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Abstract

Structures operating in the marine environment are subject to large steady and unsteady
forces, typically at high Reynolds number. Given the current limitations on CFD at high
Reynolds number, and the high expense to conduct experiments at relevant scales, design
is constrained by the limited available data, incomplete knowledge of the principal physi-
cal mechanisms, and restricted parametric searches, ML offers opportunities to overcome
these limitations.

In this thesis we demonstrate we apply ML methods to three engineering problems of
high importance to theory and applications:

1. Optimizing Vortex Generators to Reduce Ship Form Drag: In the quest for reducing
ship emissions, it is imperative that the fluid mechanics of ship resistance be explored
for improving propulsive efficiency. Form drag is a significant part of the resistance
of high block coefficient ships and remains a last frontier for hull ship optimization.
We explore the optimization of vortex generators (VG) as a powerful tool for reducing
flow separation.

2. Mapping the Properties of Fluid Forces in Vortex Induced Vibrations of SCR Risers:
Vortices form in the wake of bluff bodies as a result of flow instabilities that are hard
to study parametrically, especially for complex structures such as steel catenary risers
(SCR). The resulting vibrations are of theoretical and practical importance. By using
experimental and field data we can extract hydrodynamic databases the incorporate
known physics, fill the parametric space, and provide new knowledge. By focusing
on the SCR vibratiosn,w we demonstrate that we not only extract physics, but can
provide accurate predictions as well.

3. Causal Learning of Large Amplitude Ship Motions with Emphasis on Parametric
Rolling: Predicting ship motions in severe sea states is complex due to the nonlinear
wave-body interactions involved. This section introduces a simulation approach uti-
lizing neural networks trained on stochastic wave elevations from multiple sea states.
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The trained networks can predict core vessel motions, including the challenging phe-
nomenon of parametric rolling. Once trained using detailed CFD simulations, these
networks provide swift and efficient vessel dynamics predictions. The research also
explores the statistics of non-linear motions, aiming for consistent and accurate pre-
dictions across different wave conditions. This methodology, influenced by the uni-
versal approximation theorem for functionals, represents a significant advancement
in addressing engineering challenges.

In summary, these studies emphasize the role of ML a instrumental tool in advancing
marine systems, driving them toward increased efficiency and adaptability.

Thesis Supervisor: Michael Triantafyllou Ph.D.
Title: Henry L. and Grace Doherty Professor in Ocean Science and Engineering; Professor
of Mechanical and Ocean Engineering; Director, MIT Sea Grant
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Chapter 1

Introduction

1.1 A Brief Overview of Scientific Machine Learning

1.1.1 Definition and Distinction

Scientific Machine Learning (SciML) represents a paradigm shift in computational science,

merging traditional machine learning (ML) techniques with the rich domain knowledge

of physical laws and scientific principles. Unlike conventional ML approaches that pre-

dominantly rely on large datasets for model training, SciML emphasizes the integration

of physical laws to guide the learning process, particularly beneficial in scenarios charac-

terized by sparse or complex data.

At the heart of SciML’s divergence from mainstream ML is its focus on incorporat-

ing domain-specific knowledge directly into the model architecture. This approach is

exemplified by Physics-Informed Neural Networks (PINNs) [216], which embed physical

constraints (e.g., conservation laws) into the training process, enhancing the model’s abil-

ity to generalize from limited data while ensuring physically plausible outcomes. Such

integration not only improves the accuracy and interpretability of the models but also

significantly reduces the dependency on extensive data collections, a common bottleneck

in traditional ML applications.

Furthermore, SciML introduces innovative frameworks for modeling complex systems,

as demonstrated by Deep Operator Networks (DeepONets, [156]). These networks learn

mappings between function spaces, enabling the prediction of complex, nonlinear oper-
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ators with applications ranging from fluid dynamics to material science. This ability to

handle high-dimensional, nonlinear systems with fewer assumptions about the underlying

phenomena marks a significant advancement over conventional approaches.

By leveraging scientific principles, SciML models achieve a balance between compu-

tational efficiency and predictive accuracy, making them particularly suited for solving

intricate scientific problems where data may be limited or expensive to obtain. The

flexibility and generalizability of SciML techniques, such as DeepONets, highlight their

potential to transcend disciplinary boundaries, offering powerful tools for tackling a wide

array of challenges in science and engineering.

Incorporating real-world applications and outcomes, such as the prediction of vortex-

induced vibrations in marine structures or the modeling of climate change impacts, further

illustrates the practical significance and transformative potential of SciML. Through its

unique blend of machine learning and domain-specific knowledge, SciML is well prepared

to revolutionize our approach to scientific discovery and technological innovation, provid-

ing insights and solutions that were previously beyond reach.

1.1.2 Importance of Data and Computational Resources

In the realm of scientific machine learning (SciML), the relationship of data availability

against computational resources emerges as a critical consideration, particularly when con-

trasted with the development of large language models (LLMs) like GPT-based systems.

LLMs capitalize on the vast expanse of online data, equivalent to millennia of human cog-

nitive processing, coupled with relatively modest computational demands. This abundant

data reservoir empowers LLMs to execute complex tasks by essentially mining the web

for information, a feat less computationally intensive than often perceived.

However, transitioning to the domain of scientific challenges, such as complex fluid

dynamics, reveals a stark contrast. Many scenarios of interest in this field are uncharted,

lacking prior analysis. The pursuit of insights into these scenarios necessitates costly time

consuming experiments or numerical models that demand substantial computational re-

sources, akin to piecing together a 20-million-word puzzle for a coherent understanding.

This analogy highlights the intricate balance between data scarcity and the high compu-
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tational cost required for generating and processing scientific data effectively.

Figure 1-1: Obtaining more datapoints can be orders of magnitude more cost depending
on the learning problem. For qualitative analysis, consider the vertical axis a log scale.

In fig. 1-1 a graphical representation of this balance is provided, illustrating the com-

putational power required to generate data across different scientific domains. This graph

serves as a compelling visual aid, emphasizing the exponential increase in computational

resources needed as the complexity of the problem escalates.

Such insights emphasize the critical need for efficient SciML approaches that can

navigate the delicate interplay between available data and computational constraints.

By integrating physical laws and leveraging domain-specific knowledge, SciML aims to

optimize this balance, enabling the advancement of scientific discovery even in areas where

data is sparse or computational resources are limited.
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1.2 Challenges in Scientific Machine Learning

1.2.1 Scenarios in Physics Learning with ML

The landscape of scientific machine learning (SciML) presents a spectrum of scenarios

dictated by the availability of data, each necessitating a distinct approach to integrate

physics with machine learning. This spectrum can be broadly categorized into three sce-

narios, illustrating the varying degrees of reliance on physics knowledge and data analysis

techniques.

Small Data Medium Data Big Data

Small PhysicsMedium PhysicsBig Physics

3

Small Data Medium Data Big Data

Small PhysicsMedium PhysicsBig Physics

2

Small Data Medium Data Big Data

Small PhysicsMedium PhysicsBig Physics

1

Figure 1-2: The relationship between available data and analytical knowledge on a given
problem will determine the most effective way of exploring solutions to it.

Scenario 1: Seas of Data – Minimal Reliance on Physics In the first scenario,

researchers find themselves with an abundance of data that covers virtually every conceiv-

50



able situation relevant to their domain of inquiry. This ”seas of data” scenario represents

an idealized condition where the sheer volume of data can compensate for gaps in explicit

physics understanding. Under these circumstances, conventional big data analysis tech-

niques take precedence, leveraging statistical patterns and correlations within the data

to derive insights. The underlying assumption is that the data itself contains enough

information to model the phenomena of interest accurately, thereby minimizing the need

for injecting explicit physical laws or principles into the learning algorithms.

Scenario 2: Abundant but Incomplete Data – Inductive Biases Based on

Physics The second scenario emerges when the available data, while plentiful and in-

formative, falls short of covering the entire spectrum of possible situations. This scenario

is characterized by ”good and abundant data” that nonetheless leaves uncharted terri-

tories within the problem space. Here, the role of physics becomes more pronounced,

necessitating the introduction of inductive biases to bridge the gaps. Inductive biases,

informed by the underlying physical laws, help in extrapolating beyond the directly ob-

served data, enabling the model to make informed predictions about unobserved scenarios.

The integration of these physics-based biases allows for a more nuanced understanding

and characterization of the entire space, enhancing the model’s generalizability and ro-

bustness.

Scenario 3: Sparse Data – Heavy Reliance on Physics The third and most chal-

lenging scenario occurs when data is scarce or barely sufficient to cover the domain of

interest. This ”sparse data” scenario demands a profound understanding of physics to

inform the learning process. Researchers must rely heavily on theoretical knowledge and

physical principles to guide the design and implementation of their models. In such cases,

the model’s ability to make accurate predictions hinges on incorporating sophisticated rep-

resentations of the underlying physics, compensating for the lack of empirical data. This

approach often involves leveraging physics-informed neural networks (PINNs) or other

methodologies that explicitly encode physical laws into the learning process, enabling the

model to extrapolate from minimal data by adhering to known physical behaviors.
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These scenarios encapsulate the adaptive nature of SciML, highlighting how the inter-

play between data availability and physics knowledge shapes the approach to learning and

prediction. As we traverse from seas of data to sparse data landscapes, the reliance shifts

from purely data-driven methods to increasingly physics-informed strategies, highlighting

the versatility and potential of SciML to tackle a broad spectrum of scientific challenges.

1.3 Tools and Techniques in Scientific ML

1.3.1 Overview of Scientific ML Tools

The realm of Scientific Machine Learning (SciML) is characterized by its diverse toolkit,

designed to address the wide range of complex challenges of integrating physical laws with

machine learning techniques. At its core, SciML is about leveraging the right tools for

specific scientific inquiries and, for now, there is no silver bullet in this interdisciplinary

field.

Among these tools, Physics-Informed Neural Networks (PINNs) stand out for em-

bedding physical laws into neural network architectures, ensuring predictions are both

data-driven and physically plausible. Deep Operator Networks (DeepONets) take a differ-

ent approach, focusing on learning mappings between function spaces to predict complex

physical phenomena accurately. Gaussian Processes (GPs) offer a probabilistic perspec-

tive, providing not just predictions but also crucial estimates of uncertainty, which is

invaluable in scenarios where data is noisy or sparse.

Moreover, the domain utilizes machine learning models like recurrent neural networks

(RNNs) and Long Short-Term Memory (LSTM) networks for capturing temporal dynam-

ics, making them ideal for modeling time-evolving systems such as fluid dynamics. Hybrid

models represent a synthesis of traditional numerical simulations and machine learning,

combining the interpretability and reliability of physics-based models with the efficiency

and adaptability of ML techniques. This blend not only achieves high accuracy but also

significantly reduces computational demands.

In summary, SciML’s toolkit is vast and varied, offering specialized approaches for

different scientific challenges. This variety emphasizes the adaptability of SciML to various
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domains, from predicting complex fluid dynamics to uncovering unknown physical laws,

showcasing its potential to transform scientific research and discovery.

1.3.2 Physics-Informed Neural Networks (PINNs)

Figure 1-3: Examples of simulations with SimNet. Above, flow over an FPGA heat sink
using mass conservation schemes to improve flow field prediction. Below, flow over a step
using 𝑘 − 𝜔 turbulence model.

Physics-Informed Neural Networks (PINNs) (fig. 1-3) along with evolutions such as

Variational Physics-Informed Neural Networks (VPINNs) have (fig. 1-4) emerged as pow-

erful frameworks in Scientific Machine Learning (SciML), each embedding physical laws

into deep learning models to enhance prediction accuracy and reduce data dependency.

While both approaches aim to integrate domain-specific knowledge, they differ signifi-
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Figure 1-4: Top to Bottom: OpenFoam and hp-VPINNs.

cantly in their methodology and application.

Methodological Differences PINNs incorporate physical laws through differential

equations directly into the loss function, which is a blend of data fidelity and physics

compliance. The generic loss function for PINNs is given by:

ℒPINN = ℒdata + 𝜆ℒphysics, (1.1)

where ℒdata measures prediction errors against observational data, ℒphysics ensures

adherence to physical laws, and 𝜆 is a balance parameter.

Conversely, VPINNs adopt a variational approach, minimizing a loss function derived

from the variational principle of the governing equations. This results in an integral-based
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formulation:

ℒV PINN =

∫︁

Ω

(ℱ(u,∇u, . . .))2 𝑑Ω, (1.2)

where ℱ denotes the variational formulation, u represents the solution field, and Ω is

the domain of interest.

Choices Between Methods The choice between PINNs and VPINNs hinges on prob-

lem specifics, with VPINNs offering enhanced stability and accuracy in scenarios where

the variational principle naturally complements the physical problem. These differences

highlight the adaptability of SciML tools in addressing diverse scientific challenges.

The delineation between PINNs and VPINNs highlights the evolution of SciML in em-

bedding physical knowledge within neural networks. By selecting the appropriate frame-

work based on problem characteristics, researchers can achieve significant advancements

in understanding and solving complex scientific problems.

1.3.3 Learning Functionals and Advanced Techniques

Functionals and operators represent foundational concepts in the realm of scientific ma-

chine learning, enabling higher layers of abstraction in the modeling and prediction of

complex systems. Functionals, in essence, are mappings from a space of functions to the

real numbers, offering a framework for understanding how entire functions can influence

outcomes. Operators extend this notion by facilitating transformations between func-

tions, serving as critical tools for describing physical phenomena, such as the evolution of

fluid dynamics.

The transition towards learning functionals [54] and operators marks a significant shift

in computational modeling, addressing the limitations of classical numerical simulations.

Traditional approaches, which often rely on discretization and approximation techniques,

can struggle with the high-dimensional and nonlinear nature of many scientific problems.

Learning functionals and operators through neural networks, however, provides a path-

way to directly approximate these mathematical constructs without the need for explicit

discretization, enabling more efficient and accurate predictions of complex systems.
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Figure 1-5: Schematic of learning functional priors and posteriors from data and physics.
The “PI” part is based on either physics-informed neural networks with automatic dif-
ferentiation or operator approximation in the form of DeepONet. 𝑃 (m𝜉) is the prior
distribution for input noise m𝜉, i.e., 𝒩 (0,m𝐼), 𝑃 (m𝜉|𝒟) represents the posterior distri-
bution of m𝜉, where 𝒟 is new data.

Recent advancements in deep learning have ushered in innovative methodologies for

learning functionals and operators. Deep Operator Networks (DeepONet), [156] as one

example, propose a framework for learning mappings between function spaces, effectively

predicting the outcome of complex operators applied to unseen functions. This capability

is paramount in scenarios where the underlying physics are known, but analytical solutions

are intractable or computationally prohibitive.

Similarly, the concept of functional priors [168] introduces a novel perspective on in-

corporating domain knowledge into the learning process (fig. 1-6). By embedding physical

laws or empirical observations as priors within the neural network architecture, researchers

can guide the learning process, ensuring that the models adhere to fundamental principles

and improving generalization to unseen data.

The implications of being able to learn functionals and operators extend across numer-
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Figure 1-6:
Predicted displace-
ments in a window,
using the learned
functional prior. (a)
The ground truth
of the dimensionless
displacement in a
time window. (b-d)
The corresponding
prediction (mean of
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of the prediction,
and the uncertainty
(2 standard devia-
tions of posterior),
with 6 sensors.

ous domains of science and engineering. From predicting the behavior of fluid flows under

varying conditions to understanding the impact of material properties on structural dy-

namics, these approaches open new avenues for discovery and innovation. Moreover, they

hold the promise of revolutionizing the way we approach simulation and modeling, moving

towards a paradigm where data-driven insights and physical understanding coalesce.

1.4 Application to Marine Hydrodynamics and Be-

yond

1.4.1 Marine Hydrodynamics Challenges

The fusion of Scientific Machine Learning (SciML) with marine hydrodynamics heralds

a transformative potential for navigating through the complex, dynamic, and uncertain

seas that define marine systems. This endeavor sails through the turbulent flows of high

Reynolds numbers, ventures into the unpredictable storms of weather conditions, and

confronts the critical mission applications demanding unwavering reliability and sustain-

ability. While the journey is fraught with formidable challenges, it is precisely these

challenges that sow the seeds for groundbreaking advancements, potentially redefining
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our engagement with the marine environment.

At the forefront of these challenges is the intricate maze of complex fluid dynam-

ics, distinguished by high Reynolds numbers. Traditional computational fluid dynamics

(CFD) methods face a Herculean task in capturing the chaotic dance of turbulent flows,

often constrained by computational limits and the need for simplification. Yet, SciML

emerges as a beacon of hope, offering a route to transcend these barriers by efficiently

encapsulating knowledge and leveraging data-driven insights. The potential to harness

deep learning for illuminating the nuances of fluid dynamics represents a significant leap

towards models that adeptly handle the vast spectrum of marine conditions, enabling

real-time decision-making capabilities by anti-amortization of the information they have

seen during their training processes.

Navigating the unpredictable seas of marine environments, with their uncertain weather

patterns and long-term forces, presents a monumental challenge to modeling and simu-

lation efforts. The sea’s capricious nature demands models capable of anticipating and

predicting rare but catastrophic events. This challenge opens doors to refine SciML ap-

proaches, utilizing models adept at processing sequential data to enhance our understand-

ing and prediction of environmental impacts. A concerted effort in data collection and the

adoption of algorithms designed for uncertainty quantification could dramatically improve

prediction accuracy, serving as a guiding light through the fog of uncertainty.

The imperative for effective and reliable mission-critical applications and environmen-

tal stewardship casts a significant challenge over the advancement of marine systems. The

marine industry, critical to global trade and a significant contributor to 𝐶𝑂2 emissions,

faces an urgent need for efficiency, reliability, and sustainability. SciML holds the promise

of driving innovations that could lead to more sustainable and adaptable marine systems.

However, realizing this promise necessitates not only technological advancements in ma-

chine learning and computational resources but also a deep integration of domain-specific

knowledge into the SciML framework. The vision of hybrid models, blending the preci-

sion of physics-based simulations with the adaptability of machine learning, emerges as a

solution that aligns accuracy with environmental considerations.

The ultimate goal of integrating SciML in marine hydrodynamics is an advanced level
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Figure 1-7: Mean Wave Power annual change from 1985 to 2008, [222]. Global wave
power has been on the rise since 1948, increasing by as much as 2.5% annually in certain
regions, leading to greater uncertainties in ocean operations.

of understanding and predictive capability, facilitating proactive and informed decision-

making in complex scenarios. Addressing challenges such as boundary layer control prob-

lems through SciML is an example of this goal, highlighting the potential to unlock insights

into fluid behaviors far beyond the capabilities of traditional methods. This approach,

however, is contingent upon overcoming the integration challenges of seamlessly blending

machine learning with existing simulation frameworks, a task both daunting and critical.

In conclusion, the path to integrating SciML into marine hydrodynamics is strewn with
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challenges as deep and vast as the oceans themselves. Yet, the promise of deep learning,

enhanced data strategies, and the amalgamation of domain expertise illuminates a way

forward. This path leads to a new horizon where marine systems are not only more

efficient and reliable but also capable of gracefully navigating the uncertain and changing

waters of our planet.

1.4.2 Interdisciplinary Relevance of Boundary Layer Control

The interdisciplinary relevance of research into incompressible flows, especially at high

Reynolds numbers, serves as a bridge between a long number of scientific fields of study.

Prominent amongst these are marine and aerospace engineering. This shared focus not

only highlights common challenges and complexities but also points to the universal im-

pact and application of fluid dynamics research. Central to both disciplines is the study

of boundary layer control, where techniques and insights from one field can significantly

inform and enhance the other.

In aerospace engineering, controlling the boundary layer and using vortex generators

are crucial for maintaining aerodynamic wing performance. The main challenge is to

prevent loss of lift, which can occur due to flow separation under certain conditions. High

Reynolds number flows in aerospace typically reflect the operational environments of

aircraft at cruising speeds, where managing the boundary layer is essential for improving

lift and, secondly, reducing drag, thereby boosting flight efficiency and safety.

Marine engineering faces a parallel challenge, though with a focus on minimizing

pressure drag on hydrodynamic bodies like ship hulls and underwater vehicles. In these

applications, even though reducing pressure drag is the goal, frictional forces still make

up the largest drag component. This reality highlights the importance of designing vortex

generators that introduce minimal parasitic drag to achieve a net reduction in total drag.

Effective boundary layer control in marine contexts, therefore, requires a delicate balance,

underscoring the need for vortex generators that are efficient yet minimally intrusive.

Although the end goals differ—preventing lift loss in aerodynamics versus minimiz-

ing pressure drag in hydrodynamics—the foundational fluid dynamics principles remain

consistent across both domains. This cross-disciplinary connection emphasizes the im-
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portance of understanding high Reynolds number flows and boundary layer control tech-

niques. Innovations in one field can offer valuable methodologies for the other, encouraging

a beneficial exchange of knowledge that advances both areas.

The work presented in this Thesis on boundary layer control has a broader significance

that extends beyond linking marine and aerospace engineering; it enhances our overall

understanding of fluid behaviors across various applications. By exploring boundary layer

control’s impact on different engineering challenges, the research sheds light on fluid dy-

namics’ fundamental role in designing more efficient and effective systems. It showcases

how targeted knowledge in one specialty area can lead to significant advancements across

multiple fields, driven by the shared principles of fluid dynamics.
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Chapter 2

Inferring Functionals in Vessel

Dynamics in Extreme Sea States

With Machine Learning

Dynamical systems play a crucial role in fields like engineering and physics. Their theo-

retical and computational characterization is often a complex task. This chapter focuses

on inferring functionals that characterize the dynamics of vessels in response to their

interaction with the marine environment, notably stochastic marine waves (see fig. 2-17).

The last few years have seen increased research into the efficient combination of ma-

chine learning techniques to unravel complex physics. Notable among such techniques are

Gaussian Processes, which efficiently handle multiple information streams to create surro-

gate models of parametric systems interacting with complex physics. Their combination

with neural networks, however, has been successful only recently, as seen in [167].

A rise in the application of deep learning techniques in fluid dynamics has been evident

recently, with [149] standing as a notable example. However, the method introduced here

is unique in its use of deterministic system characterization and stochastic forcing terms

introduced by marine waves. Essentially, the approach presented learns a non-linear

mapping to reconstruct dynamics from stochastic marine wave realizations in a data-

driven manner.

Other research attempts at data-driven reconstruction of dynamical systems exist.
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For example, [295] and [213] deal with noisy dynamical systems and aircraft dynamics

identification, respectively. These systems are arguably simpler as they don’t require

complex spatial discretization.

One significant question not addressed in this chapter is the system’s stability over

the entire state space. Knowing this could enhance the learning of dynamical systems, as

shown in [127]. This chapter does not venture into that territory, due to the computational

burden of the process. The current research partially addresses this issue by studying the

statistics of linear potential models, which do not consider non-linear phenomena, which

we resolve here.

2.1 Navigation and its Centric Role in the Develop-

ment of Human Society

Initially, navigation was predominantly coastal, with vessels covering short distances,

either by rowing or using sails, limited to periods when sea conditions were anticipated to

be good. However, unforeseen storms would sometimes surprise these mariners, resulting

in a significant number of references to both actual and fictional shipwrecks caused by

severe weather in historical records [33].

Navigation has been a critical element in human history, facilitating exploration, trade,

cultural exchange, and conquest. For instance, the tales of Ulysses (Odysseus) in Homer’s

epic, The Odyssey, highlight the significance of navigation in the ancient world [179].

Ulysses’ complex journey back to Ithaca after the Trojan War not only serve as an example

of the perilous nature of seafaring but also underlines the vital role of navigation in

connecting distant lands and civilizations.

In subsequent history, the epoch-making voyage of Ferdinand Magellan stands as a

testament to the evolving sophistication and importance of navigation [265]. Magellan’s

expedition in the 16th century marked the first circumnavigation of the earth, demon-

strating the extent to which improved navigational techniques and understanding could

expand horizons and reshape our perception of the world [205]. Despite the perils and

challenges, the success of this voyage ushered in an era of global exploration and connec-
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tivity, largely driven by advances in navigation.

In essence, the history of navigation is not merely a tale of developing technology

or increasing knowledge of the world’s waterways. It is an integral part of our shared

human story, intertwining with our deepest desires for exploration, understanding, and

connection [227].

The significance of navigation continues to be paramount in our current age, just

as it was during the times of Ulysses and Magellan. While the means and methods

have evolved due to technological advancements, navigation remains at the core of many

sectors, primarily maritime trade, national defense, and scientific research [27].

Global commerce is heavily reliant on maritime trade, where sophisticated naviga-

tion ensures the efficient and safe transport of goods across the world’s oceans [262, 95].

Accurate and reliable navigation is also of utmost importance in the realm of national de-

fense [270]. Naval operations, whether for patrolling, humanitarian assistance, or conflict

situations, require precision in navigation to guarantee effectiveness and safety.

Meanwhile, scientific research, especially in areas such as climate studies, marine bi-

ology, and oceanography, depends on precise navigation to reach remote and often un-

explored regions of our oceans [206]. Exploratory missions, data collection expeditions,

and environmental monitoring activities all hinge on the ability to accurately navigate

the vast and often challenging marine environments.

Seakeeping techniques are crucial in the design of vessels intended for challenging

navigations, significantly contributing to their safety, efficiency, and overall performance

[66, 160]. A ship’s seakeeping abilities determine how well it can withstand and perform

in adverse sea conditions. For instance, the design must consider factors such as ship sta-

bility, resistance to capsizing, wave resistance, and the vessel’s overall structural integrity

[15].

A vessel that has been meticulously designed with seakeeping in mind can effectively

counteract the harsh conditions often encountered in open seas, such as high waves, strong

winds, and powerful currents. These considerations are essential not only for ambitious

navigations like polar expeditions or deep-sea research but also in offshore operations such

as the construction and maintenance of offshore wind farms [97].
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In these offshore endeavors, assessing operability windows, which are periods when sea

conditions are suitable for operations, is a critical aspect that heavily relies on seakeeping

principles[51]. Ships equipped with advanced seakeeping features can safely operate within

a broader range of conditions, thus increasing the potential operability windows.

Furthermore, seakeeping also has a direct impact on the comfort and wellbeing of the

crew and passengers. Good seakeeping design minimizes the impact of motion sickness

and fatigue, thereby ensuring safety and boosting crew performance.

2.2 Motion Prediction of Vessels at Sea and Their

Role in Assessing Operability Windows

Seakeeping is the study of a vessel’s behavior in marine environments1. It is a methodology

that focuses on examining the movements and the stresses experienced by marine systems

[66].

Waves cause movements and oscillations to ships according to its six degrees of freedom

[160]. These movements lead to accelerations that induce discomfort to the people on

board and dynamic loads on the ship’s structure as well as other elements such as sensors,

equipment, cargo and masts, among many other elements [221].

2.2.1 Influence of Motions in the Operability of Vessels at Sea

It’s undeniable that marine vessels systems frequently operate in environments that are as

challenging as they are formidable [61]. Given the continuous, immense power of the sea, it

becomes vital for ships to be designed and built with the goal of maintaining functionality,

ensuring habitability, and minimizing potential damage, particularly in the face of severe

storms. The relentless action of waves can induce significant motions in a ship, which in

turn can affect its operability and the comfort and safety of those on board. Therefore,

a ship’s design must take into consideration these wave-induced motions to ensure it can

operate effectively and remain habitable, even in adverse conditions, thereby ensuring its

ability to weather storms with minimal damage.
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WAVE ORIGIN MECHANISM PERIOD VELOCITY

Planetary Earth’s Rotation Gravity ∼100 days 1-100 km/h
Tides Atr. Moon Sun Gravity 12-24 horas 1700 km/h

Tsunami Earthquakes Gravity 10 min-2 horas ¡800 km/h
Wind Waves Wind Gravity 1-25 s 2-40 m/s

Capilar Wind Surf. Tension < 10−1 s 25-50 m/s

Table 2.1: Types of ocean waves, their origins, and their main characteristics.

2.2.2 Classical Wave Theory, an Overview

The main meteorological and oceanographic effects considered for assessing a ships oper-

ability and seakeeping properties are in order of importance:

1. Wind-generated waves (wind sea) [145, 170].

2. Waves generated by distant storms, swell.

3. Local surface wind.

4. Surface currents due to local storms.

5. Deep currents.

6. Ocean currents (e.g., the Gulf of Mexico current).

The first phenomenon mentioned in the previous list, ocean waves, is a physical phe-

nomenon whose restoring mechanism is gravity.

The waves that are most influential in the design of ocean going vessels are the waves

originating from the wind, as they have characteristic periods closer to the natural pe-

riods of the Ship. The simplest theory that can be used to describe ocean waves is the

Linear Wave Theory. This theory, along with non-linear theories, depends on a series of

parameters:

1. Period (T): defined as the time that elapses between two successive crests traveling

through the same stationary point.
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2. Wave height (H): defined as the vertical distance between consecutive crest and

trough. It is important to note that in linear theories, the amplitude between crests

will be the same as between troughs, unlike higher-order Stokes waves, for example.

3. Depth (d): defined as the vertical distance between the seafloor and the mean water

level.

4. Wave length (𝜆): represents the distance between two consecutive wave crests.

5. Frequency (f): mathematically defined as the inverse of the period.

6. Wave elevation (𝜂): the elevation at a given moment at a point above or below the

mean water level.

7. Horizontal velocity of water particle (u): the change over time in the horizontal

position of a fluid particle.

8. Vertical velocity of water particle (v): the change over time in the vertical position

of a fluid particle.

9. Horizontal acceleration of water particle (�̇�): the change over time in the horizontal

velocity of a fluid particle.

10. Vertical acceleration of water particle (�̇�): the change over time in the vertical

velocity of a fluid particle.

In the Linear Wave Theory, the problem is reduced, through simplifications not dis-

cussed here, to solving the Laplace’s equation (2.1):

∇2𝜑 = 0 (2.1)

Under the boundary conditions on the free surface:

𝑔𝜂 +
𝜕𝜑

𝜕𝑡
= 0 at 𝑧 = 0 (2.2)

𝜕𝜂

𝜕𝑡
− 𝜕𝜑

𝜕𝑧
= 0 at 𝑧 = 0 (2.3)
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which are reduced to:

𝜕2𝜑

𝜕𝑡2
+ 𝑔

𝜕𝜑

𝜕𝑧
= 0 at 𝑧 = 0 (2.4)

and the bottom condition:

𝜕𝜑

𝜕𝑧
= 0 at 𝑧 = 0 (2.5)

resulting in the final velocity potential:

𝜑 =
𝐻𝑔

2𝜔

cosh(𝑘(ℎ + 𝑧))

cosh(𝑘ℎ)
sin(𝑘𝑥− 𝜔𝑡) (2.6)

To the parameters mentioned above, the following should be added:

1. Oscillation frequency (𝜔): 𝜔 = 2π
T

.

2. Wave number (k): 𝑘 = 2π
λ

.

3. Wave propagation velocity (c): 𝑐 = λ
T

.

In the Linear Theory, depending on the depth, simplifications can be made in the

theory. The limits of these simplifications are determined by the relationships between

depth (ℎ) and wavelength (𝜆).

The made simplification allows for the calculation of forces on ocean-going vessels in

irregular seas. This is possible thanks to the principle of superposition, which only applies

to linear waves [135, 52].

If the Linear Wave Theory is not sufficient, the next step is to use second-order Stokes

waves. The steps to obtain the wave formulation are the same for all higher-order methods.

The solution can be obtained using the Stokes perturbation method [52, 261]. In this

method, the velocity potential and the free surface elevation are expanded in power series

with respect to the small parameter 𝜀 = 𝑘𝑎 [261].

𝜑 =
n∑︁

i=1

𝜀i𝜑i 𝜂 =
n∑︁

i=1

𝜀i𝜂i (2.7)

Since the ∇2 operator is linear, all the functions 𝜑i satisfy the Laplace’s equation:
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Variable Finite Depth Infinite Depth

Velocity Potential φ = Hg

2ω
cosh(k(h+z))

cosh(kh)
sin(kx− ωt) φ = Hg

2ω
ekz sin(kx− ωt)

Free Surface Elevation η = H
2
cos(kx− ωt) η = H

2
cos(kx− ωt)

Dispersion Relation ω2 = gk · tanh(kh) ω2 = gk

Horizontal Particle Velocity u = Hω
2

cosh(k(z+h))
sinh(kh)

cos(kx− ωt) u = Hω
2
ekz cos(kx− ωt)

Horizontal Particle Acceleration ax = ω2 H

2
cosh(k(z+h))

sinh(kh)
sin(kx− ωt) az = ω2 H

2
ekz sin(kx− ωt)

Vertical Particle Velocity w = Hω
2

sinh(k(z+h))
sinh(kh)

sin(kx− ωt) w = Hω
2
ekz sin(kx− ωt)

Vertical Particle Acceleration az = −ω2 H
2

sinh(k(z+h))
sinh(kh)

cos(kx− ωt) az = ω2 H
2
ekz cos(kx− ωt)

Dynamic Pressure pdyn = ρgH
2

cosh(k(z+h))
cosh(kh)

cos(kx− ωt) pdyn = ρgH
2
ekz cos(kx− ωt)

Table 2.2: Formulation of the Airy Wave Theory.
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Classification Criterion Approximation of 𝑡𝑎𝑛ℎ(𝑘ℎ) 𝜆

Deep Water ℎ/𝜆 ≥ 0.5 1 𝜆 = gT 2

2π

Shallow Water ℎ/𝜆 ≤ 0.05 𝑘ℎ 𝜆 = 𝑇
√
𝑔ℎ

Intermediate Water 0.05 < ℎ/𝜆 < 0.5 𝜆 = gT 2

2π
𝑡𝑎𝑛ℎ(𝑘ℎ)

Table 2.3: Simplifications of the Linear Theory based on the depth.

∇2(𝜑) = 𝜀∇2(𝜑1) + 𝜀2∇2(𝜑2) + ... + 𝜀i∇2(𝜑i) + ... + 𝜀n∇2(𝜑n) = 0 (2.8)

This condition must hold for any value of 𝜀, so ∇2(𝜑i) = 0 for all 𝑖. To satisfy the

kinematic and dynamic boundary conditions at the free surface, Taylor expansions of

these conditions around 𝑧 = 0 are performed. Thus, the kinematic condition can be

expressed as:

[︂𝜕𝜑

𝜕𝑧
−

𝜕𝜂

𝜕𝑡
−

𝜕𝜑

𝜕𝑥

𝜕𝜂

𝜕𝑥

]︂

z=η

=

[︂𝜕𝜑

𝜕𝑧
−

𝜕𝜂

𝜕𝑡
−

𝜕𝜑

𝜕𝑥

𝜕𝜂

𝜕𝑥

]︂

z=0

+ 𝜂
𝜕

𝜕𝑧

[︂𝜕𝜑

𝜕𝑧
−

𝜕𝜂

𝜕𝑡
−

𝜕𝜑

𝜕𝑥

𝜕𝜂

𝜕𝑥

]︂

z=0

+

+
𝜂2

2

𝜕2

𝜕𝑧2

[︂𝜕𝜑

𝜕𝑧
−

𝜕𝜂

𝜕𝑡
−

𝜕𝜑

𝜕𝑥

𝜕𝜂

𝜕𝑥

]︂

z=0

+ ... +
𝜂n

𝑛!

𝜕n

𝜕𝑧n

[︂𝜕𝜑

𝜕𝑧
−

𝜕𝜂

𝜕𝑡
−

𝜕𝜑

𝜕𝑥

𝜕𝜂

𝜕𝑥

]︂

z=0

(2.9)

To solve these equations, the perturbation series expansions of 𝜂 and 𝜑 need to be

substituted, truncating the terms of order higher than 𝑖, the order being solved for. The

results obtained, taken from reference [226], for the second-order theory are as follows:

The perturbation series to solve for the velocity potential is:

𝜑 = 𝜀1𝜑1 + 𝜀2𝜑2 (2.10)
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And the resulting potential, applying the boundary conditions, is:

𝜑 =
𝜔

𝑘2

[︂

(𝑘𝑎)
𝑐𝑜𝑠ℎ(𝑘(ℎ + 𝑧))

𝑠𝑖𝑛ℎ(𝑘ℎ)
sin(𝑘𝑥− 𝜔𝑡) +

3

8
(𝑘𝑎)2

𝑐𝑜𝑠ℎ(2𝑘(ℎ + 𝑧))

𝑠𝑖𝑛ℎ4(𝑘ℎ)
sin(2(𝑘𝑥− 𝜔𝑡))

]︂

(2.11)

The perturbation series to solve for the free surface elevation is:

𝜂 = 𝜀1𝜂1 + 𝜀2𝜂2 (2.12)

And the resulting expression, applying the boundary conditions, is:

𝜂 =
1

𝑘

[︂

(𝑘𝑎) cos(𝑘𝑥− 𝜔𝑡) +
1

4
(𝑘𝑎)2

𝑐𝑜𝑠ℎ(𝑘ℎ)

𝑠𝑖𝑛ℎ3(𝑘ℎ)
(2 + 𝑐𝑜𝑠ℎ(2𝑘ℎ)) cos(2(𝑘𝑥− 𝜔𝑡))

]︂

(2.13)

From the velocity potential, the particle velocities and accelerations can be obtained,

resulting in the following expressions:

𝑢 = ∂φ

∂x
= 𝑐

[︁

(𝑘𝑎) cosh(k(h+z))
sinh(kh)

cos(𝑘𝑥− 𝜔𝑡)+

+3
4
(𝑘𝑎)2 cosh(2k(h+z))

sinh4(kh)
cos(2(𝑘𝑥− 𝜔𝑡))

]︁
(2.14)

𝑤 = ∂φ

∂z
= 𝑐

[︁

(𝑘𝑎) cosh(k(h+z))
sinh(kh)

sin(𝑘𝑥− 𝜔𝑡)+

+3
4
(𝑘𝑎)2 cosh(2k(h+z))

sinh4(kh)
sin(2(𝑘𝑥− 𝜔𝑡))

]︁
(2.15)

The accelerations, neglecting convective terms, are:

�̇� ∼= ∂u
∂t

= 𝑐𝜔
[︁

(𝑘𝑎) cosh(k(h+z))
sinh(kh)

sin(𝑘𝑥− 𝜔𝑡)+

+3
2
(𝑘𝑎)2 cosh(2k(h+z))

sinh4(kh)
sin(2(𝑘𝑥− 𝜔𝑡))

]︁
(2.16)
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�̇� ∼= ∂φ

∂t
= −𝑐𝜔

[︁

(𝑘𝑎) sinh(k(h+z))
sinh(kh)

cos(𝑘𝑥− 𝜔𝑡)+

+3
2
(𝑘𝑎)2 sinh(2k(h+z))

sinh4(kh)
cos(2(𝑘𝑥− 𝜔𝑡))

]︁
(2.17)

In these equations, 𝑐 is given by the dispersion equation, which is the same as in the

first-order theory:

𝑐2 =
𝑔

𝑘
𝑡𝑎𝑛ℎ(𝑘ℎ) (2.18)

Finally, the expression for the pressure is:

𝑝 = ρg

k

[︁

− 𝑘𝑧 + (𝑘𝑎) cosh(k(h+z))
cosh(kh)

cos(𝑘𝑥− 𝜔𝑡)+

+ (ka)2

2sinh(2kh)

(︁
3cosh(2k(h+z))

sinh2(kh)
− 1

)︁

cos(2(𝑘𝑥− 𝜔𝑡))+

(𝑘𝑎)2 1−cosh(2k(h+z))
2sinh(2kh)

]︁

(2.19)

Derived from:

𝑝 = −𝜌𝑔𝑧 − 𝜌∂φ

∂t
(2.20)

The difference in shape between the second-order Stokes wave and the Airy wave is

found in the crests and troughs of the wave. The crests are more pronounced, and the

troughs are less pronounced, as can be seen in the lower figure:

Regarding the Fifth-Order Stokes Theory, it is not extensively developed in this chapter

due to the required length. This type of theory is usually applied to waves in deep water

with a steep slope [261, 70]. The expressions have a similar form to the second-order

Stokes waves, but now they consist of five elements that are ordered in series [52].

2.2.3 Dynamic Fetch and Other Non-linear Wave Phenomena

Dynamic fetch occurs when wind blows over a moving storm system, allowing waves to

grow larger and travel farther than they would under a stationary wind field. Multiple

weather systems can generate different sets of waves: local storms create short, frequent
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Figure 2-1: Comparison of the Airy wave and second-order Stokes wave [226].

waves, while distant storms produce long-period swells. When these wave trains interact,

they can either amplify or diminish each other. Constructive interference happens when

wave crests align, forming larger waves and potentially leading to rogue waves. Conversely,

destructive interference occurs when a wave crest meets a trough, canceling each other

out and resulting in smaller waves. Several factors influence where these wave trains

combine and amplify. Ocean currents can bend wave paths, causing them to converge,

while underwater topography (bathymetry) can focus wave energy, increasing wave height

in certain areas. Changing wind directions and intensities also affect wave direction and

energy.

Traditional linear wave theory, which assumes small amplitude waves and linear su-

perposition, often fails to adequately analyze these complex scenarios. This theory does

not account for the nonlinear interactions between wave trains or the energy transfer in

dynamic fetch conditions. Nonlinear effects, such as wave-wave interactions and energy

focusing, play a crucial role in wave amplification and the formation of extreme waves

[121, 191]. Research has shown that the linear approach is insufficient for understanding

and predicting rogue waves, which are better described by models incorporating nonlinear

Schrödinger equations and modulation instability [192].

Real-world examples include the North Atlantic, where swells from distant storms and

local winds combine to create significant wave heights [128], and the Southern Ocean,
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where continuous strong winds generate multiple overlapping wave systems, leading to

very high seas [298]. Understanding these interactions is crucial for maritime safety and

navigation, as it helps predict areas where wave amplification might occur. Advanced

models that incorporate nonlinear dynamics and real-time data are essential for accu-

rately predicting wave behavior in these complex environments. For instance, the use of

spectral wave models, which include the effects of wave-wave interactions, has significantly

improved wave forecasting accuracy [272].

2.2.4 Traditional Experimental Methods for Motion Prediction

of Vessels at Sea

Traditionally, the problem of understanding the motions of a vessel, when sailing at a

constant speed and heading, can be simplified to obtaining the response of that vessel

when, at that speed, it is excited by a train of regular waves of a specific frequency that

encounter the vessel with a given relative heading [183, 1]. This simplification is only

possible assuming linearity in the vessel’s response. Under this assumption, when consid-

ering individual frequencies, it is possible to analyze each of the components separately

because the total response is simply the sum of the response to each individual frequency

[66].

If one wishes to calculate the behavior of the vessel in an irregular sea with short

crests, it is necessary to determine the responses by considering an adequate number of

relative headings between the vessel and the sea. This is essential to accurately capture

the directional characteristics of the specific sea conditions. Consequently, the number of

test runs or simulations would significantly increase, as it would be required to test for

various relative headings for each case. For a given speed and all frequencies of interest,

it is essential to test for all relevant relative headings with respect to the waves.

In other words, each test with a regular wave of a specific frequency provides a value

of 𝐻(𝜔), which represents an ordinate of the transfer function and, consequently, the Re-

sponse Amplitude Operator (𝑅𝐴𝑂) (𝐻(𝑤)2) for the tested speed and heading conditions.

This means that for each navigation condition, it will be necessary to test with as many

regular waves as the desired number of RAO ordinates.
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Clearly, each of these tests also provides the phase difference between the measured

response and the excitation, which is of utmost importance [190]. Accurately quantifying

the phase is crucial for various systems that rely on precise timing and synchronization.

For example, actioning systems like cranes and applying systems like balance tanks heavily

depend on knowing the phase with respect to the exciting wave. The phase information

enables precise coordination and control, ensuring optimal performance and safety in

these systems. Therefore, accurately determining the phase is essential for their effective

operation in dynamic marine environments.

Using complex a complex representation [166] in the problem above, one can fully

capture all variables in one single expression. Under linear conditions, tank waves can be

simply represented as 𝜁 = 𝜁0 ·cos(𝜔 · 𝑡) and the response of the ship to the wave excitation

will also be a sinusoidal function with different amplitude and phase R = R0 ·cos(𝜔 ·t+𝛿).

The transfer function for this specific frequency would then be:

𝐻(𝜔) =
R0 · cos(𝜔 · t + 𝛿)

𝜁0 · cos(𝜔 · t)
=

Re {R0 · exp[i · (𝜔 · t + 𝛿)]}
Re {𝜁0 · exp[i · 𝜔 · t]} =

R0

𝜁0
· exp[i · 𝛿] (2.21)

The RAO is then given by:

RAO ≡ |H(𝜔)|2 =

(︂
R0

𝜁0

)︂2

(2.22)

Following the principle of superposition, an irregular sea can be described by a spec-

trum of elevations 𝜑ζζ(𝜔) or a spectrum of wave slopes 𝜑ζ′ζ′(𝜔). With this information,

with linear theory, it is very simple to calculate the amplitude spectrum of a ship in its

six degrees of freedom as:

𝜑ttj(𝜔) = 𝜑ζζ(𝜔) · [Httj(𝜔)]2 = 𝜑ζζ(𝜔) · RAOttj(𝜔) j = 1, 2, 3

𝜑rrj(𝜔) = 𝜑ζ′ζ′(𝜔) · [Hrrj(𝜔)]2 = 𝜑ζ′ζ′(𝜔) · RAOrrj(𝜔) j = 4, 5, 6
(2.23)

It is crucial to emphasize that the transfer function encompasses more than just re-

sponse amplitudes [142]. It is equally essential to accurately determine the phase difference

between each motion of the vessel with respect to a reference position of the exciting wave
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[65]. This phase information is vital for reconstructing the precise absolute motion of any

point on the rigid vessel. By considering both translations of the vessel’s center of grav-

ity and rotations around that center, the complete picture of the vessel’s motion can be

effectively captured [75]. Hence, a comprehensive understanding of both the amplitude

and phase is indispensable for accurately characterizing the absolute motion of any point

on the vessel.

With this information at hand, linear theory can approximate the movement of any

point of the vessel as:

D = 𝜂 + 𝜉 ∧ P (2.24)

Where:

D = 𝜂1pi + 𝜂2pj + 𝜂3pk (2.25)

𝜂 = 𝜂1i + 𝜂2j + 𝜂3k (2.26)

𝜉 = 𝜂4i + 𝜂5j + 𝜂6k (2.27)

P = xi + yj + zk (2.28)

In the above expressions D is the vector that describes displacement of a point on the

ship, 𝜂 is the translation vector of the center of gravity of the ship, 𝜉 is the vector of

rotation of around the center of gravity of the ship and P is the position vector of a point

on the ship. With this information at hand the displacement coordinates can be obtained

as:

𝜂1p = 𝜂1 + 𝜂5 · 𝑧 − 𝜂6 · 𝑦
𝜂2p = 𝜂2 + 𝜂6 · 𝑥− 𝜂4 · 𝑧
𝜂3p = 𝜂3 + 𝜂4 · 𝑦 − 𝜂5 · 𝑥

(2.29)

Which can be differentiated numerically in a straight forward way to obtain velocities
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and accelerations on any point of the ship, if needed.

It is essential to recognize that recent developments in numerical simulations have

paved the way for higher fidelity predictions [72, 99]. Advanced computational fluid dy-

namics (CFD) models, for instance, can now capture intricate flow patterns and accurately

simulate the behavior of vessels in adverse sea conditions. These techniques have the po-

tential to provide valuable information on phenomena like vessel motions, slamming, and

water on deck, which were previously challenging to consider in traditional methods.

However, it is important to acknowledge that even advanced numerical methods also

have their limitations. Assumptions and simplifications made in the models can affect

the accuracy of predictions, especially when dealing with complex fluid-structure interac-

tions or highly nonlinear behaviors. Validation and calibration against experimental data

remain crucial to ensure the reliability of numerical simulations.

To achieve the most robust and comprehensive understanding, a synergistic approach

is recommended. Integrating state-of-the-art numerical simulations with well-designed

towing tank experiments can offer the best of both worlds. By leveraging the strengths of

each method, designers and engineers can gain valuable insights into vessel behavior and

validate numerical predictions with real-world data.

Therefore, when considering the use of towing tank experiments or novel numerical

techniques [258], a thorough assessment of the specific project requirements, technical

risks, available resources, and time constraints is crucial. While experiments still play

a vital role [20], the adoption of novel numerical techniques should be considered as a

complementary tool to enhance the understanding of complex phenomena and guide the

design process.

2.2.4.1 Similarity Laws in Towing Tank Testing

To emphasize the fact that there is no one analysis method that is able to solve the

seakeeping problem, it is necessary to perform dimensional analysis [31] on the quantities

of interest that define the seakeeping problem. The oscillations of a ship that sails at

constant velocity and bearing over regular waves is defined by:
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z0 = f1 [{U}; {𝜁0, 𝜔0, 𝛼} ; {𝜇, g, 𝜌}; {L, (Xi) , (Ii)}] (2.30)

Where:

1. U: Ship velocity.

2. 𝜁0: Amplitude of the incident wave.

3. 𝜔0: Absolute frequency of the incident wave.

4. 𝛼: Relative heading between the ship and the waves.

5. 𝜇: Dynamic viscosity of the water in which the ship is sailing.

6. g: Acceleration due to gravity.

7. 𝜌: Density of the water in which the ship is sailing.

8. L: Characteristic linear dimension of the ship, typically its length at the waterline.

9. (Xi): Exterior geometry of the ship, i.e., its hull form.

10. (Ii): Mass and inertia distribution of the ship in the desired loading condition.

Each term in eq. (2.30) groups parameters of different nature. The first group includes

only the ship velocity, the second describes the incident wave, the third represents the

characteristics of the fluid in which the ship is sailing, and the fourth encompasses the

geometric and mass properties of the ship. If eq. (2.30) is adimensionalized we obtain:

z0
𝜍0

= f2

[︃{︂
U√
g · L

;
U · L

𝜇/𝜌

}︂

;

{︃

𝜍0
L

;𝜔0 ·
√︃

L

g
;𝛼

}︃

;

{︂
(Xi)

L
;

Ii
𝜌 · L5

}︂]︃

(2.31)

Obtaining the well know Reynolds [223] and Froude [79] numbers in the first bracket.

In experimental testing it is desirable to have similarity between the model and the full

sized ship. This implies that three types of forces have to remain proportional. These

forces can qualitatively be expressed as:
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1. Gravity Forces:

GF = m · g ∝ 𝜌 · L3 · g (2.32)

2. Inertial Forces:

IF = m · dU

dt
= m · dU

dx
· dx

dt
∝ ·𝜌 · L3 · U

L
· U (2.33)

3. Viscous forces, which depend on the wetted area, dynamic viscosity and the bound-

ary layer properties close the ship hull:

VF ∝ ·L2 · 𝜇 · 𝑈
L

= L · 𝜇 · U (2.34)

From the above analysis the relationship between the different forces follow:

FI
FG

∝ Fn2

FI
FV

∝ Rn
(2.35)

Implying that, to obtain total similarity between model scale and full scale, Froude

and Reynolds numbers must be equal in both scales [80]. Considering the scale factor

𝑅 = 𝐿/𝐿′, where (’) denotes a magnitude associated with the model scale, equal Froude

numbers lead to 𝑈 ′ = 𝑈/
√
𝑅 and equal Reynolds numbers to 𝑈 ′ = 𝑈 ·𝑅 [108]. The above

assumes that water properties don’t change between the sea and the experimental basin.

Although it is true that fluid properties can be changed to allow simultaneous Froude and

Reynolds similarity, there is no practical fluid that allows for this [236].

As priority must be given to one of the two similarity laws governing model experi-

ments, Froude’s law is preferred. This choice is based on the understanding that inertia

and gravity forces play a dominant role in most phenomena related to ship dynamics,

compared to the effects of viscosity. The Froude’s law is universally accepted and widely

applied in calm water tests, and it can be confidently employed for experiments conducted

in wave conditions as well. It is important to note that while this preference aligns with

general practice, it is essential to consider specific factors and potential limitations that

may arise in different experimental scenarios.

If deemed necessary, adjustments can be made to experimental results to consider po-
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tential scale effects resulting from variations in Reynolds numbers between the model and

the ship. While such corrections are not commonly employed in ship testing, it is essential

to ensure that the models used are adequately sized to minimize the influence of scale

effects. Generally, it is widely accepted that beyond a certain critical Reynolds number,

discrepancies in flow characteristics between the model and the ship have a negligible im-

pact on test outcomes [112]. However, it is important to recognize the complexities and

challenges associated with implementing scale corrections, as factors beyond Reynolds

number, such as turbulence and boundary layer effects, may also contribute to disparities

between the model and the ship. Thoughtful examination and further research are neces-

sary to comprehensively comprehend and address these potential sources of discrepancy

in experimental results. The typical factors to go from model scale to real scale are:

MAGNITUDE FACTOR
Linear dimension 𝑅
Rotation 1

Angular frequency 1/
√
𝑅

Forces, masses (𝜌/𝜌′) ·𝑅3

Pressures (𝜌/𝜌′) ·𝑅
Accelerations 1

Time
√
𝑅

Velocity
√
𝑅

Table 2.4: Conversion factors to from model scale to full scale.

To conclude this section I would like to highlight another limitation of experimental

testing. Although results over the years have demonstrated to provide very accurate pre-

dictions, iteration in designs is costly and slow compared to a well optimized numerical

codes [126] and/or surrogate models [73]. This draws interest in optimized numerical

simulation and development of efficient surrogate models that can be coupled with opti-

mization methods to explore design spaces [248]. Further discussion this will be presented

in the following chapters.
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2.3 Computational Hydrodynamics for Vessel Mo-

tion Prediction

One of the major challenges in the design of vessels is predicting their seakeeping behavior

in adverse marine environments [141]. Similar to offshore wind farms and platforms, mo-

tion predictions of floating vessels in waves have traditionally relied on potential flow-based

numerical models [183]. However, these models are often limited by their small amplitude

assumption, which restricts their applicability in practical scenarios [141]. Despite these

limitations, conventional linear seakeeping methods formulated in the frequency domain

remain the most widely used models.

State-of-the-art numerical methods for wave-induced response of ships and other large-

volume marine structures involve consistent second-order potential-flow solvers, although

they do not account for current and forward speed. Empirical formulas are used to

capture important viscous damping effects such as rolling of ships and slow-drift motions of

moored structures [162, 163, 164]. Nonlinear wave effects on ships are typically simplified

by considering only Froude-Krylov and hydrostatic restoring terms, while slamming is

analyzed using strip theory with a high-frequency free surface condition based on either

von Karman or generalized Wagner methods. These simplifications are necessary to ensure

computational efficiency.

In addition, it is important to consider the stochastic response of vessels in representa-

tive sea states, each with a duration of 3-5 hours [187]. Overall, the seakeeping prediction

for vessels presents similar challenges as those encountered in the design of offshore wind

farms and platforms.

2.3.1 Computational Hydrodynamics for Vessel Motion Predic-

tion as a Field: Advantages & Disadvantages Over Tradi-

tional Experiments

Computational Hydrodynamics for vessel motion prediction is a field that utilizes numeri-

cal methods and simulations to predict the behavior of ships and other floating structures
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in various marine environments [137, 19]. It offers several advantages over traditional

experimental methods, but also has some disadvantages.

One of the key advantages of computational hydrodynamics is cost-effectiveness. Nu-

merical simulations can be conducted at a lower cost compared to physical experiments,

which often require significant resources such as model fabrication, towing tanks, or wave

basins [137, 19]. Additionally, simulations are time-efficient, allowing for rapid analysis

and evaluation of different design scenarios or operational conditions [259].

Flexibility is another advantage offered by computational methods. Numerical models

can be easily modified and adjusted to investigate various parameters and scenarios [194,

267], providing more flexibility in the design and optimization process. Furthermore,

computational hydrodynamics enables the study of vessel behavior on a larger scale,

such as in extreme weather conditions [110, 98] or complex seaways [11], which may be

challenging to replicate in physical experiments.

The availability of detailed and extensive data is another benefit of computational

hydrodynamics. Simulations can provide information on various aspects of vessel mo-

tions, including accelerations, velocities, and loads [84], which may be difficult to measure

accurately in experiments.

However, there are some disadvantages to consider. The accuracy of numerical pre-

dictions relies on the quality of mathematical models, assumptions, and input data [21].

Errors or uncertainties in these factors can affect the reliability of the results. Additionally,

validating numerical models can be complex and time-consuming, requiring comparison

with real-world measurements from physical experiments or full-scale trials [21].

Conducting accurate and reliable computational hydrodynamics simulations requires

a high level of expertise in numerical methods, hydrodynamics, and computational tools

[260]. Skilled personnel are needed to develop, run, and interpret the simulations effec-

tively. Moreover, high-fidelity simulations with complex geometries and detailed physics

require significant computational resources, including powerful computers and specific ex-

pertise [109], which can increase the computational costs and limit accessibility for some

organizations.

It’s important to acknowledge that numerical simulations involve simplifications and
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Figure 2-2: Example of high-fidelity simulation using Unsteady Average Navier-Stokes
(URANS) to accurately quantify viscous damping in a semisubmersible offshore platform
for wind energy.

assumptions about the physical phenomena being modeled [208, 224]. These simplifi-

cations can introduce uncertainties and limitations that may affect the accuracy of the

predictions.

In summary, computational hydrodynamics offers numerous advantages, including cost

and time savings, flexibility, and the ability to conduct large-scale simulations. How-

ever, it also has challenges related to model accuracy, validation, complexity, resource

requirements, and assumptions. A comprehensive approach that combines computational

methods with experimental validation can provide more reliable results for vessel motion

prediction [259].

2.3.2 Evolution of Complexity and Fidelity of Computational

Hydrondynamic Codes Enabled by recent Developments

in Computing Hardware

The evolution of computing hardware has played a crucial role in advancing the complex-

ity and fidelity of Computational Hydrodynamic Codes, enabling the use of new numerical
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techniques for vessel design [30, 193, 217]. With the availability of more powerful com-

puters and advanced computational algorithms [158, 36], designers now have access to

sophisticated tools that can accurately simulate and analyze the behavior of ships and

floating structures in complex marine environments.

