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Abstract: The Ocean Cleanup introduces a Digital Twin (DT) describing the cleanup systems made
of netting to extract marine litter from our oceans. It consists of two wings forming a “U-shape”
and a retention zone. During operation, the system is towed and drag-driven with a span-to-length
ratio of 0.6 ≤ SR∗ ≤ 0.8. The twine Reynolds number is Re∗t ∈ [800 : 1600], making it experience
various local drag coefficients. The DT was built with OrcaFlex (OF) aiming at: (i) avoiding over- or
under-designing the system; (ii) supporting the scale-up of the system; and (iii) estimating the costs
and/or the impact of our offshore operations. Therefore, we present an attempt to build an accurate
DT using data from the Great Pacific Garbage Patch (GPGP). We developed a three-cycle validation:
(i) initial guess applying Naumov’s semi-empirical drag coefficient to define the OF drag coefficients
without the influence of the angles of attack θ of the wings; (ii) adjustment of the OF drag coefficients
using AquaSim (AS) with its twine-by-twine drag correlation for various θ; (iii) re-adjustment of
the OF drag coefficients from two-dimensional CFD simulations using Direct Numerical Simulation
(DNS) for a twine-by-twine establishment of a drag correlation on a 1 m plane net, highlighting
the shielding effects for θ < 24◦. Consequently, an initial underestimation of −3% in the combined
towline tension, for a nominal span (SR∗ = 0.6), was corrected to a slight overestimation of +7%
compared to the GPGP data. For a wide span (SR∗ = 0.8), the deviation remained between +1%
and +15% throughout the validation process. For a narrow span (SR∗ ∼ 0.02), mostly exhibiting
low θ, the first cycle showed a +276% deviation, whereas at the end of the third cycle, it showed a
+43% deviation.

Keywords: digital twin; drag coefficients; net; twine-by-twine; OrcaFlex; AquaSim; CFD simulation;
shielding effects; ocean cleanup system

1. Introduction

In July 2021, a new design of our cleanup system called System 002, also known
as “Jenny”, was deployed in the GPGP for a testing campaign. It replaced System 001,
which consisted of a 600 m-long passive floating barrier with a 3 m-deep skirt, designed to
take advantage of natural oceanic forces, such as currents and winds, to passively capture
plastic waste. As opposed to System 001, Jenny was designed to be a 800 m towed (i.e.,
active propulsion) floating structure composed of a containment boom and a permeable
net-like skirt generally inspired by the fishing industry. As a matter of fact, the centuries
of existence of fishing and aquaculture have set the ground for the development of most
ocean applications involving net-like devices. In essence, the existing knowledge is directly
extrapolated onto new technologies along with some additional fine-tuning. In this context,
the netting, considered as a basic element of most fishing gears, has been subjected to
numerous investigations. Specially, the studies on the hydrodynamic characteristics of the
netting highlight the necessity of optimizing them for efficiency purposes.
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In the specific case of The Ocean Cleanup, the engineering efficiency and the envi-
ronmental efficiency are the main drivers of the cleanup project, and they translate into
two Key Performance Indicators (KPIs): the costs per kilogram of extracted plastic and
the CO2 emission per kilogram of extracted plastic. Being a Non-profit organization that
supports the preservation of marine ecosystems, The Ocean Cleanup is committed to
making efficient use of the obtained donations, by setting a cost KPI target that aims to
become financially self-sustaining and minimize the environmental impact of its operations,
by setting an environmental KPI target that can lead to a net positive environmental impact.
Therefore, understanding the hydrodynamic loads acting on its cleanup systems, which
impact the fuel consumption of the towing vessels (implicitly their CO2 emission), becomes
imperative. This is especially relevant since the testing phase with System 002 will be
followed by a scale-up phase to a fleet of 2 km-long cleanup systems (System 03). It is
expected that a larger system will not only increase fuel consumption (implicitly the CO2
emission), but also decrease the system’s maneuverability such as changing heading and
speed. Consequently, this decreases the capacity to sweep through previously identified
plastic hot spots, meaning that the efficiency is potentially reduced. Therefore, the project
KPIs, the system performance, and the whole offshore operation will have as a backbone
the comprehension of the hydrodynamic behavior of the cleanup systems.

Early investigations of the force acting on a plane net moving through water were
inspired by fishing activities [1]. The general idea was to show that the resistance, which is
the force required to tow the net, is proportional to the area of the plane net, to the square of
the velocity of the net relative to the water, and to the angle between the direction of motion
and the plane net. Amongst the early numerical models is the work of Christensen [2].
They explored the force acting on elongated fishing net twines and ropes under load.
Their model took into account the stress–strain characteristics of the net material. Later,
Berteaux [3] carried out a study on the force acting on net cages, mooring cables, and
plane nets. The context was about the optimization of the aforementioned force. In their
work, Laws and Livesey [4] characterized the flow properties in the vicinity of a screen.
Chronologically, it is around the early 1990s that the number of this type of study started to
increase. For instance, Rudi et al. [5,6], Løland [7] performed extensive studies on floating
cage systems dedicated to fish farming. With computing resources becoming more and
more accessible, numerical simulations of these structures arose in the literature.

An important property of these nets is their capacity to sustain heavy loads on every
single twine. In Takagi et al. [8], Balash et al. [9], the authors carried out a numerical study
of the steady loads on plane nets modeled as an inter-connected system of lumped masses
and springs for the local definition of the resistance force. Using the lumped-mass method,
Zhao et al. [10] developed a 3D net model, which validated their previous 2D net model for
the investigation of the effects of the structure size ratio and mesh type on the deformation
of the gravity cage in the current. Naumov et al. [11] studied the drag coefficient of flat
netting subjected to a cross-sectional flow and developed a semi-empirical model for the
drag coefficient as a function of the flow regime. Another example is the investigation of the
structural response of these fishing gears, as seen in Zhao et al. [12]. As the structural integrity
plays an important role in many of these applications, numerical methods [13] have to deliver
accurate predictions. These innovative approaches, such as demonstrated in the studies by
Cheng et al. [14], enable scientists and engineers to enhance the complexity of their aquaculture
net modeling. They investigated the hydrodynamic responses of a semi-submersible offshore
fish farm, in order to optimize the design, to guarantee its structural integrity, and ensure
the safety of workers during intense wave events. Since a fishing net can change orientation
with regard to the incoming flow, it is important to understand the effect of its angle of attack.
For example, Simonsen et al. [15], Zhao et al. [16], Gansel et al. [17], and Thierry et al. [18], Tang
et al. [19], Mi et al. [20], Yu et al. [21], Endresen and Moe Føre [22], Wang et al. [23] studied the
effects of the flow speed and angle of attack on the drag and lift forces on nets through
numerical simulation, empirical formulation, and/or physical model experiments. As a
matter of fact, as the angle between the flow direction and the plane net is getting smaller,
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a shielding effect can drastically impact the drag coefficient. The leading twine acts as a
shield and sheds vortices, subsequently changing the flow features around the following
twine, and so on. All of these multiple phenomena are in nature problematic for the design
of netted devices such as trawls.

Designing the netting of a trawl (an instrument that is used for sampling the surface
or the upper layer of the ocean) includes the consideration of its hydrodynamic properties
to ensure its efficiency. For instance, Liu et al. [24] studied the drag characteristics and
fluttering motions of a midwater trawl codend since they affect the catch and vice versa.
The study of Guo et al. [25] suggested empirical formulas of the hydrodynamic model in
terms of drag and lift coefficients for knot-less fine-mesh minnow netting for application
to manta trawls. These trawls are effective tools for collecting plankton and other marine
organisms while minimizing disturbances to the aquatic environment and providing
accurate scientific data. They are employed in numerous prominent scientific investigations,
including the comprehensive research conducted by Egger et al. [26,27] on the abundance
of microplastics (>500 µm) and mesoplastics (0.5–5 cm) in the surface waters of the eastern
North Pacific Ocean and the pelagic distribution of plastic debris and marine organisms
in the upper layer of the North Atlantic Ocean or the study of Chong et al. [28] on the
concentrations of floating neustonic life in the North Pacific Garbage Patch.

For our case, the System 002 is depicted above water in Figure 1a and underwater in
Figure 1b. At first glance, the cleanup system in operation resembles a fishing net during
trawling, but a closer examination reveals the following differences:

• The cleanup system catches plastic at the sea surface. Trawling is mostly performed
close to the sea bed or at mid-water depth. That means that the netting, ropes, and
floaters of the cleanup system are exposed to cyclic wave-induced forces for longer
time periods than fishing rigs. In turn, that leads to increased wear and tear, as has
been verified during the System 002 test campaign.

• The cleanup system netting of System 002 has a mesh size of 10 mm to catch also
mesoplastics, which are plastics with sizes between 0.5 cm and 5 cm. The netting used
in the trawling has normally a mesh size larger than 10 mm. That means that the
drag force on a 800 m-long system (System 002) or 2 km-long system (System 03) is
considerably larger than from trawling. As a consequence, understanding this force
and the variables influencing it is particularly important for the cleanup application.

