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ABSTRACT

This paper presents an in-depth analysis of lazy wave risers, focusing on hydrostatic, hydrodynamic, modal, and
corrosion behavior using a newly developed MATLAB-based tool, RiSat. The study addresses key challenges
faced in offshore riser systems, particularly in high-pressure and high-flow environments, where riser design
must account for complex load conditions. Through simulation, the hydrostatic forces, dynamic motion
responses, and modal characteristics of the riser were calculated. In addition, corrosion analysis based on
velocity and pressure variations was conducted, revealing exponential trends in corrosion rates. A detailed
discussion of the results is provided, with comparisons to industry-standard tools such as OrcaFlex. The
findings highlight critical insights into riser tension distribution, vibration frequencies, and failure modes,
offering essential guidance for riser design in subsea environments.
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I. INTRODUCTION

The world’s energy consumption has increased steadily since the 1950s. Fossil fuels (oil, natural gas,
and coal) still amounts to 80% of the world’s consumption even though a considerable number of initiatives and
inventions in the area of renewable energy resources have decreased their use. The rapid rise in the price of
crude oil prices during the 2000s is a response to the increasing demand for oil and gas. Of the fossil fuel
consumed, almost 80% are oil and gas; therefore, the production of oil and gas is of major importance to the
stability of the world’s energy supply [22]. With the depletion of onshore and offshore shallow-water reserves,
the exploration and production of oil in deep water has become a challenge to the offshore industry. Offshore
exploration and production of oil and gas are advancing into deeper waters at an increasing pace. Offshore oil
production from deep water has increased sharply since 1995, starting at approximately 20 million barrels of oil
equivalent (MMBOE) per year from deep water (Mark, 2019). The subsea oil and gas exploration is not
without it challenges. The subsea environment poses a host of challenges that the specialists who install rigs,
flow routers, cables, risers and other critical structure must overcome to ensure that oil and gas flow efficiently
from production assets. As the industry move to deeper waters, these challenges multiply in intensity (NS
Energy, 2019).

A subsea production system consists of a subsea completed well, subsea Christmas tree and wellhead
systems, subsea tie-in to flow line system, jumpers, umbilical and riser systems and subsea equipment to operate
the well. The single of clustered well can be connected through the flow line to a fixed platform, FPSO
(Floating Production storage and offloading) or onshore facilities. Due to the high pressures, potentially large
temperature gradient and the harsh environment in the deep waters, the subsea systems and equipment are
subjected to complex and critical load cases (oil and gas portal, 2015).

This work will be dealing with subsea risers, which is a system is essentially conductor pipes
connecting floaters on the surface and the wellheads at the seabed and consists essentially of two kinds of risers,
namely rigid risers and flexible risers.[21], with concentration on flexible riser.
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Figure 1: Flexible riser configurations [22]

Figure one shows the six major configuration of flexible riser and the lazy wave configuration is the
major concern of this work. lazy waves are susceptible to configuration changes if the internal fluid density
within the riser fluctuates over time [22] Various riser analysis tools are available for riser design, including:
ABAQUS, ANSYS, etc. for General-purpose finite element programs, Flexcom, Orcaflex, Riflex, etc. for
analysis, Shear7, VIVA, VIV ANA, CFD-based programs for Vortex-Induced Vibration (VIV) Analysis, and
HARRP, etc. for Coupled Motion Analysis Tools.[22]

While these tools are essential, the need to develop in-house codes arises to enhance the accuracy of
data analysis and provide independence in conducting different analyses. Developing an in-house code allows
for more tailored, flexible solutions that can better handle specific requirements, integrate unique datasets, and
ensure a deeper alignment with the needs of the project. This independence supports greater customization,
deeper insights, and the ability to innovate without being limited by external software capabilities.

Existing commercial tools for riser analysis, such as OrcaFlex, while powerful, often limit users from
performing customized or locally tailored analyses due to software restrictions. This results in a dependency on
external tools, limiting the ability to innovate and adapt analysis methods to meet specific local needs. There is a
growing need for in-house analysis tools that provide engineers with the freedom to perform critical
calculations—including tension, modal, bending, shear, and corrosion analysis—without the limitations
imposed by commercial software. This thesis addresses this gap by developing a decision support system via a
MATLAB-based graphical user interface (GUI), allowing for flexible, local analysis validated against industry
standards.

Recent studies have demonstrated significant advancements in the development of graphical user
interfaces (GUIs) in MATLAB for riser analysis. In a comprehensive work by Liu [5], the authors developed a
MATLAB-based GUI for modeling and visualizing dynamic responses of deep-water risers. This interface
simplifies user interactions, enabling non-expert users to efficiently set up simulations and analyze riser
behavior under various environmental conditions. The integration of real-time data inputs and visualization in
the tool is a notable achievement, facilitating faster decision-making in offshore operations.