One significant development is the utilization of high-performance computing (HPC)

systems [157]. These systems consist of clusters of interconnected processors capable

of performing massive parallel computations. HPC enables the handling of large-scale

simulations with higher levels of detail and complexity [254, 42, 117]. It allows for the

incorporation of more refined mathematical models and the inclusion of additional physical

phenomena, such as fluid-structure interactions, wave breaking, or multiphase flows. This

enhanced fidelity enables more accurate predictions of vessel performance and response.

Furthermore, recent advancements in numerical methods and algorithms have also

contributed to the improvement of Computational Hydrodynamic Codes [57, 89]. For

example, the adoption of advanced turbulence models, such as Large Eddy Simulation

(LES), Detached Eddy Simulation (DES), or Unsteady Navier-Stokes (URANS) enables

the accurate prediction of turbulent flow [203] behavior around ships [172]. These models

capture the small-scale turbulent structures that were previously challenging to simulate,

resulting in more realistic and reliable predictions of drag, maneuverability, and seakeeping

performance.

However, the aforementioned methods have to deal with modelling limitation due to

the assumptions they introduce to simplify and model more efficiently fluids. Large Eddy

Simulation (LES), Detached Eddy Simulation (DES), and Unsteady Reynolds-Averaged

Navier-Stokes (URANS) are commonly used in fluid dynamics but have limitations due

to their reliance on empirically tuned closure models. LES’s limitations include high

computational cost, model uncertainty from the need for subgrid-scale (SGS) models,

and difficulty handling near-wall regions [172]. DES, a hybrid method, faces issues with

mode switching, grid dependence, and delayed transition from RANS to LES. URANS

simplifies the Navier-Stokes equations by time-averaging and relies on turbulence models,

introducing modeling uncertainty. It also assumes isotropic, time-averaged turbulence,

limiting its ability to accurately predict complex, unsteady flows. All these methods,
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despite their advancements in fluid dynamics, face significant constraints due to their

empirical nature, modeling uncertainty, and computational challenges [292].

Figure 2-3: Example of DES simulation used to analyze boundary layer detachment.

In addition, developments in mesh generation techniques have allowed for the creation

of more detailed and complex computational grids [269]. Adaptive mesh refinement [18]

and unstructured meshing methods [152] rovide higher resolution in areas of interest, such

as the ship hull or areas with complex flow patterns. This enables more accurate repre-

sentation of the geometry and flow features, resulting in improved simulation accuracy.

Furthermore, the coupling of Computational Fluid Dynamics (CFD) codes with other

simulation tools, such as structural analysis or control systems, allows for a more com-

prehensive and integrated approach to ship design [249, 138]. These coupled simulations

enable the investigation of coupled phenomena, such as the dynamic response of the vessel

under various loading conditions or the optimization of control strategies for improved

performance and safety.

Overall, the recent developments in computing hardware have empowered the use of

more advanced numerical techniques in Computational Hydrodynamics [99, 72]. These
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advancements have led to increased complexity and fidelity in the simulations, providing

designers with powerful tools to analyze and optimize ship designs with higher accuracy

and reliability.

Another emerging technique is Smooth Particle Hydrodynamics (SPH) [174], which

is a mesh-free Lagrangian method. SPH models fluid as a collection of particles, and

it is particularly well-suited for simulating free surface flows and fluid-structure interac-

tions [36]. SPH has gained popularity in various fields [150], including naval architecture

and offshore engineering [243], as it can handle large deformations and complex geome-

tries more efficiently than traditional mesh-based methods. While LES, DES & URANS

techniques are widely used in vessel design and optimization, the adoption of SPH is

still relatively limited. SPH has shown promise in specific applications, such as sloshing

analysis [139], wave-structure interactions, and fluid sloshing [253, 159] in partially filled

tanks. However, its use in general vessel design is not as common compared to other nu-

merical methods like potential flow solvers or RANS-based CFD simulations. The choice

of numerical technique depends on the specific requirements of the design problem and

the expertise of the engineering team.

2.4 Generating Input to Train the ML Algorithm

The unavailability of a comprehensive dataset encompassing both vessel motions and the

corresponding ocean sea states has necessitated the use of simulations. These simula-

tions aim to recreate the specific conditions under which the proposed tool would be

utilized. However, conducting these simulations is a challenging technical task in itself.

The reliability and meaningfulness of the resulting algorithm heavily rely on the accu-

rate representation of complex physics within these high-fidelity simulations. Therefore,

a detailed overview of the simulation method employed is provided in the following pages.

2.4.1 Overview of the Simulation Method.

This section presents a description of the STAR-CCM+ code, a Volume of Fluid URANS

solver that incorporates viscous effects. The code assumes turbulent flow and considers a
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smooth surface for the body. It solves the averaged continuity and momentum equations

for incompressible fluids, accounting for the absence of body forces acting on the floating

object.

𝜕(𝜌𝑢i)

𝜕𝑥i

= 0 (2.36)

𝜕(𝜌𝑢i)

𝜕𝑡
+

𝜕

𝜕𝑥j

(𝜌𝑢i𝑢j + 𝜌𝑢′
i𝑢

′
j) = − 𝜕𝑝

𝜕𝑥i

+
𝜕𝜏 ij
𝜕𝑥j

(2.37)

𝜏 ij = 𝜇

(︂
𝜕𝑢i

𝜕𝑥j

+
𝜕𝑢j

𝜕𝑥i

)︂

(2.38)

Where 𝜏 ij in Equation 2.37 represents the components of the averaged viscous force

tensor, 𝑝 denotes the averaged pressure, and 𝑢 corresponds to the Cartesian components of

the averaged velocity. In Equation 2.37, 𝑢′
i𝑢

′
j refers to the Reynolds stresses, 𝜌 represents

the fluid density, and 𝜇 denotes the dynamic viscosity.

To ensure the desired mesh resolution in the boundary layer, it is important to keep

the 𝑦+ values near the ship surface below a certain threshold (fig. 2-4). In [230], it was

found that 𝑦+ values around 50 provide a good approximation. Here, 𝑦+ is defined as

𝑦+ = 𝑦 · 𝑣*/𝜈, where 𝑦 is a coordinate perpendicular to the body surface with 𝑦 = 0 at

the body surface. 𝑣* denotes the friction velocity, which is the square root of the ratio

between the absolute value of the wall shear stress and the fluid density. Additionally,

𝜈 = 𝜇/𝜌. The viscous sublayer is assumed to be below the given 𝑦+ values. Since the

simulations have an average 𝑦+ value of around 60 (Tab. 2.5), the discretization of the

integral formulation of the Navier-Stokes equations requires a turbulence model. The two

commonly used turbulence models are k-𝜖 and k-𝜔. For these simulations, a combination

of the two models, namely the SST k-𝜔 Menter turbulence model [169], has been employed.

This model incorporates the k-𝜖 model away from the walls and switches to the k-𝜔 model

when calculating near the walls, where the boundary layer develops.”

To model the free surface, the time-domain viscous model uses a Volume of Fluid

method (VOF) [169]. This model assumes that the same equations governing the physics

of one of the phases can be solved for all phases present in the computational domain

(each cell or finite volume). A good reference for the theory behind this type of numerical
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Figure 2-4: Law of the wall for the different regions of the boundary layer. It is valid for
high reynolds numbers and when shear stresses are constant and the pressure field has
zero gradient.

method can also be found in [72].

In order to simulate the behavior and to obtain realistic ship motions, a Dynamic Fluid

Body Interaction (DFBI) model is used. The ship is allowed to move in three degrees of

freedom, to translate in the longitudinal and vertical directions (surge & heave) and to

rotate around the transversal direction (pitch).

It is necessary to identify constraints to define the time step. These constraints depend

on the physics that have to be simulated. The objective is to record the following physical

phenomena:

1. Heave, pitch and surge ship motions.

2. The waves that travel on the free surface throughout time.

For the heave, pitch and surge movements, the ITTC recommends at least 100 time steps

per period of encounter with the waves [266, 201, 9]. The period of encounter, considering
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the spectral peak period, ranges from ∼ 6 − 12𝑠, so 0.06 − 0.12𝑠 is the minimum time

step regarding the motions. Furthermore, the Courant Number (CNN) on the free surface

must stay below 0.1. Following best practices from previous work, the CNN criteria on

the free surface is found to be the most stringent condition when choosing the time step,

see [71] for more details.

Figure 2-5: Representation of the boundary conditions using a color code. Relative di-
mensions between the floating body and the computational domain have been modified
to allow for better visualization. (here and in Fig. 2-6).

The ship, as it can be seen in Fig. 2-5, is positioned 1 · 𝜆p from the velocity inlet.

An hexahedral volume mesh is used for the Background and Overset regions which

are overlapped (Chimera grid). Additionally, prism layers are introduced in the Overset

Region, around the ships hull surface boundary. No prism layers are used on the ship’s

superstructure, the force contribution from it is negligible compared to the wetted area

of the Hull.

The sizes of the domains Block Region and Overset Region are chosen using best

practices derived from previous seakeeping studies. Good examples are references [189]

and [266]. The dimensions of the ship and waves are used to perform the necessary

proportions. The water depth is 1.2 of the largest wave length, which should give negligible

finite water depth errors. The final measures for this particular case, here 𝐿p = 140 is the
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Figure 2-6: Representation of the mesh volume controls using a color code.

length of the ship, are the following:

1. Length: 3.7 · 𝜆p.

2. Width: 8.4 · 𝐿.

3. Depth: 3.6 · 𝐿.

A series of volume controls have been applied to generate an unstructured grid with the

necessary refinements to capture the different physical scales that characterize the problem

studied. These volume controls are described in the Fig. 2-6. The mesh refinements in the

volume controls have been defined in relation to the wave dimensions and the estimated

boundary layer size. These dimensions are presented in Table 2.5. The volume refinements

used are:

1. Water Ref 1 : the main purpose of this refinement is to establish continuity in the

vertical dimension of the mesh while providing an expansion of the mesh in the

horizontal plane. The expansion is done with the objective of creating numerical

dissipation at the end of the domain before the Pressure Outlet. The objective is to
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Figure 2-7: Example of the computational domain used to simulate the second sea spectra
(𝑇p = 12.7𝑠, 𝐻s = 5.09𝑚). The mesh expands when reaching the pressure outlets. This
creates a numerical beach 1.5 · 𝜆p long. Further mesh refinements are done near the ship,
the results of these refinements can be seen in Fig. 2-8.

Figure 2-8: Second example of a mesh near the ship at a time instant during the simula-
tion.
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Figure 2-9: Example of a mesh near the ship at a time instant during the simulation.
The overset domain is 1.35 ·𝐿p long, 2.0 ·𝐵p wide and 4.0 ·𝐷p deep. The ship is centered
within the overset domain.

damp out the waves that enter the domain to eliminate any possible reflections in

the Pressure Outlet that introduce perturbations in the solution.

2. Water Ref 2 : this volume control intends to provide an adequate continuum for the

wave to propagate uniformly, with minimal numerical dissipation. Regarding the

length of Water Ref 2 refinement (2.4 · 𝜆p), it is advised that this length is at least

equal to twice the length of the wave simulated (Fig. 2-6).

3. Ship refinement : the purpose of this volume control is to provide higher grid reso-

lution in the area near the platform.

The surface control used is the following:

1. Hull : the surface size control has been created to represent the ship’s geometry

accurately. Moreover, this enables a good quality prism layer expansion.

The mesh and time convergence has been divided into three steps:

1. Convergence of the Block Region mesh, for the long crested irregular wave. This has

proven the most important in the convergence of the results. Best practices from

previous validations have been taken to define the mesh refinements, such as those
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(a) Wave elevation.

(b) Magnitude of the vorticity field.

Figure 2-10: In Fig. 2-10a, the wave elevation is plotted and, in Fig. 2-10b, non-linear
phenomena at the vessel’s natural period (𝑇p = 12.7𝑠, 𝐻s = 5.09) can be seen. In Fig.
2-10b, the color map represents the module of the vorticity field. As it can be observed in
the image, the vorticity is mainly generated by the ship’s bow underwater instrumentation
dome.
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Table 2.5: Mesh characteristics for each of the 11 URANS simulations. The mesh sizes
range between 10 and 13 million cells and average y+ values remain below 60, limiting
the viscous sublayer along the body surface. The mesh refinements are defined in relation
to the wave length (𝜆p) and wave height (𝐻w). The number of cells per wave height and
wavelength remains constant through the different cases. Within some control volumes,
the mesh is allowed to expand until otherwise specified, so as to create a numerical beach.
There are a minimum of eight equal sized cell layers per transition

Overset

Platform

Ref 1

Water

Ref 1

Water

Ref 2

# of cells

total

# of cells

Overset

y+ X Y Z X Y Z X Y Z X Y Z

M1(Tw = 9.7s) 9549703 3290648 55
λp

93

λp

93

Hp

14

λp

93

λp

93

Hp

14
Expand Expand

Hp

14

λp

93

λp

93

Hp

14

M1(Tw = 12.4s) 6541834 3102192 55
λp

93

λp

93

Hp

14

λp

93

λp

93

Hp

14
Expand Expand

Hp

14

λp

93

λp

93

Hp

14

M1(Tw = 13.7s) 7357841 3053689 55
λp

93

λp

93

Hp

14

λp

93

λp

93

Hp

14
Expand Expand

Hp

14

λp

93

λp

93

Hp

14

found in Ref. [189]. According to this publication, good results can be obtained

with approximately 20 cells per wave height and 100 cells per wavelength. The

peak period values are taken as reference to compare against monocromatic wave

studies, with the intention to give preferential attention to the wave components

that contain the largest amount of energy. The final mesh dimensions, relative to

the wave dimensions in the simulations, are presented in Tab. 2.5. The sharpening

factor is left at 0.0, so there is no term for numerical diffusion in the volume fraction

transport equation.

Table 2.6: Principal dimensions and mass properties of the ship.

Length (L) 140 m

Beam (B) 40 m

Depth (D) 12 m

Displacement (∆) 8621275.0kg

Radius of gyration (rxx) 3.61 m

Radius of gyration (ryy) 37.5 m

Center of gravity z-coordinate 0.0 m

Center of gravity x-coordinate -74.23 m
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2. Convergence of the remaining volume refinements. Additional volume refinements

are created to provide the right domain dimensions and appropriate refinement for

the Overset Region, and a long enough numerical beach at the end of the domain.

3. Convergence of the ship’s surface size and boundary layer mesh (prism layer). As

in the first point, recommendations from Ref. [189] have again been followed. Ten

prism layers have been used, with a growth rate factor of 1.3 and y+ values are 55

on average (Tab. 2.5). Consequently wall functions are necessary to perform the

simulations.

2.4.1.1 Boundary Conditions

Given the unique characteristics of the problem at hand, we’ve precisely defined spe-

cific boundary conditions. It’s important to note that there can be multiple appropriate

boundary conditions for this same problem. The ones we’ve employed are graphically

depicted in Fig. 2-5, with varying conditions represented using a color-coding system.

To prevent numerical wave reflections from the outlet, we’ve designed a numerical

beach in the region preceding the Pressure Outlet. This area extends over a range equal

to twice the wavelength (2 · 𝜆w) used in the study. The function of this numerical beach

is to diminish the vertical velocity of fluid particles by damping motion in the vertical

direction.

Our process of inducing damping aligns with the guidelines stated in reference [202].

This damping setup allows for more accurate simulation results by minimizing the poten-

tial interference caused by wave reflections.

2.4.1.2 Coordinate Systems

In our computations, we make use of two distinct reference frames. Initially, the fo-
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cus is on the global reference frame, where we analyze the flow problem and calculate

the magnitude of the resultant force acting on the body. Upon obtaining these forces, we

then transition to the local reference frame specific to the ship.

This ship-centric reference system has its origin located at the ship’s center of gravity.

The x-axis in this frame follows the fore-aft direction of the ship. Using this local frame

of reference, the previously calculated forces and moments are translated and adapted

accordingly.

With these newly adapted force values in hand, we then proceed to calculate the

resulting movement of the ship. This comprehensive two-step approach ensures accurate

and reliable calculations of the ship’s reaction to external forces.

2.4.1.3 Simulation of Irregular Long Crested Seas

Dynamics of waves developing at the sea surface can be described in a probabilistic man-

ner, assuming the process is stationary, homogeneous, and ergodic. A finite sum of in-

dividual components is then utilized to represent the wave elevation, approximating a

Stieltjes integral, as identified in [240, 244].

The stochastic process characterizing sea surface elevations is represented by experi-

mental sea spectra, which are employed to induce vessel motions (refer to fig. 2-11). For a

specific spatial location, we consider 𝜁(𝑡) as the sea surface elevation over time. This time

signal is defined as the sum of sinusoidal waves with random phases 𝜀i, ranging between

−𝜋 and 𝜋 and sampled from a uniform distribution, with incommensurate frequencies 𝜔i

covering the spectrum’s frequency range:

𝜁(𝑡) =
n∑︁

i=1

𝑎i cos (𝜔i𝑡 + 𝜀i) , (2.39)

The modified Pierson-Moskowitz spectrum [5], denoted as 𝑆 (𝜔), is used, with 𝑇1

representing the mean wave period:

𝑆(𝜔)

𝐻2
s𝑇1

=
0.11

2𝜋

(︂
𝜔𝑇1

2𝜋

)︂−5

exp

[︃

−0.44

(︂
𝜔𝑇1

2𝜋

)︂−4
]︃

, (2.40)

The domain’s initial conditions are imposed by computing the velocity and pressure
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Variable Formula

Wave Profile 𝜁(𝑥1, 𝑡) =
∑︀N

n=1 𝑎n𝑐𝑜𝑠[𝑘n(𝑥1 − 𝑐n𝑡) + 𝜀n]

Horizontal Velocity 𝑢(𝑥1, 𝑥2, 𝑡) =
N∑︀

n=1

𝑎n𝜔n

𝑠𝑖𝑛ℎ(𝑘nℎ)
𝑐𝑜𝑠ℎ[𝑘n(𝑥2 + ℎ)]𝑐𝑜𝑠[𝑘n(𝑥1 − 𝑐n𝑡) + 𝜀n]

Vertical Velocity 𝑣(𝑥1, 𝑥2, 𝑡) =
N∑︀

n=1

𝑎n𝜔n

𝑠𝑖𝑛ℎ(𝑘nℎ)
𝑠𝑖𝑛ℎ[𝑘n(𝑥2 + ℎ)]𝑠𝑖𝑛[𝑘n(𝑥1 − 𝑐n𝑡) + 𝜀n]

Horizontal Acceleration �̇�(𝑥1, 𝑥2, 𝑡) =
N∑︀

n=1

𝑎n𝜔n

𝑐𝑜𝑠ℎ(𝑘nℎ)
𝑐𝑜𝑠ℎ[𝑘n(𝑥2 + ℎ)]𝑠𝑖𝑛[𝑘n(𝑥1 − 𝑐n𝑡) + 𝜀n]

Vertical Acceleration �̇�(𝑥1, 𝑥2, 𝑡) =
N∑︀

n=1

𝑎n𝜔n

𝑠𝑖𝑛ℎ(𝑘nℎ)
𝑐𝑜𝑠ℎ[𝑘n(𝑥2 + ℎ)]𝑐𝑜𝑠[𝑘n(𝑥1 − 𝑐n𝑡) + 𝜀n]

Dynamic Pressure 𝑝(𝑥1, 𝑥2, 𝑡) =
N∑︀

n=1

𝑎n𝜌𝑔

𝑠𝑖𝑛ℎ(𝑘nℎ)
𝑐𝑜𝑠ℎ[𝑘n(𝑥2 + ℎ)]𝑐𝑜𝑠[𝑘n(𝑥1 − 𝑐n𝑡) + 𝜀n]

Table 2.7: Formulation for irregular long crested seas, with (𝑥1, 𝑥2) spatial location in the
mean plane of the surface elevations.
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fields as a superposition of individual regular waves. The general formulation for long

crested irregular seas, where both space (𝑥1, 𝑥2) and time (𝑡) are independent variables

[96], is presented in table 2.7. These variables are numerically integrated over time, also

accounting for nonlinear interactions with the vessels.

The sea states modeled differ for each of the two vessels under consideration. For both,

we use the Pierson-Moskowitz spectrum to generate fully developed irregular long crested

seas [204]. The catamaran’s sea state is defined by: 𝐻s = 0.3𝑚 and 𝑇p = 1.48𝑠, where 𝐻s

represents the significant wave height and 𝑇p is the peak wave period [101]. Conversely,

the DTBM’s vessel sea state is composed of oblique waves advancing at a 30 angle relative

to the longitudinal direction, with 𝐻s = 10.66𝑚 and 𝑇p = 13.4𝑠. This corresponds to a

World Meteorological Organization (WMO) sea state code 8 [293].

Figure 2-11: Graphical description of the spectral analysis performed to characterize sea
states. Given an energy spectrum specific to a particular ocean region, we can decompose
the waves into different frequencies. The amplitudes corresponding to each frequency are
given by the energy contained in each frequency in the wave spectra. Also, 𝜖i are random
phases sampled from a uniform distribution.

2.4.2 Description of the Compiled Simulation Data

Having outlined the simulation setup in previous sections, we proceeded with the data set

sampling. We embarked on this comprehensive simulation campaign due to the following

reasons:
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1. A lack of existing data sets that compile both full-sized vessel motions and corre-

sponding exciting waves.

2. The significant cost and risk associated with subjecting a vessel to the extremely

severe sea states under consideration [94]. While such sea states might exceed the

operational capabilities of these vessels, our primary focus lies on the hydrodynamic

aspects of the problem [37].

3. The ability to record data at high resolution and concurrently inspect several vari-

ables and fields, which aids in determining the most optimal configuration and

observing the effects of individual variables.

With these considerations in mind, our final data set comprises 49 seeds of 3 dif-

ferent sea states sampled from the Pierson Moskowitz spectrum, yielding a total of 147

seeds. The computations spanned over three years, leveraging an automated sampling

and post-processing system to establish an efficient workflow. The simulated sea states,

listed in order of increasing severity, are: (𝐻s = 3.53𝑚,𝑇p = 9.7𝑠, 𝐻s = 5.09𝑚,𝑇p = 12.4𝑠,

𝐻s = 10.66𝑚,𝑇p = 13.4𝑠). Detailed graphs depicting wave elevation and motion data for

each of these seeds are available in figs. A-1 to A-9, and are further discussed in ap-

pendix A.

2.5 From Hypothesis to Formulation of the ML Prob-

lem

In essence, our primary objective is to establish a functional mapping that derives vessel

motions from ocean wave data [219]. This mapping, which exists between two spaces of

functions, can be deemed a functional correspondence. The efficiency and accuracy of this

mapping hinge on two factors: the comprehensiveness of the information provided and

the efficacy of the algorithm that encapsulates the relationship between these functional

spaces [237, 22].

Given these prerequisites, we prefer representations with fewer parameters as they

not only enhance computational efficiency but also curb overfitting. Numerous machine
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learning models were examined before we settled on our final configuration. It’s worth

noting that the specific model applied in the context of this thesis is not set in stone;

it may undergo modifications as our understanding of the dynamics improves and more

representative data becomes available in the future.

2.5.1 Overview ML Methods for Time/Sequence Series Predic-

tion

Time series forecasting methods span from the simplest, such as Linear Regression, to

more advanced ones like LSTM, GRUs and Transformer models. Linear Regression is

straightforward to implement and understand, but may oversimplify complex problems

due to its assumptions about the data. ARIMA, a well-established method, excels with

univariate time series data with trends or seasonality but struggles with multiple complex

seasonality patterns.

Neural network-based models have been effective at capturing the complexity of time

series data. Recurrent Neural Networks (RNNs) are good for sequence prediction where

context from the recent past is important, but have difficulties with long-term depen-

dencies. Long Short-Term Memory (LSTM) and Gated Recurrent Units (GRUs) were

developed to handle such dependencies. LSTMs are effective but computationally inten-

sive, while GRUs are a simpler and more efficient alternative.

Convolutional Neural Networks (CNNs), traditionally used for image data, can also

be applied to sequence prediction tasks, especially when spatial/temporal dependencies

exist. However, they’re not inherently suited to temporal data.

For more complex tasks where input and output sequences are of different lengths,

Sequence-to-sequence (Seq2Seq) models are a great fit. Finally, Transformer Models,

which capture global dependencies in the data, are state-of-the-art for many tasks, but

require large amounts of data and computing resources.

Choosing the right model depends heavily on the specific problem, the nature of the

data, and the available computational resources. Often, a combination of methods and

experimentation is needed to find the most effective solution.
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2.5.2 Choice of ML Method

Accurately replicating the movements of vessels through computer simulation is already

a remarkable achievement and serves as a critical alternative to using real vessels to

investigate their operational limits. Such real-world investigations are typically cost-

prohibitive and fraught with risk, due to the extreme environmental conditions under

which these operations occur. Simulation, therefore, holds a distinct advantage in this

regard, although still severely limited by computational cost.

The challenges posed by these conditions significantly limit the availability of meaning-

ful data and create obstacles in generating novel, useful datasets that present interesting

scenarios for training Machine Learning methods. Given this scarcity of data, LSTM

RNNs [100] were selected for their economy in terms of parameter space. They are par-

ticularly suited to situations where data is limited, which is the case here. The ultimate

objective is to create an algorithm that can draw from a variety of data sources, both

simulated and real, to accurately learn the mappings between complex functional spaces,

even under challenging operational conditions. The future goal of extending this work

to cover all operating conditions largely depends on data availability. Nevertheless, the

foundational structure of the algorithm can largely be maintained.

RNNs, representing an evolution of feedforward neural networks [263], are specially

crafted to capture sequence-related features. They offer a dynamic state that evolves as

the network processes more of the sequence, making them particularly adept at integrating

newly available information over lengthy sequences. A unique attribute of RNNs is their

parameter sharing mechanism, using the same function to transform the preceding state.

This is efficient and conducive for capturing sequence dynamics. However, traditional

RNNs face challenges, like the vanishing gradient problem, which prompted the turn

towards gated units, specifically LSTM and GRU cells, for the lengthy time series utilized

in this study [46].

LSTMs, among gated cells, possess gates that control the information flow within the

cell’s state, mitigating the vanishing gradient problem. After an extensive convergence

study of network properties, LSTMs emerged as more expressive, catering effectively to

the complexities of the data in question. While alternative architectures such as NARX
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were considered, their inability to ’forget’ was a significant limitation. This flaw could

lead to the accumulation of residual errors, compromising the performance in predicting

extended sequences.

Among gated cells, the LSTM emerges as the choice for its well-established reputation,

its expressiveness, and its innate ability to handle long sequences without accumulating

errors [263]. Although LSTMs have seen widespread applications in areas like language

modeling, the focus in this work diverges from those traditional uses, instead harnessing

its strengths for the unique challenges presented by vessel movement simulations.

While Transformers have achieved state-of-the-art results in many sequence modeling

tasks, especially in NLP [281, 120], they require a significant amount of data for training.

Their architecture, designed around self-attention mechanisms, allows them to capture

long-range dependencies in the data, potentially even more effectively than LSTMs in

certain contexts. However, given the limited availability of data in our scenario and

the computational resources required to train such models, LSTMs were deemed more

suitable. The future, with the availability of more data and increased computational

capacity, might see a turn towards experimenting with transformer architectures for vessel

movement simulations.

The formulation of LSTM cells follows established guidelines [100, 87]. Here, the

internal memory 𝑐t and visible state ℎt constitute the evolving pair [𝑐t, ℎt]. The forget

gate 𝑓t, aptly named, regulates memory cell pruning. The input gate 𝑖t governs memory

cell readouts into the visible state ℎt, facilitated by the output gate 𝑜t. The memory cell

𝑐t evolves via contributions from both forget and input gates.

𝑓t = 𝜎g (𝑊f𝑥t + 𝑈f𝑐t−1 + 𝑏f )

𝑖t = 𝜎g (𝑊i𝑥t + 𝑈i𝑐t−1 + 𝑏i)

𝑜t = 𝜎g (𝑊o𝑥t + 𝑈o𝑐t−1 + 𝑏o)

𝑐t = 𝑓t ⊙ 𝑐t−1 + 𝑖t ⊙ 𝜎c (𝑊c𝑥t + 𝑏c)

ℎt = 𝑜t ⊙ 𝜎h (𝑐t)

(2.41)

By revisiting and refining these foundational elements, we establish a robust framework

for modeling complex sequences, as demonstrated in our study.
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Figure 2-12: Unfolding a RNN.

Figure 2-13: Peephole LSTM cell.

2.5.3 Neural Network Architecture Convergence

Neural network architecture analysis plays an essential role in optimizing the performance

and predictive capabilities of LSTM recurrent neural networks. It serves as a systematic

exploration of different network configurations to identify the most effective setup for

a specific task. This process involves fine-tuning hyperparameters, which are variable

settings that define the network architecture’s and thus its behavior during the learning

process.

In the context of LSTM networks, several key hyperparameters can be tuned to en-

hance their performance. The number of LSTM units or neurons in each layer is a crucial

consideration. A higher number of neurons can potentially capture more intricate pat-

terns in the data, but it also increases computational complexity. On the other hand,
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too few neurons might lead to underfitting. The number of hidden layers in the network

also affects its depth and capacity to learn hierarchical features. Deeper networks can

model complex relationships but might be prone to overfitting. Batch size, which deter-

mines the number of training samples used in each iteration, influences training speed

and convergence stability.

Additionally, hyperparameters like the learning rate and optimization algorithm in-

fluence the rate of convergence during training. Learning rate determines the step size

in updating network weights, and the choice of optimizer affects how these updates are

performed. Regularization techniques, such as dropout [256] and recurrent dropout [12],

can be employed to prevent overfitting by randomly disabling certain neurons during

training, however they did not improve substantially the performance of the LSTM net-

works trained for vessel motion modeling. However, in the context of sparse data, the

application of dropout can present specific challenges. One significant concern is the risk

of excessive regularization. Since the model might already find it challenging to fit the

sparse data, introducing dropout could further impede this process, potentially leading

to underfitting. Additionally, the already intricate task of learning meaningful represen-

tations from limited data can be further hampered by the random dropout of neurons

during training [111].

This randomness introduced by dropout can manifest in another concerning way—increased

variance in model predictions. Such unpredictability in outcomes can be detrimental, es-

pecially when the objective is to achieve consistent and reliable results [82]. Moreover,

the stochastic nature of dropout can introduce noise into the optimization landscape,

making it harder for the model to find a suitable minimum, thereby posing optimization

challenges[119] .

It’s worth noting that while dropout is a valuable tool, its effects in the realm of

limited data haven’t been as extensively researched as its broader applications [92]. How-

ever, practitioners should be aware of several practical considerations. Firstly, simplicity

is crucial when dealing with small datasets [56]. Networks with fewer parameters are

more apt for such scenarios, as their smaller size inherently regularizes them, potentially

rendering additional dropout unnecessary or even counterproductive. Secondly, regard-
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Figure 2-14: Neural network architecture convergence.

less of the size of the dataset, careful validation remains essential [211]. A validation set,

albeit small, can provide crucial insights into the model’s performance, helping identify

potential issues of underfitting or overfitting. Lastly, one might consider other forms of

regularization, like L1 or L2 regularization, which could offer a more controlled approach

than dropout when data is limited [184]. As with many techniques in deep learning, the

specific effects of dropout can vary depending on the problem at hand, making empirical

testing and ongoing validation indispensable [148].

Furthermore, the selection of loss functions and evaluation metrics is critical in guiding

the network’s learning process and assessing its performance [289]. These choices depend

on the specific nature of the task, whether it’s classification, regression, or sequence gen-

eration. We experiment with three different loss functions to explore the effect of high-

lighting different features of the data during the training process. These loss functions

were: Mean Square Error, Amplitude Magnified Mean Square Error [125] and Relative

Entropy [132].

In summary, neural network architecture analysis involves the strategic adjustment

of hyperparameters to strike a balance between model complexity and generalization

capacity [161]. By iteratively fine-tuning these parameters and evaluating the network’s

behavior on validation data, researchers and practitioners can optimize LSTM networks

for specific tasks, ensuring they achieve the desired accuracy and predictive power.
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Figure 2-15: Schematic of wave probes in the computational domain.

2.5.4 Engineering the Data to Obtain Maximum Accuracy in

the Predictions

Much like in numerical methods, the format in which data is feed into ML algorithms may

emphasize or hide certain features in the data. In numerical methods this is controlled

with the numerical stencil [140] (upwind, centered, forward backwards differences... )

each type having particular advantages and disadvantages. Centered difference stencils

generally provide higher accuracy due to their second-order accuracy. Upwind stencils can

provide better stability for problems [91] with a dominant transport direction. Therefore,

the type and size of the numerical stencil can significantly influence the accuracy, stability,

and computational cost of the numerical solution. Generally, larger stencils involve more

grid points, leading to more accurate solutions but at a higher computational cost.
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Figure 2-16: Profile of the wave in the longitudinal & transversal direction, respectively corresponding to test case one.

However, larger stencils can introduce noise into the solution for several reasons [40].

Firstly, round-off errors, which are inherent in the storage and manipulation of floating-

point numbers, can accumulate in larger stencils due to the increased number of calcu-

lations [273]. This accumulation can appear as noise in the solution. Additionally, small

errors, including round-off errors, can amplify over time, introducing significant noise into

the solution. Stability is crucial, and careful selection of stencils is necessary to ensure it.

Nevertheless, larger stencils are capable of resolving higher frequency components in

the solution. These components, if not physically meaningful or if they’re artifacts of the

initial or boundary conditions or the discretization, might manifest as noise. Lastly, if the

stencil doesn’t accurately represent the derivatives in the PDE, it can introduce errors

that may appear as noise, particularly if they are not smoothly distributed.

To address these issues, careful stencil selection, taking into account the PDE, the

domain, and the specifics of the problem is essential. Additionally, techniques such as

filtering or smoothing, error control, and adaptive meshing can help manage potential
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noise introduced by larger stencils.

The insights gained from numerical analysis [32] remain profoundly applicable when

devising Machine Learning algorithms. If the data lacks sufficient information to accu-

rately represent the physical process, attempts to learn complex interrelationships between

quantities of interest are destined to falter from the outset. Conversely, inundating the

algorithm with irrelevant information during training can be akin to introducing noise

[129, 56]. This noise must subsequently be filtered, complicating the learning task. Thus,

a well-invested effort in discerning relevant input and crafting an apt data processing

framework to generate it can yield significant benefits throughout all stages of the pro-

cess.

With the previous in mind, I design a stencil that feeds information into the neural

network in a efficient and representative way (See fig. 2-15). Let 𝜃(𝑡) = (𝜃1(𝑡), 𝜃2(𝑡), 𝜃3(𝑡))

be a vector function that outputs Heave, Pitch and Roll of a vessel. We attempt to

approximate:

𝜃(𝑡) = 𝑓NN(𝑃 k
1 (𝑡), 𝑃 k

2 (𝑡), ..., 𝑃 k
N(𝑡))

where, 𝑃 k
N(𝑡) are 𝑁 wave probes along the intersection of two vertical planes with the

free surface. Where:

𝑃 k
N(𝑡) = (𝑝N(𝑡), 𝑝N(𝑡− Δ𝑡)), 𝑝N(𝑡− 2Δ𝑡)), 𝑝N(𝑡− 𝑘Δ𝑡)) (2.42)

Given that the process has a certain amount of memory it is of interest to have available

for the predictions at time 𝑡 information on wave elevations during a window of time before

time 𝑡 (See fig. 2-16). This window is designed in such a way that it provides additional

useful information without going so far as to provided information that is so far into the

past that has no effect in the current prediction. Training in this condition, as explained

earlier, would add an additional task of filtering this irrelevant information. With this in

mind, we feed to the neural network at any given instance 𝑃 k
N(𝑡), the wave elevation at

time 𝑡 and the 𝑘 previous time steps. This window size 𝑘 is one of the hyperparameters

of the network that is tunned during the network architecture convergence.
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2.5.5 Approximation of Continuous Functionals by Neural Net-

works and Application to Dynamical Systems

The methodology I put forward in this thesis draws inspiration from the theoretical foun-

dations presented in [43], which demonstrates that Neural Networks (NNs) can approxi-

mate continuous functionals with high precision. Extending beyond nonlinear functional

mapping (i.e., mapping from a space of functions into real numbers), we consider nonlinear

operator mapping, which navigates from a space of functions to another function space.

The theoretical foundations for this are provided in [44], with DeepONet [156] serving as

a prime example. Several related studies support these findings [103, 102, 49, 231, 130].

LSTM networks are acknowledged for their robust modelling of complex dynamic physi-

cal systems. However, the examined data in this thesis may not strictly adhere to all the

assumptions on which the theorems outlined in [43] are based. Specifically, we highlight

the continuity of functions inputted into the functional modeling the physical system and

the compactness of the sets where they are defined. This observation hints at a potential

for further generalization of these results.

The critical findings from [43] can be paraphrased as follows: Under minimal con-

ditions, a functional delineated on a compact set within 𝐶[𝑎, 𝑏] or 𝐿p[𝑎, 𝑏] (infinite-

dimensional spaces) can be approximated to an arbitrary degree of accuracy using a

single-hidden-layer neural network. Specifically, for a compact set U in 𝐶[𝑎, 𝑏], 𝜎 (a

bounded sigmoidal function), and ℱ , a continuous functional defined on U, the functional

ℱ(𝑢) can be approximated for all 𝑢 ∈ 𝑈 by:

ℱ(𝑢) =
N∑︁

i=1

𝑐i𝜎

(︃
m∑︁

j=0

𝜉i,j𝑢 (𝑥j) + 𝜃i

)︃

. (2.43)

In the above equation, 𝑐i, 𝜉ij, 𝜃i represent real numbers, while 𝑢(𝑥j) denotes the value

of 𝑢 at 𝑥j.

The theorem and its corresponding explicit expression hold the potential to exert a

broad influence on the foreseeable applications of neural networks in dynamical systems

modeling [197, 199]. In this thesis, we have embraced this framework and executed its

implementation for practical applications, marking the first instance in the realm of naval
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hydrodynamics.

Throughout the case studies explored in this thesis, the output of the dynamical system

- characterized here as vessels undergoing unsteady motions - is perceived as a functional

response to a forcing term, in this case, ocean waves. Among other significant findings in

this thesis, we underline the computational advantages brought about by the synergistic

application of dynamic physical models and Recurrent Neural Networks (RNNs). This

advantage becomes even more pronounced in the context of complex physical simulations.

The simulations performed for this research indicate substantial computational savings

in generating the motion dataset characterizing the vessel’s behavior, all while upholding

the desired accuracy levels. Moreover, the surrogate model developed in this process

holds the potential to facilitate the creation of a ’digital twin’ of the actual vessel. This

development is especially relevant in ensuring secure and efficient operations, particularly

when navigating under extreme weather conditions. This technology empowers sailors

by providing high-quality information that supports them in managing these demanding

situations over extended durations.

The initial focus involves modeling the two degrees-of-freedom (2DOF) motions (heave

pitch) of a catamaran vessel under the influence of nonlinear 5th-order regular waves, and

certain outcomes are depicted in fig. 2-19. We then transition to irregular stochastic waves

that mimic real-life sea states, showcasing outcomes in figs. 2-21 to 2-25. Ultimately, we

delve into approximating the three degrees-of-freedom (heave, pitch roll) motion of a

conceptual DTMB battleship, as illustrated in fig. 2-27. Through these stages, we believe

we have attained a state-of-the-art generalization of motions primarily governed by the

Navier-Stokes equations. A succinct exploration of the underlying physics is provided in

section 2.4.1, and for more in-depth information, refer to [53].

2.5.5.1 Representation of Dynamical Systems with Functionals

This section provides a summary of the extension of eq. (2.43) to dynamical systems, as

described in [43]. This summary focuses on the crucial aspects that ensure the learnability

of a dynamical system.

The first assumption grounding this approach is that the dynamical system can be
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modelled as a continuous functional defined on a compact set. This is a non-trivial

assertion, and its validity might not be easy to establish for the vessels analyzed in this

study, even though the results obtained so far have been very promising.

The second assumption rests on the idea that the representation of functionals for

the dynamical system can be achieved through a windowing operator. To articulate

this more formally, suppose 𝑋1 and 𝑋2 are sets in Rq1 and Rq2 , respectively, and these

sets correspond to functions defined in Rn. We perceive the dynamical system under

consideration as a map from 𝑋1 to 𝑋2, such that for every 𝑢 ∈ 𝑋1, we have 𝐺𝑢 = 𝑣 ∈ 𝑋2.

With this in mind, an n-dimensional windowing operator 𝑊 can be defined for 𝑥 ∈ 𝑋,

which is centered at 𝛼 and has a width of 2𝑎:

(𝑊α,a𝑥) (𝛽) =

⎧

⎨

⎩

𝑥(𝛽) if 𝛽 ∈ Γα,a

0 if 𝛽 /∈ Γα,a

.

Using this window operator, we can restrict a non-empty set 𝑈 of 𝑋1, 𝑈α,a =
{︁

𝑢|Γα,a
, 𝑢 ∈ 𝑈

}︁

.

This reads as, 𝑢|Γα,a
is the restriction of 𝑢 to Γα,a.

We consider that a map 𝐺 from 𝑋1 to 𝑋2 has approximately finite memory if ∀𝜖 > 0

there is 𝑎 > 0 such that:

⃒
⃒
⃒(𝐺𝑢)j(𝛼) − (𝐺𝑊α,a𝑢)

j
(𝛼)

⃒
⃒
⃒ < 𝜖, 𝑗 = 1, . . . , 𝑞2 ∀𝛼 ∈ Rn, 𝑢 ∈ 𝑈.

The aforementioned considerations profoundly influence the learnability of the dynam-

ical process. They restrict the application of the functional approximation proof to those

dynamical systems for which it’s not necessary to have a complete historical record of

states for their approximation. Moreover, to yield an explicit expression of the functional,

the subsequent assumptions are essential:

1. If 𝑢 ∈ 𝑈 , then 𝑢|Γα,a
∈ 𝑈 , ∀𝛼 ∈ Rn, 𝑎 > 0.

2. ∀ 𝛼 ∈ Rn, 𝑎 > 0, 𝑈α,a is a compact set in 𝐶V (
∏︀n

k=1 [𝛼k − 𝑎k, 𝛼k + 𝑎k]) or a compact

set in 𝐿p
V (

∏︀n

k=1 [𝛼k − 𝑎k, 𝛼k + 𝑎k]), where 𝑉 stands for Rq1 .

3. Then, if we let (𝐺𝑢)(𝛼) = ((𝐺𝑢)1(𝛼), . . . , (𝐺𝑢)q2(𝛼)), consequently each (𝐺𝑢)j(𝛼)

will be a continuous functional defined over 𝑈α,a, with the corresponding topology
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in 𝐶V (
∏︀n

k=1 [𝛼k− 𝑎k, 𝛼k + 𝑎k] or 𝐿p
V (

∏︀n

k=1 [𝛼k − 𝑎k, 𝛼k + 𝑎k]).

Given the above results and following the process given in reference [43], we can find

the extension of eq. (2.43) to dynamical systems in the following theorem:

Theorem: If 𝑈 and 𝐺 satisfy all the assumptions (1-3) made previously, and 𝐺 is of

approximately finite memory, then ∀𝜖 > 0, ∃𝑎 > 0, 𝑚 a positive integer, (𝑚 + 1)n points

in
∏︀n

k=1 [𝛼k − 𝑎k, 𝛼k + 𝑎k], 𝑁 a positive integer, constants 𝑐i(𝐺,𝛼, 𝑎) that only depend on

𝐺,𝛼, 𝑎, and 𝑞2 × (𝑚 + 1)n - vectors 𝜉i, 𝑖 = 1, . . . , 𝑁 , such that:

⃒
⃒
⃒
⃒
⃒
(𝐺𝑢)j(𝛼) −

N∑︁

i=1

𝑐i(𝐺,𝛼, 𝑎)𝜎
(︀
𝜉i · 𝑢q1,n,m + 𝜃i

)︀

⃒
⃒
⃒
⃒
⃒
< 𝜖, 𝑗 = 1, 2, . . . , 𝑞2.

In conclusion, it is important to highlight the approximately finite memory assump-

tion. This forms the foundation for building the functional approximation as a sum of

functionals defined in the subsets identified by the previously defined window operator.

In our empirical analysis, we set a benchmark against a case which, we anticipate, will

allow for a highly accurate representation of the functional from the subsets provided by

the window operator, under the approximately finite memory assumption.

2.5.6 Cost functions and How they Allow to Weight Differently

Multiple Data Properties

During the course of the thesis several cost functions have been explored to train the

LSTM networks. This efford has had the objective of quantifying the effect of highlighting

some features more than others in the training data. Overall, it has been observed that

Mean Square Error (MSE) provides the best accuracy when training. However, given a low

tolerance to having underpredictions in particular scenarios, it may be worth it to train the

network to slightly over-predict on average. With this in mind I have been experimenting

with cost functions such as Relative Entropy (RE) and Amplitude Weighted Mean Square

Error (AWMSE).
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2.5.6.1 Mean Square Error

The Mean Square Error (MSE) is an extensively employed statistical metric, often favored

for evaluating the accuracy of a machine learning model or comparing the fits of different

models.

MSE calculates the average of the squares of differences between predicted and ac-

tual values, offering a comprehensive measure of prediction error. This essentially allows

for quantification of the discrepancy between the estimator (the dataset used to derive

predictions) and the true values.

However, while the MSE is a powerful tool, it is not without limitations. For instance,

its heavy penalty on larger errors due to the squaring operation can sometimes lead to

a misleading representation of the model’s performance, especially when dealing with

outliers.

MSE =
1

𝑛

n∑︁

i=1

(︁

𝑌i − 𝑌i

)︁2

, (2.44)

2.5.6.2 Relative Entropy

Inspired by [229] in the application of Relative Entropy to improve predictions of extreme

events in dynamical systems, we explore in this Thesis the advantages of using Relative

Entropy when predicting dynamics of ocean going vessels in extreme weather conditions.

In the study conducted by Qi and Majda [214], the application of Relative Entropy

(or Kullback-Leibler divergence) as a loss function for training neural networks was ex-

amined. They utilized Relative Entropy to measure the divergence between the actual

and predicted outcomes, after the application of the softmax function.

For a given 𝑦 ∈ R
s, the loss function they propose for a single datapoint is defined as

follows:

𝐿QM(x) = 𝐾𝐿
(︁

𝜎(𝑓(x))
⃦
⃦
⃦𝜎(𝑓(x))

)︁

+ 𝛼𝐾𝐿
(︁

𝜎(−𝑓(x))
⃦
⃦
⃦𝜎(−𝑓(x))

)︁

=
∑︁

(︃

𝜎(𝑓(x)) log

(︃

𝜎(𝑓(x))

𝜎(𝑓(x))

)︃

+ 𝛼𝜎(−𝑓(x)) log

(︃

𝜎(−𝑓(x))

𝜎(−𝑓(x))

)︃)︃
(2.45)
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In the equation above, log is applied element-wise and the sum is taken over 𝑠 dimen-

sions. The softmax function, 𝜎, is defined as:

𝜎(�⃗�)i =
𝑒yi

∑︀K

j=1 𝑒
yj

(2.46)

The softmax function ensures that outputs are weighted by the exponent of their

magnitude, hence concentrating the learning on large magnitude features. This approach

showed considerable effectiveness in the context of [214], where 𝑦 was the high-dimensional

solution to a partial differential equation (PDE).

However, this method can’t be directly applied for scalar output 𝑦. This limitation

arises because for any 𝑦 ∈ R
1, 𝜎(𝑦) = 1. Furthermore, Eq. (2.45) only emphasizes extreme

values within a single output sample, but lacks the capacity to compare multiple 𝑦 values.

However, it’s feasible to develop analogous loss functions where an operator similar to

soft-max is applied across multiple samples, instead of the indices within a single sample.

Suppose that 𝑓 and 𝑓 are such that the expectation of the exponential of 𝑓(x),

denoted as Ex[𝑒𝑥𝑝(𝑓(x))], and the expectation of the exponential of 𝑓(x), denoted as

Ex[𝑒𝑥𝑝(𝑓(x))], are finite and non-zero. This is a reasonable assumption that holds in the

set containing 𝐿∞(𝑋). We can then define an operator 𝐺(𝑓) using the following formula,

𝐺(𝑓)(x) = 𝑒f(x)𝑝x(x)

(︂∫︁

X

𝑒f(x)𝑝x(x), 𝑑x

)︂−1

= 𝑒f(x)𝑝x(x),Ex

[︀
𝑒f(x)

]︀−1
.

(2.47)

This operator can be seen as a continuous equivalent of the soft-max function. The

functions that result from applying 𝐺 to an input are probability density functions on the

set 𝑋. The value of 𝐺(𝑓)(x) is proportional to both the sample density 𝑝x(x) and 𝑒f(x).

𝐺(𝑓) concentrates mass on those values of x that have non-vanishing likelihood under

𝑝x and whose image under 𝑓 is large, meaning it focuses on extreme values. Importantly,

when 𝑓 is linear, the operator defined in Eq. (2.47) is known as exponential tilting, a

concept introduced by Efron in 1981, and has been used in importance sampling [62, 245].

We define the relative entropy loss 𝐿RE as the Kullback-Leibler (KL) divergence be-

tween 𝐺(𝑓) and 𝐺(𝑓), represented mathematically as:
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𝐿RE(𝑓) = 𝐾𝐿
(︁

𝐺(𝑓)|𝐺(𝑓)
)︁

. (2.48)

In this equation, 𝑓 denotes the true function we wish to approximate, and 𝑓 is our

approximation of this function. The operator 𝐺(·) represents a transformation applied to

these functions.

In contrast to the formulation in [214], where normalization of 𝐺(𝑓) is applied across

dimensions of 𝑦, we normalize across the input space 𝑋. This alternative approach enables

exponential weighting of outputs by their magnitude, even when 𝑦 is scalar.

We aim to minimize the relative entropy loss with respect to 𝑓 . Expanding equation

(2.48) and discarding terms not dependent on 𝑓 , we arrive at:

𝐿RE(𝑓) = Ex

⎡

⎣
𝑒f(x)

Ex [𝑒f(x)]
log

⎛

⎝
𝑒f(x)𝑝x(x),Ex

[︁

𝑒f̂(x)
]︁

𝑒f̂(x)𝑝x(x),Ex [𝑒f(x)]

⎞

⎠

⎤

⎦

∝ Ex

[︁

𝑒f(x) log
(︁

𝑒f(x)−f̂(x),Ex

[︁

𝑒f̂(x)
]︁)︁]︁

= Ex

[︁

𝑒f(x)(𝑓(x) − 𝑓(x)) + 𝑒f(x) log
(︁

Ex

[︁

𝑒f̂(x)
]︁)︁]︁

.

(2.49)

In this final form, the relative entropy loss is the expectation over 𝑋 of a term related

to the difference between 𝑓(x) and 𝑓(x), plus a term representing the logarithm of the

expected value of 𝑒f̂(x).

We encounter an issue with the term inside the log when trying to estimate the in-

dividual expectations in the Relative Entropy (RE) loss function using sums over the

dataset. This problem is addressed using Jensen’s inequality:

log
(︁

Ex

[︁

𝑒f̂(x)
]︁)︁

≥ E𝒟

[︃

log

(︃

1

𝑚

m∑︁

i=1

𝑒f̂(xi)

)︃]︃

log
(︁

Ex

[︁

𝑒f̂(x)
]︁)︁

≥ E𝒟

[︃

log

(︃

1

𝑚

m∑︁

i=1

𝑒f̂(xi)

)︃]︃

(2.50)

In this inequality, the second and third expectations are taken over the random samples

𝒟. The term on the left side, the expected log of the empirical average of 𝑒𝑥𝑝(𝑓(x)), is

an underestimate of the term on the right. We therefore aim to find an upper bound for

the left-hand side term that can be accurately approximated and minimized.

We use a Taylor expansion around 𝛼 to find this upper bound, since the logarithm
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can be bounded above by its first-order Taylor expansion at any 𝛼. This results in:

log
(︁

Ex

[︁

𝑒f̂(x)
]︁)︁

≤ log(𝛼) +
Ex

[︁

𝑒f̂(x)
]︁

− 𝛼

𝛼
. (2.51)

Here, 𝛼 is a parameter that we choose to minimize the error in the Taylor approxi-

mation and make the bound as tight as possible. For 𝛼 close to Ex exp(𝑓(x)), we select

𝛼 = Ex exp(𝑓(x)) assuming that 𝑓 ≈ 𝑓 . This simplifies the upper bound of 𝐿RE consid-

erably, and terms not depending on 𝑓 can be ignored. This upper bound can be easily

approximated from the dataset 𝒟 using:

𝐿RE(𝑓) = Ex

[︁

𝑒f̂(x) − 𝑒f(x)𝑓(x)
]︁

= E𝒟

[︃

1

𝑚

∑︁

𝒟

(︁

𝑒f̂(xi) − 𝑒f(xi)𝑓(xi)
)︁
]︃

. (2.52)

Following [214], we note that the relative entropy loss only emphasizes the error on

large positive values of 𝑓(x). Therefore, we introduce a generalization to focus the loss

function on predicting positive outliers, using the parameter 𝜆 to control this emphasis.

This generalized loss function is:

𝐿RE,λ(𝑓) = 𝐿RE(𝑓) + 𝜆𝐿
(−)
RE(𝑓), (2.53)

where 𝐿
(−)
RE(𝑓) is defined by replacing 𝑓 and 𝑓 in Eq. (2.52) with −𝑓 and −𝑓 , re-

spectively. The skew of the dataset determines the value of 𝜆. In our case, since the

data contains extremes that skew positive, we set 𝜆 = 0.1 to focus on predicting positive

outliers.

2.5.6.3 Amplitude Weighted Mean Square Error

Amplitude Weighted Mean Square Error (AWMSE) is a variation of the Mean Square

Error (MSE) that assigns different weights to the errors based on the amplitude of the

quantity of interest. This is designed to place greater emphasis on deviations from the

peak values of the variable that we are trying to approximate.

AMMSE =
1

𝑛

n∑︁

i=1

(︁

𝑌i − 𝑌i

)︁2 (︀
𝜖1 − 𝜖2𝑌

2
i

)︀

(2.54)
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This approach can be especially beneficial in certain applications where errors of peak

values are particularly undesirable or costly. However, like MSE, AWMSE can be influ-

enced heavily by outliers, due to the added emphasis on large errors.

2.6 Nonlinear Functional Approximation for Model-

ing Nonlinear Motions

Figure 2-17: Schematic of the physical problem simulated and inputs and outputs of the
deep LSTM RNN. The inputs for training are sea surface elevations in the form of time
series, while the corresponding outputs are the vessel motions. Sea surface elevations are
recorded at specific point locations that can be chosen from lines over the free surface.
Vessel motions in the training cases are obtained from an URANS solver. Shown here as
inputs (𝑋(𝑡)) are two unseen surface elevations, which serve as test cases in our simulation
example for the DTMB vessel.

In order to formulate a nonlinear functional approximation for predicting motion dy-

namics, we have designed LSTM networks aimed at approximating the 2DOF or 3DOF

motions of vessels traversing irregular waves in both head-on and oblique seas. We first

demonstrate results related to a catamaran vessel navigating under the mild conditions

of a WMO sea state 1. Subsequently, we showcase results of the DTBM vessel sailing

through the extreme conditions found in a WMO sea state 8.
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2.6.1 Catamaran Vessel

We commence our exploration with simple Stokes 5th-order waves, as shown in fig. 2-19.

To distinguish between the two most frequently used gated RNN cells, we initially set

up benchmark cases. This involves comparing two distinct regular waves and evaluating

network sizes of 5 and 20 neurons for a single hidden layer, for both GRU and LSTM

networks. The results, featured in fig. 2-19, indicate that for this specific application,

LSTM networks exhibit greater expressiveness, a trend that becomes more apparent when

the neuron count is increased from 5 to 20. As we progress, we will employ an LSTM

network with a single hidden layer for regular waves, while for irregular waves, more

complex networks will be adopted.
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(a) LSTM test: 20 neurons, 1 hidden layer.
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(b) LSTM test: 5 neurons, 1 hidden layer.
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(c) GRU test: 20 neurons, 1 hidden layer.
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(d) GRU test: 5 neurons, 1 hidden layer.

Figure 2-18: Comparison of LSTM and GRU for a 5th-order Stokes regular wave (wave
amplitude is 0.15𝑚) for the catamaran vessel. The data-set is composed of 5 waves of
varying amplitude. The first 4 waves are used as training cases (for 20000 steps) while the
last wave (shown here) is used for testing. Each time step corresponds to Δ𝑡 = 0.0625𝑠.
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(a) LSTM test: 20 neurons, 1 hidden layer.
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(b) LSTM test: 5 neurons, 1 hidden layer.
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(c) GRU test: 20 neurons, 1 hidden layer.
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(d) GRU test: 5 neurons, 1 hidden layer.

Figure 2-19: Comparison of LSTM and GRU for a 5th-order Stokes regular wave (wave
amplitude is 0.15𝑚) for the catamaran vessel. The data-set is composed of 5 waves of
varying amplitude. The first 4 waves are used as training cases (for 20000 steps) while the
last wave (shown here) is used for testing. Each time step corresponds to Δ𝑡 = 0.0625𝑠.

Upon selecting the type of neural network, we conducted tests with stochastic waves

designed to emulate the typical sea states a catamaran vessel might encounter. It was

observed that the pitch angular motion was modeled with greater accuracy compared to

the vertical motion. Subsequently, we proceeded to enhance the network’s architecture,

increasing its expressiveness while avoiding overfitting issues.

The data used for training and testing the networks is illustrated in fig. 2-20. The

outcomes of this study are presented in figs. 2-21 to 2-25. Specifically, fig. 2-21 illustrates

the heave and pitch motions predicted by an LSTM network featuring 20 neurons and

1 layer. The left column showcases predictions based on the training data, while the

right column presents predictions for unseen data. The training dataset consists of three
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(a) Network input figs. 2-21a and 2-21c.
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(b) Network input figs. 2-21b and 2-21d.
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(c) Network input fig. 2-22.