• The wingspan of System 002 adopts a “U-shape” during operation, and the netting
draft is 3 m. That means that the bottom of the system is completely open, allowing
fish to easily escape. Additionally, in the retention zone’s bottom, there are openings
to allow marine life to escape. This emphasizes that the purpose is to capture plastics,
not fish. Therefore, since the netting configuration is different from fishing nets, it is
valuable to understand how this new application of netting performs in water, how it
interacts with marine life, and how the offshore operation around it must be efficient
to make it work. All these points were thoroughly studied and monitored within The
Ocean Cleanup, and the present work is part of it.

• An important difference between catching plastic and fishing is how dispersed the
plastic is at the ocean’s surface, in comparison to a dense school of fish. There is
a large amount of plastic floating in the GPGP, but it circulates on a massive area
of the North Pacific Ocean. That means that the area density of the catch that the
cleanup system encounters is much lower than in the fishing case. As a consequence,
the cleanup system needs to sweep a much larger area to match a fish catch with a
plastic catch. Additionally, The Ocean Cleanup objective is to get rid of 90% of the
floating plastic in the GPGP by 2040, but it is not the objective of the fisheries to deplete
fish to that level. Therefore, the energy invested in cleaning is larger than in fishing,
making the efficiency and the hydrodynamic performance of the cleanup system even
more relevant.

In Part I of our work, we aimed to shed light on three unknowns. First, we aimed to
compare the estimated hydrodynamic force obtained from the cleanup system model or



J. Mar. Sci. Eng. 2023, 11, 1943 4 of 33

Digital Twin with real-world data. Second, we investigated how various angles of attack
along the system’s length impact the overall drag force. In other words, what the impact of
the shielding effect is (cf. Section 2.3 for a description of this effect) for different system
spans. Third, we explored methods to integrate this effect into the Digital Twin to refine
the estimation of the hydrodynamic forces. We addressed these unknowns by intending
to improve the accuracy of the hydrodynamic load estimation of our DT, which is built in
OF [29], for various spans. To accomplish that, we focused on calibrating and validating the
net’s drag coefficients of our System 002 Digital Twin. The validation was based on data
directly measured during our GPGP offshore operations with System 002. The method can
be summarized as a three-stage validation process, where the following three numerical
models were involved:

• OrcaFlex is used for the dynamic analysis of offshore marine systems, including
floating structures, moorings, and risers. We used it for simulating the behavior of
our complex ocean cleanup system under different environmental conditions such as
waves, currents, and winds. It provides a comprehensive set of features for modeling
the geometric structures of the system and its dynamic response, as well as that of
the lines to tow the system. It is based on Morison’s equation [30] and potential flow
to model the forces on a structure generated by the fluid flow, such as the forces on
a mooring line due to waves. It takes into account the inertia and drag forces of the
fluid, as well as the added mass of the structure.

• AquaSim [31,32] is used to predict the behavior of aquatic ecosystems and the impacts
of environmental stressors. It uses numerical methods to solve the flow around fishing
farms and the resulting loads. It is a Finite-Element Analysis (FEA) program, which
allows further details on the physics of interest. On the one hand, AS is ideal to increase
the level of accuracy of the drag calculation on the cleanup system. On the other hand,
the twine-by-twine calculation increases the computational time, specially in irregular
waves. Since AS includes a formula to account for the shielding effects, it is seen, from the
perspective of the present work, as an initial approximation to that effect.

• Basilisk [33–35] is a Direct Numerical Simulation (DNS) solver, which offers an accu-
rate insight into the flow around the twines, especially if they are in tandem at low θ.
For this purpose, we highlight the cross-sectional flow features impacting the drag
coefficient around individual twines to trigger the shielding effect due to the various
angles of attack of the net.

1 2

3 4

5
6

7

8
9

(a) (b)
Figure 1. Above-water and underwater footage of System 002. 1 Port-side vessel. 2 Starboard-side

vessel. 3 Port-side tow bar and towing bridle, connected to a towing line. 4 Starboard-side tow bar

and towing bridle, connected to a towing line. 5 Port-side wingspan. 6 Starboard-side wingspan.

7 Retention opening. 8 Retention zone. 9 Extraction pick-up line. (a) Aerial view of System 002
towed by two vessels. (b) Underwater view of the retention zone made of nets.

The materials and methods used in the present work are described in Sections 2 and 3.
The main results are reported in Section 4. The discussions, conclusions, and perspectives
are reported in Section 5.
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In the rest of this manuscript, the “star” symbol (∗) denotes any dimensionless quan-
tity, and the subscripts OF and AS, respectively, refer to quantities related to OrcaFlex
and AquaSim.

2. Materials
2.1. GPGP Measured Data

There are two main necessary variables for the validation of the OF model: the
towline tension and the speed through water (ustw) of the cleanup system. They have been
continuously measured throughout the System 002 GPGP campaign, from August 2021
until December 2022, and more recently, during the GPGP campaigns of systems larger
than System 002.

To measure the towline tension, a Running Line Monitor (Figure 2) is installed on each
towing line. The tension is measured every second, and it is transmitted and registered to a
computer on board the vessel.

Figure 2. Running Line Monitor (RLM) to measure towline tension.

These measurements were post-processed in the following manner:

1. The mean tension was calculated for periods of 3 h, for each of the towing lines.
The sum of the mean values for each towline provides the combined towline tension,
which is the variable to be validated in the present work.

2. The error associated with the combined towline tension was calculated. Taking the
mean tension for a specific time period introduces an error because the true mean
value, for a specific metocean condition, can be anywhere between the extreme values
of the dynamic response. Therefore, the difference between the calculated mean and
the maximum tension for the 3 h period was taken as the associated error.

3. The RLM has a high accuracy, typically between 0.5% and 2.0% of the measured load.
The associated error described in the previous point is typically higher than the error
associated with each instant measurement.

Regarding the speed through water (ustw) measurements, two main sources were
considered:

1. A Doppler Velocity Logger (DVL) supplies the ustw of the vessel, which is registered
on a computer on board the vessel.

2. The Speed Over Ground (SOG) of the vessel combined with the sea surface current
velocity estimation, from the X-band radar of the vessel.

The measurements produced by both sources were compared over a specific amount
of time, normally corresponding to three hours of test or normal operation. If the measure-
ments are similar, then ustw is deemed consistent, and the average between the two values
is calculated and used in the validation. Figure 3 is an illustration showing this consistency
between the two sources.
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Figure 3. Example comparison between ustw from DVL and ustw calculated with SOG-sea current.

The error associated with the speed through water measurement is calculated in the
following manner:

1. The DVL on the vessels has an accuracy of 1.5%.
2. Since two sources of data are considered to calculate the average value, an error of

half the difference between the two measured values is introduced.
3. Finally, the maximum between the previous two errors is taken as the speed-through-

water-associated error.

Since the OF simulations to be used in the validation process are run in the no-waves
condition, the GPGP measurements must correspond to low wave conditions for compari-
son purposes. Based on the data gathered during the GPGP expeditions, the significant
wave height range was set as Hs ∈ [1 : 2] m with periods Ts > 12 s, which are considered
appropriate for the validation. Further details on the comparison between the OF results
and GPGP data are presented in Section 3.4.

2.2. OrcaFlex

Prior to real testing or operation in the GPGP, we used OrcaFlex [29] for the dynamic
analysis of System 002. Morison’s equation for the calculation of the wave loads on fixed
vertical cylinders involves two force components: the fluid acceleration as the fluid inertia
force and the fluid velocity as the drag force. It reads:

fOF = m f C∗M,OF
du
dt

+
1
2

ρ f C∗D,OF A|u|u (1)

where ρ f , m f , u, C∗D,OF, C∗M,OF, A, and fOF, respectively, represent the density of the fluid,
the mass of fluid displaced by the body, the fluid velocity relative to the Earth, the drag
coefficient for the body, the inertia coefficient for the body, the drag area, and the total force
on the object. In the case of a moving body, the equation reads:

fOF = m f

(
C∗M,OF

du
dt
− C∗A,OF

dvb
dt

)
+

1
2

ρ f C∗D,OF A|ur|ur (2)

where C∗A,OF, vb, and ur, respectively, denote the added mass coefficient for the body,
the velocity of the body relative to the Earth, and the fluid velocity relative to the body.
The second term is the OrcaFlex drag force ( fD,OF).

Three components of the drag force are considered ( fDx,OF, fDy,OF, and fDz,OF).
The first two are normal to the considered line or slender cylinders. The third compo-
nent is tangential. These local coordinate directions are depicted in Figure 4.
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Figure 4. Local and global coordinate systems in OrcaFlex.