Another significant contribution by Liu [5] focuses on a MATLAB GUI that incorporates both finite
element methods and modal analysis for flexible riser dynamics. The study emphasizes the tool's capacity to
handle complex riser configurations, including the calculation of stress, strain, and fatigue life across various
scenarios. This tool's validation was carried out through comparisons with OrcaFlex results, demonstrating a
high degree of accuracy in predicting riser performance under extreme conditions.

Furthermore, a GUI developed by Tian [18] focused on the fatigue and hydrodynamic analysis of
risers, using MATLAB's computational flexibility to allow users to visualize vortex-induced vibrations and their
impact on riser lifespan. The study’s implementation of user-friendly modules for post-processing and result
interpretation significantly enhanced its appeal for practical offshore engineering applications.

These papers collectively underscore the effectiveness of MATLAB GUIs in conducting detailed riser
analyses, providing accessible platforms for engineers to simulate and analyze complex offshore systems.
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II.MATERIAL AND METHODS
Model Overview
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Figure 2: Segmental division ofl'fhe riser from Hang Off Point (HOP) to Touch Down Point(TDP) (Trapper,
2020)

The structural analysis of the riser aims to determine its overall shape and configuration, specifically
assessing the distance between the touchdown point (TDP) where the riser contacts the seabed and the hang-off
point (HOP) where it is suspended. This analysis also involves evaluating the embedment depth into the seabed
and the internal forces acting on the riser, such as bending, shear, and tension. The riser consists of several
sections, beginning with the upper section (length L, ), which connects the HOP to the buoyancy section at point
BU, typically exhibiting a sag bend.

The buoyancy section (length L,) lies between points BU and BL, where buoyancy modules are
installed. These modules generate an upward force, resulting in an arch bend in this section. Their effects are
averaged over the section's length, represented as the equivalent submerged weight per unit length. Importantly,
the addition of buoyancy modules does not significantly affect the riser's flexibility [14]. The lower section
(length L;) connects the buoyancy section at BL to the seabed at TDP, while the touch-down section (length L,
) extends from the TDP to the as-laid limit (ALL). The total length of the riser is defined asL =L, + L, +

L+ Ly + Ly, where L, = L4 + L, represents the combined length of the touch-down and as-laid sections.

In this study, the touch-down section length L, is defined to ensure that the as-laid embedment occurs
naturally at the endpoint (ALL). Thus, the as-laid section L,; is excluded from the minimal length of the
suspended lazy wave riser (SLWR), noted as L,,;,, = L, + L, + L, + L4, though it may extend beyond this
minimum. The nature of the subsea unit connection at the riser's bottom end (e.g., well or flowline) may
influence this condition, resulting in prescribed vertical displacement that is not solely due to self-weight. While
these variations can be incorporated into the current model if necessary, their impact on the overall
configuration of the SLWR is deemed negligible, allowing this paper to focus exclusively on the outlined
conditions.
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Figure 3: The global coordinate system (Trapper, 2020)
2.1Mathematical Formulation for Riser Analysis

A comprehensive global analysis of the riser is performed to evaluate the overall load effects, focusing on its
static configuration and extreme responses, including displacement, curvature, force, and moment due to
environmental influences. The model is established in a global coordinate system (xy), with the origin located at
the top left corner of the domain (see Fig. 3). The x-axis extends towards the host vessel (rightward), while the
y-axis points downward toward the seabed. The elastic riser of length L is partially supported by the seabed,
characterized by a linear stiffness K, over a segment of length L, at a depth h,,, with the remaining section
suspended (Fig. 3).

The riser is subjected to several loads: a distributed submerged self-weight w, acting along its entire length, a
buoyancy load w, along the buoyancy section L,, and hydrodynamic forces f, and f,due to ocean currents
moving at velocity v,. Additionally, a horizontal tension point load P, at the hang-off point (HOP), controlled
by the host vessel, contributes to the overall load. The configuration of the riser is defined by 6(s), representing
its local orientation along the arclength s (ranging from 0 to L) measured from a fixed point (FP). The boundary
conditions for the configuration specify that at FP, the riser is constrained in the x-direction and prevented from
rotating but can move freely in the y-direction, while at HOP, it is restrained in the y-direction but free to rotate
and move in the x-direction.

The position of the riser is expressed in Cartesian coordinates x and yas follows:

X = fos cosO(s)ds’

1) |

y = — [, sinf(s)ds’

)

Equations (1) and (2) inherently satisfy the specified boundary conditions. By employing this coordinate system,
the formulation naturally incorporates the boundary conditions in a straightforward manner, avoiding the
complexity that would arise from using a different coordinate system, which might require additional methods
such as Lagrange multipliers [1].

