BEND TESTING ( ORIGINAL METHOD )
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FIGURE ( 122 ) BEND TESTING ( REVISED METHOD )
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IX  THEORNTICAL AlNALYS.

IX.L LARGE DEFLECTICNS CF BELAMS

During the conduction of characteristic bend testing. calculations

in relation to desiesn criteria for the Dynamic Test Riz and other
theoretical studies; it became anvarent that the classical theory of
the bending of beams {(limited to cases of small de f‘ection), might be
too restrictive. An alternate procsdure wa: therefore daveloped to
consider the equilibrium of beams whose deflections under the action
of extern=zl forces are large.

Tre initial ideal case studied was thzt of a light be=an supported

on unrestrainsd frictionless.xivots subjest te a single councentrated
load at its centre. It is shown, in appendic« (5) that a solution car
be obtained fairly readily.

In contrasting the results of both small and l=aree deflection methads

(appendix (5)) it may be seen that at low londs s/deflections there is

cood agreement between theories, but under nere severe conditions

0
o}
ot
o
o
o
'Y
D

divergence is apparent. further as creatcr divergence 1s en
between theories, the large strain theory shows the development of a
phenomena which czn b2 termed geometrica
(NB: This behaviour has been demonstrated practically {(Raference (2)),
and is unrelated to the elastic 1limit and onset of plastic flow of

the material of the beam, but is entirely geometric in ori in.

09

]

he next extension attempted to the above, was to develor a similar

theorj for a uniformily distributed load, =lso detnas by Appendix

(5). This case was chosen because of its relevance to the selected mode




of operation in relation to the Dynamic Test Rig, (Refer to Chapte

XI).

Howevor, immediate difficulties were encountered in relztion to

defining the deflection curve at the correct stare of the calculation.
The method finally developsd was based uvon dividing ti2 beam into
short lengths or elements and assuming thot each was bant to 2 unifc

radius of curvaturs.

The basic method for this solution and latsr solutions relating to

more complex load combinations required an estimntion of the inclina-

tion of the bear 2t the
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by an iterative/interactive comruter technique until a final solution
is obtained.

In crder to check the accuracy of the elemental metrod adovted it was
applied to the case of the single concentrated load previously solved
analytically. Agreement was found to ha good,

Tt should also bz noted that beyond the voint of geometric instshility,

the elemant method does not converge to come value of o . (Inclinaticn

angle at the pivot), this too is taken to indicate the same

tability thus indicating that the elemsnt metiod also represents
reality.
To further test the method, both small ard large theory were zprlied

. gy L177 s 3 risar
to documented test on a full size hose. The results of this comparisocn

are indicated by Figure (62).

IX.2 - BENDING STIFFNESS DUR TC TNTERMAL F PRSSURE
1T f i 2Soun 3 13 FE,
The bending stiffness of a hose devanus upo: the intrinsic stiffness

~25T~




of its siructure and tho internal pressure. (see test results

N -+ - . - . .
VIIT (a)). It was considered instructive to utilise the theery of

inflated corded o caleulata tre af

)

3 ect of the latter, ==z
a contribution, to understanding the stiffness vroperties of offshore
hose.

Generally it was assumed that when a hose is bent its sectional

shape remalns unchanged, ie: circular. Howzver it may readily be
shown that such an assumption is invalid. For eqdilibrium the avpliesd
bending moment must be opposed by changes in the exial tension around
the hose. If the circular section of a hose remains unchangea it

may readily be shown that this tension remains uncharged and is
ind=2vendent of the radius of curvaturse.

The basis for this work has been to assum~ that when a hosz is bent o

some defined radius of curvature that its cross-section rather than

remaining circular takes the form of an ellipse.

@]

Based upon the theory of corded structurw. and assuming that ths cords
forming the hose construction are inextensible, chonges in the bias
angle of the cords about the hose section and the croperties of the
assumed 2lliptical cross-section may be dulined.

Details of the theory used and calculations performad may be fcund in
Appendix (4); nowever the method may briefly be oﬁtlined as

follows: -

(1) From a consideration of the geometry of the cross-~biased

cord ply construction of the hose the changes in bias angle around the
hose as it is bent may be defined by:-

sin & /sinc' = 1 + (y -3 )/R

(NB: Terms defined in Appendix (&),
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The rorancters of the ellinze froming the hos: oross
sectlon are than defermined using two criteriale

First the cord length per wrap remains constant (inextensible

n

cord).
Secondly the ratio of the principle surface tonsions (1l hoon =2nd

-5 020

axial) must satisfy the general relationship for corded struchures:-

. 2
Na / N, = tan <  at every point around the section.

Because of the number of unknowns, an interactive approach was adcnted
for this solution.

(3) It was determired that by accentinz a limited degree of error
in the calculation === 2%, it was possible te set the variable &
(displacement of neutral axis) equal to zero, thereby considernbly
simplifying the previous calculations.

(4) Utilising the above it was determinecd that the axial tension
force Na could be related to Y (distance of element from neutral axis)
by a relationshiv which could be aprroximabed to a shtraiszhbt lirve
described by:-

Na=A+BY

A being a constant relating to the hose size and

B being a constant relating %c hose size and radius

of curvature. Both being pressure denendent.
(5) The stiffness chsracteristic EI then may. be calculated
from:-

EI = BII rBR (B being the constant from *the above

ecuation).



)
Tyvical results of the above calculations, the values of BI (due
solely to the effect of internal rressure) are plotted, against radius
of curvature for three different hose sizes; Figure (63). Also
superimposed on this graph are results derived from practical tests.
Whilst it may be seen from Figure (63) that the plots of theorstical
and actual stiffness increase generally relate in so far as they are
of the same order of magnitude, they differ in a number of other
respects; Namely:-

(a) A1l theoretical curves indicate a similar pattern of the
stiffness increasing from a low value, whan the hose is only slightly
bent, to reach a substantially constant value for most levels of
curvature. Whilst the practical examples indicate similar stiffress
levels at maximum curvature, (ie: small radiil, théy ranidly

diverge from the theoretical lines, and infact, stiffness increases
with decreasing curvature. (This may have been expected - refer to
Chapter VIII.1).

(b) It may be seen from the curves representative of a 2k in. hose
that constructional differences also affect this property
significantly. This is not directly acccunted for by the theory.

How can these discrepancies be.explained:-

Firstly the theoretical analysis has been based upon the principle

of the Neutral Angle (refer to Reference 8), that is the reinforcing
plies are applied at such an angle to the hose axis that the hose
neither extends or contracts in length or inversely diameter when
pressurised. However in actual hose construction the above is rarely
adhered to. Most frequently, plies are applied at an angle such that

the hose would tend to expand in diameter when pressucised. This effect
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is however negated by the applicaticn of o -ircumferential helical

nt
wire. (Refer to Cropter X and Figurse (32)). Althoush the helical

wire is incorporated as a component erabling the hose to withstand
external pressure without collapse it is also secondarily used to
assist hose stressing during internal pressurisation. Tn this fcrm of
censtruction therefore the main reinforcing plies expand against the
helical wire which accommodated additional circumferential stresses

and simultaneously prevents radial expansion of the hose.

Secondly it has been assumed that changes in axial surface tension
around the hose circumference relate to an isotropic material. This

is certainly not the case, under tensile stressing the cords are
naturally very effective in acsommodat’ag a high proportion of the
applied siress, however the compressive stress capability of such cords
is extremely limited, local buckling of the cords occurring and a
greater proportion of the stress is carried by the matrix material,
(ie: rubber). Both of the shove are naturwuily dependent upon the cord
application angle and the specific properties of both cords and
rubbers.

Immediately it may be seen that apart from chenges in the position of
the neutral axis, due to geometrical changes during bending; similar
changes, probably of greater proportions occur as a result of the
effective stress capability of the hose materials in the modes
described.

Some of the hypothesised effects may be seen in the case of the 24 inch

hose curves shown in Figure (63), these may be summarised as:-

~261~



Stancdard Vwiye 3 4 1
(1) Stancard "wire cord” constructicn - cord angle marginally

, et

below neutral angle (ie: 5L deg : Sh.k deg), imparting partial
circumferential loading on the helical wire.

(2) "Fabric cord" construction - Cord argle considerahly below
nevtral angle (ie: 45 deg : S4.h deg), the helical wire contributing
approximately 40-50% to the circumferential stress capability.

(3) "Wire-Free" construction -~ Helical wire replaced by radical
design incorporated a variety of cord types and application

angles.

It may readily be seen that any theoretical model incorporating the
above variants would be extremely complex, Work is proceeding in this
area, rather slowly, in an attempt to improve the modsel.

Whilst it may be readily observed that the thsoretical model currently
generated is not adequate to describe the phenomenon it has served as
an initial estimate and also promoted discussion of the various. inter-
relationships now apparent in the study of hose stifiness.

Once sgain (refer also to Chapter VIIT.1) it is abundantly clear that

a single or even a series of values in relation to describing the

flexural stiffness of a hose is completely inadequate.
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also, with the pgrowth of tar-ors, for crovidiaz deoy

whare this would normally be impossible. @itk the mushroonmins of

fshore hose was being nroduced in erzater ac

quantities - though still no traditional designs. Improvements wers

effected, however. Buoryancy for the flo-tir: hos~s, which hnd orisinalliwy
besn vprovided merely by lashed-on 0il ¢z2ns and then stravped on
o

rlastic floats was, by 1963 integral

closezd cell sponvce. This concent wuas

althourh imarcverents te the originsl
avvearance of the "atzk now. Hoses also ‘ncreased in size from the

cricinal 8" through 107, 12" 2nd then 16".

nse offshore, bagon to be identified. The 167 bore hoscs had

as beins the largmest afloat for some 3 years (a delay in the afvanca

to loveer sizos owing to the limitations of Loawer dervicks for
1iftins heavier hoses) nnd hoses were beginning to fail through fatisgus

induced by the action of the sea. Trase preohlems were varticulerliy

concentrated where the hose was fixed to a ricid structure, th=s first

o~

hose off the buoy for both the floating and submarine sirings, ha

41

connections to the piveline end manifold on the seabed and ccnnzciion to
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in vrincirle - remove or smooth the Jiscontinuities at the conrecion

This was simply an extension of the traditicnal nractice of

[0}
.