The equations applied in OrcaFlex for each of the components are the following
Orcina [29]:

fDx,OF =
1
2

ρ f C∗Dx,OFdslsux|un| (3)

fDy,OF =
1
2

ρ f C∗Dy,OFdslsuy|un| (4)

fDz,OF =
1
2

ρ f πC∗Dz,OFdslsuz|uz| (5)

where un is the normal component of the fluid velocity relative to the line and uz is the axial
component, ds is the diameter of the slender cylinder, ls is the length of the slender cylinder,
dsls is the normal drag area, πdsls is the axial drag area, C∗Dx,OF, and C∗Dy,OF are the normal
drag coefficients and C∗Dz,OF = C∗D,OF,a and are the axial or tangential drag coefficient.

2.3. AquaSim

AquaSim is an FEA software for the simulation and analysis of structures exposed in
the marine environment subjected to loads such as current, waves, wind, impulse loads,
displacements, and other operational loads. The hydrodynamic force in AquaSim is based
on the work of Berstad et al. [36].

In AquaSim, a net is the sum of twines and the total force on the net is the sum of
the forces of every twine (twine-by-twine approach). If a twine is considered as a circular
cylinder of diameter dt and length lt, the force for steady flow acting on the cylinder is
expressed as [30]:

fD,AS =
1
2

ρ f C∗D,cyldtlt|ustw|ustw (6)

where C∗D,cyl is the drag coefficient for cross flow to a circular cylinder and ustw is the speed
through water.

Considering an ideal knot-less mesh, as shown in Figure 5, the conservation of mo-
mentum indicates that, in the presence of a flow perpendicular to the net, the fluid velocity
must increase. From that fact, a new drag coefficient, named C∗D,mem [36], is derived and
expressed as a function of C∗D,cyl as follows:

C∗D,mem = C∗D,cyl
lyl2

z

(ly − dt)(lz − dt)2 (7)
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lz

ly

Figure 5. Basic definition of a knot-less net.

Then, introducing the definition of net solidity as Sn∗ = Ae/Atot, where Ae is the
netting projected area and Atot is the total area of the net, the following relation can
be deduced:

C∗D,mem = C∗D,cyl
1

(
1− S∗n

2

)3 (8)

with

S∗n =
dt

ly
+

dt

lz
(9)

Finally, the effect of fluid velocity reaching the net at an arbitrary angle is incorporated
into the equation as an updated drag coefficient C∗

′
D,mem, based on the angle of attack of the

mesh to the flow θ (cf. Equation (10)). This accounts for the so-called shadow or shielding
effect. That is the effect an upstream twine wake has on a downstream twine (Figure 6).

−1 1
ω∗

Figure 6. A twine in the wake of a leading twine. Illustration with dimensionless vorticity field from
2D direct numerical simulation.

C∗
′

D,mem = C∗D,mem

(
ly sin θ

K∗dt

)1.5

(10)

where K∗ is proposed to be 2.4, according to the findings of Berstad et al. [36].

2.4. Basilisk

The investigation of moving rigid bodies immersed in a fluid is quite abundant in the liter-
ature along with the numerous methods tackling this kind of problem, as seen in the reviews of
Wachs [37], Wu and Yang [38], Uhlmann et al. [39]. In this study, we used Basilisk, which is an
open-source software providing a set of solvers based on a tree data structure. It is able to solve
numerous initial-boundary-value problems. The work of Selçuk et al. [40] in Basilisk allowed
us to use the Distributed Lagrange Multiplier/Fictitious Domain method (DLM/FD) origi-
nally introduced by Glowinski et al. [41,42], Patankar et al. [43], Glowinski et al. [44]. In their
work, Selçuk et al. [40] showed the details of the method and its numerical implementation
on the dynamic quadtree/octree grid of Basilisk to tackle the problem of immersed bodies
in a fluid flow. The principle of the DLM/FD formulation consists of enforcing the rigid
body motion on the immersed body domain within an Eulerian grid as a constraint and
treats the body boundary and its volume as an object under solid body motion. In fact,



J. Mar. Sci. Eng. 2023, 11, 1943 9 of 33

Lagrangian points are distributed not only on the boundary, but in the volume occupied by
the rigid body as well.

We briefly recall the general DLM/FD formulation for generalized freely moving
bodies. It is worth mentioning that, when the bodies are fixed, their velocities are equal
to zero, simplifying the conservation equations. Let Ω define a domain of Rd, d ∈< 2, 3 >
and ∂Ω its boundary. Then, let N∗t be the number of twines Bi(t) (i ∈ [1 : N∗t ]) that Ω is
filled with. For the sake of simplicity, N∗t is considered to be equal to 1. Dirichlet boundary
conditions are set on ∂Ω for the fluid velocity field. Dimensionless variables are defined
using the set of the following variables: dt for length, ustw for velocity, t∗c = dt/ustw for
the convective time scale, ρ f u2

stw for pressure, and ρ f u2
stw/dt for the rigid-body motion

Lagrange multiplier; ρ f denotes the fluid density. The combined conservation equations
that govern both the fluid and the solid (if there is motion) are written as follows:

• Continuity equation:
∇ · u∗ = 0, over Ω. (11)

• Combined momentum equations:

(
∂u∗

∂t∗
+ u∗ · ∇u∗

)
= −∇p∗ +

1
Re∗t
∇2u∗ − λ∗ over Ω, (12)

(ρ∗r − 1)V∗b

(
dv∗b
dt
−F r∗

g
g

)
−
∫

B(t)
λ∗dx∗ = 0, over B(t), (13)

I∗b
dω∗

dt∗
+ ω∗ × I∗b ·ω∗ + ∑

j
(Fc)

∗
j × R∗j +

∫

B(t)
(λ∗ × r∗) · dx∗ = 0, over B(t), (14)

u∗ − (v∗b + ω∗ × r∗) = 0, over B(t), (15)

where u∗ stands for the fluid velocity vector, p∗ the pressure, λ∗ the distributed Lagrange
multiplier vector, r∗ the position vector with respect to body gravity center, I∗b the body
inertia tensor, R∗ the vector between the body gravity center and the contact point for
eventual contact (but not the case in this study), V∗b the body volume, M∗ the body mass,
g∗ the gravity acceleration, ρ∗r = ρb/ρ f the density ratio, and g∗ the gravity acceleration

magnitude. The twine Reynolds numberRet is defined asRe∗t =
ρ f ustwdt

µ f
, and the Froude

number F r∗ is defined as F r∗ =
gdt

u2
stw

. The full details of this method are reported in

Selçuk et al. [40], Wachs [45], Wachs et al. [46].
Using the aforementioned method, the hydrodynamic force about the ith body center

of mass can be computed as:

f ∗i =
∫

Bi(t)
σ∗ · ndS∗ (16)

where, σ∗ and n are, respectively, the stress tensor, which is the summation of the Lagrange
multipliers of the rigid body, and the outward-oriented unit normal vector to ∂Bi. Hence,

the total force acting on all the twines is
N∗t
∑
i

f ∗i . In this study, the main focus was the drag

force (therefore, the drag coefficient). As the total force is the summation of the individual
forces acting on each twine, it is legitimate to consider the twine’s projected area for the
calculation of the drag coefficients. For each twine, the dimensional drag force is written as:

f i
D,CFD =

1
2

ρ f Ci∗
D,CFD Ai|ustw|ustw, (17)
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then the average drag coefficients of the net can be defined as:

C̃∗D,CFD =

2
N∗t
∑

i=0
f i
D,CFD

ρ f Au2
stw

(18)

where Ai is the cross-sectional area of the ith twine. Since Ai remains constant for all twines,

we can write A =
N∗t
∑

i=0
Ai.

In this study, the drag coefficients were projected onto the net intrinsic reference frame
(Section 3.5 ). Its axes’ unit vectors are defined as normal and axial (respectively, n and a).

˜C∗D,CFD,n =

2
N∗t
∑

i=0
f i
D,CFD,n

ρ f Au2
stw

˜C∗D,CFD,a =

2
N∗t
∑

i=0
f i
D,CFD,a

ρ f Au2
stw

(19)

3. Method
3.1. Overview of the Method

Describing the method implies describing the inputs, outputs, interfaces, and pro-
cesses necessary to achieve the objective of validating the OF model. An effective way to
present this is through the flowchart in Figure 7, which can be further clarified with the
following points:

• The variable to validate is the combined towline tension, defined as the sum of the
tensions in each towline, for various speeds through water ustw. The span is the
distance between the wing’s extremities as depicted in Figure 8. The figure also shows
the System Length (SL), towlines, wings, and Retention Zone (RZ). The System Ratio
(SR∗) is defined as the ratio between the span and the system length (SR∗ = span/SL).
Three span values are considered as shown in Table 1 for System 002’s length equal
to 800 m:

• The OF model validation was performed in three cycles:

1. First cycle: Simulation based on the initial estimation of the OF axial drag
coefficient C∗D,OF, a. This step is detailed in Section 3.2.

