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Abstract

I
The rupture of a submarine oil pipeline starts var10US mechanisms

leading to an oil spill. Among these mechanisms the leakage of

oil driven by the difference in specific gravities of oil and sea-

water is difficult to quantify. A simple mathematical model has been

developed and laboratory experiments have been carried out to obtain

an insight into the density-driven exchange flow in a pipeline

initially completely filled with oil, and to determine the leak

rate. The mathematical model is predictive and takes account of

various relevant effects, such as those of friction and inclination

of the pipeline. The experiments were done in a horizontal model

pipeline. Theoretical and experimental results are in satisfactory

agreement.
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1.zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIntroduction

I
One of the hazards concern1ng the exploitation of a submarine

oii pipeline is formed by the possibility of rupture of the pipeline,

as a consequence of an anchor being dragged by a ship, for example.

The resulting oil spill 1S a potential source of damage to the environ-

ment. It is convenient to divide the origins of oil loss from a

ruptured pipeline into two categories. The first category is characterized

by a relatively short duration (e.g., up to fifteen minutes) and high

leak rates.· This category includes loss caused by the finite response

time of the automatic shut-down system, compressibility loss and loss

owing to initial momentum of the oil. The losses of this category can

be estimated reasonably well (2). The second category comprises loss

of oil as a result of an exchange flow of oil and sea-water, and 1S

characterized by a long duration and relatively 10\. leak rates. The

loss of the second category can form a substantial part of the total

loss, but cannot be estimated in a comperably simple way as the losses

·of the first category. A theo~etical and experimental analysis of the

exchange flow and related leak rate is presented in this report.

The exchange flow comes into existence when the pressures 1n

the pipe and the sea-water have become approximately equal, and is driven

by the difference in specific gravities of oil and sea-water. The heavier

sea-water intrudes in the lower part of the pipeline, and the oil flows

out at the top (figurezyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.1). The leak rate can be influenced by:

I
I
I
I
I
I
I
I
I
I

inner diameter, inclination and length of the pipeline,

- geometry of the rupture,

specific gravities of oil and sea-water,

- viscosities of oil and sea-water, arid,on small scales,.

- interfacial tension~

I
I

I

The inclination of the pipeline to the horizontal can act as a

trap to the intrusion process: the intruding sea-water will be blocked in an

upward sloping pipeline, if the pipeline rises by more than one diameter. On

the other hand, a downward slope 1ncreases the flow rates. In general, oil

will leak from both sides of the rupture. The S1ze and shape of the

I

I
I

*Interfacial tension 1S the equivalent of surface tension at a free

surface.

I
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rupture, and possible entrance losses set an upper bound to the leak

rate. It is assumed throughout this study that the ruptured p1pe 1S

cleanly cut through (figure 1.1), and that both sides of the rupture

do not influence each other.

Initially the exchange flow is controlled by the inertia of the

fluid. In later stages of the exchange process V1SCOUS or turbulent

friction can gradually decrease the leak rate. Interfacial tension

is of minor importance for prototype pipelines, but can substantially

reduce the leak rate in small-scale models.

This report presents a simple mathematical model of the exchange

process in a pipeline initially completely filled with oil that takes

account of the effects mentioned (section 2), and describes experiments

uS1ng a large, horizontal model pipeline (section 3). The results of

theory and experiment are compared in section 4. The influence of inter-

facial tension in a small-scale model described in (3) 'isalso shown.

In section 5 some theoretical results are given for the prototype

pipeline from the Q-l block in the Dutch sector of the North Sea to

Ijmuiden. The study ends with a set of conclusions (section 6).

2. Simple mathematical model

,The mathematical model presented below 1S based on the integral

conservation laws of mass and momentum in the two-layered flow of oil

and sea-water. Various assumptions to simplify the model are made, the

more important ones being:

- the Boussinesq approximation for small density-differences may be

applied,

the circular cross-section of the pipeline may be approximated by a

"

square,

the oil 1S a newtonian fluid with constant viscosity and constant

density; the flow in the oil layer remains laminar,

the friction 1n the water layer, when turbulent, 1S given by the

Blasius law for a smooth wall (section 2.5),

- the mean level of the interface with respect to the pipe wall 1S

constant and may be determined so that the friction effect is minimal

(section 2.2),

- the front or head (figure 1.1) of the intruding water layer may be

modelled as is usual in the case of saline and fresh water (section

2.3), and
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I
I

- the pipeline is infinitely long and has a constant (small) inclination,

or is horizontal.