2.2 Minimum Total Potential Energy Principle in Riser Analysis
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The principle of minimum total potential energy serves as a fundamental framework in solid and structural
mechanics, enabling the derivation of governing equations through the principle of virtual displacements. This
principle is central to classical variational methods, such as the Ritz method, commonly utilized in finite
element models. In this study, the equilibrium configuration of the riser is formulated directly from this
principle, which asserts that the stable equilibrium state corresponds to the geometric arrangement that
minimizes the total potential energy, accounting for the forces and constraints acting on the system [16]; [19].
This energy approach simplifies the derivation process compared to traditional methods that require force and
moment balance calculations on infinitesimal segments, ultimately producing similar results [20].

The total potential energy of the riser is composed of various components, including elastic strain energy and
potential energy from applied forces. The expression for total potential energy is given by:

Uotal = %fL Elk(s)?ds + fLS kse(s)* ds — [ wyy(s)ds — be wpy(s)ds — [ fix (s)ds —
Lfyysds — Poxl
@)

The first term represents the bending elastic energy, while the second accounts for the elastic energy due to
seabed deformation. The third and fourth terms address the potential energies associated with the riser’s
submerged self-weight and buoyancy modules, respectively, capturing the effects of distributed loads from
ocean currents [15]. The methodology incorporates hydrodynamic loads using Morison’s equations, which
facilitate accurate quantification of fluid forces acting on the riser, thus providing a comprehensive analysis of
its behavior under various loading conditions [8].

Once the angle 6 is determined from the minimization of potential energy, further calculations of bending
moments, shear forces, and tension along the riser can be executed using standard differential relationships,
enhancing our understanding of the structural responses under varying environmental loads. The relevant
equations for these calculations include:

M(s) = Elk(s)

4)

S(s) =- 4

)

Z—: = f.cos0(s) — (fy + w(s))sine(s)
(6)

where w, encompasses the generalized gravity load, thereby providing a comprehensive framework for the
analysis of riser stability and performance under operational conditions.

2.3 Finite Difference Discretization

In addressing the problem of riser dynamics, we employ the finite difference method, a straightforward
numerical technique, while acknowledging that alternative methods, such as the finite element method, are also
viable. The total potential energy of the riser, defined by Equation (6), is represented using discrete variables 6,
through a left Riemann sum:

Utotal =
N N+1 N+1

N+1
1 0;01—60;\2 1, i
As EEI(%) + ki — hy)? — wy; — E fix, —

1 i=1

i=1 i

[=1NV+1fyxi — PoxAV—-1  (7)

Here, N represents the number of subintervals, and As = % denotes the segment size. The seabed stiffness k!, at

node i is derived from the generalized equation, while the generalized gravity load at each node is defined as:
w; = w(s)As

(®)

The nodal hydrodynamic loads £ and f; are calculated using the inertia and drag coefficients:
fi = —f}sinb; + f} coso;

9)
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fi = fi cosb; + fj sin6;(10)

To ensure static equilibrium, we optimize the total energy with respect to the discrete variables 6;,0,,...,0y41
by solving:

Urotal 1 Onvr) o
26 =0 for i=2,. ,N+1
(11)

Substituting equations (4) and (5) into equation (11) yields a set of difference equations, leading to:

EI - ; )
(01 +20,— 6i41) + Xjoy —k¢p [(— 2R, As sinby ) — hy, |As cos6; —

J ; i j ; —
5\1:11“ —fi As sinf; — Yiq —(fy + wj)As cos® ; —Py(—Assind) = 0 for i=2,..,N+
1[19] (12)

This equation incorporates nodal forces and enables the calculation of riser configurations in static equilibrium,
effectively capturing the mechanical behavior of the system under various loading conditions.

2.4 Numerical Implementation

To solve for 6, we can use theapply the Levenberg-Marquardt algorithm [4]. We define the residual
equationf; (0) as:

fi(6 ) = %(—ei_1 +26; —0,11) +AscosB; X\ K™ DAs sing; + h,, KigAs cos 6; + F{Assin6; +
Fyi +Wikscosbi +Pols sindi (13)

Then start with an initial guess of 6;,. The Jacobian matrix J is computed, and it is composed of partial
derivatives of the residuals with respect to 6;

af;
]ij = a_g,- (14)

The residual vector is computed next,

f= 1H6)£06) ..., fv(8)] (15)
Note that element of the Jacobian matrix is the partial derivative of the residual with respect to each 6,

Compute the gradient and Hessian approximation as follows

g=J"f
(16)

H=]"]
(17)

Modify the Hessian for stability (damping) as follows:

H = H+ 2,
(18)

Where A is damping factor and I, is the identity matrix.
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Solve for the parameter update for A6

A0 = —(H)'g
(19)

Then, update parameters
enew = gold + A6 (20)

This is just one method that can be used in solving for the angle 8. Other methods such as the Marquardt's
Algorithm, Coleman nonlinear minimization, Coleman Newton’s reflective method, Dennis nonlinear least
square,[7].