2. Second cycle: Triggered by discrepancies between the model and the GPGP data,
especially for a narrow span, we used the AS model of a 1 m × 1 m piece of
the system’s net at multiple θ. Then, the difference between the drag forces on
a 1 m × 1 m section of the net from OrcaFlex and AquaSim was calculated and
written as:

∆ fD = fD,OF − fD,AS (20)

Then, the Root Mean Square (RMS) of the set of differences for a group of θ,
corresponding to a certain span, can be calculated:

RMS =

√√√√ 1
N∗θ

N∗θ
∑
j=1
|∆ fD|2j (21)

where N∗θ is the total number of angles of attack for the optimization case. The op-
timization objective is to obtain the C∗D,OF,a value that produces the minimum
RMS for the specific optimization case. In that way, the OF drag force will be
close to the AS drag force. With this optimization, the accuracy of a twine-
by-twine calculation and the shielding effect can be included in OF, leading to
more-accurate load estimations. Further details about the OrcaFlex modeling are
seen in Section 3.2.
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3. Third cycle: Triggered by the necessity to verify the AS results, using a CFD
model, a two dimensional piece of the net was simulated for various θ to quantify
the effect of the vortex shedding on the twines in tandem on the average drag
coefficient. This gives a piecewise definition of the average drag coefficients of
the net. They are given as a function of ustw and θ and used in the AS drag force
Equation (28), replacing the AS drag coefficients. Then, the same optimization
(Equations (20) and (21)) can be carried out one more time.
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Identify 
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drag formula

base for 1st 
validation cycle

Figure 7. Method flowchart.
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Figure 8. Sketch of the system with basic definitions.

Table 1. Span values for SL = 800 m.

Span Type Span (m) System Ratio System Status

Narrow ≈16 0.02 Towing behind
one vessel

Nominal ≈480 0.6 Optimal performance
in operation

Wide ≈630 0.8 Maximize
plastic catch

3.2. OrcaFlex Drag Force Calculation

In this section, the question of how to apply the OF calculation capability, described
in Section 2.2 to a fishing net, is answered. The used approach is to convert the net
into equivalent horizontal cylinders or lines called net equivalent lines, running along
the system wings, segmented based on a user-defined slender length (ls), and vertically
connected by links. Figure 9 presents a section of the wings modeled in OrcaFlex. The drag
contribution of each segment is added along the wing to obtain the total drag force on that
line. Since the wing underwater shape also influences the drag, it is necessary at least to
have two drag equivalent lines vertically distributed to obtain a better representation of the
real-world data (cf. the two orange lines in Figure 9).

Figure 9. Wing section model in OF.
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The normal drag coefficients of the net equivalent lines (C∗Dx,OF and C∗Dy,OF) were
assumed equal to the normal drag coefficient derived from the semi-empirical formula
proposed by Naumov et al. [11], which reads:

C∗D,n =





19.4
(

2ξ∗

Re∗t

)0.36
, Re∗t < 400ξ∗,

9.3
(

2ξ∗

Re∗t

)0.22
, 400ξ∗ ≤ Re∗t < Re∗c ,

1.41 + 1.7ξ∗, Re∗t ≥ Re∗c .

(22)

with

ξ∗ =
dt

sm
n
∏
i=0
|hi|

defined in Rn, n = 2 (23)

Re∗c = 2ξ∗
(

9.33
1.41 + 1.7ξ∗

)4.63
(24)

where dt, dm, hi, andRe∗c , respectively, denote the twine diameter, the mesh size or twine
distance, the directional hanging ratios, and the critical Reynolds number related to the
transition to a non-linear drag formulation.

The OF axial drag coefficient (C∗D,OF,a = C∗Dz,OF) was initially approximated as 1/(3π)
of the normal drag coefficient, as this approximation is conservative. As an example, in the
work of Berstad et al. [36], the tangential or axial drag coefficient was estimated to be 1–2%
of the normal drag coefficient.

The OF model had the following three important limitations that triggered the need
for a second validation cycle. They also determined the optimization method for the OF
axial drag coefficient:

1. Due to the way the net is modeled, since potential flow and one-way coupling were
considered, there was no option to directly include or capture what is called the shield-
ing effect between the twines of a submerged net. In contrast, the drag calculation in
the software AquaSim and Basilisk does include this effect.

2. Due to the way the net was modeled, it was not possible to calculate the drag twine-
by-twine and actually differentiate between horizontal and vertical twines. In contrast,
the drag calculation in the software AquaSim does include this option.

3. The effect of the underwater cross-section shape of the net has on the drag force
was not included in the model. Both OF normal drag coefficients were considered
equal. That is, C∗Dx,OF = C∗Dy,OF = C∗D,OF,n = C∗D,n. This effect can be included by
considering the torsion of the drag equivalent line, but that considerably increases the
computation time.

Finally, the OF drag force fD,OF for a 1 m × 1 m piece of plain net was constructed con-
sidering the angle of attack θ, the speed through water ustw, the net solidity S∗n, the C∗D,OF,n,
C∗D,OF,a, as well as the normal (n̂) and axial/tangential (t̂) directions. It reads:

fD,OF =
√
( fD · n̂)2 + ( fD · t̂)2 (25)

In kilogram-force:

fD,OF =
ρ f S∗n
2g

√(
C∗D,OF,nu2

stw sin2 θ
)2

+
(

πC∗D,OF,au2
stw cos2 θ

)2
(26)
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3.3. AquaSim Drag Force Calculation

Using AquaSim, the drag force on a 1 m × 1 m piece of flat net can be derived as
follows: (i) the number of meshes N∗m in 1m2 of a net with ly = lz = L (Figure 5) is given

by N∗m =

(
1
L

)2
; (ii) the drag force fD,AS is constructed considering the angle of attack

θ, the twine diameter dt, C∗D,mem (Equation (8)), C∗
′

D,mem (Equation (10)), and the speed
through water ustw. Each term of the equation is linked through colors to either horizontal
or vertical twines, as depicted in Figure 10. The force reads:

fD,AS =

√(
| fhoriz · n̂| + | fvert · n̂|

)2
+

(
| fhoriz · t̂| + | fvert · t̂|

)2
(27)

In kilogram-force:

fD,AS =
N∗mρ f dtL

2g





(
C∗D,memu2

stw sin2 θ + C∗
′

D,memu2
stw sin θ

)2

+

(
πC∗D,a,tu

2
stw cos2 θ + C∗

′
D,memu2

stw cos θ

)2




1/2

(28)

Figure 10. The 3D sketch of a plane net. Vertical twines in green color. Horizontal twines in red color.
These colors are corresponding to the components of Equations (27) and (28).

C∗D,a,t is the axial drag coefficient of a twine, and it was taken as 1.3% of C∗D,cyl, which
is between 1% and 2%, as suggested by Berstad et al. [36], and C∗D,cyl = 1 for all the range
of Reynolds numbers experienced by the twine of the cleanup system’s net.

Equation (28) was used during the last two validation cycles to calculate the drag
force acting on a 1 m by 1 m plane net. This force was then used to optimize the OF axial
drag coefficient.

3.4. Comparing GPGP Data with Simulation Results

As mentioned in Section 2.1, Hs ∈ [1 : 2] m was used to select the GPGP data. In that
range, there is a considerable amount of measurements available and the wave height is
relatively close to the no-wave condition imposed in the simulations.

In spite of the relatively low waves, towing the system in waves produces an increase
in the mean towline tension. That increase varies as a function of ustw and the metocean
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conditions. In order to compare the GPGP data with the simulation results, it is necessary to
quantify that increase for different speeds and sea states. The quantification of the increase
in the mean towline tension in waves was based on OF simulations. We computed wave
factors using the results from several System 002 simulations in head sea and nominal span.
The wave factor is the ratio between the towline force in waves and the towline force in no
waves. They are presented in Table 2 for various ustw and various sea states. From this table,
it can be deduced that the wave factors decrease with increasing ustw, and they increase
with increasing sea state. Since System 002 normally operates at ustw ∈ [0.75 : 1.0] m/s,
it makes sense to focus on that velocity range during the validation procedure. It also
makes sense to validate for year-average conditions, that means for annual p50 conditions.
Then, a wave factor of 1.15 (reading from the p50 row and 0.75 m/s column) can be used to
multiply the combined towline tension estimated by OrcaFlex. That leads to a valid and
conservative comparison between the simulation and real-world data.

Table 2. Wave factors for several ustw and several sea states. (†) Annual non-exceeding probability in
the GPGP considered location.