Figure 2-20: LSTM network inputs for 2DOF catamaran vessel in irregular head seas.
Each time step corresponds to Δ𝑡 = 0.0625𝑠.
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(a) Vertical vessel motion. Training based on
three different sequences.
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(b) Vertical vessel motion. Testing based on the
training of (a).
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(c) Angular vessel motion. Training based on
three different sequences.
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(d) Angular vessel motion. Testing based on the
training of (c).

Figure 2-21: LSTM network (20 neurons, 1 layer) for the catamaran vessel subject to
irregular waves. The left column (a, c) shows the vertical and angular vessel motions
after training with three different sea state realizations; one such realization is shown in
fig. 2-21a. The right column (b, d) shows the vertical and angular vessel motions for testing
given the inputs indicated in fig. 2-21b. Each time step corresponds to Δ𝑡 = 0.0625𝑠.
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(a) RSE= 1.7020e-05.
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(b) RSE = 3.7029e-05.
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(c) RSE = 5.7327e-05.
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(d) RSE = 8.4781e-06.
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(e) RSE = 4.5099e-05.
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(f) RSE = 2.5656e-04.

Figure 2-22: Vertical motion of the catamaran vessel using two LSTM networks with 1
layer and 15 neurons (upper row) and 3 layers and 15 neurons (lower row). The left
column corresponds to 2/3 training data from fig. 2-20c, the middle column corresponds
to 1/2 of the training data, and the right column corresponds to 1/4 of the training data.
Each time step corresponds to Δ𝑡 = 0.0625𝑠.
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(a) RSE =1.0249e-05.
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(b) RSE =2.3605e-05.
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(c) RSE =4.0008e-05.
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(d) RSE = 1.2446e-05.
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(e) RSE = 1.1840e-04.
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(f) RSE = 4.3936e-04.

Figure 2-23: Angular motion of the catamaran vessel using two LSTM networks with 1
layer and 15 neurons (upper row) and 3 layers and 15 neurons (lower row). The left
column corresponds to 2/3 training data from fig. 2-20c, the middle column corresponds
to 1/2 of the training data, and the right column corresponds to 1/4 of the training data.
Each time step corresponds to Δ𝑡 = 0.0625𝑠.
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Figure 2-24: Figure (a) shows the surface elevation input to the network. Each time step
corresponds to Δ𝑡 = 0.0625𝑠. Mean squared error (MSE) ploted in (d), early training
stop performed to prevent over-fitting.
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Figure 2-25: Long-time predictions of vertical (a) and angular (b) motions of the cata-
maran vessel using a LSTM network with 2 layers and 10 neurons. The vertical line in
(a),(b) denotes the beginning of testing. Each time step corresponds to Δ𝑡 = 0.0625𝑠.
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distinct sequences for surface elevation, akin to the one demonstrated in fig. 2-20a. The

testing predictions, displayed in the right column of figure 6, are generated from surface

elevation inputs depicted in fig. 2-20b. It is evident that this shallow network effectively

approximates the two degrees of freedom (DOF) catamaran vessel subjected to irregular

waves.

A more systematic exploration of network architectures and training extents is de-

picted in figures 7 and 8. These figures demonstrate outcomes from a set of 64 parametric

variations involving five network architecture parameters: neurons, hidden layers, train-

ing steps, the number of sequences in the training process, and the fraction of a sequence

utilized in training. In the initial six plots, sub-figures 2-22a - 2-22f, we analyze the evolu-

tion of motion predictions as the fraction of sequence used in the training process (2-22a

→ 2-22c or 2-22d → 2-22f) or the number of hidden layers (2-22a → 2-22d or 2-22b →
2-22e or 2-22c → 2-22f) is varied. The second set of subplots in fig. 2-23 (2-23a - 2-23f)

mirrors the first set, with the only difference being that instead of vertical motion (heave),

angular motion (pitch) is plotted. Importantly, accurate predictions for both heave and

pitch are achievable even with a small training dataset, as long as the LSTM architecture

is adjusted to mitigate overfitting concerns.

The accuracy of long-term LSTM predictions is examined in fig. 2-25a-b. Additionally,

fig. 2-24b displays the convergence history of the loss function. The inputs for the LSTM

network are presented in fig. 2-24a. The network, comprising 2 layers and 10 neurons, is

trained on the first half of the sea surface elevation time series and generates predictions

for vertical and angular motions in the second half. As evident, the motion dynamics are

predicted with remarkable accuracy and stability over the long term, corroborating the

findings from unused data obtained via the CFD solver.

To summarize, we have noted the following primary trends:

1. As the quantity of information provided to the network decreases (compare column

2-22a ↓ 2-23d to 2-22c ↓ 2-23f), it becomes evident that the network’s accuracy

diminishes, and it becomes more susceptible to overfitting.

2. Overfitting is accentuated in subplots 2-22f and 2-23f. This is to be expected as

they have the highest number of parameters due to their three hidden layers. Thus,
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as we enhance the expressive power of the network, it becomes necessary to also

increase the volume of information provided for training.

3. LSTM networks function as stable long-term predictors concerning the amplitude,

frequency, and phase of vessel motions.

We have drawn the following conclusions from our studies concerning the network

architecture convergence:

1. Given the available data, a hidden layer with 15 neurons accurately approximates

the functional aspect of the catamaran motions for a mild sea state.

2. With ample data, these predictions can be improved with more expressive networks.

However, such networks are considerably prone to overfitting. This is apparent as

accuracy in figs. 2-22d and 2-23d is better or equal to that in figs. 2-22a and 2-23a.

However, it noticeably deteriorates when we reduce the amount of information in the

training cases. To illustrate this, it can be observed that the accuracy in figs. 2-22f

and 2-23f is inferior to that in figs. 2-22c and 2-23c.

3. The data modeling framework is both feasible and practical, and additionally, it’s

incredibly fast. In particular, it took around 120 hours (on a 20-processor computer)

to run the CFD solver to obtain the training labeled data. In contrast, training the

LSTM takes approximately half an hour on a GPU, and obtaining predictions in

our testing experiments takes only a fraction of a second. For instance, in figs. 2-

22c and 2-23c, we can train the network on the first quarter of the sequence and

reproduce the remaining three-quarters, at a negligible cost compared to using CFD

for the entire sequence.

2.6.2 DTBM Vessel - Single Spectra Predictions

We extend our investigation to a more challenging scenario by introducing a third degree

of freedom (DOF) to model the motions of a second vessel in an extreme sea state (see

fig. 2-17). This 3DOF captures the vessel’s rolling motion around its longitudinal axis.

128



0 20 40 60 80

4

2

0

2

4

S
ur

fa
ce

 E
le

va
tio

n 
(m

)

Time (s)

(a) Profile of the wave in the longitudinal direction corresponding to test case one.
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(b) Profile of the wave in the transversal direction corresponding to test case one.
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(c) Profile of the wave in the longitudinal direction corresponding to test case two.
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(d) Profile of the wave in the transversal direction corresponding to test case two.

Figure 2-26: Network surface elevation inputs for the DTMB vessel. They are two-
dimensional and represent a long crested irregular oblique waves. Each time step is
Δ𝑡 = 0.2𝑠. 129
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1
Test 1 0.0770 0.0734 0.1595

0.192 8 90 5000
Test 2 0.0910 0.0747 0.1257

2
Test 1 0.0674 0.0685 0.1910

0.220 8 70 5000
Test 2 0.1245 0.0962 0.1210
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(g) Testing errors of four different LSTM networks for DTBM vessel in WMO sea state 8 at Froude number 0.4.

Figure 2-27: LSTM test results (4 hidden layers, 90 neurons) network architecture 3,
RSE=0.165. Heave, Pitch and Roll motion dynamics of a notional DTBM battleship
sailing in WMO sea state 8 at Froude number 0.4. The inputs provided to the network are
shown in fig. 2-26 (a),(b) (left column) and fig. 2-26 (c),(d) (right column) corresponding
to 5000 train steps. Each time step is Δ𝑡 = 0.2𝑠.
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Unlike heave and pitch, rolling is significantly swayed by the liquid’s viscous properties,

which play a crucial role in marine dynamics.

While heave and pitch motions can be approximated well using stiffness and mass

matrices, the nonlinearity of roll motion, especially under the influence of viscous effects,

necessitates a more tailored approach. In more challenging conditions like the extreme

sea state 8 — a state which tests the bounds of many marine models — the foundational

linear assumptions of conventional marine modeling become less reliable.

Traditional methods, such as the Boundary Element Methods (BEMs), while invalu-

able in simpler scenarios, have inherent limitations when it comes to more complex ma-

rine dynamics. BEMs are largely based on linear potential flow theory, making them

less equipped to handle viscous effects, turbulent flow, or advanced non-linear wave in-

teractions. Additionally, the Green’s function employed in BEMs may present singularity

issues, especially in proximity to boundaries. As wave frequencies climb, BEMs can be-

come particularly computationally intensive, due to the increased discretization of the

boundary. This also poses challenges when trying to handle non-linear wave-structure

interactions [74, 153], dynamic free surface interactions, especially those intersecting with

the body, and very thin structures. This limitation in handling viscous effects is crucial,

especially when predicting wave loads, motion response, and wave-structure interactions

near the sea surface [37] further explores these limitations, emphasizing the challenges

BEMs face in such intricate scenarios.

Contrastingly, the Unsteady Reynolds average Navier-Stokes (URANS) approach of-

fers a more refined model [290], though it is computationally taxing and may not always

be broadly applicable. As a solution, to approximate the 3DOF (heave, pitch, and roll)

for the DTBM vessel in these treacherous sea conditions, our focus shifted towards the

development of a surrogate model via functional learning. This approach leans heavily on

the capabilities of deep recurrent neural networks, especially those furnished with LSTM

(Long Short-Term Memory) cells, celebrated for their efficiency in managing sequential

data, akin to sea surface time series.

Just as with the methodology presented in section 2.6.1, deep recurrent neural net-

works featuring LSTM cells are harnessed to approximate the functionals that provide

131



precise vessel motion estimations based on sea surface time series. Four examples of

architecture convergence are shown in fig. 2-27, each delineating 3DOF motions. Test

sequences are curated from unseen sea state realizations illustrated in fig. 2-26. The

LSTM-predicted motions (heave, pitch, and roll) are contrasted against CFD code pre-

dictions (using previously unused data) to calculate the relative squared error (RSE)

𝑅𝑆𝐸 =

∑︀n

j=i

(︁

𝑌i − 𝑌i

)︁2

∑︀n

j=1

(︁

𝑌i −𝑚𝑒𝑎𝑛(𝑌i)
)︁2 (2.55)

The architecture convergence exhibits consistent and accurate approximations of vessel

motions in extreme sea states, although roll motion performance is slightly inferior due to

its inherent complexity. The best-performing network architecture is depicted in Fig. 2-

27, showcasing accurate predictions for roll motions with significant amplitudes (around

20 degrees), as well as heave and pitch motions. Refer to the table in fig. 2-27 for a

summary of all tested LSTM architectures.

Overall, the architecture convergence findings align with those in section 2.6.1. More

extensive data would allow for training more sophisticated networks, enhancing motion

prediction accuracy. Such data could potentially be sourced from various channels, includ-

ing real vessels operating under harsh weather conditions, such as military, coastguard,

or rescue vessels. To mitigate the computational load of training, we can adopt multifi-

delity training, as demonstrated in [167]. This approach combines low-fidelity data from

tools like CAT-5D with high-fidelity URANS data, improving efficiency while maintaining

accuracy.

2.6.3 DTBM vessel - Multiple Spectra Predictions

So far, our exploration has been centered around evaluating the potential of recurrent

neural networks to approximate ship motions using sea elevation data. However, our

investigations have been constrained to a somewhat limited scenario where the predic-

tions stem from a static statistical environment. This limited perspective arises from our

exclusive focus on individual sea states, which, although instructive, don’t encapsulate

the diverse conditions vessels might encounter. Real-world maritime scenarios see ves-
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sels navigating a spectrum of conditions, shaped by myriad factors like seasonal shifts,

meteorological variations, and geographical nuances [65].

It’s essential to recognize that as ships traverse vast oceanic expanses, they often en-

counter a blend of different sea states, each with unique spectra. This maritime tapestry

makes multispectra predictions particularly invaluable. They offer a richer, more com-

posite understanding of ship behavior, factoring in the nuanced interplay of multiple sea

states that a vessel might grapple with during its journey.

However, an even more intricate challenge lies in the realm of short-crested seas [257],

though our current modeling hasn’t ventured into predicting their behavior yet. Un-

like their long-crested counterparts that largely feature unidirectional wave propagation,

short-crested seas are characterized by waves traveling in multiple directions. This multi-

directional propagation is largely a result of intricate interactions between various weather

systems. As multiple weather fronts converge, interact, and sometimes conflict, they give

rise to these complex wave patterns. Such interactions can be due to temperature gra-

dients causing atmospheric instabilities, converging wind patterns, or the influence of

underlying oceanic currents and topographies. The resultant wave patterns are less pre-

dictable and manifest a more tangled relationship between the encountered wave spectra

and the resultant ship motions. This makes predicting the most optimal vessel heading

in such seas a formidable task [106], given the heightened risk of rolling [198], yawing, or

even more severe reactions [195] like broaching.

Recognizing these intricacies and the ambiguity around encountered sea states, our

study now pivots towards predicting vessel motions for unlabeled sea states [207]. Drawing

from 147 random seeds across three distinct sea states (49 seeds for each), we embrace

a heightened modeling challenge. Not only must the model predict vessel motions, but

it must also discern the specific sea state from the sea elevation data. This nuance is

of particular import in severe sea states. Here, standard assumptions of linearity fall

short, with Response Amplitude Operators (RAOs) subject to fluctuations due to myriad

factors — wave slope, ship hull design intricacies, and a host of nonlinear events, from

wave breaking to slamming [122].

To offer a more granular understanding of these nonlinear dynamics on vessel motions,

133



2.0 1.5 1.0 0.5 0.0 0.5 1.0 1.5
Data: Heave Motion PM(Tp = 9.7s, Hs = 3.53m)

10 5

10 4

10 3

10 2

10 1

100

Pr
ob

ab
ilit

y

Gaussian fit CFD data

(a) Heave motions PDF.

2 1 0 1 2 3
Data: Pitch Motion PM(Tp = 9.7s, Hs = 3.53m)

10 5

10 4

10 3

10 2

10 1

100

Pr
ob

ab
ilit

y

Gaussian fit CFD data

(b) Pitch motions PDF.

4 2 0 2 4 6
Data: Roll Motion PM(Tp = 9.7s, Hs = 3.53m)

10 5

10 4

10 3

10 2

10 1

100

Pr
ob

ab
ilit

y

Gaussian fit CFD data

(c) Roll motions PDF.

3 2 1 0 1 2 3 4
Data: WPX (XLoc = 250m), PM(Tp = 9.7s, Hs = 3.53m)

10 5

10 4

10 3

10 2

10 1

100
Pr

ob
ab

ilit
y

Gaussian fit CFD data

(d) Wave probe PDF.

Figure 2-28: Probability density functions (PDFs) of vessel motions and sea state. Deviations
from typical Gaussian motions can be seen comparing to a least squares Gaussian fit. Froude
number 0.4, time step ∆t = 0.2s, Tp = 9.7s, Hs = 3.53m, v = 30kt.

we meticulously scrutinize both the simulated motion statistics (our benchmark) and those

interpreted by the Machine Learning algorithm. This exercise lets us gauge the neural

network’s efficacy in tracking and parsing these complex statistics across the sea states

in our study. Our empirical findings, captured in figs. 2-28 to 2-30, present probability

density functions for vessel movements and point-wise sea elevations across each examined

sea state.

With this setup, our aim is to present an initial step towards leveraging neural network-

based algorithms to encapsulate information vital for predicting vessel motions, in regular

and extreme weather conditions. Non-linearity of the sea state and resulting vessel mo-

tions can be quantified by measuring deviation from the best fitting Gaussian distribution.
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Figure 2-29: Probability density functions (PDFs) of vessel motions and sea state. Deviations
from typical Gaussian motions can be seen comparing to a least squares Gaussian fit. Froude
number 0.4, time step ∆t = 0.2s, Tp = 12.4s, Hs = 5.09m, v = 30kt.
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Figure 2-30: Probability density functions (PDFs) of vessel motions and sea state. Deviations
from typical Gaussian motions can be seen comparing to a least squares Gaussian fit. Froude
number 0.4, time step ∆t = 0.2s, Tp = 13.4s, Hs = 10.66m, v = 30kt.
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These comparisons are presented for the three considered Sea States in figs. 2-28 to 2-

30. The deviations from the fitted Gaussian distributions increase with wave steepness

in the following order: PM(𝑇p = 13.4𝑠, 𝐻s = 10.66𝑚) > PM(𝑇p = 9.7𝑠, 𝐻s = 3.53𝑚)

> PM(𝑇p = 12.4𝑠, 𝐻s = 5.09𝑚), given that the approximate wave steepness 𝐻s/𝜆p is:

0.037 > 0.024 > 0.021, respectively. Wave non-linearity in the compiled data results

from imposing steep linear waves with a Pierson–Moskowitz spectrum that evolves non-

linearly thanks to second order spatio-temporal numerical solvers in the finite volume

computational mesh, given that they are too steep to exist in reality.

2.6.3.1 Network Architecture Convergence

The dataset used in this section can be inspected in great detail in appendix A. In figs. A-

1 to A-3, the network wave probes along the longitudinal direction of the vessel are

presented. In figs. A-4 to A-6, the network wave probes along the transversal direction

of the vessel can be consulted. The resulting motions to those sea elevation inputs are

presented in figs. A-7 to A-9. The amplitude spectrum of network wave probes along the

longitudinal and transversal direction of the vessel can be inspected in figs. A-10 to A-12

& figs. A-13 to A-14 respectively. The amplitude spectrum corresponding to the vessel

motions can be compared to the inputs and are presented in figs. A-16 to A-18. Lastly, to

understand overall trends of over-predicting or under-predicting we calculate the average

difference of the absolute values of the predictions to the reference predictions provided

by the CFD and plot them in bar charts in figs. A-19 to A-21.

The most significant part of the network architecture convergence is presented in

fig. 2-37. In this table, the inverse of error values expressed as relative square error

is provided for two cases where we train using mean square error and relative entropy,

respectively. By calculating the inverse, bigger values indicate better performance of

the neural network. The parameters that we vary here are the depth of the LSTM

recurrent neural network and the size of the window of past sea elevation values that we

feed into the neural network. Each of the sea states is color coded in the first column

of fig. 2-37, green being the mildest (𝐻s = 3.53𝑚, 𝑇p = 9.7𝑠), yellow being medium

intensity (𝐻s = 5.09𝑚, 𝑇p = 12.4𝑠), and red the most severe sea state (𝐻s = 10.66𝑚,
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Figure 2-31: LSTM test results (6 hidden layers, 250 neurons). Heave, Pitch and Roll
motion dynamics of a notional DTBM battleship at Froude number 0.4, time step Δ𝑡 =
0.2𝑠, 𝑇p = 9.7𝑠, 𝐻s = 3.53𝑚, 𝑣 = 30𝑘𝑡.
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Figure 2-32: LSTM test results (6 hidden layers, 250 neurons). Heave, Pitch and Roll
motion dynamics of a notional DTBM battleship at Froude number 0.4, time step Δ𝑡 =
0.2𝑠, 𝑇p = 12.4𝑠, 𝐻s = 5.09, 𝑣 = 30𝑘𝑡.
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Figure 2-33: LSTM test results (6 hidden layers, 250 neurons). Heave, Pitch and Roll
motion dynamics of a notional DTBM battleship at Froude number 0.4, time step Δ𝑡 =
0.2𝑠, 𝑇p = 13.4𝑠, 𝐻s = 10.66𝑚, 𝑣 = 30𝑘𝑡.
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Figure 2-34: LSTM test results (6 hidden layers, 250 neurons). Heave, Pitch and Roll
motion dynamics of a notional DTBM battleship at Froude number 0.4, time step Δ𝑡 =
0.2𝑠, 𝑇p = 9.7𝑠, 𝐻s = 3.53𝑚, 𝑣 = 30𝑘𝑡.
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Figure 2-35: LSTM test results (6 hidden layers, 250 neurons). Heave, Pitch and Roll
motion dynamics of a notional DTBM battleship at Froude number 0.4, time step Δ𝑡 =
0.2𝑠, 𝑇p = 12.4𝑠, 𝐻s = 5.09𝑚, 𝑣 = 30𝑘𝑡.
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Figure 2-36: LSTM test results (6 hidden layers, 250 neurons). Heave, Pitch and Roll
motion dynamics of a notional DTBM battleship at Froude number 0.4, time step Δ𝑡 =
0.2𝑠, 𝑇p = 13.4𝑠, 𝐻s = 10.66𝑚, 𝑣 = 30𝑘𝑡.
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𝑇p = 13.4𝑠). Not so evidently in the mildest sea state, but it can be seen that the deeper

networks provide a significant improvement of performance both in terms of MSE and

RE. However, this comes at the cost of a significant increase of training time and as we

double the depth of the networks and diminishes the ability to parallelize the training

process, and we increase the number of trainable parameters. For this reason it is this

trade-off between training time and overall network performance that is used to provide

a recommendation for the best architecture. The effect of the second parameter studied,

window size for past sea elevation values, has a smaller observable effect in the performance

of the network. Looking at fig. 2-37, particularly at the harshest sea state and the deeper

network configuration, a very consistent improvement of the performance of the network

can be observed when increasing the window size, although not as large as changing the

depth of the network.

Figure 2-37: Inverse of RSE for each architecture and cost function com-
bination.The network architectures are encoded using labels. The label
HD 250 TS 10000 WT 40 MP 97 Nts 70 NL 3 encodes the network design as: 250
cells in the hidden dimension and 3 layers of depth (withing the RNN cell), 10000
training steps, training on 40 seeds of a sea state with a modal period of 9.7s, feeding
residual wave information from 70 previous time steps. Two cost functions are tested in
the training process: Mean Squared Error (MSE) and Relative Entropy (RE).

Although not presented here, tests experimenting with the dimension of the hidden

state as well as the number of training steps have been performed. The hidden state had

a dimension of 250 as it was easily parallelized to train across a wide network. Regarding

the training steps, in the particular configuration of the problem of predicting across three
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different spectra, training for more than 10000 steps (given a sequence length of about

500, is equivalent to 20 epochs) was seen to cause over-fitting. Adam optimizer was used

to train the networks.

2.6.3.2 Test Results and Conclusions

Although the full results are presented in appendix A, in the following section we look in

detail into a small sample of the test seeds to extract insights from the comparison of the

network predictions under three different cost functions. The resulting predictions of roll

motions for all three cost functions can be consulted in figs. A-28 to A-30; the same can

be said for pitch in figs. A-25 to A-27 and heave in figs. A-22 to A-24.

Within figs. 2-31 to 2-33 we can have a close look at the time series of the predic-

tions that result from the training on MSE, RE & AWMSE; and compare them to the

reference prediction provided by the high fidelity CFD. We can clearly see that there

is good agreement both in amplitude a well in phase prediction of the motion signal.

As remarked in section 2.2.4, It is crucial to underline that successful motion prediction

involves more than mere response amplitudes; it also necessitates precise determination

of the phase differences between each of the vessel’s motions and a reference position of

the exciting wave. This phase information is indispensable for reconstructing the exact

absolute motion of any point on the rigid vessel. By accounting for both the translations

of the vessel’s center of gravity and the rotations around that center, a comprehensive

picture of the vessel’s motion is captured. Therefore, a thorough understanding of both

amplitude and phase is essential for accurate characterization of the vessel’s motion.

To have a better metric for comparison we utilize bar charts that represent the average

of the difference of absolute value of motion predictions to the absolute value of the

reference motions, provided by the CFD. These bar charts are presented in figs. 2-34

to 2-36. The first impression is that no training function has a dominating performance

over the remaining two, although it can be said that AWMSE provides, on average, the

smallest under-prediction errors and this can be seen most clearly, during the worst sea

state, when looking at the bar charts during training and during testing in fig. A-21, in

terms of mean amplitude error comparisons. In this last figure, a clear trend of under-
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prediction while training on RE can be seen, although this does not translate so clearly

to the testing set, where AWMSE is the one that under-predicts responses the least.

2.7 Global Analysis and Discussion

An inherent challenge in understanding the probability of observing particular magnitudes

of motions for specific sea states lies in the formulation of meaningful probability density

functions (PDFs). These PDFs are especially crucial in the context of non-Gaussian mo-

tions such as roll. To effectively address this and derive a meaningful PDF, we conducted

experiments by varying the size of the test and training portions of the sampled CFD

data. This variation ensures that the sampled PDFs capture the true essence of the data

and are not merely artifacts of a specific data split.

By contrasting the sampled PDFs against the CFD data, as depicted in fig. 2-44,

we make some critical observations. Specifically, the PDFs resulting from training the

machine learning algorithm on Mean Squared Error and Relative entropy appear nearly

indistinguishable. Conversely, training on Amplitude Weighted Mean Square Error pro-

duces a PDF with a slightly more pronounced tail. This observation aligns with findings

presented in the bar charts in figs. A-19 to A-21. With this enriched understanding,

decision-makers are better positioned to strike a balance — they could opt for slightly

reduced accuracy in neural network predictions in exchange for a diminished risk of under-

predicting vessel motions.

An important factor that needs to be identified is the source of non-linearity that leads

to non-Gaussian distributions of the vessel movements. These can be many, namely:

1. Geometrical : The shape and mass distribution of a vessel play an critical role in its

stability [160]. Initially, the righting moment of a vessel behaves linearly but, due

to geometrical constraints, it can reach a point where it disappears. Particularly

in the longitudinal direction, any non-symmetry—unless the vessel has a canoe

shape—amplifies this effect. The calculated righting arms at large angles of stability,

both longitudinally and transversely, confirm these behaviors. By examining fig. 2-

38, especially 𝐺𝑍Longitudinal within pitch angles of −10∘ to 10∘, the non-linear and
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Figure 2-39: Differences when experiencing a breaking and a non-breaking waves are very
large. Picture source is SAFEHAVEN MARINE and found in [268].
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non-symmetrical nature becomes evident. However, angles greater than 6∘ remain

rare in simulations, indicating minimal sources of non-linearity in most operational

conditions.

2. Wave steepness : In deep ocean waters, as waves grow in amplitude due to external

forces such as wind or through wave-wave interactions, nonlinear effects begin to

surface [188]. A prominent result of this non-linearity is the steepening of the

wave’s face. Here, the forward-facing side of the wave becomes steeper compared to

its trailing side. Wind forcing on waves can exacerbate this asymmetry, particularly

when wind speeds approach or exceed the wave speeds.

3. Wave breaking : The continuation of wave steepening can culminate in the wave

reaching a threshold where it breaks [59]. Before the actual break, the asymme-

try between the forward and trailing wave faces becomes particularly pronounced.

Waves can break onto the ship, either on its deck or sides fig. 2-39. Such wave

breaking events lead to highly localized and impulsive forces [58]. These forces, in

turn, can exert enormous pressures, potent enough to inflict structural damage or

even deformations at the point of impact.

4. Non-linear coupling of motions : Motions in the marine environment seldom occur

in isolation. For instance, significant roll motions can couple with heave, resulting

in intricate movement patterns. The resulting motion is more complex than a

mere linear combination of the two original motions. Understanding these coupled

dynamics is essential for accurate marine simulations [106].

5. Parametric rolling : A phenomenon that has been well-researched in naval architec-

ture, parametric rolling arises due to periodic variations in a ship’s buoyancy when

confronted with longitudinal waves [76]. The danger arises when a ship encounters

waves with lengths similar to its own. The alternating lifting of its bow and stern

can then interact with the ship’s natural pitching frequency. If this interaction’s

frequency is nearly twice the ship’s roll frequency, it can lead to large amplitude

rolls. Such motions not only endanger the ship’s stability but also pose a range of

other challenges, including the potential for capsizing, cargo or equipment damage,
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safety hazards for the crew, and increased structural stress.

2.7.1 Parametric Rolling

Parametric rolling is a resonant phenomenon that ships can experience under specific

conditions [181, 300]. One of the primary triggers for this kind of rolling is when the

roll period of the ship is roughly twice the wave encounter frequency. This means that

if a ship has a roll period of about 12 seconds, it’s particularly susceptible to parametric

rolling when encountering waves with a frequency close to every 6 seconds. Moreover,

the positioning of the waves plays a crucial role [77]. When waves are aligned close to

the ship’s bow or stern, the risk for parametric rolling is enhanced due to the periodic

submersion and emergence of the vessel’s bow or stern, which varies the ship’s buoyancy

in sync with its rolling frequency.

Inspection of simulation visualizations has allowed us to determine the frequency of

encounter with waves. These visual insights were corroborated in fig. 2-40, where the

Short-Time Fourier Transforms (STFTs) visually reinforce this phenomenon. The plots

distinctly highlight the instances when the vessel’s largest roll motions (with a period

close to 12 seconds) coincide with an encounter frequency of about 6 seconds with the

seas. This synchronization between the roll motions and wave encounter frequency is a

clear manifestation of parametric rolling. Recognizing and understanding these patterns

is vital for ensuring the safety of the vessel and its crew, as the onset of parametric rolling

can lead to dangerous scenarios if not properly managed.

Upon closely examining the phase state diagrams fig. 2-41 of our vessel’s motions in

seas of the harshest states, a pronounced coupling between the roll and pitch motions was

evident. This coupling, starkly visible in the phase state diagrams, is a distinctive feature

of parametric rolling, indicating that the ship is interacting with waves of a length close

to its own. Further confirmation came from our calculations of encounter periods, which

highlighted that the ship frequently encountered waves with lengths and periodicities

conducive to the onset of parametric rolling. In essence, these findings corroborate that

our ship’s motion, particularly in the roll and pitch directions, is not just influenced by

regular wave interactions but is also severely affected by parametric rolling. Such violent
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Figure 2-40: Short-Time Fourier Transforms (STFTs) for Heave, Pitch, and Roll respec-
tively of the battleship under the load configuration considered in this thesis.
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Figure 2-41: Characteristic coupling of roll and pitch during parametric rolling motions
are evidenced in this phase state diagram.

couplings between roll and pitch reiterate the criticality of understanding this phenomenon

to ensure the safety and operational efficiency of the vessel.

2.7.2 Breaking Waves

Breaking seas have a transformative effect on the sea surface elevation and, by extension,

on the probability density functions (PDFs) of those elevations [13]. The process of wave

breaking, at its core, involves the transfer of energy from higher frequency components to

lower ones, causing the dissipation of wave energy [154].

When a wave breaks, it often results in a sharp and pronounced crest [277], leading to

an elevation of the sea surface. This elevation shift caused by wave breaking can result in

a noticeable shift in the PDF of sea surface elevation towards positive values, indicating

an increased likelihood of wave crests compared to troughs [264]. The action of wave

breaking essentially skews the PDF towards these crests, see fig. 2-30d.

Furthermore, the steepening effect of breaking waves means that the amplitude of

crests becomes more pronounced than troughs. In statistical terms, this will make the

sea surface elevation distribution positively skewed, indicating a dominance of crests over

troughs. This skewness stands in contrast to non-breaking seas, where the distribution

might be more symmetric, showing roughly equal probabilities for crests and troughs.
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Figure 2-42: Decay tests for Heave, Pitch, and Roll respectively of the battleship under
the load configuration considered in this thesis.
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This shift and skewness in the PDF due to breaking seas is not just a statistical curios-

ity. It has tangible implications in marine and offshore engineering, as the asymmetry in

wave elevations can influence the dynamic response of structures, the loading on ships, and

even the safety of marine operations [118], see fig. 2-39. Recognizing and understanding

the shift in the PDF due to breaking is crucial for accurate wave modeling and prediction

[35], especially in extreme sea conditions where wave breaking is more prevalent.

Figure 2-43: Visualization of wave steepness across the fluid domain, with data points
color-coded by wave height. The gradient in color intensity reflects variations in wave
amplitude, offering insights into regions of increased steepness and potential breaking
zones. The horizontal dashed line demarcates the wave breaking limit.

2.8 Cost Function Tradeoff

In numerical optimization and machine learning, the selection of an appropriate cost

function is paramount. This choice essentially dictates the priorities of the model during

its training phase. Let’s delve into three particular cost functions that we’ve used for our

analysis:

1. Mean Squared Error (MSE): This is perhaps one of the most widely-used cost func-

tions. It computes the average of squared differences between the predicted and

actual values. Given its sensitivity to larger deviations, it’s an excellent choice

when larger errors are deemed undesirable.
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2. Relative Entropy: Often referred to in the context of information theory, this func-

tion quantifies the divergence between two probability distributions. It becomes

particularly relevant when the primary objective is to reproduce a specific distribu-

tion in the predictions.

3. Amplitude Weighted Mean Squared Error (AWMSE): This is a nuanced version of

MSE. By weighing errors in accordance with the true signal’s amplitude, it places

a premium on accuracy specifically in high-amplitude regions. This predisposes it

to predict extreme events with a heightened probability.

A comparative analysis of the probabilistic density functions (pdfs) of roll motion,

as modeled by these cost functions, is showcased in fig. 2-44. When assessing which

cost function to employ, the decision should stem from the overarching objectives. If

the goal is broad accuracy across the spectrum, MSE might be suitable. If replicating a

specific distribution is the target, Relative Entropy might be the best fit. However, if the

focus leans heavily towards accurately capturing and predicting extreme events, AWMSE

becomes a compelling choice. As with many aspects in data science and engineering, the

choice is often a trade-off, influenced by both the specific problem constraints and the

larger goals of the project.

2.8.1 Conclusions

As reliable data streams become accessible, we can consider incorporating additional

variables of interest, such as wave added resistance or engine fuel consumption. This

information could originate from ship sensors or computer simulations. Notably, our

research endeavors lead us to realize that these tools hold the potential to yield real-time

predictions for tasks that were previously computationally impractical, since they involve

solving non-linear partial differential equations withing very large unstructured meshes.

These predictions could encompass a range of critical quantities such as propeller torque,

ship resistance, and ship motions, opening doors to operability studies and, particularly

in the context of carbon emissions reduction, weather routing [282, 302] strategies to

minimize fuel consumption and subsequently reduce carbon dioxide emissions.
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Figure 2-44: Probability density functions (PDFs) of roll vessel motions for different training
cost functions. Deviations from typical Gaussian motions can be seen comparing to a least
squares Gaussian fit. Froude number 0.4, time step ∆t = 0.2s, Tp = 13.4s, Hs = 10.66m,
v = 30kt.
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In the comprehensive examination of the phase state diagrams pertaining to our ves-

sel’s motion within challenging marine environments, we identified a marked coupling

between the roll and pitch motions fig. 2-41. This observed coupling, distinctly mani-

fested within the phase state diagrams, is characteristic of the phenomenon termed as

’parametric rolling.’ This phenomenon arises when the ship’s interaction is dominantly

with waves whose length is commensurate to the ship’s own [77]. Our analysis extended to

the ship’s encounter periods. The outcomes showed that our vessel recurrently interacts

with waves, the properties of which — specifically length and periodicity — are predis-

posing factors for the emergence of parametric rolling. Contrary to merely enhancing the

oscillations observed during typical wave interactions, parametric rolling can precipitate

substantially augmented amplitudes in the vessel’s roll and pitch.

Related to these insights, data from container shipping incidents reveal a significant

correlation between parametric rolling and lost cargo. According to the World Shipping

Council, an average of 1,382 containers were lost at sea annually between 2008 and 2019

[115]. A subset of these incidents, particularly in routes exposed to long swells and

adverse weather, were attributed directly to parametric rolling. The consequent loss not

only pertains to tangible cargo but also encompasses considerable economic ramifications

and potential environmental hazards.

Given the palpable influence of standard wave interactions, the contribution of para-

metric rolling to a vessel’s motion dynamics is profound and warrants rigorous academic

scrutiny [255]. Instances of abrupt, amplified motions underscore the exigency of compre-

hending this phenomenon in the broader context of maritime safety and vessel operability

[246].

The implications of these findings are several. For the academic community, it beck-

ons further research into predictive modeling and real-time monitoring methodologies.

For maritime stakeholders, the insights emphasize the importance of informed naviga-

tion, especially in seas known for conditions conducive to parametric rolling [198]. This

knowledge is essential not only for the preservation of marine assets but also to ensure

the well-being of maritime personnel and the safeguarding of marine ecosystems.
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Chapter 3

Predicting Vortex Induced

Vibrations of Marine Risers

Vortex-induced vibrations (VIVs) persist as one of the paramount challenges in the ma-

rine industry. At a glance, these vibrations, brought on by seemingly simple cylindrical

structures experiencing cross-flows, might appear straightforward. However, the reality is

starkly different. The interaction results in exceptionally intricate hydrodynamic behav-

iors which, even today, remain not fully deciphered. These phenomena, often oscillating

between structured patterns and chaotic turbulences, have immense implications, espe-

cially when it comes to the Offshore Oil & Gas sector—one of the linchpins of global

economic progress.

Marine risers, which play an instrumental role in safe oil extraction, operate in these

demanding environments. The stability and integrity of these risers are critically tested

by VIVs. An unmitigated exposure to these forces not only jeopardizes the equipment but

poses potential hazards to the environment and the safety of personnel. As we strive for

sustainable and safe methods of extracting resources from the ocean’s depths, a profound

understanding of VIVs becomes indispensable. Only by looking deeper into the complex

interplay between fluid and structural dynamics can we engineer solutions that ensure our

marine infrastructures stand resilient against the relentless forces of the sea.

In this chapter, we introduce a comprehensive methodology designed to assimilate vast

quantities of data into empirical models. Our primary aim is to highlight the immense
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potential that sensors, along with the data they capture, possess in refining the predictions

associated with Vortex-induced Vibration (VIV) phenomena.

While our approach prominently utilizes a semi-empirical VIV prediction tool known

as VIVA, it is essential to note that the optimization techniques employed for extracting

resilient hydrodynamic databases tailored for a Steel Catenary Riser (SCR) are by no

means restricted solely to this tool.

To ensure the integrity and reliability of the information sourced from these databases,

we have subjected them to meticulous cross-validation. Remarkably, based on our exten-

sive literature survey, there appears to be a lacuna in existing research where such an

in-depth cross-validation of this specific methodology is conspicuously absent.

3.1 Introduction

Riser systems have a wide range of configuration solutions that have been used in the oil

and gas industry. These systems are most commonly used for the safe transportation of

material between the seabed to an offshore platform or from the platform to the seabed.

Riser configurations can be divided into:

1. Free-standing risers : Free-standing marine risers are vertical pipelines used to trans-

port produced hydrocarbons from a subsea reservoir to surface facilities, or vice versa

for water injection or drilling mud. Unlike traditional risers that are supported along

their length by the platform or vessel, free-standing risers are not physically con-

nected to a structure over their entire length. They primarily rely on their weight,

buoyancy modules, and anchors or bases on the seabed to maintain their upright

position. This design allows them to move laterally, accommodating the motion of

floating platforms due to waves, currents, and wind. These risers are often used in

deepwater drilling and production scenarios where traditional risers would be im-

practical or too costly. Their design requires careful analysis to ensure stability and

to manage potential issues like vortex-induced vibrations.

2. Top-tensioned risers (TTRs): Top-tensioned marine risers are vertical pipelines

utilized in offshore drilling and production operations to connect the subsea infras-
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tructure to surface facilities on floating platforms. These risers are maintained in an

upright position by applying tension at the top, typically using tensioners located

on the platform. This tension ensures that the riser remains straight and taut, even

in deep water, allowing it to accommodate the platform’s vertical motions caused

by waves, tides, and other oceanic forces. The riser itself is made up of a series

of interconnected pipe sections, often reinforced to withstand internal and external

pressures. The top-tensioned design is particularly beneficial for deep-water ap-

plications where traditional fixed or gravity-based structures might be impractical.

The ability to counteract bending stresses from ocean currents, waves, and platform

movements is vital for maintaining the riser’s integrity and ensuring the safe transfer

of oil, gas, or drilling fluids between the seabed and the platform.

3. Catenary risers : Steel catenary risers (SCRs) are a type of offshore pipeline used

to transport production or injection fluids between the seabed and production plat-

forms. As the name suggests, they hang in a catenary shape, which is the curve

that a hanging chain or cable assumes under its own weight when supported only

at its ends. SCRs are predominantly made of steel, offering strength and durability

under challenging marine conditions. They are anchored to the seabed and rise

to the water’s surface, where they connect to floating production systems. Their

flexible, free-hanging design allows them to accommodate the movements of float-

ing platforms due to waves, currents, and tides. However, their exposure to oceanic

conditions demands meticulous engineering to counter challenges like vortex-induced

vibrations and corrosion. As a critical component in offshore oil and gas production,

SCRs are designed to operate reliably for several decades.

4. Hybrid risers : Hybrid marine risers combine the features of both the traditional

steel catenary risers (SCRs) and the top-tensioned risers (TTRs), aiming to capital-

ize on the strengths of both while minimizing their weaknesses. They usually consist

of a free-hanging catenary section near the seabed, which is linked to a buoyant sec-

tion near the surface. This buoyant section provides upward tension, ensuring the

lower catenary part remains clear of the seafloor, thus reducing seabed interference.

This design offers flexibility, making them suitable for deep and ultra-deepwater
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applications. Furthermore, the hybrid nature of these risers provides effective load

distribution, reducing the impact of environmental factors like ocean currents and

waves. The use of buoyant modules can also lead to cost savings in terms of instal-

lation and materials compared to traditional riser systems. However, their design

and installation require careful considerations to ensure optimal performance and

safety.

Each of the riser configurations have scenarios where they are best suited to oper-

ate. Particularly, steel catenary risers compared to top-tensioned risers offer a simpler

arrangement. Usually, the riser base and tensioner can be eliminated and the deck space

required is reduced. However, installation of SCRs in areas where the harshness of weather

conditions is exceedingly high may not be a practical task. In these areas, where larger

waves and currents appear, a significant increase of extreme loading on the riser will be

experienced. This issues could be addressed with similar systems used in top tensioned

risers but [297], in this cases, it’s competitive advantage over these would be lost.

Historically, VIV research predominantly centered around vibrations of rigid cylinders,

with seminal works by [69, 235, 16] illuminating vital mechanisms such as hysteretic

behaviour [64] and lock-in phenomena [50]. However, in the oil and gas sector, there’s a

pressing need to understand and reliably design long flexible cylinders, particularly SCR

risers.

Most investigations on flexible risers have employed physical experiments [185, 83,

294, 38, 276, 107, 85, 86] and numerical computations [182, 63, 24, 26, 25]. The majority

of these primarily address scenarios wherein risers retain a straight alignment and don’t

experience substantial tension or length variations. Such studies have been instrumental

for the evolution and validation of numerical codes tailored for deep-water riser fatigue

predictions offshore.

Nevertheless, a deeper understanding is required for riser and umbilical configura-

tions exhibiting pronounced curvature, tension variations, or diverse flow inclinations.

For instance, [39] revealed that untensioned catenary risers display a broader response

bandwidth compared to their tensioned counterparts in perpendicular flow. Research ef-

forts to grasp non-linear riser geometries have encompassed yawed cylinders [124, 218],

158



spring-mounted rigid/flexible cylinders in yawed/sheared flow [113, 301], and rigid cylin-

ders featuring a curved axis [171]. Emphasizing the significance of fatigue quantification

at the touch down point, studies by [123] and [286] considered both hard and soft seabeds.

Further, the minimal pretension in steel catenary risers can amplify vessel motions, pos-

sibly synergizing with riser dynamics, as indicated by [41, 200, 284, 283, 285].

In summary, while considerable progress has been made in understanding VIVs of

marine risers, there remains a vast expanse of research territories that warrant exploration

for optimized riser designs in the oil and gas industry.

In the domain of predicting VIV for elongated flexible structures, semi-empirical

methods have gained considerable traction. Unlike traditional approaches that compute

hydrodynamic forces by resolving the Navier-Stokes equations, semi-empirical methods

are anchored in rigid cylinder experiments. Broadly, these methods fall into two cate-

gories: those that directly employ experimental data for modeling hydrodynamic forces

[274, 136, 280, 2], and those that conceptualize hydrodynamic forces using non-linear

oscillators [64, 68].

The implications of VIV are not confined to a particular riser configuration but span

across the spectrum. Overlooking VIV during the riser design phase can have dire con-

sequences. A failure to account for it can culminate in severe fatigue [10], jeopardizing

the riser’s structural integrity. Such oversights can lead not only to significant economic

setbacks but also, and perhaps more critically, to devastating environmental repercussions.

Building on the foundations laid in [228], we present a significant enhancement of the

methodology to characterize the VIV vibrations of an SCR riser, both under interpolated

and extrapolated unseen conditions. Our approach hinges on data from controlled lab

experiments [28]. Before the extraction of hydrodynamic databases, the raw experimental

data was meticulously preprocessed to reconstruct the deformed shapes of the SCR riser.

Using this refined data, we then applied a semi-empirical method, specifically VIVA [2],

to extract the hydrodynamic databases.

To evaluate our methodology’s robustness, we subject these databases to rigorous tests,

aiming to predict VIV responses in sets of unseen cases encountered during the extraction

phase. While assessing the methodology, we consciously chose to overlook certain features,
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most notably the influence of curvature [104, 155, 296] on the riser’s vibrational modes.

Nonetheless, given our primary focus on gauging the methodology’s robustness, we assert

that these omissions do not undermine the validity of our assessment.

3.2 Description of the Experiments

The experimental program, as detailed in the report [28], involved an extensive model

test to gather experimental data on the Vortex-Induced Vibration (VIV) response of a

Steel Catenary Riser (SCR), see 3-2. The key characteristics of these experiments are

summarized as follows:

• Riser Model: The tests utilized a catenary riser model with a length-to-diameter

ratio of approximately 900. The model was constructed from brass pipe and equipped

with accelerometers for vibration measurement.

• Test Setup: The riser model was towed in a towing tank, allowing for systematic

variation of both current velocity and inclination angle between the current and the

riser.

• Measurement Techniques: The VIV response was primarily measured using

10 pairs of accelerometers strategically placed along the riser. These instruments

captured detailed data on riser motion in response to varying current conditions.

• Test Conditions: A range of tests were conducted to simulate different scenarios,

including varying current velocities and directions relative to the riser (see table 3.1).

This approach provided a comprehensive set of data to analyze VIV behavior under

diverse conditions.

This rigorous experimental setup and the resultant data were crucial in developing

and validating the predictive model for VIV in SCRs, particularly under varying flow

conditions. The detailed experimental approach provided a robust foundation for the

predictive methodologies discussed in our manuscript.
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3.3 Riser Motion Reconstruction Methodology

Figure 3-1: Flexible SCR riser within a uniform flow profile.

Experimental data sourced from the Norwegian Deepwater Programme (NDP) [29]

serve as the foundation for testing the optimization algorithms elaborated upon in this

chapter. Conducted at the MARINTEK Offshore Basin, the NDP experiments focused

on a steel catenary riser (SCR) characterized by a high length-to-diameter (L/D) ratio.

Accelerometer sensors, meticulously positioned along the riser, were instrumental in cap-

turing data in both the In-Line (IL) and Cross-Flow (CF) directions. The SCR used

for the experiments boasted dimensions of 𝐿Riser = 12.5m in length and an outer diame-

ter 𝐷Riser = 14mm. Notably, the count of transducers recording accelerations remained

consistent across both IL and CF directions:

Type Cross-flow In-line
Accelerations 10 10

In this chapter, we show the result of our proposed reconstruction algorithms using

a representative example. This case features a 0∘ angle between the catenary plane and

the flow velocity, and the flow velocity is set at 0.12𝑚/𝑠. Vibrations in this scenario

predominantly exhibit the 3rd structural mode, evident in both CF and IL vibrations, as
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Figure 3-2: Reference frame used to reconstruct riser deformed shape from sensor readings.
The angle with respect to the flow is controlled by 𝜑.

depicted in fig. 3-3 and fig. 3-4. Further scrutiny of the time-resolved animations of the

deformed shape confirms the absence of travelling waves.

Reconstructing the time-varying deformed shape of the riser demands a sophisticated

post-processing framework. The inherent challenge lies in relying solely on strain and

acceleration measurements at discrete locations along the riser [178]. While our descrip-

tion focuses primarily on Cross-Flow (CF) displacements, it’s worth noting that In-Line

(IL) displacements are addressed using a parallel approach. Leveraging the fact that the

riser’s ends remain fixed, the deformed shape can be aptly represented through a Fourier

expansion, detailed below:

𝑦(𝑧, 𝑡) =
∞∑︁

n=0

𝑤n(𝑡)𝜙n(𝑧) (3.1)

𝜙n(𝑧) = sin(𝑛𝜋𝑧/𝐿) (3.2)
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Spanwise Spectrum of CF Displacement
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Figure 3-3: Spanwise spectrum of cross-flow displacements.

Spanwise Spectrum of IL Displacement
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Figure 3-4: Spanwise spectrum of in-line displacements.

Truncating at an appropriate number of modes 𝑁 :

𝑎(𝑧, 𝑡) =
N∑︁

n=1

𝑤ntt
(𝑡)𝜙n(𝑧) (3.3)
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𝜙n(𝑧) = sin(𝑛𝜋𝑧/𝐿) ⇒ 𝜙′′(𝑧) = −(𝑛𝜋/𝐿)2 sin(𝑛𝜋𝑧/𝐿) (3.4)

We exploit the fact that the measurements are sampled at high frequency in time by

using the following Fourier transforms:

ℱ{𝑤n(𝑡)} = �̂�n(𝜔) (3.5)

ℱ{𝑦(𝑧, 𝑡)} = 𝑦(𝑧, 𝜔) (3.6)

ℱ{𝑎(𝑧, 𝑡)} = �̂�(𝑧, 𝜔) (3.7)

From which we can obtain:

𝑦(𝑧, 𝜔) =
N∑︁

n=1

�̂�n(𝜔)𝜑n(𝑧) (3.8)

�̂�(𝑧, 𝜔) = −𝜔2𝑦(𝑧, 𝜔) = −𝜔2

N∑︁

n=1

�̂�n(𝜔)𝜑n(𝑧) (3.9)

Expressing the problem in the frequency domain allows expressing the previous three

equations in matrix form as shown bellow:

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

𝑦 (𝑧1, 𝑡1) 𝑦 (𝑧1, 𝑡2) . . . 𝑦 (𝑧1, 𝑡Nt
)

𝑦 (𝑧2, 𝑡1) 𝑦 (𝑧2, 𝑡2) . . . 𝑦 (𝑧2, 𝑡Nt
)

𝑦 (𝑧3, 𝑡1) 𝑦 (𝑧3, 𝑡2) . . . 𝑦 (𝑧3, 𝑡Nt
)

...
...

. . .
...

𝑦 (𝑧s, 𝑡1) 𝑦 (𝑧s, 𝑡2) . . . 𝑦 (𝑧s, 𝑡Nt
)

...
...

. . .
...

𝑦 (𝑧Ns
, 𝑡1) 𝑦 (𝑧Ns

, 𝑡2) . . . 𝑦 (𝑧Ns
, 𝑡Nt

)

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

⏟  ⏞  

Y

= Φ

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

𝑎0 (𝑡1) 𝑎0 (𝑡2) . . . 𝑎0 (𝑡Nt
)

𝑎1 (𝑡1) 𝑎1 (𝑡2) . . . 𝑎1 (𝑡Nt
)

𝑎2 (𝑡1) 𝑎2 (𝑡2) . . . 𝑎2 (𝑡Nt
)

...
...

. . .
...

𝑎Nm
(𝑡1) 𝑎Nm

(𝑡2) . . . 𝑎Nm
(𝑁t)

𝑏1 (𝑡1) 𝑏1 (𝑡2) . . . 𝑏1 (𝑡Nt
)

𝑏2 (𝑡1) 𝑏2 (𝑡2) . . . 𝑏2 (𝑡Nt
)

...
...

. . .
...

𝑏Nm
(𝑡1) 𝑏Nm

(𝑡2) . . . 𝑏Nm
(𝑁t)

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(3.10)

Φ�̂� = 𝑌 , (3.11)
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where,

�̂� =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

𝑤1 (𝜔1) 𝑤1 (𝜔2) . . . 𝑤1 (𝜔Λ)

𝑤2 (𝜔1) 𝑤2 (𝜔2) . . . 𝑤2 (𝜔Λ)

𝑤3 (𝜔1) 𝑤3 (𝜔2) . . . 𝑤3 (𝜔Λ)
...

...
. . .

...

𝑤N (𝜔1) 𝑤N (𝜔2) . . . 𝑤N (𝜔Λ)

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

, (3.12)

Φ =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

Φ1 (𝑧1) Φ2 (𝑧1) . . . ΦN (𝑧1)

Φ1 (𝑧2) Φ2 (𝑧2) . . . ΦN (𝑧2)

Φ1 (𝑧3) Φ2 (𝑧3) . . . ΦN (𝑧3)
...

...
. . .

...

Φ1

(︀
𝑧My

)︀
Φ2

(︀
𝑧My

)︀
. . . ΦN

(︀
𝑧My

)︀

Φ1 (𝑧1) Φ2 (𝑧1) . . . ΦN (𝑧1)

Φ1 (𝑧2) Φ2 (𝑧2) . . . ΦN (𝑧2)

Φ1 (𝑧3) Φ2 (𝑧3) . . . ΦN (𝑧3)
...

...
. . .

...

Φ1 (𝑧Ma
) Φ2 (𝑧Ma

) . . . ΦN (𝑧Ma
)

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

, (3.13)

𝑌 =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

𝑦 (𝑧1, 𝜔1) 𝑦 (𝑧1, 𝜔2) . . . 𝑦 (𝑧1, 𝜔Λ)

𝑦 (𝑧2, 𝜔1) 𝑦 (𝑧2, 𝜔2) · · · 𝑦 (𝑧2, 𝜔Λ)

𝑦 (𝑧3, 𝜔1) 𝑦 (𝑧3, 𝜔2) · · · 𝑦 (𝑧3, 𝜔Λ)
...

...
. . .

...

𝑦
(︀
𝑧My

, 𝜔1

)︀
𝑦
(︀
𝑧My

, 𝜔2

)︀
· · · 𝑦

(︀
𝑧My

, 𝜔Λ

)︀

−â(z1,ω1)

ω2
1

−â(z1,ω2)

ω2
2

· · · −â(z1,ωΛ)

ω2
Λ

−â(z2,ω1)

ω2
1

−â(z2,ω2)

ω2
2

· · · −â(z2,ωΛ)

ω2
Λ

−â(z3,ω1)

ω2
1

−â(z3,ω2)

ω2
2

· · · −â(z3,ωΛ)

ω2
Λ

...
...

. . .
...

−â(zMa ,ω1)

ω2
1

−â(zMa ,ω2)

ω2
2

· · · −â(zMa ,ωΛ)

ω2
Λ

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

. (3.14)

We solve for each value of 𝜔 using the pseudo-inverse Φ+.

�̂� = Φ+𝑌 (3.15)
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Taking the a inverse Fourier transform of �̂�, we find the coefficient matrix in the time

domain, and the riser CF displacement is found:

𝑦(𝑧, 𝑡) =
N∑︁

n=0

𝑤n(𝑡)𝜙n(𝑧) (3.16)

Finding high order modes in eq. (3.11) requires a minimum number of sensors . Fur-

thermore the use of the pseudo-inverse Φ+ is equivalent to a least-squares fit in the

frequency domain. Therefore the number of sensors available will limit the number of

modes 𝑁 we can use.

To improve the quality of reconstruction, we employed band-pass filtering to remove

low and high frequency noise. used different weighting for the strain and acceleration

measurements. The analysis of these recontructions in addition to others are presented

for reference in appendices B and C.

3.4 Methodology Robustness Through Cross-Validation

Current velocity (m/s) Dir. 0 deg. Dir. 30 deg. Dir. 60 deg. Dir. 90 deg.

0.12 1000 & 5001 2004 3000 4000

0.14 1002 2001 3002 4002

0.16 1004 2002 3004 -

0.18 1006 2006 3006 4006

0.20 1008 2008 3008 4008

0.22 1010 2010 3010 -

0.24 1012 & 5012 2012 3012 4012

0.26 1015 2015 3015 -

0.28 1016 2016 3016 -

0.30 1018 & 5018 2018 3018 4018

0.32 1020 2020 3020 4020

0.34 1022 & 5022 2022 3022 4022

Table 3.1: Experiment labels and cells colored in red for test and blue for train. The table
above corresponds to training on current directions (𝜑) 30º, 60º & 90º and testing on 0º.
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To evaluate the robustness of the hydrodynamic databases derived through the method-

ology presented in section 3.5, we employ a cross-validation approach across four distinct

current directions. Details of the training and test cases for the initial set are provided in

table 3.1.

We opted for this specific cross-validation format to examine the model’s ability to

predict flow conditions both within and outside the range observed during training, termed

as interpolation and extrapolation, respectively. A commendable performance under these

conditions indicates the superior generalization capabilities of the extracted databases, as

evidenced by fig. 3-6 and fig. 3-9.

3.5 Methodology

VIV amplitude and frequency predictions are approached by approximating the SCR

riser to a straight riser. In this assimilation, the tension of the riser is taken as the

mean tension across the SCR riser. The CF and IL components are derived from the

component of water velocity perpendicular to the riser’s longitudinal direction. Notably,

the tangential component is disregarded in VIV computations.

This approach inherently simplifies the model by not accounting for variations in ten-

sion along the riser and the different current profiles arising from changing flow incidence

angles. Unlike straight risers, the system lacks pre-tension, which means ballooning effects

can significantly alter the riser’s shape. This, in turn, modifies the flow incidence angle

and introduces additional complexities.

