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A Review of the Expansion Behavior of Marine Pipelines
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ABSTRACT: A comprehensive review of the expansion behavior of marine pipelines due to thermal and pressure change is presented based on
research work over the last 10 vyears. The review is organized into five main sections, namely free expansion with uniform temperature, free
expansion with temmperature gradient, expansion with end restraints, expansion of pipe-in-pipe system, and lateral deviation (snaking). Based on
the accumulated knowledge of the interactions between the soil and pipeline behavior, a whole pipeline system can be modeled by an accurate
finite element method (FEM). This methodologoy requires a comprehensive understanding and engineering verification of the expansion behavior

of marine pipelines.

1. Introduction

Many subsea pipelines are operated at a high pressure and
a high temperature (HP/HT). The pipeline will be expanded at
the certain distance from both ends and moving portion of the
pipeline is called as a partially restrained zone. However, the
expansion is constrained by friction between the pipeline and
soil at the certain distance from the ends. The locations which
expansion will not occur at certain distances are called as
anchor points and the area between the anchor points is called
as a fully restrained zone (Nes et al., 1996).

Pipelines from the subsea wells (flowline) are connected to
the gathering platform and are operated with a HP/HT. These
flowline require insulations to transport the production without
a formation of wax or hydrate. Pipe-in-pipe (PIP) systems are
often used for the HP/HT flowlines. A PIP system requires a
complicated mechanical design, and expansion behavior should
be incorporated with the mechanical design of the system
(Choi, 2002; Choi and Do, 2006).

The sinusoidal lateral deviation or snaking behavior due to
thermal expansion has been studied in recent years
(Kershenbaum et al, 1996). The concept of the lateral
deviation has been reflected in recent desigh codes.

A large amount of knowledge has been accumulated as
results of recent research work. The purpose of the present
paper is to review the pipeline expansion research work
performed in the last 10 years. Based on the accumulated
knowledge of the interactions between the soil and pipeline
behavior, a whole pipeline system can be modeled by an
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accurate finite element method (FEM). This methodologoy

requires comprehensive understanding and engineering

verification of the expansion behavior of marine pipelines.
2. Free Expansion With a Uniform Temperature

Basic expansion analysis methods for submarine pipelines
have been well developed during the last two decades
(AGA, 1987, Choi, 1995). The pipeline expansion was
calculated with soil fricion but without end restrictions.
Thus, very conservative results were obtained.

The pipeline end expansion due to the temperature and
pressure will create a soil friction force proportional to the
length of the moving portion of the pipe. If the total
friction force developed along the pipeline is sufficient to
suppress expansion, no expansion will occur.

Figure 1 shows a sketch of pipeline expansion with
uniform
zero, the analysis is called a free expansion problem. In Fig,

temperature. When the end restraining forces are

1, the two points where the movement stops are called the
anchor points Space and the lengths from the free ends to
the anchor points are called the anchor lengths or moving
length of the partially restrained zone. If the temperature is
uniformly distributed along the pipeline, the anchor lengths
at the upstream and downstream will be same. The portion
of the length between the anchor points is called the fully
restrained zone.

Once the anchor length, Lag obtained from the
equilibrium of the forces in the pipeline, the total expansion

1S

and corresponding stresses can be easily obtained. The
equilibrium of the forces in the pipeline is:
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where, F;, is the force due to the temperature, Fp is the
force due to the pressure, F, is the force due to Poisson
contraction, and F; is the force due to soil frictional
resistance. The anchor length can be derived from the above
equation:

: (xEA AT + PA, -VvA o,)
MW, 2

where, 17 is the soil friction coefficient of pipe, W, is the
submerged weight of pipeline per unit length, o is the
coefficient of thermal expansion, E is the Young's modules,
A, is the pipe steel section area, AT is the temperature

difference between inside and outside of pipe, P is the
pressure difference between inside and outside of pipe, A; is
flow area of pipe, v is the Poisson’s ratio, and o, is the
hoop stress.

The expansion at the free end of the pipeline can be
obtained using:

24 FE

Ax = f"e-dx={aAT+ﬂ(1—2v)—‘”WSL“}-La
2E ; (3)
where ¢ is the strain of a pipeline in the partially restrained
Zone.