I
Interfacial tension is included ~n the model to demonstrate its effect

~n small-scale models. The system of ~quations derived is closed in that

no use is made of adjustable parameters. The equations were solved

numerically.zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA oI
I 2.L Equations of continuity and motion

I
I

The local equations of continuity are (figure 2~1)

+ Cl a u = 0
dX 2 2

(2.1.1)

I and

I
I

a u + a u = 0
1 1 2 2

(2.1.2)

I

where t is time, x the coordinate along the pipeline, a (a ) the thickness
1 2

of the 'upper (loHer) layer, and u (u ) the mean velocity in the upper
1 2

(lower) layer. Integrating (2.1.1) from x=O (locati?n of rupture) to

x=xf (time-dependent location of front), gives as an overall continuity

equation for the lower layer

I
I
I

a u
o 0

(2.1.3)

where a is an equivalent p~pe size given by (D is the inner diameter

of the pipe)

I
I

(2. I .4)

I
a and u are defined ~n figure 2.1. The parameter e,
o 0

1 xf
e = -zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJ a (x',t)dx'

a 2
o ~

(2. I .5)

I
I
I
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I
I represent9 the relative mean level of the interface with respect to the

bottom of the pipe. This parameter is determined in section 2.2.

The equations of motion for two~layered flow may be written (4)

assuming cos ~ ~ I,I
I au au 1 dPozyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc s -s

__L + __ 1
+ 1 0 1 gIu --- +

at 1 ax p dx p a
1 1 1

and

(2.1.6)

I
I

au au
__2.. + u ___2._ +
at 2 dX P

2

dp p
~ - (1 -zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf)g

2

aazyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2a cos ~ aa2
axl - p a a (ax- - I) +

2 2I
I +

s -c s
1 2 2
P a
2 2

gI (2.1.7)

I
where G is the interfacial ten~ion, ~ the contact angle, and s , s

o 1
are shear stresses at the wall (upper layer), interface, and walland s

2
(lower layer). The interfacial-tension term is explained in theI

I appendix. The coefficient C
1

and C representing the influence of side-
2

wall friction are given by

I C = __ ..L

1 a
and

a+2a
C = 2
2 a

(2.1.8)
a+2a

I
The pressure Po at the top of the pipe cross-section ~s g~ven by

I
I

Po = Pl g I x + constant

I
where I = tan 1jJ (figure 2.1) is the slope of the pipeline.

Purely internal (exchange) flow can be separated from (2.1.6)

and (2.1.7) by subtracting (4) to g~ve

I + 12

da
d (u2 _ u2) + s g I + S g __l +
ax 1 2 dX

I aa
+ 2a cos ~ (__ 2 _ I) +

P a a ê x
2 2

C s - s
lal _
P a

1 1

s - C s
1 2 2 _ 0
p a
2 2

(2. 1 .9)

I
I
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I
where

I
IzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

e
p - P

2 1
P

2

(2.1.10)

I is the relative density difference. Integrating (2.1.9) from

x=O to x=xf ' neglecting a possible (small) entrance pressure-loss,

and approximating in the interfacial-tension term givesI
I
I
I

+
x=O

lX f a-a
+ e g l x +e:g(a-a-a) - 20 coszyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcp (1 + )ln__Q_+

f 0 f p a a+a -a a
2 0 f f

I
I
I

Xf C s - SzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
+J (10 l_

P a
o 1 1

s - C s
1 2 ~dx = 0
p a
2 2

(2.1.11)
<;,".'"

I

where af a2(x;,t) ~s the height of the front. The first three terms of

(2.1.11) represent the inertia of the fluid. These terms can be shown

to be approximately proportional to e:gao or e:gaf. Since the proportionality

constants are not widely different and inertia is of secondary importance

anyhow, it is assumed for simplicity that these terms are proportional

to e:g(ao+af). Equation (2.1.11) then becomes

I
I
I x C s - s

+ f f( 1 0 1
P a

o 1 1

s - C S

1 2 2)dx
p a

2 2

o (2.1. 12)

I
I

The coefficient a(a > 1) representing the influence of inertia ~s

determined in section 2.4.

I
I
I
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I

I

The friction term in (2.1.12) is detennined by analyzing the

laminar two-layer flow between top and bottom of the pipe (figure 2.2).