Such assumptions, while simplifying, have significant implications. Past research in-

dicates that the axial flow velocity component can influence riser tension. Additionally,

ballooning effects, which can substantially alter the riser’s geometry, are essential for ac-

curate VIV predictions. However, under the specific flow conditions examined in this

study, these assumptions yield satisfactory results. They notably outperform standard-

ized databases which tend to overpredict VIV responses of marine risers by about 40%.

This overprediction is often attributed to the reliance on databases derived from rigid

cylinder experiments.

Consequently, we propose a methodology to harness sensor data for crafting hydro-
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dynamic databases. These databases aim to enhance VIV predictions across various

methods, ensuring better adaptability and accuracy.

3.5.1 Vortex-Induced Vibrations of a Vertical Flexible Cylinder

Utilizing a strip theory approach [67], the free vibrations of a vertical flexible cylinder

within a current profile can be determined by employing rigid cylinder experimental data.

This cylinder, oriented along the vertical axis denoted as 𝑧, extends between 𝑧 = 0 and

𝑧 = 𝐿.

For our model, the following parameters are introduced:

• 𝜇 - mass per unit length,

• 𝑐 - structural damping per unit length,

• 𝐸𝐼 - bending stiffness,

• 𝑇 - tension at the top,

• 𝑓l(𝑧, 𝑡) - time-varying fluid lift force per unit length in the Cross Flow (CF) direction

at span-wise location 𝑧.

Assuming small amplitude vibrations, the structural model of the cylinder is given by:

𝜇
𝜕2𝑦

𝜕𝑡2
+ 𝑐

𝜕𝑦

𝜕𝑡
− 𝜕

𝜕𝑧
(𝑇

𝜕𝑦

𝜕𝑧
) +

𝜕2

𝜕𝑧2
(𝐸𝐼

𝜕2𝑦

𝜕𝑧2
) = 𝑓l(𝑧, 𝑡) (3.17)

Considering the cylinder’s monochromatic steady oscillation as 𝑦(𝑧, 𝑡) = 𝑅𝑒 {𝑌 (𝑧)𝑒iωt},

where 𝑌 (𝑧) represents the complex space-dependent amplitude of oscillation at frequency

𝜔, the lift force 𝑓l(𝑧, 𝑡) can be defined as:

𝑓l(𝑧, 𝑡) = 𝑅𝑒{[𝐶my𝜌f∀𝑌 (𝑧)𝜔2 + 𝑖𝐶lv

𝜌f𝑈
2

2
𝐷

𝑌 (𝑧)

|𝑌 (𝑧)| ]𝑒
iωt} (3.18)

On incorporating eq. (3.18) into eq. (3.17), a nonlinear eigenvalue problem emerges:

[−𝜔2(𝑚 + 𝐶my∀) + 𝑖𝜔𝑏]𝑌 − 𝜕

𝜕𝑧
(𝑇

𝜕𝑌

𝜕𝑧
) +

𝜕2

𝜕𝑧2
(𝐸𝐼

𝜕2𝑌

𝜕𝑧2
) = 𝑖𝐶lv

𝜌f𝑈
2

2
𝐷

𝑌

|𝑌 | (3.19)
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It’s noteworthy that 𝐶my and 𝐶lv, both dependent on 𝐴*, 𝑉r, and 𝑅𝑒, can be sourced

from the hydrodynamic databases related to rigid-cylinder, CF-only forced vibrations. To

resolve eq. (3.19), semi-empirical tools like VIVA [275] are employed.

3.5.2 Parametric Hydrodynamic Databases

Hydrodynamic databases play a critical role in understanding and modeling Vortex-

Induced Vibrations (VIV). Accurate determination of the hydrodynamic coefficients 𝐶m

and 𝐶lv demands capturing the dependencies on numerous independent variables, which

encompass both structural and flow parameters. Gathering such comprehensive data

traditionally requires extensive experimental setups, often costly, especially when exam-

ining full-scale Reynolds numbers. Additionally, the introduction of variables like surface

roughness and other properties that might change over time further complicates the task,

making the pursuit of a universal database daunting, if not outright unfeasible.

In our research, we take a novel approach by evaluating the extrapolation and interpo-

lation capabilities of databases constructed using the methodology from [228]. Our goal

is to determine the accuracy of predictions under unseen flow conditions, serving as a

testament to the method’s robustness.

We employ parametric forms for both 𝐶m and 𝐶lv, enabling the capture of essential

dynamic features. When combined with governing equations for VIV and appropriate

numerical solvers, these parametric databases provide a robust predictive model frame-

work. Drawing inspiration from experimental results for distinct structures, we tackle the

optimization challenge initially introduced by [178]. The databases guiding this work owe

their insights to results from the Norwegian Deep Water Program (NDP).

Our proposed hydrodynamic model comprises 14 variables, a mix of parameters gov-

erning reduced frequency transitions and slopes of hydrodynamic coefficients. The five

reduced frequency values delineate the transition zones for the different regimes, which

are common across 𝐶my, 𝐶lv,0, and 𝐴*
c . For each of 𝐶my, 𝐶lv,0, and 𝐴*

c , two additional

parameters define the slopes of 𝐶lv as a function of the amplitude.

Diving deeper into the model specifics, the coefficient 𝐶my is modeled as primarily

dependent on 𝑓r. As illustrated in fig. 3-5, this is achieved using three regimes of constant
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Figure 3-5: Left: A hydrodynamic coefficient database reconstructed from numerous tow
experiments [228]. From this database, we derive parametric representations to approxi-
mate 𝐶lv and 𝐶m using field or experimental data (right).

𝐶my with linear transitions in between. These transitions are made smoother through

the use of soft-plus functions. In parallel, 𝐶lv is approximated using a piece-wise linear

function, dependent on the oscillation amplitude. Its starting point, 𝐶lv,0(𝑓r), is also

modeled piece-wise linearly with transitions smoothed using soft-plus functions.

The decision to model 𝐶my in this specific manner stems from careful analysis of ex-

perimental evidence. The piece-wise linear approximations and soft transitions aim to

ensure that the model closely adheres to observed behaviors while maintaining mathe-

matical tractability.
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3.5.3 Predicting the Structural Response

The goal of this subsection is to elucidate the methodology and approach behind predicting

the structural response of flexible cylinders in the context of vortex-induced vibrations

(VIV). We focus on database optimization techniques and the use of semi-empirical codes,

leading to an optimization problem.

3.5.3.1 Database Optimization for Risers

Considering flexible cylinders and harmonic motion, we arrive at the non-linear eigen-

value problem detailed in eq. (3.19). This problem is fundamentally dependent on the

hydrodynamic databases for 𝐶lv and 𝐶my. Taking inspiration from the method proposed

by [178], we utilize the semi-empirical code VIVA [275] to solve eq. (3.19).

This procedure offers a mapping from given flow parameters to the predicted multi-

modal amplitude 𝐴*(𝑧;p) and peak frequency 𝑓peak(z). These parameters are deduced

from experimental data, following the steps discussed in section 3.3. The objective func-

tion, aiming to minimize the discrepancy between predictions and experiments, is given

by:

𝐽(p) =
∑︁

(A*(z),fpeak)∈𝒟

(︂
1

𝐿

∫︁ L

0

|𝐴*(𝑧) − 𝐴*(𝑧;p)|2 𝑑𝑧
)︂ 1

2

+ 𝜆|𝑓peak − 𝑓peak(z)|, (3.20)

where 𝐴*(𝑧) and 𝑓peak(z) represent the experimentally determined values from a dataset

𝒟 evaluated at varying flow velocities. The optimization problem is then represented as:

p̂ = 𝑎𝑟𝑔𝑚𝑖𝑛
p

𝐽(p) + ℛ(p), (3.21)

ℛ(p) stands for regularization terms introduced to ensure the stability and plausibility

of the model. Specifically, these terms penalize:

• The size of the range of reduced frequencies, 𝑓r, where 𝐶lv holds positive values.

This range is given by (𝑝4 − 𝑝1).

• The range in which 𝐶my deviates from constant values, captured by (𝑝5 − 𝑝2).
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• The maximum value of 𝐴* on the zero contour of 𝐶lv.

Such regularization terms were employed by [228], leading to results that, while subtly

affected, appear more plausible.

Moving to the practical application and testing of our model, we make use of a dataset

from the Norwegian Deepwater Program (NDP). This dataset is a result of large-scale lab-

oratory experiments involving a 12.5m uniform SCR riser subjected to a uniform current.

The incoming velocity during these experiments ranged between 0.12 m/s and 0.34 m/s.

A comprehensive breakdown of the NDP experiment and the specifics of the dataset can

be found in section 3.3.

3.5.4 Optimization Routine

Our research encountered challenges in optimization due to the complex landscape of

the loss function, which presented multiple plateaus. These plateaus complicated the

selection of both the descent direction and the step size, especially when relying on line

search techniques. As a solution, we adopted a strategy of evaluating the cost function

through random perturbations. To elaborate, during each iterative step, we updated the

parameters p as p = p + 𝛿ivi, where the perturbation factor 𝛿i is defined as:

𝛿i = arg min
δ∈∆

𝐽(p + 𝛿vi) + ℛ(p + 𝛿vi), (3.22)

Here, Δ = {0, 𝛿1, . . . , 𝛿nsamp
} is a set that includes zero and 𝑛samp samples, all dis-

tributed according to the probability distribution 𝑝δ. Meanwhile, vi denotes a chosen

search direction.

Notably, prior studies, such as that by [228], highlighted the efficacy of coordinate

descent in addressing optimization problems like eq. (3.21). While the same research

also acknowledged the merits of other methods—like the Nelder-Mead algorithm and

simulated annealing—coordinate descent emerged as the most promising. Specifically, in

this algorithm, each iteration navigates through every dimension of p, aiming to resolve

a one-dimensional optimization challenge.
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𝑝i = 𝑎𝑟𝑔𝑚𝑖𝑛
y

𝐽(𝑝1, . . . , 𝑝i−1, 𝑦, 𝑝i+1, . . .) + ℛ(𝑝1, . . . , 𝑝i−1, 𝑦, 𝑝i+1, . . .). (3.23)

eq. (3.21) is more easily solved after multiple trials of the optimization scheme if

computational resources allow, as it is non-convex.

3.6 Optimized Databases - Results and Discussion

The cross-validation study’s conclusive results are displayed in Figures figs. 3-6 to 3-9 and

figs. 3-10 and 3-11. Each of the Figures figs. 3-6 to 3-9 displays four vertically stacked

graphs.

In these graphs, a blue dashed line represents the span-wise RMS of CF Amplitude as

predicted by VIVA. In contrast, a solid black line indicates the corresponding experimental

data. The top graph showcases the hydrodynamic database’s initial state, achieved after

fifty random draws from the parametric database. While our proposed method aims

at refining existing databases, these random draws serve to evaluate the optimization’s

effects from various starting points. This exercise provides a gauge on the robustness of

our approach.

Below this top graph are three subsequent graphs, each capturing the same data but

at distinct stages in the training process. It’s important to note that these graphs offer

insights into the VIV predictions for test cases (cases left out during the training phase)

as training progresses.

The overall training and testing errors across different scenarios are depicted in Figures

fig. 3-10 and fig. 3-11. A notable observation from these figures is that as the training

error diminishes, the test error also decreases in almost all scenarios. This trend suggests

a robust generalization capability of the parametric databases, validating our primary

research hypothesis.

However, discrepancies emerge when examining specific catenary plane orientations.

For instance, the orientation with 𝜑 = 90∘ exhibits both higher training and testing errors

compared to other angles. This particular orientation is unique since it lacks a tangential
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component of the water velocity relative to the SCR riser. This absence results in the

worst-case scenario concerning the current drag on the SCR riser, leading to significant

deviations from its hydrostatic shape.

Such significant shape deviations suggest that certain assumptions, as discussed at

the outset in section 3.5, may no longer be valid. This discrepancy can adversely affect

the accuracy of our VIV model predictions. Additionally, this condition might induce a

wide-band VIV response due to the pronounced variability in the added mass and the

wake capture phenomenon, as documented by [291, 176, 173].

Overall, the obtained optimized databases that perform best after random initial-

izations, can be described as having characteristic 𝐶lv contours that predict more accu-

rate and overall smaller VIV amplitudes than when using databases extracted from rigid

cylinders. To clearly observe this compare fig. 3-13 to fig. 3-14, this last one leans on

the conservative side of predictions to be able to ensure that risers vibrations are not

underpredicted for a wide range of situations.

In this thesis, we also undertake a comprehensive comparison with predictions derived

from databases based on rigid cylinder experiments. These databases have historically

been a standard reference in the field, primarily due to their conservative nature in pre-

dicting Vortex-Induced Vibrations (VIV) amplitudes. It’s important to understand that

these traditional databases, while reliable, often provide overestimated predictions, lead-

ing to more conservative designs and assessments in marine engineering applications. By

contrasting our optimized databases against these established models, we aim to highlight

not only the differences in predictive accuracy but also the potential for more refined and

less conservative designs. This comparative analysis allows us to demonstrate the efficacy

of our approach in yielding more precise predictions, thereby offering a pathway towards

optimizing design parameters in the marine engineering sector. The critical insight gained

from this comparison is instrumental in advancing our understanding of hydrodynamic

forces and their impact on offshore structures, leading to a more nuanced and effective

approach to design and safety assessments.
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3.7 Conclusions

This chapter has systematically validated our methodology across four different current

incidence angles, elucidating the generalization capabilities of the learned hydrodynamic

databases essential for predicting Vortex Induced Vibrations (VIV) in marine risers. By

deliberately excluding training data for specific current directions during the validation

phase, we gained valuable insights into the influence of directional variance on the dynam-

ics of riser behavior. This approach not only confirmed the robustness of our databases

but also their ability to accurately predict VIV under extrapolated conditions, particularly

when training data from angles 𝜑 = 0, 90∘ were omitted.

Our findings are supported by a strong positive correlation observed between the

training and testing errors, demonstrating commendable predictive accuracy. These re-

sults are vividly illustrated in the spanwise Root Mean Square (RMS) of the Cross-Flow

(CF) Amplitudes across various figures, which document how our models adaptively re-

fine themselves to align closely with the actual VIV dynamics encountered in operational

environments (see Figures 3-6, 3-7, 3-8, 3-9).

A significant advancement brought forward by this research is the application of a

method initially introduced by Rudy et al. [228], tailored to enhance the generalization

of hydrodynamic databases significantly. These databases, traditionally constrained by

the limitations inherent in models derived from rigid cylinder experiments, have been

adeptly modified to encapsulate the complex physics of vortex-induced vibrations. Such

refinements address the critical nuances of alternating sign vortices and the rapid variation

in the added mass coefficient, which are crucial for accurate VIV prediction across a broad

parametric range.

Despite the innovative advancements, it is recognized that existing hydrodynamic

databases predominantly cater to cross-flow vibrations and often assume perfect corre-

lation along the riser’s length, derived from scenarios presenting low Reynolds numbers.

Our research mitigates these gaps by integrating data from flexible riser configurations,

thus broadening the applicability and relevance of the databases.

Looking forward, the potential applications of these enhanced databases are manifold.
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They promise substantial improvements in wake oscillator models, offering a solution

to the often impractical task of modeling exhaustive Navier-Stokes equations. As the

field progresses, we anticipate that the methodologies developed here will catalyze fur-

ther advancements in the complexity and scope of hydrodynamic databases, capturing

more intricate behaviors and extending beyond the traditional confines of rigid cylinder

observations.

This study not only reaffirms the robustness of our methodological approach but also

sets a precedent for future research aimed at refining VIV predictive tools, ensuring their

applicability in enhancing the operational efficiency and safety of marine infrastructure.
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Figure 3-6: Test case 1000. Cross flow RMS predictions, testing catenary plane angle
with velocity 𝜑 = 0∘. Solid black curve are reconstructed displacements and blue-dashed
line are optimized VIVA predictions. A single hydrodynamic database is used. In this
figure we represent the change in spanwise RMS response as the training is performed in
the 3 catenary plane orientations to which this specific case does not belong to, in this
particular case 𝜑 = 30∘, 60∘, 90∘. For the relation between experiment labels and catenary
plane orientations & towing velocities table 3.1 can be consulted.
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Figure 3-7: Test case 2001. Cross flow RMS predictions, testing catenary plane angle
with velocity 𝜑 = 30∘. Solid black curve are reconstructed displacements and blue-dashed
line are optimized VIVA predictions. A single hydrodynamic database is used. In this
figure we represent the change in spanwise RMS response as the training is performed in
the 3 catenary plane orientations to which this specific case does not belong to, in this
particular case 𝜑 = 0∘, 60∘, 90∘. For the relation between experiment labels and catenary
plane orientations & towing velocities table 3.1 can be consulted.
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Figure 3-8: Test case 3000. Cross flow RMS predictions, testing catenary plane angle
with velocity 𝜑 = 60∘. Solid black curve are reconstructed displacements and blue-dashed
line are optimized VIVA predictions. A single hydrodynamic database is used. In this
figure we represent the change in spanwise RMS response as the training is performed in
the 3 catenary plane orientations to which this specific case does not belong to, in this
particular case 𝜑 = 0∘, 30∘, 90∘. For the relation between experiment labels and catenary
plane orientations & towing velocities table 3.1 can be consulted.
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Figure 3-9: Test case 4000. Cross flow RMS predictions, testing catenary plane angle
with velocity 𝜑 = 90∘. Solid black curve are reconstructed displacements and blue-dashed
line are optimized VIVA predictions. A single hydrodynamic database is used. In this
figure we represent the change in spanwise RMS response as the training is performed in
the 3 catenary plane orientations to which this specific case does not belong to, in this
particular case 𝜑 = 0∘, 30∘, 60∘. For the relation between experiment labels and catenary
plane orientations & towing velocities table 3.1 can be consulted.
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Figure 3-10: Test and train amplitude RSE Learning Curves. For any one plot the test
learning curve represents the loss function when the experiment is left out of the training.
This is when its current direction is left out of the training process in the cross-validation.
On the other hand, the train learning curve is the average of the 3 scenarios when its
current direction is part of the training process. Three out of four times any one case is
considered in the training, when performing cross-validation across 4 different catenary
plane orientations with the flow. The catenary plane orientation of any case can be
consulted in table 3.1.
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Figure 3-11: Test and train frequency Learning Curves. For any one plot the test learning
curve represents the loss function when the experiment is left out of the training. This
is when its current direction is left out of the training process in the cross-validation.
On the other hand, the train learning curve is the average of the 3 scenarios when its
current direction is part of the training process. Three out of four times any one case is
considered in the training, when performing cross-validation across 4 different catenary
plane orientations with the flow. The catenary plane orientation of any case can be
consulted in table 3.1.
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(a) Experiment 1022 at 0.34 m/s and Direction 0°.

(b) Experiment 2022 at 0.34 m/s and Direction 30°.

(c) Experiment 3022 at 0.34 m/s and Direction 60°.

(d) Experiment 4022 at 0.34 m/s and Direction 90°.

Figure 3-12: Comparative Analysis of Experiments at a Uniform Current Velocity of 0.34
m/s. This figure showcases the results from experiments 1022, 2022, 3022, and 4022, each
conducted at the same current velocity but varying current directions: 0°, 30°, 60°, and
90°, respectively. The comparison of these experiments highlights the influence of current
direction on hydrodynamic responses.
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(a) Experiment 1022 at 0.34 m/s and Direction 0°.

(b) Experiment 2022 at 0.34 m/s and Direction 30°.

(c) Experiment 3022 at 0.34 m/s and Direction 60°.

(d) Experiment 4022 at 0.34 m/s and Direction 90°.

Figure 3-13: Enhanced Optimization with Parameter Constraints in Hydrodynamic
Database Training. Displayed are results from experiments 1022, 2022, 3022, and 4022,
each at a uniform current velocity of 0.34 m/s but different current directions (0°, 30°,
60°, and 90°). For these experiments, parameter constraints were applied during training
whenever existing experimental data were available. This approach facilitates easier opti-
mization problems and better generalization, resulting in more consistent hydrodynamic
databases when learning from diverse sets of angles.
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(a) Experiment 1022 at 0.34 m/s and Direction 0°.
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(b) Experiment 2022 at 0.34 m/s and Direction 30°.
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(c) Experiment 3022 at 0.34 m/s and Direction 60°.
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(d) Experiment 4022 at 0.34 m/s and Direction 90°.

Figure 3-14: Predictions provided by standard VIVA database. Displayed are results from
experiments 1022, 2022, 3022, and 4022, each at a uniform current velocity of 0.34 m/s
but different current directions (0°, 30°, 60°, and 90°). For these experiments, parameter
constraints were applied during training whenever existing experimental data were avail-
able. This approach facilitates easier optimization problems and better generalization,
resulting in more consistent hydrodynamic databases when learning from diverse sets of
angles.
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Chapter 4

Boundary Layer Control Using

Vortex Generators

4.1 Introduction

Both in the air and in the water, the efficiency of moving objects is fundamentally influ-

enced by the flow of the surrounding fluid, be it air or water. This efficiency is deeply

rooted in the behavior of the boundary layer – that thin layer of fluid that clings to the

surface of objects and governs a multitude of flow-related phenomena, including drag and

lift [288].

Boundary layers, whether in aerodynamic or hydrodynamic contexts, are susceptible

to external conditions and can undergo separation when faced with adverse pressure

gradients [116]. Such separation can result in augmented drag, diminished lift or thrust,

and can even lead to undesirable flow-induced vibrations or noise [225]. Therefore, the

control of the boundary layer is crucial, not only for optimizing performance but also for

ensuring safety across a range of engineering applications [6].

Vortex generators emerge as an effective solution to improve flow in this context.

These strategically placed devices introduce controlled disturbances into the flow to de-

lay or prevent separation, enhance fluid mixing, and achieve various other desired flow

modifications [234]. By leveraging the power of vortex generation, these devices offer a

nuanced approach to flow control in both aerodynamics and hydrodynamics [114].
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This chapter looks into the science and application of vortex generators as tools for

boundary layer control in bodies with pressure and friction drag rations similar to bulk-

carrier ships. By bridging the principles that ground their operation with their wide-

ranging applications, we aim to provide a thorough overview of their transformative im-

pact on the design and optimization landscapes of both aerodynamics and hydrodynamics,

described by the incompressible Navier-Stokes equations:

𝜌

(︂
𝜕u

𝜕𝑡
+ u · ∇u

)︂

= −∇𝑝 + 𝜇∇2u + f (4.1)

∇ · u = 0 (4.2)

Where:

• 𝜌 is the fluid density (assumed to be constant for incompressible flow).

• u is the velocity vector.

• 𝑡 is time.

• 𝑝 is pressure.

• 𝜇 is dynamic viscosity.

• f represents body forces (e.g., gravity).

• ∇ denotes the gradient operator.

4.1.1 Background

The story of boundary layer control is as old as the study of fluid mechanics itself. Ever

since the early days of aerodynamic and hydrodynamic research, the behavior of the thin

layer of fluid adjacent to surfaces has been of significant interest. Recognizing its profound

impact on the performance of objects moving through fluids dates back to foundational

works such as Schlichting’s exploration on boundary layer theory [236].

Ludwig Prandtl’s groundbreaking introduction of the boundary layer theory in the

early 20th century [210] provided a framework that reshaped our understanding of fluid
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flow over surfaces. With this, the importance of managing and manipulating the boundary

layer became clear, especially given its implications on drag reduction and flow stability.

As the challenges of boundary layer separation became more evident, especially under

adverse pressure gradients, various strategies emerged to address them. Seminal works

by Van Driest [279] and others highlighted the complexity of boundary layer separation

and its profound effects on flow characteristics.

The advent of vortex generators as a boundary layer control solution in the mid-20th

century can be traced to early experimental studies by Taylor [93]. Their primary purpose

was clear: introduce small-scale vortices to energize the boundary layer, delay separation,

and foster reattachment. The success of vortex generators in various applications, from

aircraft wings to ship hulls, is well-documented in numerous studies [17, 147].

Today, as research by Lin [146] and others have shown, vortex generators represent a

sophisticated blend of fundamental fluid mechanics and innovative engineering, offering

versatile solutions for myriad flow scenarios.

4.1.2 Objectives

4.1.3 Boundary Layer Fundamentals

The boundary layer is a fundamental concept in fluid dynamics, describing a thin layer

of fluid adjacent to the surface of an object moving through a fluid or when an object is

placed in a flowing fluid. Within this layer, due to the no-slip condition, the flow velocity

starts from zero at the surface and increases gradually to the free-stream velocity as one

moves away from the surface.

The pioneering work of Ludwig Prandtl in 1904 introduced the idea of the boundary

layer. Prandtl’s insight was that in many flow scenarios, the viscous effects are localized

close to the surface of the object, which gives rise to the formation of this boundary layer.

As the flow develops along the surface, it can manifest in several ways. Initially, fluid

particles might move smoothly in parallel layers, characterizing a laminar boundary layer.

This behavior is common at low Reynolds numbers or at the starting stages of flow over

a surface. However, as conditions change, particularly at higher Reynolds numbers, the

flow can become turbulent, exhibiting chaotic and irregular motion. Between these two
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regimes, there can be a transitional phase, where intermittent turbulent ”patches” are

seen amidst a primarily laminar flow.

One of the critical phenomena associated with boundary layers is flow separation.

This occurs when the flow slows down significantly due to an adverse pressure gradient—

essentially, when the pressure increases in the flow direction. When separation occurs,

it can lead to the formation of a recirculation zone, often resulting in augmented drag

and undesirable flow behaviors. This connection between the boundary layer and drag

is paramount in many engineering applications. Proper management and understanding

of the boundary layer can be key to reducing frictional drag, often referred to as skin

friction.

A crucial parameter influencing the nature of the boundary layer is the Reynolds

number. This dimensionless quantity signifies the ratio of inertial forces to viscous forces

in the flow. Defined as 𝑅𝑒 = ρuL

µ
, where 𝜌 is the fluid density, 𝑢 is flow velocity, 𝐿 is a

characteristic length, and 𝜇 is the fluid’s dynamic viscosity, the Reynolds number often

dictates whether the flow is laminar, transitional, or turbulent.

Lastly, in scenarios where heat transfer is vital, the concept extends to the thermal

boundary layer. Analogous to how velocity changes across the boundary layer, temper-

ature gradients exist within the thermal boundary layer, determining the rates of heat

transfer between the fluid and the object’s surface.

4.1.4 Definition and Basic Concepts

4.1.4.1 Boundary Layer Definition

The region of the flow close to the wall in which viscous effects are significant and the

velocity varies from zero at the wall due to the no-slip condition to the free stream value

away from the wall.

4.1.4.2 Reynolds Number

𝑅𝑒 =
𝜌𝑢𝐿

𝜇
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A dimensionless parameter characterizing the relative importance of inertial to viscous

forces in a flow.

4.1.4.3 Boundary Layer Thickness

The distance from the wall to a point in the flow where the velocity is approximately the

free-stream velocity.

4.1.4.4 Skin Friction Coefficient

𝐶f =
2𝜏w
𝜌𝑈2

Where 𝜏w is the wall shear stress. This coefficient describes the wall shear as a fraction

of the dynamic pressure.

4.1.4.5 Laminar and Turbulent Boundary Layers

Different flow regimes within the boundary layer, often distinguished by the Reynolds

number.

4.1.4.6 Flow Separation

Occurs when the boundary layer detaches from the surface leading to a recirculation zone.

4.1.5 Types of Boundary Layers

4.1.5.1 Based on Flow Characteristics

• Laminar Boundary Layer: In this type, fluid flows in smooth, orderly layers with

minimal mixing between them. This type of flow is characterized by a linear velocity

profile from the surface to the free stream and occurs at lower Reynolds numbers,

where viscous forces are more dominant than inertial forces. The laminar flow

results in lower skin friction drag and reduced rates of heat and mass transfer due

to the orderly movement of fluid particles. Its predictability makes it easier to model

mathematically, but it’s more susceptible to becoming unstable and transitioning

to turbulence under certain conditions like increased speed or surface roughness.
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• Transitional Boundary Layer: This is the intermediate stage between laminar

and turbulent flows. Intermittent ”bursts” of turbulence appear amidst a primarily

laminar flow, making it neither fully laminar nor fully turbulent.

• Turbulent Boundary Layer: Conversely, a turbulent boundary layer exhibits a

chaotic flow with a complex mixture of eddies and vortices. This regime occurs

at higher Reynolds numbers, where inertial forces outweigh viscous forces. The

turbulent flow leads to a thicker boundary layer with a non-linear velocity profile,

featuring a thin viscous sublayer near the wall. Turbulent boundary layers are

associated with higher skin friction drag but offer significantly enhanced rates of

heat and mass transfer due to the increased mixing. Though turbulent flows are

more challenging to predict and require empirical or numerical modeling methods,

they tend to remain turbulent unless there’s a substantial decrease in flow velocity

or Reynolds number.

4.1.5.2 Based on Thermal Effects

• Isothermal Boundary Layer: In scenarios where the wall temperature remains

constant and there’s no heat transfer between the surface and the fluid, the boundary

layer remains isothermal.

• Thermal Boundary Layer: When there’s heat transfer between the surface and

the fluid, a temperature gradient develops. In this case, besides the velocity profile,

there’s also a temperature profile within the boundary layer. This is especially

important in convective heat transfer studies.

• Combined Thermal and Hydrodynamic Boundary Layer: Often in real-

world situations, both the velocity and temperature fields are of concern, leading to

a combined boundary layer analysis.

4.1.5.3 Based on Pressure Gradient

• Zero Pressure Gradient Boundary Layer: This occurs on a flat plate with

uniform flow, where the pressure remains constant in the streamwise direction.
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• Favorable Pressure Gradient Boundary Layer: When the external pressure

decreases in the flow direction, it’s termed favorable since it can prevent or delay

separation.

• Adverse Pressure Gradient Boundary Layer: Conversely, when the external

pressure increases in the flow direction, the boundary layer faces an uphill task.

This situation can induce flow separation more readily.

4.1.5.4 Based on the Geometry of the Object

• Bluff Body Boundary Layer: Developed over bodies with a blunt shape, such

as cylinders or spheres, often leading to separated flows and wake regions.

• Streamlined Body Boundary Layer: Developed over bodies designed to mini-

mize separation, like airfoils or streamlined vehicles.

In this chapter, our primary focus is on the hydrodynamic aspects of boundary layers

and the use of vortex generators for flow control. While thermal effects and heat transfer

are crucial considerations in many real-world applications, they fall outside the scope of

our current research. However, it is worth noting that the principles and designs of vortex

generators explored herein could potentially be adapted or employed to optimize heat

transfer in thermal boundary layer scenarios.

4.1.6 Boundary Layer Detachment: An Energy Perspective

When fluid flows over a solid surface, energy interactions play a essential role in deter-

mining the nature and behavior of the boundary layer.

4.1.6.1 Energy Loss due to Friction

As fluid particles traverse the boundary’s surface, frictional forces come into play. These

forces, acting between the fluid particles and the solid boundary, sap energy from the

boundary layer. Mathematically, this is seen as the viscous drag exerted on the body.

Within the boundary layer, the consequence of this energy loss is a velocity gradient: fluid
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particles closest to the surface move slower than those farther away, due to the no-slip

condition.

𝜏 = 𝜇

(︂
𝜕𝑢

𝜕𝑦

)︂

(4.3)

Here, 𝜏 represents the wall shear stress, 𝜇 is the dynamic viscosity, and ∂u
∂y

is the

velocity gradient perpendicular to the wall.

4.1.6.2 Adverse Pressure Gradient and Energy

As these energy-depleted particles progress downstream along the body, they may en-

counter regions of increasing external pressure—a phenomenon termed as an adverse

pressure gradient.

To frame this in terms of energy, consider Bernoulli’s principle:

𝑃 +
1

2
𝜌𝑢2 + 𝜌𝑔ℎ = constant (4.4)

Where:

• 𝑃 is the pressure energy,

• 𝜌 is the fluid density,

• 𝑢 is the fluid velocity (kinetic energy),

• 𝑔 is the acceleration due to gravity, and

• ℎ is the height (potential energy).

An adverse pressure gradient implies an increase in 𝑃 , and for fluid particles away from

the boundary, this increase can be counteracted with a decrease in 1
2
𝜌𝑢2. However, for the

energy-depleted particles near the wall, this balance is disrupted, causing a substantial

reduction in their kinetic energy, eventually leading to flow reversal.

4.1.6.3 Trailing Ends: The Ultimate Challenge

Many aerodynamic and hydrodynamic designs taper towards the trailing end, promoting

a more pronounced adverse pressure gradient in this region. The boundary layer particles,
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already sapped of energy due to friction, find it even more challenging to overcome this

gradient, making detachment almost inevitable. Interventions, such as vortex generators,

may be employed to delay or prevent this detachment, emphasizing their importance in

engineering applications.

4.2 Vortex Generators: An Overview

4.2.1 Historical Development

The aeronautics industry’s evolution during the 20th century was significantly shaped by

advancements in understanding boundary layer dynamics. As aircraft designs became

increasingly intricate, addressing boundary layer separation grew in importance, particu-

larly when targeting higher speeds and varying flight envelopes.

The decades of the 1940s and 1950s witnessed intensive efforts to combat bound-

ary layer separation challenges. In this context, vortex generators (VGs) emerged as a

promising solution. Their ability to manage boundary layer separation without the need

for external power was a standout feature.

A very important research point in the early history of VGs was Schubauer and Skram-

stad’s work in 1947, laying the groundwork for future VG research [238, 239]. Fast for-

warding to the dawn of the 21st century, Lin’s comprehensive study in 2002 provided a

nuanced examination of VG design parameters, highlighting their potential adaptability

across diverse aero/hydrodynamic scenarios [147].

Into the 2000s, the study of VGs and their applications broadened. Bechert et al.’s

research in 2000 presented insights into the drag reduction capabilities of riblet surfaces,

suggesting potential collaborative effects with VGs [17]. Building on this, Godard and

Stanislas in 2006 further explored the intricacies of how VGs influence boundary layer

dynamics under various conditions [90].

Beyond the skies, VGs found applicability on the ground. By 2018, their potential in

automotive applications became evident, with research by Zhang et al. highlighting this

versatility [242].
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4.2.2 Principle of Operation

When a flow encounters a vortex generator, due to the shape and orientation of the VG,

it creates a localized disturbance, which leads to the formation of a vortex. This vortex,

once formed, has a distinct core and circulation pattern, with fluid particles moving in a

spiral motion around the core.

The core of the vortex is an area of low pressure. As the fluid spirals around this

low-pressure core, it creates a suction effect. This suction effect is critical because it

pulls or draws fluid from its surroundings towards the vortex core. As VGs are typically

positioned with their tips protruding into the freestream, this means the vortices have

access to the higher-energy, faster-moving fluid found outside the boundary layer [90].

Now, the boundary layer, by definition, is characterized by a velocity gradient where

the fluid velocity decreases from the freestream value to almost zero at the wall. As a

result, the fluid near the wall has much lower kinetic energy compared to the fluid in the

freestream.

When the vortex creates suction, it actively draws this high-energy fluid from the

freestream, transferring it closer to the wall or body. This process is referred to as ”bound-

ary layer energization” because the transferred high-energy fluid revitalizes or energizes

the near-wall region of the boundary layer [147].

This addition of high-energy fluid helps in several ways:

• Resilience to Adverse Pressure Gradient: By introducing more energy to the bound-

ary layer, it becomes better equipped to handle adverse pressure gradients, thereby

delaying or preventing flow separation.

• Enhanced Turbulence and Mixing: The high-energy fluid introduced by the vortex

can lead to increased turbulence levels. This turbulence promotes better mixing

within the boundary layer, ensuring a more uniform velocity profile and suppressing

the formation of flow separation regions [299].

• Redistribution of Shear Stress: With the introduction of higher-energy fluid, the

shear stresses within the boundary layer are also redistributed, which can lead to

enhanced wall shear and better attachment of the flow.
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In summary, the vortices generated by VGs play a dual role: they not only cre-

ate disturbances that delay separation but also actively draw high-energy fluid from the

freestream into the boundary layer. This influx of high-energy fluid bolsters the boundary

layer’s resilience against adverse conditions, ensuring improved flow characteristics and

performance.

4.2.3 Types of Vortex Generators

Vortex Generators (VGs) have evolved into various forms and types over the years. Each

type possesses distinct characteristics tailored for specific applications or flow conditions.

Below, we detail some of the common types of VGs:

4.2.3.1 Vane-Type VGs

These traditional and widely-recognized VGs resemble small fins. They are generally

aligned with the flow direction and protrude from the surface into the boundary layer.

When the flow collides with these fins, it gets deflected, inducing a series of vortices in

the wake of each fin. These vortices help in energizing the low-momentum fluid near the

surface, thereby delaying flow separation and enhancing mixing [147].

4.2.3.2 Ramp-Type VGs

Essentially miniature ramps or wedges, these VGs have an inclined profile which forces

the oncoming flow to elevate as it goes over the ramp. This action disrupts the flow’s

laminar structure and generates vortices, which like the vane-type, serve to invigorate the

boundary layer, ensuring it remains attached for longer [252].

4.2.3.3 Sub-Boundary Layer VGs (or Micro-VGs)

Much smaller than the traditional VGs, these are designed to function primarily within

the boundary layer without excessively disturbing the external flow. Due to their minute

size, they introduce milder perturbations, leading to vortices that are of smaller scale but

still effective in terms of flow control, making them ideal for applications that demand a

subtler approach [8].
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Figure 4-1: Delta wing vortex generators over a ramp. By inspecting the streamlines one
can see how the VGs rotate the flow generating helical vortices that such higher energy
fluid from outside the boundary layer.

4.2.3.4 Delta-Wing VGs

Resembling the shape of a delta wing from an aircraft, these VGs have a triangular design,

often with a bit of a twist. The shape and orientation give rise to strong leading-edge

vortices, which then spiral around the leeward side of the VG. The vortices produced by

delta-wing VGs tend to be more robust and resistant to external disturbances, making

them effective for a variety of aero/hydrodynamic applications [131].

4.2.3.5 Blowing/Suction VGs

These VGs differ fundamentally from the passive ones mentioned before. They involve

active manipulation of the boundary layer by either introducing high momentum fluid

into the boundary layer (blowing) or by drawing fluid out of it (suction). This action

has the potential to drastically modify the boundary layer’s velocity profile, preventing or
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delaying separation. The effectiveness of this method, however, can be contingent upon

the precise positioning, intensity, and pulsing frequency of the blowing/suction mechanism

[90].

4.2.3.6 Co-Flow Jet VGs

Another form of active VGs, co-flow jet VGs introduce small jets of fluid that align with

the main flow direction. By doing so, they not only energize the boundary layer but

also enhance mixing within it. This technique proves especially beneficial in delaying

flow separation by re-energizing regions of the boundary layer that are on the brink of

detachment [48].

4.3 Design and Optimization of Vortex Generators

Vortex generators, small aero/hydrodynamic devices strategically placed on surfaces to

influence the flow of air or other fluids, play a very important role in enhancing the

performance of various aero/hydrodynamic systems. Their primary function is to delay

flow separation by re-energizing the boundary layer, thereby improving lift and reducing

drag [147]. The effectiveness of vortex generators is significantly influenced by their design

and optimization [144, 8]. As technological advancements continue to expand the horizons

of fluid dynamics, there is an ever-increasing need to understand the nuances of vortex

generator designs and the methodologies to optimize them, [81]. This section looks into

the critical geometric parameters that define the shape and orientation of these devices,

the material considerations that impact their durability and efficiency, and the state-of-

the-art optimization techniques that ensure they are tailored for specific applications. By

understanding these intricacies, engineers and researchers can make informed decisions

when implementing vortex generators in various applications.

4.3.1 Geometric Parameters

Vortex generators play an instrumental role in boundary layer control, with their effective-

ness significantly influenced by their geometric parameters. These parameters determine
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the size, strength, and location of the vortices produced. The major geometric consider-

ations include:

1. Height (h): The height of the vortex generator determines the penetration of the

vortex into the free stream. A taller vortex generator influences a larger portion of

the boundary layer.

2. Base Width (b): The width at the base dictates the overall size of the vortex. A

broader base results in a larger vortex.

3. Spanwise Spacing (s): The distance between consecutive vortex generators affects

the interaction of individual vortices. Proper spacing is crucial to prevent merging

of vortices or leaving areas of flow uninfluenced.

4. Chordwise Location: The position relative to the leading or trailing edge of

a surface can impact flow control effectiveness. In hydrodynamics this could be

resembled to what part of the curved section it is placed.

5. Angle of Attack (𝛼): The orientation angle relative to the oncoming flow is crucial.

A higher angle produces a stronger vortex, but excessive angles might cause flow

separation on the generator.

6. Shape and Profile: Various shapes, from simple prisms to complex designs, can

influence the vortex initiation and evolution.

7. Aspect Ratio (AR): Defined as the ratio of height to base width, the aspect ratio

affects the vortex’s coherence and longevity.

8. Leading Edge Design: Different leading edge designs, be it rounded, sharp, or

serrated, produce vortices with unique characteristics.

Optimizing these parameters requires comprehensive knowledge of the flow conditions

and the desired outcomes, whether it’s delaying flow separation, reducing noise, or achiev-

ing other specific goals. In this thesis we consider just three parameters: angle of attach

with respect to the incomming flow, VG height and longitudinal possition along the con-

sidered axisymmetric body.
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4.3.2 Material Considerations

The longevity, functionality, and effectiveness of vortex generators depend significantly on

the materials used in their construction [7]. Several factors come into play when choosing

the appropriate material for VGs:

1. Mechanical Durability: VGs often encounter mechanical stresses due to turbulent

flows, impacts (e.g., from debris), and vibrational loads. The chosen material must

exhibit high tensile strength and fatigue resistance.

2. Environmental Resistance: VGs are often exposed to various environmental

conditions like UV radiation, moisture, temperature fluctuations, and corrosion.

Materials should be resistant to corrosion, UV degradation, and other environmental

effects.

3. Thermal Stability: In applications such as aerospace, VGs might experience el-

evated temperatures. It’s essential for the material to maintain its properties and

shape in varying temperature conditions.

4. Weight Concerns: Especially in aerospace applications, the weight of the VGs can

influence the overall efficiency of the system. Lightweight materials like composites

or specific grades of aluminum might be preferred.

5. Manufacturability: The ease of manufacturing, including shaping, cutting, and

joining, plays a role in material selection. Some complex VG shapes might require

materials that can be easily molded or machined.

6. Cost-effectiveness: While performance is paramount, the economic feasibility of

material choices shouldn’t be ignored. Balancing performance with cost is crucial,

especially for large-scale or commercial applications.

7. Adhesion and Integration: If VGs are to be adhered to surfaces (as with adhesive-

backed VGs), the material should support strong bonding. Moreover, integration

with existing structures might require compatibility checks with other materials.
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8. Electromagnetic Properties: For applications sensitive to electromagnetic inter-

ference, materials that don’t disrupt or degrade the electromagnetic performance

might be necessary.

Careful evaluation of these considerations ensures the selection of materials that opti-

mize the performance and longevity of vortex generators across various applications.

4.4 Optimization Methods

4.4.1 Overview of Optimization Methods

Optimization methods [186] play a crucial role in the efficient design and placement of

vortex generators. The choice of method depends on the complexity of the design space

and the nature of the objective function.

• Gradient-Based Optimization: Utilizes derivatives of the objective function for

optimization. It is efficient but may struggle with non-linear functions.

• Genetic Algorithms (GAs): Inspired by natural selection, GAs use a population

of solutions that evolve over generations. They are effective for complex problems

but computationally demanding.

• Particle Swarm Optimization (PSO): Simulates social behaviors of birds or

fish. PSO is good for global optimization but can be resource-intensive.

• Simulated Annealing: Based on metallurgy annealing, it allows moves to worse

solutions to escape local optima. Useful for rugged search landscapes.

• Response Surface Methodology (RSM): Creates an approximate model of the

objective function. Efficient when each function evaluation is expensive.

Each method has its strengths and limitations, making them suitable for specific as-

pects of vortex generator optimization.
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4.4.2 Gaussian Processes in Optimization

Gaussian Processes (GPs) are a cornerstone of Bayesian machine learning and are partic-

ularly valuable in optimization problems [241] where the function of interest is uncertain

or computationally expensive to evaluate. In the realm of engineering, GPs serve as pow-

erful tools for surrogate modeling, assisting in the optimization of complex systems by

providing a probabilistic measure of prediction uncertainty.

GPs are employed in engineering optimization for:

• Surrogate modeling of expensive-to-evaluate functions.

• Sequential decision making in algorithms like Bayesian Optimization.

• Quantifying uncertainty in optimization, crucial for risk-averse decision making.

Basic Formulation A GP is fully specified by its mean function 𝑚(𝑥) and covariance

function 𝑘(𝑥, 𝑥′):

• Mean Function 𝑚(𝑥): This function represents the average or expected value

of the function 𝑓(𝑥) at each point 𝑥. Often, for simplicity, the mean function is

taken to be zero, 𝑚(𝑥) = 0, especially when no prior information about the data is

available.

• Covariance Function 𝑘(𝑥, 𝑥′): Also known as the kernel function, it defines the

covariance (or the degree of dependency) between the function values at two points

𝑥 and 𝑥′ in the input space. The choice of the kernel function reflects assump-

tions about the function, such as smoothness, periodicity, or linearity. Common

kernels include the squared exponential kernel, the Matérn kernel, and the rational

quadratic kernel.

Before observing any data, a GP starts with a prior distribution over functions. This

prior reflects beliefs about the properties of the function before data is taken into account.

Mathematically, it is expressed as:

𝑓(𝑥) ∼ 𝒢𝒫(𝑚(𝑥), 𝑘(𝑥, 𝑥′))
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This states that the function 𝑓(𝑥) follows a Gaussian Process with the specified mean

and covariance.

When data 𝐷 = {(𝑥i, 𝑦i)}ni=1 is observed, where 𝑦i are values (possibly noisy) of the

function 𝑓 at points 𝑥i, the prior is updated to a posterior distribution over functions. This

update takes into account the noise in the observations, typically modeled as Gaussian

noise. The posterior distribution of the function values at new points 𝑥* can be calculated

using:

• Posterior Mean: 𝜇(𝑥*)

• Posterior Covariance: Σ(𝑥*)

These are derived from the GP prior and the likelihood of the observed data under a

Gaussian noise model.

Gaussian Processes predict the function value at new test points 𝑥* with both an ex-

pected value (mean) and a measure of uncertainty (variance). The predictive distribution

of 𝑓(𝑥*) given the observed data and the GP prior is also Gaussian:

𝑓(𝑥*)|𝑋, 𝑦, 𝑥* ∼ 𝒩 (𝜇(𝑥*),Σ(𝑥*))

where 𝑋 represents the matrix of training inputs, and 𝑦 is the vector of observed

outputs.

The strength of Gaussian Processes lies in their ability to provide uncertainty measure-

ments along with predictions, making them particularly useful for tasks where estimating

uncertainty is crucial, such as in optimization and sequential decision-making processes.

Application in Optimization In optimization, a GP models the objective function.

An acquisition function then guides the sampling of new points, balancing exploitation

and exploration. This iterative process continues until convergence or resource exhaustion.

Advantages:

• Predictive Precision with Limited Data: GPs excel in scenarios with sparse

data [220]. Their Bayesian nature allows them to make the most out of every data

point, providing precise predictions even in data-scarce environments.
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• Incorporation of Prior Knowledge: GPs allow the integration of prior knowl-

edge through the kernel choice. This flexibility can significantly enhance model

accuracy [60], especially when prior physical insights about the problem are avail-

able.

• Robustness to Overfitting: Due to their probabilistic foundation, GPs are less

prone to overfitting compared to many other machine learning models [180], making

them reliable for complex optimization tasks.

• Natural Handling of Noise: GPs can inherently account for observational noise in

the data [215], making them suitable for real-world applications where measurements

are often imperfect.

Disadvantages:

• Scalability Challenges: The computational demand of GPs grows cubically with

the number of data points, making them less practical for very large datasets [250].

This limitation can be particularly challenging in simulations or experiments with

extensive data.

• Kernel Selection and Hyperparameter Tuning: The effectiveness of a GP is

highly dependent on the kernel function and its hyperparameters. Selecting and

tuning these can be non-trivial [251], requiring domain expertise and computational

resources.

• High-Dimensional Spaces: GPs may struggle with high-dimensional optimiza-

tion problems [287]. As the number of dimensions grows, the volume of the space

increases exponentially, which can dilute the effectiveness of the model.

• Interpretability: While GPs provide uncertainty estimates, interpreting these re-

sults and the model’s structure can be complex compared to more transparent mod-

els [22].

In the specific context of optimizing the proposed vortex generators, where the param-

eter space is limited to three dimensions (Angle, Height, Pos), Gaussian Processes (GPs)
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emerge as an ideal choice. The complexity involved in aero/hydrodynamic simulations

and experimental evaluations is significant, often involving intricate computational fluid

dynamics models or expensive wind/water tunnel testing. GPs are adept at navigating

through such complex, computationally demanding landscapes with a limited number of

parameters [78, 233]. They efficiently utilize available data to make accurate predictions,

thereby reducing the need for extensive and costly experiments or simulations. This ca-

pability makes GPs not only a practical but a highly effective tool for the optimization

task at hand, balancing the need for precision with the constraints of experimental or

computational resources.

4.5 Applications of Vortex Generators

4.5.1 Aerospace

In the aerospace sector, vortex generators play a crucial role in enhancing aircraft per-

formance, particularly in managing boundary layer dynamics [134]. These small devices,

when strategically positioned on aircraft surfaces such as wings and tail sections, effec-

tively manipulate airflow to prevent premature flow separation. This capability is crucial

during critical phases like takeoff and landing, where maintaining lift is paramount, [14].

By ensuring smoother airflow over the wing, vortex generators contribute to increased

lift, thereby significantly reducing stall risks.

Furthermore, their application extends to cruising phases, where they aid in reducing

aerodynamic drag, a key factor in fuel consumption, [55]. By optimizing the airflow,

vortex generators contribute to more efficient fuel usage, leading to cost savings and

reduced environmental impact. Their impact on stability and control is also noteworthy,

as they contribute to smoother flight experience and enhanced control, particularly under

challenging aerodynamic conditions.

The strategic use of vortex generators in the aerospace industry shows the intricate

balance between aerodynamic efficiency and flight safety. It highlights the continual

evolution of aerospace technology, where even small components can lead to significant

improvements in overall aircraft performance and operational efficiency [165].
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4.5.2 Wind Turbines

In the context of wind turbines, [232], the application of vortex generators is a sophis-

ticated approach to augmenting aero/hydrodynamic performance. These devices, when

attached to turbine blades, play a essential role in managing airflow. Their primary

function is to create vortices that energize the boundary layer, thereby maintaining a

more attached flow over the blade surface. This mechanism is critical in reducing flow

separation which can lead to efficiency losses, especially under off-design wind conditions.

The result of employing vortex generators is a noticeable enhancement in the overall

efficiency of wind turbines, [45, 177]. They enable the turbine blades to extract more en-

ergy from the wind by ensuring a smoother, more stable airflow, leading to consistent and

increased rotational speeds. This translates into a higher electricity generation capacity,

optimizing the energy output from each turbine.

Moreover, vortex generators contribute to noise reduction, an essential factor in mini-

mizing the environmental impact of wind turbines. By smoothing the airflow and reducing

turbulence, they mitigate the generation of aeroacoustic noise, which is a significant con-

cern for wind farms located near residential areas, [143].

Another crucial benefit of vortex generators is their contribution to the longevity of

turbine blades. They play a significant role in reducing mechanical stresses on the blades,

which are often caused by turbulent flows and flow separation. This stress reduction is key

to decreasing fatigue loads, thereby prolonging the service life of the blades and reducing

maintenance costs.

In summary, vortex generators offer a multi-faceted enhancement to wind turbine

performance, from improving energy efficiency and reducing noise to prolonging blade

life. Their integration into turbine design is a testament to the ongoing advancements in

renewable energy technologies, aiming for more efficient, sustainable, and environmentally

friendly power generation.
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4.5.3 Other Applications

Vortex generators, beyond their conventional use in aerospace and wind turbines, have

found innovative applications in various engineering sectors. In automotive engineering

[278], their strategic placement on vehicle surfaces significantly contributes to drag reduc-

tion, thereby enhancing fuel efficiency and vehicular stability, especially at high speeds.

This drag reduction is crucial for performance vehicles and has implications for reducing

emissions in commercial automobiles.

In the realm of thermal management, vortex generators play a very important role in

heat exchangers. By promoting turbulent flow, they enhance the heat transfer coefficients,

leading to more efficient cooling or heating processes [175]. This application is particularly

beneficial in industries where precise temperature control is essential, such as in chemical

processing plants and refrigeration systems.

Moreover, their utility extends to architectural aerodynamics [151], where vortex gen-

erators are used to mitigate wind loads on high-rise buildings, enhancing structural sta-

bility and safety. In maritime engineering, they can improve hydrodynamic efficiency for

vessels, reducing fuel consumption and increasing operational range.

The potential application of vortex generators (VGs) on large marine vessels offers

an intriguing area for exploration[105]. Theoretically, VGs could reduce hydrodynamic

drag on these bulkier ships by energizing the boundary layer, leading to more attached

flow and potentially improved fuel efficiency. However, the actual extent of these benefits

could vary, depending on vessel design and operational conditions. This variability invites

further research to optimize VG placement and design for different ship types.

Additionally, VGs may play a role in reducing mechanical stresses on vessels, poten-

tially enhancing structural integrity and reducing onboard vibrations and noise. However,

the effectiveness of VGs in this regard is not universally established and would most defini-

tively depend on their precise implementation.

The impact of VGs on improving maneuverability and stability, especially at lower

speeds, also presents a promising avenue, but this requires empirical validation to deter-

mine how VGs can be best adapted to specific vessel characteristics.

Lastly, while VGs could contribute to reducing emissions and enhancing environmental

208



sustainability, quantifying these benefits is complex and necessitates a deeper understand-

ing of the interactions between VGs, vessel design, and operational practices.

The application of vortex generators is a testament to their versatility in fluid dynamics

control, demonstrating their significant impact across a broad spectrum of industries. This

versatility not only underlines their technical value but also highlights their contribution

to energy efficiency and environmental sustainability across diverse sectors.

4.6 Advancements and Innovations in Vortex Gener-

ators

4.6.1 Emerging Designs and Concepts

In the realm of aero/hydrodynamics, the development of vortex generators (VGs) has

evolved to meet the challenges of modern applications [4]. For instance, the emergence of

bio-inspired VGs [196], drawing inspiration from nature like the tubercles on whale fins

[23, 3], has shown promise in improving aero/hydrodynamic efficiency. Researchers at

institutions like MIT have explored these designs, finding them effective in delaying stall

and reducing drag. Similarly, the automotive industry has seen VGs applied to reduce

vehicle drag, as seen in studies by Ford Motor Company. In wind energy, advancements

in VGs have been directed towards increasing turbine blade efficiency [177], with com-

panies like Vestas implementing VGs to enhance power output and reduce noise. These

examples illustrate the ongoing evolution in VG design, driven by the need for efficiency,

environmental sustainability, and adaptability to diverse operational conditions.

4.6.2 Integration with Other Boundary Layer Control Tech-

niques

In the quest to enhance aero/hydrodynamic performance, the integration of vortex gener-

ators (VGs) with other boundary layer control techniques has emerged as a cutting-edge

research area. This section explores the innovative combinations of VGs with methods

like boundary layer suction and active flow control strategies. These hybrid systems are
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designed to synergistically capitalize on the strengths of each method, leading to superior

control over flow separation, drag reduction, and overall aero/hydrodynamic efficiency.

The following subsections detail the state-of-the-art developments in this domain, high-

lighting their applications in aviation, wind energy, and other aero/hydrodynamically

sensitive fields.

4.6.2.1 VGs and Boundary Layer Suction

The integration of vortex generators with boundary layer suction represents a significant

advancement in aero/hydrodynamic control. This hybrid technique combines the energy-

inducing capability of VGs with the stabilizing effect of suction to address flow separation

challenges in high-lift configurations. VGs create vortices that energize the boundary

layer, delaying flow separation. When coupled with suction, which actively removes low-

energy fluid near the surface, the combined effect is a more attached flow, leading to

enhanced lift and reduced drag.

This approach is particularly beneficial for aircraft wings and control surfaces, where

maintaining lift at high angles of attack is crucial. The implications of this technology ex-

tend to improved aircraft performance, including better takeoff and landing capabilities,

and enhanced maneuverability. Additionally, there is potential for fuel efficiency improve-

ments, as more efficient lift generation can lead to reduced engine thrust requirements,

[81].

4.6.2.2 VGs with Active Flow Control (AFC)

The integration of Vortex Generators (VGs) with Active Flow Control (AFC) methods,

such as synthetic jet actuators, represents a significant advancement in aero/hydrody-

namic design. This synergy provides a dynamic approach to controlling airflow, partic-

ularly over airfoils and wings. VGs, known for their ability to manipulate the boundary

layer and delay flow separation, when combined with AFC, lead to an adaptable system

capable of responding to varying flight conditions.

This integration allows for more precise control over drag reduction and flow separa-

tion, crucial for improving the aero/hydrodynamic efficiency of aircraft. The adaptive na-
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ture of AFC systems, which can modify the flow characteristics in real-time, complements

the static control provided by VGs. This results in a more versatile aero/hydrodynamic

control system that can optimize performance under a broader range of conditions.

Such advancements have significant implications for aircraft design, potentially leading

to designs that are more fuel-efficient and have better handling characteristics. The

adaptability of these systems also opens up new possibilities in flight dynamics, allowing

aircraft to maintain optimal aerodynamic performance across a wider range of speeds and

maneuvers.

The reference [34] provides a comprehensive understanding of the principles behind

AFC and its various applications, highlighting its potential when integrated with VGs.

