Assessment of VIV fatigue of subsea template jumper by using a time

domain model

Linda Sieber
OffNoise-HSD-Systems, Hannover, Germany

Svein Saevik

Department of Marine Technology, Norwegian University of Science and Technology, Trondheim, Norway

Jonas Ringsberg

Department of Mechanics and Maritime Sciences, Chalmers University of Technology, Gothenburg, Sweden

Zhenhui Liu

Department of Engineering, Aker Solutions AS, Trondheim, Norway

ABSTRACT: This paper addresses the application of a time domain model for Vortex-Induced Vibration (VIV)
to assess the fatigue damage of subsea jumpers. The time domain model, capable of accounting for structural
non-linearity and time-varying flow, was applied on a typical "M’-shaped jumper model. Obtained results were
compared against VIV motion data from experiments in the literature. Fatigue estimates were also compared to
the DNV GL response model approach. Two models were investigated, with and without elbow elements in the
bends. The reduced stiffness of the model including elbow elements improved the results of modal analysis and
caused a shift in the mode shape order. VIV motion results were in good correlation with model test data. With
several exceptions, the fatigue damage calculated using the DNVGL response model procedure was higher than
obtained from the time domain model, as no mode competition is applied on non-straight pipes. For several
load cases torsion stress was the largest stress component.

1 INTRODUCTION

In the offshore industry, rigid jumpers are often
placed close to the seabed in the environment of low-
velocity currents. These currents can induce vortex
induced vibration (VIV) of the structures as a result
of oscillating forces from the fluid. VIV can lead to a
large number of load cycles, which significantly de-
creases the life of the structures. For environmental
and economic reasons, the prediction of VIV is there-
fore of high importance in fatigue life assessment.

Semi-empirical models in frequency domain, such
as VIVANA (Larsen et al., 2017), Shear7 (Vandiver
and Li, 2005), and VIVA (Triantafyllou et al., 1999)
have been developed to predict cross-flow VIV. A
problem is that these models are not capable of ac-
counting for non-linear structural response and time-
varying flow.

While focus has been on avoidance of cross-flow
VIV for decades, Sumer and Fredsege (1997) pointed
out the relevance of in-line VIV and a combination of
the two phenomena. The vortex shedding frequency
of in-line VIV is approximately twice as high
compared to cross-flow VIV. Thus, in-line VIV
generally occurs at lower flow velocities, also
suggesting that fatigue damage from in-line VIV
accumulates faster than fatigue damage from cross-
flow VIV (Sumer & Fredsge, 1997). The DNVGL
response model approach (DNVGL-RP-F105, 2019)
is commonly used as a design guideline with respect
to in-line VIV. In this approach modal stresses and

eigenfrequencies are used to estimate stress ranges
that arise from VIV. It was developed for free
spanning pipelines, thus, special considerations apply
for non-straight pipes. However, for non-straight
geometries it can be difficult to distinguish between
the damage contribution from in-line VIV and cross-
flow VIV, as they no longer occur in each other’s
neutral plane.

Model test results for the VIV response of an M-
shaped jumper model were carried out by
ExxonMobil and published by Wang et al. (2013),
which allows for comparing potential VIV prediction
approaches. In this test series, uniform bottom
currents were simulated to achieve reduced velocities
that excite the vibration modes of interest. A time do-
main VIV prediction model for the in-line and cross-
flow directions has been developed at NTNU and is
presented in Thorsen et al. (2014) and Ulveseter et al.
(2017). The model has been implemented in the SIN-
TEF Ocean computer program SIMLA together with
a new bend element, allowing structural non-linear-
ity, 3D flow and bend softening effects to be ad-
dressed.

The two main objectives of this paper are to show
how this new element type affects the results in modal
analysis and to demonstrate that the time domain tool
is applicable for pipeline spool and jumper
applications with non-straight parts.