The influence of the side-walls is represented by the coefficients CzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1

and C only (this approach is found to result in an error of about
2

five percent ~or a pipe with a s~ngle, homogeneous fluid). Turbulence

in the lo~er (water) layer is considered in section 2.5. The velocity

distributions in the two layers are given by

o

I

I
u = A (a - z) + B (a - z)2

1 1
(2.1.13)

I
I

and

u = A z + B z2
2 2

(2.1.14)

I where z is a coordinate normal to the p~pe ax~s (z=O at the bottom of

the pipe).

I for the mean velocities u
1

shear stress at the interface

The constants A , B , A
1 1 2
and u , and

2
(z=a ).

2

and B follow from expressions
2

the continuity of velocity and

This gives

I
I

r A a + lBa2= u
1 1 311 1

! A a
1
B a 2 =+- U

2 2 3 2 2 2

A a + B'a2= A a + B a 2
1 1 1 1 2 2 2 2

P \) (A + 2B a ) + p \) (A + 2B a )
1 1 1 1 1 2 2 2 2 2

o

I
I
I
I

where \) and \) are the kinematic viscosities of oil and water. The
1 2

shear stresses s ,s and s are given by
o 1 2

I
s

o
p \)A, s = p \) (A +2B a ) = -p \) (A + 2B a ),

111111111 222 22
s =-p\)A
222 2

I After a lengthy but straightforwaxd calculation and assum~ng that

p :oe p , tllefriction term is found to be

2 1 "

I
I
I
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c s s s - C s
1 0 1._ 1 2 2

pap a
1 1 2 2

I C 84\) 2 + 8(1-8) [C 8(1+8) + 2 + C (1-8)(2;"'8)J:>
xzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA~1~~~zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJ_ ~ ~~ __ ~ _L_

I
83(1-8)3 [8\) +(1-8)\) ]

1 2
(2. 1. IS)

I where 8 a la and (see (2.1.8»
2

I
I

C
1

3 - 28' and C
2

I + 28

2.2. Minimal friction

I Equation (2.J.15) shows that the friction term tends to infinity

for 8 ~ 0 and for 8 ~ 1, as could be expected on physical grounds. A

value of 8 therefore exists for which the friction term is minimal

(at fixed flow rate a u). This value of 8, which depends on the ratio
o 0

of v to \) only (figure 2.3), will be adopted since the physically
2 1

correct value could be obtained only by solving the full equations

(2.1.1) and (2.1.9). In this way the influence of friction is under-

estimated to some extent so that a conservative estimate of the leak

rate is obtained.

The leak rate ~s not very sensitive to variations ~n 8. Increasing

8 by ten percent resulted in an increase of about four percent in the

leak rate calculated for the model pipeline described in section 3.1.

Equation (2.1.5) shows that 8 = 8, since 8 does not depend on x.

I
I
I
I
I
I 2.3. Front of intruding water layer

I

I

The "head" at x = xf of the intruding water layer is conceived

of as a discontinuity. Preliminary calculations showed that the height

af of this front remains rather small (with respect to the equivalent

pipe size a) under a wide range of conditions. In the absence of inter-

facial tension the celerity cf of such wèak fronts (e.g., af < 0.3 a)

can be approximated by (I)

I

I
I
I
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(2.3.1)

where 8 is a loss coefficient, B = 0 ~n the absence.of losses andzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

8 ~ 1 for flow along a bottom in the case of loek-exchange flow.

The.leak rate was found to be insensitive to variations in 8 within

this range.

For stronger fronts a max~mum celerity exists. The max~mum flow

rate ~s almost independent of 8 and is given by (I)

(2.3.2)

Interfacial tension will reduce the celerity, if the contact

angle ~ is less than TI (figure 2.4). Simple hydrostatics show that

a stationary front can exist if

~ .t; P
2

g a 2 < (J +: coszyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA<p) o
f

(2.3.3)

'c

Using (2.3.3) equation (2.3.1) can be modified for interfacial tension

to givezyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

IzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 [1 2 (1 + cos
cf '"V-- Ega -

1+8 f 2
E g af

~) pcr2 J (2.3.4)

2.4. Flow at rupture

The oil is assumed to flow out freely at the rupture.

consequence, the flow at the rupture is internally critical.

for critical flow is

As a

The condition

u2
___l_
Ega

1

u2 u2
+ _.2.__ = _Q_

Ega Ega
2 0

(2.4.1)
a

___Q_
a-a

o

" The coefficient a introduced in (2.1.12) to account for the

inertia of the fluid, can be determined in the following way. Neglecting

interfacial tension, equation (2.1.12) gives for small times (inertia

then controls the flow, and the flow rates are maximal)
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a
a + a '"o f a