reinforcing a hose in the area connecting i1t to its rizid end fittin

3

~da
a1
?)
3
[3))
n!
3
s

hose wzre
number giving birth to the Dunlon Jsarsay loss in 19635,

This improvement was mne of the first strachtoral differencas to sct

offshore hose apart from its shors based snoostry. Other chnres

were also specific to the new generation ove the develownmnt »

ligktweight hoses for the tal

somewhat later, hirh flowrate lininss for thesze

"3
D
"
3
tde
2,
)
)
3
Qy

on tanke:
ssme hoses. Tris latter improvement cz=me ohoul when the advance to

larger sizes had got underway again. 207 and b hgses could clesrliy
not ba heuled up the shin's side so, in corider to fully use the caraciiy
wrich the larger sizes sllowed, the smallar bore tsil strings hod to be
shle tn cope with higher rates of flow thon wouid nermzlly hev2 beeon

racommendad. The usual linins comround wns reted to carry flow

velacities of un to 40 fns but the po2w linine, reinforced with multinle
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effects was urrated £t~ 70 v,
My, 3 - . 1 W .
ag a Imreoarantea ahdalh h beer hens ot ahmont leansh exnorionne

with smaller bore hosss were applied to the increasingly prorular 20"

o, . . - .. . . .
and 24" size but with only limited success as inauSficient allowanne

for the ofF

[

cts of size were made. Two furthor significant chong

thzrefore introduced in 1871, The “ozes which had been reoirforced with

N

A single nzlically wound wire over ithe main reinforcing vlies had been

level. In effect, the helical turns were perforating the rubbar metrix

and bringing about premature separation within the hose carcass

RS ks

leading to failure. This situaticn could be imrroved by raducing

1t : " TR I .
verforation” throuch opening

the wire =iftch. Trhis meve alorne would,
however, have reduced the crush resistance of the hosz an? sc a2 secand
smaller, helical wire wes added to the cor=triction to run zbove the
first and between its coils. Thz contzet

hetwasgn wdjzcent levals

was therefore increzased and, in addition, the second wire had the

effect of lockins the first in vlace over th> wain pliss. This change,
admittedly hased largely uvon ~n intuitive uwnderstanding of the prehlen

clearly overcame thc hese limitation in this respect an? extended its
lifetime. The sescond improvement was of 2 similer nature thoush for
different ~casons., The sampson concant waes successful but was

insufficient for the largzr bore hesss and so, in addition to the extrs

0]
[{)

rlies in the shoulder area, a further helicnl wire was run to increa

3
rh

O]

o

sen tha stiffness jump %o %

H
o+
<—f-
P
o}

o3

tre stiffnass of the hose =2nd le

and whatever ricid structure to wnich it was attached. This third

D

helical wire increased the resistance of the hose bore to deform=tion

~269-



-~ oy Aavyaide B | . I e ~ .
ané s Ny o1 d(d Lag Tonnon CY L0 0OVHmTT 0L LS s ction undor savara
Movvaand A N PO N K DRI 3 2
neomants LT C,?a»'gi;;.-’% s Loy ralelr erooated tra Suror Somrnson
Ty
"o J P ~e . - .
LOED moot o T 0N R N | TS S e G e e i

T
3
w
=]
ct
bz
3
&)
=]
o’
R
L
-
O
joN
D
Ul
I
3
joo]
’3“
=
J
3
3
ot
[
QO
o
9}
Lt
[ R
O
3
ot
]
O_’
-
»iead
3
1}
3]
jt
o
5
Q

imorove to cope effectively with the larger bore sizes. Yire cord

were introduced as the main reoinforcement for the 24" hore “ngas
allowing a large reduction in the numbar of nlies due to the diffarsnce

in strength. The bulk of the hess was thus lowered whi
time rendering the tnsk of binding the plies to the end fittinss that

much more reliable. fllied to this chenve was 2n amendrent of the vly

aopiication angle from the neutrzl valuz of

1, - {ad L
ghrre of the

renuired the embedded helical wires to

3

the main plies. Tensile strensgth of the hose was also improved by tris

1 - . -~ - \ - . o PN O T P . ~+ & .
Rubber technology was not by any means forgotten amonsst these

imnreverents. The internal carcass of the hose, which h2d tr=ditions

he=n hHuzed upon neoprens rubber compounds, was chengzd to a nitrile

of calendered cord in which the main ply cord material wes sandwichad

in a rubber matrix prior to applic-tion on the hese. This alsc improvec

O
v

the accuracy of cord svacing on the hose and incrassed vroducti

efficiency.
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AT S n T ] I
P 1 e LR I 1 - - Lo, -
2D JIRERR R e o MY ER S ‘;*\h/ ta 2llew the rose Yo

deflect with the input losis thereby maintaining a low stress lawzl
To date most hose manufacturers have chosern %o zdopt the first agrroaach
evolved from smaller bors hoses, 6 in. and £ in. As the demand for
larger hoses grew the industry respended by scaling up the censtruction
of tha smaller borc hoses and strenzthened them with additional steel
body plies and helical wires.

It was repbrted that 12 in. and 16 in. ha2d substantial failure rates
when first ccnstructed, but internal modification as based on use or
experience eventually zave sabtisfactory rosults. Unfortunately failuraes

in 20in. and 2Lin. hoses represent a much larger loss not only in
I ] i

TN TORTS T T YYD T AT O
PREIENT HCS™ DESIGNS

Hoses interded for usa offshore still carry the hereditery pattern of

+reir rencric past; lining, main plies, embedded helical wire ana cover,
ilaiantad O - Al [

-

These romnonents are, after all, unl ikely to disauvpear bub the del-ils

()
(&)

nf their form and purpose nave and will continue to change in keening

with the new environment.

211 offshore hoses have ccrtaln components whch are installed *to
3 dit s eviously described. Figure (18) srous
resist the loading conditions pr L a gur 1< o

a typical hrese cross-section.

Tha linines of offshore hoses besr-direct comparison with land based
h 1ings of

. . s . + ~ 3y T 3
forms, the only distinction heing the ngtural imrrevenents in

271~




comreunding nocessary to suit the wmatirisl to the rigours of its
service. High flowr= e vmahens fun to the
hG SEOEANRE e to the mo Sstols

hut s 2rtanT ths olzntion fo i wa- simame form wat . Adhosdon

f linings to end fittings is usually accomplishad in two stacss.
After immed degreasing and shot blasting, tre fitting svisots sre
chemically troated and lined extern=2lly with the same comnound rubber
as the bose lining. The lining forming the body of the hose ig later
laid upon this spigot lining and, when the hose is eventuz2lly curzd
fuses with it.
End fiftings have merely grown with the size of hose and are desizned
to have a lcngt“ sufficient to yrovide an effective chemical a2nd physical
hend 4o hose bodry. Small bore hoss Tittar ofter hava serrationzs to
vpromote retention and larger hore hoses, including thosz for uvze
cnshore, simply use enlarged and more discfete bs behind which th2
warious hose comronents are securcly bound. A single rib is usuzally
sufficisnt to retain the hose the vorious forcss

imposed on it but it is of
that the hicher carcase layzrs

ten more conveniant

to 2dd furthzr ribs so

can also bo locked in placae.

s the fitting snigots raturally have to possess sufficient thickness
to svoid distortion during sarvice, linings have to climb this low sten

from the body of the hose.

in the linine and so is sn
further lining material in

The entire hoge lining,

is backed by =2n open weave

strencthens the

Ache

steel. sion between th

inc

lining in much the w=2

This sten could possibly be a weak ~oin

P

cothed and reinforced by the additicn of

this region tapering into the ho=zme Hody
cluding that applied initially over tha s-irfots,

Q

m -
fabric cnlled a bracker. +hil

mn

~

y that concrete is reinforcad with

aquent

1

o lining and the subse main reinforcirz
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mromoted,

to be added immodi

onh oef snecialige?

7s, the main »lv
arraznzenant itsa2lf is beceming more &1

ivarsse. If febric pliss ara 4o

bz used, these are ususlly added up to six in number before being
bourd in nver ths srisots. If furth-r reinforcement is still re-uired
a s=cond grouving of main plies is added after the application of a

cushion lszyer of thin rubber. ¥ire cord plies are applied in pa2irs,

-

fter each pzir until the requisite numoer,

5'\)

binding in over the sn»ig:ts

normally six, is obtained. Occassionally, however, in cas=ss whe

tensile strencth is re~uired, scme of these mz Ain
~ m .
ara added after ths hooo or helical reinforcen t. This move sensuras

L.l.
)

that +the outer group of nlics carries the priancipal tensile lo
and so nvoids the possibility of delamination as the stressad main
rlizs attempt to relisve their 1o2ds by moving raii=lly inuerds. tnsven
over all ths dinding wires arevsmoouged by the

lansths of rubbar compound hafore further 1y

the case of hoses required fo be electrically

3 i this filler rubber also szrves as a barricr to contact

discortinuous,

hetween conductive comronents in the hose.
' : i ; ad soan tho
Qeinforcement to the shonlders of the hose, needed to lessen the

stif scontinuity between the nose body and fittings and strern~then

l’-'h

ai
noss G

) hes 1 added
the carcase to take the loads concentrqted in these areas, 1s aucel

r £ ~
throush further short length plies immediately after the main plies.
< - =

?6
-~
D
i

diticnal shoulder reinforcament occasionally occurs elsewl

jo}

k)
Fat
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gspecinlly Iater dn the carcase of a Suvc» Jammsen b

are invariahly at loast

reijnfrroomant, Thoen U8

. A T .
as they are

Foov eor helical reinforcewent is normally the next major component

to be nddad and this is embedded in a rubbar matrix. In the case of a

wire b2lix, rubber to a2 thickness of anproximatelv half the cross
y P Yy

(o8
0

sectional diameter of the wire is = then ths wire

¥ & vs
sl
bJ
jde
D
joJ)
H
}—l
H
[9)]
put
V)
]
“d

anplied under tension to firmly embed it in the compound. =fubber 1is

then azain apolied to cover the wire, the gauge of the rubber being
chosen so that, uvon curing, the upper and lower rubber layers flovw

toeothar to fully encansulate the wire.

¥ore plies of reinforcing material - not necessarily of the s~me tyne

Tl

25 the earlier reinforcing plies - are now added to lessen the

stion from the entodded wire or

possibility of =n

hoors. This rossibility is dus to tha stross relicving tendency of the
. . . s e

main nlics to move inverds when the ros2 15 under axial tension. +nl1s

£ the embedded helica

i
2]
<
$)
0]
o

tendancy is only resisted by the vresen
3 SRV £ +ha rubb AMDa N o it.

noov reinfcrcement and the adhesion of the rubber compound to 1

th= inner plies would eventuzlly strin

&

The stronger the plies over the wire,

Tha zecond wire,
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0f the Yowse cercose chanre from nitrils to neovrane. Thilst nitrile

rubbars resist aromntics more effectively, neorrenes are morsa

ashrasion resist-nt 2and so the final filler materi=l is a blend of
AlsL L0

Y,

sections of tha2 curcase.

ne hese, 211 that remzins is to add the cover construction

=N

For a subnmar

o]

IRt Macna Al
built un in alternate layers of rubber and open peave "hreaker

im e San
onation bonds for submnriae necensnTy. aS2s
EYRY 1, -~ -~ - P I N
destinzd to hecome 3elflotes have = thin run crrcass cover add:d

. L - ~ ot o o nyt e o Yatets
After curing, the hose carcase 1s chemically treoted to promote bend

o
: Wioh Sla the hionn cotihk
strensth Lo the layers of closed cell sponfe wnlch provice the hozs wiin
i 1 he dismeter is sufficient to sive the
bucyancy. Snhonge is added un ntil the di=meter is sufficient To 7

ittt inding ider vlies. A layer O
due to the fittings, bindings and shoulder plies. ! y

7 th air~ a rubber comnsund which
svonpe covars the closed call sponze, U chilely rub : .

<

72 like leaven=272 brand

<
b

v,

525 which increase its

011 ine vressure within
=nd so heishtens the consclidnting pressure ;

Y 1..
A pre-ker ply senarates the blowing

: o ‘ B .
i i i wmarine hose, is a comrozite structure of
ruction which, like submarin 32,

vers. The choracteristic orange swirsl
Alternate rubber and braaker layers. it

O

the hose which is then cured for the

of the flo-ting hose comnletes

second ~nd firal tines.
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rubbor Linine
varrier tc hylro-carbon

T

(v) Zeinforcing nlies used to rasist internal vressure under
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are suitably redundant, perhaps too much so.
Care in avplication of the reinforcemsnis is howevar extremely

im»ortant, (Anzle, tension, overlaps ete) if the redundancy factor is

<t

o

. . s ML : E T
to be reduced and/or wire slippage cccurs. #ire "binding-in" at

o Faq i Trnle vl
fre ewls is very imvortant. (Most failures in ceses cf nipole rull cut

b

. . v . s bt . 1 ] = ot ThaAag~ht
niies, all reaniring "binding-in" dozs not halp this factor. Thousht

. . 25 e t 1,4 .1 £ +
should be siven to alternate, mors positive, lockinz' of the

reinforcement onto the fitting.

