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Abstract

The aim of this study is to model the interactions between fluids and solids using fully nonlinear models. Non-
linearity is important in the context of floating wind turbines, for example, to model breaking waves impacting on the
structure and the effect of the solid’s elasticity. The fluid- and solid-dynamics equations are solved using two
unstructured finite-element models, which are coupled at every time step. Importantly, the coupling ensures that the
action-reaction principle is satisfied at a discrete level, independently of the order of representation of the discrete
fields. To the authors’ knowledge, the present algorithm is novel in that it can simultaneously handle: (i) non-
matching fluid and solid meshes, (ii) different polynomial orders of the basis functions on each mesh, and (iii)
different fluid and solid time steps. First, results are shown for the flow past a fixed actuator-disk immersed in a
uniform flow and representing a wind turbine. The present numerical results for the velocity deficit induced by the
disk are shown to be in good agreement with the semi-analytical solution, for three values of thrust coefficients. The
presence of a non-zero fluid viscosity in the numerical simulation affects wake recovery and fluid entrainment around
the disk. Second, the dynamic response of a cylindrical pile is computed when placed at an interface between air and
water. The results qualitatively demonstrate that the present models are applicable to the modelling of multiple fluids
interacting with a floating solid. This work provides a first-step towards the fully coupled simulation of offshore wind
turbines supported by a floating spar.
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Nomenclature

Cr Thrust coefficient of the wind turbine.

D Diameter of the disk and the pile.

Fy Action-reaction force exerted by the solid on the fluid.
F; Action-reaction force exerted by the fluid on the solid.
U Dynamic viscosity of the fluid.

p Density of the fluid.

u Monolithic velocity field.

U Solid velocity field.

1. Introduction

The numerical modelling of fluid-structure interactions is important in the context of offshore renewable
energy devices. This work targets floating wind turbines, where a floating pile moored to the seabed
supports the wind turbine [22]. Such devices are suitable in deep seas (typically deeper than 50 metres),
where bottom-mounted foundations are too expensive. The dynamic interaction between the moving air-
water and fluid-solid interfaces, and the presence of both rigid and deformable solids, render the
numerical modelling of floating wind turbines very challenging. Numerical models are attractive in
studying such coupled fluid-solid problems, because they can analyse different configurations while
limiting expensive laboratory testing. A number of aero-hydro-servo-elastic models exist to analyse the
dynamic behaviour of floating wind turbines. Methods to compute the hydrodynamics of the floating
structure include: (i) linear radiation-diffraction codes, (ii) inviscid fully-nonlinear models (typically
based on a velocity potential formulation), and (iii) viscous fully-nonlinear models (for solving the
Navier—Stokes equations). Linear radiation-diffraction codes and potential flow formulations are
commonly used in the context of spar-buoy supports, as discussed by Jonkman et al. [6] for seven
different models (i.e. FAST, Bladed, ADAMS, HAWC2, 3Dfloat, Simo, and SESAM/DeepC). Additional
recent analyses of the wave-induced motions of a spar buoy include Karimirad et al. [7] and Karimirad
[8] using the DeepC and HAWC2 models, and Sethuraman [20] using the time-domain finite-element
solver OrcaFlex. By contrast with linear and potential-flow approaches, computational fluid dynamics
tools based on the solution of the Navier—Stokes equations are particularly appealing for investigating
extreme wave conditions. Viscous non-linear models can resolve the effect of fluid viscosity and air
entrainment on the system dynamics. However, they often fail to simulate wave propagation over long
distances, due to excessive numerical dissipation [10]. Recently, the suitability of Fluidity-ICOM for
modelling both wave propagation and wave-structure interactions was demonstrated in two- [21] and
three- [24] dimensions. Fluidity-ICOM is an open-source finite-element model, which solves the non-
hydrostatic Navier—Stokes equations on unstructured meshes [14, 16]. In terms of modelling the
aerodynamics of wind turbines, the simplest approach is to replace the turbine by a thin actuator disk [4],
which exerts a uniform thrust force on the flow. Despite its simplicity, the actuator-disk model is often
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useful to reproduce wind deficits and wake losses [3]. However, it presents certain limitations such as the
absence of swirl and tip vortices induced in the flow. A series of improved actuator-disk models are
referenced in the literature [12]. For engineering applications, the aerodynamic forces are commonly
computed using blade-element momentum or generalized dynamic wake approaches, with or without
dynamic stall, see for example [6, 9]. Sebastian and Lackner [18] highlighted that classical momentum
balance approaches are not always adequate for modelling floating wind turbines, due to the aerodynamic
unsteadiness associated with the floating support motions. They proposed a free-vortex method tailored
for floating wind turbines, based on the assumption of potential flow [19]. Finally, the elastic structural
dynamics of floating wind turbines is generally based on multi-body dynamics formulations, quasi-static
analyses, or finite-element methods [6].