(2.4.2)

Equations (2.3.1) and (2.3.2) g~ve

IzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

~2j3

af '"(0.19 ~ T) a (2.4.1)

I Equations (2.3.2) and (2.4.1), together with the continuity condition

I
I
I
I
I
I

a '" (0.19)2j3a
o

(2.4.4)

Substituting from (2.4.3) and (2.4.4), equation (2.4.2) g~ves

(2.4.5)

This value agrees with a more direct estimation of the inertia terms

in (2.1.11).

The condition for critical flow, equation (2.4.J), sets an

upper bound to the leak rate. The leak rate Q would be maximal when

a = ~ a, and would then amount to
o

I Q = 0.25 a2 ~ (2.4.6)

I
I
I

The flow at the rupture would then be double-critical. However, the

intrusion process also sets an upper bound to the leak rate. According

to (2.3.2) this maximum is given by

Q = 0.19 a2zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIs ga (2.4.7)

I
The coefficient in the latter express~on ~s smaller and therefore

(2.4.7) represents the real maximum.

I
I
I
I
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Th~ inflow of water at the simulated rupture in the model

pipeline (section 3) was of Borda-type, so th3t contract ion of the

inflow then should be taken into accou~t. Fixing the coefficient of

contraction at 1/2, the maximum leak rate can now be estimated from

the condition (figure 2.5)

I
I
I (2.4.8)

I
I

The max~mum leak rate occurs when a ~ 0.39 a and amounts to
o

Q ~ 0.15 a2 IE g a (2.4.9)

I In this case the real max~mum ~s g~ven by (2.4.9); the flow at the

rupture then is double-critical.

Prescribing either (2.4.7) or (2.4.9) as the controlling leak

rate was found to be of secondary importance for the theoretical results

to be discussed in sections 4 and 5.

The volume V of leaked oil ~s given by

I
I
I

Vet)
tzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

J Q(t')dt'

o

(2.4.10)

I
where Q is g~ven by either (2.4.7) or (2.4.9) when inertia is controlling

the flow, and by (see (2.1.3»I
I Q a a u

o 0

(2.4.11)

I
in later stages when friction B dominating.

I
2.5. Turbulence ~n water layer

I
Under prototype conditions, but also in relatively large model

pipelines, the flow of the water layer can become turbulent~ during a

I ~Possible turbulence ~n the oil layer ~s not considered here.

I
I
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I
I certain initial phase of the exchange process. Turbulence in this

layer is accounted for by replacing in (2.1.15) the viscosityzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAvzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2

by an effective viscosityzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAVt when the Reynolds number defined as

I
Re

u a
___L2

(2.5.1)

I \) \).

2 2

I
~s larger than a critical value assumed to be 2400 (5). The effective

viscosity is determined by requiring that the shear stress at the wall

when computed using vt be equal to the ~ctual, turbulent shear stress.

This gives, for flow between two parallel plates,I
I (2.5.2)

I where u is the friction velocity. Blasius'law for smooth walls 1S

*
used to express u as a function of u to give (~, p. 575)

x 2

I (2.5.3)

I
I

Substituting from (2.5.1) and(2.5.3) the effective viscosity g1ven by

(2.5.2) becomes

=

Re3/4 v
2

Re > 2400I (2.5.4)

I
,Re < 2400

I
Since Re depends on time, vt also becomes a function of time. Figure

2.3 shows that, strictly speaking, the parameter 8 then also should become

a function of time. However, this parameter was kept constant in the

computations.I
I 3. Experiments

I 3.1. Experimental set-up

I
Experiments were carried out 1n a horizontal PVC model pipeline~

I ~ Experiments with a sloping pipeline are planned for the near future.

I
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I
I

total length 100.30 mand inner diameter O. 103 m , The diameter was

chosen so that the influence of interfacial tension was small; the

length was determined by the requirement that friction should be

dóminating in later stages of the exchange process. Transparent sections,

length 0!90 m, were inserted at x = 13, 26, 39, 52, 65, 78, 91 and

97.80 - 100.30 m. A large-radius bend was constructed at x = ]9.60 m.

