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Assessing the vulnerability/integrity of structures and facilities in
hazardous industries under the extreme or accidental loading conditions
requires advanced and sophisticated analysis techniques. Traditional
design methods do not always account for dynamic phenomena in structural
behaviour. The purpose of this paper is to show that the application of
advanced structural dynamic techniques sheds light on physical phenomena
and leads to conclusions which are often contrary to the initial design
decisions.

An example from the oil and gas industry is given which deals with dropped
objects as a key risk factor in subsea operations. Based on the weights of
the objects lifted above a subsea production station during installation
and maintenance works, combined with their probability of occurrence of
dropping, a "dropped object design load" can be selected. Detailed impact
dynamic analysis of this load case shows that, contrary to general belief,
the structural response is not greatly affected by the overall
characteristics of the system (well stiffness, soil properties, etc.).
Instead, other factors such as impact velocity and ability to deform
locally in the impact region are more crucial.



INTRODUCTION

The aim of this paper is to assess the integrity of the important
components of the subsea production system under accident impact
load conditions. The possibility of dropping an object on the
production system is only significant when intervention or
inspection works are carried out. The extensive risk analysis
performed previously identified two accident scenarios. The first
is the accidental event load condition which is the worst accident
for which a safe design is to be provided, and the second is the
maximum operational impact load condition which represents the worst
case accident resulting from an operational error.

The subsea production system consists of the workover riser, the
universal running tool and the lower riser package which constitute
the dropped object, and the stationary part consisting of the X-mas
tree, wellhead, template, casings and soil.

The most important components of the system were the flanges
directly in the impact region, and the X-mas tree valve block which
might ensure the primary barrier in such an accident.

Due to the size of the system and its geometry two analyses were
performed: a global two dimensional analysis in which the model
consisted of axisymmetric and plane stress parts, and the detailed
three dimensional analysis of the X-mas tree valve block under the
boundary conditions obtained from the two dimensional analysis.

The detailed impact dynamic analysis showed that, contrary to
general belief, the structural response is not greatly affected by
the overall characteristics of the system such as well stiffness,
soil properties, etc. Instead, other factors such as impact
velocity and ability to deform locally in the impact region are more
crucial.

As the result of the analyses clear design recommendations were laid
out which were not previously obvious.

DESCRIPTION OF THE SUBSEA PRODUCTION SYSTEM

The central part of the structure to be considered is primarily made
of steel and displays an approximate radial symmetry. Its general
disposition is presented in Figure 1. As can be seen, it starts at
the top with the workover riser and continues with the universal
running tool and the lower riser package, thus completing the
falling part of the structure. Below the lower riser package are
located the X-mas tree with the re-entry hub and the wellhead. At
the time of impact, it is assumed that, as designed, there are
working connections between the universal running tool and lower
riser package and between the X-mas tree and the wellhead.



2.2

Workover Riser

The workover riser consists of two pipes which reach from the
universal running tool all the way to the derrick of a
semisubmersible drilling rig.

Universal Running Tool

The universal running tool has an interface at the top for
connecting with the workover riser. Immediately below follows a
prismatic section with two actuators able to operate on the
production bore. The bottom part, like the upper interface, is
roughly axisymmetric and designed to provide the connection with,
amongst other items, the lower riser package.

A square beam structure surrounds the central part already
described. This structure is connected to the central part by
structural members forming the diagonals of the square. The four
corners are provided with funnels for positioning with respect to
four guiding posts.

There are also four shock absorbers located on the four diagonal
beams. The purpose of the shock absorbers is to ensure soft
landing.

Lower Riser Package

The function of the lower riser package is that of connecting and
disconnecting the riser system interface with the X-mas tree
re-entry hub while providing shear and sealing capabilities. The
lower riser package has connectors both at the top (to the universal
running tool) and at the bottom (to the X-mas tree re-entry hub).
The main part of the lower riser package is a bored prismatic valve
block provided with actuator controlled valves. There is also a
square-plus-diagonals beam structure at the corners of which the
guide posts are placed which engage the universal running tool
funnels at the top. The guide posts are also provided with funnels
at the bottom for engaging into the guide posts at the permanent
guide base. The guide posts are provided with floating rods which
constitute the load path from the shock absorbers and allow the
pressure forces from the universal running tool shock absorbers to
be transmitted all the way down to the permanent guide base.
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X-mas Tree

The main element of the X-mas tree is the valve block which holds
the valves and actuators needed to operate the system. Its design
is dominated by the necessity to protect the system against the
damage and pressure integrity losses which might be caused by
falling objects. The X-mas tree has connectors at the top and at
the bottom which are approximately axisymmetric. There are two
horizontal plates between which tubulars are located. These are
provided with the appropriate funnels entries for positioning with
respect to the guide posts of the permanent guide base. Finally,
floating rods are incorporated here as in the case of the lower
riser package.

