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Abstract

Recent analytical investigations revealed that the effect of variability of flow parameters especially at elevated
temperatures can lead to instability, buckling and bursting of fluid-conveying systems. There is growing need to
avoid pollution of the sea environment which is a major source of food supply. Proper consideration of the
effects of the material properties of the conveyance medium in addition to the existing factors will go a long
way to reduce the impacts of vibration. Viscoelasticity is the property of materials that exhibit both viscous and
elastic characteristics when undergoing deformation. The problem of pre-stressed and pressurized viscoelastic
pipe conveying a hot fluid is investigated in this paper. The viscoelastic pipe conveying a fluid is idealized as an
elastic beam clamped at two ends resting on deformable sea bed is idealized as an elastic continuum. For this
problem a linearized differential equation governing the problem in the transverse direction was obtained by
employing Newtonian mechanics method for the vibrations analysis of the pipe taking into consideration other
flow conditions. The governing partial differential equation obtained was solved using Fourier-Laplace method.
Simulation that was carried out revealed the impacts of viscoelasticity, internal fluid velocity and other flow
variables on the natural frequency and the response of the system. Results showed that natural frequency of
viscoelastic pipe increases with mode, degree of viscoelasticity, and the fraction of pipe diameter buried while it
decreases with fluid flow temperature. Further results showed that the response of the system decreases with
mode, viscoelasticity and fraction of pipe diameter buried whereas it increases with fluid flow temperature. This
paper has been able to demonstrate that pipe with high viscoelasticity will help to safeguard the environment by
reducing pipe failure resulting from fluid flow-induced vibration.

Keywords: viscoelasticity, elevated temperature, deformable seabed, flow parameters, natural frequency.

INTRODUCTION Olunloyo et al. (2007a) studied the dynamics of
The problem relating to fluid conveyance was first  offshore fluid conveying pipe and pipe walking
tackled by Bourriers in 1939. Many researchers have phenomenon alongside the effect of elevated
thereafter presented studies on modeling and temperature and concluded that the role of the
derivation of the equations of motion for pipes transient solution may not be as central for pipe
conveying fluid. Early contributions to the literature ~ walking as was hitherto believed as there are other
are due to Crandall et al. (1968), Naguleswaran and significant contributions emanating from some of the
Williams (1968) who studied the flexural vibration of ~ other parameters.

a pipe conveying a fluid; Dimarogonas and Haddad

(1992) who developed the equations of motion of  Although the pipeline may initially be laid on the
fluid conveying pipes by employing Euler-Bernoulli seabed, it eventually becomes buried over time due to
beam theory. Housner et al. (1965) and Holmes sediment deposition and the rate of deposition varies
(1978) predicted that pipes supported at both ends depending on the geo-mechanical and geological
bow out and buckle when the velocity exceeds a properties or characteristics. Buried pipelines,
critical value. Paidoussis and his co-workers irrespective of their degree of coating, are susceptible
(1966,1970,1974,1976,1986,2000) have carried out to corrosion effects due to geo-mechanical interaction
some excellent reviews of the dynamics of fluid of the moving sediments and the pipeline structure.
conveying pipes, they concluded that, a pipe with Over time, their structural rigidity or integrity
supported ends loses stability by divergence at becomes questionable (Olunloyo et al.,2007b).
sufficiently high flow wvelocity. By using Euler-

Bernoulli’s and Timoshenko’s beam theories, they  The service conditions for the offshore crude pipeline
observed that the type of instability encountered are related to a medium with elevated pressure,
depends on the end conditions of the pipe. Semler et flowing at temperatures that will vary along the route
al. (1994) used both the energy and Newtonian from typically a high inlet temperature to
approaches to derive the equations of motion and temperatures that may be critically low. The fluid
showed them to be identical. inside the pipe dynamically interacts with the pipe
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motion. The overall safety concern for a marine
pipeline is to ensure that during operation of the
system there is a low probability of damage to the
pipeline, or of detrimental impact on the
environment. Proper consideration of the effects of
the material properties of the conveyance medium
becomes very important in order to reduce spillages
associated with fluid conveyance.

The organization of this paper is as follows, Section 1
introduces the problem under investigation and
reviews some of the work of the earlier contributors.
The governing differential equation with the different
assumptions made are presented in Section 2. In
Section 3, a model problem for the transverse motion
is analyzed by invoking integral transformation. On
the other hand, analysis and discussion of results are
presented in Section 4, while Section 5 gives the
conclusion to the work.

Problem Formulation and Governing Differential
Equation

Airy wave

Fig. 1 A model of fluid-viscoelastic pipe-soil system
(freshly laid pipe)

Airy wave
A < >
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Fig. 2: A model of fluid-viscoelastic pipe-soil system
(After some time)
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The physical problem under investigation consists of
a pre-stressed visco-elastic pipe of length L, internal
cross-sectional area A, mass m, and flexural rigidity
El, that is conveying a hot fluid of mass m; with an
axial velocity U and resting on the sea bed. The pipe
and its position are as shown in Figures 1 and 2. The
underlying theory employs the following hypotheses
namely:

(i) the pre-stressed pipeline is idealized as an elastic
beam while the semi-elastic subsoil layer is modeled
as a homogenous infinite continuum with non-
retarded geo-mechanical properties.