N

el i Mol w5 nhser in practice an
Uelical wire movenont h=s oeen haarved in oractic

o~
@]

s : nd Aarall YAty 1k
P + i AT Y =Y Consideranle tNOM.H,
both internnl and external protrusion experienced. Conside -

- 3 ymnvmr oy ee ¥
alternatives to tress 'hesavy oouge

ede

h ™
S tema g azsamy . crent care sh-uld e taven
Hawevaer assuming such items are NoCassaTY, £

ositioning, non formation of voids

3

. . . .« 4 3
in their annlicotion, le: TeNS1CH,

- MHNnr -yt Pf“‘(\f\r\ ,*'nmvl
¥ i 172 adea: ta bonding system. nacne L nar
etc. and same thought given to an adeqnace S SYsER.

S e tri 2intains thal
+ that the surrounting rubrer mairix maintains Th2ir

<3

orisntation.
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YI.b Introdvction

‘ . e K - h > = > Y .
Whilst it was stated in an earlier section of this tesis that one

of the aims of the project was to vprovide the Company with a

nethod, vreoceedure and asuipmant: it was nniturally
important to reasses certain assumptions which were made in this
recard. In order to assist in this re-evaluation of need, four

courses of action were postulated by the writer for discussion:-

2) Do nothing with regard to simulation rig testing but rely

G~)

entirely on field trials, failure data analysis and other

service information,in order to improve product design.
b) Consider the possibility of combining with others, (either

. . \ - . .
customers, competitors or government bodies) in a joint

enternrise.
¢) To consider the use of a small simple rig(s) that would‘be able
to do specific tests on sm 11 hoge sqmples, eg~ a simple
centilever tyne test to evaluate end attachment design.
a) Procéed with the development of a test rig, capable of tesiing
fuil scale hoses under simulated service conditions.

. . : o ot
Discussions followed which involved no% cnly senior managementy

Y ~ ] ~ e £
from 0il and Marine Division, also the Directors of Dunlop

A

Engineering Group and Central research division.

e zle ool
It was agreed that the increasing importance of the single nt

. v di i i a covernmant
mooring system was leading many 0il companies and governm

. . - . k) . T3 . 1
T more attention to hose performance ana relizbility.

agencies to pay

Particularly as without reliable hoses the oil production of many
Pa. nlarly as W

of the develoning,eKPOTti”% countries would be seriously affected.
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Also noted wasg, that as the wor a1
Alsc novw P ek > the worlds largest hose manufacturer,

Dunlop was being increasingly criti cised £-r not beins able
SRR, MR

o s ) - 1o o oy
to offer a product designed and tested in a scientific and

arametric manner

o
2
.
(o]

upon these factors it uas recognised that the comvany for
botl commercizal and tethnical reasons, had alrendy relied too

With regard to ootion (b), it was already known that an international

B 3 I's
rreatly on alternative
£ \Z

jW]

0il company had decided to persue the problem indewendently hecause

Pad

of the difficulties of getting a concerted action plan between the
arious users. This background, together with the historically

and nationaly based fierce comnetition baiween manufactures made

such a joint venture not appear attractive, It was also ansidered

that Dunlon had a great deal more to lose in terms of R&D Todate,

than prospective partnerse.

Option (c) was discussed at great length, as this a»pzared to be

a viable approach at significently deoreciated canit=2l expenditnre,
when compared to the original scheme. However during this consideration

that at least two or more types of "simple” rig would be reguired

' : ie— imnosi ind ant
aad that, even so, most compound testing (ie- imnosing indevend=nti

O
'_l .
Q
W
=

. . N
force modes, eg; bhending + torsion etc) would not be vra

) s ) — g .
unless even these rigs were of a reletively scohisticated design

1 ach
It was therefore concluded that the above approach,

neg

. ave identifi vredomenent
useful were we al]_"eady too0 have ld_e[l‘b].J._. =23 the T m 2

. . A tonifics ital savirzs against the
failure modes did not show 51g“1f103nt caplwal 5 £S5 age 3

+ did i a 213y n
original scheme, and those that did incurred a penaliy of much

reduced flexibility of any test strategy.
it was determined that this aonproach

Considering the original scheme,

- o - 1
was  viable and should thereiore procecd, although consta
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attention should he

) - } . .
oeen gained. In this context it was indicated

thetl Gowibtal exow

~

of SI00,000 - £2%0,000
would not be unreconcilable with the overall overation of the

division.

The folliowing vazes describe the design of the test rig, through

the manufacture, installation and commissioning stage, to an

indication and analysis of the initial test results.













YT.3 actional Svecification

Because of its direct relationship to the dynamic test rig design,

© ~

2N

hence 01l & Marine Divisions Neosearch and Development orogramnz;
the above specification has bheen ommittad from this thesis.

For review of this specification reference should be made to (IA);

this however may be subject to restriction,
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XI 4 ALTERIATE DZSIGN CCHCEPTS

INTRODUCTION

On the basis of the functional design specificrtion nut forwarc, as
described in the previous section, a number of alternazte design
concepts were generated. Radically different designs were purposely
sought, engineered and costed in order that a final design decision
could be made against the broadest background possitle. Although the
gdesigns are stated to be "radically different' they all embody certain

similarities which were considered to be virtually self selecting

because of the type of rig in question. inese similarities may be

summarised as:i-

(a) POYER SOURCE

Becanse of the high magnitude of loading involved, (both direct and
inertia generated), coupled with relatively low velocities of
application, hydfaulically activated mechzsms offered obvious
advantages. This was particularly so for 'linear' motion functions.
For rotational functions alternate systems employing D.C. drives ware
evaluated; these however were found not to be capable of providing

the roquired simultaneous torque/speed relationships deemed necessary.
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(b) TATTGUE TLEXING

Production of an alternating flexural mode was sought by a number of
methods. However because of the high inertia of the hose under test
methods, apart from that of rotating the hose ("Rotary Bending'),
resulted in extremely heavy test structurcs and resultant high poweT

requirement.

Four basic design concents will be outlined in this sestion; each
may be briefly described as:i-

(1) Hose tested in a wholly vertical configuration.

(2) ' Hose tested in a wholly horizountal configufatLon, (water or
alternate support medium employed).

(3) Hose tested in a wholly horizontal configuration, (mechani-
cally supported).

(%) Hose tested in a semi-vertical mode.

DESIGN 1 - VERTICAL CONFIGURATION

Figure (71), Drawing No: 1-020-0188.

(a) STRUCTURE

It will be seen from the drawing that a vertical configuration heas
been adopted for the rig and the 'rotary bending concept" has been
incorporated. The rig consists fundamentally of a tower structure of
braced portal form in the height of which five floors or decks are

located. 1he top deck carries machinery and the remaining decks allow

el



\

access to the hose under test for e:wination and monitoring

®

purpeses. The height from ground levnl 1o the topmost floor of the

rig is asruroximately 56 ft.

Access to the decks is by stairways and if desired a small passenger
1ift can also be incorporated as illustrated. The entire unit is
founded on a corcrete r=ft or piled foundation, depending upon site
conditions, and the top machinery deck is provided with a weather-
proof housing.

It will be seen that at the upper erd of the main portal structure a
movable crosshead is incorporated. This unit is raised or lowered by

a pair of geared hoists and can be secured at any one of five levels to
accommodate the required lengthis of hose. The crosshead carries a
tilting =nd rotating assembly which applies the bending moment end
torque to one end of the hose undef test.

A similar tilting and rotafing assembly is placed in a separate
assembly at ground level. Tiis latter tiii/rotate unit can be raised
or lowered through a distance of approximately 6 ft. by an axial
loading cylinder which is located inside the bedplate of this assembly.
Both of the tilt/rotate assemblies are eyuipped with cooling water
passages so that the hose can be filled with water for loading purposes
and the required quantity of water can be circulated through the

hose under test for cooling purposes.

It will te seen from the drawing that the tilting movemant at either
end which is, of coﬁrse, the movement required to vroduce a bending
moment on the hose, is achieved by a straight-forward arrangement of

hydraulic cylinders. The rotaticn and torque functions are provided

by geared hydraulic motors which rotate a slewing rihg inside each
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tilt/rotate assembly.

A1l motions are available indzpendently to cogether in any
combination s that the hoss under test moo be conbinuously cycled
within the repetition frequencies lzid down in the

specification.

Tt is assumed that the hose to be tested arrives at the rig on a
suitable trailer having been previously fitted at each end with a
standard form of adaptor/blanking plate. One pair of adaptor

plates is required for each size of hose to be tested. The adaptor
plate fitted to the upper end of the hose to be tested is provided
with a temporary eyebolt. Having positioned the trailer carrying the
Lose with the upper end of the hose alongside the rig, the wire rone
from a hose hoist located on the top deck of the rig is lovered down
through the centreline of the crosshead and through the upper tilt
rotate assembly and attached to the eyebolf in the uﬁper hose adavrtor
plate. The hose may now be hoisted into position and will be correctly
Jocated relative to the studs on thre uprer tilt/rotate assembly,
allowing the adavtor plate to be bolted into position. At this stage
the lower tilt/rotate assembly will be in its lowest position and the
hose may be allowed to hang vertically.within the tower. The lower tilt/
rotate assembly may ther be raised to meet the adapto:r plate cn the
hose using the axial loading cylinder. If the bolt hole orientatiom
of the lower flange is found to be incorrect, the hydraulic rotate
motor of the lower assembly ﬁay be used tc bring about the required
orientation and the bolting of the lower flange may be completed.

Local "inching" controls are provided at the upper and lower levels of
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the rig to facilitate aligning the ti2t/rol sLe essembllies with the

hose adaptor plaztes during the assembly procedure discussed.

e BT I TR 4 . B P,
Haviv secuirs?d the hose in "he rig

which are supplied ccmplete with swivel jo
be connected up and the hose is ready for test.

To facilitate setting up the rig and subseguent monitoring of the
test programme, telephonic communication will be provided between the
control cabin and each deck level of the rig.

(v) LOAD GENERATICN

The test rig comprises ths necessary mechanical and hydraulic
components to apply axial, bending 2nd torsional loads to a length of
hose. These components are held in a support structure, the axis of the
hose being vertical when in the unloaded conditicn. Hydraulic power is
supplied by {ree standing power packs mounicd adjacent to the
and control end monitoring facilities are pyrovided at a single
console.

OPERATING PRINCIPLES

The loading of the hose is controlled by elactro~-hydraulic servo
systems which may be programned to perform a pre-determined sequence
of tests. The methods of applying the loads are described below,

AXTAL LO#D

The lower end of the hose is attached to a hydraulic actuztor which is
pivoted to earth. Axial loads are therefore arclied by extension or
retraction of the actuator.

The hydraulic vressure within the actuator is kept at a substantially

constant level by a servo-control system operating on the swash plate
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control of the variable displacement mumping system. This metrod
of control allows thce end of the hose Lo moeve &n necescitated by its

!

deflectinns in newdirze or tarsion, the :xint load belw; 1orcels
unaffected.