Wellhead

The wellhead provides the interface between the well, the X-mas tree
assembly, and the template. Starting from the top there is the
wellhead housing which connects to the bottom of the X-mas tree
assembly. Below this connection, the rest of the structure is
composed of two parts: the square-plus-diagonals beam structure of
the permanent guide base with the corresponding guide posts, and a
series of coaxial parts with or without cement in their interspaces.
It is on the four diagonal arms of the permanent guide base that the
actuator pressure from the universal running tool shock absorbers is
applied by mean of successive push rod arrangement along the lower
riser package and the X-mas tree.

Template

This is a frame structure which is piled to the soil at its four
corners and houses six production wells.

IMPACT LOAD CASES

During running or retrieving of a typical intervention tool the
critical phase is when the tool is moved in over the intervention
slot. During this operation the guidelines are tensioned in order
to direct the equipment onto the dedicated slot. The extensive risk
analysis performed previously resulted in a probability model for
dropped objects which indicated that the required impact load case
consisted of dropping the workover riser, the universal running tool
and the lower riser package. If such an accidental drop were to
happen, the well would have at least one barrier; the primary
barrier is the downhole safety valve and sometimes the X-mas tree
master valve. It will be adequate to require that one barrier
remains intact after impact, and this must obviously be the primary
barrier. The X-mas tree would in this case act as an energy
absorber to protect the wellhead and the other components of the
primary barrier. It would also be preferable for the wellhead
connector to maintain its structural and functional integrity.



The total mass of the dropped object is 45 tonnes, which is
increased by 201 for safety considerations, to 54 tonnes.

The stationary part of the structure is composed of the X-mas tree,
wellhead, template and the foundation soil together with the casings
and cement which penetrate it. The grid funnels of the lower riser
package will engage the guide posts of the permanent guide base. As
a consequence, the impact-taking place is well centred. The drop
height is estimated at 10 m and is sufficient to approach or reach
terminal velocity of the dropped object by the time of impact. The
terminal velocity for the dropped object is estimated to be 9.5 m/s.
It is considered unlikely that this velocity could be exceeded and
therefore it has been assumed as an upper bound of the velocity
range. By varying the drop characteristics, such as the drop
height, drag area and the drag coefficient, the sensitivity of the
impact velocity is found to be moderate. Possible increase in drag
area and decrease in impact velocity due to shock absorber action
indicated a lower velocity bound of 7 m/s. This constitutes the
accidental event load condition, i.e. the worst case accident for
which a safe design shall be provided.

The second accident scenario corresponds to the maximum operational
impact load conditions, i.e. the worst result of an operation error,
consisting of the lower riser package, universal running tool and
the workover riser hitting the X-mas tree at 3 m/s velocity.

NUMERICAL TREATMENT
General Strategy

It seems clear from the description of the system that the impact to
be analysed maintains an approximate axial symmetry around the axis
of the structure. There are a number of features which have
four-fold rather than axial symmetry but their symmetry is
sufficiently close to axial to justify the approximation without
danger of significant errors.

There are, however, some exceptions to the above rule which warrant
further considerations. The first and more obvious is the X-mas
tree valve block, as it is a part of the object of the study to
assess whether its permanent deformation will allow operation of the
valves after the event. The approach taken to solve this problem
has consequently been a combination of two dimensional and three
dimensional models which, while treating the valve block in all its
complexity, render the problem soluble by exploiting its approximate
axial symmetry.
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More specifically the analysis then consists of two major parts:

i) Global axisymmetric modelling in which the X-mas tree
valve block has been replaced with an axisymmetric
structure of identical mass and stiffness distribution
along the axis. The valve block model must obviously be
validated against a more realistic three dimensional one
for the complete range of strains likely to develop in the
event of an impact. This involves matching elastic, yield
and hardening behaviour of the axisymmetric simplified
model. Such analysis produces the results sought for all
parts of the structure with the exception of the X-mas
tree valve block. It also produces time histories of
velocities and forces at the top and bottom of the X-mas
tree valve block all along the impact duration.

ii) Three dimensional modelling of the X-mas tree valve block,
which now entertains the multiple bores and other features
of that structure. The boundary conditions to be imposed
on that model as a function of time are obviously the time
histories of forces and wvelocities saved in the
axisymmetric analysis. As a further check, if the
boundary force histories are given as input, the velocity
histories should be recovered, or vice-versa. It is from
this analysis that permanent deformations or displacements
at specific regions of the valve block can be accurately
calculated.

Numerical Methodology

Impact problems are characterised by a short duration and
strong non-linear behaviour. The latter arises from the
geometrical non-linearities established on contact between
bodies and, very often, also from the levels of deformation
induced in the materials under the impact stresses. For
problems with the above characteristics explicit time-marching
procedures have long been recognised to be the best. They
easily treat the non-linearities in exchange for a drastic
limitation in the size of the time step used for integration of
the equations of motion. The programs selected for conducting
the calculations are typical time-marching explicit programs:
NOVA2D and TECHDYNA [1].

Two dimensional NOVA2D is an explicit finite difference code

for the large deformation analysis of solids. Versatile
contact search algorithms make the program suitable for impact
calculations. Both thermal and mechanical analyses may be

performed simultaneously in a fully coupled fashion. One of
the features of the program is its capability to mix
axisymmetric and plane stress elements/materials. This was the
prime reason for using the code for the present analysis.
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TECHDYNA is Technica’s development of an earlier version of
DYNA3D code in which the theoretical treatment of hour-glassing
has been completely reformulated according to the work by
Belytschko [2].