The above equations are conservatively used for the
pipeline expansion. However, this approach is not valid for
a very hot pipeline without good insulation system or a
whose distribution has a

long pipeline temperature

considerable gradient along the pipeline.
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Fig. 1 A sketch of pipeline expansion

3. Free Expansion with a Temperature Gradient

A detailed analysis of the heat transfer can determine the
temperature decay profile along the pipeline (MNET, 1991).

The temperature gradient will cause different anchor
lengths at the upstream side and downstream side, i.e., the
longer anchor length at the upstream side and short anchor
length at the downstream side. Different anchor lengths will
be resulted with temperature gradient. Both of the anchor
lengths and the fully restrained portion are dependent on
each other and should be obtained from the same
calculation. Most of the existing software do not consider
the dependence of the upstream anchor length, downstream
anchor length, and restrained length. Choi (1995) has
derived a closed form solution to obtain both of the anchor
lengths simultaneously.

The average temperature over the moving length, at the
upstream of the pipeline, can be obtained as follow:

where L, is the upstream anchor length, x is the distance

from the upstream end and A=Cp-Q/U g the decay
length of pipeline temperature, C; is the specific heat of
fluid contents, p is the fluid density, 4 is the flow rate, and
U is the overall heat transfer coefficients.

The average temperature over the moving length, at the
downstream of the pipeline, can be obtained similarly. The

average temperature over the moving length, at the
downstream of the pipeline, can be obtained similarly;

ST

The anchor length of the downstream, L, of the pipeline

was given as;

The above equations (4) through (6) are nonlinear and can
be solved by using a numerical iteration method.

Choi (1995) indicates that the anchor points shift together
depending on the temperature gradient and more realistic
If the
temperature is uniform, the upstream and downstream

anchor lengths and expansions can be obtained.
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anchor lengths become same as described in the previous
section.

4. Expansion With End Restraints

Pipeline end movement will be less than that of free
expansion, if there are restraining forces at the ends of the
pipeline. The restraining force and end movement of the
pipeline interact with each other and can not be obtained
independently.

Choi (1995) introduced a numerical iterative method.
Firstly, end moving distance can be obtained using the free
expansion analysis. Secondly, a first estimate of the
restraining force can be calculated using the free end
movement. Thirdly, the restraining force was added to
calculate a new anchor length.

L, = : (0EA AT + PA, —vA o, — Q)

MW, 7)

where g is the end restraining force. The reduced anchor length
is used for the next step calculation of the new end expansion
length. The new expansion length can be used again for an
another restraining force. This iterative procedure is continued
until the new anchor length and end movement varies within a
specified tolerance. Choi's iterative method produced the
converged solutions with a few cycles in most cases.
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CASING PIPE
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Fig. 2 Typical cross section of a pipe-in-pipe system

5. Expansion of Pipe-in-pipe System

High pressure and high temperature reservoirs in subsea
field are being developed as part of subsea tie-backs to
existing or new platforms. There is a need to insulate the
flowlines to transport the product without wax or hydrate
formation (Choi, 2002; Choi and Do, 2006).

To prevent the
pipe-in-pipe
insulate the flowline. In addition, the pipe-in-pipe system

wax and hydrate formation, the

system is the best configuration so far to

provides a good protection of the HP/HT flowlines. Heat
loss from the flowline can be prevented by applying
insulation between the flowline (carrier) pipe and the casing
pipe using the PIP design concept as shown in Fig. 2.

The PIP system approach with a structurally -coupled
flowline pipe and a casing pipe was considered (Choi, 2002;
Harrison et al., 1997; Kershenbaum et al., 1996).

For a PIP system design, the expansion analysis, the
mechanical design of connection system between the two pipes
and the tie-in spool design are integrated for the whole PIP
system (Choi and Do, 2006).