Sea State ustw (m/s)

a.n.e.p. (†) Hs (m) Tp (s) 0.1 0.25 0.5 0.75 1.0

p25 1.7 10.8 3.83 1.74 1.19 1.09 1.11
p50 2.3 11.9 4.72 2.02 1.30 1.15 1.13
p75 3.0 11.9 6.77 2.62 1.54 1.28 1.19
p90 4.1 13.1 9.56 3.37 1.81 1.41 1.26

3.5. Problem Setup for CFD Model

The meshing of the net is defined such that the ratio between the twine distance
and the twine diameter dm/dt is equal to 5.882. The system is towed by two vessels
with targeted ustw equivalent to Reynolds number Re∗t ∈ [400 : 1600]. We modeled our
system as a collection of flat nets consisting of a row of circular cylinders in two dimensions
(Figure 11b). This will help us quantify the cross-sectional shielding effect on the twine drag
coefficients. The modeling approach is exhibited in Figure 11a. The approach consisted of
establishing a piecewise definition of the whole submerged net. These segments have an
angle of attack θ relative to the flow direction. Therefore, θ varies according to the location
of the piecewise plane net on the wings, and it is estimated as θ ∈ [0 : 90]◦. Since it is
impossible to obtain accurate flow features around the full-scale net, this decomposition
approach appears to be a good alternative for our needs.

flat net

wing

(a)

x

y

dt

θdm

n

a

(b)
Figure 11. (a) Top view of Jenny’s wing modeled as collections of successive plane nets. (b) The 2D
cross-sectional sketch of a plane net modeled as circular cylinders.
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3.5.1. Space Convergence on Flow Past a Circular Cylinder

The accuracy of the present method was assessed in this section. In fact, the spatial
key parameters of the AMR features are the maximum level of refinement M∗ giving the
smallest grid size defined as ∆ = L0/2M∗ , where L0 is the domain size and the refining
criteria c∗ such that the threshold ustw/c∗ is necessary to locally refine the grid. In the
case of this study, we chose to refine the grid based on the change of the velocity fields.
Naturally, in the following, we define the number of discretisation points along a twine
diameter as δ∗−1 = dt/∆ and the dimensionless time as t∗ = ustwt/dt. Furthermore,
the test consisted of computing the drag coefficient for a single circular body immersed in a
constantly moving fluid. The impulsively started flow past a unit-diameter circular cylinder
problem is a good candidate to help us in choosing the right numerical parameters to solve
the problem of complex boundary layer separation over the circular cylinder. As outlined
in Figure 12, the case was based on the experiments of Bouard and Coutanceau [47], and
noteworthy early numerical simulations were the works of Koumoutsakos and Leonard
[48] and Mohaghegh and Udaykumar [49], hereafter, respectively, referred to as K&L and
SIM. In Figure 13a, we show a space convergence with Basilisk on the chosen test case.
Additionally, Figure 13c depicts the necessary effort to compute the drag force according
to the refinement criteria c∗. Finally, we show in Figure 13e the effect for the refinement
criteria c on the drag coefficient.

−1 1
ω∗

t∗ = 0 t∗ = 0.5 t∗ = 1 t∗ = 2.5

Figure 12. Illustration of a complex boundary layer separation atRe∗t = 1000 as seen in the research
of Bouard and Coutanceau [47], Koumoutsakos and Leonard [48], Mohaghegh and Udaykumar [49]
captured by Basilisk [33]. Vorticity field (top) and the quadtree structure (bottom).

Hereafter, it is clear to us to use a set of (δ∗−1, c∗) = (128, 20) to sufficiently capture
the unsteady behavior of the flow behind the cylinder width a relatively modest effort.

3.5.2. Convergence on the Drag Coefficient of Multiple Twines in Tandem at Various
Angles of Attack

In this section, we quantified the effect of multiple twines in tandem on the drag
coefficient at a low angle of attack. As a matter of fact, the shielding effects are only
observed at low angles of attack. An example of the illustration of this effect is depicted
in Figures 14 and 15 forRe∗t = 1000. It can be seen that only the leading twine conserves
the vortex-shedding pattern, which is responsible for the unsteady separation of the flow,
whereas the following twines exhibit broken patterns due to the wake of their respective
preceding twine. Therefore, the goal of this section was to show the number of twines N∗t
for which the average drag coefficient is no longer changing.



J. Mar. Sci. Eng. 2023, 11, 1943 17 of 33

0 1 2
t

0.0

0.5

1.0

1.5

2.0

C
D SIM

K&L

δ∗−1 = 64

δ∗−1 = 128

δ∗−1 = 256

C
∗ D

,c
yl

t∗
(a)

0 1 2
t

0.0

0.5

1.0

1.5

2.0

C
D

δ∗−1 = 64

δ∗−1 = 128

δ∗−1 = 256

t∗
(b)

80 90 100 110
t

5000

10000

15000

20000

#
ce

lls

c∗ = 5

c∗ = 10

c∗ = 15

c∗ = 20

c∗ = 40#
ce

lls

5000

10,000

15,000

20,000

t∗
(c)

80 90 100 110
t

5000

10000

15000

20000

#
ce

lls

c∗ = 5

c∗ = 10

c∗ = 15

c∗ = 20

c∗ = 40

5000

10,000

15,000

20,000

t∗
(d)

100 105 110
t

0.0

0.5

1.0

1.5

2.0

C
D c∗ = 5

c∗ = 10

c∗ = 15

c∗ = 20

c∗ = 40

C
∗ D

,c
yl

t∗
(e)

100 105 110
t

0.0

0.5

1.0

1.5

2.0

C
D c∗ = 5

c∗ = 10

c∗ = 15

c∗ = 20

c∗ = 40

t∗
(f)

Figure 13. Illustration of the drag coefficient and the numerical parameters related to its computation.
(a) Instantaneous drag coefficient at Re∗t = 1000 for various smallest grid sizes. (b) Instantaneous
drag coefficient atRe∗t = 1600 for various smallest grid sizes. (c) Instantaneous number of cells for
δ∗−1 = 128 as a function of c at Re∗t = 1000. (d) Instantaneous number of cells for δ∗−1 = 128 as a
function of c atRe∗t = 1600. (e) Instantaneous drag coefficient for δ∗−1 = 128 as a function of c∗ at
Re∗t = 1000. (f) Instantaneous drag coefficient for δ∗−1 = 128 as a function of c∗ atRe∗t = 1600.
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t∗ = 5

−1 1
ω∗

t∗ = 10

t∗ = 15 t∗ = 20

t∗ = 30 t∗ = 40
Figure 14. Close-up illustration of the shielding effect mechanism for θ = 8◦ at Re∗t = 1000. Blue
and red, respectively, indicate negative and positive values of the vorticity fields.

θ = 0◦

0 1
u∗x

θ = 4◦

θ = 8◦ θ = 12◦

θ = 16◦ θ = 20◦

Figure 15. Illustration of the flow structure using the velocity field ux as a function of θ atRe∗t = 1000
and t∗ = 90. Blue and red, respectively, indicate low and high values of u∗x.

In Figure 16, we compare the time history of the instantaneous averaged drag co-
efficient computed as in Equation (18), but relative to the x-axis. It shows a very clear
dependence on the number of twines N∗t . For small N∗t , the drag coefficient is underes-
timated by more than 50%. For our following analysis, it is obvious that we considered
only N∗t ≥ 32. Since the difference between N∗t = 32 and N∗t = 64 is acceptable and for a
relatively modest computational effort, we chose N∗t = 32.
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Figure 16. Influence of the number of twines N∗t on the instantaneous total drag coefficient for
various low angles of attack θ atRe∗t = 800.

In order to improve our DT, we extracted the drag and lift correlations as seen in
Figures 17 and 18. By analyzing these correlations, we can gain a better understanding of
the behavior of an object in a fluid medium and how factors such as the angle of attack
and velocity affect the drag and lift. It is worth noting that the drag coefficient is almost
three-times higher for high angles of attack compared to very low angles of attack. This
underscores the importance of considering a wide range of angles of attack when modeling
the behavior of a net in a fluid medium and highlights the need for accurate drag and lift
correlations in order to create more-precise predictions.
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(b) ustw = 0.5 m/s (Re∗t = 800)
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Figure 17. Dependence of the drag coefficient on the angle of attack. The median of the fluctuations
is shown with the standard deviation.
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Figure 18. Dependence of the lift coefficient on the angle of attack. Median of the fluctuations is
shown with standard deviation.

4. Results
4.1. First Validation Cycle

The first validation cycle was based on the drag coefficients derived from the semi-
empirical formula of Naumov et al. [11], as shown in Figure 7. These coefficients were
applied to the OF DT of System 002. ustw was varied from 0.25 m/s to 1.0 m/s in no-wave
conditions and with a simulation time t = 2500 s to reach a steady span.

Based on Figure 19a and the comparison criteria given in Section 3.4, a validation
criterion can be defined. Focusing on the ustw ranging between 0.75 m/s and 1.0 m/s for
nominal and wide spans and between 0.75 m/s and 1.5 m/s for a narrow span, if the data
points fall close to or inside the 15% increase area, the simulated curve can be considered
as validated. A deviation percentage was also quantified. Considering this, the following
findings can be identified:

• The axial drag coefficient C∗D,OF,a led to a DT estimation larger than the measured data
in the narrow span. Specifically, the average deviation between the 15% increase area
and real-world data was about 276%. The main phenomenon that was not captured by
OF in this case was the shielding effect (cf. Section 2.3 for an explanation on this effect).