Positional control is also available for v.e during handling
operatiors, but it is felt that the large movements of the hose end
resulting from the application of bending or torsional loads would

cause this type of control to be useless for test purposes.

BENDING LOAD

Bending is achieved by the method referred to in the specification as
rotary bending. The hose is placed in a desired bend, in one plane,
and then rotated abouﬁ its own axis.

The flanges at the two ends of the hose are bolted to trunnion mounted
plates which are pivoted on the hoss centre Jine. These plates pivot
on bearings held in the rig support sﬁructure, The angular position
of each plate is controlled by a hydraulir. actuvator.

The actuators are servo-position controlled. The angular position of

my
E

each end of the hose is controlled relative to earth. Jhe two ends of
the hose are controlled independently to sclected angles.

Pressure control is also available for these Jacks, but it is felt that
position control will be more suitable for test purpos=zs.

Rotation of the hose as required for rotary bending is achieved by using
hydraulic motors driving through a gearbox at each end of the hose.

These motors and gear boxes are also used to apply the torsional loads.

The hydraulic motors are part of a servo-position centrol loop, and
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are controlled such that tha two ends of thw ome remain in synchronism

at all times.

The torsion load is applied by hydraulic motors driving through =
gearbox at each end of the hose. The hydraulic motors are Servo-
position controlled, torsion load being aprlied by rotating the two ends
from their unloaded pesition in opposite senses.

Pressure control is also available for these motors, but it is felt

that position control will be the more suitable for test purposss.

SIMULTANETOUS LOADING

A1l operating conditions are available simultaneously apart from torsion
load and rotation of the hose fer compouad bending; The‘simultuneous

use of these two facilities would lead tc the need for extremely large
hydraulic components and an excessive power consumption. For this

reason it is considered to be ipractical.

LOAD INDICATICN

Pressure transducer signals from all loading systems are disviayed

by meters on the console. These meters give an indication of the load
level, but due allowance should he given for frictional effects,
mechanical inefficiencies etc. which would give rise to some inaccuracies
in the conversion of a pressure signal to a load level.

Alternately direct reading load cell may be employed for linear

(ie: actuator) overations although pressure indication would be retained
for rotational modes.

(¢) SYSTEM PERFCRMANCE

Three independent hydraulic systems are used to provide motive power

for the test rig.
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HYDRAULIC ACTUATOR

The z=isl lond is a=elinsd by a hydranlis opiinder. The stroke of this

cylinder is estimated at 6 ft to allow for mowvement of the hose end

resulting from bending deflectiouns. The effective area of the cylinder
. 2

has been chosen to be 85 in .

OPERATING LOADS

The system has been designed to give a load at the hose end of 45 ton,
that is 30 ton plus an allowance of 50% for acceleration.

OPRRATING PRESSURE

The hydraulic pressure correspording to the maximum load is 12CO
1b£/in° .

The worst operating conditions are estimated to be a sinusoidal operation
with a stroke of - 18" and a perind of 20 smec. Trese conditions give rise
to a peak flow of 90 g.p.m.

Two pumps are provided to supply this flow driven by a single electric

motor through a gearbeX.

POWER REGUIREMENTS

Upder the conditions describved, assuming a 1oad amvplitude of : 23 ton,
the peak power requirement is calculated to be less than 100 H.F.
Allowance is made in this calculation for system pressure losses,
component inefficiencies etc.

An electric motor of 150 H.P. is provided giving a contingency

allowance of 50%.

CONTINGENCY ALLOWANCE

Since the calculated sizes of the system components depend on various
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assumptions as detailed above, it may be necessary to utilise the
contingency allowsnce to incrzase the actuator load or its velocity.

2

BENDIU SV

HYDRAULIC ACTUATORS

The bending loads are applied by hydraulic cylinders at each end of
the hose. The stroke of these cylinders is estimated to be 21" to
allow 50 deg deflection of the hose flange at each end. The effective
area of the cylinders has been chosen to be LO inZ.

OPERATING LOADS

The system has been designed to give a maximum bending couple of 35
ft.ton at each end of the hose, that is 30 ft ton plus an allowance of
20% for acceleration. This reduced allowance is considered to be
sufficient since this system is not designed to give cyclic ogperstion.

OPERATTING PRESSURE

. . 2
The hydraulic pressure corresponding to tho maximum load is 1100 1of/in .

MAXTHUM FLOW

This system has not been designed for cyclic cperation, it hes there-
fore been pcssible to utilise a relatively small hydraulic pump wnich
charges accumnlators situated at each end of the hose. The hydraulic
fluid stored in the accumulators is then used to provide movemsnt of
the cylinders.

The cylinders are each ccntrolled by an electro hydraulic servo valve.
ﬁith the size of servo valve chosen it is possible to achieve full
stroke of the cylinders (50 deg rotation) in less than 5 sec. This

movement may then be revezted after a further period of 5 sec during

which the accumulators are recharged.
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The pump which has been chosen iz a 5 in’/rev fixed capacity axial
piston type, and there Is one 8 gallon accumulator and one 10 gallon

cah o0 the hoLa.s

POWER REQUIREMENTS

£ maximum system preséure of 2C00 1bf/in2 is necessary to vrovide 2
sufficient operating pressure range for the accumulastors. The hydraulic
pump has a rominal output of 25 g.p.m. Allowing for the pump efficiency
an input power of 4O H.P. is necessary.

An electric motor of 75 H.P. is provide? giving a contingency

allowance greater than 50%.

CONTINGLENCY ALLOWANCE

The contingency allowance would be used to zive an increase in the
system pressurec. With a servo valve control system this could give an
increase in load and/or velocity as reguircd.

ROTATING SV3STEM

GENERAIL, DRSCRIPTION

This system is used both to rotate the hose for compound bending and
to twist the hose differentielly for torsional loading. Initial
calculations showed that it was impractical to attempt to fulfil both
of these requirements cimultaneously, the system has therefore been

designed for the separate use of thess two facilities.

HYDRAULIC ACTUATORS

The actuators for this system are hydraulic motors of the radial piston,
dual displacement'type, two at each end of the hoée. These motors
operate either at a high displacement or at a low displacement depending
upon the receipt of a hydramnlic pressure signal. The motors drive

the hose through a spur =earboX.
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The motors are used at low dinplacement for tie rotaticnnl node and

at the high displacement for the torsio: mode. It is therefore

sirha vl

[eF:
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a high speed with a low torque for the rotaticn and to obtain a low
speed with a high torque for the torsion.

The two motors at each end of the hose have a total displacement of
60 inB/rev for the rotational mode ana of 376 inB/rev for the torsion
mode. The motors are geared 15:1 to the hose.

OPERATING LOADS

The system has been designed to give an cperating torque in excess
of 2 ton ft. at each end of the hose in the rotational mode. This
is the torque calculated to be sufficiert to rotate the hose under

» . . - A~/
maximum bending deflection assuming /0% energy recovery.

In the torsion mode the system has been designed to give a maximum

load of 40 ton ft., the acceleration torque being provided by the
natural spring force of the hose.

OPERATING PRESSURE

A system pressure of 2,000 lbf/in2 is used. This pressure is
sufficient to provide the torgues quoted for the two operating

modes.

MAXIMOM FLOW

In the rotating mode a speed of 12 r.p.m. is reguired, and in the
torsion mode the peak speed is estimated to be less than 1 r.v.m.
Reference to the hydraulic motor displacements quoted show that the
greatest flow is reauired in the rotating mode. Inciuding the effects

of leakase, the flow required in the rotating mode is 85 o.n.nm.
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Two pumps are rrovided to supply this fiow driven by a single el=ctric

motor through a gearvox.

" FTIRT Y
Al

POWER RUOUTE

The hydraulic system is a constant pressure system running at 20C0O 1nf/
.2 . - s

in~ with a peak flow of 85 g.v.;z. Under peak flow conditions the power
required is 155 H.P. allowance being mad= for system efficiencies.

An electric motor of 250 H.P. is provided giving a contingency
allowance in excess of 50%.

CONTINGENCY ALLOWANCE

The contingency allowance could be used to provide an increase in
system pressure or maximum flow, the pumps being capable cf supplying

uv to 130 g.p.n.

A1l necessary ancillary systems, boost supplies, servo npressure
supplies, etc. are orovided.
CONTRCL

The necessary hand positioning controls will be provided on the rig

for initial assembly and dismantling purposcs but all other controls will

be grouped together in a separate controi and recorder cabin, the
necessary cable ducts connecting this with the rig being incorporated
in the foundations. Alternatively overhead cable ducts may be.
rrovided.

Operator controlé will include manual inputé of loading, deflecticon
and operating frequencies, together with facilities for selecting
force or positional based control. Facilities will be provided for
automatic overation of the rig to a pre-determined test vrogramme.
Suitable analogue displays will be arranged for all the principal

motions and loadings. Analogue voltage outputs of these param=ters will
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also be provided for monitoring and recording purposes. The design

\

of the contrsl system will incorporate as a Yy

~h pricrity, safety

features to enable both force oud def

the orarano:

of the equipment.

The hydraulic power packs will be arranged for remote sizrting from

the control and recorder cabin and suitable safety interlocks will be
incorvorated to prevent hazards to operators or the rig in the event of
hydraulic pressure failure, electric power supply failure andvloss of
cooling water supply. |

NB: Approximate foundation loads have been calculated for budgetary

ovurposes, these are detailed on sketch 1-020--0188 (Figure (72)).
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BUDTT BSTTMATE (1975 COSTS)

Main supporting structure complete with

five decks, stairways and machinery house.

Mechanical drives, hose mountings, hoists etc.

Hydraulic vower packs, hydraulic cylinders,

pipework, starters and cabling.

Controls, instrumentation and cabling

Foundations, including piling, floor slab,

ground beams etc.

Frection and commissioning

TOTAL CCST (DESIGN OPTION 1)

~ 300~

81.070

100.000

53.2540

35.770

17.750

314.880

41,000

328.830



DESTGH 2 -

(WATER OR

It will be seen from the sketch that a horizontal configuration

has been adopted, also the "rotary bending concept' hos been incors-
orated. The rig consists fundamentally of two drive units, one fixed
relative to earth and the cther on a track. Between these units

the hose is supported in a 'water' tank which may be adjusted to
suit the length of hose under fest. The total length of the rig is
approximately 50 ft.

Examining the concept in greater detail it may be seen that cnly one
drive unit is mounted in such a manner as to apply a bending lozd

to the hose. It is censidered thet to kesp cne end of the hossz
always parallel to the rig results in the smallest possible plan
area, whilst still enabling a minimum bend radius to be applied over
one end of the test hose.

The drive unit imparting bending loads is mounted on 2 circular
track such that it may be rotated using an actuator arranserent.

A similar unit is positioned at the oprosite end of the rig. This
latter unit is mounted cn a longitudinal. track and can be moved
forwards or backwards trrough a distance of arproximstely 6ft by =n
axial loadinz cylinder which is located onto a fixed track bedclate.

Both of the assemblies ar»? equipped with cooling water passages SO

that the hose can be filled with water for loading/pressurisation

purposes and the required quantity of water can be circnlated throush

tha hose under test.
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Each unit carries ths necessary rotating/toraus assemblies to

rovide the necesszry motions and loads for the reouired tests.
| J !

"a

. ) * - - N .
In ey fo o Fooopent e ond gessihiy 2nse o isE

are utilized. Torque functions are provided by double cylinder

and wire drum asserpliess as shown on the sketch.

A1l motions are available independently or together in any
combination, apart from simultansous rotation and torsion.