5.1 Axial forces in the pipes
Axial force in the flowline pipe (#}) is due to internal

pressure (F;), external hydrostatic pressure (F,), and force

[

imparted to the casing pipe (¢) by rigid bulkheads:

Fp=F,-0 ®)
Fop=Pdy—P (4, +4y) )
where, Ay = Flowline flow area
P =

External hydrostatic pressure

[

A

s = Flowline pipe steel section area

Axial force in casing pipe (/) is due to internal pressure

(F), soil friction, and interaction force (£) imparted by the
flowline pipe:
Fo=F,+Q0+F, for x<Z, Region 1

F.=0 for £, < X< 2, Region 3 (10)

F.=F,+Q+F, for Z,<x<L Region 2

F, =P A, —P (4, +4,.) (11)
Fp = _ﬂ .Wsub P X (12)
where, o = Annular area
A =

Casing pipe steel section area
x = Pipeline length
Total pipeline length

5.2 Strain and expansions in the pipes
Pipe strain in the flowline pipe is:
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gsz; '(prc-l_Fgf_Q)
f (13)
Fop =F,y —4d;,v -0, (14)
FOCZE'A}('O!'AT (15)
where, 97 = hoop stress in flowline pipe

Then, the expansion in the flowline pipe is:

1
AL, =—(F_+F,-0)L

Pipe strain in the casing pipe is:

F, o.

8 o4
EA E | (17)

C

In region 1, the equation (10) becomes:

1

£, = -\F,, + F
cl EA ] ( cle H ) (18)
where, Foo=F,—-4,v-0.+0 (19)
Zl — Fl'le
#-W,, (Anchor point) (20)

In region 2, the equation (10) becomes:

1
802 E'j{: ) (Fc2e - F,u ) (21)

where,  Fee=Fp—A VO +Q—p-Wy L (o
Z2 —_ Fc2e
/u ) Wsub (AIIChOI’ pOlIIt) (23)

In region 3, the casing pipe has zero strain.

Pipe expansion in casing pipe in region 1 is:

| |
AI’cl_‘'Ezgcl.cix"__{ZE..I4 (Fcle+Fy)dx (24)

Pipe expansion in casing pipe in region 2 is:

1
ALCZ_'Ezgcz.Cﬁ:-EzE-Ac(Eze_Fﬂ)dx (25)

Total expansion of the casing pipeline is:
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AL, =AL_ +AL_, (26)

5.3 Interaction force between the pipes
Interaction force (£) can be obtained from:

AL, = AL, (27)
L
/
L, 2 L
J 2 Q anch
E,+E  +HE ) —— =(¢, +& )L ,+
( tf pf cf ) n Af E ( pc cc) anch Ac .E (28)
A, .E(gpc +&,+ AQE)
where, Lopen = Fr, (29)
v-0D, - AP,
E,e ="
2.t -E (30)
.OD *
8(‘0 = 1 (PC ' Aan _ PO i ﬂ' 0 < )
A -E 4 (31)

5.4 Mechanical Design

The PIP system, i.e., flowline pipe and casing pipe have
mechanical connections through the water stops and the
bulkheads. The former is evenly distributed along the
pipeline and the latter is located at both ends of the
pipeline. |

The finite element (FE) analysis program has been used in
the analysis of the bulkheads and water stops. Dimensions
were established and a detailed FE analysis was conducted
to capture local stresses within the bulkhead and water stop
under the design loads.

The models and applied loads considered in the analyses are
presented in Fig. 3 for the bulkheads and Fig. 4 for the water

stops.

6. Lateral Deviation

Several studies were undertaken to investigate pipeline
expansion behavior with consideration of lateral deviation.
Apparently, the first study was dedicated to a similar
problem: thermal expansion and buckling of steel railway
tracks by Kerr (1974; 1978). Expanded pipeline upheaval
buckling was studied by Hobbs (1984), Hobbs and Liang
(1989), Ballet and Hobbs (1992), Brennodden and Stokkeland
(1992) and Raoof and Maschner (1993). Subsea thermal
expanded pipeline upheaval buckling effects have been
investigated analytically and by experimentally. Typically,
initial pipeline imperfection was assumed on the sea bottom
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and considered as the initiator of buckling. A similar
approach undertaken by Saevik and Levold (1995) for
pipeline lateral displacement or snaking behavior was
formulated with the pipeline initial
imperfections. Kershenbaum et al. (1996) have presented the
basic formula of the lateral deviation with different soil
friction model.