The use of separate models to simulate mutual interactions between fluids and solids present several
advantages. For example, the different spatial and temporal discretisations in each model allows for the
resolutions to be tailored to the specific needs of the fluids and solids. Recently, Fluidity-ICOM was
coupled to the finite-discrete element (femdem) model Y3D [26], which solves for the non-linear
dynamics of solid structures. In this context, solids were represented as immersed in an extended mesh
(covering both fluids and solids) and their effect on the fluid dynamics was accounted for as an additional
source term in the momentum equations. This methodology underpins the original immersed boundary
method, proposed by Peskin [15], and which was further modified as reviewed in the literature; see for
example [5, 11, 13]. Viré et al. [23] presented a novel algorithm to ensure spatial conservation of the
action-reaction force, when projected between both models. As opposed to other existing techniques, the
algorithm enables: (i) arbitrarily high orders of representation of the discrete fields, and (ii) different
representations of the discrete fields in each model.

The coupled models Fluidity-ICOM and Y3D could complement existing tools for modelling floating
wind turbines over short time intervals, by providing the fully non-linear response of the coupled system
under extreme environmental conditions. At this stage, the main purpose is to validate the current
computational models on flows of fundamental interests, for which semi-analytical solutions exist. In this
paper, the coupled models are applied to the simulation of: (i) a fixed actuator-disk representing a wind
turbine, and (ii) a pile of uniform density floating at an air-water interface. The application to more
complex turbine models and realistic floating wind turbine supports is the subject of further investigation.
The paper is organised as follows. The general principle of the method and the governing equations are
derived in Section 2. Section 3 presents the conservative coupling algorithm between the fluid and solid
models. Results are shown in Section 4, and conclusions are drawn in Section 5.

2. Mathematical formulation

2.1. Governing equations

Considering a solid V, immersed in a fluid domain Vi, an extended domain V=V U V| can be defined by
filling the solid regions with the surrounding fluid. The interactions between fluids and solids in this
domain are modelled by relaxing the flow to the behaviour of the solids in the regions V;MV,. On the one
hand, the finite-element model Y3D [26] solves the solid-dynamics equations on a solid mesh covering
the solid domain V. The equations are expressed as

Lds+ Fipy = Foxe + Fo + K,

where d denotes the solid displacement, £ is an operator dependent on the velocity gradient, F;,,; stands
for the internal forces, F_ is the contact force when multiple solids impact on each other, and F,,, is the
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external force including the surface traction force and the body forces. The action-reaction force exerted
by the fluid is denoted by F;. On the other hand, the finite-element model Fluidity-ICOM [14, 16] solves
the fluid-dynamics equations on a fluid mesh covering the extended domain V. The Navier—-Stokes
equations are therefore solved for a monolithic velocity u = ayuy + asug, where a; = V;/V is the
volume fraction and the subscript indicates the material (f for fluid and s for solid). The equations are

au V-u= 0,

Po; +p(u-V)u=—Vp+V(2uS) + B+F;,

where p is the fluid density, p is the pressure field, u is the dynamic viscosity of the fluid, S is the
deviatoric part of the strain-rate tensor, B represents external body forces (e.g. buoyancy), and Fy is the
penalty force that relaxes the monolithic velocity to the solid velocity in V;. The penalty force is given by