Since 6(s) has been defined, it is now possible to evaluate bending moments, shear forces and tension using the
usual differential relations as given in equations (4), (5) and (6).

2.5 Beam Theory

The FEA method apply in this case is the Euler- Bernoulli’s beam with end load, this is suitable Since risers are
generally designed as slender, flexible structures. Generally, slender flexible designed structures are modeled as
Euler—Bernoulli beams [10]. The model of the flexible three-dimensional Euler—Bernoulli beam with an end-
load will be obtained by Hamilton’s principle as follows:

12 8[E(®) = By (©) +W(©)]de 1)

where Ey is the Kinetic energy, E,, is the potential energy, the virtual work is represented by W ,  represent the
calculus of variations, t; and t, are constants, t, > t;.

The kinetic energy Ej is expressed as
Eo= yml@) + @7 + )7 + 5o (@) +@)? +()ds (22)

where the first term represents the kinetic energy of the end-load, and the second term represents the kinetic
energy of the Euler—Bernoulli beam [10]

The system potential energy is as given in equation (6).
The virtual work done by both the system inputs and the disturbances is
W(t) = Uu (t)ul + Uv (t)vl + Uw (t)Wl + du (t)ul + dv(t)vl + dw (t)wl (23)

Where 1w, v represents transverse acceleration, and w represent longitudinal acceleration. u and v represent
transverse displacements and w is the longitudinal velocity. U, , U, , U, are boundary condition control input
forcesand d, ,d, ,d,, are corresponding boundary conditions input displacements.

2.6 Dynamic Response Solution

The dynamic behavior of the system can be described by the following equation of motion:
IMI{E(D)} + IC1H®Y + [Kopr [} = {F()} [17] (24)
Where

M| = the global mass matrix.

|C| = the global damping matrix.

|Kstr7 | = global stiffness matrix.
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|T| = the axial tension matrix

{u(t)} = the nodal displacement vector

{u(t)} = the nodal velocity vector.

{ii(t)} = the nodal acceleration vector.

{F(t)} = is the force vector, including the applied force P, (t)

Using the Newmark-beta explicit scheme, specifying the parameters § = 0andy = 1/2 used to ensure the use
of explicit method.

The Newmark-beta method computes the displacement {u(t + At)} and velocity {i(t + At)} at the next time
step using the following equations:

2
fu (t+ A0} = {u(O)} + At (D)} + - {i(6)} (25)
{fu @+ A0} = {u@®} + Acfi(t)} (26)
The acceleration at the next time step {ii(t + At)} is calculated using the equation of motion:
{ii(t + A0} = [M|™" + ({F (¢ + A0} = |CI{i(t + A} — [Kopigs | {ii(e + ADD(27)
Repeat the process for each time step. At each step, use the updated values of displacement {u (t + At)},
velocity {u (t + At)}, and acceleration {ii(t + At)} to advance the solution in time.

2.7 Environmental Loads

Hydrodynamic forces of riser can also be considered from the approach of velocity potential [2]. Velocity
potential can be applied to understand and predict the fluid flow around the riser, which significantly impacts
the hydrodynamic forces acting on it.

For deep waters the velocity potential is given as
o(x,y,t) = A”‘Tweszos(Kx — wt) (28)
Where:

A,, = is the wave amplitude

w =isthe angular frequency

k , =wave number

x = horizontal position

z  =isthe vertical position (positive upward)
t =time

Velocity Field
The velocity field components are derived from the velocity potential ¢

u=2. ,=2 Cow=2 (29)

ox’ dy ! oz

Calculating these:

X-component:

u= % = —A,w e*”sin(k,x — wt) (30)

y-component:

_ 9 _
v—ay—O (1)

z-component:

The axial velocity is assumed nonexistent. And then,
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¢
w=—= A, we
0z n

knz

cos(k, x —wt) (32)

Acceleration:
The acceleration components are obtained by differentiating the velocity components with respect to time:

= ?3_1; = — A, w?e*? cos(k,x — wt) (33)
W = ‘;—”t’ = —A,w?e"?sin(k,x — wt) (35)

Displacement:

The displacement components are obtained by integrating the velocity components with respect to time.
Assuming initial displacement at t=0 is zero:

& = [udt = —i—weknz cos(k,x — wt) (36)
¢ = fvdt =0
& = [wdt = ‘Z—Weknz sin (k,x — wt) (37)