Two Dimensional Model

The two dimensional model represented the workover riser,
universal running tool, lower riser package, X-mas tree,
template beam, wellhead, casings, cement and soil. The model
is shown in Figure 2. It should be noted that the two
dimensional model was developed with the secondary load path in
mind. The secondary load path consists of shock absorbers,
floating rods and their guides, and structural supports.
However, the assumption made during the formulation of the
impact load <case that the shock absorbers are damaged,
eliminated this load path.

Three Dimensional Model

The three dimensional model of the X-mas tree valve block used
for calibrating its simpler, two dimensional representation in
the axisymmetric analysis, and for detailed calculation of
stresses and possible permanent deformation around valve bore
holes, is presented in Figure 3. As there is a vertical plane
of symmetry only one half of the valve block is actually
modelled.

The boundary conditions for the three dimensional model of the
X-mas tree block were derived from the global two dimensional
analysis in the form of the force time histories at the top and
the bottom surface.

RESULTS OF IMPACT ANALYSIS

Two analysis with impact velocities of 9.5 m/s and 7 m/s were
performed for the accident event load conditions. For the
maximum operational impact load condition one analysis was
carried out with the impact velocity of 3 m/s. The results
presented in this paper correspond to an impact velocity of
9.5 m/s.
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Two Dimensional Analysis

The history of events can be best visualised in the history of
contact forces between the lower riser package and the X-mas
tree re-entry hub. As can be seen from Figure 4, the contact
force grows rapidly at first until yield is reached; thereafter
further growth is only gradual, as it is achieved only by
hardening and a small increase in contact area caused by large
local deformations. The oscillations of the various sub-
structures produce the first unloading at about 6 ms and, for
all practical purposes, the definitive one between 8 and
10 ms. The same picture can be reached on energy grounds,
Figure 5. It is clear that the ma jor drop in kinetic energy
(both target and missile energies included) corresponds to the
sum of plastic energy dissipation and elastic energy storage.
Most of the dissipation takes place in about 4 to 5 ms. This
allows elastic oscillation to start occurring after this time:
oscillations in which the remaining energy is successively
exchanged between potential and kinetic components.

The contours of plastic strain at the connection between the
lower riser package and the X-mas tree are shown in Figure 6.
The maximum plastic strains in the mesh are of the order of
15Z.

Three Dimensional Analysis

Time histories of axial stresses at the top and the bottom of
the X-mas tree block obtained in the global two dimensional
analysis were integrated to produce force time histories which
represent the boundary conditions for the detailed analysis of
X-mas tree. The plastic stress contours at 10 ms are shown in
Figure 7. The maximum plastic strains reached are of the order
of 2.37, in the region where the main vertical 5" bore
intersects with the horizontal 5" bore, and also in the region
where the horizontal bore intersects with the wing valve. It
should be noticed that this is not a region of the greatest
importance. The differential displacement time history across
the production master valve bore hole is represented by a
maximum change of 0.15 mm in the bore diameter.



CONCLUSIONS

One of the main features of this well assembly design are
connection flanges between the lower riser package and the
X-mas tree, the X-mas tree and the wellhead, and the universal
running tool and the lower riser package. These connections
act as filters for the force transfer. The most important
connection is that of the lower riser package and the X-mas
tree. The force transmitted through the re-entry hub flange to
the X-mas tree valve block is limited by the cross-sectional
area of the flange and the material yield stress. This means
that strengthening the flange or any increase in the cross-
sectional area due to possible re-design would transmit an
increased force to the X-mas tree valve block. This is an
important point for designers, since it is contrary to general
belief that strengthening the flange would decrease the level
of plastic straining and thus be beneficial.

In the 9.5 m/s and 7 m/s impacts the re-entry hub profile
plastifies up to 15X and 6% strain, respectively. While the
157 strain would most likely cause fracture, the 6I level was
considered survivable.

The production master valve region of the X-mas tree did not
exhibit any plastic straining.

The 3 m/s impact caused only negligible plastification in the
re-entry hub.

The analysis described here shows the way impact region should
be designed in order to maximise the absorbed energy and
minimise energy transitions to more vital parts of the
assembly. This would hardly be possible without the use of
advanced analysis tools.
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FIGURE 1. GENERAL LAYOUT
OF THE WELL

SYSTEM




FIGURE 2. TWO-DIMENSIONAL MODEL OF THE WELL ASSEMBLY
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FIGURE 5. TIME HISTORY OF ENERGY COMPONENTS (9.5 m/s)




LRP - XT CONTACT

PLASTIC STRAIN CONTOURS

....................................................

XKMAS-TREE ASSEMBLY 2D IMPACT (run 6, 9.5m./s) - 12msec

FIGURE 6. PLASTIC STRAIN CONTOURS AT LRP/XT INTERFACE (9.5m/s)
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