In the rig envisaged the hose is supported or effectively floated in
a suiteble medium (either water, heavy liquid or fluidised bed)
contained within a tank along the axis of the rig. As may be seen
from the sketch, additional tank sections may be added or subtracted
as necessary in order to accommodate the appropriate hose lengzth.
Seals are provided at both ends of the tank in order to permit the
required hose/rig motions to be attained.

Tt is assumed that the hose to be tested arrives at the rig on a
suitable trailer having been previously fitted at ench end with a
standard form of adavter/blanking plate. Cne pair of adapters is
required for each size of hose to be tested. Having positicned the
trajler carryirg the hose along side the rig, the hose is lifted on
slings by a mobile crane and lowered into the tank. At this stage the
bose is allowed to freely float in the support mediuri. The re=r
location of the axial loading ram, will have previously been bolted
into the cérrect location bed, to accommodate the hose lengzgth in
quest ion. By extending the axial ram, previously fully retracted, the

driving flange may be brought upto the hose adavter and be belted

into position. Mal-alignment of the bolt holes may be corrected either
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I

by rotating the ri
stage be frealy floating.

The hose would then bz -mabed wlongy fhe L0 by extending the zvind
ram, to its mean position, until the aporopriate flanges mate.
¥iisalignment of bolt hoies would be corrected by Yinching' either
rotational drives.

Misalignment vertically within the rig would be accommodated by

adjusting the fluid level within the tank.

(b) SUPPORT MEDIUM

In order to prevent stressing of the hose in the vertical plane,
support of the hose is considered essential. Whilst ''floating hose"

. “ - . T
may be adequately supported in a water bath, Ysubmarine hoses would

naturally sink under normal conditions. Tn order to prevent the latter,

partial or full "blowing' cf the hose bore was considered, ie:

maintaining air within the bore. However with fegard to safety internal

pressurisation of the hose ¢ither with siv or an air/water mixture
is ruled out because cf the dangers involved.

Three possible solutions are therefore worthy of consideration as a
buovancy medium:-—

(a) WATER - Floating hoses may readily be accommodated, while

submarine hoses will require the addition of discrete buoyancy collars.

(b) 'HEAVY LIQUIDS' - A number of 1iquid sclutions are available
with a specific gravity greater than that of water. (eg: A tyrizal
example of such fluids is in coal particle separation processes).
(c) FLUIDISED BED - The water tank may be replaced by a fluid-
ising chamber, equivped with pneumatic blowers over its length.

Utilising readily available particle media the hose could be floated

within the fluidised bed.
—303—



LA

(NB: Because of the rather unique nature o the latter provosal
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two prototype test evaluations were cenducic

(1) Usire = ool Lot

worst case test hose condition, floatatioﬁ tasts were conducted in
a small fluidised bed normally used in an experimental rubber
curing process. The results of such tests were very encouraging,
the principle was established, that is the sample flcated and certrol
was fowund to be relatively easily effected.

(2) Because of the practicalities of extrapolating the results
of the above tests to a full scale situation it was considered
essential that a full scale section of the fluidising chamber be
built and sample tests conducted; (see figuré (74) - NB: The hoss
sections used were ballasted to achieve the equivalent unit density
to that of the hose being water filled).

The results of the latter test were partially successful. Whilst

]

it was nominally possible to "float' the sumples, problems with regard

D

n

to bed stzbility, control and 'dead' areas were found to exist.

Because of the latter problems relating to rotating the sections within
the medium were anparent, ie: considerable frictional resistance was
encountered, this naturally being undesirable from any eventual test
stance.

However it is considered that with development, eg: better devloyment
of the air supply, improved baffles etc. the technique could be

viable.

(c) LOAD GENTRATION

The rig comprises the necessary mechanical and hydraulic componants
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to apply axial, bending and torsiopal loads to a lengtn of hose.

4

upport stricture, the axis of the

]

1 .
These components are held in a

A

0r

N dimed heing sunplied
b e s -

rose being horizontal. ilrdpraslic mowr i

-.

by free standing power packs mounted adiacent to the test rig.

5

Control and monitoring facilities are provided at a sinzle console.

18 5 )

The methods of applying the loads are described below.

AXTIAL LOAD

One end of the hose is attached to a drive unit which is in turn
connected to a hydraulic actuator. This drive unit is free to traverse
along a slide under the control of the stated actuator. The latter

is pivoted to earth at one of 2 number of pre-determined points, these
beine selected as suitable for the varicus hose lengths to be
accommodated. Axial loads are therefore arplied by extension or
retraction of the actuator.

The hydraulic pressure within the actustor would normally be main-
tained at a substaantially constant lavel by a servo-control system,
thus allowing the end of the hose to move frezly, or under a
constrained load, as necessitated by its d=flections in bending or

torsion, the axial load being un affected unless required.

o9
=y
3
L
:
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Positicnnl control would also be available for use during
test operations.

BENDING LOAD

Pending 1is achieved by the method referred to as rotary bendin that

N 3 £
is the hose is placed in a desired bend, in one plane, and then rotated
about its own axis. The flance at one end of the hose is bolted to a

unit which is pivoted about a vertical axis, on bearings held in the



rig structurs. The aungular pozition of

g i wnit is controlled by

a hydraulic actuator.

The nctustor is serve cortriled and ens”.' n pasition op wresoura
control options.

(¥B: The above facility is only provided oiL one end of the rig
structure in order to reduce the size of the tank or fluidising
chamber required).

Rotation of the hose as required for rotary bending is achieved by
using hydraulic motors driving through a gearbox at each end of the
hose. The hydraulic motors are part of a servo-position control loog,
and may be controlled such that the two ends of the hose remain in

synchronism at all times.

TORSION LOAD

In order to reduce the size of‘hyaraulic métor and gearboxes rzauired
to produce both rotation and torsiomn, (ie: embracing both extremes

of a speed/torgue curve ), hydraulic actunslors are employed to oroduce
torsion.

Load is applied by differentially operatin: the two actuators =zt
either end of the rig which in turn act uron winding drums via steel
cables thereby vroducing torgue. The actuators are servo conirolled,
torsional load being avplied by rotatiug the tun winding drums at
either end of the rig in opposite senses.

Losd and vositional control functions are available.

SIMULTANZ0US LOADING

411 operating conditions are available simultaneously apart from

torsion load and rotation of the hose for combined bending. Normally
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during rotation of ths hose the winding drums, hence torsion
facility, would not be in the drive chain. In order to ensage

the torsion facility hydraulically zctivated ''dog clutches' would
be emovloyed to 'lock' the windine drums into their resvective drive
shafts. Simultaneously the rotation mcde would ba electrically
interlocked to prevent inadvertent operation and the rotation drive
gear boxes similarly de-clutched.

LOAD INDICATION

Either by direct reading load cells, (linear rams) or pressure
inferred. All loads:are displayed by meters on the console.

(a) SYSTEM PERFORMANCE -

AXIAL LOADING SYSTEM

As per Dasicn 1

BENDING SYSTEM

HYDRAULIC ACTUCATORS

As

3

er Design 1 excepting that the flow =nd power recuirements ere
halved by only employing tha system at one end of the rig structure.

ROTATTING SYSTEM

This system is used only to rotate the hose for comround bendinzg and
not for torsional requirements.

HYDRAULIC ACTUATORS

The actuators for this system are hydraulic motors of the axial piston
constant displacement type, one at each end of the hose. The mctors
drive through a gearbox at a ratioc of 200:1 to the hose.

Each motor has a displacement of L.Ok inB/rev.
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OPERATTING LOADS

The system has been designed to give an operating torgue in

excess of 2 ton ft at each end of the rose. This is the torque
calculated to be sufficient to rotate the hose under maximum bending
deflection assuming 70% energy recovery.

OPERATING PRESSURE

A system pressure of 1500 lbf/in2 is used, this being sufficient to

provide the torque required.

MAXIMUM FLOW

Refe;ence to the hydraulic motor displacements quoted show the
meximum flow required to be Lh4 g.p.m. per unit, ie: 88 g.p.m. total,
including the effects of leakagze etc.

Two pumps are provided to supply this rlow.

POWER RHGUIREMENTS

The hydraulic system is a constant pressure system running at

.2 Q0 e ST
1500 1bf/in with a peak flow of O g.pn. Under peak flow corditions
the power required is 104 H.P. Allowance being made for system
efficiencies.
An electric motor of 150 H.P. is provided giving a contingency
allowance of 50%.

TORSICN SYSTEM

ACTUATCRS

The torque is applied by four hydraulic actuators acting via cables
on winding drums of approximately 2 ft diameter. The stroke of these
cylinders is estimsted at 18 in to allow for deflections of 360 ceg.

The effective area of each cylinder has been chosen to be 40 ina.
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OPERATTNG T.02D

The system has been designed to a maximum toroue of 4O ton ft,
the acceleration torque being provided by the natural spring force

of the hose.

The hydreulic pressure corresponding to the maximum load is
. 2
1200 1bf/in".

MAXIMOM FLOW

The worst omerating conditicns are estim=ted to be a sinusoidal

35 KO T ¢+ it + T
operation witn a stroke of - 9F and a period of 20 sec. hese
conditiors give rise to a peak flow of .85 g.p.m.

Two pumps are provided to supoly this flow.

Under the conditions described assuming a load amplitnde of I 40 ton ft,
the peak power reguirement is calculated to be less than 60 H.P.

An electric motor of 75 H.P. is provided giving a contingency allowance
of 25%.

(e) CONTROL

As per Design 1.
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BUDGET BESTIMATE (1975 cOsTs)

Main supporting structure

Mechanical drives, hose mountings,

trunions, gear boxes etc.

Hydraulic power packs, hydraulic

cylinders, motors, starters etc.

Controls, instrumentation and cabling

Foundations, including piling, flocr

slab etc.

Options:-

(a) Water supported.

Tanlt structure, seals, pumps, pipework etc.

(b) Heavy Liguid Suvvorted

Tank etc. as above plus 7,500 gal of suitabie
liquid.

(¢) Fluidised Bed Supported

Fluidised bed chamber, centrifugal blowers,
dispersion grids, etc.

Erection and commissioning

(a) + (b)

(c)
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35.C000

55.000

51.800

33,000.

10.C00

1C.00C)

20.000)

45,000)

20.000)

27.000)



TOUAL COSE (DESIGN CPFTION 2) T

(a) 214.800
(b’ 224,800
(c) ’ 256.800
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CCUmToURAT IO

(HOST MECHANICALLY SUPPORTED)

Ficure (75)

Tt will be seen from the drawing that the design is very similar

to that already described by design option (2). The main
differencss being:-

(a) The water tank/fluidising chamber is dispensed with and
replaced by a series of free standing mobile support trolleys which
articulate and move with the hose as it deflects.

(v) Because of the above, a minimal plan area is no longer
considered of major significance, thus a bending function is provided
at both ends of the rig.

(e¢) The application of torsional loading via the hydraulic
motor/gear box chain described by Option 1 is re-introduced.

Because of the aforegoing the design will not gensrally be re-described

SUPPORT SYSTEM

A chain of mobile trolleys incorporating either multiple rollers

or an endless belt system (See Figure (76)) would be used in order to
accommodate/support the hose in a horizontal plang. Centre height

and diameter discrepancies resulting from the requirement to test
various hose sizes would be accommodated by adjustment of the

roller or belt system. Similarly length adjustments would be effected
by the addition or subtraction of one or a number of unit

trolleys.