2 METHODOLOGY AND MODEL
2.1 General

SIMLA is a finite element method-based program for
non-linear static and dynamic analysis, specialized
for pipe and cable simulations. Step-by-step time in-
tegration is used to describe load histories and analy-
sis sequences (Saevik, 2017).

The pipe elements in SIMLA are formulated as
standard two-node beam elements with 12 (2¥6) de-
grees-of-freedom (DOF). The orientation and motion
refer to a global coordinate system. For torsion rota-
tion and axial displacement linear interpolation is ap-
plied, while cubic interpolation is used for transverse
directions.

In SIMLA two models were made, of which one
consisted of Pipe31 elements, referred to as Pipe31
model. The other one was modeled with Pipe34 ele-
ments in the bends adjacent to Pipe31 elements for
the straight parts. This one is referred to as Pipe34
model. Pipe31 is an elastic pipe element, for which
plane stress is assumed. All DOF are uncoupled from
hoop stresses and hoop strains, since they are known
from shell theory.

Pipe34 is a bend element type implemented with
reference to Bathe et al. (1983). It is able to account
for deformation of the cross-section and kinematic
non-linearity. The ovalization of an initially circular
cross-section due to bending during manufacturing is
included in additional strain terms. Six ovalization
DOF are introduced in addition to the twelve regular
DOF. In contrast to the elbow elements from Bathe et
al. (1983), Pipe34 is only linear-elastic.

To verify the use of Pipe34 elements as elbow el-
ements, modal analysis was also performed in
ABAQUS CAE version 6.13 on two models, of which
one consisted of Pipe31 elements and the other one of
Elbow3 1B elements in the bends and Pipe3 1 elements
in the straight parts.

2.2 Model

The numerical model was built with reference to the
model from the experiment published by Wang et al.
(2013). It was built in model scale size with alumin-
ium properties. The weight of the internal fluid was
accounted for in the total unit mass. Both the struc-
tural weight and the weight of content were consid-
ered constant along the pipe. No internal pressure or
free-surface effects inside the pipe were considered.
With a scale ratio of 4.525 the model had a total arch
length of 13.96 m. The lengths of each segment and
the model properties are listed in Table 1 and Table
2, respectively. As in the experiment the model was
placed one meter below sea surface. Figure 1 shows
the jumper model in SIMLA with the locations where
VIV was measured in the model test and where fa-
tigue was evaluated in the simulation.
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Figure 1: Jumper model in SIMLA with locations where VIV
was measured in model tests (Acc.1-13) and where fatigue dam-
age was calculated (A-E).

Table 1: Segment lengths of the model (Liu et al., 2020).

Segment name Length [m]
Vertical 1 1.495
Horizontal 1 1.000
Vertical 2 2.323
Horizontal 2 4.327
Vertical 3 2.326
Horizontal 3 1.000
Vertical 4 1.495

Table 2: Jumper model properties (Wang et al., 2013).

Parameter Value Unit
Material density 2700 kg/m?
Outer diameter 0.0605 m
Inner diameter 0.055 m
Wall thickness 2.77x107 m
Elastic modulus ()  6.90x10'° N/m?
Bending stiffness (EI) 1.44x10* Nm?
Shear modulus (G) 2.61x10'0 N/m?
Torsion stiffness (GJ) 1.08x10* Nm?

The bends were modelled with a bending radius of
three times the outer diameter of the pipe, which re-
sulted in a bending radius of 0.1815 m. The number
of elements was chosen in such way that the element
length in bent pipe parts did not exceed the outer di-
ameter size. Five elements per bend were used in the
simulation, which led to an element length of 0.057
m. For the straight parts the element length was varied
between once and twice the outer diameter. During
modal analysis in SIMLA it was found that results
converged with two diameter element length for the
straight parts and one diameter element length for the
bend parts.