(i) a fully developed incompressible viscous
pressurized hot fluid is flowing through the pipeline.
(iii)  the contrived dynamic system is under the

influence of hydrodynamic and bending loads,
internal fluid flow, transverse and longitudinal
transmission forces, seabed subsoil layer and

overlying sea water pipeline interfacial frictional and
drag forces.

(iv) the elastically deforming pre-stressed hot fluid
conveying pipeline is subjected to both non linear
infinitesimal strains of Semler et al. (1994).

(v) the temperature differential between the external
and internal walls of the pipeline results in thermal
strain with attendant cross sectional area change.

(vi) alinear Airy wave profile propagates uniformly
above the still water level.

(vii) the velocity profile of the fluid is uniform.
(viii)the diameter of the pipe is small compared with
its length, so that the pipe behaves like an Euler-
Bernoulli beam.

In Figure 1 above, a pipe of length L, rests on the
seabed covered by sea water while another fluid
flows in the pipe within. The pipe is h meters below
the sea surface. The area deformation coefficient y is
0.02.

This work is limited only to the equation of motion in
the transverse direction.

Following the foregoing assumptions, the linearized

governing differential equation in the transverse
direction has been derived as

ow
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On simplification, Eq. (1) becomes
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Analysis of the Transverse Vibration Problem where, y =area deformation coefficient.
To simplify Eq. (2) further, we invoke Olunloyo et al.
(2007a) procedural analysis namely: According to Olunloyo et al. (2007a)
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Equation (5) can be non-dimensionalized to give
oW o'W o'W T2 82*
—+—+—+|36U +PpAL UAD )—-
g, 2P 8_7) - / 5 ( 6)
H. S kwi-p(R-Y j - =—p (R -7) 2 - B 2R -T2
péV_ﬂs( )A9 at
U V]
where,
3 2 2
x=* W RR wt t UU'VF gNL TL, z\fﬂz 77'%00@ _Aall®
L L El EL |
A /,gﬂL“poQ nLgVFA QALZ ApALZ[% n'LRN, cl | ol? —_kbL“
JEIM “EMC JEIM Y El

)
Analytic Solution of Governing Differential

Equation
Introducing Laplace transform namely,
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If we apply the pinned-pinned end boundary WXX (O, S) = V:vXX (1, S) =0
conditions namely;
Eqg. (9) becomes
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On introducing the finite Fourier sine transform
namely;
and considering the pinned-pinned boundary conditions, Eq. (11) can then be written as
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Analysis of Seabed Geological and Geo- where
mechanical Influences (U s —U, ) = sediment-seabed relative velocity
The geo-mechanical properties according to In the Laplace domain, Eq. (14) becomes

Olunloyo et al. (2007b) are influenced by the fact that = _
for a moving seabed, the propagating waves will @ =—p (SU (S)—U (O))—
force an oscillating seepage flow through the pores of X A

the bed. The seabed can be either permeable (rigid
porous bed) or a deformable porous bed. For the
analysis of this work only the case of a deformable ap

/lst(Us _Ub)
sK, (15)
Using zero initial term, Eq. (15) is written as

)_ #SCP(U_S _Ub)

porous seabed shall be considered. =-psU, (S

X sK, (16)
Deformable Porous Bed ~ _
Here, the poro-elastic model of Biot in 1941 and 5PS(X,S) _ T (\F :Ust(Us _Ub)lF
1956 is used (Osheku, 2005), where it is assumed 7 __psSUs(S) _T
that the porous medium deforms elastically, obeying a7

Hooke’s law. The generalized law of Biot in the  The use of Eq. (17) allows Eq. (13) to be re-written