In order for the 'trolley train' to articulate as the hose deflects,

~3I2-~



without constituting serious lateral losding on the hose, the

trolleys will be fitted with variable direction rollers which will
run on a svnecially prepared concrete or sheet-steel surface. (NB:
Thne tracks on which the "axial loading' drive unit runs will be
below floor level and covered with sliding steel shutters to
accommodate the trolleys with the hose in a semi-straight configur-

ation.
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IATE (1975 C037S)

N VO T
; ~.:‘»\\:T J_r';..

BUT/.A Jut e

e . e
Main supporting structure

Mechanical drives, hose mountings,

trunions, gear boxes etc.

Hydraulic power packs, hydraulic

3.
cylinders, motors, sterters etc.

Controls, instrumentation and cabling.

Foundations including piling, floor

slab, trolley surfaces etc.

Trolleys including support system.

Installation and commissioning

TOTAL COST (DESIGN OPTION 3)

L3

70.000

50.000

30.000

11.000
16.000
209.000

19.C00
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DESIGN & — HOST TRITED 1M 4 SZMI VERTICAT, VODL

Figure (77

PTses Rt S

(a) STRUCTURE

(=N

Tt will be seen from the drawing that a quasi-vertical configuration
has been adopted, and once again the 'rotary bending concept' has
been incorporated. The rig consists fundamentally of two 'head-
stock' units between which the hose is located and allowed to deflect
under a combination of self weight together with additional forces
applied at the ends.

It will be seen from the drawing that the tilting movement at either
end which is, of course, the movement required to produce a bending
moment on the hose is produced by a straight forward arrangement of
hydraulic cylinders. These act upon a tilting/rotating assembly
mounted on trunion bearings within each headstock unit.

It will also he noted that each headstock unit is mounted on a

track which enables their relative separation to be adjusted. The
free standing unit vrovides adjustment in order to accommodate

the various test hose lengths, whilst the actuator controlled unit
provides the axial loading facility.

The rotation and torque functions are provided by hydraulic motors
which act through gearboxes. All water circulation/csoling facilities
etc are vprovided.

It may be seen from the drawing that beneath the rig track structure
a pit is excavated. This forefills a number of functions:-—

a Accomodates ose e ectlions 1n excess oI na a owe
(a) A d h deflect ' f that allowed by

the height of the steel structure.
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(b) Dy viriue of (a) rednces the structural height thus
structural, building and associated foundation costs.

(c) Provides a safeiy feature, whereby the more danserous
elements of testing, ie: flexing at maximum curvature, are conducted
with the hose semi-enclosed within the pit.

(a) Enables a modification of the hose weight to te etffected,
eg: by water flcoding of the pit plus addition of floztation
elements etc; thus adjusting the loading pattern.

{e) Provides a sump for the re-circulation of hose and hydraulic
power pack conling water.

Tt is assumed that the hose to be tested arrives at the rig on a
suitable trailer having been vpreviously fitted with the necessary
adapter plates. The hose would then be lifted on slings by a mobile
crans and suspended in positicn between the two headstocks. Bolting
of the hose into position would then troceed nuch on the'same lines
as described for designs (2/3). Additiona’ly the head stocks could be
tilted in order to accommodate angular deflection or 'droop' of the
hose flanges resulting from the 1ift configuration.

(b) 1OAD GENTRATION

Generally the load gereration characteristics comoly with those
previously described for design i. The rotation/torsion modes are
howaver slightly different and will be described.

TORSTCON

The requirement for torsion generation is limited to one end of the
rig only, the oprvosite end being effectively locked using a

hvdraulically inserted pin arrangement. Torsion is achieved by



L1 mied

employing two axial piston motors driving wn parsllel through a
common 200:1 reduction gearbox. Cne motor is of fixed capacity whilst
the other is a remote pressura controlled varisblie cavacity unit.
Pressure energisation of the appropriate nilat valve would cause
the varisble capacity unit to increase giving a combined capacity,
capable of meetiﬁg the torsional load required.

ROTATION

At the cpposite end of the rig to the above is also mounted a 2C0:1
reduction gearbox, this time driven by a single fixed capacity
motor of the type described above.

In the rotational mode the capacity of the vsriable capacity motor
wouldube reduced and the inlet/ocutlet vorts connescted together
permittinsg oil to circulate freely within the pumn casing, ie: the
moter would be allowed to "free-wheel''.

At the same time flow would continue to both fixed capacity motors,
at either end of the rig, rermitting rotation of both gearboxes. The
system would form part of a servo-position control loov, and may be
controllad to maintain the two ends of the hose in synchronism.

The entire system would be interlocked in crder to trevent inadvertant

iy

selection of both rotaticnal and torsicnal modes of overation.

(c¢) SYSTEM PHERFGRMANCE

AXIAL )
) Similar to previous designs.
BENDING )

ROTATION/TORSTON

The system has been desicned to give an overating torgue in excess
of 2 ton ft at either end of the hose at a maximum sreed of 12 rev/min
in the rotational mode and a torque of 50 ton ft at 3 cycles/min

in the torsion mode.



OP:}" ATINT PRES "b° N

(a) ROTATTON ONLY

2 . . . oo
A system pressure of 1500 10%/in” is used this baing sufficient to
. . ~ . Y . .
provide the torque required (for rotation) using a motor copacity
of 4.15 ind/rev.

‘b ROTATICN AND TORSION

o 2 s . .
A system vressure of LOOO 1bf/in” is employed in order to gensrate
ua required. (for torsion) using a combined capacity of
4.15 in” + 10 1n 14.15 1n3/rev.

MAXIMUM FLOW

(a) ROTATION ONLY

Moximum flow is calculated at L44.O g.p.m. (A sinsle pump is provided
for this flow).

(b) ROTATION AND TORSION

Maximun flow is calculated at 4%.0 g.v.m. (A single pump is provided
- . \
for this flow,.

POWER REQUIREMENTS

(a)  ROTATION ONLY

Under peak flow corditions of 44.0 g.v.n. the vower required is 52 H.P.
o' e < ? ~
An electric motor of 60 H.P. is provided giving a contingency of 15%.

(v) RCTATTON AND TCRSION

Under peak flow/torque conditions the vower required is 137 H.P. An

electric motor of 150 H.P. is provided giving a contingency of 10%.
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BUDGET WsTIMATE (1974 COST3)

1. Main supporting struchure

2. Mechanical drives, hose mountings,

trunions, gear boxes etc.

5. Hydraulic Power Packs, cylinders,

motors etc.

b, Cables, controls, instrumentaticn etc.

5 Foundations includirng, piling, floor

slab, pit etc.

6. Instzllation and commissioning

TOTAL COST (DESIGN OPTION 4)
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Lo . 000

73.G00

34,000

26.000

12.000

B

188,000

B g

21.0C0

206.000



SUMMARY OF DESTGNS

(1) FINANCI AL
% DIFFZRENTIAL
DES TGN COST (Basnj ON
LOWZEST COST)
1 £3%28.830 + GO%
2 (a) £21L.800 + by
(v)  £224.800 + 9%
(¢) £256.500 7 + 25%
3 £209.0C0 + 2%
4 . £206.000 0%

Based upon the above, brief financial statement, it was concluded
that options 1 and 2(c) carried such a cost penalty that they were

discounted without recourse to additional technical ccasiderations.

(2) CONCEPTIAL

The basic type of loading available from each test method may be

approximated as:-
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b

It may be seen that the loading pabtters capability becomes
increasingly complex as one progresses through the designs in
chronolorical order. Desipn (3) obvionsly has all of the cavabilities

b)
je) o

of (2), with the additional bhenefit of being able to vary the bending

moment Hz (this beirg governed in the former design due tc the element
being effectively encastre) .

Design (4), it may be seen offers far greater poterntial in combined
loading than the previous designs, however its ability to conduct
'pure' tests is severely limited by an inability to totally remove

the 'self-weight' element of loading, thus the latter in combination
with additionally desired loading alwsys results in a complex loadirg
situation. (MB: This would be un-important were the test hose
homogenecus and isotropic, however besause of the, as yet, unknown
inter-relationship between intrinsic properties such complexities
might lead to difficulties in analysis).

One important fact which c=me to lizht foring Lhe decision maicing
process, was the recant knowledge thnt Shell had built a very
simplistic hose testing machine in their Amsterdam Laboratories;
(commissioned late 1973). This rig (swe Figures (78)-(80)) could be
crudely approximated to design opticn (3).

"Phe test hose, whilst suprorted in a_hcrizonﬁal plzne, on mechanical
supports, could be subjected to a symmetrical bend configurzstion. In
this conditiong rotation of the hose, driven from one end only, could
be produced in order to simulate alternating flexing.

No axial loading, Torsional, differential bending or pressurisation

facilities were available."



Whilst very simplistic, the Shell rig was the first of its type

and thus should be commended. However the one feature which the Shell
rig did exhibit, from the limited information available to Dunlop,
which was of considerable benefit to onr own desigzn study was the
effect that the suprorts appesred to huve cn the tesi hose. It may

be seen from Figure (A1) that adbout each mzchanical support bulges
developed, these occurred very rapidly after only a short pericd of
testing. Consequently the test hose rapidly took on an appearancs
likened to a ‘strirs of sausases' with each suvport at a "necled
section'.

Whilst it was not readily apparent why the supports should have

such & significant effect it was felt vnuwise to continue with our own
"mechanically supnorted design' whilst such uncertainty existed.

(NB: since the time denoted Shell are known to have tried various
modifications to their support system with little if any improvement).
The design options were thus reduced to 2 (a)/(p) and (4).

During the final design selection process oction 2 (b) was deleted
because of:-

(a) The cost of the necessary fluid.

(b) Storasge facilities required for the fluid whilst tank
sections were changed - Not included in original budget eétimate.

(c) Most of the fluids available wesre found to be damaging to
conventional hose cover materials. (ie: test hoses would require a
specially made cover compound )

Finally option 2 (a) was similarly deleted:-

(1) kestriction of method to the testing of {loating hoses or

buoyancy supported submarine hoses.



(2) The 'wet' environment making direct hose observations and
measurements etc. difficult.

(3) Restricted test modes available without increasing ths

rig plan area, ie: tank size.

(4) festing capabilities not as comprehensive as option (L),
(5) Complex/time consuming hose change-out procedure - varticularly

for varying hose lengths (ie: adding or subtracting tank secticns).

Design Option (4) was thus finally selected.
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XI.5 DESIGN DETAILS

The design optio: s2lected, namsly ovtion (), was refined into a
detailed design specification/drawings and th» elements put out to

tender.

STRUCTURAL DESIGN

Based upon the initial conceptial design study a detailed design project

's Engineering

was undertaken, in conjunction with the Division
Drawing Office, resulting in the production of a set of manufacturing
drawings. These eventually formed the basis of a detailed specification
document against which tenders were invited and the construction work
eventually sub-contracted. -

The results of the design study, calculations, drawings etc are
included as (18). By virtue of the rig structure involved it
was found necessary to design on a basis ol structuralvstiffness rather
than simple stressing methods, the former being the critical

criteria.

Although the désign study is enclosed as an appendix it is worthﬁ to
note at this stage a number of design modifications with respect to

the initial design concept.

Re ferring to Figure (82) and comparing it against Figure (77) (previous
section) the following may be noted as marginal conceptial
modifications:-

(a) One head stock has been rigidly fixed, the other accoemmodates

both movement resulting from axial loading and the accommodation of

varying hose length. This is performed quite simply by using the rear
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(axial loading) hydraulic actustor mounting carriage to accommodate
varying hose lengths whilst the actuator/headstock is used to
accommodate chanze due to axial load.