2.7.1 Environmental Loads from Morrison's Equation

The hydrodynamic forces can be computed using Morrison's equation, which describes the force on a
submerged structure due to waves and currents. The total hydrodynamic force Fy on the riser can be expressed
as:

Fy = Fp + F; = 3 pCpAv? + pCyAt (38)
Where:

Fy = total hydrodynamic force

Fp, = drag force

F,= added mass force

p = fluid density

Cp = drag coefficient

C,= added mass coefficient

A= reference area of the riser

v=velocity of the fluid relative to the riser

1 = acceleration of the fluid

2.8 Eigenvalue Problem for Modal Analysis

In static structural analysis, modal analysis serves as a precursor to dynamic analysis by examining the inherent
vibrational characteristics of a system under static conditions. Although static analysis typically focuses on
loads that do not vary with time, understanding the natural frequencies and mode shapes is essential to prevent
resonant conditions, where static loads could amplify dynamic effects.

For modal analysis, assume a harmonic response {u(t)} = {¢ (¢t)}e’* , leading to :
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(|Kserr| +1T1 — w?IM[) = 0(39)
Neglecting axial tension, the equation reduces to
(|Kserr | — w?IM1) =0 (40)

Where:

Kips = the global stiffness matrix,

M = the global mass matrix,

o = the eigenvalue representing the square of the natural frequency,
¢ = the eigenvector representing the mode shape.

Rearranging equation (40),

|Kstiff lp = w?IM|¢p (41)
This is a generalized eigenvalue problem. We need to solve for the eigenvalues w? and the eigenvectors ¢.

For more than two dimensional considerations, Risat tool, which applies iterative solution, is used. Just to
illustrate in simple 2Dcase.

let's assume these matrices ,Ky;r and M , are given or have been computed from the system's physical
properties as follows :

2.9 Corrosion Analysis
Corrosion rates
The rate of corrosion (or current density) is determined by the potential difference between the anode and the

cathode and the resistance of the corrosion cell. The corrosion current is therefore:

I=1 (42

The resistance of the cell may be as a result of electrical resistance or electrode polarization. The greater the
resistance the lower the corrosion current and from Faraday’s law the lower the mass loss. A high resistance
within the corrosion cell is beneficial for control.

This resistance may result from one or more of the following factors:

* Resistance of the electrical connection between anode and cathode.

* Resistance of the electrolyte.

* High concentration of anode metal ions in solution.

* Reactant build-up at the cathode.

* Lack of reactants at the cathode.

The action of these resistances may be expressed in a polarization diagram. These diagrams plot potential
difference versus current (or log current).

In general, the electrochemical and chemical rates of reactions due to eitheranodic or cathodic over potentials
can be predicted using both Faraday’s equation as follows:

Rp = li—";" (Nestor, 2004) (43)

Where i = applied current density (A/cm?)

A,,;j = atomic weight of species j (g/mol)

z = oxidation state or valence number

f = Weight fraction of element

Now, dividing Faraday’s rate of reaction, Eq., by the metal density defines the corrosion rate (rate of metal
dissolution) as

R
Cro = - (44)
iAy icorr Aw
Cre = lsz = lZT(Nestor, 2004) (45)
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The above equation is used to estimate the external corrosion of the system.

For the internal corrosion is taken to be the combined function of diffusion and erosion of multiphase fluid in a
pipe wwhich is mathematically represented in mm/yr as the following:

C rm=Cs+C, (46)

C, = Corrosion by diffusion

C, = Corrosion by erosion

Corrosion by diffusion refers to a specific type of corrosion process where the degradation of a material occurs
primarily due to the movement (diffusion) of atoms or ions through a solid or liquid medium. This mechanism is
particularly relevant in situations where there is a concentration gradient that drives the movement of species,
such as metal ions, oxygen, or other reactants, which facilitates the corrosion process. The mathematical model
for this type of corrosion is the diffusion model as follows:

Cq =5 mp LfR.SCY3[12](47)

Where
L = length
¢ = the turbulent diffusion coefficient for petroleum known as the Davis relation is given as:
3
d
0.18 7—h
¢=== <—72 ) (48)
25dR, 8

h = Scale height
R, = Reynold’s Number , given by

vd
P
u
f = Friction factor, given by
0.33
f =000137[1 + (252 + 22 (49)
Sc = Schmidt number, given by
SC = il
Qp

Corrosion by erosion, also known as erosion-corrosion, is a degradation process that occurs when a material,
typically a metal, is subjected to both chemical attack and mechanical wear. This phenomenon combines the
effects of corrosion and erosion, leading to accelerated material loss compared to what would be observed if
each process occurred independently. The mathematical model for erosion related corrosion is as follow s:

¢ =2l (50
Where,

V = Velocity

pm = Fluid density

f= Friction factor

P = Fluid pressure

I11.RESULTS AND DISCUSSION

In the initial design phase of risers and pipes, selecting the right diameter and wall thickness is essential
to optimize costs. This process is influenced by factors such as the operating philosophy, which covers
transportation, pigging, corrosion management, and inspection, as well as well characteristics like pressure,
temperature, flow rate, and fluid properties. Structural considerations, including burst, collapse, buckling, and
installation challenges like vessel tensioning, must be accounted for, alongside construction factors such as
manufacturability, welding, and tolerances [22]. Additionally, deep-water design requires assessing metocean
conditions, vessel offsets, hydrodynamic loads, and soil interactions[15], while material selection focuses on
strength, fracture toughness, fatigue resistance, and compatibility with sweet or sour environments [3]. These
considerations guided the selection of parameters in Tables 1 and 2.

Table 1: Table of riser design data (Trapper,2020)
Parameters Symbols Values

Outer diameter of pipe (m) D, 0.2032
Pipe’s wall thickness (m) T 0.0191
Modulus of elasticity (N/m?) E 2.1*E11
Density of steel (kg/m?) P 7850
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Density of sea water (kg/m°) DPuw 1030
Coefficient of drag Cp 1.2
Inertia coefficient C, 0.024
Horizontal component of top tension (N) P 200 000
Acceleration due to gravity (m/s?) G 9.81
Water depth (m) D 2000
Upper section length (m) Ly 1800
Buoyancy length (m) L, 600
Uplift loading ratio T, = W, /W, 2
Seabed stiffness (per unit length of the pipe) (N/m?) Kops 4000
Current surface velocity (m/s) v 0
Finite difference subinterval size (m) a 4
Table 2 : Table of riser corrosion data [9][12]
Parameter Symbols Value
Applied current (amps) I . 101*E-6
Exposed area (m?) A, 1
Oxidation number z 2
Riser length  (m) Lo 2350
Faraday’s Number (C/mol) F 96485.34
Density of steel (kg/m®) P (07 q1) 7850
Pipe internal diameter (m) D; 0.165
Scale height (m) H 0.01
Dynamic viscosity (Pa.s) Vis 0.00905
Fluid internal velocity (m/s?) vy 4
Internal pressure (N/m?) Py 18400000
Density of internal fluid (crude oil) Poir (07 q5) 852.8

3.2 Static Results

These are results for static response, namely riser tension, Bending Moment and Shear force. Modal
analysis result are also included. The explanation of the trends as well as its implications give engineers the
requisite insight to deal with the various loads effect of the rider. The first graph is the riser Tension, the second
one is the Bending moment, the next is shear force and the last on this section is Modal analysis.

Figure 4: Graph of Tension Vs Riser Length
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_ Figure 5: Graph of Bending moment Vs Riser Length

Figure 6: Graph of Shear force Vs Riser Length
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Figure 7: Modal Analysis

3.2.1 Static Results Discussions

The static response of the riser was analyzed, focusing on riser tension, bending moment, shear force,
and modal analysis. These results provide crucial insights for engineers to manage various load effects on the
riser.As seen in figure 4,the tension decreases along the riser length, with the maximum tension at the top (0 m),
where the riser supports its full weight. As you move downward, tension steadily declines, reaching its lowest at
the bottom (3000 m) where no further weight is supported. From figure 5bending moment fluctuates
significantly near the top, indicating dynamic forces like currents or wave loads, but stabilizes after 500 m along
the riser. This stabilization suggests a more even distribution of forces further down, as the riser settles into a
stable shape. Figure 7depicts a sharp spike in shear force occurs near the top, driven by external forces and

tension. Beyond the peak at 500 m, shear force stabilizes, indicating minimal shear forces in the lower sections
of the riser.
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The modal analysis of the riser model reveals six natural vibration modes, with frequencies ranging from
extremely low values (2.9134e-09 Hz for Mode 1) to 0.0021181 Hz for Mode 6. Each mode indicates the riser's
dynamic response under external loading, with progressively more complex deformation patterns as the mode
number increases.

. Mode 1 and 2: These are nearly rigid-body motions, with minimal oscillation and deformation.
o Mode 3 to 6: Increasing frequency and deformation complexity, involving bending and twisting, with
localized regions of high deformation (yellow) as shown in the color-coded legend.

In conclusion, the static and modal analyses show the riser experiences decreasing tension and shear forces
along its length, while modal analysis reveals low-frequency oscillations with increasing deformation in higher
modes. This analysis is essential for understanding the dynamic behavior of the riser in an offshore
environment, informing engineers about potential fatigue risks and failure points over time.