horizontal direction is such that: as
g L, oU,  mC, (U -0, ) This enables us to rewrite Eq. (13) as
— — Fs -
OX ot K, (14)
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For the case of this paper, the following form is
assumed:
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On re-arrangement Eq. (22) becomes
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On invoking Fourier-Laplace inversion, solution to
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k
RESULTS AND DISCUSSION
Table 1: Table of parameters used
SIN DESCRIPTION SYMBOL VALUES USED
1. Density of pipe material p 750kg/m®
2
2. Density of liquid 977kg/ m®
P
3. Density of sea water 1025k g/m®
Puw
4. Sediment density 600kg/ m*®
Ps
5. Ocean bed sliding velocity U 0.3m/s
S
6. Ocean water velocity U 3.0m/s
w
7. Sediment porosity coefficient ~ 0.03-0.86
8. Sliding coefficient of friction between the pipe and the sediment layers FIO‘W :/elocity, U
9. Modulus of elasticity of pipe material E 177x10°N/m’
10. Acceleration due to free fall G 9.8m/s*
11. Height (depth) of pipeline below mean sea surface h 1500m
12. Seabed modulus of deformation Ky 8,8000N/m
13. Length of the pipeline L 1,2,3km
14. External diameter of pipe D, 0.90m
15. Internal diameter of pipe Di 0.81m
16. internal radius of pipe Ry 0.45m
17. External radius of pipe R, 0.405m
18. Moment of inertia of pipe I 0.00007m*
19. Uniform fluid flow velocity through the pipe U 4m/s
20. Transverse pipe displacement Wi w(x,t)
21. Axial pipe displacement U u(x,t)
22. Temperature ® 110°C
23. Temperature gradient AO 70°C
24. Fluid flow Pressure P, 60kN/m?
25. Hydrodynamic Pressure P, 10kN/m?
26 Tensile pre-stress T 45.5N/m?
27 Damping force/velocity in transverse and axial direction respectively Cy 1
28 Hydrodynamic drag coefficient Co 0.03
29 Pressure change AP 13.9N/m
30 Wave number k 0.1
31 Seabed permeability coefficient Ks 0.02
32 Height of sediment layer on the pipe v fraction of pipe’s outer dia.
50 v
350 "y ey 45 i .‘GA
i oo — W
oo e R w, 4° X
5 250 Ht\) ——n=s . ! 35 i .\ W‘“M
' 200} {2 > 30 J; K% A IAQM
oy \%L § 25 .‘. ‘Z’f i“‘!‘& """ B
150 3 M Q
g il - RARR s
=] 100 e = )Ef \:??‘Dg P
5 s s $
w_; s0 V ~_\”" = % o J‘ %%? 3
g . - iy g 5 TS
& ’ s \ !
=z Flow velocity, U l

Fig. 3: Natural frequency @ profile as a function
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temperature by idealizing the pipe as a beam that is
simply supported and resting on the sea bed.
Linearising the equation, two basic frequencies
@ and @, were observed. This is similar with the

observations of past workers like Olunloyo et al.
(2007b). Simulations have been carried out in order
to interpret the significance of the results obtained.
Figure 3 shows the plot of o, against flow velocity, U

for various modes. Two distinct regions can be
observed, first region where natural frequency drops
from the maximum to the minimum at relatively low
fluid flow velocity, after the critical velocity it then
picks up again. It can also be observed that natural
frequency increases with increase in modes. Figure 4
shows the plot of & against U for various

viscoelasticity. The pattern is similar with what
obtains in Figure 3 where natural frequency drops
y=002L=0%nh=150816=03=01n=3A9=66 y=01t=6G from maximum to minimum before picking up again
and natural frequency increases with increase in
viscoelasticity. This tallies with literature where it
was reported that the more the viscoelastic values the
more the natural frequency of pipe. Figures 5 and 6
have shapes that are equally similar with Figures 3
and 4. Whereas natural frequency in the second
region decreases with increase in fluid flow
temperature for Figure 5, reverse is the case for
Figure 6 where natural frequency increases with the
fraction of pipe diameter buried. Figures 7-10
demonstrate the response of the system. Response
decreases with mode and viscoelasticity as indicated
in Figures 7 and 8. Increase in response with
increase in fluid flow temperature is observed in
Figure 9. Reverse is the case in Figure 10 with
Fig. 12: 3D Transverse displacement W profile response decreasing with increase in fraction of pipe
for the case diameter buried. This shows that the more the pipe is

buried the less its displacement. It can also be
7=002L=05nh=150815=0377-01n=346-60,=011=66 deduced that the more the viscoelasticity of the pipe
the better is its resistance to vibration and also the
hotter the conveyed fluid the lighter it becomes and
the more the vibration. Figures 11 — 13 illustrate the
3D plots of the response. Generally, the response is
small for all the cases considered.
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Fig. 11: 3D Transverse displacement W profile
for the case
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CONCLUSION
A generalized governing differential equation for a
viscoelastic pipe conveying a hot fluid was derived
and solved analytically. The effects of mechanical
properties like viscoelasticity, fluid temperature,
mode and geomechanical properties on the pipe was
analyzed.  Results show that natural frequency
increases with mode, viscoelasticity and fraction of
pipe buried while it decreases with fluid flow
Fig. 13: 3D Transverse displacement W profile temperature.  Results further show that response
for the case decreases with mode, viscoelasticity and fraction of
ipe iam buried while it increases with fluid
7 =002 L=Tkmh _1500m’5_0'3’77_0'ln_3’A9_6(f’%Vquji$1[£§§{Sre. This makes viscoelastic pipe ideal
for offshore fluid conveyance.

Response,

DISCUSSION OF RESULTS
In this paper we have investigated the dynamics of a
viscoelastic pipe conveying fluid at elevated
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