Two cos:t benefits resulted from the above change:-

(1) Simplification of the rail/slide arrangemant{(s).
(2) No ancillary winch equipment is required to reposition

either headstock. (ie: It may be seen that the actuator carriage
neadstock arrangement can be "walked' along the bed in a crab-type
mode) .

(v) The application angle of the axial ram has been reduced to a
horizontal elevation in order to produce a more efficient loading
system.

(c) By installing the torsion locking mechanism (refer to
drawing No:GT3 1436 Referencd18)) on the, (hose side) output side
of the respective gearbox>it has been possible to install a lower
specification gearbox (ie: Lower torque czpacity) then that at the

torque drive headstock.

HYDRAULIC SYSTEM DESIGN

Again based upon the initial design study a draft specification was
issued to a number of companies for budget quotations. Based upon the
results of these qurtations a detailed study was undertaken in
conjunction with Keelavite Hydraulics Limited, and a final design
specification compiled.

The final design specificaticn is included as Referencd19),
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Basic elements of the design are es follows:-

HYDRAULIC EQUIPMENT

b

For the purvose of clarity, it is better tc consider ithe equipment

in three groups:i-

(a) Hydraulic Power Supplies

(b) Rotary Actuators

(¢) Linear Actuators

(a) HYDRAULIC POWER SUPFLIES

(1) END BENDING AND AXIAL LOAD - SE® FIGURE (83)

The components would be mounted within a steel structure and all pipe
work up to the outlet hand valves completed. Opesration of the hand
valves would enable the operator to run the two test function
separately or together at a reduced overall specification. Control of
the main pressure unload valve would be provided from the start and
safety panel mounted in the electronic equipment. For safety purgoses
the following f=ult conditions would remove the electrical power, low
oil level, high oil temperature, loss of main pressure. Each pump would
be individually protected by its own relief and unload valve.

The unit would be capable of delivering mineral oil'at a flow rate of
44 gpm and a pressure of 3000 psi. The flow could be selected in four

equal multiples of 11 gpm.
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(2) HOSE ROTATTON AND TORSIOVAL LOAD - S4B FIGURES (8h) & (85)

Tn both cases the same basic components are used. The main difference
being the installed horse powsr. The prime movement is sanplied by
electric motors. Variable capacity, electro hydraulically controlled
pumps would be used. The pumps are boost fed by fixed capacity gear
pumps working at low pressure. The system would be electrically inter-
locked, via pressure switches such that the main pump could not, under
normal conditions, be started unless boost supply pressure was

present. Back to back high pressure relief valves would be fitted to
prevent excessive pressures being developed in any one of the two lines.
Failure of boost supply, main surply, temperature control, oil level
would cause electrical power to be removed.

The circuit components would all be mounted on a welded steel structure
and piped as per circuit. A1l outlet and return lines be terminated in
connection consistent with pipe sizes required to give the correct oil
velocities. The oil level and temperature switches would be mountzd on
the oil reservoir. All necessary adjustzble controls and visual

indicators would be placed to give ease of access.

(b) ROTARY ACTUATORS

(1) COMBINED HOSE ROTATION & HOSE TORSTION DRIVE

The requirement for this dual function is required at one end of

the test hose only. The combined action wculd be achieved by employing



two axial piston mo*ors in parallel, ons firxed capacity unit and one
remote pressure controlled variable capacity unit (refer to Figure
(84)). Energisaticn of thz pilot valve wouls cavse the variable czracity
unit to increase giving a combined capacity, capable of mecting the
torsional load torque required. The same piloﬁ valve would
simultaneously operate a five port directional valve, the energised
pilot valve placing the direction valve spool in a position permitting
0il flow to the variable capacity unit. The back to back non return
valves enable oil to be fed to the motor when it is not in use but

being driven by the fixed unit.

(2) HOSE RCTATTION

For this requirement the pilot valve seolenoid is de-energised. Ths
variable capacity reduces, the directional va.ve connects inlet and
outlet ports together parmitting the cil to circulate freely since

the fixed unit will be driving it as a pump via the gearbox common shaft.
To cater for oil losses during this condition of opsration oil will be
fed to the variablie unit from the boost supply. As an added precaution

a back to back relief valve would be connected across the ports. At

the same time the feed pives to the unit would be blocked. At the other
end of the hose, rotation would be produced using one fixed cavacity
unit fed by a variable capacity pump.

(Refer to Figure (85)).
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(c) LINBAR ACTUATORS

A1l three actustors would be double rod, double acting rods centre
trunnion mounting facilities. Sach end of the slroke would be
protected by hydraulic cushioning to reduce possibility of damage
occurring. The load rod of each would be fitted with a load transducer
providing electrical signals proportional to applied load. To provide
linear disvlacement control rotary inductive transducers driven by a
linear/rotary instrument gearboxes would be employed. Drive to the
gearboxes would be provided by attaching drive wires to ==ch rod end and
wrapping it around the input pulleys. The gearboxes would be mounted
on the cylinder bodies. Associsted with each cylinder assembly would
be a servo valve and micro filter assembly. The assemblies would be

mounted adjacent to their resvective cylinders and coupled via flexible

hoses.

CONTROL FUNCTION DESCRIPTION

(a) LINEAR
(1) DISPLACEMENT

(ii) LOAD
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(n) ROTARY
(1) TORQUE

(ii) DISPT.ACEMENT

(a)(i) DISPLACEMENT

The control aﬁd command modes would be selected prior to épplying
hydraulic power. A rotary inductive displacement transducer energised
by a 400 Hz carrier supply, would via a 400 Hz demodulator produce a
D.C. feedback voltage proportional to cylinder position. This signal
would be compared with the command and the difference fed to the servo
valve drive amplifier (refer to Figure {86)) as an instruction. The
cylinder would move in response until the difference between the two
signals disappeared, at which stage the cyvlinder would ston.

The output signals from the demodulators would also be fed to level
detectors which could be set to trip and siop system i desired stroke/

angle vere to be exceesded.

Indication of stroke/angle would be provided on an analogue meter.

(a)(ii) LOAD

Proportional control of load would be achieved in virtuzlly the same
marner. The difference being that a transducer mounted on the cylinder
rod, between the cylinder and load, together with a high stzbility, strain
zauge amplifier would wroduce an electrical feedback signal proportional

to the load being applied.



The feedback signal apert from perfornirg a control function would

be used to drive an analogue me

¢r to provide indication and a level

detector to give svstem protochtion.

Three term controllers (ie: Integral Differential and Proportional
o b ] i

gains) would be used to optimise the control lcop transfer function.

(b)(i) TORWUE

Across both sets of hydraulic motors would be connected an irnductive
pressure transducer, energised by a 4KHz carrier generator. The D.C.
output signal from the associated UKHz demodulator would be
propertional to the pressure developed across the motors. It weuld
therefore be proporticnal to torque develored and provide the teorqus
feedback signal. Torgue control is reouired on torsion only hence

a servo control lecop around this end only, his been provided.

Tt would be possible to set the meon lavel required and add a cyclic
signal.

Indication of the torque value would be provided and level detectors
used to protect the system.

The error signal (difference between command and feedback) signal would
instruct the servo valve to drive the hydraulic motors until the torque
reaction developed by the hose, reduce the electrical error tec a

finite value.

The pressure transducer connected across the other hydraulic motors
would be used in conjunction with the QOEtrol transducer to measure thre
toroue differential develoved across the hose and use the signal for

indication and protection purposes (refer to Fieure (87)).



(0)(ii) DISPLACKMENT

To yprovide rotation of the test hosec about its axis at selected spezeds

of hose ends be used as a control

we proposz that rel

I

Cive displuce
parameter. Towards achieving this, control synchros would be us=d.
A velocity loop would be closed around one hydraulic transmission érive

b

enabling the required speed to be set. Indication of hose spzed
(R.P.M.) and displacement (degrees) would be provided at each hose end.
As the rolation started the electrical sigrnal balance in the synchro-
chain would be disturbed. The receiving synchro would develop via

a 400 c/s demodulator a D.C. signal vroportional to differential
displacement. This siegnal would act as a command to the other hydraulic
transmissicon drive which would rotate te restcere the synchronisation
between ends. Basically the end under velocity control would act as the
command and the other end as a slave drive. The differential synchro
would enable the hose ends to be set between 0--180 degrees ouf of
alignment and retain relationships while rciating.

Indication of end phase relationship would b2 indicated in degrees, two
seyparate analogus meters. To minimise risk of damage teo hoze, while
rotating twe level detectors would be employed. Cne would accept the
differential torque sicnal and stop system if wmaximum accevtable value
were exceéded. The other would ccmpare the differential end displacement
in terms of veoltage and stop the system if the preset acceptatle valve

was exceeded.

The three term controllers would permit servo performance optimisation.
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XI.?7 TEST PROG

The gensral objectives of the test rig 'tetal'! programme may be

sed

[N

broadly categor: 3

s

o

(a) The evaluation of characteristic hoée properties and their
variation with mechanical Tatigue.

(b) Comparat?ve evaluation of alternate designs and construction
techniques.

(¢) Evaluatioﬁ of competitor's hoses and design concepts.
Resulting in:-

(a) The improvement of current hose technology (both design and
manufacture).

(e) The ability to apvroximately predict ultimate hose failure.

In order to achieve the above_pbjectives there avppeared a number of
different lines of approach which might be adepted:-

(1) _Test a revresentative range of existing standard preduct
designs in order to ascertain a knowledge of their present basic
characteristics and limitations.

(2) Concentrate on the testing and improvement of one particular
type of hose; (eg: buoy connesction hose ).

(3) Conduct a comparative design evaluation in relatiorn to a
series of specially prepared specimens (eg: Textile reinforced ar
steel reinforced etc).

(%) Test hoses in response to customer marketing pressure, (de:
new developments etc).

(5) Evaluate hoses returned (retired) from service.

All of the above possibilities were put forward by various elements of

the Division, none could be regarded as completely singular in-
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application or effect. Bach represented tre various stand points of

departmental factions within the Company.

w37, most not upon tochnical grounds, as to
which was thz correct approach. Eventually logic prevailed resulting
in Option {1) being selected as the correct approach, (certainly with
regard to the first 12-18 months of testing). After such an initial
test period it was considered that the future test programme would,
in the main, be dictated by the results obtained. Almost certainly
such future tests would embrace some, if not all, of the points made

above.
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During the initial period it is intended that the hoses indicated

are tested:~

HOSE BORE MCTES
TYPE 16t 20m | aum CCMMON FRATURES
- + N
5152/1 | Std. Sub. )
s V4 V4 .
(Textile) o7 (9> ) ~VE
N ) Pitch &
) & of
*5155/1 | Selflote v v ) helices
(Toxtile) (1) ol )
5155/1 | Std. Sub. v/ /- v )
(wire) (3) L8] (5) ) -VE
) Pitch 8
+ ) ¢ of
. ;
5157/1 | Selflote ) helices
(wire) E{J \/\ v/ )
s (7 [67]
5156/2 | Samp.Sub. / V. V )
(wire) L1473 [16] G ) Difference
) in pitch
+ ) of helices
*5157/2 | Samp.Flt. J J / ) only
(wire) (13) (15) 2] )

lZ
w

!
.