• The axial drag coefficient CD,OF,a produced a 15% area that was close to the GPGP data
points for the nominal span. Nevertheless, the majority of the data points were still
outside of the area, and the computed mean deviation was about −3% (minus sign
meaning an underestimation of the ground truth). The expectation was that the second
and third validation cycle curves will comply even better with the validation criteria.
The reason behind this expectation is that CD,OF,a was not optimized for the angles of
attack to the flow and the twine-by-twine calculation had not been included yet.

• The axial drag coefficient CD,OF,a produced a 15% area that was close to the GPGP data
points for a wide span. Even some data points were inside the area, and the calculated
mean deviation was just 1%. That means that the OF model might be considered as
validated at this cycle for a wide span. Nevertheless, the expectation was that the
2nd and 3rd validation cycle curves would comply with the validation criteria in a
more-conservative manner, following the same reasoning as for the nominal span.
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(a) 1st validation.
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(b) 2nd validation.
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(c) 3rd validation.
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(d) 3rd validation with an averaged 16 m span.

Figure 19. Dependence of the combined towline tension on the ustw. Superscripts 16, 480, and 630
indicate the span in meters. The colored areas are the 15% increase in the mean load. GPGP data
selected from August 2021 to August 2022. The error bar estimation is explained in Section 2.1.

4.2. Second Validation Cycle

As is shown in the flowchart of Figure 7, the second validation cycle was mainly based
on an optimization process of the OF axial drag coefficient (CD,OF,a) with the objective
of imitating the AS-calculated drag force over a 1m × 1m net, for multiple θ. Therefore,
the present section is divided in two subsections: (i) Section 4.2.1 deals with the optimization
cases, which means to define, per span type, which θ are relevant; (ii) Section 4.2.2 presents
the findings derived from the second cycle’s results depicted in Figure 19b.

4.2.1. Optimization Cases

The optimization cases depend on the angle of attack θ assumed by the wings for dif-
ferent system spans. Therefore, defining the case requires an analysis of the OF simulation
results for each span presented in Table 1. Since there is symmetry, only the results for one
wing were considered.

The distribution of the angles of attack along the wing, for the narrow span, is pre-
sented in Figure 20a for two values of ustw. As can be seen, with ustw = 0.5 m/s, the
angles of attack were concentrated between 0◦ and 2◦. That trend strengthened if the speed
was increased to 0.75 m/s. Therefore, for a narrow span, CD,OF,a should be optimized for
θ ≤ 2◦.
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Figure 20. Distribution of the angles of attack.

The distribution of the angles of attack for the nominal span is presented in Figure 20b
for two values of ustw. In this case, for both values of ustw, about 50% of the angles were
between 20◦ and 30◦ and the rest were between 30◦ and 85◦. According to the CFD results
and AS calculation, no major shielding effect was expected for θ > 24◦. Therefore, the
shielding effect was limited for the nominal span, meaning that CD,OF,a can be optimized for
angles between 30◦ and 90◦ in order to cover 50% of the angles and give more importance
to the higher drag forces close to 90◦.

The distribution of the angles of attack for the wide span are presented in Figure 20c
for two values of ustw. As can be deduced, for both ustw values, about 50% of the angles
were between 30◦ and 45◦, whereas the other 50% were between 45◦ and 90◦. From the
CFD simulations and AS calculation, no major shielding effect was expected for θ > 24◦.
Therefore, the shielding effect was very limited for a wide span. Therefore, CD,OF,a can be
optimized for θ ∈ [45 : 90]◦ in order to cover 50% of the angles and give more importance
to the higher drag forces close to 90◦.

The optimization cases are summarized in Table 3:

Table 3. Optimization cases.

Optimization Case Span Type Angles

1 Narrow 0◦ ≤ θ ≤ 2◦

2 Nominal 30◦ ≤ θ ≤ 90◦

3 Wide 45◦ ≤ θ ≤ 90◦

4.2.2. Findings Based on Second validation Cycle Results

Once the C∗D,OF,a was optimized based on the AS drag calculation, the OF model
was updated, and the results from these simulations were plotted together with GPGP
measurements (data points) and the 15% increase in the mean load, explained in Section 3.4
(colored area above the curves), to produce Figure 19b. Based on the latter and using
the same validation criteria as for the first validation cycle, the following findings can
be identified:

• The optimized C∗D,OF,a for a narrow span was definitely more accurate than the first cycle
value. That demonstrated the influence of the shielding effect on the drag coefficients.
Nevertheless, the 15% increase area was still below the data around ustw = 1.0 m/s and
ustw = 1.1 m/s. This means that the DT was slightly underestimating for narrow span.
The mean deviation in this case was −10%.

• The optimized C∗D,OF,a also produced a more-accurate and more-conservative nom-
inal span curve, in comparison with the first cycle, since all data points between
ustw = 0.75 m/s and 1.0 m/s were inside the 15% increase area or below the curve.
Having points below the curve might mean that the second cycle curve was slightly
overestimating the towline tension for nominal span. Indeed, the mean deviation was
about 14%.

• The optimized C∗D,OF,a led to the majority of the data points falling inside the 15% in-
crease area. The mean deviation was computed as 6%. Then, the DT can be considered
as validated and sufficiently overestimating for a wide span. This also means that the



J. Mar. Sci. Eng. 2023, 11, 1943 23 of 33

AS calculation was enough to calibrate the OF axial drag coefficient C∗D,OF,a and to
obtain a proper estimation of the towline tension in a wide span.

4.3. Third Validation Cycle

Once the C∗D,OF,a was optimized based on the CFD results, the OF model was updated,
and the results of these simulations were plotted together with GPGP data and the 15%
increase in the mean load, explained in Section 3.4, to produce Figure 19c. Based on
the latter and using the same validation criteria as for the 1st and 2nd validation cycles,
the following findings can be drawn:

• The optimized C∗D,OF,a for a narrow span produced more-accurate results than the
first cycle. The results were also more conservative than the second cycle ones. Nev-
ertheless, the curve in no waves was above all points. This means that the DT was
overestimating, specifically by a mean deviation of 97%. This overestimation might
be due to a missing phenomenon or effect related to the flexibility of the net and the
shape it adopts under water. In spite of the overestimation and from an engineering
perspective, the 3rd cycle curve was preferred over the 2nd cycle curve. A better
option, again from an engineering perspective and to obtain more-accurate results,
is to average both curves. That averaged result is plotted in Figure 19d. In terms of
validation, it can be said that the DT had not been validated yet for the narrow span.
The validation for narrow span depends on future studies. Nevertheless, the valida-
tion effort brought the 276% deviation of the 1st cycle to about a −10% deviation after
the 2nd cycle and to about 97% after the 3rd cycle. If the averaging option was applied,
the combined deviation was about 43%.

• The optimized C∗D,OF,a produced a more-accurate nominal span curve than for the
second cycle, since almost all GPGP data points were inside the 15% increase area
curve. The mean deviation in this case was just 7%. This also means that the DT was
validated for a nominal span.

• The optimized CD,OF,a led to the majority of the GPGP data points falling inside the
15% increase area, and the mean deviation was calculated to be 8%. Then, the DT at
the third cycle can be considered as validated for a wide span. Since the wide span
curve was considered as validated already on the second cycle, this result also means
that the CFD calculation verified the AS calculation for a wide span.

4.4. Calibrated Drag Coefficients for System 002

The results presented in Figure 19 are a consequence of the optimization of the OF
axial drag coefficient (C∗D,OF,a) for different span lengths. Those coefficients, in turn, are a
consequence of the mesh cross flow drag coefficients (C∗

′
D,mem), calculated with the AquaSim

Equation (10) (2nd validation cycle) and estimated by the CFD model (3rd validation cycle).
Therefore, it is important to tabulate and analyze these coefficients.

Table 4 includes the mesh cross flow drag coefficients (C∗
′

D,mem) for the 2nd and 3rd
cycles, for different angles of attack.

Table 4. Mesh cross flow drag coefficients (C∗
′

D,mem) for the 2nd and 3rd validation cycles.

θ (◦) 2nd Cycle 3rd Cycle

90 1.5999 1.5967
45 1.5999 1.5589
30 1.5999 1.3822
20 1.5589 1.2649
10 0.5639 0.8492
5 0.2005 0.6076
3 0.0933 0.5253
2 0.0508 0.4849
1 0.0180 0.4732
0 0.0 0.4614
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It is clear that the drag coefficients of the second validation cycle exhibited a sharp
reduction until 0.0 with decreasing θ. In contrast, the coefficients estimated by the CFD
model followed a less-steep reduction, and in parallel flow, the value was larger than 0.0.
This difference explains the deviation between the 2nd and 3rd validation cycle towline
tension curves. As an example to quantify the difference, the 3rd cycle drag coefficient was
9.5-times larger than the second cycle drag coefficient at an angle of attack of 2◦. In other
words, the CFD model provided an estimate of the shielding effect that was very different
from the estimate given by AquaSim Equation (10).