3.3 Dynamic Results

The velocity potential approach provides a robust framework for analyzing the dynamic forces on risers
by detailing fluid velocities, accelerations, and displacements. This method is instrumental in designing risers
capable of withstanding the challenging conditions of deep-water environments. The following analysis details
the dynamic characteristics of the riser at the top, middle, and bottom sections concerning displacement,
velocity, and acceleration.

Figure 8 : Displacement Vs Time graph (Top)
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W_MF(i‘gure 8: Velocity vs Time (Top)

Figure 9: Acceleration vs Time (Top)
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3.3.1 Top Section Dynamics: The displacement graph for the top of the riser shows a notable trend over time.
Initially, from t=0 to approximately t=1s, the displacement starts near zero and experiences a sharp rise to a
positive peak, indicating a rapid outward motion. Following this initial spike, the system undergoes damped
oscillations between t=1s and t=6s, with peaks decreasing in magnitude over time. The largest peak occurs
around t=1.5s, and each subsequent peak diminishes, illustrating the loss of energy in the system due to
damping effects, such as friction or resistance. As time progresses, particularly from t=6s to t=10s, the
oscillations decrease further, approaching zero displacement and signaling a return to an equilibrium or rest
position. The velocity graph for the top section mirrors this trend, beginning at near-zero and rapidly increasing
to a positive peak around one second. After this point, the velocity oscillates between positive and negative
values, reflecting alternating upward and downward motions influenced by dynamic loading. By the end of the
observation period, the velocity stabilizes, approaching zero, suggesting that the top of the riser experiences
significant dynamic forces but ultimately moves toward equilibrium. The acceleration profile at the top reveals a
similar pattern, with an initial spike indicating a rapid change in motion due to external forces. This is followed
by large amplitude oscillations, reflecting the riser's dynamic interaction with its environment. Over time, the
amplitude of these oscillations diminishes, indicating that the riser is dissipating energy and stabilizing.

Figure 10: Displacement Vs Time (Mid-point)
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Figure 11: velocity vs Time (Middle)

Figure 12: Acceleration vs Time (Middle)
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3.3.2 Middle Section Dynamics: In contrast, the middle section of the riser exhibits a different dynamic
behavior. The displacement graph indicates that the system begins slightly below zero, showcasing an initial
inward motion that dips to a negative peak at around one second. Following this initial dip, the displacement
shows a more controlled oscillatory behavior, less pronounced than that of the top section. By around t=5s, the
displacement starts to rise steadily, suggesting that the middle of the riser stabilizes into a consistent outward
motion with minimal oscillation. This behavior indicates that the effects of external forces are less significant at
this point in the riser, leading to a more stable overall motion. The velocity profile reflects a sharp initial peak
followed by damped oscillations, gradually smoothing out to a near-constant value by t=10s. This trend
reinforces the idea that the middle section of the riser experiences less oscillatory motion compared to the top,
emphasizing its role in maintaining stability under dynamic conditions. The acceleration graph for the middle
section shows an initial peak followed by decreasing oscillations, indicating a damped response typical of
dynamic systems. As time progresses, the oscillations decay towards zero acceleration, which is consistent with
the behavior expected from a system subjected to damping forces.

Figure 13: Displacement vs Time (Bottom)
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Figure 14: velocity vs Time (Bottom)

Figure 15: Acceleration vs Time (Bottom)
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3.3.3 Bottom Section Dynamics: The bottom section of the riser displays unique characteristics distinct from

the top and middle sections. The displacement graph reveals an initial sharp peak, indicative of a sudden force
or excitation impacting the riser. This is followed by oscillatory behavior that diminishes over time, reflecting
the natural response of the riser to dynamic loading. The final state of the graph suggests that the riser settles
into a tension-dominated state after experiencing dynamic excitation, approaching a constant displacement. In
terms of velocity, the bottom section also shows a rapid initial response with significant peaks and subsequent
damped oscillations, reflecting the pronounced influence of external forces acting at this location. By the end of
the observation period, the velocity stabilizes, suggesting that the motion of the riser near the wellhead is
approaching equilibrium. The acceleration profile for the bottom section is marked by a significant negative
spike followed by a positive peak, illustrating the strong forces acting on the riser at its base. This section
experiences sharper and more aggressive oscillations compared to the middle segment, likely due to proximity
to the seabed, where higher reaction forces and damping effects occur. Overall, the analysis of displacement,
velocity, and acceleration across the riser’s sections demonstrates the complex dynamic interactions experienced
by the riser under varying conditions, providing critical insights for future design and operational considerations
in deep-water environments.

3.4 Corrosion results

Figure 16: Corrosion rate with respect to velocity and with respect to pressure

3.4.1 Corrosion Analysis of the Riser
The corrosion analysis focuses on external and internal mechanisms, primarily driven by electrochemical
reactions, flow velocity, and pressure.