One end of the pipe was ciosed with a plastic platej thezyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAother (open)

end simulating the rupture was inserted in a steel reservoir, cross-

section about 0.53 x 1.00 m2 (inner area 0.534 m2) and height 2.00 m

(figure 3.1). This reservoir served to supply the pipe with oil and

fresh water. A spring-loaded valve used to close the open end was

installed on the bottom of the reservoir. The reservoir had windows

for observing the outflow of oil from the pl.peand the level of the

interface between water and oil. This level could also be read

u&ing a submerged float that fóllowed the interface. Since the out-

flow of oil from the pipe initially causes large disturbances at the

interface, a perforated steel screen sheltering the float was placed

vertically in the reservoir.

The pipeline was filled with oil through a hose connecting

the reservoir and a tapping, diameter J8 mm, at the lower side of

the pipe. Af ter an experiment had been finished, the oil and water

in the pipe were supplied to a separating tank through the same tapping.

The oil used was a mixture of common fuel oil and, to increase

the ~iscosity, a more viscous oil (Tellus, Shell). The viscosityzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-5 2

of the mixture was about 10 m Is, but a marked temperature dependenee

was observed (figure 3.2). The temperature varied somewha t during

an experiment and also along the pipeline. The viscosity of the oil

therefore also varied somewhat.

In order to check the reproduceability three experiments were

done. The data relating to these experiments are given in table 3.J.

The mixing ratio of the oils in experiments nos. 2 and 3 slightly

differed from that in experiment no. 1. The interfacial tension was

determined by measuring the maximal height (about 7 mm) of a submerged

water drop, as shown in figure 2.4.

I
1
1
I
I
1-

I
I
I
I
I
I
I
I
I
I
I
I

o
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I
I

expo no. 1 2 3

pzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(kg/m3) 844 847 847
1

P (kg/m3) 999 999 999zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2

E 0.155 0.152 0.152

temperature (aC) 17.8-18.7 17.4-18.2 17.5-18.6

\)xl06(m2/s) 10.1-10.4 9.9-10.4 9.6-10.3
1

\)xI06(m2/s) 1.05 1.06 1.05
2zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

a (Nim) 0.018 0.018 0.0]8zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

cp 0 0 0

I
I
I
I
I

Table 3.1. Experimental data.

3.2 Sealing la\vs

I
The seale factor n~ for a quantity.~ ~s defined as

I
I

= ~ prototype
n~ <IJ model

(3.1.1)

The theory of seetion 2 suggests that, apart from geometrieal

similarity, the following sealing laws should be observed (also see

(3»

I
I
I
I

oil layer

n2
u ' ,-- =

nEnl

nunl
: -- =

n
\11

nunl
-- =
n

\)2

ntnu
-- =
nl

- internal Froude number

- Reynolds number

water layer

I
time

I Here nl ~s the length seale. These relations g~ve

I
I

n
\) 1

(3. 1 .2)

I
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andzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

/5"
n

e:
(3.1.3)

The scale factor of the volume of leaked oil 1S g1ven by

(3.1.4)

Table 3·.2giv'es the var10US scale factors and required viscosities

of the model oil. The prototype data concerning the pipeline from the

Q - I block to the Dutch shore were adopted from (3).

The required viscosity of the lower layer is not shown, since, as

1n the prototype, water was the intruding fluid. The flow in the water

layer in the model pipeline was laminar, except, possibly during some

prototype exp.no. I expo nos.2 and 3

D (m) 0.48 0.103 O • .103

PI (kg/m3) 930zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA841~ 847

P2 (kg/m3) 1,025 999 999

nl - 4.66 4.66

n - 0.601 0.613
e:

n - 7.80 7.87
\) 1

nt - 2.79 2.76

~
- 101 lOl

\) lX 106(m2/s) 75 9.62 9.53 ...

Table 3.2. Scale factors, prototype anrlmodel quantities.

tens of seconds following the start of an experiment, whereas it will

since n = 7.80 to 7.87,
\)2 . •

therefore 1S equ1valent to

x IO-6m2/s. This point will

"

be turbulent in the prototype pipeline.

-6 2
the model viscosity \)2 = 1.05 x la m /s

an effective prototype viscosity \)t'"8.3

be reconsidered in,section 5.

The actual viscosity of the oil mixture was somewhat greater than

required, the temperatures during the 'experiments being lower (by abou t

0.50C) than expected.
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I
I

3.3. Experimenta1 procedure

I
The model pipe1ine was filled with oi1 from the reservoir through

·the filling hose (figurezyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.1), wh i Le the spring-1oaded va1ve was c1osed.