Another relevant remark is that the C∗
′

D,mem values at 90◦ were lower than the value of
1.9623 obtained from Naumov semi-empirical Formula (22). This is logical since, in both,
the AquaSim formulation and CFD model, the twine is modeled as a cylinder. In Naumov’s
case, the twine is a real one moving through water. The results presented in Figure 19
indicate that the Naumov value seems closer to the real-world data and keeping it as the
OF normal drag coefficient (C∗D,OF,n) led to accurate results.

Table 5 presents the OrcaFlex recommended axial drag coefficients for System 002’s
net and for ustw > 0.5 m/s.

Table 5. Recommended axial drag coefficients (C∗D,OF,a) for OrcaFlex System 002 model.

Span Type 1st Cycle 2nd Cycle 3rd Cycle 3rd Cycle—Averaged

Narrow 0.208 0.010 0.082 0.046
Nominal 0.208 0.332 0.285 0.285

Wide 0.208 0.301 0.324 0.324

For a narrow span, the axial drag coefficient decreased from 0.208 in the first cycle to
0.01 in the second cycle and increased to 0.082 in the third cycle. This is consistent with the
differences in the mesh cross flow drag coefficient (C∗

′
D,mem) shown in Table 4. Taking the

average of the second and third cycles yielded an axial drag coefficient of 0.046, which is a
78% decrease relative to the first cycle.

For the nominal span, the axial drag coefficient increased from 0.208 in the first cycle
to 0.332 in the second cycle and to 0.285 in the third cycle. This is consistent with the
differences in the mesh cross flow drag coefficient (C∗

′
D,mem) shown in Table 4 for an angle

of attack of 30◦. The 0.285 coefficient represents a 37% increase relative to the first cycle.
For the wide span, the axial drag coefficient increased from 0.208 in the first cycle to

0.301 in the second cycle and further increased to 0.324 in the third cycle, which is a 56%
increase relative to the first cycle.

4.5. Boundaries for the Application of the Results

Several results were presented in the previous sections. Nevertheless, it is not clear
which boundaries define the scope of application of these results. Moreover, it is neither
clear how these results can be applied to other systems, either larger cleaning systems or
other netting systems operating in different sectors.

These boundaries are described in the diagram presented in Figure 21. As can be seen,
the core (green and orange color) is the scope related to System 002 and the present study,
highlighting the inputs, results, project phase, and sector of application. Some of these
findings can be readily utilized for new netting systems (colored in orange) when opting for
OrcaFlex as the software to build the DT. These encompass the optimization methodology
and the software’s constraints and potential opportunities. In contrast, the remaining
portion of the results (colored in green) requires modification, recalculation, or re-modeling
to align with the requirements of the new netting system.

There are two important clarifications. First, Cleanup System 0X means any future
cleanup system (e.g., System 03). Second, the present study considered three discrete
system ratios, but in reality, the validation needs to be performed for a larger range of SR∗.
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Figure 21. Schematic representation of the boundaries for the application of the results.

5. Discussion and Conclusions

Section 4 was dedicated to present the results from the validation process. In this
section, these results are seen from the perspective of the main assumptions and the
previous studies, in order to generate conclusions and recommended future studies. Since
the validation process consisted of three cycles, it is logical to organize this section making
reference to these three cycles.
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The main assumption for the first cycle was that the normal drag coefficient obtained
from the study of Naumov et al. [11], together with an axial drag coefficient approximation,
should be sufficient to accurately model the drag force of the net for different system
spans in OrcaFlex. The results in Section 4.1 show that, as the system’s span increased,
the net started to resemble the net in perpendicular flow of the experiment carried out
by Naumov et al. [11]. That led to a towline tension curve that accurately followed the
GPGP data trend for a wide span. In contrast, when the system’s net was experiencing
parallel flow almost all along its length (i.e., narrow span), the towline tension considerably
deviated from reality. That was due to the fact that an axial drag coefficient magnitude of
C∗D,OF,a =

1
3π C∗D,OF,n applied all along the wings is too high, in comparison with the reduced

drag coefficient as a consequence of the shielding effect when θ < 24◦. The nominal span
result, which slightly underestimated reality, can be explained by comparing Equations (26)
and (28). The AS equation includes the term fvert · t̂, which represents the tangential
component of the drag on the vertical twines in cross flow. In the OF model, that term cannot
be included in the calculation with the cross flow drag coefficient, but only with the parallel
(axial) flow drag coefficient, which is lower in magnitude, leading to the underestimation.

In summary, after the first cycle, it was found that the Naumov semi-empirical for-
mula [11] was sufficient to accurately estimate the drag force of the ocean system’s net
in wide span with a mean deviation of just 1%, which, from another perspective, might
be considered as lacking the desired minimum overestimation. Besides this, the first two
limitations of the OF model, listed in Section 3.2, explain the deviation from reality of the
drag force estimation for nominal and narrow spans.

Moving forward to the second cycle, there were three key assumptions. First, by
using the AS calculation, defined by Berstad et al. [36], the large deviation between the
towline tension curve for a narrow span and the GPGP data should be reduced, because the
shielding effect is taken into account. Second, by using the AS calculation, the underestima-
tion of the towline tension for nominal span should be reduced, since the twine-by-twine
drag calculation is included. Third, the AS calculation can be reproduced in the OF model
by optimizing the OF axial drag coefficient for the θ assumed by the system’s wings in
different spans.

The second cycle’s results (Section 4.2) demonstrated that the first assumption is valid.
Actually, applying the AS formula for the reduced drag coefficient (Equation (8)) corrected
the narrow span curve from 276% deviation from GPGP data to about −10% deviation.
The second assumption is also valid, and in fact, the towline tension curve for nominal span
moved from a slightly underestimating position to a slightly overestimating position (from
a−3% deviation to a 14% deviation), which is preferable. The third assumption was proven
to be true since it was demonstrated that the OF axial drag coefficient optimization method,
presented in Section 3.1, improved the estimation of the DT, and it can be consistently
repeated for different system spans.

Finally, it was assumed that, by developing the third validation cycle, the towline
estimation should be improved even further. Besides this, a second assumption was that
the CFD model should capture the physics of the problem, including the shielding effect,
and therefore, it could be used to verify the AS drag coefficients and the AS shielding effect
formula proposed by Berstad et al. [36].

Following the third validation cycle (Section 4.3), the first assumption was proven
correct for a nominal span and a wide span. The CFD model produced drag coefficients
in cross flow that were close to the AS values, but they led to an even more-accurate
towline tension in the nominal span, in comparison with the second validation cycle’s
results (the mean deviation improved from 14% to 7%). For the narrow span, the drag
coefficients derived from the CFD model generated an overestimation of the towline
tension of about 97%. Therefore, the first assumption was not validated for the narrow
span, but improvement is expected after including physical phenomena currently missing
in the CFD model, for example the net’s flexibility. The outcome was similar for the second
assumption. The AS calculation method was verified for nominal and wide spans, but the
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AS formula in Equation (8) reduced the drag coefficient for low θ more than what was
estimated by the CFD model and actually slightly more than what the GPGP data indicated.
Therefore, further investigation is necessary to verify what is actually happening in the
narrow span. In the meantime, and only for engineering and design purposes, the average
between the 2nd and 3rd towline tension curves can be used to obtain results in the narrow
span that deviate on average 43% from reality.

There were also general assumptions, meaning that they applied to all three validation
cycles. For example, it was assumed that the drag force over other wing components
(fenders, ropes, chains, etc.) was correctly modeled in OrcaFlex and/or that the drag force
produced by these components was small in comparison with the net’s drag. Although nei-
ther of these assumptions have been proven yet, the accuracy of the results indicates that
both of them are probably true.

A second general assumption is related to the OF and the CFD models. It was assumed
that modeling the system’s net as explained in Sections 3.2 and 3.5 was sufficient to obtain
accurate results for the towline tension. In light of the results from the validation process,
presented in Figure 19a–c, this assumption was proven correct.

A third general assumption is related to the CFD model and AS calculation and the
quantification of the shielding effect. It was expected that the estimated reduction of
the cross-flow drag coefficient when moving from perpendicular flow to parallel flow
would be similar for both AS and CFD. The 2D DNS with Basilisk, in nominal operation
with ustw = 0.75 m/s and Reynolds number around of 1000, estimated a reduction of
about 70%. AS estimated a reduction of 100%. The consequence of that difference was
a 3rd cycle towline tension curve in the narrow span that doubled the 2nd cycle’s curve
(cf. Figure 19b,c). Since none of these curves were enough to validate the CFD model or
the AS calculation, a twofold future investigation needs to be developed. On the one hand,
the CFD model needs to be analyzed and improved adding possible missing physics. As an
example, the facts that the net is flexible and that it deforms in parallel flow have not been
considered yet. On the other hand, the assumptions and supporting data behind the AS
formula need to be investigated and validated.

Based on the previous discussion, two types of implications or conclusions can be
established. The first type comprises the conclusions directly related to the objective of the
present study. The second type comprises conclusions that align with a wider perspective
or context and that have an impact on the research or industry sectors.