4.6.2.3 Hybrid Systems in Aviation and Wind Turbines

The integration of VGs with other control strategies in aviation and wind turbines is aimed

at enhancing aero/hydrodynamic performance. This approach helps in optimizing the

efficiency of aircraft and wind turbines by mitigating issues such as flow separation, which

can occur at high angles of attack or in varied wind conditions. In aviation, this translates

to improved lift-to-drag ratios, potentially leading to better fuel efficiency and reduced

emissions. In wind turbines, the improved flow control can lead to higher energy capture

efficiency and reduced mechanical stress. The adaptability of these hybrid systems allows

for fine-tuning based on specific operational conditions, marking a significant step forward

in aero/hydrodynamic design and control. For more in-depth insights, the reference [209]

can be consulted.

4.6.3 Challenges and Limitations

Despite the significant advancements in vortex generator (VG) technology, several chal-

lenges and limitations still persist [271, 88], affecting their broader applicability and effi-

ciency. This section looks into these aspects, providing insights based on recent scientific

research.
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4.6.3.1 Manufacturing Complexities

The manufacturing of VGs, especially those with complex geometries or made from ad-

vanced materials, presents considerable challenges. The precision required in fabricating

VGs to exact specifications often leads to increased costs and production times.

4.6.3.2 Integration Difficulties

Integrating VGs onto complex aero/hydrodynamic surfaces poses another challenge. There

are difficulties in ensuring structural integrity and aero/hydrodynamic efficiency, partic-

ularly in unconventional vehicle designs or in areas with high curvature.

4.6.3.3 Weight and Fuel Efficiency Impacts

The addition of VGs can inadvertently increase the weight of the vehicle, potentially im-

pacting fuel efficiency. There is a delicate balance between improved aero/hydrodynamic

performance and the weight penalty incurred by VG installation.

4.6.3.4 Performance Limitations in Varied Flow Conditions

VGs may not perform uniformly across all flow conditions. There are limitations in the

performance of VGs at varying speeds and angles of attack, and how environmental factors

such as temperature and humidity can affect their effectiveness.

4.6.3.5 Future Research Directions

In addressing these challenges, ongoing research is essential. Recent developments in

computational fluid dynamics and materials science are promising, as they aim to create

more efficient, adaptable, and durable VGs.
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4.7 Novel Vortex Generator Concepts to Reduce Drag

separation in Bluff Bodies

4.7.1 Introduction - Marine Vessels with Large Form Drag

Figure 4-2: Lifted surface from lines plan of the Hedwid Oldendorff, the reference vessel
that has been candidate for intervention with the novel vortex generator concepts.

In the context of bulk carriers, boundary layer detachment [133, 93] because of bluff

hull shapes (due to heavy tonnage) significantly exacerbates form drag, impacting fuel

efficiency and navigational performance. Vortex generators offer a solution by introduc-

ing small-scale vortices into the boundary layer. These vortices mix the slower-moving

fluid near the hull with faster-moving outer flow, re-energizing the boundary layer, thus

reducing the likelihood of flow separation. This process not only decreases drag but also

stabilizes flow around the hull, enhancing overall efficiency. The strategic placement of

vortex generators is key, and their design must be optimized to suit the specific flow

characteristics of large vessels. This optimization can lead to substantial fuel savings and

lower operational costs, making vortex generators an essential component in modern naval

design for heavy-tonnage ships [212].
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Figure 4-3: A necklace vortex at the bow of the vessel, and boundary layer detachment at
the aft body is presented via a volumentric render of the vorticity in the water, through
which the vessel is travelling.

Figure 4-4: Comparison of streamlines of viscous flow on the left and of potential flow
on the right. Close inspection of the streamlines show how they open up towards the aft
body of the hull as the boundary thinkens detaches at certain points.
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4.7.2 Methodology and Design Approach

This research initiates with a comprehensive exploration of state-of-the-art vortex gen-

erators, predominantly utilized in aerospace applications, specifically focusing on delta

wing vortex generators. Recognizing the distinct aero/hydrodynamic challenges posed by

bluff-shaped marine vessels, such as bulk carriers, we opted to optimize VG designs over

a more analytically tractable model – an axisymmetric body with the same friction to

pressure drag ratio. This approach offers a simplified yet effective platform to analyze

and optimize the hydrodynamic performance of VGs.

Hydrodynamic bodies, including bulk carriers, experience significant pressure drag.

However, unlike stalled wings where pressure drag is dominant, the main component

of drag for these vessels remains frictional. When implementing devices such as vortex

generators (VGs) to achieve net drag reduction, it is essential that these devices introduce

minimal parasitic drag. Our studies demonstrate that the sharp edges characteristic

of NACA ducts can effectively generate vortices, re-energizing the boundary layer with

exceptional efficiency and reducing overall drag.

To evaluate candidate designs, we examine an axisymmetric body with a pressure-to-

friction drag ratio akin to that of a bulk carrier. The test body, measuring 𝐿 = 1.4 m in

length and 𝐷 = 0.2 m in diameter, is tested at a velocity of 𝑣 = 1.3 m/s in water, resulting

in fully turbulent flow.

Due to the curvature of the hydrodynamic body’s tail, a detached boundary layer de-

velops downstream. This detachment is inherently unstable [247], leading to a significant

pressure drop that contributes to pressure drag and generates unsteady fluid structures.

These structures cause perturbations in the wake, impacting the performance of ship

propellers and causing other undesirable phenomena.

The goal of this research is to correct boundary layer detachment in the axisymmetric

body and reduce overall hydrodynamic drag by utilizing VGs. We leverage the sharp

edges used in NACA ducts. These edges are designed to generate minimal parasitic drag

while drawing in higher-energy fluid particles from outside the boundary layer, creating

vortices that recirculate these particles away from the body surface. When multiple

adjacent devices are employed, they form wedge-like shapes, as shown in Figure 4-13.
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A crucial aspect of our methodology was the implementation of Gaussian Process

Optimization. This technique enabled us to systematically evaluate the efficacy of con-

ventional delta wing VGs in a marine context. Our preliminary findings indicated that

while these VGs are effective in aerospace applications, they introduce excessive drag

when applied to axisymmetric hulls, negating potential benefits in reducing overall hull

resistance.

Subsequent stages of the research involved refining the VG designs to balance the

trade-off between drag reduction and the additional drag introduced by VGs themselves.

The goal was to evolve beyond traditional designs, leveraging the insights gained from

the Gaussian Process Optimization to innovate VG configurations that are tailored for

the unique hydrodynamic environment of bluff-shaped ships.

4.7.3 Computational Fluid Dynamics (CFD) Analysis

In the realm of numerical modeling, the interplay between numerical uncertainty, feasible

time to results, and accurate physics simulation forms a triad where adjustments in one

element invariably impact the others. This interdependence often defines the strategy

and effectiveness of the simulation process.

At the core of this relationship is a fundamental trade-off: striving for reduced numer-

ical uncertainty and heightened accuracy in physics simulation typically necessitates more

refined computational models, which in turn demand greater computational resources and

time. For instance, capturing complex physical phenomena like turbulent flow behavior or

intricate material responses often requires employing sophisticated models such as Large

Eddy Simulation (LES) in fluid dynamics or nonlinear material models in structural anal-

ysis. While these approaches enhance accuracy and reduce numerical uncertainty, they

significantly extend the time to obtain results due to their computational intensity. This

extension can be a critical factor in project timelines, especially in industries where rapid

development and iterative design are integral, such as automotive or aerospace engineer-

ing.

Conversely, when project constraints prioritize quicker turnaround times, simpler mod-

els or coarser discretization may be employed. This expediency, however, comes with its
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Figure 4-5: Trade-offs to consider when choosing a numerical model.

own ramifications - an increase in numerical uncertainty and potential oversimplification

of physics. Such compromises might be tolerable in preliminary design stages or less criti-

cal applications, but they could lead to inadequate or misleading results in scenarios where

precise modeling of physical phenomena is crucial. For example, in safety-critical systems

like aircraft design or nuclear reactor analysis, underestimating physical complexities or

tolerating high numerical uncertainty can lead to significant design flaws or safety risks.

Therefore, the challenge in numerical modeling lies in balancing these elements - re-

ducing numerical uncertainty and capturing accurate physics while adhering to practical

time constraints. This balancing act necessitates not only a deep understanding of the un-

derlying physics and numerical methods but also a keen awareness of the project’s specific

needs and constraints. The implications of these trade-offs extend beyond mere compu-

tational concerns, influencing project costs, design efficacy, safety, and overall project

success.

4.7.3.1 Detached Eddy Simulation (DES)

Detached Eddy Simulation (DES) is a computational fluid dynamics technique that com-

bines the Unsteady Reynolds-Averaged Navier-Stokes (URANS) approach with Large

Eddy Simulation (LES). DES is used for simulating turbulent flows, especially in scenar-

ios involving both attached and detached eddies.
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4.7.3.2 Governing Equations

The governing equations of DES are based on the Navier-Stokes equations, adapted ac-

cording to the URANS or LES approach.

4.7.3.3 URANS Mode

In regions of attached flow, DES employs the URANS equations alongside the SST-Menter

k-omega turbulence model as a closure model:
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where �̄�i is the time-averaged velocity, 𝑝 is the time-averaged pressure, 𝜌 is the density,

𝜈 is the kinematic viscosity, and 𝑢′
i𝑢

′
j represents the Reynolds stress terms. The SST-

Menter k-omega model is utilized here for its enhanced ability to accurately predict flow

separation and adverse pressure gradients in complex boundary layers. This hybrid model

combines the strengths of the k-omega model in the inner boundary layer and the k-epsilon

model in free shear flows, making it highly suitable for engineering applications requiring

precise boundary layer predictions.

The SST (Shear Stress Transport) Menter k-omega model is a hybrid turbulence model

widely used in computational fluid dynamics. It combines the strengths of the standard

k-omega model and the k-epsilon model, providing accurate predictions across a range of

flows, particularly in the boundary layer.

k-Omega Model in SST

The k-omega model, used in the inner part of the boundary layer in the SST formu-

lation, is described by two transport equations:
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where 𝑃k is the production of turbulent kinetic energy, 𝜈t is the turbulent viscosity,

and 𝐹1 is a blending function.

k-Epsilon Model in SST

In the outer part of the boundary layer, the SST model transitions to a modified

k-epsilon formulation, ensuring a smooth blend with the k-omega model.

Blending Functions

The SST model employs blending functions to transition between the k-omega model

in the inner boundary layer and the k-epsilon model in the outer region or free stream.

Turbulent Viscosity

The turbulent viscosity, 𝜈t, is calculated differently in the inner and outer regions of

the boundary layer, consistent with the k-omega and k-epsilon models, respectively.

4.7.3.4 LES Mode

In regions of detached eddies, DES adopts an LES-like approach:
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where 𝑢i and 𝑝 are the instantaneous velocity and pressure fields, respectively, and 𝜏ij

is the subgrid-scale stress term modeled by the LES model.

In the Improved Delayed Detached Eddy Simulation (IDDES) using the SST 𝑘 − 𝜔

model, several key terms are modeled to capture the dynamics of turbulent flows. These

include the subgrid-scale stress term 𝜏ij, turbulence kinetic energy 𝑘, turbulence frequency

𝜔, and eddy viscosity 𝜈t.

Subgrid-Scale Stress Term 𝜏ij

The subgrid-scale stress term in LES, represented as 𝜏ij, accounts for the effects of the

smaller, unresolved eddies:

𝜏ij = 𝑢i𝑢j − 𝑢i 𝑢j (4.9)

This term is the difference between the resolved Reynolds stress and the product of

the resolved velocities.

Turbulence Kinetic Energy 𝑘
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The turbulence kinetic energy 𝑘 in the SST 𝑘 − 𝜔 model is defined as:

𝑘 =
1

2
(𝑢′2 + 𝑣′2 + 𝑤′2) (4.10)

where 𝑢′, 𝑣′, 𝑤′ are the fluctuating components of the velocity field.

In the Shear Stress Transport (SST) 𝑘−𝜔 turbulence model, the behavior of turbulent

flows is described by two transport equations: one for the turbulence kinetic energy 𝑘 and

another for the specific dissipation rate 𝜔.

Turbulence Kinetic Energy 𝑘 Equation

The transport equation for 𝑘 is:
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where:

• 𝑃k is the production of turbulence kinetic energy, given by 𝑃k = 𝜈t𝑆
2.

• 𝛽* is a model constant.

• 𝜎k is a model constant for the diffusion term.

• 𝜈 is the molecular viscosity, and 𝜈t is the eddy viscosity.

• 𝑢j is the velocity field.

Specific Dissipation Rate 𝜔 Equation

The transport equation for 𝜔 is:
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[︂

(𝜈 + 𝜎ω𝜈t)
𝜕𝜔

𝜕𝑥j

]︂

+ 2 (1 − 𝐹1)
𝜎ω2

𝜔

𝜕𝑘

𝜕𝑥j

𝜕𝜔

𝜕𝑥j

(4.12)

where:
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• 𝛾, 𝛽, 𝜎ω, 𝜎ω2 are model constants.

• 𝐹1 is a blending function.

• 𝜈t is the eddy viscosity, and 𝑆 is the strain rate magnitude.

Eddy Viscosity 𝜈t

The eddy viscosity 𝜈t in the SST 𝑘 − 𝜔 model is calculated using both 𝑘 and 𝜔:

𝜈t =
𝑎1𝑘

max(𝑎1𝜔, 𝑆𝐹2)
(4.13)

where 𝑎1 is a model constant, 𝑆 is the strain rate magnitude, and 𝐹2 is a blending

function.

4.7.3.5 Transition Between URANS and LES Modes

Improved Delayed Detached Eddy Simulation (IDDES) is a hybrid approach that blends

URANS and LES methodologies. When employing the SST 𝑘 − 𝜔 model in IDDES, the

formulation for subgrid-scale stress modeling is adjusted to suit the nature of the flow in

different regions.

URANS Mode with SST 𝑘 − 𝜔 Model

In the near-wall URANS regions, the SST 𝑘−𝜔 model is used in its standard form to

model the entire range of turbulence scales:

𝜈t =
𝑎1𝑘

max(𝑎1𝜔, 𝑆𝐹2)

where 𝜈t is the eddy viscosity, 𝑘 is the turbulence kinetic energy, 𝜔 is the specific rate

of dissipation, 𝑆 is the strain rate, 𝐹2 is a blending function, and 𝑎1 is a model constant.

Transition to LES Mode in IDDES

As the flow moves away from the wall and the grid resolution becomes suitable for

LES, the SST 𝑘 − 𝜔 model is adapted:

𝜈LES
t = 𝑓d · 𝜈t
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where 𝜈LES
t is the modified eddy viscosity for LES regions, and 𝑓d is a damping function

that reduces the turbulence model’s contribution in regions where larger turbulent eddies

are resolved by the grid.

Damping Function in LES Regions

The damping function 𝑓d is crucial for the LES regions. It ensures that the model’s

influence diminishes as the grid resolution increases, allowing for a direct resolution of the

larger turbulent eddies:

𝑓d = Function of local grid size and flow parameters

4.7.3.6 Utilizing DES in Preliminary Design of Vortex Generators

In the preliminary design phase of Vortex Generators (VGs), a critical aspect is under-

standing and predicting the characteristics of flow separation. Given the complex nature

of these flows, especially around aero/hydrodynamic surfaces where VGs are employed,

Detached Eddy Simulation (DES) with fully resolved boundary layers presents as an ad-

vantageous tool for several reasons.

Firstly, DES’s Hybrid Approach offers a more nuanced simulation of turbulent flows

compared to traditional URANS models. By combining the strengths of both URANS

and LES, DES can capture the larger unsteady turbulent structures associated with flow

separation more accurately. This hybrid modeling is particularly useful in predicting the

behavior of flow over VGs, where the interaction between the vortex structures generated

by VGs and the boundary layer can be complex.

Secondly, DES’s ability to Adaptively Transition between URANS and LES modes

based on the local grid resolution makes it an ideal choice for preliminary design. This

adaptability is crucial in areas where flow separation occurs. VGs often influence the

boundary layer and separation characteristics significantly, and DES allows for a detailed

analysis of these effects, capturing both the mean flow and the larger-scale unsteadied

phenomena.

Moreover, employing DES in the initial stages provides an opportunity to Predict and

Monitor Flow Separation characteristics with a higher degree of fidelity. By simulating
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Figure 4-6: Detachment as captured by DES

different configurations of VGs and their placements, we can gain insights into the sepa-

ration behavior, such as the size and strength of the vortices generated, the extent of the

separated region, and the reattachment points. These insights are valuable in optimizing

the VG design to achieve desired aero/hydrodynamic goals.

However, it’s important to recognize the Limitations of DES in this context. DES’s

sensitivity to grid resolution and the need for accurate modeling of the URANS-LES

transition region mean that careful consideration must be given to the meshing strat-

egy and turbulence modeling parameters. Furthermore, DES simulations, while more

efficient than full LES, still demand significant computational resources, especially when

simulating complex geometries like those with VGs.

Finally, the decision to use DES acknowledges that there will likely be Differences in

Flow Separation Characteristics between the simulations and real-world experiments. The

nature of turbulent flows and the limitations inherent in any turbulence modeling approach

mean that simulations can only approximate the actual flow behavior. Therefore, the

results from DES will be used as a guide to adjust the experimental setup, allowing

for iterative refinement of both the VG design and the experimental conditions. This

approach ensures a more integrated and adaptive design process, leveraging the strengths

of computational simulations to enhance experimental outcomes.

DES is utilized in various engineering applications, such as flows around airfoils, auto-
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mobiles, and offshore platforms. It efficiently captures large-scale unsteady flow features

while being more computationally efficient than a full LES in near-wall regions.

4.7.4 Design Space Exploration and Optimization

The initial phase of optimizing vortex generator (VG) configurations for an axisymmet-

ric body involves an extensive design exploration of conventional delta wing VGs. This

exploration is critical for evaluating the performance of state-of-the-art technology and

determining the necessity for innovation.

Design Exploration: Figure 4-7 showcases examples of the conventional delta wing

VG configurations. The design space exploration includes double-stacked counter-rotated

VGs, which are visualized in the first image. This configuration is very useful in eval-

uating the interaction effects between VGs, which can significantly influence the overall

aero/hydrodynamic performance.

Figure 4-7: Double-stacked counter-rotated VGs on an axisymmetric body.

The second image presents a visualization of 196 single-row VGs that form the basis of

the design space exploration. This visualization is not only a testament to the compre-

hensive scope of the study but also highlights the complexity involved in optimizing such

a large number of variables.
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Figure 4-8: Visualization of 196 single-row VGs for design space exploration.

The third image depicts the parametric definition of the VG placement along the hull.

This parametric approach allows for systematic adjustments in VG configurations, thereby

facilitating an efficient exploration of the design space.

Figure 4-9: Parametric definition of VG placement along the hull.

Preliminary Exploration and Need for Innovation: This preliminary effort lays

the groundwork for analyzing the aero/hydrodynamic performance of VGs. By employing

a parametric study, the exploration aims to identify configurations that could potentially

reduce drag and delay flow separation. The findings from this initial phase will be crucial

in determining whether the existing VG technology suffices or if there is a pressing need

for innovative designs.
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The current state-of-the-art VGs may not achieve the desired effect, particularly in

complex flow conditions such as those experienced in high Reynolds. Should the explo-

ration reveal limitations in the performance of conventional VGs, it will highlight the

necessity for novel solutions. Innovative VG designs could offer enhanced control over the

flow field, leading to significant improvements in drag reduction and flow management.

In conclusion, the design exploration serves as a vital step in the optimization process.

It assesses the efficacy of current VG technology and sets the stage for potential advance-

ments. The use of advanced visualization and parametric modeling tools ground this

systematic exploration, ensuring a thorough and effective approach to VG optimization.

The design exploration performed through computational studies has yielded a mul-

tidimensional dataset that captures the aero/hydrodynamic performance influenced by

vortex generator (VG) configurations, see fig. 4-10. This dataset has been visualized

through three-dimensional plots representing Hull Resistance, VG Resistance, and Total

Resistance, color-coded to indicate corresponding resistance values. Each plot maps a

parametric space defined by VG angle, VG height, and longitudinal position – the latter

being the vertical axis.

The provided design exploration plots, encapsulating Hull Resistance, VG Resistance,

and Total Resistance, offer valuable insights into the aero/hydrodynamic performance

across a spectrum of VG configurations. Through the analysis of these plots, several

conclusions can be drawn regarding the interplay of VG parameters and their impact on

aero/hydrodynamic resistance.

The Hull Resistance plot suggests a discernible relationship between VG placement

parameters and the hull’s resistance. It highlights that the resistance varies with changes

in VG angle and height, which indicates potential for optimizing these parameters to

reduce hull resistance.

In the VG Resistance plot, it is apparent that the resistance attributed to the VGs

themselves is somewhat less sensitive to longitudinal position. This observation points
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Figure 4-10: From top to bottom, graphical representations of the hull, VG, and total
(hull+VG) hydrodynamic resitance, as a function of VG angle, height and logitudinal
possition.
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towards a possibility of mitigating the inherent resistance caused by VGs through strategic

placement, particularly within specific ranges of angles and heights.

The Total Resistance plot, which amalgamates the effects of hull and VG resistance,

clearly demonstrates that the overall aero/hydrodynamic performance is contingent on

a delicate balance of VG angles, heights, and longitudinal positions. Cooler colors in

certain regions point towards more aero/hydrodynamically favorable VG configurations.

These areas represent a harmonious balance where the flow control benefits of VGs are

maximized while their drag is minimized.

Collectively, the plots highlight the significance of longitudinal placement in optimizing

VGs, suggesting an optimal positional range for VGs that capitalizes on their flow control

advantages prior to flow detachment. The lowest resistance values in the Total Resistance

plot could signify the most effective VG configurations, potentially informing further

computational fluid dynamics (CFD) studies or experimental trials.

In an effort to better understand the interplay of these parameters, we have decided to

plot isocontours at different percentile values within the parametric space. This approach

allows for a focused analysis of how individual parameters affect the performance, isolating

the influence of each by holding it constant at specific percentile benchmarks.

These isocontours are instrumental in identifying sweet spots within the design space

where VGs contribute positively to the aero/hydrodynamic performance. By holding

one parameter constant and observing the resistance changes with the other two, we can

discern patterns that would otherwise be lost in the multi-dimensional complexity of the

dataset.

To ensure a thorough examination of the parametric space, further computational

modeling and analysis will be conducted. The findings will direct future experimental

validations, leading to an optimized VG configuration that enhances the aero/hydrody-

namic efficiency of the vehicle.

The contour plots of Vortex Generator (VG) resistance, denoted in Figure 4-11, offer

nuanced insights into the hydrodynamic performance of VGs. The isosurfaces—contours

of equal resistance—reveal the intricate relationship between VG configuration and its re-

sistance characteristics. Observations suggest that VG performance is a complex function
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Figure 4-11: VG Drag isosurfaces. Given 3 parameters 2 are changed and the third is
kept constant at the 25%, 50%, 75% percentiles, from left to right. Values correspond to
half and axi-symetric body, double to obtain full body values.

of their geometric positioning and orientation with respect to the flow.

For a given longitudinal position, the isosurfaces exhibit variations in resistance across

different VG angles and heights. The shape and spread of these isosurfaces indicate the

existence of optimal angles and heights that minimize resistance, which is crucial for the

aero/hydrodynamic efficiency of the VGs. A tightly packed contour pattern implies areas

of sensitivity, where small adjustments in VG dimensions can lead to significant changes

in resistance.

When height is held constant, the isosurfaces shift noticeably across various angles and

positions. This shift in the contours underlines the importance of the VG’s longitudinal

positioning in relation to its angle of attack. The spatial gradient of the isosurfaces

indicates the regions where VG adjustments are most likely to enhance hydrodynamic
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performance.

Furthermore, constant-angle isosurfaces demonstrate the impact of VG height and

position on resistance. The observed spread of these isosurfaces suggests that VG perfor-

mance is considerably influenced by the interaction between its height and its placement

along the body. The angle at which the VG is set plays a very important role in dictating

this interaction, as evidenced by the changing contour patterns.

In summary, the insights derived from these isosurfaces are instrumental in under-

standing the hydrodynamic behavior of VGs. The data illustrated by the contours can

inform the strategic placement and sizing of VGs to manipulate flow patterns beneficially.

Optimizing the VG configuration based on these insights could lead to significant reduc-

tions in drag, thereby enhancing the overall efficiency of the system they are designed to

improve.

Observations on Independence: In each contour plot, areas with horizontal bands

of constant color indicate that variations in the horizontal parameter do not significantly

affect the drag. For instance, in the middle row of plots where Height is held constant,

the uniform color bands across certain angle ranges suggest that within these bands, the

hull drag is relatively insensitive to changes in VG longitudinal position.

Implications for Design: Such observations are critical for hull design optimization.

If a particular range of angles shows consistent drag values across a spectrum of heights,

designers might prioritize the angle adjustment over height modifications for drag reduc-

tion. Conversely, if the drag values vary significantly with height within a narrow angle

range, it implies that height adjustments could be more influential for aero/hydrodynamic

performance.

The contour plots in Figure 4-12 provide a visualization of hull drag variation across

different configurations of Angle, Height, and Longitudinal Position. These plots are

invaluable in identifying how drag is influenced by changing two parameters while keeping

the third at a constant percentile. The analysis shows the sensitivity of hull drag to these

parameters, which is critical for the optimization of hull design.

At the 25th percentile of position, a broad high-drag region is observable, indicating
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Figure 4-12: Hull drag isosurfaces. Given 3 parameters 2 are changed and the third is
kept constant at the 25%, 50%, 75% percentiles, from left to right. Values correspond to
half and axi-symetric body, double to obtain full body values.

potential areas of increased drag at certain angles and heights. This region becomes more

focused at the 50th and 75th percentiles, suggesting that specific combinations of angle

and height could minimize drag at particular longitudinal positions.

With height held constant, the drag’s responsiveness to angle and position is evident;

the distribution of drag values changes with increasing height percentiles. This implies

that the height of the VGs affects how angle and longitudinal position influence the drag,

underlining the importance of considering these interactions when shaping and positioning

the VGs.

Furthermore, at different angle percentiles, the variation in drag with height and

longitudinal position suggests that the angle has a pronounced impact on the drag profile.

The shifting of high-drag regions across the plots emphasizes the need to take into account
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the combined effects of these parameters when designing the hull to reduce drag and

improve vessel performance.

In conclusion, the analysis of Figure 4-12 demonstrates that hull drag results from

complex interactions between VG angle, height, and position. Optimizing VG design

for reduced drag requires a careful consideration of these interdependent parameters.

Experimental validation is advised to confirm the simulation findings and to adjust the

VG design parameters for practical applications.

Figure 4-13: Total drag isosurfaces. Given 3 parameters 2 are changed and the third is
kept constant at the 25%, 50%, 75% percentiles, from left to right. Values correspond to
half and axi-symetric body, double to obtain full body values.

To conclude the parametric analysis, we present in Figure 4-13 contour plots that

delineate total drag (VG + Hull Drag) isosurfaces which combine the influences of hull

and Vortex Generator (VG) drag across a matrix of varying parameters: Angle, Height,

and Longitudinal Position. Each row presents a snapshot of how two parameters affect
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total drag while the third is held constant at predetermined percentile values.

Composing overall conclusions from the VG drag isosurface plots requires a focus on

regions where the VGs are positioned upstream of the boundary layer detachment point.

This is essential because VGs are primarily intended to influence the flow within the

boundary layer before it detaches from the surface. In the region before detachment,

VGs can introduce streamwise vortices that enhance momentum transfer and potentially

delay the separation, thereby reducing drag. Any drag reduction observed by placing VGs

downstream of the detachment point should be approached with skepticism as the VGs

would not be functioning as designed in a detached flow.

The isosurface plots must be interpreted with a consideration of this functional range

of VGs. Therefore, the integral conclusions of the preliminary delta VG analysis are:

1. VG placements should be focused on areas where the flow is still attached. The VG

drag reduction in these regions is more likely to be an actual physical effect rather

than a numerical artifact.

2. The contour plots should be carefully analyzed to ensure that the observed drag

reductions correspond to VG placements upstream of the detachment point. Drag

values that suggest reductions in areas beyond detachment should be critically eval-

uated or possibly disregarded if they cannot be physically justified.

3. Regions displaying drag values below the baseline of a bare hull in areas well before

the detachment point would be of particular interest. These areas might indicate

configurations where VGs have a pronounced effect on maintaining an attached flow

and thus reducing the total drag effectively.

The logic behind focusing solely on areas upstream of the detachment point is grounded

in the physics of boundary layer control. VGs are tools for flow management within the

boundary layer, and their ability to reduce drag is contingent upon their interaction

with the flow before it separates. Looking only at these areas aligns with the intended

operational principle of VGs and ensures that any conclusions drawn from the isosurfaces

are physically plausible and not a result of computational artifacts.
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In light of the information that flow detachment occurs at longitudinal positions of

1100 and greater, our analysis of the contour plots for total drag reduction by Vortex

Generators (VGs) is refined. The focus is directed towards the portions of the plots

representing regions upstream of the detachment point.

Considering the functional range of VGs and the provided context, the overarching

conclusions are as follows:

1. The plots suggest that VGs can only be effective in reducing total drag when posi-

tioned before the longitudinal detachment point of 1100. This effect is attributed to

the VGs’ ability to energize the boundary layer, delaying flow separation and thus

minimizing drag.

2. Optimal VG configurations that lead to drag reduction are those that maintain drag

values below the baseline of a half bare hull’s 2.0 N drag and are located at longitu-

dinal positions less than 1100. These configurations warrant further exploration for

potential application, however there are none to be found for the delta shaped VGs.

This motivated the search of innovative shaped vortex generators in the following

chapters.

3. Total drag’s sensitivity to VG height and angle adjustments appears to be signif-

icant in areas well before the flow detachment point. This insight points towards

the strategic placement of VGs as a critical factor in their effectiveness for drag

reduction. We also see successful reattachment, although because of large parasitic

drag, there are no overall performance gains.

It is through this lens that the contour plots must be interpreted. The regions of interest,

which are upstream of the detachment point, provide valuable data on the characteristics

of behaviour of VGs and their potential effect on in aero and hydrodynamic optimization.

These conclusions serve as a guide for future design iterations, emphasizing the necessity

of aligning VG placement with regions where their influence on the flow is maximized,

thereby ensuring meaningful drag reduction.
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Figure 4-14: Comparison of single row of delta VGs (above) with double rows of delta
VGs (below). These visualizations correspond to design number 188 (Ang: 24.9 degrees,
H: 17.77 mm, L: 1002mm). The measured resistance in CFD on half a hull (including
the strut) is 1.78 N for a single row, 1.72N for a double row and 2.00 N for the bare hull.
However there is no total drag reduction because the hull resistance reduction is offset by
the VGs parametric drag.
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4.7.5 Innovative Vortex Generator Designs

The first step in considering novel VG configurations is exploring configurations with

multiple rows of vortex generators (VGs) to reflect a nuanced approach to enhancing

aero/hydrodynamic performance. The wake visualizations for single and double rows of

VGs provide a comparative perspective on the flow control capabilities of these configu-

rations, see fig. 4-14.

The rationale for employing multiple rows of VGs over conventional single-row setups

includes several aero/hydrodynamic benefits:

• Enhanced mixing of the boundary layer due to the increased interaction between

the high- and low-momentum flows.

• Improved control over the location and extent of flow separation, which is critical

for maintaining lift and reducing drag.

• The ability to achieve a more significant aero/hydrodynamic effect where a stronger

influence on the flow is necessary.

• Greater design flexibility and redundancy, ensuring that the flow control objectives

are met even if one row of VGs is suboptimal.

• Tailored customization to manage complex flow conditions that require a more so-

phisticated approach.

These images, see fig. 4-14, show the wake patterns created by two effective config-

urations of double stacked counter-rotated vortex generators (VGs) on an axisymmetric

body. These images are results of Computational Fluid Dynamics (CFD) simulations,

which are valuable for understanding the flow characteristics influenced by VGs.

From the first set of images, we can observe the wake flow pattern at various distances

(0.8m to 1.4m) behind the body. As the distance from the body increases, the wake

pattern changes, indicating how the flow evolves and diffuses over distance. Specifically,

the wake at 0.8m is relatively undisturbed, but as we move further back to 1.4m, the wake

expands and displays more complex patterns. This evolution is indicative of the vortex

236



shedding and mixing caused by the VGs, which can influence the aero/hydrodynamic

performance by delaying flow separation and potentially reducing drag.

The second set of images show the wakes of double-layered VG configurations. The

wake for the double-layered VGs shows more intricate patterns (twice the number of

vortices) and a more diffused wake, suggesting increased mixing and potentially more

effective flow control. The single-layer VGs show a less complex wake, which may indicate

a less aggressive interaction with the flow.

Using multiple rows of VGs might be advantageous because they can introduce more

control points into the flow, allowing for finer adjustment of the boundary layer properties.

This can lead to a more tailored aero/hydrodynamic performance, where the flow can

be kept attached over a larger surface area, reducing drag and possibly improving drag

reduction.

The insights from these images could suggest that while single-layer VGs may be

effective in certain scenarios, double-layered VGs might offer enhanced control over the

flow, especially in high Reynolds number flows where separation is more challenging to

manage. This could be particularly relevant when looking to optimize performance for

different operational conditions or when attempting to achieve specific aero/hydrodynamic

characteristics.

In the context of innovation and design, these images suggest that while conventional

VGs have a clear impact on flow behavior, there may be substantial gains from exploring

more complex, multi-layer configurations. The differences in wake patterns between single

and double-layer VGs highlight the potential benefits of such configurations in enhancing

flow control and reducing aero/hydrodynamic drag, which is vital for high-performance

designs in aerospace and automotive industries.

In the quest to optimize aero/hydrodynamic efficiency, the deployment of double rows

of vortex generators (VGs) was embarked upon with the objective of enhancing boundary

layer reattachment. The computational simulations and subsequent analyses indeed re-

vealed a marked improvement in this regard. The double-row VG configurations showed

a pronounced ability to energize the boundary layer, promoting reattachment even in

areas susceptible to flow separation. This reattachment is crucial as it can potentially
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delay stall and maintain lift at higher angles of attack or during low-speed maneuvers, if

considering aeronautic applications.

However, the dual VG arrangement introduced a significant amount of parasitic drag.

This type of drag is a byproduct of the additional surface area and complex flow patterns

generated by the VGs themselves. Although the double rows of VGs were effective in

manipulating the boundary layer, the resulting increase in drag outweighed the aero/hy-

drodynamic benefits of delayed flow separation. Consequently, instead of a net reduction

in drag, the overall resistance to the flow increased, negating the beneficial effects of

boundary layer control.

This obsereved phenomenon suggests a complex trade-off between maintaining at-

tached flow and minimizing drag. While the double-row VGs improved flow attachment,

the penalty in terms of parasitic drag led to an overall increase in total drag, emphasizing

the need for a more nuanced approach to VG design and placement. Future research may

need to focus on optimizing the size, shape, and distribution of VGs to harness their full

potential without incurring excessive parasitic drag. This could involve exploring alterna-

tive shapes or configurations that strike a better balance between flow control and drag

reduction.

This exploration underlines the importance of CFD in the design process, providing

detailed insights that guide the development of new solutions and innovations in VG

technology. It also emphasizes the need for experimental validation to confirm CFD

predictions and ensure that new VG designs deliver the desired effects in real-world con-

ditions.

Given our findings regarfing conventional delta wing vortex generators, in particular

in regard to their large parasitic drag, we turn to the concept of utilizing wedge-shaped

vortex generators inspired by NACA ducts is an innovative approach to boundary layer

control on axisymmetric bodies. The NACA duct, originally designed for low-drag air

intake, has a smoothly contoured entrance that minimizes flow separation and drag. This

feature can be adapted to the design of vortex generators to enhance their efficiency, see

fig. 4-15.

The reasoning behind this design strategy is twofold:
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Figure 4-15: Visualization of the axisymmetric hull with wedge VGs.

1. Flow Reattachment : By shaping the vortex generators like an open-ended NACA

duct, the intention is to harness the duct’s characteristic of guiding air smoothly.

The wedge shape can create a controlled vortex that helps re-energize the boundary

layer, which is particularly beneficial in delaying or preventing flow separation along

the body’s tail.

2. Minimized Parasitic Drag : NACA ducts are renowned for their ability to minimize

parasitic drag, which arises from form drag and skin friction. By borrowing edge

shapes from NACA ducts, the wedge-shaped vortex generators can be optimized

to generate vortices without the excessive drag usually associated with protruding

aero/hydrodynamic devices. The goal is to create a low-profile design that induces

the desired aero/hydrodynamic effect (i.e., boundary layer energy enhancement)

with a minimal drag penalty.

The aero/hydrodynamic advantage of this design lies in its ability to generate a stream-
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wise vortex that can mix the outer flow with the slower-moving boundary layer. By doing

so, it can inject higher momentum into the boundary layer, thus making it more resistant

to separation. The key to success in this design is to ensure that the vortices are strong

enough to have the desired effect (changing the flow so that it becomes attached) on the

boundary layer without creating excessive turbulence that would increase the drag beyond

a beneficial amount.

The wedge-shaped vortex generators act, theoretically, as open-ended NACA ducts,

accelerating the flow over the tail of the axisymmetric body, thus reducing the wake size

and the associated pressure drag. This concept leverages the efficient design principles

of NACA ducts and adapts them to serve the dual purpose of managing airflow while

minimizing additional drag sources.

Furthermore there is also the possibility of utilizing multiple rows of NACA-inspired

wedge-shaped vortex generators (VGs), which embodies a sophisticated strategy in aero/hy-

drodynamic design. Such an arrangement aims to extend the benefits of individual VGs

across a larger surface area, enhancing the overall flow control across the axisymmetric

body.

Multiple rows of these VGs, as depicted in fig. 4-15, function in a collaborative manner,

with each row serving to progressively stabilize and re-energize the boundary layer. The

first row of VGs initiates the process of boundary layer energization, while the downstream

rows build on this effect. This staged interaction can maintain a healthier boundary layer,

delaying flow separation and possibly mitigating the formation of turbulent wakes, even

under high-lift or high-angle-of-attack flight conditions.

The advantages of employing such a multi-row VG system include the potential for

increased boundary layer stabilization, the ability to tailor the VGs to specific flow con-

ditions, and a redundancy feature where subsequent rows can continue to manage the

boundary layer if upstream rows are rendered less effective due to changes in the flow

regime.

However, the introduction of multiple VG rows does not come without its challenges.

The complexity of the design increases, demanding more exhaustive computational fluid

dynamics (CFD) studies or experimental work to fine-tune the configuration. Moreover,
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each additional row potentially adds to the parasitic drag, counteracting the very issue

it seeks to correct. Manufacturing and maintenance considerations also become more

pronounced, impacting the overall cost and upkeep of the system.

When put alongside with traditional delta-shaped VGs, the NACA-inspired wedge

VGs may offer improved aero/hydrodynamic efficiency due to their streamlined design,

which inherently focuses on minimizing drag. They generate a different type of vortex

that can be tailored for more subtle and precise flow control, potentially offering a superior

efficiency over the more aggressive vortices produced by delta-shaped VGs.

In conclusion, the deployment of NACA-inspired VGs represents an evolution in VG

technology, striving for a balance between effective flow control and drag reduction. While

promising in theory, the practical application of this technology requires careful optimiza-

tion to realize the potential benefits while mitigating the drawbacks. For this reason we

have decided to start with a single row of these NACA inspired vortex generators.

Figure 4-16: Wedge VGs.
Skin friction coefficient is
low and friction drag re-
mains low, increasing per-
formance.

Figure 4-17: Delta Wing
VGs. Noticeable increase
in skin friction coefficient.
High local velocity down-
stream of the VGs.

Figure 4-18: Bare Hull.
Skin friction coefficient is
minimal because of the low
local velocity.

The computational fluid dynamics simulations depicted in figs. 4-16 to 4-18 present

a informative comparative analysis of the aero/hydrodynamic performance influenced by

different vortex generator configurations on an axisymmetric body. Herein, we discuss

qualitative differences observed in the velocity fields and skin friction coefficients.

In fig. 4-18, representing the bare tail, exhibits several notable features:

1. A low skin friction coefficient in on the tail suggests smoothly stagnated flow con-
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ditions.

2. The rear body shows a significant amount of stagnated flow, indicative of flow

separation.

3. The velocity field portrays a pronounced low-velocity wake, which is characteristic

of higher pressure drag due to flow detachment.

In fig. 4-17, where double rows of counter-rotated delta wing VGs are employed, we

observe:

1. An increased skin friction coefficient around the VGs’ location, pointing to a more

turbulent flow regime.

2. Although the turbulent flow may aid in reattaching the boundary layer, it could

concurrently raise the skin friction drag.

3. The velocity profile suggests a disturbed wake with reduced stagnation areas, po-

tentially diminishing the pressure drag.

In fig. 4-16, showcasing three rows of NACA-inspired wedge VGs, reveals:

1. A more uniform skin friction distribution with less intense high-friction zones, im-

plying a less intrusive drag increase from these VGs.

2. A more structured wake flow, implying effective re-energization of the boundary

layer with a minimized drag footprint.

Insights and Conclusions: From the analysis of these images, we can deduce that:

1. The use of delta wing VGs, despite their effectiveness in wake reduction, may lead

to an undesirable increment in skin friction drag.

2. The NACA-inspired wedge VGs demonstrate a capability for maintaining a healthier

boundary layer with minimized parasitic drag, presenting an improved aero/hydro-

dynamic performance.
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3. The comparison highlights the importance of VG design, where the goal is to achieve

an optimal balance between drag reduction and effective flow control.

In summary, the images serve as evidence to the intricate fluid mechanics and dynamics

of flow around aero/hydrodynamic bodies and the critical role of VG design in optimizing

performance. The insights derived from this study are fundamental in guiding future

aero/hydrodynamic enhancements with a focus on reducing drag while ensuring adequate

flow control.

Figure 4-19: Wedge VGs.
Flow remains attached to
body surface.

Figure 4-20: Delta Wing
VGs. Flow remains at-
tached to body surface.

Figure 4-21: Bare Hull.
Cavity with stagnated low
velocity flow is fully devel-
oped.

The second series of images provided in figs. 4-19 to 4-21 depicts an axisymmetric body

in various configurations, allowing us to qualitatively assess the aero/hydrodynamic per-

formance in terms of pressure distribution and velocity magnitude. Herein, we delineate

the observed differences and extract insightful conclusions.

The image in fig. 4-21, exhibits the bare tail configuration and presents the following

characteristics:

1. A very substantial low-pressure region at the aft end of the body, which is indicative

of flow separation.

2. A corresponding low-velocity wake directly behind the tail, signifying stagnated

fluid indicative of a larger pressure drag.
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Upon introducing double rows of counter-rotated delta wing VGs, as seen in fig. 4-20,

we observe:

1. Higher surface pressure values on the tail, suggesting a reduction in flow separation

due to the VGs.

2. An increased and more uniform velocity field around the tail, pointing towards a

more attached flow and reduced wake size.

In fig. 4-19, which includes three rows of NACA-inspired wedge VGs, reveals:

1. A more energized flow pattern, indicating a high degree of mixing and an ener-

gized boundary layer with higher pressure values on the tail indicating a reattached

boundary layer.

2. Less extreme variations in pressure coefficient, implying a more efficient boundary

layer control with potentially reduced parasitic drag.

Insights: From the comparative analysis, several insights are obtained:

1. The presence of VGs significantly modifies the aero/hydrodynamic characteristics,

enhancing flow attachment and reducing the detrimental effects of boundary layer

separation.

2. While both types of VGs improve the pressure and velocity profiles, NACA-inspired

VGs may offer a superior balance between flow control and parasitic drag, leading

to more efficient aero/hydrodynamic performance.

3. The design and placement of VGs is critical, highlighting the need for a careful

aero/hydrodynamic consideration to optimize performance for specific applications.

In conclusion, as visualized in the first set of images depicting skin friction, the visu-

alized data suggest that NACA-inspired VGs might be advantageous over conventional

delta wing VGs, potentially leading to performance benefits in various aero/hydrodynamic

applications.
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Figure 4-22: Axisymmetric body tail geometries used to design low drag VGs. from top to
bottom are concepts that achieve increasing drag reduction, mainly due to diminishing
parasitic drag in the VG concepts. The VGs in the first concept are a continuation of de
cylindrical body, whereas the second concept has VGs that are tilted 5 deg into the body
surface. This effectively reduces how much they protrude into the boundary layer and
reduces their parasitic drag. Given that they still manage to reattach the boundary layer,
they manage to further decrease drag of the axisymmetric body. The VG configuration
with the largest drag reduction is the one at the bottom. In conclusion, overall, it’s a
trade-off between managing to change the flow regime (attachment vs detachment) with
minimal intervention.
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In fig. 4-22 showcases three experimental tail sections with different configurations of

vortex generators (VGs) aimed at boundary layer control on marine vessels. These tail

sections are part of a study to optimize flow reattachment and minimize drag by adjusting

the protrusion of VGs into the boundary layer.

Tank Tested Tails : these are three tails tested in the MIT towing tank. Despite

the reduction in the VGs’ protrusion, the boundary layer reattachment was consistently

observed in the tank tests. This suggests that even with less intrusive VGs, effective flow

control can be attained.

1. First Tail : This tail shows VGs that are parallel to the cylindrical body, to explore

the impact of VG orientation on flow reattachment.

2. Second Tail : The VGs here are angled 5 degrees downward relative to the cylindrical

surface, indicating that slight alterations in VG angle can influence the effectiveness

of flow control.

3. Third Tail : The last tail section displays the smallest VGs, which have been success-

ful in reattaching the flow with minimal parasitic drag. This represents the balance

between minimal VG intervention and the benefits of a fluid regime with reduced

drag.

The two images provided in the bottom row of fig. 4-23 depict during towing tank ex-

periments tail sections with and without NACA-inspired wedge vortex generators (VGs),

using tell tails as indicators of the flow direction across the surface. Tell tails are simple de-

vices that align with the local air/waterflow, and they’re commonly used in aerodynamics

and hydrodynamics to visually indicate the direction of the flow over a surface.

In the first image, the tail section equipped with VGs shows the tell tails aligned in

the direction of the longitudinal flow, suggesting that the VGs are effectively influencing

the boundary layer. This alignment indicates that the flow is attached to the surface,

which is a desired outcome for reducing drag and maintaining effective propulsion and

maneuverability.

The second image, showing the bare tail without VGs, presents a different scenario.

The last two rows of tell tails are not aligned with the main flow direction, which indicates
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Figure 4-23: Boundary layer reattachment using innovative Wedge VGs.
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flow separation. When the boundary layer separates from the surface, it can lead to

increased drag, a turbulent wake, and potential performance inefficiencies.

The insights from the tell tails are quite valuable:

1. Flow Attachment : The aligned tell tails in the presence of VGs confirm that these

devices can successfully reattach the flow. This demonstrates the effectiveness of

the VGs in manipulating the boundary layer to remain close to the tail surface.

2. Flow Separation: The misaligned tell tails on the bare tail indicate areas of flow

separation. This condition can lead to increased pressure drag and might adversely

affect the propeller’s performance by introducing unsteady flows into the propeller

blades.

3. Effectiveness of VGs : Comparing the two sets of tell tails allows us to evaluate the

effectiveness of the VGs. The contrast between the aligned and misaligned tell tails

provides a clear visual representation of the flow behavior modification due to the

VGs.

4. Optimization: The data from these experiments can be used to optimize the size,

shape, and placement of VGs for different vessel designs and operating conditions.

5. Energy Efficiency : By ensuring that the flow remains attached, the efficiency of

the vessel can be improved as the propeller operates in a more uniform flow field,

reducing fuel consumption and emissions.

These findings can be integrated into the design and operational strategies of marine

vessels to enhance performance and efficiency. Additionally, understanding the behavior

of the boundary layer in different conditions, areas of large curvature and with various

VG configurations can lead to the development of adaptive VG systems that can adjust

in real-time to changing flow conditions, potentially offering even greater performance

benefits.

The last set of VGs (see fig. 4-22) tested on the tail section provided significant en-

hancements in flow dynamics. Most notably, an overall drag reduction of 7.56% at model

scale was observed (see table 4.1). This finding highlights the potential of optimized VGs
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Model Scale
𝐶𝐹ITTC 0.00413
𝐶𝐹Measured 0.00550
𝐹𝑥Bare (𝑁) 4.444
𝐹𝑥WithV Gs (𝑁) 4.108
𝐹𝑥𝑓Bare (𝑁) 3.558
𝑘Bare 1.249
𝑘WithV Gs 1.154
𝐶𝐷Bare 0.00683
𝐶𝐷WithV Gs 0.00631
𝑁V Gs 14.00
𝑅Body (𝑚) 0.100

Table 4.1: 7.5% net drag reduction measured in the MIT towing tank.

to improve marine vessel efficiency and performance by reducing energy loss due to drag

at a full-scale operational level.

4.7.6 Conclusion

This chapter has demonstrated significant advancements in the application of Vortex Gen-

erators (VGs) in marine environments, driven by a critical analysis and optimization using

Gaussian Processes. The initial design exploration highlighted a key limitation of con-

ventional VG shapes; namely, their tendency to generate excessive drag when deployed in

hydrodynamic settings. This insight led to a critical reevaluation of VG designs, highlight-

ing the necessity for shapes specifically optimized for water applications and low parasitic

drag to create subtle interventions and correct boundary layer detachments in hydrody-

namic bodies, whose frictional drag is still much larger than the pressure component of

the drag.

Inspired by the aerodynamically efficient NACA duct shapes, we developed innovative

VG concepts aimed at minimizing hydrodynamic drag. These new designs represent a

significant leap forward, promising not only to enhance operational efficiency but also to

reduce fuel consumption dramatically. The effectiveness of these designs was empirically

confirmed in rigorous testing environments such as the MIT Tow Tank, where a notable

7.5% reduction in drag was observed. This achievement not only sets a new standard in

VG technology but also offers substantial improvements in fuel efficiency and operational
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Figure 4-24: Drag reduction extrapolation to full scale considering several VG drag co-
efficients and full scale surface roughness [47], assuming form factor remains constant.
Given that it is impractical to measure form drag reduction and the subsequent specific
drag of the VGs during experiments, we start by assuming a given form factor reduction
(and subsequent VG drag coefficient) and studying the projected drag reduction under
this hypothesis. We can show that the response surface of the projected drag reduction is
mostly flat with small changes. From this response surface we can project conservatively
an 8% drag reduction if we extrapolate the tested model to typical conditions of the ref-
erence bulk carrier (𝐿 = 300𝑚 and 𝑣 = 12𝑘𝑛). A high efficiency delta arrow VG would
have 𝐶D ∼ 0.17 for similar angles of attack.
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cost savings for the marine industry.

However, while Computational Fluid Dynamics (CFD) analysis, more specifically De-

tached Eddy Simulation (DES), provided valuable insights into the flow dynamics around

these new VG designs, the approach was constrained by significant uncertainties. These

primarily stemmed from modeling assumptions and limitations in grid resolution. To

advance our understanding and improve the reliability of our simulations, future research

should focus on refining these CFD models. Integrating advanced machine learning algo-

rithms could potentially enhance the predictive accuracy of complex flow phenomena and

provide a more robust validation of experimental results.

In conclusion, the research presented in this thesis lays a solid foundation for the

next generation of VG designs in marine applications. By addressing both the design

flaws of traditional VGs and pioneering new, low-drag configurations, this work not only

contributes to the academic field but also holds tangible promise for real-world maritime

operations. Moving forward, continued innovation and rigorous validation will be key to

realizing the full potential of these developments, ultimately leading to more efficient and

environmentally friendly marine transport solutions.

4.7.7 Future Work

The potential applications of these NACA-inspired wedge VGs are significant for marine

vessels and offshore platforms, where efficient flow control can lead to substantial im-

provements in seakeeping, and overall energy efficiency. In this VG shape exploration we

calculate an 8% drag reduction at full scale (see fig. 4-24). Moreover, the path followed

by the changes in shape throughout the VG optimization sets a natural transition to the

exploration of concepts of morphable wedges that can adjust their angle and could intro-

duce a dynamic boundary layer control mechanism, potentially optimizing performance

across varying operational conditions.

By exploring different VG configurations and their impact on boundary layer behavior,

this research contributes valuable insights into the design of more efficient marine vessels.

The results indicate that there’s a threshold of VG size and orientation that can achieve

the desired flow control with small amounts of induced parasitic drag, which is crucial for
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the optimization of the overall performance of marine vessels. Moreover by correcting the

flow upstream and before it detaches we can improve the propeller efficiency. Through

wake homogenization, which is the process of making the velocity distribution in the wake

of a ship as uniform as possible, VGs also can increase the efficiency of marine propellers.

The wake is the region of disturbed flow (usually turbulent) downstream of the ship,

which directly impacts the propeller as it operates in this flow. The effects include:

1. Uniform Load Distribution: A homogenized wake ensures that the propeller blades

experience a more uniform load distribution, reducing the likelihood of cavitation

and blade fatigue.

2. Consistent Propeller Performance: With a uniform wake, the propeller can operate

at optimal conditions, providing consistent performance and reducing the risk of

vibrations and noise.

3. Improved Fuel Efficiency : A homogenized wake allows for better alignment of the

propeller’s angle of attack with the flow, minimizing energy losses due to misalign-

ment and thus improving fuel efficiency.

Both flow reattachment and wake homogenization are crucial for the performance

of the propeller and the ship as a whole. Vortex generators, like the ones studied in

the tails configurations, can play a significant role in achieving these conditions. By

carefully designing the hull’s aft section and knuckles, where the flow tends to separate,

engineers can control the flow to ensure that it remains attached and that the wake is as

homogenized as possible when it reaches the propeller. This optimization leads to a more

efficient vessel with reduced fuel consumption and emissions, better seakeeping abilities,

and potentially increased operational speed or payload capacity. These improvements

can mean significant cost savings and a reduced environmental footprint, which are key

objectives in the marine industry.
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Chapter 5

Global Conclusions

5.1 Conclusions

The exploration into the dynamics of ship motion under the influence of complex sea

states has shed light on the phenomenon of parametric rolling, often exacerbated by

specific wave interactions. The insights gained from the phase state diagrams and the

coupling between roll and pitch motions (see Figure 2-41) underline the critical and sin-

gularly complex nature of this dynamic phenomena, which significantly impacts maritime

safety and operational efficiency. These complex dynamics, with statistical shifts in their

properties across three different sea states, are predicted with unparalleled speed (a frac-

tion of a second) by the neural networks we put forward.

Through the rigorous application of SciML to high Reynolds number flows, we have

advanced the field of marine engineering and provided a blueprint for addressing simi-

lar challenges across various engineering disciplines. The development and validation of

hydrodynamic databases, particularly for predicting Vortex Induced Vibrations (VIV),

represent a novel contribution of this research. The robustness of these databases has

been systematically validated across different current incidence angles, highlighting their

capability to accurately predict VIV under varied and extrapolated conditions (see Fig-

ures 3-6, 3-7, 3-8, 3-9). This methodology, grounded by a machine learning approach

introduced by Rudy et al. [228], offers a novel perspective on the generalization capabili-

ties of hydrodynamic databases and greatly improves predictions of traditional databases
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extracted from rigid cylinder experiments (compare fig. 3-14, predictions of the standard

VIVA database, and fig. 3-13).

In the realm of boundary layer control, the implementation of wedge-shaped vortex

generators has led to a notable reduction in hydrodynamic drag (8%), empirically vali-

dated in environments such as the MIT Tow Tank. This work not only contributes to

the academic field but also promises considerable practical applications in designing more

efficient marine vessels and potentially other vehicles where fluid dynamics play a critical

role. The design of our wedge-shaped vortex generators incorporates a natural feature

that allows for the adjustment of their protrusion into the boundary layer. This dynamic

adjustment capability can be informed by machine learning algorithms that encapsulate

information from prior experiments or real-time data acquisition. By leveraging this

technology, we can achieve real-time active control of the boundary layer, optimizing flow

characteristics dynamically to adapt to changing environmental conditions or operational

requirements.

5.2 Implications and Future Directions

The interdisciplinary impact of this thesis extends beyond marine engineering. The

methodologies and insights have the potential to revolutionize practices in aerospace by

optimizing airflow around aerodynamic bodies, in automotive by reducing vehicle drag,

and in renewable energy by enhancing the aerodynamic efficiency of wind turbines. More-

over, the application of these findings to civil engineering could improve structural designs

to withstand extreme weather conditions.

As we look to the future, the integration of increasingly sophisticated machine learning

models with enhanced sensor technologies and simulations will likely transform engineer-

ing practices. This integration promises not only to refine our predictive capabilities but

also to enable more effective control over complex physical phenomena. The continuous

evolution of SciML, coupled with robust data collection and analysis, will pave the way

for developing AI systems capable of proactive decision-making in real-time engineering

applications.

However, the reliance on sensor data and AI also introduces new challenges, partic-
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ularly related to cybersecurity in engineering systems. It is crucial to develop secure,

reliable, and robust AI-based systems to ensure they deliver their intended benefits with-

out introducing new vulnerabilities.

5.3 Concluding Remarks

This thesis marks a significant step forward in our understanding and application of fluid

dynamics in engineering. The use of SciML to bridge the gap between theoretical models

and empirical data has not only enhanced our analytical capabilities but also set the

stage for the next generation of engineering innovations. The continued exploration of

these methodologies will undoubtedly yield further insights and advancements, driving

efficiency and safety in marine and other engineering fields.