2.3 Modal analysis and stresses

The required number of eigenvalues, starting with the
smallest one, was found from a Lanczos solver both
in SIMLA (Savik et al., 2019) and in ABAQUS
(SIMULIA, Dassault Systemes, 2013), which was
used for comparison. The number of relevant modes
for this study was based on the maximum oscillation
frequency that occurred during VIV simulations. In
ABAQUS, the maximum principal stress was ob-
tained directly. In SIMLA, information about axial



strain, torsion and the curvature in both transverse di-
rections could be extracted from the output file from
eigenvalue analysis for each mode shape. Data was
given for each element in its local coordinate system
and scaled with respect to the maximum modal dis-
placement equal to one. To obtain unit stresses, the
information had to be multiplied with the outer diam-
eter. According to the DNVGL guidelines, total flex-
ural stress was calculated at 16 points around the cir-
cumference in a local coordinate system:

Oxx = —KyERcos 6; + k,ERsin 6; (1

where the curvature x was scaled with the outer diam-
eter, E is the Young’s modulus and R is the outer ra-
dius. The angle 6; was specified for 16 points around
the circumference. The maximum principal stress was
then found with the equation:

2
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The shear stress about the longitudinal pipe axis was
calculated as:

Txy = Px GR (3)

where the torsion ¢, was given in radians per meter
and scaled with the outer diameter, and G is the shear
modulus.

2.4 VIV prediction model

The principles of the model are described in Thorsen
(2016), Thorsen et al. (2014) and Ulveseter et al.
(2017). The most important feature is the ability to
synchronize fluid forces with cylinder motion. Syn-
chronization provides the possibility to transfer en-
ergy to the cylinder at specific frequencies and mo-
tion amplitudes (Ulveseter et al., 2017). This also
allows the vortex-shedding frequency to lock on to
the structure’s frequency of oscillation.

Both cross-flow and in-line VIV can be analyzed
in SIMLA. The program applies additional vortex-
shedding terms to the Morison equation together with
the synchronization model. The decision to switch be-
tween cross-flow or in-line forces is made based on
comparison of the amplitudes. A synchronization
model for cross-flow-induced in-line VIV is also in-
cluded. To compare results from the VIV prediction
tool with experimental data, non-dimensional re-
sponse amplitudes were plotted against reduced ve-
locities.

To find the active mode for each load case, Fast
Fourier Transformation (FTT) was applied to transfer
the signal into frequency domain. From the location
of the peak value, the oscillating frequency was

found. The active mode was then identified as the one
with its natural frequency closest to the structure’s os-
cillating frequency.

2.5 Fatigue analysis

Fatigue damage was obtained from two methods, of
which the first one utilized the moment output from
SIMLA and applied rainflow counting on stress cy-
cles. The second method was the DNVGL response
model procedure (DNVGL-RP-F105, 2019), for
which the modal analysis results were applied to-
gether with empirical equations.

For fatigue analysis in SIMLA, mode identifica-
tion during VIV was not necessary, since forces and
moments in all DOF were obtained as time signals.
As for modal stresses, the flexural stresses were eval-
uated at 16 points around the jumper circumference;
see Eq. (4). Flexural stresses were found from the mo-
ments around the y- and z-axis in a local coordinate
system. The x-axis is aligned with the pipe axis as
shown in Figure 2.
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Figure 2: Pipe element with its local coordinate system.

The area moments of inertia, /, and /-, were calculated
with the equation for thin-walled circular cross-sec-
tions as:

I, = I, = nR3t ®)

The shear stress was constant around the circumfer-
ence of each pipe section and calculated as:

M.
ry = (6)

where the polar moment of inertia I equals 27zR%t.
From the two stress signals, the maximum principal
stress was calculated with Eq. (2) at each time step.
To the best of knowledge, the first principal stress cri-
terion gives conservative results, since the maximum
stress is assumed to contribute to crack-opening re-
gardless of the real stress direction. When calculated



at each time step, shifts between flexural and torsional
stress cycles should also be taken care of. To trans-
form the signal of oscillating stresses into a set of
stress reversals with constant amplitudes a rainflow
counting algorithm was used. The equivalent stress
range was found by the direct summation method
(Berge & As, 2017):

1
Z;n; (AS)™m (7
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where #; is the number of cycles for one set in the his-
togram, AS; is the stress range of the corresponding
set and m is a constant of applied SN-curve. Fatigue
was calculated and compared for each load case under
the assumption that it is present over one year with a
probability of occurrence of 100 percent.