The pipe was p1aced under an ang1e to remove entrapped air, ~fuenall the

air had.been driven out, the p~pe was placed back in the horizontal positQon,

and the va1ve in the fi11ing hose was c1osed. The oi1 remaining in the

reservoir was then supp1emented with water from the laboratory water

supp1y sYstem unti1 the reservo~r was comp1ete1y fi11ed. Next the

initia1 position of the float was read.

An experiment was started by open~ng the spring-1oaded va1ve. The

level of the float was read at regu1ar time-interva1s, and the passage

of the intruding water front at the transparent sections was timed.

In experiment no. 1 the readings of the float were checked with (less

accurate) observations of the interface through the windows. In

experiment no. 3 the thickness of the water layer at x = 12.80 m was

a1so measured using a water box to reduce the refraction of light at

I
I
I
I
I
I the pipe wall. The total measuring time was about two hours, which

I

is about three times the travelling time the front needed to reach

the end of the p~pe.

After an experiment had been finished the oil ~n the p~pe was

all.owed to keep on f lowi.ngback.into the reservoir overnight. Next

the spring-1oaded valve was c1osed, and the water and oi1 then still

present in the p~pe were supp1ied to the separating tank. The separated

oil was pumped back into the reservoir.

I

I
I

4. Experimental and theoretica1 resu1ts

I

I

tfuen the spring-loaded valve was opened, oil started to flow out

at the top of the cross-section simulating the rupture. Simultaneously

water from the reservoir started to flow in at the lo\verpart. The

oil streamed out as a connected plume, and oil drops did not form

until the plume had risen above the pipe. This indicates that the

outflow of oil was not hindered by interfacial-tension effects. The

thickness of the plume and the leak rate decreased as time elapsed.

A sharp "nterface between oil and wa t.er developed in the pipe as well

as in the reservoir. Observations at the transparent sections indicated

that the flow in the pipe was laminar, except possibly during the time

that the front had not yet reached the first transparent section (at

I
I
I

I
I
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I
I

x = 13 m). The theoretical result indicates turbulent flow during

about 130 s (xf ~ 12 m), and laminar flow afterwards.

According to theory interfacial tension has only a small

influence on the results: neglecting interfacial tension increases

the calculated leak rate by about ~ix percent.
I
I

4.1. Volume of leaked oil

I The experimental volume V of leaked oil is shown in figure 4.1

together with a theoretical prediction. Prototype scales calculated

using the scale factors given in table 3.2 are indicated, as weIl as

the instants at which the front reached the end of the pipe (xfzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= L).

The experiments indicate that the reproduceability ~s good. Initially

the theoretical and experimental leak rates (= dV/dt) are as predicted

by (2.4.9), but afterwards friction gradually reduces the leak rates.

~emarkably, the reflection of the front from the end of the pipe

seems to have no observable __influence on the leak rate during the

measuring period (the calculated travelling time of the reflected

internal wave ~s about 270 s). Damping of the reflected wave by

friction (see below) may explain this finding. The theoretical

result (dash-dot curve) applies to the model pipeline; the dashed

curve is for a pipe so long that the front does not reach the end

within the period shown.

The theoretical volume of leaked Gil is somewhat larger than

observed, in accord with the assumption of minimal friction (section

2.2). Nevertheless the agreement between experimental and theoretical

results is satisfactory, even after the front has reached the end

of the pipe.

I
I
I
I
I
I
I
I
I
I

4.2. Location of front

I

The observed and calculated locations of the front are shown in

figure 4.2. The celerity of the front decreases as its height decreases

in course of time. Initially the experimental celerity is lar~er than

the theoretical one, but in later stagès the celerities agree quite weIl.

After the front had reflected from the end of the pipe, an internal

wave started to travel back. Presumably owing to friction, however,

this wave became indiscernable after having travelled less than 2 m.

Figure 4.3 shows the volume of leaked oil versus the location of

I
I

I
I
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I
I the front. The experiments indicate a linear relationship, which is

rather surprising since different mechanisms are dominating at small

and large times (inertia and friction, respectively). The linear

relationship may therefore be coincidental. The experiments indicate

that, on the average , 37 to 38 percent of the pipe (section between

rupture and front) is filled with water. The theoretical result

(figure 2.3) is about 43 percent.