255



256



Appendix A

Wave Proves & Corresponding Ship

Motions
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Appendix B

SCR Riser Motion Reconstruction &

Analysis
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Case nC𝐹 nI𝐿

1001 1 through 6 1 through 6

5002 1 through 6 1 through 6

1003 1 through 6 1 through 6

1005 1 through 6 1 through 9

1007 1 through 6 1 through 9

1009 1 through 6 1 through 9

1011 1 through 6 1 through 9

1013 1 through 6 1 through 9

5013 1 through 6 1 through 9

1015 1 through 6 1 through 9

1017 1 through 9 1 through 9

1019 1 through 9 1 through 9

5019 1 through 9 1 through 9

1021 1 through 9 1 through 9

1023 1 through 9 1 through 9

5023 1 through 9 1 through 9

2005 1 through 9 1 through 9

2000 1 through 9 1 through 9

2003 1 through 9 1 through 9

2007 1 through 9 1 through 9

2009 1 through 9 1 through 9

2011 1 through 9 1 through 9

2013 1 through 9 1 through 9

2015 1 through 9 1 through 9

2017 1 through 9 1 through 9

2019 1 through 9 1 through 9

2021 1 through 9 1 through 9

2023 1 through 9 1 through 9

3001 1 through 9 1 through 9
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3003 1 through 9 1 through 9

3005 1 through 9 1 through 9

3007 1 through 9 1 through 9

3009 1 through 9 1 through 9

3011 1 through 9 1 through 9

3013 1 through 9 1 through 9

3015 1 through 9 1 through 9

3017 1 through 9 1 through 9

3019 1 through 9 1 through 9

3021 1 through 9 1 through 9

3023 1 through 9 1 through 9

4001 1 through 9 1 through 9

4005 1 through 9 1 through 9

4007 1 through 9 1 through 9

4011 1 through 9 1 through 9

4013 1 through 9 1 through 9

4017 1 through 9 1 through 9

4019 1 through 9 1 through 9

4021 1 through 9 1 through 9

4023 1 through 9 1 through 9

1000 1 through 9 1 through 9

5001 1 through 9 1 through 9

1002 1 through 9 1 through 9

1004 1 through 9 1 through 9

1006 1 through 9 1 through 9

1008 1 through 9 1 through 9

1010 1 through 9 1 through 9

1012 1 through 9 1 through 9

5012 1 through 9 1 through 9

1014 1 through 9 1 through 9
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1016 1 through 9 1 through 9

1018 1 through 9 1 through 9

5018 1 through 9 1 through 9

1020 1 through 9 1 through 9

1022 1 through 9 1 through 9

5022 1 through 9 1 through 9

2004 1 through 9 1 through 9

2001 1 through 9 1 through 9

2002 1 through 9 1 through 9

2006 1 through 9 1 through 9

2008 1 through 9 1 through 9

2010 1 through 9 1 through 9

2012 1 through 9 1 through 9

2014 1 through 9 1 through 9

2016 1 through 9 1 through 9

2018 1 through 9 1 through 9

2020 1 through 9 1 through 9

2022 1 through 9 1 through 9

3000 1 through 9 1 through 9

3002 1 through 9 1 through 9

3004 1 through 9 1 through 9

3006 1 through 9 1 through 9

3008 1 through 9 1 through 9

3010 1 through 9 1 through 9

3012 1 through 9 1 through 9

3014 1 through 9 1 through 9

3016 1 through 9 1 through 9

3018 1 through 9 1 through 9

3020 1 through 9 1 through 9

3022 1 through 9 1 through 9
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4000 1 through 9 1 through 9

4002 1 through 9 1 through 9

4006 1 through 9 1 through 9

4008 1 through 9 1 through 9

4012 1 through 9 1 through 9

4014 1 through 9 1 through 9

4018 1 through 9 1 through 9

4020 1 through 9 1 through 9

4022 1 through 9 1 through 9
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Current velocity
(m/s) Dir. 0 deg. Dir. 30 deg. Dir. 60 deg. Dir. 90 deg.

-0.12
1000
5001 2004 3000 4000

-0.14 1002 2001 3002 4002
-0.16 1004 2002 3004 -
-0.18 1006 2006 3006 4006
-0.20 1008 2008 3008 4008
-0.22 1010 2010 3010 -

-0.24
1012
5012 2012 3012 4012

-0.26 1014 2014 3014 4014
-0.28 1016 2016 3016 -
-0.30 1018 5018 2018 3018
-0.32 1020 2020 3020 4020

-0.34
1022
5022 2022 3022 4022

Current velocity
(m/s) Dir. 0 deg. Dir. 30 deg. Dir. 60 deg. Dir. 90 deg.

0.12
1001
5002 2005 3001 4001

0.14 1003 2000 3003 -
0.16 1005 2003 3005 4005
0.18 1007 2007 3007 4007
0.20 1009 2009 3009 -
0.22 1011 2011 3011 4011

0.24
1013
5013 2013 3013 4013

0.26 1015 2015 3015 -
0.28 1017 2017 3017 4017

0.30
1019
5019 2019 3019 4019

0.32 1021 2021 3021 4021

0.34
1023
5023 2023 3023 4023

Table B.2: Current speed and direction with respect to the catenary plane for each
experiment label. Carriage going Forwards and backwards respectively.
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NDP SCR test case 1001
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(a) Cross-flow RMS profile case 1001.
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(b) Inline flow RMS profile case 1001.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 1001.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 1001.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 1001.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 1001.

Figure B-1: Motion Analysis. SCR case 1001.
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NDP SCR test case 5002
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(a) Cross-flow RMS profile case 5002.
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(b) Inline flow RMS profile case 5002.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 5002.

Spanwise  IL Hydrodynamic Displacement

100 105 110 115 120 125 130

time (s)

-12

-10

-8

-6

-4

-2

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-1.5

-1

-0.5

0

0.5

1

1.5

10
-3

(d) Spanwise inline spectrum of hydrodynamic
displacement case 5002.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 5002.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 5002.

Figure B-2: Motion Analysis. SCR case 5002.
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NDP SCR test case 1003
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(a) Cross-flow RMS profile case 1003.
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(b) Inline flow RMS profile case 1003.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 1003.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 1003.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 1003.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 1003.

Figure B-3: Motion Analysis. SCR case 1003.
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NDP SCR test case 1005
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(a) Cross-flow RMS profile case 1005.
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(b) Inline flow RMS profile case 1005.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 1005.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 1005.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 1005.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 1005.

Figure B-4: Motion Analysis. SCR case 1005.
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NDP SCR test case 1007
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(a) Cross-flow RMS profile case 1007.
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(b) Inline flow RMS profile case 1007.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 1007.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 1007.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 1007.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 1007.

Figure B-5: Motion Analysis. SCR case 1007.
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NDP SCR test case 1009
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(a) Cross-flow RMS profile case 1009.
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(b) Inline flow RMS profile case 1009.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 1009.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 1009.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 1009.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 1009.

Figure B-6: Motion Analysis. SCR case 1009.
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NDP SCR test case 1011
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(a) Cross-flow RMS profile case 1011.
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(b) Inline flow RMS profile case 1011.

Spanwise  CF Hydrodynamic Displacement

50 52 54 56 58 60 62 64 66

time (s)

-12

-10

-8

-6

-4

-2

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-0.01

-0.008

-0.006

-0.004

-0.002

0

0.002

0.004

0.006

0.008

0.01

(c) Spanwise cross-flow hydrodynamic displace-
ment case 1011.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 1011.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 1011.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 1011.

Figure B-7: Motion Analysis. SCR case 1011.
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NDP SCR test case 1013
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(a) Cross-flow RMS profile case 1013.
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(b) Inline flow RMS profile case 1013.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 1013.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 1013.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 1013.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 1013.

Figure B-8: Motion Analysis. SCR case 1013.
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NDP SCR test case 5013
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(a) Cross-flow RMS profile case 5013.
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(b) Inline flow RMS profile case 5013.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 5013.

Spanwise  IL Hydrodynamic Displacement

50 52 54 56 58 60 62 64 66

time (s)

-12

-10

-8

-6

-4

-2

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-4

-3

-2

-1

0

1

2

3

10
-3

(d) Spanwise inline spectrum of hydrodynamic
displacement case 5013.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 5013.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 5013.

Figure B-9: Motion Analysis. SCR case 5013.
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NDP SCR test case 1015
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(a) Cross-flow RMS profile case 1015.
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(b) Inline flow RMS profile case 1015.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 1015.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 1015.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 1015.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 1015.

Figure B-10: Motion Analysis. SCR case 1015.
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NDP SCR test case 1017
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(a) Cross-flow RMS profile case 1017.
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(b) Inline flow RMS profile case 1017.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 1017.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 1017.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 1017.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 1017.

Figure B-11: Motion Analysis. SCR case 1017.
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NDP SCR test case 1019
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(a) Cross-flow RMS profile case 1019.
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(b) Inline flow RMS profile case 1019.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 1019.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 1019.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 1019.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 1019.

Figure B-12: Motion Analysis. SCR case 1019.
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NDP SCR test case 5019
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(a) Cross-flow RMS profile case 5019.
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(b) Inline flow RMS profile case 5019.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 5019.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 5019.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 5019.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 5019.

Figure B-13: Motion Analysis. SCR case 5019.
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NDP SCR test case 1021
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(a) Cross-flow RMS profile case 1021.
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(b) Inline flow RMS profile case 1021.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 1021.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 1021.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 1021.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 1021.

Figure B-14: Motion Analysis. SCR case 1021.
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NDP SCR test case 1023
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(a) Cross-flow RMS profile case 1023.
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(b) Inline flow RMS profile case 1023.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 1023.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 1023.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 1023.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 1023.

Figure B-15: Motion Analysis. SCR case 1023.
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NDP SCR test case 5023
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(a) Cross-flow RMS profile case 5023.
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(b) Inline flow RMS profile case 5023.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 5023.

Spanwise  IL Hydrodynamic Displacement

40 42 44 46 48 50 52

time (s)

-12

-10

-8

-6

-4

-2

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-8

-6

-4

-2

0

2

4

6

8

10
-4

(d) Spanwise inline spectrum of hydrodynamic
displacement case 5023.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 5023.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 5023.

Figure B-16: Motion Analysis. SCR case 5023.
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NDP SCR test case 2005
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(a) Cross-flow RMS profile case 2005.
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(b) Inline flow RMS profile case 2005.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2005.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 2005.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2005.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2005.

Figure B-17: Motion Analysis. SCR case 2005.
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NDP SCR test case 2000
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(a) Cross-flow RMS profile case 2000.
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(b) Inline flow RMS profile case 2000.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2000.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 2000.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2000.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2000.

Figure B-18: Motion Analysis. SCR case 2000.
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NDP SCR test case 2003
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(a) Cross-flow RMS profile case 2003.
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(b) Inline flow RMS profile case 2003.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2003.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 2003.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2003.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2003.

Figure B-19: Motion Analysis. SCR case 2003.
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NDP SCR test case 2007
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(a) Cross-flow RMS profile case 2007.
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(b) Inline flow RMS profile case 2007.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2007.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 2007.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2007.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2007.

Figure B-20: Motion Analysis. SCR case 2007.
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NDP SCR test case 2009

0 2 4 6 8 10 12 14

Spanwise position

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

R
M

S
 o

f 
A

/D

Cross Flow RMS of A/D

(a) Cross-flow RMS profile case 2009.
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(b) Inline flow RMS profile case 2009.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2009.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 2009.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2009.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2009.

Figure B-21: Motion Analysis. SCR case 2009.
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NDP SCR test case 2011
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(a) Cross-flow RMS profile case 2011.
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(b) Inline flow RMS profile case 2011.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2011.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 2011.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2011.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2011.

Figure B-22: Motion Analysis. SCR case 2011.
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NDP SCR test case 2013
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(a) Cross-flow RMS profile case 2013.
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(b) Inline flow RMS profile case 2013.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2013.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 2013.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2013.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2013.

Figure B-23: Motion Analysis. SCR case 2013.
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NDP SCR test case 2015
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(a) Cross-flow RMS profile case 2015.
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(b) Inline flow RMS profile case 2015.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2015.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 2015.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2015.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2015.

Figure B-24: Motion Analysis. SCR case 2015.
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NDP SCR test case 2017

0 2 4 6 8 10 12 14

Spanwise position

0

0.05

0.1

0.15

0.2

0.25

0.3

R
M

S
 o

f 
A

/D

Cross Flow RMS of A/D

(a) Cross-flow RMS profile case 2017.
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(b) Inline flow RMS profile case 2017.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2017.

Spanwise  IL Hydrodynamic Displacement

40 42 44 46 48 50 52

time (s)

-12

-10

-8

-6

-4

-2

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-0.01

-0.005

0

0.005

0.01

(d) Spanwise inline spectrum of hydrodynamic
displacement case 2017.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2017.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2017.

Figure B-25: Motion Analysis. SCR case 2017.
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NDP SCR test case 2019
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(a) Cross-flow RMS profile case 2019.
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(b) Inline flow RMS profile case 2019.

Spanwise  CF Hydrodynamic Displacement

40 42 44 46 48 50 52

time (s)

-12

-10

-8

-6

-4

-2

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-10

-8

-6

-4

-2

0

2

4

6

8

10
-3

(c) Spanwise cross-flow hydrodynamic displace-
ment case 2019.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 2019.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2019.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2019.

Figure B-26: Motion Analysis. SCR case 2019.
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NDP SCR test case 2021
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(a) Cross-flow RMS profile case 2021.
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(b) Inline flow RMS profile case 2021.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2021.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 2021.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2021.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2021.

Figure B-27: Motion Analysis. SCR case 2021.
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NDP SCR test case 2023
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(a) Cross-flow RMS profile case 2023.
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(b) Inline flow RMS profile case 2023.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2023.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 2023.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2023.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2023.

Figure B-28: Motion Analysis. SCR case 2023.
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NDP SCR test case 3001
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(a) Cross-flow RMS profile case 3001.
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(b) Inline flow RMS profile case 3001.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3001.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 3001.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3001.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3001.

Figure B-29: Motion Analysis. SCR case 3001.
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NDP SCR test case 3003
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(a) Cross-flow RMS profile case 3003.
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(b) Inline flow RMS profile case 3003.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3003.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 3003.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3003.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3003.

Figure B-30: Motion Analysis. SCR case 3003.
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NDP SCR test case 3005
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(a) Cross-flow RMS profile case 3005.
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(b) Inline flow RMS profile case 3005.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3005.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 3005.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3005.

Spanwise Spectrum of IL Displacement

2 4 6 8 10 12 14 16 18

frequency (Hz)

-12

-10

-8

-6

-4

-2

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

10
-3

(f) Spanwise inline spectrum of hydrodynamic
displacement case 3005.

Figure B-31: Motion Analysis. SCR case 3005.
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NDP SCR test case 3007
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(a) Cross-flow RMS profile case 3007.
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(b) Inline flow RMS profile case 3007.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3007.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 3007.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3007.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3007.

Figure B-32: Motion Analysis. SCR case 3007.
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NDP SCR test case 3009
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(a) Cross-flow RMS profile case 3009.
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(b) Inline flow RMS profile case 3009.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3009.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 3009.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3009.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3009.

Figure B-33: Motion Analysis. SCR case 3009.
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NDP SCR test case 3011
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(a) Cross-flow RMS profile case 3011.
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(b) Inline flow RMS profile case 3011.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3011.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 3011.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3011.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3011.

Figure B-34: Motion Analysis. SCR case 3011.
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NDP SCR test case 3013
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(a) Cross-flow RMS profile case 3013.
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(b) Inline flow RMS profile case 3013.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3013.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 3013.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3013.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3013.

Figure B-35: Motion Analysis. SCR case 3013.
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NDP SCR test case 3015
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(a) Cross-flow RMS profile case 3015.
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(b) Inline flow RMS profile case 3015.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3015.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 3015.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3015.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3015.

Figure B-36: Motion Analysis. SCR case 3015.
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NDP SCR test case 3017
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(a) Cross-flow RMS profile case 3017.
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(b) Inline flow RMS profile case 3017.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3017.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 3017.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3017.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3017.

Figure B-37: Motion Analysis. SCR case 3017.
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NDP SCR test case 3019
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(a) Cross-flow RMS profile case 3019.
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(b) Inline flow RMS profile case 3019.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3019.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 3019.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3019.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3019.

Figure B-38: Motion Analysis. SCR case 3019.
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NDP SCR test case 3021
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(a) Cross-flow RMS profile case 3021.
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(b) Inline flow RMS profile case 3021.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3021.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 3021.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3021.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3021.

Figure B-39: Motion Analysis. SCR case 3021.
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NDP SCR test case 3023
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(a) Cross-flow RMS profile case 3023.
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(b) Inline flow RMS profile case 3023.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3023.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 3023.

Spanwise Spectrum of CF Displacement

2 4 6 8 10 12 14 16 18

frequency (Hz)

-12

-10

-8

-6

-4

-2

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

0.5

1

1.5

2

2.5

10
-4

(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3023.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3023.

Figure B-40: Motion Analysis. SCR case 3023.
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NDP SCR test case 4001

0 2 4 6 8 10 12 14

Spanwise position

0

0.05

0.1

0.15

R
M

S
 o

f 
A

/D

Cross Flow RMS of A/D

(a) Cross-flow RMS profile case 4001.
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(b) Inline flow RMS profile case 4001.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4001.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 4001.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4001.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4001.

Figure B-41: Motion Analysis. SCR case 4001.
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NDP SCR test case 4005
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(a) Cross-flow RMS profile case 4005.
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(b) Inline flow RMS profile case 4005.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4005.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 4005.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4005.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4005.

Figure B-42: Motion Analysis. SCR case 4005.

336



NDP SCR test case 4007
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(a) Cross-flow RMS profile case 4007.
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(b) Inline flow RMS profile case 4007.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4007.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 4007.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4007.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4007.

Figure B-43: Motion Analysis. SCR case 4007.
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NDP SCR test case 4011
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(a) Cross-flow RMS profile case 4011.
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(b) Inline flow RMS profile case 4011.

Spanwise  CF Hydrodynamic Displacement

40 42 44 46 48 50 52

time (s)

-12

-10

-8

-6

-4

-2

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-4

-3

-2

-1

0

1

2

3

4

5

10
-3

(c) Spanwise cross-flow hydrodynamic displace-
ment case 4011.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 4011.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4011.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4011.

Figure B-44: Motion Analysis. SCR case 4011.
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NDP SCR test case 4013
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(a) Cross-flow RMS profile case 4013.
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(b) Inline flow RMS profile case 4013.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4013.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 4013.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4013.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4013.

Figure B-45: Motion Analysis. SCR case 4013.

339



NDP SCR test case 4017
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(a) Cross-flow RMS profile case 4017.
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(b) Inline flow RMS profile case 4017.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4017.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 4017.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4017.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4017.

Figure B-46: Motion Analysis. SCR case 4017.
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NDP SCR test case 4019
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(a) Cross-flow RMS profile case 4019.
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(b) Inline flow RMS profile case 4019.

Spanwise  CF Hydrodynamic Displacement

40 42 44 46 48 50 52

time (s)

-12

-10

-8

-6

-4

-2

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-8

-6

-4

-2

0

2

4

6

8
10

-3

(c) Spanwise cross-flow hydrodynamic displace-
ment case 4019.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 4019.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4019.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4019.

Figure B-47: Motion Analysis. SCR case 4019.
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NDP SCR test case 4021
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(a) Cross-flow RMS profile case 4021.
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(b) Inline flow RMS profile case 4021.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4021.

Spanwise  IL Hydrodynamic Displacement

40 42 44 46 48 50 52

time (s)

-12

-10

-8

-6

-4

-2

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-0.01

-0.005

0

0.005

0.01

(d) Spanwise inline spectrum of hydrodynamic
displacement case 4021.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4021.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4021.

Figure B-48: Motion Analysis. SCR case 4021.
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NDP SCR test case 4023
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(a) Cross-flow RMS profile case 4023.

0 2 4 6 8 10 12 14

Spanwise position

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

R
M

S
 o

f 
A

/D

Inline Flow RMS of A/D

(b) Inline flow RMS profile case 4023.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4023.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 4023.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4023.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4023.

Figure B-49: Motion Analysis. SCR case 4023.
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NDP SCR test case 1000
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(a) Cross-flow RMS profile case 1000.
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(b) Inline flow RMS profile case 1000.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 1000.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 1000.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 1000.

Spanwise Spectrum of IL Displacement

1 2 3 4 5 6 7

frequency (Hz)

-12

-10

-8

-6

-4

-2

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

10
-4

(f) Spanwise inline spectrum of hydrodynamic
displacement case 1000.

Figure B-50: Motion Analysis. SCR case 1000.
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NDP SCR test case 5001
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(a) Cross-flow RMS profile case 5001.
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(b) Inline flow RMS profile case 5001.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 5001.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 5001.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 5001.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 5001.

Figure B-51: Motion Analysis. SCR case 5001.
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NDP SCR test case 1002
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(a) Cross-flow RMS profile case 1002.
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(b) Inline flow RMS profile case 1002.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 1002.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 1002.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 1002.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 1002.

Figure B-52: Motion Analysis. SCR case 1002.
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NDP SCR test case 1004
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(a) Cross-flow RMS profile case 1004.
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(b) Inline flow RMS profile case 1004.

Spanwise  CF Hydrodynamic Displacement

75 80 85 90 95 100

time (s)

-12

-10

-8

-6

-4

-2

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-0.01

-0.008

-0.006

-0.004

-0.002

0

0.002

0.004

0.006

0.008

0.01

(c) Spanwise cross-flow hydrodynamic displace-
ment case 1004.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 1004.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 1004.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 1004.

Figure B-53: Motion Analysis. SCR case 1004.
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NDP SCR test case 1006
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(a) Cross-flow RMS profile case 1006.

0 2 4 6 8 10 12 14

Spanwise position

0

0.02

0.04

0.06

0.08

0.1

0.12

R
M

S
 o

f 
A

/D

Inline Flow RMS of A/D

(b) Inline flow RMS profile case 1006.

Spanwise  CF Hydrodynamic Displacement

50 52 54 56 58 60 62 64 66

time (s)

-12

-10

-8

-6

-4

-2

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-8

-6

-4

-2

0

2

4

6

8

10
-3

(c) Spanwise cross-flow hydrodynamic displace-
ment case 1006.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 1006.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 1006.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 1006.

Figure B-54: Motion Analysis. SCR case 1006.
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NDP SCR test case 1008

0 2 4 6 8 10 12 14

Spanwise position

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

R
M

S
 o

f 
A

/D

Cross Flow RMS of A/D

(a) Cross-flow RMS profile case 1008.
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(b) Inline flow RMS profile case 1008.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 1008.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 1008.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 1008.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 1008.

Figure B-55: Motion Analysis. SCR case 1008.
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NDP SCR test case 1010
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(a) Cross-flow RMS profile case 1010.
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(b) Inline flow RMS profile case 1010.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 1010.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 1010.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 1010.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 1010.

Figure B-56: Motion Analysis. SCR case 1010.

350



NDP SCR test case 1012
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(a) Cross-flow RMS profile case 1012.
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(b) Inline flow RMS profile case 1012.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 1012.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 1012.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 1012.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 1012.

Figure B-57: Motion Analysis. SCR case 1012.
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NDP SCR test case 5012
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(a) Cross-flow RMS profile case 5012.
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(b) Inline flow RMS profile case 5012.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 5012.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 5012.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 5012.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 5012.

Figure B-58: Motion Analysis. SCR case 5012.
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NDP SCR test case 1014
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(a) Cross-flow RMS profile case 1014.
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(b) Inline flow RMS profile case 1014.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 1014.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 1014.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 1014.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 1014.

Figure B-59: Motion Analysis. SCR case 1014.
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NDP SCR test case 1016
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(a) Cross-flow RMS profile case 1016.
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(b) Inline flow RMS profile case 1016.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 1016.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 1016.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 1016.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 1016.

Figure B-60: Motion Analysis. SCR case 1016.
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NDP SCR test case 1018
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(a) Cross-flow RMS profile case 1018.
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(b) Inline flow RMS profile case 1018.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 1018.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 1018.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 1018.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 1018.

Figure B-61: Motion Analysis. SCR case 1018.
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NDP SCR test case 5018
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(a) Cross-flow RMS profile case 5018.
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(b) Inline flow RMS profile case 5018.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 5018.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 5018.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 5018.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 5018.

Figure B-62: Motion Analysis. SCR case 5018.
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NDP SCR test case 1020
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(a) Cross-flow RMS profile case 1020.
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(b) Inline flow RMS profile case 1020.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 1020.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 1020.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 1020.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 1020.

Figure B-63: Motion Analysis. SCR case 1020.
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NDP SCR test case 1022
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(a) Cross-flow RMS profile case 1022.
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(b) Inline flow RMS profile case 1022.

Spanwise  CF Hydrodynamic Displacement

40 42 44 46 48 50 52

time (s)

-12

-10

-8

-6

-4

-2

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-0.01

-0.008

-0.006

-0.004

-0.002

0

0.002

0.004

0.006

0.008

0.01

(c) Spanwise cross-flow hydrodynamic displace-
ment case 1022.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 1022.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 1022.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 1022.

Figure B-64: Motion Analysis. SCR case 1022.
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NDP SCR test case 5022
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(a) Cross-flow RMS profile case 5022.
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(b) Inline flow RMS profile case 5022.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 5022.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 5022.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 5022.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 5022.

Figure B-65: Motion Analysis. SCR case 5022.
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NDP SCR test case 2004
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(a) Cross-flow RMS profile case 2004.
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(b) Inline flow RMS profile case 2004.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2004.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 2004.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2004.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2004.

Figure B-66: Motion Analysis. SCR case 2004.
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NDP SCR test case 2001
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(a) Cross-flow RMS profile case 2001.

0 2 4 6 8 10 12 14

Spanwise position

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

R
M

S
 o

f 
A

/D

Inline Flow RMS of A/D

(b) Inline flow RMS profile case 2001.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2001.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 2001.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2001.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2001.

Figure B-67: Motion Analysis. SCR case 2001.
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NDP SCR test case 2002
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(a) Cross-flow RMS profile case 2002.
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(b) Inline flow RMS profile case 2002.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2002.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 2002.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2002.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2002.

Figure B-68: Motion Analysis. SCR case 2002.
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NDP SCR test case 2006

0 2 4 6 8 10 12 14

Spanwise position

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

R
M

S
 o

f 
A

/D

Cross Flow RMS of A/D

(a) Cross-flow RMS profile case 2006.

0 2 4 6 8 10 12 14

Spanwise position

0

0.05

0.1

0.15

0.2

0.25

R
M

S
 o

f 
A

/D

Inline Flow RMS of A/D

(b) Inline flow RMS profile case 2006.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2006.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 2006.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2006.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2006.

Figure B-69: Motion Analysis. SCR case 2006.
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NDP SCR test case 2008
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(a) Cross-flow RMS profile case 2008.
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(b) Inline flow RMS profile case 2008.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2008.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 2008.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2008.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2008.

Figure B-70: Motion Analysis. SCR case 2008.
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NDP SCR test case 2010

0 2 4 6 8 10 12 14

Spanwise position

0

0.05

0.1

0.15

0.2

0.25

0.3

R
M

S
 o

f 
A

/D

Cross Flow RMS of A/D

(a) Cross-flow RMS profile case 2010.
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(b) Inline flow RMS profile case 2010.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2010.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 2010.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2010.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2010.

Figure B-71: Motion Analysis. SCR case 2010.
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NDP SCR test case 2012
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(a) Cross-flow RMS profile case 2012.
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(b) Inline flow RMS profile case 2012.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2012.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 2012.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2012.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2012.

Figure B-72: Motion Analysis. SCR case 2012.
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NDP SCR test case 2014
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(a) Cross-flow RMS profile case 2014.
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(b) Inline flow RMS profile case 2014.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2014.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 2014.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2014.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2014.

Figure B-73: Motion Analysis. SCR case 2014.
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NDP SCR test case 2016
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(a) Cross-flow RMS profile case 2016.
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(b) Inline flow RMS profile case 2016.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2016.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 2016.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2016.

Spanwise Spectrum of IL Displacement

2 4 6 8 10 12 14 16 18

frequency (Hz)

-12

-10

-8

-6

-4

-2

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

1

2

3

4

5

10
-4

(f) Spanwise inline spectrum of hydrodynamic
displacement case 2016.

Figure B-74: Motion Analysis. SCR case 2016.
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NDP SCR test case 2018
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(a) Cross-flow RMS profile case 2018.
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(b) Inline flow RMS profile case 2018.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2018.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 2018.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2018.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2018.

Figure B-75: Motion Analysis. SCR case 2018.
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NDP SCR test case 2020
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(a) Cross-flow RMS profile case 2020.
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(b) Inline flow RMS profile case 2020.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2020.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 2020.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2020.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2020.

Figure B-76: Motion Analysis. SCR case 2020.
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NDP SCR test case 2022
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(a) Cross-flow RMS profile case 2022.
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(b) Inline flow RMS profile case 2022.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2022.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 2022.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2022.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2022.

Figure B-77: Motion Analysis. SCR case 2022.
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NDP SCR test case 3000
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(a) Cross-flow RMS profile case 3000.
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(b) Inline flow RMS profile case 3000.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3000.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 3000.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3000.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3000.

Figure B-78: Motion Analysis. SCR case 3000.
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NDP SCR test case 3002
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(a) Cross-flow RMS profile case 3002.
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(b) Inline flow RMS profile case 3002.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3002.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 3002.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3002.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3002.

Figure B-79: Motion Analysis. SCR case 3002.
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NDP SCR test case 3004
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(a) Cross-flow RMS profile case 3004.
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(b) Inline flow RMS profile case 3004.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3004.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 3004.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3004.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3004.

Figure B-80: Motion Analysis. SCR case 3004.
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NDP SCR test case 3006
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(a) Cross-flow RMS profile case 3006.
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(b) Inline flow RMS profile case 3006.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3006.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 3006.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3006.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3006.

Figure B-81: Motion Analysis. SCR case 3006.
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NDP SCR test case 3008
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(a) Cross-flow RMS profile case 3008.
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(b) Inline flow RMS profile case 3008.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3008.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 3008.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3008.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3008.

Figure B-82: Motion Analysis. SCR case 3008.
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NDP SCR test case 3010
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(a) Cross-flow RMS profile case 3010.
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(b) Inline flow RMS profile case 3010.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3010.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 3010.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3010.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3010.

Figure B-83: Motion Analysis. SCR case 3010.
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NDP SCR test case 3012
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(a) Cross-flow RMS profile case 3012.
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(b) Inline flow RMS profile case 3012.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3012.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 3012.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3012.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3012.

Figure B-84: Motion Analysis. SCR case 3012.
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NDP SCR test case 3014
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(a) Cross-flow RMS profile case 3014.
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(b) Inline flow RMS profile case 3014.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3014.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 3014.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3014.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3014.

Figure B-85: Motion Analysis. SCR case 3014.
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NDP SCR test case 3016
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(a) Cross-flow RMS profile case 3016.
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(b) Inline flow RMS profile case 3016.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3016.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 3016.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3016.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3016.

Figure B-86: Motion Analysis. SCR case 3016.
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NDP SCR test case 3018
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(a) Cross-flow RMS profile case 3018.
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(b) Inline flow RMS profile case 3018.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3018.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 3018.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3018.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3018.

Figure B-87: Motion Analysis. SCR case 3018.
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NDP SCR test case 3020
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(a) Cross-flow RMS profile case 3020.
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(b) Inline flow RMS profile case 3020.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3020.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 3020.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3020.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3020.

Figure B-88: Motion Analysis. SCR case 3020.
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NDP SCR test case 3022
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(a) Cross-flow RMS profile case 3022.
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(b) Inline flow RMS profile case 3022.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3022.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 3022.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3022.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3022.

Figure B-89: Motion Analysis. SCR case 3022.
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NDP SCR test case 4000
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(a) Cross-flow RMS profile case 4000.
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(b) Inline flow RMS profile case 4000.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4000.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 4000.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4000.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4000.

Figure B-90: Motion Analysis. SCR case 4000.
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NDP SCR test case 4002
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(a) Cross-flow RMS profile case 4002.
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(b) Inline flow RMS profile case 4002.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4002.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 4002.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4002.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4002.

Figure B-91: Motion Analysis. SCR case 4002.
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NDP SCR test case 4006
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(a) Cross-flow RMS profile case 4006.
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(b) Inline flow RMS profile case 4006.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4006.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 4006.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4006.

Spanwise Spectrum of IL Displacement

5 10 15 20 25 30 35 40 45 50

frequency (Hz)

-12

-10

-8

-6

-4

-2

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

0.2

0.4

0.6

0.8

1

1.2

10
-3

(f) Spanwise inline spectrum of hydrodynamic
displacement case 4006.

Figure B-92: Motion Analysis. SCR case 4006.
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NDP SCR test case 4008
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(a) Cross-flow RMS profile case 4008.
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(b) Inline flow RMS profile case 4008.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4008.

Spanwise  IL Hydrodynamic Displacement

40 42 44 46 48 50 52

time (s)

-12

-10

-8

-6

-4

-2

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-8

-6

-4

-2

0

2

4

6

8

10
-3

(d) Spanwise inline spectrum of hydrodynamic
displacement case 4008.

Spanwise Spectrum of CF Displacement

2 4 6 8 10 12 14 16 18

frequency (Hz)

-12

-10

-8

-6

-4

-2

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

10
-4

(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4008.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4008.

Figure B-93: Motion Analysis. SCR case 4008.
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NDP SCR test case 4012
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(a) Cross-flow RMS profile case 4012.
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(b) Inline flow RMS profile case 4012.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4012.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 4012.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4012.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4012.

Figure B-94: Motion Analysis. SCR case 4012.
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NDP SCR test case 4014
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(a) Cross-flow RMS profile case 4014.
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(b) Inline flow RMS profile case 4014.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4014.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 4014.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4014.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4014.

Figure B-95: Motion Analysis. SCR case 4014.
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NDP SCR test case 4018
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(a) Cross-flow RMS profile case 4018.
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(b) Inline flow RMS profile case 4018.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4018.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 4018.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4018.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4018.

Figure B-96: Motion Analysis. SCR case 4018.
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NDP SCR test case 4020
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(a) Cross-flow RMS profile case 4020.
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(b) Inline flow RMS profile case 4020.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4020.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 4020.

Spanwise Spectrum of CF Displacement

2 4 6 8 10 12 14 16 18

frequency (Hz)

-12

-10

-8

-6

-4

-2

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

0.5

1

1.5

2

2.5

10
-4

(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4020.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4020.

Figure B-97: Motion Analysis. SCR case 4020.
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NDP SCR test case 4022
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(a) Cross-flow RMS profile case 4022.
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(b) Inline flow RMS profile case 4022.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4022.
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(d) Spanwise inline spectrum of hydrodynamic
displacement case 4022.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4022.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4022.

Figure B-98: Motion Analysis. SCR case 4022.
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Appendix C

SCR Straight Riser Motion

Reconstruction & Analysis
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Table C.1: Experiments with case number starting with 2 are naked riser experiments, the
remaining are straked riser experiments. Details of the experiments should be consulted
in the official NDP reports.

Case nC𝐹 nI𝐿 Vel Profile

2010 [1:10] [1:15] [0.3,0.3]

2020 [1:10] [1:15] [0.4,0.4]

2030 [1:10] [1:15] [0.5,0.5]

2040 [2:11] [3:15] [0.6,0.6]

2050 [2:13] [2:21] [0.7,0.7]

2060 [1:10] [9:15] [0.8,0.8]

2070 [2:13] [9:15] [0.9,0.9]

2080 [4:15] [13:21] [1,1]

2090 [4:15] [10:29] [1.1,1.1]

2100 [4:15] [10:29] [1.2,1.2]

2110 [6:14] [10:29] [1.3,1.3]

2120 [8:19] [10:29] [1.4,1.4]

2130 [9:20] [10:29] [1.5,1.5]

2141 [9:20] [10:29] [1.6,1.6]

2150 [9:20] [19:26] [1.7,1.7]

2160 [9:20] [19:26] [1.8,1.8]

2170 [9:20] [19:26] [1.9,1.9]

2182 [9:20] [19:26] [2,2]

2191 [9:20] [19:26] [2.1,2.1]

2201 [9:20] [19:26] [2.2,2.2]

2210 [9:20] [19:26] [2.3,2.3]

2220 [9:20] [19:26] [2.4,2.4]

2230 [4:15] [13:21] [1,1]

2240 [9:20] [19:29] [2,2]

2310 [1:10] [1:15] [0.3,0]

2320 [1:10] [1:15] [0.4,0]

2330 [1:10] [1:15] [0.5,0]
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2340 [2:11] [1:15] [0.6,0]

2350 [2:13] [2:21] [0.7,0]

2360 [2:13] [2:21] [0.8,0]

2370 [2:13] [2:21] [0.9,0]

2380 [4:15] [4:23] [1,0]

2390 [4:15] [7:26] [1.1,0]

2400 [4:15] [10:29] [1.2,0]

2410 [5:16] [10:29] [1.3,0]

2420 [5:16] [10:29] [1.4,0]

2430 [5:16] [10:29] [1.5,0]

2440 [10:21] [10:29] [1.6,0]

2450 [10:21] [15,18,17,19,20,21,22,21,23,24,26,29] [1.7,0]

2460 [10:21] [15,18,17,19,20,21,22,21,23,24,26,29] [1.8,0]

2470 [9:20] [15,18,17,19,20,21,22,21,23,24,26,29] [1.9,0]

2480 [9:20] [15,18,17,19,20,21,22,21,23,24,26,29] [2,0]

2490 [9:15] [15,18,17,19,20,21,22,21,23,24,26,29] [2.1,0]

2500 [9:20] [15,18,17,19,20,21,22,21,23,24,26,29] [2.2,0]

2510 [9:20] [19,20,21,22,21,23,24,26,29] [2.3,0]

2520 [9:20] [16,18,20,23,26,29] [2.4,0]

2530 [4:15] [5,9,10,12,15,16,18,20] [1,0]

2540 [5,9,10,15,18,21,24] [10,15,18,20,23,26,29] [2,0]

3010 [1:12] [15:20] [0.3,0.3]

3020 [1:12] [15:20] [0.4,0.4]

3030 [1:12] [15:20] [0.5,0.5]

3040 [1:12] [15:20] [0.6,0.6]

3050 [1:12] [15:20] [0.7,0.7]

3060 [1:12] [15:20] [0.8,0.8]

3070 [1:12] [15:20] [0.9,0.9]

3081 [1:12] [15:20] [1,1]

3090 [1:12] [15:20] [1.1,1.1]
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3100 [1:12] [15:20] [1.2,1.2]

3110 [1:12] [15:20] [1.3,1.3]

3120 [1:12] [15:20] [1.4,1.4]

3130 [1:12] [15:20] [1.5,1.5]

3140 [1:12] [15:20] [1.6,1.6]

3150 [1:12] [15:20] [1.7,1.7]

3160 [1:12] [15:20] [1.8,1.8]

3170 [1:12] [15:20] [1.9,1.9]

3180 [1:12] [15:20] [2,2]

3190 [1:12] [15:20] [2.1,2.1]

3200 [1:12] [15:20] [2.2,2.2]

3210 [1:12] [15:20] [2.3,2.3]

3220 [1:12] [15:20] [2.4,2.4]

3320 [1:12] [10:15] [0.4,0]

3340 [1:12] [10:15] [0.6,0]

3360 [1:12] [10:15] [0.8,0]

3380 [1:12] [10:15] [1,0]

3400 [1:12] [10:15] [1.2,0]

3420 [1:12] [10:15] [1.4,0]

3440 [1:12] [10:15] [1.6,0]

3460 [1:12] [10:15] [1.8,0]

3481 [1:12] [10:15] [2,0]

3500 [1:12] [10:15] [2.2,0]

3520 [1:12] [10:15] [2.4,0]

3530 [1:12] [10:15] [1,0]

3540 [1:12] [10:15] [2,0]

3610 [1:12] [5:15] [0.3,0.3]

3620 [1:12] [5:15] [0.4,0.4]

3630 [1:12] [5:15] [0.5,0.5]

3640 [1:12] [1:10] [0.6,0.6]

396



3650 [1:12] [1:10] [0.7,0.7]

3660 [1:12] [1:10] [0.8,0.8]

3670 [1:12] [1:10] [0.9,0.9]

3680 [1:12] [1:10] [1,1]

3690 [1:12] [1:10] [1.1,1.1]

3700 [1:12] [1:10] [1.2,1.2]

3710 [1:12] [1:10] [1.3,1.3]

3720 [1:12] [1:10] [1.4,1.4]

3730 [1:12] [1:10] [1.5,1.5]

3740 [1:12] [1:10] [1.6,1.6]

3750 [1:12] [1:10] [1.7,1.7]

3760 [1:12] [1:10] [1.8,1.8]

3770 [1:12] [1:10] [1.9,1.9]

3780 [1:12] [1:10] [2,2]

3790 [1:12] [1:10] [2.1,2.1]

3800 [1:12] [1:10] [2.2,2.2]

3810 [1:12] [1:10] [2.3,2.3]

3820 [1:12] [1:10] [2.4,2.4]

3830 [1:12] [1:10] [1,1]

3910 [1:12] [5:15] [0.3,0]

3920 [1:12] [5:15] [0.4,0]

3930 [1:12] [5:15] [0.5,0]

3940 [1:12] [1:10] [0.6,0]

3950 [1:12] [1:10] [0.7,0]

3960 [1:12] [1:10] [0.8,0]

3970 [1:12] [1:10] [0.9,0]

3980 [1:12] [1:10] [1,0]

3990 [1:12] [1:10] [1.1,0]

4000 [1:12] [1:10] [1.2,0]

4010 [1:12] [1:10] [1.3,0]
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4020 [1:12] [1:10] [1.4,0]

4030 [1:12] [1:10] [1.5,0]

4040 [1:12] [1:10] [1.6,0]

4050 [1:12] [1:10] [1.7,0]

4060 [1:12] [1:10] [1.8,0]

4070 [1:12] [1:10] [1.9,0]

4080 [1:12] [1:10] [2,0]

4090 [1:12] [1:10] [2.1,0]

4100 [1:12] [1:10] [2.2,0]

4110 [1:12] [1:10] [2.3,0]

4120 [1:12] [1:10] [2.4,0]

4130 [1:12] [1:10] [1,0]

4220 [1:12] [1:15] [0.4,0.4]

4240 [1:12] [1:15] [0.6,0.6]

4260 [10:14] [2:21] [0.8,0.8]

4280 [2:18] [4:23] [1,1]

4300 [5,7,8,9,10,11,12,13,14,15,17,19] [4:23] [1.2,1.2]

4320 [3,9,10,11,12,13,14,15] [4:23] [1.4,1.4]

4340 [3,9,10,11,12,13,14,15] [4:23] [1.6,1.6]

4360 [3,9,10,11,12,13,14,15] [4:23] [1.8,1.8]

4380 [3,9,10,11,12,13,14,15] [4:23] [2,2]

4400 [3,9,10,11,13,14,15] [4:23] [2.2,2.2]

4420 [5,9,10,12,11,13,14,15] [4:23] [2.4,2.4]

4430 [6,7,8,9,10,12,11,13,14,15] [4:23] [1,1]

4520 [1:17] [4:21] [0.4,0]

4540 [1:17] [4:21] [0.6,0]

4560 [1:17] [4:21] [0.8,0]

4580 [1:17] [4:21] [1,0]

4600 [1:17] [4:21] [1.2,0]

4620 [1:17] [4:21] [1.4,0]

398



4640 [1:17] [4:21] [1.6,0]

4660 [1:17] [4:21] [1.8,0]

4680 [1:17] [4:21] [2,0]

4700 [1:17] [4:21] [2.2,0]

4720 [1:17] [4:21] [2.4,0]

4730 [1:17] [4:21] [1,0]

4811 [1:12] [4:21] [0.3,0.3]

4820 [1:12] [4:21] [0.4,0.4]

4830 [1:12] [4:21] [0.5,0.5]

4840 [2:13] [4:21] [0.6,0.6]

4850 [3:19] [4:21] [0.7,0.7]

4860 [3:15] [4:21] [0.8,0.8]

4870 [5:13] [4:21] [0.9,0.9]

4880 [6,7,8,9,10,12,11,13,14,15] [4:21] [1,1]

4890 [3,4,5,6,7,16,17,18,19] [4:21] [1.1,1.1]

4900 [3,4,5,6,7,13,14,15,16,17,18,19,20,21] [4:21] [1.2,1.2]

4910 [3,4,5,6,7,8,14,15,16,17,18,19] [4:21] [1.3,1.3]

4920 [3,4,5,6,7,8,12,13,14,15,16,17,18,19] [4:21] [1.4,1.4]

4930 [3,4,5,6,7,8,14,15,16,17,18,19] [4:21] [1.5,1.5]

4940 [3,4,5,6,7,8,14,15,16,17,18,19] [4:21] [1.6,1.6]

4950 [3,4,5,6,7,8,15,16,17,18,19] [4:21] [1.7,1.7]

4960 [3,4,5,6,7,8,15,16,17,18,19] [4:21] [1.8,1.8]

4970 [3,4,5,6,7,8,15,16,17,18,19] [4:21] [1.9,1.9]

4980 [3,4,5,6,7,8,15,16,17,18,19] [4:21] [2,2]

4990 [3,4,5,6,7,8,15,16,17,18,19] [4:21] [2.1,2.1]

5000 [3,4,5,6,7,8,15,16,17,18,19] [4:21] [2.2,2.2]

5010 [3,4,5,6,7,8,15,16,17,18,19] [4:21] [2.3,2.3]

5020 [3,4,5,6,7,8,15,16,17,18,19] [4:21] [2.4,2.4]

5020 [3,4,5,6,7,8,15,16,17,18,19] [4:21] [1,1]

5110 [1:12] [1:15] [0.3,0]
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5120 [1:12] [1:15] [0.4,0]

5130 [1:12] [1:15] [0.5,0]

5140 [1:12] [1:15] [0.6,0]

5150 [1:12] [1:15] [0.7,0]

5160 [1:12] [1:15] [0.8,0]

5170 [1:12] [1:15] [0.9,0]

5180 [1:12] [1:15] [1,0]

5190 [1:12] [1:15] [1.1,0]

5200 [1:12] [1:15] [1.2,0]

5210 [1:12] [1:15] [1.3,0]

5220 [1:12] [1:15] [1.4,0]

5230 [1:12] [1:15] [1.5,0]

5240 [1:13] [1:15] [1.6,0]

5250 [1:13] [1:15] [1.7,0]

5260 [3,4,5,6,7,12,13,14,15,16,17,18,19] [1:15] [1.8,0]

5270 [3,4,5,6,7,12,13,14,15,16,17,18,19] [1:15] [1.9,0]

5280 [3,4,5,6,7,12,13,14,15,16,17,18,19] [1:15] [2.0,0]

5290 [3,4,5,6,7,12,13,14,15,16,17,18,19] [1:15] [2.1,0]

5300 [3,4,5,6,7,12,13,14,15,16,17,18,19] [1:15] [2.2,0]

5310 [3,4,5,6,7,12,13,14,15,16,17,18,19] [1:15] [2.3,0]

5320 [3,4,5,6,7,12,13,14,15,16,17,18,19] [1:15] [2.4,0]

5330 [1:12] [1:15] [1,0]

6010 [1:12] [1:15] [0.3,0.3]

6020 [1:12] [1:15] [0.4,0.4]

6030 [1:12] [1:15] [0.5,0.5]

6040 [1:12] [1:15] [0.6,0.6]

6050 [1:12] [1:15] [0.7,0.7]

6060 [1:12] [1:15] [0.8,0.8]

6070 [1:12] [4:23] [0.9,0.9]

6080 [1:14] [4:23] [1,1]
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6090 [1:14] [4:23] [1.1,1.1]

6100 [1:14] [4:23] [1.2,1.2]

6110 [9:19] [4:23] [1.3,1.3]

6120 [9:19] [4:23] [1.4,1.4]

6130 [9:19] [4:23] [1.5,1.5]

6140 [10:19] [4:23] [1.6,1.6]

6150 [10:19] [4:23] [1.7,1.7]

6160 [10:19] [4:23] [1.8,1.8]

6170 [10:19] [4:23] [1.9,1.9]

6180 [10:19] [4:23] [2,2]

6190 [10:19] [4:23] [2.1,2.1]

6200 [10:19] [4:23] [2.2,2.2]

6210 [10:19] [4:23] [2.3,2.3]

6220 [10:18] [4:23] [2.4,2.4]

6230 [10:19] [4:23] [1,1]

6240 [10:19] [4:23] [2,2]

6310 [1:12] [1:15] [0.3,0]

6320 [1:12] [1:15] [0.4,0]

6330 [1:12] [1:15] [0.5,0]

6340 [1:12] [1:15] [0.6,0]

6350 [1:12] [1:15] [0.7,0]

6360 [1:12] [1:15] [0.8,0]

6370 [1:12] [1:15] [0.9,0]

6380 [1:12] [1:15] [1,0]

6391 [1:12] [1:15] [1.1,0]

6400 [1:12] [1:15] [1.2,0]

6410 [1:12] [1:15] [1.3,0]

6420 [1:12] [1:15] [1.4,0]

6430 [1:12] [1:15] [1.5,0]

6440 [1:12] [1:15] [1.6,0]
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6450 [1:12] [1:15] [1.7,0]

6460 [1:12] [1:15] [1.8,0]

6470 [1:12] [1:15] [1.9,0]

6480 [1:12] [1:15] [2,0]

6490 [1:12] [1:15] [2.1,0]

6500 [1:12] [1:15] [2.2,0]

6510 [1:12] [1:15] [2.3,0]

6520 [1:12] [1:15] [2.4,0]

6530 [1:12] [1:15] [1,0]

6610 [1:12] [1:15] [0.3,0.3]

6620 [1:12] [1:15] [0.4,0.4]

6630 [1:12] [1:15] [0.5,0.5]

6640 [1:12] [1:15] [0.6,0.6]

6650 [1:12] [1:15] [0.7,0.7]

6660 [1:12] [1:15] [0.8,0.8]

6670 [1:12] [1:15] [0.9,0.9]

6680 [1:12] [1:15] [1,1]

6690 [1:12] [1:15] [1.1,1.1]

6700 [9:16] [1:15] [1.2,1.2]

6710 [9:16] [1:15] [1.3,1.3]

6720 [9:16] [1:15] [1.4,1.4]

6730 [9:16] [1:15] [1.5,1.5]

6740 [9:16] [1:15] [1.6,1.6]

6750 [9:16] [1:15] [1.7,1.7]

6760 [9:16] [1:15] [1.8,1.8]

6770 [9:16] [1:15] [1.9,1.9]

6780 [9:16] [1:15] [2,2]

6790 [9:16] [1:15] [2.1,2.1]

6800 [9:16] [1:15] [2.2,2.2]

6810 [15:21] [1:15] [2.3,2.3]
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6820 [15:21] [1:15] [2.4,2.4]

6830 [1:12] [1:15] [1,1]

6910 [1:12] [1:15] [0.3,0]

6920 [1:12] [1:15] [0.4,0]

6930 [1:12] [1:15] [0.5,0]

6940 [1:12] [1:15] [0.6,0]

6950 [1:12] [1:15] [0.7,0]

6960 [1:12] [1:15] [0.8,0]

6970 [1:12] [1:15] [0.9,0]

6980 [1:12] [1:15] [1,0]

6990 [1:12] [1:15] [1.1,0]

7000 [1:12] [1:15] [1.2,0]

7010 [1:12] [1:15] [1.3,0]

7020 [1:12] [1:15] [1.4,0]

7030 [1:12] [1:15] [1.5,0]

7040 [1:12] [1:15] [1.6,0]

7050 [1:12] [1:15] [1.7,0]

7060 [1:12] [1:15] [1.8,0]

7070 [1:12] [1:15] [1.9,0]

7080 [1:12] [1:15] [2,0]

7090 [1:12] [1:15] [2.1,0]

7100 [1:12] [1:15] [2.2,0]

7110 [1:12] [1:15] [2.3,0]

7120 [1:12] [1:15] [2.4,0]

7130 [1:12] [1:15] [1,0]

7140 [1:12] [1:15] [2,0]

7210 [1:12] [1:15] [0.3,0.3]

7220 [1:12] [1:15] [0.4,0.4]

7230 [1:12] [1:15] [0.5,0.5]

7240 [1:12] [1:15] [0.6,0.6]
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7250 [1:12] [1:15] [0.7,0.7]

7260 [6:13] [1:15] [0.8,0.8]

7270 [8:15] [1:15] [0.9,0.9]

7280 [8:15] [1:15] [1,1]

7290 [9:16] [1:15] [1.1,1.1]

7300 [9:16] [1:15] [1.2,1.2]

7310 [9:16] [8:27] [1.3,1.3]

7320 [9:16] [8:27] [1.4,1.4]

7330 [9:16] [8:27] [1.5,1.5]

7340 [9:16] [8:27] [1.6,1.6]

7350 [9:16] [8:27] [1.7,1.7]

7360 [12:19] [8:27] [1.8,1.8]

7370 [12:19] [8:27] [1.9,1.9]

7380 [12:19] [8:27] [2,2]

7390 [12:19] [8:27] [2.1,2.1]

7400 [12:19] [8:27] [2.2,2.2]

7410 [12:19] [8:27] [2.3,2.3]

7420 [12:19] [8:27] [2.4,2.4]

7430 [8:15] [1:15] [1,1]

7810 [1:12] [1:15] [0.3,0.3]

7820 [1:12] [1:15] [0.3,0.3]

7830 [1:12] [1:15] [0.5,0.5]

7840 [1:12] [1:15] [0.6,0.6]

7850 [1:12] [1:15] [0.7,0.7]

7860 [1:12] [1:15] [0.8,0.8]

7870 [8:15] [1:15] [0.9,0.9]

7880 [3,9,10,11,12,13,14,15] [1:15] [1,1]

7890 [3,9,10,11,12,13,14,15] [1:15] [1.1,1.1]

7900 [3,9,10,11,12,13,14,15] [1:15] [1.2,1.2]

7910 [3,9,10,11,12,13,14,15] [1:15] [1.3,1.3]
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7920 [9,10,11,12,13,14,15] [1:15] [1.4,1.4]

7930 [9,10,11,12,13,14,15] [1:15] [1.5,1.5]

7940 [9,10,11,12,13,14,15] [9,10,11,12,13,14,15] [1.6,1.6]

7950 [9,10,11,12,13,14,15] [9,10,11,12,13,14,15] [1.7,1.7]

7960 [9,10,11,12,13,14,15] [9,10,11,12,13,14,15] [1.8,1.8]

7970 [9,10,11,12,13,14,15] [9,10,11,12,13,14,15] [1.9,1.9]

7980 [9,10,11,12,13,14,15] [13,14,15,18,17,19,20,22,21,23,26,28,29] [2,2]

7990 [9,10,11,12,13,14,15] [13,14,15,18,17,19,20,22,21,23,26,28,29] [2.1,2.1]

8000 [9,10,11,12,13,14,15] [13,14,15,18,17,19,20,22,21,23,26,28,29] [2.2,2.2]

8010 [9,10,11,12,13,14,15] [13,14,15,18,17,19,20,22,21,23,26,28,29] [2.3,2.3]

8020 [9,10,11,12,13,14,15] [13,14,15,18,17,19,20,22,21,23,26,28,29] [2.4,2.4]

8030 [3,9,10,11,12,13,14,15] [1:15] [1,1]

8040 [9,10,11,12,13,14,15] [13,14,15,18,17,19,20,22,21,23,26,28,29] [2.2,2.2]
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NDP Straight Riser (𝐿 = 38𝑚) test case 2010
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(a) Cross-flow RMS profile case 2010.
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(b) Inline flow RMS profile case 2010.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2010.
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(d) Spanwise inline hydrodynamic displacement
case 2010.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2010.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2010.

Figure C-1: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2010.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2020
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(a) Cross-flow RMS profile case 2020.
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(b) Inline flow RMS profile case 2020.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2020.
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(d) Spanwise inline hydrodynamic displacement
case 2020.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2020.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2020.

Figure C-2: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2020.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2030
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(a) Cross-flow RMS profile case 2030.
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(b) Inline flow RMS profile case 2030.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2030.

Spanwise  IL Hydrodynamic Displacement

34 36 38 40 42

time (s)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-0.01

-0.008

-0.006

-0.004

-0.002

0

0.002

0.004

0.006

0.008

0.01

(d) Spanwise inline hydrodynamic displacement
case 2030.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2030.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2030.

Figure C-3: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2030.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2040
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(a) Cross-flow RMS profile case 2040.
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(b) Inline flow RMS profile case 2040.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2040.
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(d) Spanwise inline hydrodynamic displacement
case 2040.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2040.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2040.

Figure C-4: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2040.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2050
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(a) Cross-flow RMS profile case 2050.
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(b) Inline flow RMS profile case 2050.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2050.
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(d) Spanwise inline hydrodynamic displacement
case 2050.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2050.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2050.

Figure C-5: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2050.

410



NDP Straight Riser (𝐿 = 38𝑚) test case 2060
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(a) Cross-flow RMS profile case 2060.
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(b) Inline flow RMS profile case 2060.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2060.
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(d) Spanwise inline hydrodynamic displacement
case 2060.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2060.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2060.

Figure C-6: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2060.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2070
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(a) Cross-flow RMS profile case 2070.
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(b) Inline flow RMS profile case 2070.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2070.
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(d) Spanwise inline hydrodynamic displacement
case 2070.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2070.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2070.

Figure C-7: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2070.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2080

0 5 10 15 20 25 30 35 40

Spanwise position

0

0.1

0.2

0.3

0.4

0.5

0.6

R
M

S
 o

f 
A

/D

Cross Flow RMS of A/D

(a) Cross-flow RMS profile case 2080.
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(b) Inline flow RMS profile case 2080.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2080.
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(d) Spanwise inline hydrodynamic displacement
case 2080.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2080.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2080.

Figure C-8: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2080.

413



NDP Straight Riser (𝐿 = 38𝑚) test case 2090
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(a) Cross-flow RMS profile case 2090.
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(b) Inline flow RMS profile case 2090.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2090.

Spanwise  IL Hydrodynamic Displacement

17 18 19 20 21

time (s)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-0.01

-0.005

0

0.005

0.01

(d) Spanwise inline hydrodynamic displacement
case 2090.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2090.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2090.

Figure C-9: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2090.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2100
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(a) Cross-flow RMS profile case 2100.
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(b) Inline flow RMS profile case 2100.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2100.