For the second method, the DNVGL response
model procedure was followed. Based on empirical
Table 3 and Table 4, so that in-plane bending occurs
at a lower frequency than out-of-plane twist for the
elbow models. This is in correlation with the obser-

vations from the test.
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Figure 3: Comparison of natural frequencies in SIMLA and
ABAQUS.

Mode shapes of the two elbow element models are
identical. Both Pipe34 and Elbow31B elements are

Table 3: Eigenfrequencies and mode shapes of Pipe31 models.

response amplitudes and the modal stresses obtained
from FEA, combined stress ranges for cross-flow
VIV and in-line VIV including cross-flow-induced
in-line VIV could be calculated by following the pro-
cedure described in the recommended practice
DNVGL-RP-F105 (2019). For non-straight pipes, no
mode competition is applied, which means that all
modes that could be active based on their reduced ve-
locity apply their full stress range.

3 EFFECT OF ELBOW ELEMENTS

3.1 Eigenfrequencies and mode shapes

Eigenfrequencies for the Pipe34 model in SIMLA and the El-
bow31B model in ABAQUS are generally lower than the ones
from the Pipe31 models, as shown in Figure 3. Moreover, mode
two and three are switched in order as shown in

beam elements for which Von Karman correction is
applied to model the deformation of the cross-section.
The derogation of results between SIMLA models
and ABAQUS models can be attributed to the differ-
ences of Pipe31 elements. Pipe31 elements in
ABAQUS are Timoshenko beams which allow for
transverse shear deformation. In SIMLA, on the con-
trary, the cross-section of Pipe31 elements remains
plane and does not distort due to transverse shear. It
should be pointed out that the shift in mode shapes
could not be obtained with models consisting only of
Pipe31 elements, even with a refined mesh. This
gives a relevant reason to use elbow elements in the
analysis of subsea jumpers.

3.2 Modal stresses

An overview of modal stresses for the first nine
modes is given in Figure 4 and Figure 5, where the
maximum principal stress is shown for the Pipe31 and
Pipe34 models in SIMLA. For the Pipe34 model, the
resulting stress in the bends was increased up to factor

Mode f»in SIMLA [Hz] f»in ABAQUS [Hz] Mode shape

1 0.8377 0.8744 out-of-plane bending in y-direction with largest
displacement at top horizontal

2 2.1991 2.2343 out-of-plane twist around center point of top horizontal

3 2.2859 2.2844 in-plane bending in x-direction

4 2.6285 2.6341 in-plane bending in z-direction

Table 4: Eigenfrequencies and mode shapes of Pipe34 model (SIMLA) and Elbow31B model (ABAQUY).

Mode f»in SIMLA [Hz] f»in ABAQUS [Hz] Mode shape

1 0.8076 0.8336 out-of-plane bending in y-direction with largest
displacement at top horizontal

2 1.9131 1.9406 in-plane bending in x-direction

3 2.1047 2.1344 out-of-plane twist around center point of top horizontal



4 2.4522 2.4689

in-plane bending in z-direction

two compared with the Pipe31 model. In the adjacent
straight parts, on the other hand, the stresses were de-
creased by up to 35 percent. The coupled effect of de-
creased stresses in straight parts and increased
stresses in bends was most significant for the in-plane
bending modes, which were modes two, four, six and
nine for the model including Pipe34 elements. Gener-
ally, largest principal stresses occurred at the bound-
aries or in the midpoint of the top horizontal for the
Pipe31 model, while they occurred in bends for the
Pipe34 model. The difference was due to the flexural
stress component. Torsional stresses had the same
magnitude for both models.
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Figure 4: Maximum principal unit stress of the first nine modes
for the SIMLA Pipe31 model. Scaled with the outer diameter
and the maximum modal displacement.
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Figure 5: Maximum principal unit stress of the first nine modes
for the SIMLA Pipe34 model. Scaled with the outer diameter
and the maximum modal displacement.