I
4.3. Thicknes$ of water layet

I
Figure 4.4 shows the thickness of the water layer at x = J2.80 m

observed during experiment no. 3 as a function of time. The height

of the front passing after about 90 s was less than 20zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmmo An accurate

measurement was not possible because of turbulence and temporary

mixing of oil and water at the front. The theoretical height of the

front at x = 12.80 m lS about 9 mmo After passage of the front the

flow quickly becomes laminar.

I
I
I •

As in figure 4.1, no influence of wave reflettion from the end of

the plpe seems noticeable in figure 4.4.

The observed linear relationship between V and xf (figure 4.3)
I
I suggests that the thickness a of the water layer, which in general

2
is a function of x and t, may be approximated by a function of x/xf(t)

alone during the period that the front has not yet reached the endI of the pipe. As shown in figure 4.5, the relation between a and
2

I
x/xf is more or less linear.

I
4.4. Simulation of RJBA model experiment

I

An experiment similar to that described here was carried out by

R.J.Brown & Associates (hereafter RJBA) (~), though on a much smaller

scale. The inner diameter of the (horizontal) pipe was 16 mm and the

length 3.00 m. The density of the oil (in fact a mixture of gasoline
-6 2

and oil) was 750 kg/m3, its kinematic viscosity was 0.74 x JO m Is.

The intruding fluid was fresh water.

Interfacial tènsion is likely to substantially reduce the leak

rate on such a small scale. Figure 4.? shows some theoretical results

together with RJBA's experimental result. As opposed to the presentation

ln (~), the scales indicated are model scales. This figure suggests

I
I
I

I
I
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I
I

.
that interfacial tension must be taken into account to obtain lake rates

of the same magnitude as observed. The drops forming at the location

of rupture were photographed by RJBA. The size of these drops suggests

.0 IV 0.02zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANim.I
I 5. T~eoretical results for a prototype pipelinezyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo

I
Calculations were carried out for the pipeline from thezyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ-l block

~n the Dutch sector of the North Sea to Ijmuiden (table 3.2). Results

for various slopes of the pipeline are shown in figure 5.1. Here a

volume of leaked oil equal to 62.6 m3 cór~esponds with a travelling

distance of the front equal to 1000 m. The leak rates increase with

slope until the maximum -assumed to be given by (2.4. 7) rn this case

has been reached (here for I ~ 0.01). Further increase of the slope

would not increase the leak rate.

RJBA (3) extrapolate their experimental results ~n an apparently

arbitrary way to give a max~mum volume of leaked oil of 20 m3 for a

horizontal pipeline. The present result shows that even for a horizontal

pipeline the volume of oil released continues to increase, thereby

atta~ning values much larger than 20 m3•

According to the calculations the flow in the water layer is always

turbulent when I ~ O. In the case of the horizontal pipeline the

effective viscosity calculated decreased from v ~~ x 10-6 mZ/s
t

I
I
I
I
I
I
I for xf = 0

-6 Z
to v ~ 5 x 10 m Is

t
for xf =zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1000 m

I
(for increasing xf the flow would eventually become

laminar). As argued in section 3.2 the viscosity of the water layer ~n

the experiments corresponds'with an effective prototype viscosity of

-6
8.3 x 10 mZ/s. This value is well within the range calculated,the

calculation predicting that vt 8.3 x 10-6 mZ/s when xf ~ 300 m.

The model viscosity of the water layer therefore is not unrealistic.

The theoretical results indicate a marked influence of the slope

of the pipeline, and it may be questioned whether this is correct in a

quantitative sense. Friction is modelled so that an upper bound to

the volume of leaked oil is obtained. This approach has been shown

experimentally to give results for a horizontal pipeline that are only

slightly'conservative. Large deviations from physically realistic

values for sloping pipelines seem unlikely, since the relative contri-

bution of friction to the momenturn balance decreases as the slope

I
I
I
I
I
I
I
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I
I increas~s. Future experiments with a sloping p~pe have to g~ve

decisive answers here, however.

The total volume of leaked oil (that is, the volume leaked from

both sides of the idealized rupture) can be obtained by addine the

results for +1 and -I. Accepting the theoretical results, figurezyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

5.1 shows, then, that -the total volume of leaked oil is smallest for

a horizontal pipeline, although the difference from the case with

I = 0.001 is very small.