Spanwise  IL Hydrodynamic Displacement

4.2 4.4 4.6 4.8 5 5.2 5.4

time (s)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-0.01

-0.008

-0.006

-0.004

-0.002

0

0.002

0.004

0.006

0.008

0.01

(d) Spanwise inline hydrodynamic displacement
case 2100.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2100.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2100.

Figure C-10: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2100.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2110
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(a) Cross-flow RMS profile case 2110.
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(b) Inline flow RMS profile case 2110.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2110.
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(d) Spanwise inline hydrodynamic displacement
case 2110.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2110.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2110.

Figure C-11: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2110.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2120
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(a) Cross-flow RMS profile case 2120.
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(b) Inline flow RMS profile case 2120.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2120.
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(d) Spanwise inline hydrodynamic displacement
case 2120.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2120.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2120.

Figure C-12: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2120.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2130
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(a) Cross-flow RMS profile case 2130.

0 5 10 15 20 25 30 35 40

Spanwise position

0

0.05

0.1

0.15

0.2

0.25

R
M

S
 o

f 
A

/D

Inline Flow RMS of A/D

(b) Inline flow RMS profile case 2130.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2130.
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(d) Spanwise inline hydrodynamic displacement
case 2130.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2130.

Spanwise Spectrum of IL Displacement

5 10 15 20 25 30

frequency (Hz)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

10
-3

(f) Spanwise inline spectrum of hydrodynamic
displacement case 2130.

Figure C-13: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2130.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2141
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(a) Cross-flow RMS profile case 2141.
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(b) Inline flow RMS profile case 2141.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2141.
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(d) Spanwise inline hydrodynamic displacement
case 2141.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2141.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2141.

Figure C-14: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2141.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2150
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(a) Cross-flow RMS profile case 2150.
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(b) Inline flow RMS profile case 2150.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2150.
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(d) Spanwise inline hydrodynamic displacement
case 2150.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2150.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2150.

Figure C-15: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2150.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2160
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(a) Cross-flow RMS profile case 2160.
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(b) Inline flow RMS profile case 2160.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2160.
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(d) Spanwise inline hydrodynamic displacement
case 2160.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2160.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2160.

Figure C-16: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2160.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2170
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(a) Cross-flow RMS profile case 2170.
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(b) Inline flow RMS profile case 2170.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2170.
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(d) Spanwise inline hydrodynamic displacement
case 2170.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2170.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2170.

Figure C-17: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2170.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2182
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(a) Cross-flow RMS profile case 2182.
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(b) Inline flow RMS profile case 2182.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2182.
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(d) Spanwise inline hydrodynamic displacement
case 2182.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2182.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2182.

Figure C-18: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2182.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2191
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(a) Cross-flow RMS profile case 2191.
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(b) Inline flow RMS profile case 2191.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2191.
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(d) Spanwise inline hydrodynamic displacement
case 2191.

Spanwise Spectrum of CF Displacement

10 20 30 40 50 60 70 80 90

frequency (Hz)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

0.5

1

1.5

2

2.5

3

10
-3

(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2191.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2191.

Figure C-19: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2191.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2201
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(a) Cross-flow RMS profile case 2201.
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(b) Inline flow RMS profile case 2201.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2201.
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(d) Spanwise inline hydrodynamic displacement
case 2201.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2201.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2201.

Figure C-20: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2201.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2210
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(a) Cross-flow RMS profile case 2210.
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(b) Inline flow RMS profile case 2210.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2210.

Spanwise  IL Hydrodynamic Displacement

3.8 4 4.2 4.4 4.6 4.8 5

time (s)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-0.01

-0.008

-0.006

-0.004

-0.002

0

0.002

0.004

0.006

0.008

0.01

(d) Spanwise inline hydrodynamic displacement
case 2210.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2210.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2210.

Figure C-21: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2210.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2220
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(a) Cross-flow RMS profile case 2220.
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(b) Inline flow RMS profile case 2220.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2220.
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(d) Spanwise inline hydrodynamic displacement
case 2220.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2220.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2220.

Figure C-22: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2220.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2230
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(a) Cross-flow RMS profile case 2230.
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(b) Inline flow RMS profile case 2230.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2230.
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(d) Spanwise inline hydrodynamic displacement
case 2230.

Spanwise Spectrum of CF Displacement

5 10 15 20

frequency (Hz)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

10
-3

(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2230.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2230.

Figure C-23: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2230.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2240
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(a) Cross-flow RMS profile case 2240.
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(b) Inline flow RMS profile case 2240.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2240.
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(d) Spanwise inline hydrodynamic displacement
case 2240.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2240.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2240.

Figure C-24: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2240.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2310
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(a) Cross-flow RMS profile case 2310.
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(b) Inline flow RMS profile case 2310.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2310.
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(d) Spanwise inline hydrodynamic displacement
case 2310.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2310.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2310.

Figure C-25: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2310.

430



NDP Straight Riser (𝐿 = 38𝑚) test case 2320

0 5 10 15 20 25 30 35 40

Spanwise position

0

0.05

0.1

0.15

0.2

0.25

0.3

R
M

S
 o

f 
A

/D

Cross Flow RMS of A/D

(a) Cross-flow RMS profile case 2320.
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(b) Inline flow RMS profile case 2320.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2320.
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(d) Spanwise inline hydrodynamic displacement
case 2320.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2320.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2320.

Figure C-26: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2320.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2330
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(a) Cross-flow RMS profile case 2330.
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(b) Inline flow RMS profile case 2330.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2330.
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(d) Spanwise inline hydrodynamic displacement
case 2330.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2330.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2330.

Figure C-27: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2330.

432



NDP Straight Riser (𝐿 = 38𝑚) test case 2340
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(a) Cross-flow RMS profile case 2340.
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(b) Inline flow RMS profile case 2340.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2340.
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(d) Spanwise inline hydrodynamic displacement
case 2340.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2340.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2340.

Figure C-28: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2340.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2350
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(a) Cross-flow RMS profile case 2350.
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(b) Inline flow RMS profile case 2350.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2350.
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(d) Spanwise inline hydrodynamic displacement
case 2350.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2350.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2350.

Figure C-29: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2350.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2360
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(a) Cross-flow RMS profile case 2360.
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(b) Inline flow RMS profile case 2360.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2360.
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(d) Spanwise inline hydrodynamic displacement
case 2360.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2360.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2360.

Figure C-30: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2360.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2370

0 5 10 15 20 25 30 35 40

Spanwise position

0

0.1

0.2

0.3

0.4

0.5

0.6

R
M

S
 o

f 
A

/D

Cross Flow RMS of A/D

(a) Cross-flow RMS profile case 2370.
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(b) Inline flow RMS profile case 2370.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2370.
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(d) Spanwise inline hydrodynamic displacement
case 2370.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2370.

Spanwise Spectrum of IL Displacement

5 10 15 20 25 30 35 40 45

frequency (Hz)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

1

2

3

4

5

6

7

10
-4

(f) Spanwise inline spectrum of hydrodynamic
displacement case 2370.

Figure C-31: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2370.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2380
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(a) Cross-flow RMS profile case 2380.
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(b) Inline flow RMS profile case 2380.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2380.
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(d) Spanwise inline hydrodynamic displacement
case 2380.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2380.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2380.

Figure C-32: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2380.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2390
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(a) Cross-flow RMS profile case 2390.
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(b) Inline flow RMS profile case 2390.

Spanwise  CF Hydrodynamic Displacement

5 5.2 5.4 5.6 5.8 6 6.2 6.4 6.6

time (s)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

(c) Spanwise cross-flow hydrodynamic displace-
ment case 2390.
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(d) Spanwise inline hydrodynamic displacement
case 2390.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2390.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2390.

Figure C-33: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2390.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2400
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(a) Cross-flow RMS profile case 2400.
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(b) Inline flow RMS profile case 2400.

Spanwise  CF Hydrodynamic Displacement

8.5 9 9.5 10 10.5 11

time (s)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

(c) Spanwise cross-flow hydrodynamic displace-
ment case 2400.
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(d) Spanwise inline hydrodynamic displacement
case 2400.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2400.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2400.

Figure C-34: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2400.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2410
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(a) Cross-flow RMS profile case 2410.
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(b) Inline flow RMS profile case 2410.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2410.
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(d) Spanwise inline hydrodynamic displacement
case 2410.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2410.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2410.

Figure C-35: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2410.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2420
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(a) Cross-flow RMS profile case 2420.
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(b) Inline flow RMS profile case 2420.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2420.
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(d) Spanwise inline hydrodynamic displacement
case 2420.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2420.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2420.

Figure C-36: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2420.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2430
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(a) Cross-flow RMS profile case 2430.
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(b) Inline flow RMS profile case 2430.

Spanwise  CF Hydrodynamic Displacement

3 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8

time (s)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-0.02

-0.01

0

0.01

0.02

0.03

(c) Spanwise cross-flow hydrodynamic displace-
ment case 2430.
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(d) Spanwise inline hydrodynamic displacement
case 2430.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2430.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2430.

Figure C-37: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2430.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2440
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(a) Cross-flow RMS profile case 2440.
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(b) Inline flow RMS profile case 2440.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2440.
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(d) Spanwise inline hydrodynamic displacement
case 2440.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2440.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2440.

Figure C-38: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2440.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2450
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(a) Cross-flow RMS profile case 2450.
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(b) Inline flow RMS profile case 2450.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2450.
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(d) Spanwise inline hydrodynamic displacement
case 2450.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2450.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2450.

Figure C-39: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2450.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2460

0 5 10 15 20 25 30 35 40

Spanwise position

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

R
M

S
 o

f 
A

/D

Cross Flow RMS of A/D

(a) Cross-flow RMS profile case 2460.
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(b) Inline flow RMS profile case 2460.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2460.
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(d) Spanwise inline hydrodynamic displacement
case 2460.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2460.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2460.

Figure C-40: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2460.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2470
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(a) Cross-flow RMS profile case 2470.
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(b) Inline flow RMS profile case 2470.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2470.

Spanwise  IL Hydrodynamic Displacement

0.95 1 1.05 1.1 1.15 1.2

time (s)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-8

-6

-4

-2

0

2

4

6

8

10
-3

(d) Spanwise inline hydrodynamic displacement
case 2470.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2470.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2470.

Figure C-41: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2470.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2480
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(a) Cross-flow RMS profile case 2480.
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(b) Inline flow RMS profile case 2480.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2480.
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(d) Spanwise inline hydrodynamic displacement
case 2480.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2480.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2480.

Figure C-42: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2480.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2490
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(a) Cross-flow RMS profile case 2490.
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(b) Inline flow RMS profile case 2490.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2490.
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(d) Spanwise inline hydrodynamic displacement
case 2490.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2490.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2490.

Figure C-43: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2490.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2500
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(a) Cross-flow RMS profile case 2500.
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(b) Inline flow RMS profile case 2500.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2500.
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(d) Spanwise inline hydrodynamic displacement
case 2500.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2500.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2500.

Figure C-44: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2500.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2510
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(a) Cross-flow RMS profile case 2510.
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(b) Inline flow RMS profile case 2510.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2510.
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(d) Spanwise inline hydrodynamic displacement
case 2510.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2510.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2510.

Figure C-45: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2510.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2520
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(a) Cross-flow RMS profile case 2520.
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(b) Inline flow RMS profile case 2520.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2520.
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(d) Spanwise inline hydrodynamic displacement
case 2520.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2520.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2520.

Figure C-46: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2520.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2530
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(a) Cross-flow RMS profile case 2530.
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(b) Inline flow RMS profile case 2530.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2530.
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(d) Spanwise inline hydrodynamic displacement
case 2530.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2530.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2530.

Figure C-47: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2530.
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NDP Straight Riser (𝐿 = 38𝑚) test case 2540
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(a) Cross-flow RMS profile case 2540.
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(b) Inline flow RMS profile case 2540.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 2540.
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(d) Spanwise inline hydrodynamic displacement
case 2540.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 2540.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 2540.

Figure C-48: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 2540.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3010
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(a) Cross-flow RMS profile case 3010.
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(b) Inline flow RMS profile case 3010.

Spanwise  CF Hydrodynamic Displacement

27 28 29 30 31 32 33 34 35

time (s)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-5

-4

-3

-2

-1

0

1

2

3

4

10
-4

(c) Spanwise cross-flow hydrodynamic displace-
ment case 3010.
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(d) Spanwise inline hydrodynamic displacement
case 3010.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3010.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3010.

Figure C-49: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3010.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3020
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(a) Cross-flow RMS profile case 3020.
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(b) Inline flow RMS profile case 3020.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3020.
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(d) Spanwise inline hydrodynamic displacement
case 3020.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3020.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3020.

Figure C-50: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3020.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3030
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(a) Cross-flow RMS profile case 3030.
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(b) Inline flow RMS profile case 3030.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3030.
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(d) Spanwise inline hydrodynamic displacement
case 3030.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3030.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3030.

Figure C-51: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3030.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3040
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(a) Cross-flow RMS profile case 3040.
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(b) Inline flow RMS profile case 3040.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3040.
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(d) Spanwise inline hydrodynamic displacement
case 3040.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3040.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3040.

Figure C-52: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3040.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3050
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(a) Cross-flow RMS profile case 3050.
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(b) Inline flow RMS profile case 3050.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3050.
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(d) Spanwise inline hydrodynamic displacement
case 3050.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3050.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3050.

Figure C-53: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3050.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3060
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(a) Cross-flow RMS profile case 3060.
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(b) Inline flow RMS profile case 3060.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3060.
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(d) Spanwise inline hydrodynamic displacement
case 3060.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3060.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3060.

Figure C-54: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3060.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3070
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(a) Cross-flow RMS profile case 3070.
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(b) Inline flow RMS profile case 3070.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3070.
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(d) Spanwise inline hydrodynamic displacement
case 3070.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3070.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3070.

Figure C-55: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3070.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3081
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(a) Cross-flow RMS profile case 3081.
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(b) Inline flow RMS profile case 3081.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3081.
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(d) Spanwise inline hydrodynamic displacement
case 3081.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3081.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3081.

Figure C-56: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3081.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3090
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(a) Cross-flow RMS profile case 3090.
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(b) Inline flow RMS profile case 3090.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3090.
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(d) Spanwise inline hydrodynamic displacement
case 3090.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3090.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3090.

Figure C-57: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3090.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3100
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(a) Cross-flow RMS profile case 3100.
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(b) Inline flow RMS profile case 3100.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3100.
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(d) Spanwise inline hydrodynamic displacement
case 3100.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3100.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3100.

Figure C-58: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3100.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3110

0 5 10 15 20 25 30 35 40

Spanwise position

0

0.005

0.01

0.015

0.02

0.025

R
M

S
 o

f 
A

/D

Cross Flow RMS of A/D

(a) Cross-flow RMS profile case 3110.
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(b) Inline flow RMS profile case 3110.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3110.
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(d) Spanwise inline hydrodynamic displacement
case 3110.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3110.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3110.

Figure C-59: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3110.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3120
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(a) Cross-flow RMS profile case 3120.
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(b) Inline flow RMS profile case 3120.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3120.

Spanwise  IL Hydrodynamic Displacement

4.2 4.4 4.6 4.8 5 5.2 5.4

time (s)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-5

-4

-3

-2

-1

0

1

2

3

4

5

10
-5

(d) Spanwise inline hydrodynamic displacement
case 3120.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3120.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3120.

Figure C-60: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3120.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3130
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(a) Cross-flow RMS profile case 3130.
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(b) Inline flow RMS profile case 3130.

Spanwise  CF Hydrodynamic Displacement

13.5 14 14.5 15 15.5 16 16.5 17 17.5

time (s)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-1.5

-1

-0.5

0

0.5

1

1.5

10
-3

(c) Spanwise cross-flow hydrodynamic displace-
ment case 3130.
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(d) Spanwise inline hydrodynamic displacement
case 3130.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3130.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3130.

Figure C-61: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3130.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3140

0 5 10 15 20 25 30 35 40

Spanwise position

0

0.005

0.01

0.015

0.02

0.025

0.03

R
M

S
 o

f 
A

/D

Cross Flow RMS of A/D

(a) Cross-flow RMS profile case 3140.
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(b) Inline flow RMS profile case 3140.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3140.
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(d) Spanwise inline hydrodynamic displacement
case 3140.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3140.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3140.

Figure C-62: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3140.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3150
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(a) Cross-flow RMS profile case 3150.
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(b) Inline flow RMS profile case 3150.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3150.
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(d) Spanwise inline hydrodynamic displacement
case 3150.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3150.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3150.

Figure C-63: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3150.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3160
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(a) Cross-flow RMS profile case 3160.
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(b) Inline flow RMS profile case 3160.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3160.
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(d) Spanwise inline hydrodynamic displacement
case 3160.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3160.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3160.

Figure C-64: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3160.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3170
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(a) Cross-flow RMS profile case 3170.
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(b) Inline flow RMS profile case 3170.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3170.

Spanwise  IL Hydrodynamic Displacement

3.4 3.6 3.8 4 4.2 4.4

time (s)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-6

-4

-2

0

2

4

6

10
-5

(d) Spanwise inline hydrodynamic displacement
case 3170.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3170.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3170.

Figure C-65: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3170.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3180
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(a) Cross-flow RMS profile case 3180.
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(b) Inline flow RMS profile case 3180.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3180.
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(d) Spanwise inline hydrodynamic displacement
case 3180.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3180.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3180.

Figure C-66: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3180.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3190
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(a) Cross-flow RMS profile case 3190.
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(b) Inline flow RMS profile case 3190.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3190.
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(d) Spanwise inline hydrodynamic displacement
case 3190.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3190.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3190.

Figure C-67: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3190.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3200
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(a) Cross-flow RMS profile case 3200.
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(b) Inline flow RMS profile case 3200.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3200.
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(d) Spanwise inline hydrodynamic displacement
case 3200.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3200.

Spanwise Spectrum of IL Displacement

10 20 30 40 50 60 70 80 90 100

frequency (Hz)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5
10

-6

(f) Spanwise inline spectrum of hydrodynamic
displacement case 3200.

Figure C-68: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3200.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3210
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(a) Cross-flow RMS profile case 3210.
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(b) Inline flow RMS profile case 3210.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3210.
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(d) Spanwise inline hydrodynamic displacement
case 3210.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3210.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3210.

Figure C-69: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3210.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3220
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(a) Cross-flow RMS profile case 3220.
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(b) Inline flow RMS profile case 3220.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3220.
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(d) Spanwise inline hydrodynamic displacement
case 3220.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3220.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3220.

Figure C-70: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3220.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3320
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(a) Cross-flow RMS profile case 3320.
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(b) Inline flow RMS profile case 3320.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3320.
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(d) Spanwise inline hydrodynamic displacement
case 3320.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3320.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3320.

Figure C-71: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3320.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3340
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(a) Cross-flow RMS profile case 3340.
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(b) Inline flow RMS profile case 3340.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3340.
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(d) Spanwise inline hydrodynamic displacement
case 3340.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3340.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3340.

Figure C-72: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3340.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3360
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(a) Cross-flow RMS profile case 3360.
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(b) Inline flow RMS profile case 3360.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3360.
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(d) Spanwise inline hydrodynamic displacement
case 3360.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3360.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3360.

Figure C-73: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3360.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3380
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(a) Cross-flow RMS profile case 3380.
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(b) Inline flow RMS profile case 3380.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3380.
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(d) Spanwise inline hydrodynamic displacement
case 3380.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3380.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3380.

Figure C-74: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3380.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3400
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(a) Cross-flow RMS profile case 3400.
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(b) Inline flow RMS profile case 3400.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3400.
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(d) Spanwise inline hydrodynamic displacement
case 3400.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3400.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3400.

Figure C-75: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3400.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3420
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(a) Cross-flow RMS profile case 3420.
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(b) Inline flow RMS profile case 3420.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3420.
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(d) Spanwise inline hydrodynamic displacement
case 3420.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3420.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3420.

Figure C-76: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3420.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3440
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(a) Cross-flow RMS profile case 3440.
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(b) Inline flow RMS profile case 3440.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3440.
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(d) Spanwise inline hydrodynamic displacement
case 3440.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3440.

Spanwise Spectrum of IL Displacement

5 10 15 20 25 30 35 40 45

frequency (Hz)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

0.5

1

1.5

2

2.5

10
-7

(f) Spanwise inline spectrum of hydrodynamic
displacement case 3440.

Figure C-77: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3440.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3460

0 5 10 15 20 25 30 35 40

Spanwise position

0

0.005

0.01

0.015

0.02

0.025

R
M

S
 o

f 
A

/D

Cross Flow RMS of A/D

(a) Cross-flow RMS profile case 3460.
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(b) Inline flow RMS profile case 3460.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3460.
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(d) Spanwise inline hydrodynamic displacement
case 3460.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3460.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3460.

Figure C-78: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3460.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3481
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(a) Cross-flow RMS profile case 3481.
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(b) Inline flow RMS profile case 3481.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3481.
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(d) Spanwise inline hydrodynamic displacement
case 3481.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3481.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3481.

Figure C-79: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3481.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3500
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(a) Cross-flow RMS profile case 3500.
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(b) Inline flow RMS profile case 3500.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3500.
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(d) Spanwise inline hydrodynamic displacement
case 3500.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3500.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3500.

Figure C-80: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3500.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3520
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(a) Cross-flow RMS profile case 3520.
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(b) Inline flow RMS profile case 3520.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3520.
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(d) Spanwise inline hydrodynamic displacement
case 3520.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3520.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3520.

Figure C-81: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3520.

486



NDP Straight Riser (𝐿 = 38𝑚) test case 3530
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(a) Cross-flow RMS profile case 3530.
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(b) Inline flow RMS profile case 3530.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3530.
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(d) Spanwise inline hydrodynamic displacement
case 3530.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3530.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3530.

Figure C-82: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3530.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3540
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(a) Cross-flow RMS profile case 3540.
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(b) Inline flow RMS profile case 3540.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3540.

Spanwise  IL Hydrodynamic Displacement

6.4 6.6 6.8 7 7.2 7.4 7.6 7.8 8 8.2

time (s)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-1.5

-1

-0.5

0

0.5

1

1.5

10
-5

(d) Spanwise inline hydrodynamic displacement
case 3540.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3540.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3540.

Figure C-83: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3540.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3610

0 5 10 15 20 25 30 35 40

Spanwise position

0

1

2

3

4

5

6

7

R
M

S
 o

f 
A

/D

10 -3 Cross Flow RMS of A/D

(a) Cross-flow RMS profile case 3610.
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(b) Inline flow RMS profile case 3610.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3610.
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(d) Spanwise inline hydrodynamic displacement
case 3610.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3610.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3610.

Figure C-84: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3610.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3620
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(a) Cross-flow RMS profile case 3620.
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(b) Inline flow RMS profile case 3620.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3620.
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(d) Spanwise inline hydrodynamic displacement
case 3620.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3620.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3620.

Figure C-85: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3620.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3630
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(a) Cross-flow RMS profile case 3630.
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(b) Inline flow RMS profile case 3630.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3630.
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(d) Spanwise inline hydrodynamic displacement
case 3630.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3630.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3630.

Figure C-86: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3630.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3640
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(a) Cross-flow RMS profile case 3640.
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(b) Inline flow RMS profile case 3640.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3640.
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(d) Spanwise inline hydrodynamic displacement
case 3640.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3640.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3640.

Figure C-87: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3640.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3650
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(a) Cross-flow RMS profile case 3650.
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(b) Inline flow RMS profile case 3650.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3650.

Spanwise  IL Hydrodynamic Displacement

10.5 11 11.5 12 12.5 13 13.5

time (s)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-1

0

1

10
-4

(d) Spanwise inline hydrodynamic displacement
case 3650.

Spanwise Spectrum of CF Displacement

5 10 15 20 25 30 35

frequency (Hz)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

1

2

3

4

5

6

10
-5

(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3650.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3650.

Figure C-88: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3650.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3660

0 5 10 15 20 25 30 35 40

Spanwise position

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

R
M

S
 o

f 
A

/D

Cross Flow RMS of A/D

(a) Cross-flow RMS profile case 3660.
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(b) Inline flow RMS profile case 3660.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3660.
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(d) Spanwise inline hydrodynamic displacement
case 3660.

Spanwise Spectrum of CF Displacement

5 10 15 20 25 30

frequency (Hz)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

10
-4

(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3660.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3660.

Figure C-89: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3660.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3670
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(a) Cross-flow RMS profile case 3670.
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(b) Inline flow RMS profile case 3670.

Spanwise  CF Hydrodynamic Displacement

8.5 9 9.5 10 10.5 11

time (s)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-6

-4

-2

0

2

4

6

8

10
-4

(c) Spanwise cross-flow hydrodynamic displace-
ment case 3670.
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(d) Spanwise inline hydrodynamic displacement
case 3670.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3670.

Spanwise Spectrum of IL Displacement

5 10 15 20 25 30 35 40 45

frequency (Hz)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

10
-6

(f) Spanwise inline spectrum of hydrodynamic
displacement case 3670.

Figure C-90: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3670.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3680
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(a) Cross-flow RMS profile case 3680.
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(b) Inline flow RMS profile case 3680.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3680.
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(d) Spanwise inline hydrodynamic displacement
case 3680.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3680.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3680.

Figure C-91: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3680.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3690
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(a) Cross-flow RMS profile case 3690.
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(b) Inline flow RMS profile case 3690.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3690.
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(d) Spanwise inline hydrodynamic displacement
case 3690.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3690.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3690.

Figure C-92: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3690.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3700
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(a) Cross-flow RMS profile case 3700.
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(b) Inline flow RMS profile case 3700.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3700.
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(d) Spanwise inline hydrodynamic displacement
case 3700.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3700.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3700.

Figure C-93: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3700.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3710
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(a) Cross-flow RMS profile case 3710.
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(b) Inline flow RMS profile case 3710.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3710.
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(d) Spanwise inline hydrodynamic displacement
case 3710.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3710.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3710.

Figure C-94: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3710.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3720
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(a) Cross-flow RMS profile case 3720.
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(b) Inline flow RMS profile case 3720.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3720.
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(d) Spanwise inline hydrodynamic displacement
case 3720.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3720.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3720.

Figure C-95: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3720.

500



NDP Straight Riser (𝐿 = 38𝑚) test case 3730
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(a) Cross-flow RMS profile case 3730.
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(b) Inline flow RMS profile case 3730.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3730.
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(d) Spanwise inline hydrodynamic displacement
case 3730.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3730.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3730.

Figure C-96: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3730.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3740
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(a) Cross-flow RMS profile case 3740.
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(b) Inline flow RMS profile case 3740.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3740.
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(d) Spanwise inline hydrodynamic displacement
case 3740.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3740.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3740.

Figure C-97: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3740.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3750
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(a) Cross-flow RMS profile case 3750.
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(b) Inline flow RMS profile case 3750.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3750.
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(d) Spanwise inline hydrodynamic displacement
case 3750.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3750.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3750.

Figure C-98: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3750.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3760
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(a) Cross-flow RMS profile case 3760.
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(b) Inline flow RMS profile case 3760.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3760.
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(d) Spanwise inline hydrodynamic displacement
case 3760.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3760.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3760.

Figure C-99: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3760.

504



NDP Straight Riser (𝐿 = 38𝑚) test case 3770
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(a) Cross-flow RMS profile case 3770.
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(b) Inline flow RMS profile case 3770.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3770.
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(d) Spanwise inline hydrodynamic displacement
case 3770.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3770.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3770.

Figure C-100: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3770.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3780
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(a) Cross-flow RMS profile case 3780.
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(b) Inline flow RMS profile case 3780.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3780.
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(d) Spanwise inline hydrodynamic displacement
case 3780.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3780.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3780.

Figure C-101: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3780.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3790
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(a) Cross-flow RMS profile case 3790.
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(b) Inline flow RMS profile case 3790.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3790.
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(d) Spanwise inline hydrodynamic displacement
case 3790.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3790.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3790.

Figure C-102: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3790.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3800
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(a) Cross-flow RMS profile case 3800.
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(b) Inline flow RMS profile case 3800.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3800.
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(d) Spanwise inline hydrodynamic displacement
case 3800.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3800.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3800.

Figure C-103: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3800.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3810
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(a) Cross-flow RMS profile case 3810.
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(b) Inline flow RMS profile case 3810.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3810.
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(d) Spanwise inline hydrodynamic displacement
case 3810.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3810.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3810.

Figure C-104: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3810.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3820
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(a) Cross-flow RMS profile case 3820.
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(b) Inline flow RMS profile case 3820.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3820.
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(d) Spanwise inline hydrodynamic displacement
case 3820.

Spanwise Spectrum of CF Displacement

10 20 30 40 50 60

frequency (Hz)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

1

2

3

4

10
-4

(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3820.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3820.

Figure C-105: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3820.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3830
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(a) Cross-flow RMS profile case 3830.
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(b) Inline flow RMS profile case 3830.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3830.
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(d) Spanwise inline hydrodynamic displacement
case 3830.

Spanwise Spectrum of CF Displacement

10 20 30 40 50 60

frequency (Hz)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

0.2

0.4

0.6

0.8

1

10
-5

(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3830.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3830.

Figure C-106: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3830.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3910
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(a) Cross-flow RMS profile case 3910.
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(b) Inline flow RMS profile case 3910.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3910.
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(d) Spanwise inline hydrodynamic displacement
case 3910.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3910.

Spanwise Spectrum of IL Displacement

5 10 15 20

frequency (Hz)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

1

2

3

4

5

6

7

8

10
-6

(f) Spanwise inline spectrum of hydrodynamic
displacement case 3910.

Figure C-107: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3910.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3920
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(a) Cross-flow RMS profile case 3920.
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(b) Inline flow RMS profile case 3920.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3920.
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(d) Spanwise inline hydrodynamic displacement
case 3920.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3920.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3920.

Figure C-108: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3920.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3930
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(a) Cross-flow RMS profile case 3930.
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(b) Inline flow RMS profile case 3930.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3930.
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(d) Spanwise inline hydrodynamic displacement
case 3930.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3930.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3930.

Figure C-109: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3930.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3940
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(a) Cross-flow RMS profile case 3940.
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(b) Inline flow RMS profile case 3940.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3940.
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(d) Spanwise inline hydrodynamic displacement
case 3940.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3940.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3940.

Figure C-110: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3940.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3950
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(a) Cross-flow RMS profile case 3950.
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(b) Inline flow RMS profile case 3950.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3950.
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(d) Spanwise inline hydrodynamic displacement
case 3950.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3950.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3950.

Figure C-111: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3950.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3960
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(a) Cross-flow RMS profile case 3960.
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(b) Inline flow RMS profile case 3960.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3960.
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(d) Spanwise inline hydrodynamic displacement
case 3960.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3960.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3960.

Figure C-112: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3960.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3970
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(a) Cross-flow RMS profile case 3970.
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(b) Inline flow RMS profile case 3970.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3970.
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(d) Spanwise inline hydrodynamic displacement
case 3970.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3970.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3970.

Figure C-113: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3970.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3980
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(a) Cross-flow RMS profile case 3980.
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(b) Inline flow RMS profile case 3980.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3980.
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(d) Spanwise inline hydrodynamic displacement
case 3980.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3980.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3980.

Figure C-114: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3980.
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NDP Straight Riser (𝐿 = 38𝑚) test case 3990
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(a) Cross-flow RMS profile case 3990.
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(b) Inline flow RMS profile case 3990.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 3990.
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(d) Spanwise inline hydrodynamic displacement
case 3990.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 3990.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 3990.

Figure C-115: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 3990.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4000
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(a) Cross-flow RMS profile case 4000.
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(b) Inline flow RMS profile case 4000.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4000.
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(d) Spanwise inline hydrodynamic displacement
case 4000.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4000.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4000.

Figure C-116: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4000.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4010
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(a) Cross-flow RMS profile case 4010.
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(b) Inline flow RMS profile case 4010.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4010.
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(d) Spanwise inline hydrodynamic displacement
case 4010.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4010.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4010.

Figure C-117: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4010.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4020
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(a) Cross-flow RMS profile case 4020.
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(b) Inline flow RMS profile case 4020.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4020.
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(d) Spanwise inline hydrodynamic displacement
case 4020.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4020.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4020.

Figure C-118: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4020.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4030
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(a) Cross-flow RMS profile case 4030.
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(b) Inline flow RMS profile case 4030.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4030.
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(d) Spanwise inline hydrodynamic displacement
case 4030.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4030.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4030.

Figure C-119: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4030.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4040

0 5 10 15 20 25 30 35 40

Spanwise position

0

0.005

0.01

0.015

0.02

0.025

0.03

R
M

S
 o

f 
A

/D

Cross Flow RMS of A/D

(a) Cross-flow RMS profile case 4040.
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(b) Inline flow RMS profile case 4040.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4040.
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(d) Spanwise inline hydrodynamic displacement
case 4040.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4040.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4040.

Figure C-120: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4040.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4050
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(a) Cross-flow RMS profile case 4050.
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(b) Inline flow RMS profile case 4050.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4050.
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(d) Spanwise inline hydrodynamic displacement
case 4050.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4050.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4050.

Figure C-121: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4050.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4060
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(a) Cross-flow RMS profile case 4060.
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(b) Inline flow RMS profile case 4060.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4060.
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(d) Spanwise inline hydrodynamic displacement
case 4060.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4060.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4060.

Figure C-122: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4060.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4070
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(a) Cross-flow RMS profile case 4070.
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(b) Inline flow RMS profile case 4070.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4070.
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(d) Spanwise inline hydrodynamic displacement
case 4070.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4070.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4070.

Figure C-123: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4070.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4080
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(a) Cross-flow RMS profile case 4080.
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(b) Inline flow RMS profile case 4080.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4080.
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(d) Spanwise inline hydrodynamic displacement
case 4080.

Spanwise Spectrum of CF Displacement

5 10 15 20 25

frequency (Hz)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

1

2

3

4

5

6

7

8
10

-5

(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4080.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4080.

Figure C-124: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4080.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4090
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(a) Cross-flow RMS profile case 4090.

0 5 10 15 20 25 30 35 40

Spanwise position

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

R
M

S
 o

f 
A

/D

10 -3 Inline Flow RMS of A/D

(b) Inline flow RMS profile case 4090.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4090.
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(d) Spanwise inline hydrodynamic displacement
case 4090.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4090.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4090.

Figure C-125: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4090.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4100
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(a) Cross-flow RMS profile case 4100.
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(b) Inline flow RMS profile case 4100.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4100.

Spanwise  IL Hydrodynamic Displacement

3.4 3.6 3.8 4 4.2 4.4

time (s)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

10
-4

(d) Spanwise inline hydrodynamic displacement
case 4100.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4100.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4100.

Figure C-126: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4100.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4110
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(a) Cross-flow RMS profile case 4110.
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(b) Inline flow RMS profile case 4110.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4110.
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(d) Spanwise inline hydrodynamic displacement
case 4110.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4110.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4110.

Figure C-127: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4110.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4120
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(a) Cross-flow RMS profile case 4120.

0 5 10 15 20 25 30 35 40

Spanwise position

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

R
M

S
 o

f 
A

/D

10 -3 Inline Flow RMS of A/D

(b) Inline flow RMS profile case 4120.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4120.
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(d) Spanwise inline hydrodynamic displacement
case 4120.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4120.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4120.

Figure C-128: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4120.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4130
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(a) Cross-flow RMS profile case 4130.
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(b) Inline flow RMS profile case 4130.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4130.
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(d) Spanwise inline hydrodynamic displacement
case 4130.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4130.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4130.

Figure C-129: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4130.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4220
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(a) Cross-flow RMS profile case 4220.
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(b) Inline flow RMS profile case 4220.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4220.
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(d) Spanwise inline hydrodynamic displacement
case 4220.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4220.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4220.

Figure C-130: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4220.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4240
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(a) Cross-flow RMS profile case 4240.
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(b) Inline flow RMS profile case 4240.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4240.
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(d) Spanwise inline hydrodynamic displacement
case 4240.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4240.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4240.

Figure C-131: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4240.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4260
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(a) Cross-flow RMS profile case 4260.
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(b) Inline flow RMS profile case 4260.

Spanwise  CF Hydrodynamic Displacement

26 27 28 29 30 31 32 33 34

time (s)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-0.01

-0.005

0

0.005

0.01

(c) Spanwise cross-flow hydrodynamic displace-
ment case 4260.
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(d) Spanwise inline hydrodynamic displacement
case 4260.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4260.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4260.

Figure C-132: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4260.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4280
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(a) Cross-flow RMS profile case 4280.
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(b) Inline flow RMS profile case 4280.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4280.
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(d) Spanwise inline hydrodynamic displacement
case 4280.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4280.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4280.

Figure C-133: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4280.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4300
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(a) Cross-flow RMS profile case 4300.
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(b) Inline flow RMS profile case 4300.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4300.
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(d) Spanwise inline hydrodynamic displacement
case 4300.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4300.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4300.

Figure C-134: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4300.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4320
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(a) Cross-flow RMS profile case 4320.
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(b) Inline flow RMS profile case 4320.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4320.
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(d) Spanwise inline hydrodynamic displacement
case 4320.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4320.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4320.

Figure C-135: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4320.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4340
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(a) Cross-flow RMS profile case 4340.
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(b) Inline flow RMS profile case 4340.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4340.
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(d) Spanwise inline hydrodynamic displacement
case 4340.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4340.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4340.

Figure C-136: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4340.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4360
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(a) Cross-flow RMS profile case 4360.
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(b) Inline flow RMS profile case 4360.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4360.
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(d) Spanwise inline hydrodynamic displacement
case 4360.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4360.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4360.

Figure C-137: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4360.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4380
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(a) Cross-flow RMS profile case 4380.

0 5 10 15 20 25 30 35 40

Spanwise position

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

R
M

S
 o

f 
A

/D

Inline Flow RMS of A/D

(b) Inline flow RMS profile case 4380.

Spanwise  CF Hydrodynamic Displacement

4.2 4.4 4.6 4.8 5 5.2 5.4

time (s)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0.04

(c) Spanwise cross-flow hydrodynamic displace-
ment case 4380.
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(d) Spanwise inline hydrodynamic displacement
case 4380.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4380.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4380.

Figure C-138: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4380.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4400
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(a) Cross-flow RMS profile case 4400.
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(b) Inline flow RMS profile case 4400.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4400.
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(d) Spanwise inline hydrodynamic displacement
case 4400.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4400.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4400.

Figure C-139: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4400.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4420
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(a) Cross-flow RMS profile case 4420.
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(b) Inline flow RMS profile case 4420.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4420.
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(d) Spanwise inline hydrodynamic displacement
case 4420.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4420.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4420.

Figure C-140: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4420.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4430
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(a) Cross-flow RMS profile case 4430.
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(b) Inline flow RMS profile case 4430.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4430.
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(d) Spanwise inline hydrodynamic displacement
case 4430.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4430.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4430.

Figure C-141: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4430.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4520
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(a) Cross-flow RMS profile case 4520.
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(b) Inline flow RMS profile case 4520.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4520.
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(d) Spanwise inline hydrodynamic displacement
case 4520.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4520.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4520.

Figure C-142: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4520.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4540
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(a) Cross-flow RMS profile case 4540.
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(b) Inline flow RMS profile case 4540.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4540.
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(d) Spanwise inline hydrodynamic displacement
case 4540.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4540.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4540.

Figure C-143: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4540.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4560
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(a) Cross-flow RMS profile case 4560.
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(b) Inline flow RMS profile case 4560.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4560.
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(d) Spanwise inline hydrodynamic displacement
case 4560.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4560.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4560.

Figure C-144: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4560.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4580
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(a) Cross-flow RMS profile case 4580.
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(b) Inline flow RMS profile case 4580.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4580.
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(d) Spanwise inline hydrodynamic displacement
case 4580.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4580.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4580.

Figure C-145: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4580.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4600
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(a) Cross-flow RMS profile case 4600.
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(b) Inline flow RMS profile case 4600.

Spanwise  CF Hydrodynamic Displacement

8.5 9 9.5 10 10.5 11

time (s)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-1.5

-1

-0.5

0

0.5

1

1.5

10
-3

(c) Spanwise cross-flow hydrodynamic displace-
ment case 4600.
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(d) Spanwise inline hydrodynamic displacement
case 4600.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4600.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4600.

Figure C-146: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4600.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4620
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(a) Cross-flow RMS profile case 4620.

0 5 10 15 20 25 30 35 40

Spanwise position

0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

0.009

0.01

R
M

S
 o

f 
A

/D

Inline Flow RMS of A/D

(b) Inline flow RMS profile case 4620.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4620.
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(d) Spanwise inline hydrodynamic displacement
case 4620.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4620.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4620.

Figure C-147: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4620.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4640
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(a) Cross-flow RMS profile case 4640.
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(b) Inline flow RMS profile case 4640.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4640.
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(d) Spanwise inline hydrodynamic displacement
case 4640.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4640.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4640.

Figure C-148: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4640.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4660
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(a) Cross-flow RMS profile case 4660.
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(b) Inline flow RMS profile case 4660.

Spanwise  CF Hydrodynamic Displacement

8.5 9 9.5 10 10.5 11

time (s)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-3

-2

-1

0

1

2

10
-3

(c) Spanwise cross-flow hydrodynamic displace-
ment case 4660.
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(d) Spanwise inline hydrodynamic displacement
case 4660.

Spanwise Spectrum of CF Displacement

5 10 15 20 25 30 35 40 45

frequency (Hz)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

1

2

10
-4

(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4660.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4660.

Figure C-149: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4660.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4680
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(a) Cross-flow RMS profile case 4680.
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(b) Inline flow RMS profile case 4680.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4680.
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(d) Spanwise inline hydrodynamic displacement
case 4680.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4680.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4680.

Figure C-150: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4680.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4700
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(a) Cross-flow RMS profile case 4700.
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(b) Inline flow RMS profile case 4700.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4700.

Spanwise  IL Hydrodynamic Displacement

8.5 9 9.5 10 10.5 11

time (s)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-8

-6

-4

-2

0

2

4

6

10
-4

(d) Spanwise inline hydrodynamic displacement
case 4700.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4700.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4700.

Figure C-151: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4700.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4720
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(a) Cross-flow RMS profile case 4720.
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(b) Inline flow RMS profile case 4720.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4720.
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(d) Spanwise inline hydrodynamic displacement
case 4720.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4720.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4720.

Figure C-152: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4720.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4730
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(a) Cross-flow RMS profile case 4730.
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(b) Inline flow RMS profile case 4730.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4730.
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(d) Spanwise inline hydrodynamic displacement
case 4730.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4730.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4730.

Figure C-153: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4730.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4811
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(a) Cross-flow RMS profile case 4811.
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(b) Inline flow RMS profile case 4811.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4811.
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(d) Spanwise inline hydrodynamic displacement
case 4811.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4811.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4811.

Figure C-154: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4811.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4820
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(a) Cross-flow RMS profile case 4820.
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(b) Inline flow RMS profile case 4820.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4820.
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(d) Spanwise inline hydrodynamic displacement
case 4820.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4820.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4820.

Figure C-155: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4820.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4830
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(a) Cross-flow RMS profile case 4830.
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(b) Inline flow RMS profile case 4830.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4830.
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(d) Spanwise inline hydrodynamic displacement
case 4830.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4830.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4830.

Figure C-156: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4830.

561



NDP Straight Riser (𝐿 = 38𝑚) test case 4840
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(a) Cross-flow RMS profile case 4840.
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(b) Inline flow RMS profile case 4840.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4840.
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(d) Spanwise inline hydrodynamic displacement
case 4840.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4840.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4840.

Figure C-157: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4840.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4850
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(a) Cross-flow RMS profile case 4850.
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(b) Inline flow RMS profile case 4850.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4850.
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(d) Spanwise inline hydrodynamic displacement
case 4850.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4850.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4850.

Figure C-158: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4850.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4860
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(a) Cross-flow RMS profile case 4860.
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(b) Inline flow RMS profile case 4860.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4860.
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(d) Spanwise inline hydrodynamic displacement
case 4860.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4860.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4860.

Figure C-159: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4860.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4870
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(a) Cross-flow RMS profile case 4870.
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(b) Inline flow RMS profile case 4870.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4870.
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(d) Spanwise inline hydrodynamic displacement
case 4870.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4870.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4870.

Figure C-160: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4870.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4880
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(a) Cross-flow RMS profile case 4880.
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(b) Inline flow RMS profile case 4880.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4880.
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(d) Spanwise inline hydrodynamic displacement
case 4880.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4880.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4880.

Figure C-161: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4880.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4890
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(a) Cross-flow RMS profile case 4890.
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(b) Inline flow RMS profile case 4890.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4890.
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(d) Spanwise inline hydrodynamic displacement
case 4890.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4890.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4890.

Figure C-162: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4890.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4900
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(a) Cross-flow RMS profile case 4900.
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(b) Inline flow RMS profile case 4900.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4900.
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(d) Spanwise inline hydrodynamic displacement
case 4900.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4900.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4900.

Figure C-163: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4900.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4910
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(a) Cross-flow RMS profile case 4910.
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(b) Inline flow RMS profile case 4910.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4910.
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(d) Spanwise inline hydrodynamic displacement
case 4910.

Spanwise Spectrum of CF Displacement

20 40 60 80 100 120 140 160

frequency (Hz)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

10
-3

(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4910.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4910.

Figure C-164: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4910.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4920
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(a) Cross-flow RMS profile case 4920.
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(b) Inline flow RMS profile case 4920.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4920.
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(d) Spanwise inline hydrodynamic displacement
case 4920.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4920.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4920.

Figure C-165: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4920.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4930
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(a) Cross-flow RMS profile case 4930.
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(b) Inline flow RMS profile case 4930.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4930.
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(d) Spanwise inline hydrodynamic displacement
case 4930.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4930.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4930.

Figure C-166: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4930.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4940
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(a) Cross-flow RMS profile case 4940.
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(b) Inline flow RMS profile case 4940.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4940.
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(d) Spanwise inline hydrodynamic displacement
case 4940.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4940.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4940.

Figure C-167: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4940.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4950
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(a) Cross-flow RMS profile case 4950.
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(b) Inline flow RMS profile case 4950.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4950.
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(d) Spanwise inline hydrodynamic displacement
case 4950.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4950.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4950.

Figure C-168: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4950.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4960
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(a) Cross-flow RMS profile case 4960.
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(b) Inline flow RMS profile case 4960.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4960.
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(d) Spanwise inline hydrodynamic displacement
case 4960.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4960.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4960.

Figure C-169: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4960.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4970
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(a) Cross-flow RMS profile case 4970.
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(b) Inline flow RMS profile case 4970.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4970.
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(d) Spanwise inline hydrodynamic displacement
case 4970.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4970.

Spanwise Spectrum of IL Displacement

5 10 15 20 25 30

frequency (Hz)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

10
-4

(f) Spanwise inline spectrum of hydrodynamic
displacement case 4970.

Figure C-170: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4970.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4980
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(a) Cross-flow RMS profile case 4980.
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(b) Inline flow RMS profile case 4980.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4980.
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(d) Spanwise inline hydrodynamic displacement
case 4980.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4980.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4980.

Figure C-171: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4980.
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NDP Straight Riser (𝐿 = 38𝑚) test case 4990
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(a) Cross-flow RMS profile case 4990.
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(b) Inline flow RMS profile case 4990.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 4990.
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(d) Spanwise inline hydrodynamic displacement
case 4990.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 4990.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 4990.

Figure C-172: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 4990.
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NDP Straight Riser (𝐿 = 38𝑚) test case 5000
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(a) Cross-flow RMS profile case 5000.
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(b) Inline flow RMS profile case 5000.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 5000.
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(d) Spanwise inline hydrodynamic displacement
case 5000.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 5000.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 5000.

Figure C-173: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 5000.
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NDP Straight Riser (𝐿 = 38𝑚) test case 5010
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(a) Cross-flow RMS profile case 5010.
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(b) Inline flow RMS profile case 5010.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 5010.

Spanwise  IL Hydrodynamic Displacement

8.5 9 9.5 10 10.5 11

time (s)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-0.025

-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

0.015

0.02

0.025

(d) Spanwise inline hydrodynamic displacement
case 5010.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 5010.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 5010.

Figure C-174: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 5010.
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NDP Straight Riser (𝐿 = 38𝑚) test case 5020
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(a) Cross-flow RMS profile case 5020.
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(b) Inline flow RMS profile case 5020.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 5020.
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(d) Spanwise inline hydrodynamic displacement
case 5020.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 5020.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 5020.

Figure C-175: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 5020.
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NDP Straight Riser (𝐿 = 38𝑚) test case 5110
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(a) Cross-flow RMS profile case 5110.
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(b) Inline flow RMS profile case 5110.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 5110.
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(d) Spanwise inline hydrodynamic displacement
case 5110.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 5110.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 5110.

Figure C-176: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 5110.
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NDP Straight Riser (𝐿 = 38𝑚) test case 5120
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(a) Cross-flow RMS profile case 5120.
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(b) Inline flow RMS profile case 5120.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 5120.
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(d) Spanwise inline hydrodynamic displacement
case 5120.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 5120.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 5120.

Figure C-177: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 5120.
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NDP Straight Riser (𝐿 = 38𝑚) test case 5130
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(a) Cross-flow RMS profile case 5130.
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(b) Inline flow RMS profile case 5130.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 5130.
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(d) Spanwise inline hydrodynamic displacement
case 5130.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 5130.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 5130.

Figure C-178: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 5130.
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NDP Straight Riser (𝐿 = 38𝑚) test case 5140
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(a) Cross-flow RMS profile case 5140.
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(b) Inline flow RMS profile case 5140.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 5140.
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(d) Spanwise inline hydrodynamic displacement
case 5140.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 5140.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 5140.

Figure C-179: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 5140.
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NDP Straight Riser (𝐿 = 38𝑚) test case 5150
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(a) Cross-flow RMS profile case 5150.
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(b) Inline flow RMS profile case 5150.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 5150.
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(d) Spanwise inline hydrodynamic displacement
case 5150.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 5150.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 5150.

Figure C-180: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 5150.
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NDP Straight Riser (𝐿 = 38𝑚) test case 5160
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(a) Cross-flow RMS profile case 5160.
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(b) Inline flow RMS profile case 5160.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 5160.
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(d) Spanwise inline hydrodynamic displacement
case 5160.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 5160.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 5160.

Figure C-181: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 5160.

586



NDP Straight Riser (𝐿 = 38𝑚) test case 5170
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(a) Cross-flow RMS profile case 5170.
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(b) Inline flow RMS profile case 5170.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 5170.

Spanwise  IL Hydrodynamic Displacement

8.5 9 9.5 10 10.5 11

time (s)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

10
-4

(d) Spanwise inline hydrodynamic displacement
case 5170.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 5170.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 5170.

Figure C-182: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 5170.
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NDP Straight Riser (𝐿 = 38𝑚) test case 5180

0 5 10 15 20 25 30 35 40

Spanwise position

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

R
M

S
 o

f 
A

/D

Cross Flow RMS of A/D

(a) Cross-flow RMS profile case 5180.
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(b) Inline flow RMS profile case 5180.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 5180.
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(d) Spanwise inline hydrodynamic displacement
case 5180.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 5180.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 5180.

Figure C-183: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 5180.
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NDP Straight Riser (𝐿 = 38𝑚) test case 5190
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(a) Cross-flow RMS profile case 5190.

0 5 10 15 20 25 30 35 40

Spanwise position

0

1

2

3

4

5

6

7

R
M

S
 o

f 
A

/D

10 -3 Inline Flow RMS of A/D

(b) Inline flow RMS profile case 5190.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 5190.
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(d) Spanwise inline hydrodynamic displacement
case 5190.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 5190.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 5190.

Figure C-184: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 5190.
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NDP Straight Riser (𝐿 = 38𝑚) test case 5200
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(a) Cross-flow RMS profile case 5200.
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(b) Inline flow RMS profile case 5200.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 5200.
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(d) Spanwise inline hydrodynamic displacement
case 5200.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 5200.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 5200.

Figure C-185: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 5200.
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NDP Straight Riser (𝐿 = 38𝑚) test case 5210
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(a) Cross-flow RMS profile case 5210.
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(b) Inline flow RMS profile case 5210.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 5210.
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(d) Spanwise inline hydrodynamic displacement
case 5210.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 5210.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 5210.

Figure C-186: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 5210.
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NDP Straight Riser (𝐿 = 38𝑚) test case 5220
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(a) Cross-flow RMS profile case 5220.
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(b) Inline flow RMS profile case 5220.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 5220.
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(d) Spanwise inline hydrodynamic displacement
case 5220.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 5220.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 5220.

Figure C-187: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 5220.
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NDP Straight Riser (𝐿 = 38𝑚) test case 5230
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(a) Cross-flow RMS profile case 5230.
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(b) Inline flow RMS profile case 5230.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 5230.
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(d) Spanwise inline hydrodynamic displacement
case 5230.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 5230.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 5230.

Figure C-188: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 5230.

593



NDP Straight Riser (𝐿 = 38𝑚) test case 5240
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(a) Cross-flow RMS profile case 5240.
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(b) Inline flow RMS profile case 5240.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 5240.
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(d) Spanwise inline hydrodynamic displacement
case 5240.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 5240.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 5240.

Figure C-189: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 5240.
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NDP Straight Riser (𝐿 = 38𝑚) test case 5250
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(a) Cross-flow RMS profile case 5250.
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(b) Inline flow RMS profile case 5250.
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(d) Spanwise inline hydrodynamic displacement
case 5250.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 5250.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 5250.

Figure C-190: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 5250.
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NDP Straight Riser (𝐿 = 38𝑚) test case 5260
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(a) Cross-flow RMS profile case 5260.
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(b) Inline flow RMS profile case 5260.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 5260.
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(d) Spanwise inline hydrodynamic displacement
case 5260.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 5260.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 5260.

Figure C-191: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 5260.
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NDP Straight Riser (𝐿 = 38𝑚) test case 5270
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(a) Cross-flow RMS profile case 5270.
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(b) Inline flow RMS profile case 5270.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 5270.
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(d) Spanwise inline hydrodynamic displacement
case 5270.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 5270.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 5270.

Figure C-192: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 5270.
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NDP Straight Riser (𝐿 = 38𝑚) test case 5280
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(a) Cross-flow RMS profile case 5280.
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(b) Inline flow RMS profile case 5280.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 5280.
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(d) Spanwise inline hydrodynamic displacement
case 5280.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 5280.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 5280.

Figure C-193: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 5280.

598



NDP Straight Riser (𝐿 = 38𝑚) test case 5290
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(a) Cross-flow RMS profile case 5290.
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(b) Inline flow RMS profile case 5290.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 5290.
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(d) Spanwise inline hydrodynamic displacement
case 5290.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 5290.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 5290.

Figure C-194: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 5290.
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NDP Straight Riser (𝐿 = 38𝑚) test case 5300
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(a) Cross-flow RMS profile case 5300.
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(b) Inline flow RMS profile case 5300.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 5300.
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(d) Spanwise inline hydrodynamic displacement
case 5300.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 5300.

Spanwise Spectrum of IL Displacement

5 10 15 20 25 30 35 40 45

frequency (Hz)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
10

-4

(f) Spanwise inline spectrum of hydrodynamic
displacement case 5300.

Figure C-195: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 5300.
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NDP Straight Riser (𝐿 = 38𝑚) test case 5310
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(a) Cross-flow RMS profile case 5310.
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(b) Inline flow RMS profile case 5310.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 5310.
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(d) Spanwise inline hydrodynamic displacement
case 5310.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 5310.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 5310.

Figure C-196: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 5310.
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NDP Straight Riser (𝐿 = 38𝑚) test case 5320
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(a) Cross-flow RMS profile case 5320.
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(b) Inline flow RMS profile case 5320.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 5320.
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(d) Spanwise inline hydrodynamic displacement
case 5320.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 5320.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 5320.

Figure C-197: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 5320.
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NDP Straight Riser (𝐿 = 38𝑚) test case 5330

0 5 10 15 20 25 30 35 40

Spanwise position

0

0.05

0.1

0.15

R
M

S
 o

f 
A

/D

Cross Flow RMS of A/D

(a) Cross-flow RMS profile case 5330.
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(b) Inline flow RMS profile case 5330.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 5330.
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(d) Spanwise inline hydrodynamic displacement
case 5330.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 5330.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 5330.

Figure C-198: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 5330.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6010
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(a) Cross-flow RMS profile case 6010.
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(b) Inline flow RMS profile case 6010.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6010.
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(d) Spanwise inline hydrodynamic displacement
case 6010.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6010.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6010.

Figure C-199: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6010.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6020
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(a) Cross-flow RMS profile case 6020.
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(b) Inline flow RMS profile case 6020.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6020.
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(d) Spanwise inline hydrodynamic displacement
case 6020.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6020.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6020.

Figure C-200: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6020.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6030
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(a) Cross-flow RMS profile case 6030.
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(b) Inline flow RMS profile case 6030.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6030.
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(d) Spanwise inline hydrodynamic displacement
case 6030.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6030.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6030.

Figure C-201: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6030.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6040
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(a) Cross-flow RMS profile case 6040.
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(b) Inline flow RMS profile case 6040.

Spanwise  CF Hydrodynamic Displacement

8.5 9 9.5 10 10.5 11

time (s)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-5

-4

-3

-2

-1

0

1

2

3

4

5

10
-3

(c) Spanwise cross-flow hydrodynamic displace-
ment case 6040.
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(d) Spanwise inline hydrodynamic displacement
case 6040.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6040.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6040.

Figure C-202: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6040.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6050

0 5 10 15 20 25 30 35 40

Spanwise position

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

R
M

S
 o

f 
A

/D

Cross Flow RMS of A/D

(a) Cross-flow RMS profile case 6050.
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(b) Inline flow RMS profile case 6050.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6050.
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(d) Spanwise inline hydrodynamic displacement
case 6050.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6050.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6050.

Figure C-203: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6050.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6060
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(a) Cross-flow RMS profile case 6060.
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(b) Inline flow RMS profile case 6060.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6060.
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(d) Spanwise inline hydrodynamic displacement
case 6060.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6060.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6060.

Figure C-204: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6060.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6070
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(a) Cross-flow RMS profile case 6070.
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(b) Inline flow RMS profile case 6070.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6070.