4 PARAMETER STUDY OF THE TIME
DOMAIN MODEL

Some parameters of the time domain model were
modified to apply it on non-straight geometries. A

challenge was that the response of a jumper was en-
tirely different when the angle of attack changed. The
parameters were chosen so that conservative results
were obtained for the three observed flow directions
of ten, 45 and 90 degrees. The cross-flow lift force
coefficient and the in-line force coefficient for insta-
bility region one were increased, since for both the
10- and 90-degree angle out-of-plane bending oc-
curred in the model test with large amplitudes. From
their default values of 1.0 and 0.8, respectively, the
coefficients were both set to 1.2.

The minimum non-dimensional vibration fre-
quency that gives energy input for in-line region one,
finin SIMLA, had to be modified in such way that
in-line VIV could be activated in a wider range of re-
duced velocities. Since it is a non-dimensional quan-
tity, the reduced velocity range where in-line VIV can
be activated is approximately the inverse of fin. It is
not exactly equal to this value, because reduced ve-
locity was calculated with the natural frequency that
was found closest to the vibration frequency and not
with the vibration frequency itself. For the jumper
model, in-line VIV is not limited to the low velocity
range. From experimental data, it was observed that
large displacement in in-line direction could occur for
reduced velocities of up to eight. This is in agreement
with the paper by Wang et al. (2018) who investigated
the coupling of in-line and cross-flow motion and re-
ported that in-line motion contributed to the path de-
scribed by cylinder motion for the non-dimensional
reduced velocity of eight, while at a value of ten, the
in-line motion was negligible. Therefore, f111 was set
to 0.13. With this value conservative results were ob-
tained for all three flow directions.

5 VIV SIMULATION RESULTS AND
COMPARISON

5.1 VIV motion

Experimental data was available for accelerometer
positions three and five for the 10-degree flow and
accelerometers three and seven for the 45- and 90-de-
gree flow. Accelerometer five was located on the top
horizontal part, H2, next to the bend, while number
seven was located at the center of H2. Accelerometer
three was placed at the lower part of the jumper, next
to the bend at vertical part V2, as shown in Figure 1.
The model setup in towing tank is shown in Figure 6
from Wang et al. (2013).

For the 10-degree flow, the VIV amplitudes were
very stable when a steady current velocity was ap-
plied. In Figure 7 and Figure 8 simulation results for
this flow angle are plotted together with experimental
data from Wang et al. (2013) and the DNVGL re-
sponse model curves. The cross-flow response model



depends on modal frequencies, thus, it is plotted for
both the Pipe31 and Pipe34 model. For better compa-
rability the response models were calculated without
additional safety as all safety factors were set to 1.0.

Figure 6: Model setup in towing tank (Wang et al., 2013)

From the oscillating frequencies it was concluded
that the in-plane bending mode (mode three for
Pipe31 and mode two for Pipe34 model) was active
for low current velocities up to 0.2 m/s. From 0.25
m/s the out-of-plane bending mode (mode one) was
active. Transition to the twist mode (mode two for
Pipe31 and mode three for Pipe34 model) occurred
between 0.50 and 0.55 m/s for the Pipe34 model and
between 0.6 and 0.65 m/s for the Pipe31 model. The
earlier transition of the Pipe34 model is in better
agreement with observations from the model test re-
ported by Wang et al. (2013). In x-direction signifi-
cant response from the simulations and test data was
observed around a non-dimensional reduced velocity
of 1.7, which is linked to the first in-line instability
region and first lock-in region. The largest amplitudes
here occurred in the simulations with current veloci-
ties of 0.15 and 0.2 m/s. About twice as large in-line
response compared to the first instability region oc-
curred at reduced velocities between six and eight,
presumably due to cross-flow-induced in-line VIV.
Peak values for pure cross-flow VIV in the y-direc-
tion were observed at reduced velocities of six to
eight, which is in agreement with the model test. As
mentioned previously, model test results showed
quite narrow peaks, while they were spread wider in
SIMLA results. However, the time domain model re-
sults were in a conservative range.