Pipelines with potential upheaval buckling were prevented
by providing an overburden through dumping of large
amount of rocks on the pipeline. Ellinas et al. (1990)
presented this rock dumping technology for hot submarine
pipelines. The rock dumping method is costly in most cases.
Vermeulen (1995) presented a method of preventing
upheaval buckling by means of the pre-snaking method. A
pre-calculated bend is applied in a pipeline at regular
intervals while it is being installed on the seabed from a
The pre-bent reduced the axial stiffness and
prevented large axial forces from the thermal expansion.
However, this improved method has a limit with pipe size
and an additional bending machine is required on the lay
vessel. Kershenbaum et al. (1996) have developed a more
realistic model of the lateral deviation as described in the
next subsection.

assumption  of

layvessel.

6.1 Buckling with plastic lateral resistance

The pipeline longitudinal axis was assumed to be unstable
due to buckling and forms a sinusoidal lateral deviation
(snaking):

TX
[(x) (32)

z = A(x) - sin

where, A(x) is the amplitude of pipeline lateral deviation, I(x)
is a half of the snaking wave length, and x is coordinates
from  the restrained end of pipeline. The temperature
distribution along the pipeline has been calculated and soil
resistance creates and assumed frictional (plastic) force against
the lateral deviation. Then the total energy in the pipeline
segment of lateral deviation (length of L) is as follows:

W:We—Wg-l-Wf (33)

It is known that pipe bending strain energy can be
represented:

El “(d*zY
We=__.j “ |
2 gldx (34)

Fig. 4 Water stop model and loading

Where, | is the average half of the snaking wave length

and A
deviation.

The direction of the soil frictional resistance to pipe
lateral deviation is against pipe movement; hence, frictional

is the average amplitude of pipeline lateral

work in lateral direction is:

L

jlz\-wf - dx

I 35)
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Longitudinal work due to lateral deviation of pipeline can
be expressed:

dAL
dn (36)

L
W, = IFC
!

Where the axial compressive force due to Euler's instability

is as follows:

P n°El _ n'El
© Px) T 17 (37)
Then

L ZZ'L'ﬂz
AL=IJ1+Z’2.dx—Ls =
o 4l (38)

For the particular case, when =L there is an expression:

21 AL

4 =
T L (39)

Then the equation (32) can be rewritten as follow:

2AL - wf
4 (40)

/4

A2 -EI .n* L % dAL
= — —IFC_-dl+
4] : dl

For equilibrium condition of pipeline, the variational

principle of energy must be satisfied:

aw _ 0
d 1l (41)

The solution is as follows:

|

A = -
ElI -« N V4
16 1% wf 2~/AL L (42)
Butt AL/L=¢ is an average enlongation of the

pipeline. The local elongation of the pipeline. The local
elongation is as follows:

) =2l =g AT+ AL A _wAPd, 7]
I(x) AE 2E A -P(x) 43)
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6.2. Buckling with elastic lateral resistance

If the pipe has embedded into the bottom soil with more
than a half of the diameter, then elastic type of soil
resistance to lateral movement must be considered. At the
same time, the pipe axial movement is accompanied by
sliding along the soil surface where frictional type of
resistance predominate.

The longitudinal critical force associated with pipeline
lateral buckling resulting from the energy variational
approach can be used. Once the bulking force and the
mode number are obtained for the elastic soil resistance, the
rest of the solution can be obtained with the same

procedure described in the previous section.
7. Concluding Remarks

A comprehensive review on expansion behavior of marine
pipelines due to thermal and pressure change was conducted
based on the last 10 years research work. Five different
subjects were discussed and the characteristic of the problems
were identified.

Based on the accumulated knowledge of the interaction
between the soil and pipeline behavior, a whole pipeline
system can be modeled by an accurate finite element
method (Bai, 2001, Ose et al, 1999). Am FEM modeling
with a whole pipeline system requires huge capacity of
computers. However, modeling a whole pipeline with a
FEM has been continuously developed. This methodologoy
requires a comprehensive understanding and engineering
verification of the expansion behavior of marine pipelines
described in the paper.
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