Fr = Blasug — agu), ()

where B = p/At is a factor that dictates how fast the fluid and solid velocities relax to one another at the
fluid-structure interface, and At is the time step. Periodic re-meshing is performed on the fluid mesh, in
order to refine the fluid-structure interface as the solid moves. The discretisation schemes used in each
model are reported in Viré et al. [23]. Both models use unstructured finite-element meshes. Time is
discretised using a Crank—Nicolson scheme in the fluid-dynamics model and a backward Euler scheme in
the solid-dynamics model.

2.2. Coupling between fluid- and solid- dynamics models

The penalty force given by Eq. (1) is exchanged between both models in two distinct steps (Fig. 1). The
part of the force depending on the monolithic velocity, i.e. F; = —fa,u, is exchanged from fluid to solid
model, while the part dependent on the solid velocity, i.e. F, = fagu, is transferred from solid to fluid
model. The projection steps are detailed in Viré et al. [23]. The force F; is computed on a supermesh,
which is formed from the intersections between fluid and solid meshes. This force is projected to the fluid
and solid meshes using a Galerkin projection. This ensures that the volume integral of F; is identical on
each mesh, independently of: (i) the mesh resolutions, and (ii) the polynomial orders of the basis
functions on each mesh. Because the solid mesh lies within the fluid mesh, a Galerkin projection of F,
from solid to fluid mesh satisfies the same conservation property [23]. In order to resolve the propagation
of stresses inside non-rigid solids, and because the solid solver is fully explicit in time, the solid time-step
is typically smaller than the fluid time-step. Therefore, the force F, is averaged over the solid time-steps
before being projected to the fluid model.



Axelle Viré et al. / Energy Procedia 35 (2013) 43 — 51

T e P oo m s s m e m o m e e — e — e — e ——— - - -

| Fluidity-ICOM Y3D !

Time step in the fluid solver: n
i |

|

|

|

— [Compute ' = ﬂ‘a’s"u'D ——+———  Sub-timestep in the solid solver: i =0

[Compute "= F— ﬁu’;*D

|

[Comput e F" = Bayiis — FI Lompute.the tnn.e—a\ieraged
solid velocity 1,

n=n+1 .
L2250 G )

Figure 1: Sketch of the sequence of steps of the coupled models, and their respective time loops.
3. Results

3.1. Uniform flow past a fixed actuator disk

Wind turbines can be parameterised by thin disks, over which a thrust force is uniformly spread. The
force acting on the fluid is derived from the actuator-disk theory [4], which assumes that the flow is
homogeneous, incompressible, steady, friction-less and that no external force acts on the fluid up- or
down-stream of the rotor. The thrust force is given by

1
T = EpCTAdu(Z),

where Cp is the thrust coefficient of the wind turbine, A4 is the disk frontal-area, and uq is the far-
upstream velocity. The disk area, thrust coefficient, and fluid density, are input parameters of the model.
The far-upstream velocity u, is calculated by defining an axial-induction factor a as

Unpup
a=1-— ,
Up

where uy,,;, is the numerical velocity probed at the disk at every time iteration in the fluid-dynamics
model. The axial-induction factor is further related to the thrust coefficient of the turbine [4] by

a=3(1-VI75).