For the 90-degree flow, unsteady amplitudes were
observed when the current velocity changed and for
the highest load cases, especially in the y-direction.
From the model test it was reported that the end dy-
namometers had reached their load capacity and, thus,
tests were not continued beyond 0.79 m/s; see Wang
et al. (2013). For this flow angle the response in the
y-direction, which is associated with in-line VIV,
dominated for both models up to 0.3 m/s. The oscil-
lating frequency was closest to the first modal fre-
quency. For further increased current velocities, from
0.4 to 0.65 m/s the in-plane bending mode (mode
three and two for Pipe31 and Pipe34 model, respec-

tively) was active with largest non-dimensional am-
plitudes in the x-direction. For the 90-degree flow,
this is associated with cross-flow VIV. Due to de-
creased stiffness, the Pipe34 model shows signifi-
cantly larger responses in the x-direction for the
above-mentioned flow velocities. This is presented in
Figure 9 for reduced velocities around five. Nonethe-
less, the peak values which occur at reduced veloci-
ties around six are in agreement for both models and
in good correlation with experimental results.



09r

IL response model
0.8 CF response model for Pipe31 model
----- CF response model for Pipe34 model
A model test data from Wang et al. (2013)
/" Simla with Pipe31 model
Simla with Pipe34 model

o
3
T
—

o
)
=

A/D in x-direction [-]
o
[6,]

(=N -
w
=

fea
/

o
IN)

T
S

o
s L
\‘
}
¥ D ¢

>
>3

e o

vred H
Figure 7: Comparison of VIV response in the x-direction for the
10-degree flow at accelerometer five.

1.2 T T T T T T T ]
IL response model
CF response model for Pipe31 model
= e [EE CF response model for Pipe34 model
e A model test data from Wang et al. (2013)
/ Simla with Pipe31 model
/ < il
Tosl y AA Simla w!th Pipe34 model
£ A g
9 28
8 At
506 / A \
7
B [¢ 2 \
[a] / A 5
A
< 04 / A \
/ A \
A \
/ 8 0 \
02t / A DB K % T
A A
7% o ® \\
o L AN . I
0 2 4 6 8 10 12 14 16
Viea [

Figure 8: Comparison of VIV response in the y-direction for the
10-degree flow at accelerometer five.

12

aN
1 N
A
/ A
08 / A
c N
9 /
B r IL response model
_S 06 A CF response model
'?( A model test data from Wang et al. (2013)
c A Simla with Pipe31 model
5 Simla with Pipe34 model
< 04
02t \ E
a X
A
ol— i I
0 6 8 10 12 14 16
vred [l

Figure 9: Comparison of VIV response in the x-direction for the
90-degree flow at accelerometer seven.

5.2 Fatigue damage

Stress ranges for fatigue calculations were assessed
by the two methods at locations A-E. Since welds are
usually placed next to the bend parts, but with a small
offset, the elements next to the bends and at the longer

of two adjacent straight parts were chosen as loca-
tions B to D.

For the 10-degree flow, torsional moments were
very small in the in-line VIV region up to 0.2 m/s. For
higher current velocities, the contribution from tor-
sional stresses increased and became significant for
current velocities of 0.6 m/s and higher at locations
C, D and E. This is presented in Figure 10 for location
E. Closer to the supports, at locations A and B, tor-
sional stresses remained comparatively small for this
flow angle and fatigue estimates from the first princi-
pal stress were dominated by flexural stresses. For
both methods the overall fatigue damage had its max-
imum at location A. For current velocities 0.05 and
0.1 m/s SIMLA gave larger fatigue estimates, while
for the higher current velocities, the response model
procedure predicted significantly higher fatigue dam-
age, as shown in Figure 11.