External Corrosion: Influenced by electrochemical reactions modeled by Faraday’s Law, external corrosion is
a critical factor in long-term riser degradation. The rate of corrosion is influenced by environmental factors,
which affect the riser's surface through anodic and cathodic reactions .

Internal Corrosion: The analysis identifies two main factors: diffusion and erosion. Erosion corrosion, driven
by high fluid velocity and pressure, accelerates the degradation of the riser’s internal material. In high-velocity
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flow environments, the combined effects of mechanical wear and chemical attack cause material loss. The
influence of velocity and pressure is analyzed through two graphs that emphasize their significant impact.
Velocity vs. Corrosion Rate: The graph demonstrates a non-linear, exponential relationship between fluid
velocity and corrosion rate. As velocity increases, particularly beyond 6 m/s, the corrosion rate rises sharply,
indicating that small increases in flow velocity can result in disproportionately large corrosion rates. This
suggests that managing fluid velocity is essential to mitigate internal corrosion in the riser .

Pressure vs. Corrosion Rate: Similarly, the pressure graph reveals an exponential growth in corrosion rate
with increasing pressure. The rise in corrosion is particularly evident in the range of 1 x 107 Pato 2 x 107 Pa,
where corrosion rates steeply increase. This underscores the importance of pressure control in minimizing
internal corrosion, particularly in high-pressure riser environments such as deepwater systems

Both internal and external corrosion mechanisms emphasize the critical need for corrosion control strategies in
the design and operation of risers, especially in high-pressure, high-velocity environments common in subsea
pipelines.

35Resultvalidation

Figure 17: Riser validation

3.5.1 Result Validation

The validation of the structural dynamics of a Lazy Wave Riser was conducted by comparing
simulation results from the MATLAB-based tool "RiSat" with the established software OrcaFlex. Both tools
exhibit a consistent downward trend in tension profiles along the riser’s arc length, reflecting the expected
behavior as effective tension decreases from the top toward the seabed due to the effects of weight and
hydrostatic forces. Importantly, both models accurately capture the transition from tensile to compressive forces
around the mid-length of the riser, confirming their validity in simulating riser dynamics.

Despite the overall agreement, some discrepancies were observed. In the initial section (0-500 m),
OrcaFlex predicted slightly higher initial tensions, likely due to differences in buoyancy treatment. The middle
section (1000-2000 m) showed a divergence, with OrcaFlex consistently reporting higher tensions, which may
be influenced by varying material properties and loading conditions. However, both models converged again in
the lower section (2500-3000 m), indicating consistency in modeling the transition to compressive forces at the
seabed. This validation reinforces the reliability of RiSat for further subsea engineering analyses.
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IV.DISCUSSION AND CONCLUSION

This study presents a comprehensive analysis of the static and dynamic behavior of a Lazy Wave Riser
using the MATLAB-based tool "RiSat." The static analysis revealed critical trends in tension, bending moment,
and shear force along the riser, highlighting the importance of understanding these parameters in managing
offshore riser systems. The tension profile exhibited a decrease from the top to the bottom of the riser, reflecting
the effects of weight and hydrostatic forces, while bending moments stabilized beyond a certain depth,
indicating a more uniform force distribution.The modal analysis identified six natural vibration modes,
illustrating the dynamic response of the riser to external loading. Notably, low-frequency oscillations with
increasingly complex deformation patterns were observed, emphasizing the potential for fatigue risks and the
importance of dynamic design considerations in offshore applications.

Dynamic analysis at different riser sections revealed significant variations in displacement, velocity,
and acceleration, underscoring the complex interactions experienced by the riser under varying conditions. The
top section demonstrated pronounced oscillatory behavior, while the middle section exhibited more stable
dynamics, suggesting differing influences of external forces along the riser length. The bottom section showed
rapid initial responses and higher oscillations, reflecting the significant impact of seabed interactions.

Furthermore, the corrosion analysis indicated critical insights into both internal and external
mechanisms affecting the riser's integrity. The correlation between flow velocity, pressure, and corrosion rates
highlights the necessity for robust corrosion control strategies, particularly in high-pressure and high-velocity
environments typical of subsea pipelines.The validation of the RiSat tool against OrcaFlex confirms the
reliability of the simulation results, with both models exhibiting consistent tension profiles along the riser.
Discrepancies noted in certain sections underscore the complexity of modeling riser dynamics, necessitating
further refinement of computational approaches.

In conclusion, this research contributes valuable insights into the structural dynamics of Lazy Wave
Risers, offering essential information for engineers and designers in the subsea industry. Future studies should
focus on refining modeling techniques and exploring advanced materials and coatings to mitigate corrosion
risks, ultimately enhancing the performance and longevity of offshore riser systems.
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