This turbine parameterisation presents certain limitations, including the absence of swirl and tip vortices
induced in the flow. Thus, it is unsuitable for computing the aerodynamics of a three-bladed rotor under
realistic conditions. However, it is often adopted when modelling farms of wind turbines, see for example
[2, 17]. The actuator-disk representation is chosen in this study for two reasons. First, the purpose is to
validate the model on flows where a semi-analytical solution exists. Second, there is a rising interest for
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modelling farms of tidal turbines using Fluidity-ICOM, in which case coupling an actuator-disk model
with a hydrodynamic model for the ocean is important. For validation purposes, fixed turbines are
considered. Thus, the solid model does not solve the solid-dynamics equations. However, two meshes are
used as described in the previous section: the fluid mesh covers the whole computational domain, while
the solid mesh only discretises the disk. A solid-concentration field is defined on the fluid mesh, in order
to identify the region occupied by the disk. This field is obtained by projecting a unitary field from solid
to fluid mesh using a Galerkin projection. The thrust force acting on the fluid is spread uniformly across
the disk. The disk centre is placed at a distance of 20D from the domain outlet, and 5D from the inlet and
sides (D being the disk diameter). The disk axis is aligned with the flow. The Reynolds number is set to
Rep = puyD/p = 103, and three values of the thrust coefficients are considered (C; = 0.2;0.45;0.7).
The fluid model has the capability to optimise the mesh at given intervals in time, in order to refine the
resolution around certain flow features. In this work, the fluid mesh is adapted at a non-dimensional
period of Tuy,/D = 1 and refines the regions of high curvatures in the velocity and pressure fields. The
mesh therefore tracks the small-scale dynamics developing in the vicinity of the disk and in the wake,
while it coarsens elsewhere. The total number of mesh nodes at steady state is in the order of 10°. The
minimum and maximum values of the element-edge length are respectively of the order of 1,/D = 0.015
and L,/D = 0.7. The time step is such that the Courant number is fixed at 0.3. All the simulations are ran
on 32 processing cores. The typical computational times, for running a non-dimensional time of
Tuy/D = 50, vary from 90 (for small thrust coefficients) to 240 (for large thrust coefficients) hours. Viré
et al. [25] further report the changes in solution accuracy and computational cost for various meshes and
disk thicknesses. Figure 2 shows the streamwise evolution of the streamwise velocity at the disk
centerline r = 0 (left) and at r = D (right). Dash lines indicate the numerical results, while the
continuous lines represent the semi-analytical solution [4] given by

w, (0, 7) = uy — “’:‘” (#D/z Q-12(w) + Ao (B, K) + 2) if r <D/2, )
w(0,7) = up — =22 ( ——Q-1/2(0) = Ao (B, k)) if 7> D/2. 3

In Egs. (2)-(3), Ao (B, k) denotes the Heuman’s Lambda function, Q_; ,(w) is the Legendre function of

the second kind, k = /2rD/m; , B = asin (x/ym;) , w = (x?+ 1?2+ D?/4)/rD, m; = x? + (r +
D/2)?, and m, = x? + (r — D/2)?. In the near-field, the velocity deficit induced by the disk at the
centreline is well predicted by the present algorithm (Fig. 2 left). The discrepancy between numerical and
theoretical results grows larger in the far-wake. This is explained by the role of the fluid viscosity in the
numerical simulations. No wake recovery is observed in the theoretical results, which are derived under
the inviscid approximation. The fluid viscosity also affects the velocity field away from the disk in the
radial direction, particularly at large thrust coefficients (Fig. 2 right). The entrainment of surrounding
fluid is larger than predicted theoretically. Figure 3 shows the radial evolution of the velocity deficit at
two streamwise locations: on the upstream face of the disk plane (Fig. 3 left) and in the disk wake (Fig. 3
right). Note that the functions Ay and Q_;,, are continuous in the radial direction, upstream and
downstream of the disk. Therefore, following Egs. (2)-(3), the analytical solution for the streamwise
velocity is continuous only if Ag(r = D/2) = —1, which is the case solely upstream of the uniformly
loaded disk. This explains the discontinuity in the streamwise velocity at v = £D /2 in Fig. 3 (right). As
shown by Fig. 3 (left), the values of the velocity in front of the disk plane (x = 0) are further affected by
the non-zero disk thickness. The radial evolution of the velocity deficit in the near-wake is however well
represented numerically (Fig. 3 right).
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Figure 2: Streamwise evolution of the streamwise velocity (non-dimensionalised by the far-upstream velocity) at
r = 0 (left) and r = D (right), for an actuator-disk of diameter D centred at x = 0, and three values of thrust
coefficient Cy. The lines represent the semi-analytical solution [8], while the dashed lines show the numerical results.
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Figure 3: Radial evolution of the streamwise velocity (non-dimensionalised by the far-upstream velocity) at x = 0
(left) and x = 2D (right), for an actuator-disk of diameter D centred at x = 0, and three values of thrust coefficient Cy.
The lines represent the semi-analytical solution [8], while the symbols show the numerical results.