I
I
I
I 6. Conc"lusions

I The investigation reported dealt with the exchanee flow of oil

and sea-water following the rupture of a submarine pipeline. Laboratory

experiments in a horizontal model pipeline were carried out, and a

simple mathematical model was developed, to determine the volume of

leaked oil as a function of time. The following conclusions can be

drawn from the results:

- A distinct two+Laye r f Low comes into existence i.nthe pipelin~ after

.the pipe has ruptured, the water intruding in the lower part of the

pipe. Inertia initially controls the leak rate, but afterwards

friction gadually reduces the leak rate in horizontal and slightly

sloping pipelines. In long pipelines the volume of oil released

continues to increase, however, unless a low point would eventually

stop the exchange process.

- A finite length of the pipeline, or a low point, ~n the first instance

does not noticeably decrease the leak rate. A conservative assumption

is that the pipeline is infinitely long and has a constant slope.

- The length-averaged thickness of the water layer was almost independent

of time in the experiments done.

- Interfacial tension substantially reduces the leak rates ~n small-scale

modeIs.

The mathematical model ~s predictive in that no use ~s made of any

adjustable constants. The prediction of the volume of leaked oil

is slightly conservative. The results are in satisfactory agreement

with the measurements.

I
I
I
I
I
I
I
I
I
I
I
I
I
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I
I

- Calculations indicate that even small inclinations of the pipeline

markedly increase the total leak rates. This result has still to

be verified experimentally.

I
I
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equivalent p1.pe S1.zeg1.ven by (2.1.4)

thickness of upper layer at location of rupture

thicknesses of upper and lower layers

height of front

constants

o

constants accounting for side-wall friction

= dxf/dt, celerity of front

inner diameter of pipe

gravitational acceleration

= tan ~,slope of pipeline

length of pipeline

scale factor

pressure at top of cross-section

= dV/dt, leak rate

Reynolds number of lower layer

shear stresses

time

velocity l.nx-direction

velocity of oil layer at location of rupture

velocities of upper and lower layers

friction velocity

volume of leaked oil

coordinate of front

coordinates along pipeline and normal to it

(x = 0 at location of rupture)

coefficient representing inertia of fluid

loss coefficient

=(P2 - P 1)/P2, relative dens~ty difference

= a2/a , relative thickness of lower layer

parameter defined by (2.1.5)

kinema tic viscosities of upper and lower layers

effective (turbulent) viscosity of lower layer

densities of upper and lower l~yers

interfacial tension

contact angle

angle of inclination of pipeline to the horizontal
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I
I Appendix

The interfacial tension term ~n the equations of motion

I The component F of the interfacial tension ~n the plane ofzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1

one of the vertical side-walls (the circular cross-section of the

pipe is approximated ~y a square) ~s, see figure Al,

I F = crcos <l>
1

I This force locally deforms the interface and it is directed normally

to the part of the interface that is not affected by interfacial

tension. The plane coinciding with this part of the interface

(the dashed line in figure Al is selected as the separation between

upper and lower layers. As a consequence, a force owing to inter-

facial tension arises in the equation of motion for the lower (upper)

layer if the contact angle <l> is less than TI/2 (> TI/2). Since

<j> < TI/2 for oil-water, this case is considered in detail.

I
I
I

side-wall

\.

I
I

interface (<j> > TI/2)zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

--'--1 upper layer

I
-- -zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.... -- __- -_- _' , _' _- '_' '_' _

I interface (<j> < w!2)
lower layer

I cr crcos <l>
Figure Al

I Some fluid of the,upper layer is included in the lower layer

as a result of the deformation of the interface near the side-\lall.

The related deficit F in weight per unit lenGth is given by, see
2

I
I

figure A2,

I
F

2
crcos <l> cos (~ -y)

I
where y as the angle between the undi.sturbed interface and the axas

of the pipe, tan y = aa fax.
2

I
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I The net force in x-direction caused by interfacial tension

consists of components of the forces F and F. The net force F
123

I
I

in x-direction lS

F = F sinzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy - F Sln ~
3 1 2

For small angles y and ~ this force becomes

I da
F :0< o cos ~(_2-I)

3 'dX

I
I

In equation (2.1.7) the forces are divided by p a a. Transferring
2 2

the force term to the left-hand side glves as a contribution for two

side-walls in (2.1.7)

I
I

20 cos ~ ~a
(___2 - I)

p a a dX
2 2

I
If ~ > n/2 a term,

I
2 '" da 1+ _o_c_o_s__,_'t'(-,,-x- + I)
p a a 0

1 1

I would appear on the lef~~hand side of (2.1.6) instead of (2.1.7).

I "

Figure ..-\2
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