Spanwise  IL Hydrodynamic Displacement

4.2 4.4 4.6 4.8 5 5.2 5.4

time (s)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

10
-4

(d) Spanwise inline hydrodynamic displacement
case 6070.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6070.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6070.

Figure C-205: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6070.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6080
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(a) Cross-flow RMS profile case 6080.
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(b) Inline flow RMS profile case 6080.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6080.
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(d) Spanwise inline hydrodynamic displacement
case 6080.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6080.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6080.

Figure C-206: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6080.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6090
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(a) Cross-flow RMS profile case 6090.
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(b) Inline flow RMS profile case 6090.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6090.

Spanwise  IL Hydrodynamic Displacement

8.5 9 9.5 10 10.5 11

time (s)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-4

-3

-2

-1

0

1

2

3

10
-4

(d) Spanwise inline hydrodynamic displacement
case 6090.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6090.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6090.

Figure C-207: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6090.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6100
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(a) Cross-flow RMS profile case 6100.
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(b) Inline flow RMS profile case 6100.

Spanwise  CF Hydrodynamic Displacement

8.5 9 9.5 10 10.5 11

time (s)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-0.01

-0.008

-0.006

-0.004

-0.002

0

0.002

0.004

0.006

0.008

0.01

(c) Spanwise cross-flow hydrodynamic displace-
ment case 6100.
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(d) Spanwise inline hydrodynamic displacement
case 6100.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6100.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6100.

Figure C-208: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6100.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6110
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(a) Cross-flow RMS profile case 6110.
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(b) Inline flow RMS profile case 6110.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6110.
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(d) Spanwise inline hydrodynamic displacement
case 6110.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6110.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6110.

Figure C-209: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6110.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6120
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(a) Cross-flow RMS profile case 6120.
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(b) Inline flow RMS profile case 6120.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6120.
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(d) Spanwise inline hydrodynamic displacement
case 6120.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6120.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6120.

Figure C-210: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6120.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6130
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(a) Cross-flow RMS profile case 6130.
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(b) Inline flow RMS profile case 6130.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6130.
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(d) Spanwise inline hydrodynamic displacement
case 6130.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6130.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6130.

Figure C-211: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6130.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6140

0 5 10 15 20 25 30 35 40

Spanwise position

0

0.05

0.1

0.15

0.2

0.25

R
M

S
 o

f 
A

/D

Cross Flow RMS of A/D

(a) Cross-flow RMS profile case 6140.
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(b) Inline flow RMS profile case 6140.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6140.
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(d) Spanwise inline hydrodynamic displacement
case 6140.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6140.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6140.

Figure C-212: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6140.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6150
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(a) Cross-flow RMS profile case 6150.
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(b) Inline flow RMS profile case 6150.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6150.
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(d) Spanwise inline hydrodynamic displacement
case 6150.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6150.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6150.

Figure C-213: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6150.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6160
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(a) Cross-flow RMS profile case 6160.
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(b) Inline flow RMS profile case 6160.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6160.
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(d) Spanwise inline hydrodynamic displacement
case 6160.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6160.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6160.

Figure C-214: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6160.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6170
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(a) Cross-flow RMS profile case 6170.
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(b) Inline flow RMS profile case 6170.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6170.
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(d) Spanwise inline hydrodynamic displacement
case 6170.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6170.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6170.

Figure C-215: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6170.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6180
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(a) Cross-flow RMS profile case 6180.
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(b) Inline flow RMS profile case 6180.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6180.

Spanwise  IL Hydrodynamic Displacement

4.2 4.4 4.6 4.8 5 5.2 5.4

time (s)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-6

-4

-2

0

2

4

10
-3

(d) Spanwise inline hydrodynamic displacement
case 6180.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6180.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6180.

Figure C-216: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6180.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6190
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(a) Cross-flow RMS profile case 6190.
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(b) Inline flow RMS profile case 6190.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6190.

Spanwise  IL Hydrodynamic Displacement

1.7 1.8 1.9 2 2.1 2.2

time (s)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-6

-4

-2

0

2

4

10
-3

(d) Spanwise inline hydrodynamic displacement
case 6190.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6190.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6190.

Figure C-217: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6190.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6200
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(a) Cross-flow RMS profile case 6200.
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(b) Inline flow RMS profile case 6200.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6200.
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(d) Spanwise inline hydrodynamic displacement
case 6200.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6200.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6200.

Figure C-218: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6200.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6210
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(a) Cross-flow RMS profile case 6210.
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(b) Inline flow RMS profile case 6210.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6210.
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(d) Spanwise inline hydrodynamic displacement
case 6210.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6210.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6210.

Figure C-219: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6210.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6220
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(a) Cross-flow RMS profile case 6220.
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(b) Inline flow RMS profile case 6220.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6220.

Spanwise  IL Hydrodynamic Displacement

2.1 2.2 2.3 2.4 2.5 2.6 2.7

time (s)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-5

-4

-3

-2

-1

0

1

2

3

4

5

10
-3

(d) Spanwise inline hydrodynamic displacement
case 6220.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6220.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6220.

Figure C-220: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6220.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6230
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(a) Cross-flow RMS profile case 6230.
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(b) Inline flow RMS profile case 6230.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6230.
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(d) Spanwise inline hydrodynamic displacement
case 6230.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6230.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6230.

Figure C-221: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6230.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6240
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(a) Cross-flow RMS profile case 6240.
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(b) Inline flow RMS profile case 6240.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6240.
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(d) Spanwise inline hydrodynamic displacement
case 6240.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6240.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6240.

Figure C-222: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6240.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6310
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(a) Cross-flow RMS profile case 6310.
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(b) Inline flow RMS profile case 6310.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6310.
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(d) Spanwise inline hydrodynamic displacement
case 6310.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6310.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6310.

Figure C-223: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6310.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6320
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(a) Cross-flow RMS profile case 6320.
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(b) Inline flow RMS profile case 6320.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6320.
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(d) Spanwise inline hydrodynamic displacement
case 6320.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6320.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6320.

Figure C-224: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6320.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6330
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(a) Cross-flow RMS profile case 6330.
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(b) Inline flow RMS profile case 6330.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6330.
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(d) Spanwise inline hydrodynamic displacement
case 6330.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6330.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6330.

Figure C-225: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6330.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6340
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(a) Cross-flow RMS profile case 6340.
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(b) Inline flow RMS profile case 6340.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6340.
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(d) Spanwise inline hydrodynamic displacement
case 6340.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6340.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6340.

Figure C-226: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6340.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6350
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(a) Cross-flow RMS profile case 6350.
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(b) Inline flow RMS profile case 6350.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6350.
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(d) Spanwise inline hydrodynamic displacement
case 6350.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6350.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6350.

Figure C-227: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6350.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6360
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(a) Cross-flow RMS profile case 6360.
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(b) Inline flow RMS profile case 6360.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6360.
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(d) Spanwise inline hydrodynamic displacement
case 6360.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6360.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6360.

Figure C-228: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6360.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6370
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(a) Cross-flow RMS profile case 6370.
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(b) Inline flow RMS profile case 6370.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6370.
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(d) Spanwise inline hydrodynamic displacement
case 6370.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6370.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6370.

Figure C-229: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6370.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6380
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(a) Cross-flow RMS profile case 6380.
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(b) Inline flow RMS profile case 6380.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6380.
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(d) Spanwise inline hydrodynamic displacement
case 6380.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6380.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6380.

Figure C-230: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6380.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6391
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(a) Cross-flow RMS profile case 6391.
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(b) Inline flow RMS profile case 6391.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6391.
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(d) Spanwise inline hydrodynamic displacement
case 6391.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6391.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6391.

Figure C-231: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6391.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6400
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(a) Cross-flow RMS profile case 6400.
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(b) Inline flow RMS profile case 6400.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6400.
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(d) Spanwise inline hydrodynamic displacement
case 6400.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6400.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6400.

Figure C-232: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6400.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6410
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(a) Cross-flow RMS profile case 6410.
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(b) Inline flow RMS profile case 6410.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6410.
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(d) Spanwise inline hydrodynamic displacement
case 6410.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6410.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6410.

Figure C-233: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6410.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6420
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(a) Cross-flow RMS profile case 6420.
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(b) Inline flow RMS profile case 6420.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6420.
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(d) Spanwise inline hydrodynamic displacement
case 6420.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6420.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6420.

Figure C-234: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6420.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6430
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(a) Cross-flow RMS profile case 6430.
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(b) Inline flow RMS profile case 6430.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6430.
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(d) Spanwise inline hydrodynamic displacement
case 6430.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6430.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6430.

Figure C-235: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6430.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6440
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(a) Cross-flow RMS profile case 6440.
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(b) Inline flow RMS profile case 6440.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6440.
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(d) Spanwise inline hydrodynamic displacement
case 6440.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6440.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6440.

Figure C-236: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6440.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6450

0 5 10 15 20 25 30 35 40

Spanwise position

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

0.018

0.02

R
M

S
 o

f 
A

/D

Cross Flow RMS of A/D

(a) Cross-flow RMS profile case 6450.
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(b) Inline flow RMS profile case 6450.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6450.
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(d) Spanwise inline hydrodynamic displacement
case 6450.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6450.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6450.

Figure C-237: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6450.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6460
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(a) Cross-flow RMS profile case 6460.
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(b) Inline flow RMS profile case 6460.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6460.
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(d) Spanwise inline hydrodynamic displacement
case 6460.

Spanwise Spectrum of CF Displacement

5 10 15 20 25 30

frequency (Hz)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

1

2

3

4

5

6

7
10

-5

(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6460.

Spanwise Spectrum of IL Displacement

5 10 15 20 25 30

frequency (Hz)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

10
-6

(f) Spanwise inline spectrum of hydrodynamic
displacement case 6460.

Figure C-238: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6460.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6470
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(a) Cross-flow RMS profile case 6470.

0 5 10 15 20 25 30 35 40

Spanwise position

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

R
M

S
 o

f 
A

/D

10 -3 Inline Flow RMS of A/D

(b) Inline flow RMS profile case 6470.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6470.
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(d) Spanwise inline hydrodynamic displacement
case 6470.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6470.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6470.

Figure C-239: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6470.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6480
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(a) Cross-flow RMS profile case 6480.
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(b) Inline flow RMS profile case 6480.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6480.
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(d) Spanwise inline hydrodynamic displacement
case 6480.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6480.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6480.

Figure C-240: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6480.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6490
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(a) Cross-flow RMS profile case 6490.
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(b) Inline flow RMS profile case 6490.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6490.
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(d) Spanwise inline hydrodynamic displacement
case 6490.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6490.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6490.

Figure C-241: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6490.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6500
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(a) Cross-flow RMS profile case 6500.
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(b) Inline flow RMS profile case 6500.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6500.
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(d) Spanwise inline hydrodynamic displacement
case 6500.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6500.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6500.

Figure C-242: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6500.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6510
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(a) Cross-flow RMS profile case 6510.

0 5 10 15 20 25 30 35 40

Spanwise position

0

1

2

3

4

5

6

R
M

S
 o

f 
A

/D

10 -3 Inline Flow RMS of A/D

(b) Inline flow RMS profile case 6510.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6510.
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(d) Spanwise inline hydrodynamic displacement
case 6510.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6510.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6510.

Figure C-243: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6510.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6520
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(a) Cross-flow RMS profile case 6520.
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(b) Inline flow RMS profile case 6520.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6520.
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(d) Spanwise inline hydrodynamic displacement
case 6520.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6520.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6520.

Figure C-244: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6520.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6530
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(a) Cross-flow RMS profile case 6530.
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(b) Inline flow RMS profile case 6530.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6530.
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(d) Spanwise inline hydrodynamic displacement
case 6530.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6530.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6530.

Figure C-245: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6530.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6610
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(a) Cross-flow RMS profile case 6610.
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(b) Inline flow RMS profile case 6610.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6610.
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(d) Spanwise inline hydrodynamic displacement
case 6610.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6610.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6610.

Figure C-246: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6610.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6620
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(a) Cross-flow RMS profile case 6620.
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(b) Inline flow RMS profile case 6620.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6620.
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(d) Spanwise inline hydrodynamic displacement
case 6620.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6620.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6620.

Figure C-247: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6620.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6630
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(a) Cross-flow RMS profile case 6630.
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(b) Inline flow RMS profile case 6630.

Spanwise  CF Hydrodynamic Displacement

21 22 23 24 25 26 27

time (s)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-6

-4

-2

0

2

4

6

10
-3

(c) Spanwise cross-flow hydrodynamic displace-
ment case 6630.
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(d) Spanwise inline hydrodynamic displacement
case 6630.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6630.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6630.

Figure C-248: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6630.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6640
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(a) Cross-flow RMS profile case 6640.
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(b) Inline flow RMS profile case 6640.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6640.
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(d) Spanwise inline hydrodynamic displacement
case 6640.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6640.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6640.

Figure C-249: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6640.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6650

0 5 10 15 20 25 30 35 40

Spanwise position

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

R
M

S
 o

f 
A

/D

Cross Flow RMS of A/D

(a) Cross-flow RMS profile case 6650.
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(b) Inline flow RMS profile case 6650.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6650.
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(d) Spanwise inline hydrodynamic displacement
case 6650.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6650.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6650.

Figure C-250: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6650.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6660
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(a) Cross-flow RMS profile case 6660.
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(b) Inline flow RMS profile case 6660.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6660.
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(d) Spanwise inline hydrodynamic displacement
case 6660.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6660.

Spanwise Spectrum of IL Displacement

5 10 15 20

frequency (Hz)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6
10

-5

(f) Spanwise inline spectrum of hydrodynamic
displacement case 6660.

Figure C-251: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6660.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6670
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(a) Cross-flow RMS profile case 6670.
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(b) Inline flow RMS profile case 6670.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6670.
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(d) Spanwise inline hydrodynamic displacement
case 6670.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6670.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6670.

Figure C-252: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6670.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6680
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(a) Cross-flow RMS profile case 6680.
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(b) Inline flow RMS profile case 6680.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6680.
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(d) Spanwise inline hydrodynamic displacement
case 6680.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6680.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6680.

Figure C-253: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6680.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6690
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(a) Cross-flow RMS profile case 6690.
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(b) Inline flow RMS profile case 6690.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6690.
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(d) Spanwise inline hydrodynamic displacement
case 6690.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6690.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6690.

Figure C-254: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6690.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6700
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(a) Cross-flow RMS profile case 6700.
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(b) Inline flow RMS profile case 6700.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6700.
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(d) Spanwise inline hydrodynamic displacement
case 6700.

Spanwise Spectrum of CF Displacement

10 20 30 40 50 60 70 80 90

frequency (Hz)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

1

2

3

4

5

10
-4

(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6700.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6700.

Figure C-255: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6700.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6710
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(a) Cross-flow RMS profile case 6710.
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(b) Inline flow RMS profile case 6710.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6710.
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(d) Spanwise inline hydrodynamic displacement
case 6710.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6710.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6710.

Figure C-256: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6710.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6720
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(a) Cross-flow RMS profile case 6720.
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(b) Inline flow RMS profile case 6720.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6720.
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(d) Spanwise inline hydrodynamic displacement
case 6720.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6720.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6720.

Figure C-257: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6720.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6730
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(a) Cross-flow RMS profile case 6730.
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(b) Inline flow RMS profile case 6730.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6730.
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(d) Spanwise inline hydrodynamic displacement
case 6730.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6730.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6730.

Figure C-258: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6730.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6740
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(a) Cross-flow RMS profile case 6740.
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(b) Inline flow RMS profile case 6740.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6740.
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(d) Spanwise inline hydrodynamic displacement
case 6740.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6740.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6740.

Figure C-259: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6740.

664



NDP Straight Riser (𝐿 = 38𝑚) test case 6750
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(a) Cross-flow RMS profile case 6750.

0 5 10 15 20 25 30 35 40

Spanwise position

0

0.01

0.02

0.03

0.04

0.05

0.06

R
M

S
 o

f 
A

/D

Inline Flow RMS of A/D

(b) Inline flow RMS profile case 6750.

Spanwise  CF Hydrodynamic Displacement

6.4 6.6 6.8 7 7.2 7.4 7.6 7.8 8 8.2

time (s)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-8

-6

-4

-2

0

2

4

6

8

10
-3

(c) Spanwise cross-flow hydrodynamic displace-
ment case 6750.
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(d) Spanwise inline hydrodynamic displacement
case 6750.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6750.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6750.

Figure C-260: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6750.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6760
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(a) Cross-flow RMS profile case 6760.
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(b) Inline flow RMS profile case 6760.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6760.
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(d) Spanwise inline hydrodynamic displacement
case 6760.

Spanwise Spectrum of CF Displacement

10 20 30 40 50 60

frequency (Hz)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

1

2

3

4

5

6

10
-4

(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6760.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6760.

Figure C-261: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6760.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6770
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(a) Cross-flow RMS profile case 6770.
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(b) Inline flow RMS profile case 6770.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6770.
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(d) Spanwise inline hydrodynamic displacement
case 6770.

Spanwise Spectrum of CF Displacement

10 20 30 40 50 60

frequency (Hz)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

1

2

3

4

5

6

7

8

10
-4

(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6770.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6770.

Figure C-262: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6770.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6780

0 5 10 15 20 25 30 35 40

Spanwise position

0

0.05

0.1

0.15

R
M

S
 o

f 
A

/D

Cross Flow RMS of A/D

(a) Cross-flow RMS profile case 6780.
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(b) Inline flow RMS profile case 6780.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6780.
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(d) Spanwise inline hydrodynamic displacement
case 6780.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6780.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6780.

Figure C-263: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6780.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6790
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(a) Cross-flow RMS profile case 6790.
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(b) Inline flow RMS profile case 6790.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6790.
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(d) Spanwise inline hydrodynamic displacement
case 6790.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6790.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6790.

Figure C-264: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6790.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6800
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(a) Cross-flow RMS profile case 6800.
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(b) Inline flow RMS profile case 6800.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6800.
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(d) Spanwise inline hydrodynamic displacement
case 6800.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6800.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6800.

Figure C-265: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6800.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6810
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(a) Cross-flow RMS profile case 6810.
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(b) Inline flow RMS profile case 6810.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6810.
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(d) Spanwise inline hydrodynamic displacement
case 6810.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6810.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6810.

Figure C-266: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6810.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6820
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(a) Cross-flow RMS profile case 6820.
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(b) Inline flow RMS profile case 6820.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6820.
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(d) Spanwise inline hydrodynamic displacement
case 6820.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6820.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6820.

Figure C-267: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6820.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6830

0 5 10 15 20 25 30 35 40

Spanwise position

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

R
M

S
 o

f 
A

/D

Cross Flow RMS of A/D

(a) Cross-flow RMS profile case 6830.
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(b) Inline flow RMS profile case 6830.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6830.
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(d) Spanwise inline hydrodynamic displacement
case 6830.

Spanwise Spectrum of CF Displacement

10 20 30 40 50 60 70 80 90

frequency (Hz)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

10
-3

(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6830.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6830.

Figure C-268: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6830.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6910

0 5 10 15 20 25 30 35 40

Spanwise position

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

0.05

R
M

S
 o

f 
A

/D

Cross Flow RMS of A/D

(a) Cross-flow RMS profile case 6910.

0 5 10 15 20 25 30 35 40

Spanwise position

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

R
M

S
 o

f 
A

/D

10 -3 Inline Flow RMS of A/D

(b) Inline flow RMS profile case 6910.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6910.
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(d) Spanwise inline hydrodynamic displacement
case 6910.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6910.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6910.

Figure C-269: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6910.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6920
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(a) Cross-flow RMS profile case 6920.
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(b) Inline flow RMS profile case 6920.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6920.
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(d) Spanwise inline hydrodynamic displacement
case 6920.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6920.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6920.

Figure C-270: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6920.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6930

0 5 10 15 20 25 30 35 40

Spanwise position

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

R
M

S
 o

f 
A

/D

Cross Flow RMS of A/D

(a) Cross-flow RMS profile case 6930.
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(b) Inline flow RMS profile case 6930.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6930.
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(d) Spanwise inline hydrodynamic displacement
case 6930.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6930.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6930.

Figure C-271: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6930.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6940
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(a) Cross-flow RMS profile case 6940.
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(b) Inline flow RMS profile case 6940.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6940.
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(d) Spanwise inline hydrodynamic displacement
case 6940.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6940.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6940.

Figure C-272: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6940.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6950
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(a) Cross-flow RMS profile case 6950.
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(b) Inline flow RMS profile case 6950.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6950.

Spanwise  IL Hydrodynamic Displacement

17 18 19 20 21 22

time (s)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-4

-3

-2

-1

0

1

2

3

4

10
-4

(d) Spanwise inline hydrodynamic displacement
case 6950.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6950.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6950.

Figure C-273: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6950.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6960
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(a) Cross-flow RMS profile case 6960.
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(b) Inline flow RMS profile case 6960.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6960.
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(d) Spanwise inline hydrodynamic displacement
case 6960.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6960.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6960.

Figure C-274: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6960.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6970
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(a) Cross-flow RMS profile case 6970.
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(b) Inline flow RMS profile case 6970.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6970.
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(d) Spanwise inline hydrodynamic displacement
case 6970.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6970.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6970.

Figure C-275: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6970.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6980
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(a) Cross-flow RMS profile case 6980.
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(b) Inline flow RMS profile case 6980.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6980.
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(d) Spanwise inline hydrodynamic displacement
case 6980.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6980.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6980.

Figure C-276: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6980.
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NDP Straight Riser (𝐿 = 38𝑚) test case 6990
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(a) Cross-flow RMS profile case 6990.
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(b) Inline flow RMS profile case 6990.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 6990.
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(d) Spanwise inline hydrodynamic displacement
case 6990.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 6990.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 6990.

Figure C-277: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 6990.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7000
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(a) Cross-flow RMS profile case 7000.
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(b) Inline flow RMS profile case 7000.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7000.
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(d) Spanwise inline hydrodynamic displacement
case 7000.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7000.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7000.

Figure C-278: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7000.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7010
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(a) Cross-flow RMS profile case 7010.
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(b) Inline flow RMS profile case 7010.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7010.
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(d) Spanwise inline hydrodynamic displacement
case 7010.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7010.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7010.

Figure C-279: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7010.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7020
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(a) Cross-flow RMS profile case 7020.
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(b) Inline flow RMS profile case 7020.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7020.
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(d) Spanwise inline hydrodynamic displacement
case 7020.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7020.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7020.

Figure C-280: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7020.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7030
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(a) Cross-flow RMS profile case 7030.
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(b) Inline flow RMS profile case 7030.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7030.
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(d) Spanwise inline hydrodynamic displacement
case 7030.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7030.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7030.

Figure C-281: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7030.

686



NDP Straight Riser (𝐿 = 38𝑚) test case 7040
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(a) Cross-flow RMS profile case 7040.
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(b) Inline flow RMS profile case 7040.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7040.
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(d) Spanwise inline hydrodynamic displacement
case 7040.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7040.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7040.

Figure C-282: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7040.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7050
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(a) Cross-flow RMS profile case 7050.
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(b) Inline flow RMS profile case 7050.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7050.
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(d) Spanwise inline hydrodynamic displacement
case 7050.

Spanwise Spectrum of CF Displacement

5 10 15 20 25 30

frequency (Hz)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

1

2

3

4

5

6

7

8

10
-5

(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7050.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7050.

Figure C-283: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7050.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7060
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(a) Cross-flow RMS profile case 7060.
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(b) Inline flow RMS profile case 7060.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7060.
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(d) Spanwise inline hydrodynamic displacement
case 7060.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7060.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7060.

Figure C-284: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7060.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7070
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(a) Cross-flow RMS profile case 7070.
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(b) Inline flow RMS profile case 7070.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7070.
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(d) Spanwise inline hydrodynamic displacement
case 7070.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7070.

Spanwise Spectrum of IL Displacement

5 10 15 20 25 30

frequency (Hz)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

1

2

3

4

5

6

7

10
-6

(f) Spanwise inline spectrum of hydrodynamic
displacement case 7070.

Figure C-285: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7070.

690



NDP Straight Riser (𝐿 = 38𝑚) test case 7080
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(a) Cross-flow RMS profile case 7080.
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(b) Inline flow RMS profile case 7080.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7080.
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(d) Spanwise inline hydrodynamic displacement
case 7080.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7080.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7080.

Figure C-286: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7080.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7090
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(a) Cross-flow RMS profile case 7090.
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(b) Inline flow RMS profile case 7090.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7090.
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(d) Spanwise inline hydrodynamic displacement
case 7090.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7090.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7090.

Figure C-287: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7090.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7100
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(a) Cross-flow RMS profile case 7100.
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(b) Inline flow RMS profile case 7100.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7100.
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(d) Spanwise inline hydrodynamic displacement
case 7100.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7100.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7100.

Figure C-288: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7100.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7110
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(a) Cross-flow RMS profile case 7110.
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(b) Inline flow RMS profile case 7110.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7110.

Spanwise  IL Hydrodynamic Displacement

8.5 9 9.5 10 10.5 11

time (s)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-4

-3

-2

-1

0

1

2

3

4

10
-4

(d) Spanwise inline hydrodynamic displacement
case 7110.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7110.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7110.

Figure C-289: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7110.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7120
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(a) Cross-flow RMS profile case 7120.
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(b) Inline flow RMS profile case 7120.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7120.
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(d) Spanwise inline hydrodynamic displacement
case 7120.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7120.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7120.

Figure C-290: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7120.

695



NDP Straight Riser (𝐿 = 38𝑚) test case 7130
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(a) Cross-flow RMS profile case 7130.
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(b) Inline flow RMS profile case 7130.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7130.
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(d) Spanwise inline hydrodynamic displacement
case 7130.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7130.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7130.

Figure C-291: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7130.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7140

0 5 10 15 20 25 30 35 40

Spanwise position

0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

0.009

0.01

R
M

S
 o

f 
A

/D

Cross Flow RMS of A/D

(a) Cross-flow RMS profile case 7140.
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(b) Inline flow RMS profile case 7140.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7140.
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(d) Spanwise inline hydrodynamic displacement
case 7140.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7140.

Spanwise Spectrum of IL Displacement

5 10 15 20 25 30 35 40 45

frequency (Hz)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

10
-5

(f) Spanwise inline spectrum of hydrodynamic
displacement case 7140.

Figure C-292: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7140.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7210
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(a) Cross-flow RMS profile case 7210.
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(b) Inline flow RMS profile case 7210.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7210.
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(d) Spanwise inline hydrodynamic displacement
case 7210.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7210.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7210.

Figure C-293: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7210.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7220
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(a) Cross-flow RMS profile case 7220.
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(b) Inline flow RMS profile case 7220.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7220.
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(d) Spanwise inline hydrodynamic displacement
case 7220.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7220.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7220.

Figure C-294: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7220.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7230
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(a) Cross-flow RMS profile case 7230.
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(b) Inline flow RMS profile case 7230.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7230.
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(d) Spanwise inline hydrodynamic displacement
case 7230.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7230.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7230.

Figure C-295: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7230.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7240
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(a) Cross-flow RMS profile case 7240.
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(b) Inline flow RMS profile case 7240.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7240.
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(d) Spanwise inline hydrodynamic displacement
case 7240.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7240.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7240.

Figure C-296: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7240.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7250
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(a) Cross-flow RMS profile case 7250.
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(b) Inline flow RMS profile case 7250.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7250.
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(d) Spanwise inline hydrodynamic displacement
case 7250.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7250.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7250.

Figure C-297: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7250.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7260
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(a) Cross-flow RMS profile case 7260.
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(b) Inline flow RMS profile case 7260.

Spanwise  CF Hydrodynamic Displacement

10.5 11 11.5 12 12.5 13 13.5

time (s)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-0.025

-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

0.015

0.02

0.025

(c) Spanwise cross-flow hydrodynamic displace-
ment case 7260.
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(d) Spanwise inline hydrodynamic displacement
case 7260.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7260.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7260.

Figure C-298: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7260.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7270
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(a) Cross-flow RMS profile case 7270.
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(b) Inline flow RMS profile case 7270.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7270.
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(d) Spanwise inline hydrodynamic displacement
case 7270.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7270.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7270.

Figure C-299: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7270.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7280
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(a) Cross-flow RMS profile case 7280.
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(b) Inline flow RMS profile case 7280.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7280.
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(d) Spanwise inline hydrodynamic displacement
case 7280.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7280.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7280.

Figure C-300: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7280.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7290
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(a) Cross-flow RMS profile case 7290.
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(b) Inline flow RMS profile case 7290.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7290.
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(d) Spanwise inline hydrodynamic displacement
case 7290.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7290.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7290.

Figure C-301: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7290.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7300
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(a) Cross-flow RMS profile case 7300.
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(b) Inline flow RMS profile case 7300.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7300.
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(d) Spanwise inline hydrodynamic displacement
case 7300.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7300.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7300.

Figure C-302: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7300.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7310
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(a) Cross-flow RMS profile case 7310.
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(b) Inline flow RMS profile case 7310.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7310.
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(d) Spanwise inline hydrodynamic displacement
case 7310.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7310.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7310.

Figure C-303: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7310.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7320
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(a) Cross-flow RMS profile case 7320.
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(b) Inline flow RMS profile case 7320.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7320.
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(d) Spanwise inline hydrodynamic displacement
case 7320.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7320.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7320.

Figure C-304: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7320.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7330
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(a) Cross-flow RMS profile case 7330.

0 5 10 15 20 25 30 35 40

Spanwise position

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

R
M

S
 o

f 
A

/D

Inline Flow RMS of A/D

(b) Inline flow RMS profile case 7330.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7330.
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(d) Spanwise inline hydrodynamic displacement
case 7330.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7330.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7330.

Figure C-305: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7330.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7340
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(a) Cross-flow RMS profile case 7340.
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(b) Inline flow RMS profile case 7340.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7340.
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(d) Spanwise inline hydrodynamic displacement
case 7340.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7340.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7340.

Figure C-306: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7340.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7350
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(a) Cross-flow RMS profile case 7350.
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(b) Inline flow RMS profile case 7350.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7350.
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(d) Spanwise inline hydrodynamic displacement
case 7350.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7350.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7350.

Figure C-307: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7350.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7360
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(a) Cross-flow RMS profile case 7360.
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(b) Inline flow RMS profile case 7360.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7360.

Spanwise  IL Hydrodynamic Displacement

8.5 9 9.5 10 10.5 11

time (s)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-6

-4

-2

0

2

4

10
-3

(d) Spanwise inline hydrodynamic displacement
case 7360.

Spanwise Spectrum of CF Displacement

5 10 15 20 25 30 35 40 45

frequency (Hz)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

0.5

1

1.5

2

10
-3

(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7360.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7360.

Figure C-308: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7360.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7370

0 5 10 15 20 25 30 35 40

Spanwise position

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

R
M

S
 o

f 
A

/D

Cross Flow RMS of A/D

(a) Cross-flow RMS profile case 7370.
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(b) Inline flow RMS profile case 7370.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7370.
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(d) Spanwise inline hydrodynamic displacement
case 7370.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7370.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7370.

Figure C-309: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7370.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7380
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(a) Cross-flow RMS profile case 7380.
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(b) Inline flow RMS profile case 7380.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7380.
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(d) Spanwise inline hydrodynamic displacement
case 7380.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7380.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7380.

Figure C-310: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7380.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7390
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(a) Cross-flow RMS profile case 7390.
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(b) Inline flow RMS profile case 7390.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7390.
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(d) Spanwise inline hydrodynamic displacement
case 7390.

Spanwise Spectrum of CF Displacement

10 20 30 40 50 60 70 80 90

frequency (Hz)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

0.5

1

1.5

2

10
-3

(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7390.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7390.

Figure C-311: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7390.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7400
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(a) Cross-flow RMS profile case 7400.
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(b) Inline flow RMS profile case 7400.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7400.
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(d) Spanwise inline hydrodynamic displacement
case 7400.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7400.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7400.

Figure C-312: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7400.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7410
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(a) Cross-flow RMS profile case 7410.
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(b) Inline flow RMS profile case 7410.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7410.
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(d) Spanwise inline hydrodynamic displacement
case 7410.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7410.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7410.

Figure C-313: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7410.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7420
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(a) Cross-flow RMS profile case 7420.
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(b) Inline flow RMS profile case 7420.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7420.
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(d) Spanwise inline hydrodynamic displacement
case 7420.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7420.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7420.

Figure C-314: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7420.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7430
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(a) Cross-flow RMS profile case 7430.
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(b) Inline flow RMS profile case 7430.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7430.
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(d) Spanwise inline hydrodynamic displacement
case 7430.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7430.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7430.

Figure C-315: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7430.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7810
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(a) Cross-flow RMS profile case 7810.
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(b) Inline flow RMS profile case 7810.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7810.
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(d) Spanwise inline hydrodynamic displacement
case 7810.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7810.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7810.

Figure C-316: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7810.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7820
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(a) Cross-flow RMS profile case 7820.
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(b) Inline flow RMS profile case 7820.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7820.
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(d) Spanwise inline hydrodynamic displacement
case 7820.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7820.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7820.

Figure C-317: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7820.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7830
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(a) Cross-flow RMS profile case 7830.
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(b) Inline flow RMS profile case 7830.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7830.
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(d) Spanwise inline hydrodynamic displacement
case 7830.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7830.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7830.

Figure C-318: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7830.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7840
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(a) Cross-flow RMS profile case 7840.
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(b) Inline flow RMS profile case 7840.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7840.
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(d) Spanwise inline hydrodynamic displacement
case 7840.

Spanwise Spectrum of CF Displacement

2 4 6 8 10 12 14 16

frequency (Hz)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

10
-3

(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7840.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7840.

Figure C-319: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7840.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7850
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(a) Cross-flow RMS profile case 7850.

0 5 10 15 20 25 30 35 40

Spanwise position

0

0.02

0.04

0.06

0.08

0.1

0.12

R
M

S
 o

f 
A

/D

Inline Flow RMS of A/D

(b) Inline flow RMS profile case 7850.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7850.
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(d) Spanwise inline hydrodynamic displacement
case 7850.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7850.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7850.

Figure C-320: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7850.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7860
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(a) Cross-flow RMS profile case 7860.
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(b) Inline flow RMS profile case 7860.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7860.
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(d) Spanwise inline hydrodynamic displacement
case 7860.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7860.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7860.

Figure C-321: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7860.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7870
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(a) Cross-flow RMS profile case 7870.
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(b) Inline flow RMS profile case 7870.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7870.
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(d) Spanwise inline hydrodynamic displacement
case 7870.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7870.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7870.

Figure C-322: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7870.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7880
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(a) Cross-flow RMS profile case 7880.
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(b) Inline flow RMS profile case 7880.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7880.
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(d) Spanwise inline hydrodynamic displacement
case 7880.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7880.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7880.

Figure C-323: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7880.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7890
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(a) Cross-flow RMS profile case 7890.
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(b) Inline flow RMS profile case 7890.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7890.
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(d) Spanwise inline hydrodynamic displacement
case 7890.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7890.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7890.

Figure C-324: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7890.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7900
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(a) Cross-flow RMS profile case 7900.
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(b) Inline flow RMS profile case 7900.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7900.
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(d) Spanwise inline hydrodynamic displacement
case 7900.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7900.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7900.

Figure C-325: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7900.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7910
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(a) Cross-flow RMS profile case 7910.
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(b) Inline flow RMS profile case 7910.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7910.
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(d) Spanwise inline hydrodynamic displacement
case 7910.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7910.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7910.

Figure C-326: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7910.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7920
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(a) Cross-flow RMS profile case 7920.
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(b) Inline flow RMS profile case 7920.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7920.
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(d) Spanwise inline hydrodynamic displacement
case 7920.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7920.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7920.

Figure C-327: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7920.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7930
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(a) Cross-flow RMS profile case 7930.
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(b) Inline flow RMS profile case 7930.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7930.
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(d) Spanwise inline hydrodynamic displacement
case 7930.

Spanwise Spectrum of CF Displacement

5 10 15 20 25 30

frequency (Hz)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

0.5

1

1.5

10
-3

(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7930.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7930.

Figure C-328: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7930.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7940
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(a) Cross-flow RMS profile case 7940.
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(b) Inline flow RMS profile case 7940.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7940.
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(d) Spanwise inline hydrodynamic displacement
case 7940.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7940.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7940.

Figure C-329: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7940.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7950
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(a) Cross-flow RMS profile case 7950.
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(b) Inline flow RMS profile case 7950.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7950.
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(d) Spanwise inline hydrodynamic displacement
case 7950.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7950.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7950.

Figure C-330: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7950.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7960
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(a) Cross-flow RMS profile case 7960.
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(b) Inline flow RMS profile case 7960.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7960.
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(d) Spanwise inline hydrodynamic displacement
case 7960.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7960.

Spanwise Spectrum of IL Displacement

5 10 15 20 25 30 35 40 45

frequency (Hz)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

0

0.5

1

1.5

2

2.5

3

3.5

10
-4

(f) Spanwise inline spectrum of hydrodynamic
displacement case 7960.

Figure C-331: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7960.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7970
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(a) Cross-flow RMS profile case 7970.
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(b) Inline flow RMS profile case 7970.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7970.
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(d) Spanwise inline hydrodynamic displacement
case 7970.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7970.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7970.

Figure C-332: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7970.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7980
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(a) Cross-flow RMS profile case 7980.
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(b) Inline flow RMS profile case 7980.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7980.
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(d) Spanwise inline hydrodynamic displacement
case 7980.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7980.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7980.

Figure C-333: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7980.
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NDP Straight Riser (𝐿 = 38𝑚) test case 7990
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(a) Cross-flow RMS profile case 7990.
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(b) Inline flow RMS profile case 7990.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 7990.
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(d) Spanwise inline hydrodynamic displacement
case 7990.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 7990.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 7990.

Figure C-334: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 7990.
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NDP Straight Riser (𝐿 = 38𝑚) test case 8000
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(a) Cross-flow RMS profile case 8000.
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(b) Inline flow RMS profile case 8000.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 8000.
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(d) Spanwise inline hydrodynamic displacement
case 8000.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 8000.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 8000.

Figure C-335: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 8000.
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NDP Straight Riser (𝐿 = 38𝑚) test case 8010
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(a) Cross-flow RMS profile case 8010.

0 5 10 15 20 25 30 35 40

Spanwise position

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

R
M

S
 o

f 
A

/D

Inline Flow RMS of A/D

(b) Inline flow RMS profile case 8010.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 8010.
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(d) Spanwise inline hydrodynamic displacement
case 8010.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 8010.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 8010.

Figure C-336: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 8010.
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NDP Straight Riser (𝐿 = 38𝑚) test case 8020
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(a) Cross-flow RMS profile case 8020.
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(b) Inline flow RMS profile case 8020.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 8020.
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(d) Spanwise inline hydrodynamic displacement
case 8020.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 8020.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 8020.

Figure C-337: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 8020.
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NDP Straight Riser (𝐿 = 38𝑚) test case 8030
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(a) Cross-flow RMS profile case 8030.
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(b) Inline flow RMS profile case 8030.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 8030.

Spanwise  IL Hydrodynamic Displacement

12.5 13 13.5 14 14.5 15 15.5 16 16.5

time (s)

-35

-30

-25

-20

-15

-10

-5

0

S
p
a
n
w

is
e
 P

o
s
 (

m
)

-0.01

-0.008

-0.006

-0.004

-0.002

0

0.002

0.004

0.006

0.008

0.01

(d) Spanwise inline hydrodynamic displacement
case 8030.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 8030.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 8030.

Figure C-338: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 8030.
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NDP Straight Riser (𝐿 = 38𝑚) test case 8040
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(a) Cross-flow RMS profile case 8040.
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(b) Inline flow RMS profile case 8040.
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(c) Spanwise cross-flow hydrodynamic displace-
ment case 8040.
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(d) Spanwise inline hydrodynamic displacement
case 8040.
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(e) Spanwise cross-flow spectrum of hydrody-
namic displacement case 8040.
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(f) Spanwise inline spectrum of hydrodynamic
displacement case 8040.

Figure C-339: Motion Analysis. NDP Straight Riser (𝐿 = 38𝑚) test case 8040.
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[54] José del Águila Ferrandis, Michael Triantafyllou, Chryssostomos Chryssostomidis,
and George Karniadakis. Learning functionals via lstm neural networks for pre-
dicting vessel dynamics in extreme sea states. arXiv preprint arXiv:1912.13382,
2019.

[55] Samuel M Dollyhigh. Subsonic and supersonic longitudinal stability and control
characteristics of an aft tail fighter configuration with cambered and uncambered
wings and uncambered fuselage. Technical report, 1974.

[56] Pedro Domingos. A few useful things to know about machine learning. Communi-
cations of the ACM, 55(10):78–87, 2012.

[57] Jack Dongarra, Pete Beckman, Terry Moore, Patrick Aerts, Giovanni Aloisio, Jean-
Claude Andre, David Barkai, Jean-Yves Berthou, Taisuke Boku, Bertrand Braun-
schweig, et al. The international exascale software project roadmap. The interna-
tional journal of high performance computing applications, 25(1):3–60, 2011.

748



[58] James H Duncan. Spilling breakers. Annual review of fluid mechanics, 33(1):519–
547, 2001.

[59] JH Duncan. An experimental investigation of breaking waves produced by a towed
hydrofoil. Proceedings of the Royal Society of London. A. Mathematical and Physical
Sciences, 377(1770):331–348, 1981.

[60] David Duvenaud. Automatic model construction with Gaussian processes. PhD
thesis, University of Cambridge, 2014.

[61] First Edition, JMJ Journée, and WW Massie. Offshore hydromechanics. Delft
University of Technology, 2001.

[62] Bradley Efron. Nonparametric standard errors and confidence intervals. Canadian
Journal of Statistics, 9(2):139–158, 1981.

[63] Constantinos Evangelinos and George Em Karniadakis. Dynamics and flow struc-
tures in the turbulent wake of rigid and flexible cylinders subject to vortex-induced
vibrations. Journal of fluid mechanics, 400:91–124, 1999.

[64] M.L. Facchinetti, E. de Langre, and F. Biolley. Coupling of structure and wake
oscillators in vortex-induced vibrations. Journal of Fluids and Structures, 19(2):123–
140, 2004.

[65] J. Falnes and A. Kurniawan. Ocean Waves and Oscillating Systems: Linear Inter-
actions Including Wave-Energy Extraction. Cambridge Ocean Technology Series.
Cambridge University Press, 2020.

[66] Odd Faltinsen. Sea loads on ships and offshore structures, volume 1. Cambridge
university press, 1993.

[67] Dixia Fan, Zhicheng Wang, Michael Triantafyllou, et al. Mapping the properties of
the vortex-induced vibrations of flexible cylinders in uniform oncoming flow. Journal
of Fluid Mechanics, page to be appear, 2019.

[68] A. Farshidianfar and H. Zanganeh. A modified wake oscillator model for vortex-
induced vibration of circular cylinders for a wide range of mass-damping ratio.
Journal of Fluids and Structures, 26(3):430–441, 2010.

[69] CC Feng. The measurement of vortex induced effects in flow past stationary and
oscillating circular and D-section cylinders. PhD thesis, University of British
Columbia, 1968.

[70] John D Fenton. A fifth-order stokes theory for steady waves. Journal of waterway,
port, coastal, and ocean engineering, 111(2):216–234, 1985.
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On the consistency of mps. Computer Physics Communications, 184(3):732–745,
2013.

[255] KJ Spyrou. Dynamic instability in quartering seas: the behavior of a ship during
broaching. Journal of Ship Research, 40(01):46–59, 1996.

[256] Nitish Srivastava, Geoffrey Hinton, Alex Krizhevsky, Ilya Sutskever, and Ruslan
Salakhutdinov. Dropout: a simple way to prevent neural networks from overfitting.
The journal of machine learning research, 15(1):1929–1958, 2014.

[257] Manley St Denis and Willard J Pierson. On the motions of ships in confused seas.
Trans. SnAMe, 61:280–357, 1953.

[258] F Stern, HT Kim, VC Patel, and HC Chen. A viscous-flow approach to the com-
putation of propeller-hull interaction. Journal of Ship Research, 32(04):246–262,
1988.

[259] Fred Stern, Robert V Wilson, Hugh W Coleman, and Eric G Paterson. Comprehen-
sive approach to verification and validation of cfd simulations—part 1: methodology
and procedures. J. Fluids Eng., 123(4):793–802, 2001.

762



[260] Frederick Stern, Jianming Yang, Zhaoyuan Wang, Hamid Sadat-Hosseini, Maysam
Mousaviraad, Shanti Bhushan, and Tao Xing. Computational ship hydrodynamics:
Nowadays and way forward. International Shipbuilding Progress, 60(1-4):3–105,
2013.

[261] George Gabriel Stokes. On the theory of oscillatory waves. Trans. Cam. Philos.
Soc., 8:441–455, 1847.

[262] Martin Stopford. Maritime economics 3e. Routledge, 2008.

[263] Ilya Sutskever, Oriol Vinyals, and Quoc V Le. Sequence to sequence learning with
neural networks. In Advances in neural information processing systems, pages 3104–
3112, 2014.

[264] M Aziz Tayfun. Narrow-band nonlinear sea waves. Journal of Geophysical Research:
Oceans, 85(C3):1548–1552, 1980.

[265] Eva Germaine Rimington Taylor. The heaven-finding art, a history of navigation
from odysseus to captain cook. The heaven-finding art, 1971.

[266] Tahsin Tezdogan, Yigit Kemal Demirel, Paula Kellett, Mahdi Khorasanchi, Atilla
Incecik, and Osman Turan. Full-scale unsteady rans cfd simulations of ship be-
haviour and performance in head seas due to slow steaming. Ocean Engineering,
97:186–206, 2015.

[267] Tahsin Tezdogan, Atilla Incecik, and Osman Turan. A numerical investigation of
the squat and resistance of ships advancing through a canal using cfd. Journal of
marine science and technology, 21:86–101, 2016.

[268] Martin Thomas and Peter Bruce. Heavy Weather Sailing 8th Edition. Bloomsbury
Publishing, 2022.

[269] Joe F Thompson, Zahir UA Warsi, and C Wayne Mastin. Numerical grid generation:
foundations and applications. Elsevier North-Holland, Inc., 1985.

[270] Geoffrey Till. Seapower: A guide for the twenty-first century, volume 51. Routledge
Oxon, 2013.

[271] Neil Titchener and Holger Babinsky. A review of the use of vortex generators for
mitigating shock-induced separation. Shock Waves, 25:473–494, 2015.

[272] Hendrik L Tolman et al. User manual and system documentation of wavewatch iii
tm version 3.14. Technical note, MMAB contribution, 276(220), 2009.

[273] Lloyd N Trefethen and David Bau. Numerical linear algebra, volume 181. Siam,
2022.

[274] GS Triantafyllou. Vortex induced vibrations of long cylindrical structures. In Sum-
mer Meeting ASME, Washington, DC, 1998.

763



[275] Michael Triantafyllou, George Triantafyllou, YS Tein, et al. Pragmatic riser viv
analysis. In Offshore technology conference. Offshore Technology Conference, 1999.

[276] A.D. Trim, H. Braaten, H. Lie, and M.A. Tognarelli. Experimental investigation
of vortex-induced vibration of long marine risers. Journal of Fluids and Structures,
21(3):335–361, 2005. Marine and Aeronautical Fluid-Structure Interactions.

[277] Peter S Tromans, Ali R Anaturk, and Paul Hagemeijer. A new model for the kine-
matics of large ocean waves-application as a design wave. In ISOPE International
Ocean and Polar Engineering Conference, pages ISOPE–I. ISOPE, 1991.

[278] Trebsijg van de Wijdeven and Joseph Katz. Automotive application of vortex gen-
erators in ground effect. Journal of Fluids Engineering, 136(2):021102, 2014.

[279] Edward R Van Driest. On turbulent flow near a wall. Journal of the aeronautical
sciences, 23(11):1007–1011, 1956.

[280] J Kim Vandiver and Li Li. Shear7 v4. 4 program theoretical manual. Massachusetts
Institute of Technology, 2005.

[281] Ashish Vaswani, Noam Shazeer, Niki Parmar, Jakob Uszkoreit, Llion Jones, Aidan N
Gomez,  Lukasz Kaiser, and Illia Polosukhin. Attention is all you need. Advances in
neural information processing systems, 30, 2017.

[282] Roberto Vettor and C Guedes Soares. Development of a ship weather routing
system. Ocean Engineering, 123:1–14, 2016.

[283] Jungao Wang, Shixiao Fu, Rolf Baarholm, Jie Wu, and Carl Martin Larsen. Fatigue
damage of a steel catenary riser from vortex-induced vibration caused by vessel
motions. Marine Structures, 39:131–156, 2014.

[284] Jungao Wang, Shixiao Fu, Rolf Baarholm, Jie Wu, and Carl Martin Larsen. Out-
of-plane vortex-induced vibration of a steel catenary riser caused by vessel motions.
Ocean Engineering, 109:389–400, 2015.

[285] Jungao Wang, Shixiao Fu, Carl Martin Larsen, Rolf Baarholm, Jie Wu, and Halvor
Lie. Dominant parameters for vortex-induced vibration of a steel catenary riser
under vessel motion. Ocean Engineering, 136:260–271, 2017.

[286] Kunpeng Wang, Wenyong Tang, and Hongxiang Xue. Time domain approach for
coupled cross-flow and in-line viv induced fatigue damage of steel catenary riser at
touchdown zone. Marine Structures, 41:267–287, 2015.

[287] Zi Wang and Stefanie Jegelka. Max-value entropy search for efficient bayesian op-
timization. In International Conference on Machine Learning, pages 3627–3635.
PMLR, 2017.

[288] Frank M White and Joseph Majdalani. Viscous fluid flow, volume 3. McGraw-Hill
New York, 2006.

764



[289] Bernard Widrow, Marcian E Hoff, et al. Adaptive switching circuits. In IRE
WESCON convention record, volume 4, pages 96–104. New York, 1960.

[290] David C Wilcox et al. Turbulence modeling for CFD, volume 2. DCW industries
La Canada, CA, 1998.

[291] Charles HK Williamson and R Govardhan. Vortex-induced vibrations. Annu. Rev.
Fluid Mech., 36:413–455, 2004.

[292] Christian Windt, Josh Davidson, and John V Ringwood. High-fidelity numerical
modelling of ocean wave energy systems: A review of computational fluid dynamics-
based numerical wave tanks. Renewable and Sustainable Energy Reviews, 93:610–
630, 2018.

[293] GCOS WMO. Status of the global observing system for climate. 2015.

[294] Wanhai Xu, Yingsen Luan, Qinghua Han, Chunning Ji, and Ankang Cheng. The
effect of yaw angle on viv suppression for an inclined flexible cylinder fitted with
helical strakes. Applied Ocean Research, 67:263–276, 2017.

[295] Kyongmin Yeo and Igor Melnyk. Deep learning algorithm for data-driven simulation
of noisy dynamical system. Journal of Computational Physics, 376:1212–1231, 2019.

[296] Decao Yin, Halvor Lie, and Jie Wu. Structural and Hydrodynamic Aspects of
Steel Lazy Wave Riser in Deepwater. Journal of Offshore Mechanics and Arctic
Engineering, 142(2), 12 2019. 020801.

[297] Decao Yin, Jie Wu, Halvor Lie, Elizabeth Passano, Svein Sævik, Guttorm Grytøyr,
Michael Tognarelli, Torgrim Andersen, Ragnar Igland, Daniel Karunakaran, and
Collin Gaskill. Wave effects on vortex-induced vibrations of a top-tensioned riser.
Journal of Offshore Mechanics and Arctic Engineering, 145:1–9, 12 2022.

[298] Ian R Young. Wind generated ocean waves. Elsevier, 1999.

[299] Zhiqi Zhao, Lei Luo, Dandan Qiu, Songtao Wang, Zhongqi Wang, and Bengt
Sundén. On the topology of vortex structures and heat transfer of a gas turbine
blade internal tip with different arrangement of delta-winglet vortex generators.
International Journal of Thermal Sciences, 160:106676, 2021.

[300] Xiaoyu Zhou, Hongxia Li, Yi Huang, and Yihua Liu. Deep learning machine based
ship parametric rolling simulation and recognition algorithms. Ocean Engineering,
276:114137, 2023.

[301] Hongjun Zhu, Jie Hu, Yue Gao, Honglei Zhao, and Wanhai Xu. Spatial–temporal
mode transition in vortex-induced vibration of catenary flexible riser. Journal of
Fluids and Structures, 102:103234, 2021.

[302] Thalis PV Zis, Harilaos N Psaraftis, and Li Ding. Ship weather routing: A taxonomy
and survey. Ocean Engineering, 213:107697, 2020.

765


	Introduction
	A Brief Overview of Scientific Machine Learning
	Definition and Distinction
	Importance of Data and Computational Resources

	Challenges in Scientific Machine Learning
	Scenarios in Physics Learning with ML

	Tools and Techniques in Scientific ML
	Overview of Scientific ML Tools
	Physics-Informed Neural Networks (PINNs)
	Learning Functionals and Advanced Techniques

	Application to Marine Hydrodynamics and Beyond
	Marine Hydrodynamics Challenges
	Interdisciplinary Relevance of Boundary Layer Control


	Inferring Functionals in Vessel Dynamics in Extreme Sea States With Machine Learning
	Navigation and its Centric Role in the Development of Human Society
	Motion Prediction of Vessels at Sea and Their Role in Assessing Operability Windows
	Influence of Motions in the Operability of Vessels at Sea
	Classical Wave Theory, an Overview
	Dynamic Fetch and Other Non-linear Wave Phenomena
	Traditional Experimental Methods for Motion Prediction of Vessels at Sea
	Similarity Laws in Towing Tank Testing


	Computational Hydrodynamics for Vessel Motion Prediction
	Computational Hydrodynamics for Vessel Motion Prediction as a Field: Advantages & Disadvantages Over Traditional Experiments
	Evolution of Complexity and Fidelity of Computational Hydrondynamic Codes Enabled by recent Developments in Computing Hardware

	Generating Input to Train the ML Algorithm
	Overview of the Simulation Method.
	Boundary Conditions
	Coordinate Systems
	Simulation of Irregular Long Crested Seas

	Description of the Compiled Simulation Data

	From Hypothesis to Formulation of the ML Problem
	Overview ML Methods for Time/Sequence Series Prediction
	Choice of ML Method
	Neural Network Architecture Convergence
	Engineering the Data to Obtain Maximum Accuracy in the Predictions
	Approximation of Continuous Functionals by Neural Networks and Application to Dynamical Systems
	Representation of Dynamical Systems with Functionals

	Cost functions and How they Allow to Weight Differently Multiple Data Properties
	Mean Square Error
	Relative Entropy
	Amplitude Weighted Mean Square Error


	Nonlinear Functional Approximation for Modeling Nonlinear Motions
	Catamaran Vessel
	DTBM Vessel - Single Spectra Predictions
	DTBM vessel - Multiple Spectra Predictions
	Network Architecture Convergence
	Test Results and Conclusions


	Global Analysis and Discussion
	Parametric Rolling
	Breaking Waves

	Cost Function Tradeoff
	Conclusions


	Predicting Vortex Induced Vibrations of Marine Risers
	Introduction
	Description of the Experiments
	Riser Motion Reconstruction Methodology
	Methodology Robustness Through Cross-Validation
	Methodology
	Vortex-Induced Vibrations of a Vertical Flexible Cylinder
	Parametric Hydrodynamic Databases
	Predicting the Structural Response
	Database Optimization for Risers

	Optimization Routine

	Optimized Databases - Results and Discussion
	Conclusions

	Boundary Layer Control Using Vortex Generators
	Introduction
	Background
	Objectives
	Boundary Layer Fundamentals
	Definition and Basic Concepts
	Boundary Layer Definition
	Reynolds Number
	Boundary Layer Thickness
	Skin Friction Coefficient
	Laminar and Turbulent Boundary Layers
	Flow Separation

	Types of Boundary Layers
	Based on Flow Characteristics
	Based on Thermal Effects
	Based on Pressure Gradient
	Based on the Geometry of the Object

	Boundary Layer Detachment: An Energy Perspective
	Energy Loss due to Friction
	Adverse Pressure Gradient and Energy
	Trailing Ends: The Ultimate Challenge


	Vortex Generators: An Overview
	Historical Development
	Principle of Operation
	Types of Vortex Generators
	Vane-Type VGs
	Ramp-Type VGs
	Sub-Boundary Layer VGs (or Micro-VGs)
	Delta-Wing VGs
	Blowing/Suction VGs
	Co-Flow Jet VGs


	Design and Optimization of Vortex Generators
	Geometric Parameters
	Material Considerations

	Optimization Methods
	Overview of Optimization Methods
	Gaussian Processes in Optimization

	Applications of Vortex Generators
	Aerospace
	Wind Turbines
	Other Applications

	Advancements and Innovations in Vortex Generators
	Emerging Designs and Concepts
	Integration with Other Boundary Layer Control Techniques
	VGs and Boundary Layer Suction
	VGs with Active Flow Control (AFC)
	Hybrid Systems in Aviation and Wind Turbines

	Challenges and Limitations
	Manufacturing Complexities
	Integration Difficulties
	Weight and Fuel Efficiency Impacts
	Performance Limitations in Varied Flow Conditions
	Future Research Directions


	Novel Vortex Generator Concepts to Reduce Drag separation in Bluff Bodies
	Introduction - Marine Vessels with Large Form Drag
	Methodology and Design Approach
	Computational Fluid Dynamics (CFD) Analysis
	Detached Eddy Simulation (DES)
	Governing Equations
	URANS Mode
	LES Mode
	Transition Between URANS and LES Modes
	Utilizing DES in Preliminary Design of Vortex Generators

	Design Space Exploration and Optimization
	Innovative Vortex Generator Designs
	Conclusion
	Future Work


	Global Conclusions
	Conclusions
	Implications and Future Directions
	Concluding Remarks

	Wave Proves & Corresponding Ship Motions
	SCR Riser Motion Reconstruction & Analysis
	SCR Straight Riser Motion Reconstruction & Analysis