2-

*3e1flote hoses to be tested in carcase form only.
All hoses of 30ft length.
Number in parenthesis indicates test order.
( ) indicates static tests only (non destructive)
- [ Jincicates static and dynamic tests (ie: destructive tests).
+ indicates hoses that are available (inspsction rejects

booked to test rig.
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TOTALS:

DESTRUCTIVE - 8

NON DSTRUCTIVE -3

It may be seen from this tavle that a total of sixteen tests are
envisaged during the initial testing peried. The balance struck between
destructive tests (ie: static + dynamic) and non destructive (ie: static
only) at eight to each option, and the distribution noted is deemad
satisfactory to maximise fhe information/(Cost + time) ratio. It is
envisaged that hoses required.for ron destructive tests could be taken
from, and then normally returned to customers grders.

Reviewing the experience gained from previous test methods, the

following time scale predictions would appe-T to be of an appropriate

order:-

(a) Rig/hose preparation - L days
(v) Non desiruvctive tests (static) - 5 days
(c) Destructive tests (Dynamic) (1 day = 10 hours) - 24 dars

Table (16) indicates the proposed programme against a time scale. Tais
suggests a total requirement of 336 days in order to complete the
programme outlined.

On a basis of a 46 week year, (initially at least each week consisting
of 6 x 10 hour shifts), a totél period of %1k days would be available.
Assuring 5% machine down time for unscheduled maintenance etc. (ie: 20

days) a float time of 58 days is available. This period would



nominally be uszed for the testing of service return hoses (ie: static
tests for property correlations, approx. 10 dnys/test), and or
repetition of teots vreviensiy condintad fov mhatistical significance
purposes.

Whilst work is undertaken by the test rig it is proposed to continue
the simple bend tests etc., which are already conducted by Technical
Department. It is considered that these tests should provide a pointer
to the repeatability of test results; (ie: if initial static properties
exhibit a high degree of repeatability it would not be unreasonable

to see this reflected in the general test results). To this end

initial bend test results appear promising in the atove resyect.

It is considered that towards the conclusion of this initial test
period that:-

(a) Basic hose properties for a range of hoses will be known.
(v) Some information will be available ac to the above variation
with resvect to fatigue.

(c) Some degree of correlation between property degradation and
time will be established.

(a) A predominant form or tyve of failure may te identified.

Upon completion of the abova work the results achieved should serve

as the initiator of further research. The detection of a predominant
type of failure for example, (eg: helical wire displacement) if
substantiated by service failure analysis, would automatically indicate
the need for redesign and test of that feature.

In many ways the hoses selected for test form an extremely broad basis
for such work. There is, by nature of the constructions, a considerable

number of correlations which could be made with respect to:i-
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abric reinforcemant

() Wire cord reinforcement

(c) . Helicsl wire involvemant

Determination of basic hose properties should also enable a

systematic approach to fuandsuental design changes which might be

necessary to meat specified reguirements. Such hoses would form an
integral part of the second stage of the test rig programme.
At this stage it would be in order to consider, in outline, the

test specification for the first stage tests:~

TEST PROGRAMME:

Nominally any test form would consist ¢t an initial series of static
tests, (non destructive), following by a comprehensive programme of
dynamic tests, (destructive ), ultimately to failure. Dynamic tests
would so be arranged th=t a coﬁprehensive rangs of service related load
cycles (in terms of torsion, axial load, bending etc), of predetermined
duration would be repeated 'en bloc' until failure occurred.
Interspersed between each block of cyclic tests would be a repeat of
the initial static tests. These would be used to assess the degradation
of the initial hose properties in relation to repzated fatigue

cycling.

STATIC TBSTS

Three major parameters are considered adequate in order to quantify

basic hose properties:-—
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(a) Bending stifines

(b) Torsional stiffness

(c) Ayial, stifinans

The above however cannot be regarded as constants, they are onl&
static for any specified loading condition. It is thereiore considered
essential that the varintion of the above parameters are determined

with respect to:-

(a) Load magnitude

(e) Combined loading

(£) Internal pressure

(g) Radius of curvature, axial extension, twist etc.

0]

It may already be seen that combinations of the above parameter
result in an enormous number of interactions. Such that these
combinations may be studied, it becomes necessary to select certain
relationships, on a statistical basis, such that the entire field may

be projected upon a relatively small measusoment sample. A static

test programme designed to serve just this purpose is indicated by
Table (17). It may be noted that various combinations of bending moment,
torsional load, axial load and internal pressure are usad in order to

define the necessary relationshivs.

DYNAMIC TESTS:

The orime directive of dynamic tests is the evaluation of mechanical

fatigue, with respect to hose properties and ultimate failure:-
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LOAD

Cycles to failure (log scale).

3
L
|
£
:

Ovbviously if the load applied is sufficiently great a single

application (ie static load) would be sufficient to destroy the hose,
(ie Point A).. Bqually at some relatively minor loading the hose may
effectively never fail, (ie Point B). Although of interest, particularly
the higher limit, these are not generally applicable tc practical
situations where the loads imp?sed fall between these cextremes.

Design of the dynamic test programme must obviously be designed to.

establish such general concepts as the above tatigus curve, (probably !
different with respect to loading mode, how¢ type ete). Also to

establish a similar measurable quantity (ie hose property) which might

establish the life status of a hose (ie life period consumed), thareby

enabling some form of linear damage hypothesis to be established.

TR A T P\ T

At this stage of tue development of the test programme, it is extremely
difficult to quantily in exact terms the necessary tests required.
However, it may be stated that the initial tests will be very dependeat
upon the data collected as a result of the Forcados study and more

recently model testing. Such data provides the necessary load values




and application freguency, although not the probability of such a
load occurring. The latter reguires probability data relating to
environmental conditions prevailing at typical SBM installations. A
limited degree of this information is already available via wave
histogram data.

With such data, each mode of loading may be described by a three
dimensional histogram, (ie: load magnitude, application frequency,
probability), as typically shown by Figure (98). In general principle
the test rig input would be derived from such a source, computztion of
the nodal points would provide the necessary classification indeves,
and the Z component the preovorticnal test duration.

Initially each mode of loading {(ie: lozd type) would be run
consecntively rather than concurrently. This is in ordsr that basic
initial relationships regarding destinct effects of each type of lozd
may be isclated. Lventually simult%neous application or combined dynamic

loading would be utilised.

TEST EVALUATION

Throughoui the test period loads and deflections will constantly be
monitored and used to detect changes in tre hose structure rroperties
as each test proceeds. . In addition such techniques
as X Ray, thermograph and‘acoustic emission will be applied in an
attempt to examine the changes that are occurring internal to the

hose structure:-
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X RAY:

nne may prove of

(WY

Referencing against initial plates. This techn
value in determining displacement of such items as helical wires,

fittings, 'binding in' wires etc.

THERMCGRAPHY :

Examination of thermal gradients, as a result of dynamic tests,
may serve to indicate areas of significant cyclic stress loading

(ie: hysteresis effects), haznce bond breakdown.

ACOUSTIC esMISSIOCH:

Again reference against an initial 'pattern' could serve to

indicate the presence and/or growth of voids or delaminations.

An attempt has been made to develop a broad outline as to a proposed
test strategy in relation to an initial periocd of twelve to eighteen
months.

It is accepted that this programme is by no means complete or
comprehensive and will certainly recuire modification in the light

of teat results.

SEYEE

e ek

W KT T

&






















Lo il
ARSI
oo O : :

< v NN

356~




. ‘ : "
! . _
w | M |
M N _. 1 |
M _ N | o
| , M i [To\
i ; ” Dﬂ
M “ |
4 »a .
{ . ! .
! LALETE . 444602 i - i or
“ { ! . oy
! i ( e e et
I . - o m —
w (2044TL) W
w 2Le6sL (6LLL57) (502) ‘ (00C04) M .
J . {O30LS N g 6
- P
i “ Aed) N ' LK ed
m Arv\tmm\:\v [ X AP AN Ammrr\lbun‘v AMONV M 4
_, ool st o r——————— s A
e m N . |
. oLTiiL (GLLL0T) (0T . m fA
(sh0e5) RO 2Lesst (GLL45T) : (nee m 9
..... . ) ’ 3 m e i h eaann
. . e e ; ‘G
(5KSE) gbL. (LlLdoely CLTGiL Amrmpmm“ (£02) W | w
. o oz . Koy Qi '
LHOECY  9b2* (GLOLELY €06 (51L4223) (geod alayy

[

PN o o A).w..\.\\.ax i .M
(vghes) Ay’ (E258) HUSGY - {6E5CLL) _ (§02 (L
- - . v - ghene o
N o - Il " vt Yoy - 4
oaeL  499° Legee - (2€660) (20%) 003G ! <
{ - - e———

b ¢:M W

¢ - N

- . - - i w

- -7 {§gec CoouL .
, . N .
2660z CLOTL - - LOTE0L) A CoCt | T
Ao RO () ) M L
‘ P TR L L -~
%os 4ma mmC XUy, WITIVIOWENG ocvuRCTTV D UeTATSTTEN 3 w IeRl
K ~ ‘ . e e (i A .o i axnsTousdrr TRTA AT
xey ....OQO,.J.((Q»\” [REERY N QAN TPULILI THTS IR m
A ' . . ' - , 4 ,
y . ' 9
A} . . . : . -~ . . ,
" ‘ g ) . i ' K .
‘ o . ' X " . —
. N . N N s, -
. . % P , . W . . ) _ SR .
R : .



PIUTIISLSD 30U ‘pru
R Xer3 Tve Jor T8 1% | ST yHeT | NGO (SSOUIIIIS aIsuUS
‘pru g w2 ¥ el g w2y nel | % L€ T seel 28 M 0L €$59UJITAS UOTSIOTL
% 22 7 68°0 " 06 ce
% S2 + 99°0 ok “ 0002
% le 3 Llqo | HogLegl
% 9N F €270 YAV
% 1€ F0£E°0 | " oLl
% €€ 7 GL°0 Yoontg
&m_Hm,_.o‘ oGy =4y
A mﬁ N mo_ fssaugzTys Furpusg
91 0l g 0 I8q ‘sanssaadasAao TBUISAUI
STENSSEYIYIAO TYNIIINI SNOIYVA IV SESSINAALILS

11 319vL



TABLE 4R

TENSILE STKENGTHS AT DIFFERENT SECTIONS
THROUGH THE THICKNESS OF THE HOSE
IN ORDER OF FAILURE IN TENSILE TEST

Nylon reinforcement

layer no.

Ultimate tensile
strength, N/mm

Remarks

3, outer surface

3, inner surface

1.3
1.6

5, inner surface

5, outer surface

Torn off right througj this layer
up to 1st steel cord Jayer

2, outer surface

Layer failed during dynamic test.
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TABLE IhL -~ STATIC TEST FROGRAVME

PRESSURE BENDING MOMENT TORSTION £¥TAL. LOAD

0 tT o
, .33M 0 0
0 1b/in - "
.66M - 50T 0
M 0 0 N
0 I o.sor 0
100 1b/in° L66M 0 0
M I 0
0 0 + A
200 1b/in" 0 I o
. 66M 0 0
0 + 50T 0
J33M + 50T 0
300 1b/4in° » B 5
0 - 50T 0
L6EM I + .SOA
300 1b/in° " 0 _t A
o - .50T + .50A
.33M T - .50A
200 1b/in2 | .66M + 50T + A
M - .50T + J5CA
o 4 st , + 504
100 1b/in2 32M | - 50T + A
.66M 0 + J.50A
0 Lo _ + A
0 JEEM o 0

T ) Maximum allowable loads
M ) for each test
A ) Those.
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