3.2. Dynamics of a floating pile

The dynamic response of a pile is analysed when placed at the interface between air (p; = 1.2kg, y; =
18.27uPa - s) and water (p, = 1000kg, u, = 1.002mPa - s). The pile density is uniform and equals half
the water density. The fluid phases are assumed to be immiscible. A volume-fraction field af, varying
between O and 1, is associated with each fluid and they collectively sum to 1 across the domain. An
advection-diffusion equation is solved for the volume-fraction fields, in order to track the air-water
interface in time. A flux-limiting scheme replaces the need for interface reconstruction and particle
tracking, hence simplifying the interface tracking method on unstructured meshes [27]. Consistent
discretisations for the momentum and material advection steps further ensure conservation of a;. The
advection-diffusion equation is solved on a dual control-volume mesh, for a piecewise-constant
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representation of the volume-fraction fields. The advective fluxes are limited using the HyperC approach
[27], and the Bassi-Rebay discretisation scheme is used for the diffusion term [1]. In this work, the
velocity field is further piecewise constant, while the pressure field varies linearly over the elements. The
extension to higher-order finite-element pairs for velocity and pressure is the subject of future work. The
pile is centred in a box of edge length 20D, where D is the pile diameter and 4D is its length. The fluid
mesh is adapted at every six time-steps and refines the regions of high curvatures in the solid-
concentration and fluid-concentration fields. The mesh resolution is therefore increased at the fluid-solid
and air-water interfaces. The total number of mesh elements is in the order of 10%. The minimum and
maximum values of the element-edge length are respectively of the order of 1,/D = 0.015 and
L./D = 0.8. The time step varies throughout the run, in order to ensure that the Courant number equals
0.2. The simulation is ran on one CPU and requires approximately 15 hours of run time per second of
physical time. Initially, the fluids are at rest and the pile lies vertically across the fluid interface (Fig. 4).
Because the pile position is not stable, it starts moving in heave before falling into water. The pile
eventually reaches an equilibrium position, which is horizontal and half submerged in water following
Archimedes' principle. In the current simulations, the equilibrium position is reached after approximately
4 seconds of physical time although the pile continues to pitch slightly around the equilibrium position as
time evolves. Although the present results agree with the expectations, on-going work focuses on more
detailed comparisons for wave-structure interactions with a moving pile.

t=0.2s t =1.8s t = 10s

aumlnn., smmiamn. o

Figure 4: Snapshots of the dynamics of a floating pile, at three different instants in time, when placed at the interface
between air and water.

4. Conclusions

This work applies a novel algorithm that couples two finite-element models on two cases for which semi-
analytical solutions exist, i.e. (i) the flow past a fixed wind turbine represented by an actuator disk, and
(i) the dynamics of a cylindrical pile floating at the interface between air and water. The coupling
between two separate models allows for specific numerical requirements to be met for each material.
Thus, this work provides a versatile tool for modelling interactions between fluids and floating solids.
Also, each model solves the full set of non-linear equations for the fluid- and solid- dynamics. The
approach is novel in that spatial conservation is verified independently of the mesh resolution and the
types of mesh used in both models. To the authors’ knowledge, previous studies enabling spatial
conservation are limited in terms of mesh shape at the fluid-solid interface (e.g. coinciding meshes in both
models) and/or level of representation of the discrete fields. The results show that the present coupled
models are able to: (i) accurately predict the velocity deficit induced by a fixed and uniformly-loaded
actuator disk, and (ii) represent the balance of forces acting on a pile which floats at an air-water
interface. Future work will build up towards the modelling of more complex turbine models and realistic
floating wind turbine supports, with the objective to analyse the detailed dynamics of a single floating
wind turbine over short time intervals.
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