5.1. Objective-Related Conclusions

Based on the results presented in Section 4, the discussion reported in Section 5, and
considering that the main objective of the present study was to improve the accuracy
of the hydrodynamic loads’ (mainly the drag force) estimation of the DT, the following
objective-related conclusions can be established:

1. The accuracy of the DT on the towline tension estimation of the ocean cleanup
System 002 in wide span (SR∗ ∼ 0.8) was improved from having several GPGP
data outside of the 15% increase area. Moreover, the DT for the wide span was vali-
dated against the GPGP data, with sufficient overestimation (respectively, 6% and 8%
mean deviations), at the 2nd and 3rd validation cycles.

2. The accuracy of the DT estimation of the towline tension of the cleanup System 002 in
the nominal span (SR∗ ∼ 0.6) was improved from from having most of the GPGP data
outside of the 15% increase area. Moreover, the OF model (i.e., the DT) for the nominal
span was validated against the GPGP data at the third validation cycle, with a mean
deviation of 7%.

3. The accuracy of the DT on the towline tension estimation of the ocean cleanup System
002 in the narrow span (SR∗ ∼ 0.02) was improved. An initial deviation of 276% with
respect to the GPGP data was reduced in the 2nd cycle to −10% and in the 3rd cycle
to 97%. In spite of the OF model for the narrow span having not been validated yet
and that more GPGP data points are required for a more-robust validation, a combined
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deviation of 43% can be considered for engineering and design purposes, once the
average of the 2nd and 3rd cycle curves is taken.

4. The results obtained for System 002 can be either directly applied to System 03
and future systems, if the netting and system ratio inputs are the same, or easily
reevaluated, recalculated, and remodeled in case the inputs are different (cf. Figure 21).
Therefore, considering the same input, System 03 DT can be also considered as
validated for wide and nominal spans.

5. The previous conclusions have important implications for The Ocean Cleanup de-
velopment. First, the DT of System 002 and System 03, provided that the latter has
the same net and SR characteristics of the former, can be used to improve the effi-
ciency of the operations. As an example, the towing configuration can be dynamically
optimized through a trip, to sail with a large span when the plastic area density is
high (plastic hot-spots) and in a short span in low-density areas. The under-designing
and over-designing of the cleanup system were minimized, further reducing capital
expenditure, but also operational expenditure by limiting the case of under-designed
systems experiencing failures during operation. The maneuverability of the system
can also be improved. As an example, the effect of optimizing the netting sizes can be
accurately estimated. That will also improve efficiency since the system will reach
and be swept through plastic hot-spots faster. Ultimately, all these improvements will
bring the KPIs to values that are below the projected targets.

5.2. Wide-Ranging Conclusions

Based on the results presented in Section 4, the discussion reported in Section 5,
and focusing on the implications or impacts on a context wider than the present study,
the following wide perspective conclusions can be established:

1. The quantification of the shielding effect is considerably different if it is performed
with the AS calculation or with the CFD model. On top of that, neither the Basilisk
model nor AS produce a towline tension curve that accurately fits the GPGP data for
a narrow span. Therefore, both calculation methods should be investigated to find the
source of the difference.

2. Through the validation cycles, it was demonstrated that the semi-empirical formula
of Naumov et al. [11] can be used to obtain drag coefficients that produce sufficiently
accurate towline tension estimations when the net being towed experiences a flow
that is close to perpendicular along most of its length. In terms of θ, 50% or more of
the angles found along the length are distributed between 45◦ and 90◦. The same
applies for the AS calculation and the CFD-derived drag coefficients. Furthermore,
additional (future) GPGP data for a narrow span need to be included to strengthen
the validation.

3. Through the validation cycles, it was demonstrated that the AS drag calculation was
consistent with the CFD drag calculation until approximately θ ∼ 24◦. Below that
angle, which is close to parallel flow, AS seemed to underestimate the real drag and
the CFD model seemed to overestimate it. Therefore, a more in-depth investigation
of AS Equation (8) and of the CFD model to identify missing physical phenomena is
required. In that way, the root causes of the respective deviations can be identified.

4. As clearly depicted in the schematic of Figure 21, it is possible to adapt and apply
the results of the present study to different systems, utilized in sectors ranging from
river plastic cleaning to oceanography, through to trawling, aquaculture, oil spill
response, and marine ecology. In particular, the optimization method of the OrcaFlex
drag coefficient can be directly applied to any of these applications, as well as the
lessons on the limitations and opportunities of the software. That should allow
running OrcaFlex simulations that produce accurate estimations on motions, loads,
maneuverability, operability, survivability, and steering strategies, among others. This
can be combined with the modeled data on the catch itself (plastic, fish, plankton, oil,
etc.) to obtain accurate estimations on catch rates. Then, considering the invested
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energy or input, this would lead to efficiency estimations. Ultimately, this allows
developing optimization actions to improve the efficiency of the system.
Additionally, the present study can also be utilized by other applications or sectors as
a guideline to develop the following activities:

• To understand the hydrodynamic drag force experienced by submerged nets and
the previous research related to it.

• To validate a model using the materials, knowledge, and method presented in
this study.

6. Directions of Further Research

Objectively, this work helped us to fundamentally understand the limitations of the
software packages (OrcaFlex and AquaSim) that we use on our daily operations. Despite
these obstacles, this research study gave us the opportunity to implement a workflow that
helps us to overcome them, although we presented a relatively simple two-dimensional
down-scaling approach with its limitations. With the very first version of our Digital Twin,
we can now foresee research directions towards which we could improve our Digital Twin
either from the numerical or from the application point of view.

6.1. Multi-Scale Numerical Approach

Through the validation cycles, it was demonstrated that the AS drag calculation was
consistent with the CFD drag calculation until approximately θ ∼ 24◦. Below that angle, which
is close to parallel flow, AquaSim seemed to underestimate the real drag and the CFD model
seemed to overestimate it. Therefore, a more in-depth investigation of AS Equation (27) and
of the CFD model to identify missing physical phenomena is required. As such, CFD offers
a very good insight into the intricacy of the interaction between the net and the surrounding
fluid. We aim to model that fluid–structure interaction at multiple local levels of detail induced
by the presence of twines to the macroscopic definition of the cleanup systems. Due to the
flexibility of the net and its three-dimensional geometry, we will incorporate the third dimen-
sion CFD information into our future Digital Twin. We will borrow a well-known method
in the field of multiphase flow to solve the behavior between a continuous fluid and a net
made with bonded rigid particles. It is known as Discrete Element Method-Computational
Fluid Dynamics (DEM-CFD), also known as meso-scale four-way coupled Euler–Lagrange
(Anderson and Jackson [50], Kawaguchi et al. [51], Tsuji et al. [52], Esteghamatian et al. [53]).
The DEM solver [54,55] calculates particles’ positions, velocities, and forces based on the
interactions between individual particles, taking into account factors such as friction, collision,
and cohesion. When these particles are bonded, they create a fiber, and a net is just a collection
of fibers, as evidenced in the studies of Kong et al. [56,57], Li et al. [58]. The formulation’s
core idea involves averaging conservation equations for fluid to account for the presence of
DEM particles. It includes closure terms, mainly hydrodynamic forces, to account for how
these particles react with the fluid, which are fed into Newton’s equations for the particles
to consider the fluid. The added value of this approach is that we can include plastic debris
in the numerical environment so that we have a better insight into the efficiency of the
netting of our cleanup systems.

6.2. How to Hydrodynamically Choose a Net for Our KPIs?

The KPIs stated in Section 1 are closely linked to both the twine diameter and the mesh
size defining the solidity of the net (Figure 22a), which, in turn, drastically influence the
total drag coefficient (Figure 22b). In essence, a large mesh size would potentially decrease
the hydrodynamic loads on the cleanup system, but leave behind the plastics of small sizes,
whereas a small mesh size would substantially increase our CO2 footprint and the cost of
our offshore operations.
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Figure 22. Interdependence of the twine diameter, the mesh size, the solidity, and the drag coefficient
of a net. Adapted from the work of Cheng et al. [13]. (a) Dependence of the solidity Sn∗ on the twine
diameter and the mesh size. (b) Dependence of the drag coefficient on the solidity for nylon nets at
θ = 90◦. (I) Tang et al. [59], (II) Gansel et al. [60], (III) Tsukrov et al. [61].

The improvement of our Digital Twin would provide us a map of multiple “What if”
scenarios when choosing the nets of our future cleanup systems. The improvement can be
quantified as the size and shape of the mesh that are designed to target most (if not all) of
the floating plastics combined with an optimized hydrodynamic efficiency.

Finally, as we only covered three values of the System Ratio (SR∗ = 0.02; 0.06; 0.8), we
need to assess the effect of the entire spectrum 0.02 ≤ SR∗ ≤ 0.9 on these KPIs. This is
particularly important at a narrow span during the deployment and the recovery of the
system mainly for safety reasons since our offshore crew executes them from two towing
vessels. Moreover, additional (future) GPGP data for a narrow span needs to be included
to strengthen the validation.
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