For the 90-degree flow, several load cases showed
larger torsion moments than flexural moments. Fur-
ther, the flexural moments were more unsteady in the
same regions. Close to the bends, this was observed
for current velocities of 0.3 to 0.5 m/s, as shown in
Figure 12 for location B. However, the largest fatigue
damage occurred at the supports, presented in Figure
13. For current velocities up to 0.3 m/s, the SIMLA
model gave larger fatigue damage, while for all
higher load cases the DNVGL response model gave
higher fatigue estimates. The largest difference oc-
curred at 0.5 m/s, because in the response model pro-
cedure, the flexural stress contribution to fatigue
damage was increased steadily, but in SIMLA strong
flexural stress response only arose beyond that.

For the 45-degree flow, similar observations were
made as for the 90-degree flow with dominating tor-
sion moments for 0.4 to 0.6 m/s at location B. Only at
this flow angle gave the time domain model higher
fatigue estimates for the current velocities 0.7 to 0.9
m/s compared to the response model. However, too
few data were available to draw conclusions on
whether the parameters of the time domain model
could be adjusted for flow angles between 10 and 90
degrees.

From the VIV motion amplitudes, it was already
shown that the DNVGL procedure gives higher re-
sponse estimates for many reduced velocities com-
pared to the SIMLA results and model test data. In
SIMLA, several modes can be active at the same time,
too, but not all apply their full stress range. At the
shorter segments, where higher modes were identified
during VIV, the response amplitudes in SIMLA were
significantly lower than from the guidelines. Follow-
ing the DNVGL procedure, higher modes contributed
with their full stresses without mode competition. It
is notable that for some cases with low velocity cur-
rents SIMLA gave larger fatigue estimates, however,
fatigue damage for these cases was small in general.
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Figure 10: Fatigue damage for the Pipe34 model in SIMLA in
10-degree flow at location E.
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6 CONCLUSIONS

This study presented the application of a time domain
model for VIV on a model-scale jumper with regular
pipe elements (Pipe31) and elbow elements (Pipe34)
in the bends. It was shown that the modal results of
models using elbow elements were in better agree-
ment with results from the model test, since the first
in-plane bending mode had a lower natural frequency
compared to the out-of-plane twist mode due to the
softer bends. The dominating VIV response with re-
spect to direction of motion and location along the
jumper could be associated with one of the first four
modes for all three flow directions. Thus, these four
modes require highest standards of accuracy. In the
direction where smaller VIV motion occurred and at
the shorter jumper segments, also higher modal fre-
quencies were identified.

Regarding VIV motion, the SIMLA results were in
a conservative range and in good correlation with test
data. Thus, the VIV model is promising for non-
straight geometries. The shift from one oscillation
pattern to another one (with respect to oscillating fre-
quency and direction of largest amplitudes) for con-
secutive load cases happened at lower current veloci-
ties for the Pipe34 model than for the Pipe31 model.
The largest fatigue damage was observed at the
jumper supports for all three flow directions. The
largest deviations of fatigue estimates from the two
methods also occurred at this location. Except for the
lowest current velocities and several cases in the 45-
degree flow, fatigue damage from the DNV GL re-
sponse models was significantly higher than obtained
from SIMLA. This was because the response model
procedure assumes that all active modes contribute
with their full stress range for non-straight pipes. In
the time domain model, several modes were active in
the same load case, too, but they have the possibility
to compete with each other and contribute with less
than the full amount. The smallest difference between
the two methods was observed at the center of the top



horizontal. Torsional stresses were relevant for all
three flow directions. Especially for the 45- and 90-
degree flow and at the lower jumper segment, the
contribution to fatigue damage was significant.
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