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Abstract: The use of Large Eddy Simulation o (LES) has increased for rotor simulations due to the increased computa-
tional power available, where mathematical formulation over a generating unit virtual machine are possible nowadays.
The numerical framework used in the simulations performs LES under a Cartesian block-structured mesh that is dynam-
ically refined via an adaptive mesh refinement (AMR) to increase accuracy and reduce computational costs, even with
an initial mesh configuration with approximately 13 million control volumes. Preliminary analyses demonstrate that the
LES-IB methodology is capable of simulating the interaction within the Francis turbine and flow structures, and well
capturing the blade’s passage frequency. It is important to emphasize that the result presented here is pioneer in the
sense of considering a transient simulation, with dynamic modeling of the turbulence of a Francis turbine, considering
the current preliminary results, the analyzes are promising in the developing context.
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INTRODUCTION

The development of Computational Fluid Dynamics (CFD) has expanded to problem application complexes involving
fluid-structure interaction. Numerical modeling has been used in energy projects to solve the properties of turbulent flows
in detail. In particular, the use of Large Eddy Simulation (LES) has increased for rotor simulations due to the increased
computational power available. Because of that, the application of LES by renewable energy research groups is increasing
and stimulating the evolution of the methodology. LES is based on a spatial filtering process of the governing equations,
which allows an explicitly solution to the largest turbulent structures on computational meshes and to model only the
smallest scales. This method, in conjunction with the Immersed Boundary (IB) method, is the state-of-the-art approach to
simulate flows with high Reynolds numbers, with fluid-structure interactions involving complex and moving geometries.
The approach is known as immersed type methods, in which the immersed boundary method (IB) is a classical example
(Peskin, 2002). The IB method arose as a strong and effective simulation tool for dealing with complex flows, because
of its capacity to take care of complex structures without the need for expensive and complicated dynamic meshing
techniques (Sotiropoulos and Yang, 2014). Due to the meshing flexibility, the IB approach has acquired significant
popularity over the past two decades for several problems, especially for heavy movements in solids or large deformation
in the fluid (Mittal and Iaccarino, 2005a).

In this article, the results of three-dimensional simulations of the complete system will be presented, considering the
flow through the spiral case and the rotor (Francis turbine) in motion. Thus, the concepts involved in the mathematical
formulation over a generating unit virtual machine (UG). Moreover, details about the mechanical, electrical, and hydraulic
forces that act on the system and a previous sensitivity analysis will be presented to demonstrate the development of an
innovative project on the dynamic responses of a UG. In the simulations, the rotor and the upstream and downstream
flow will be instrumented with virtual pressure and velocity probes to evaluate the intensity of turbulence and determine
information such as emission frequencies and vortex passage in specific regions of interest.

METHODOLOGY
Mathematical and numerical modeling

The numerical framework used in the simulations performs LES under a Cartesian block-structured mesh that is
dynamically refined via an adaptive mesh refinement (AMR) to increase accuracy and reduce computational costs. The
framework employed to produce the present work is MFSim, developed in the Fluid Mechanics Laboratory of the Federal
University of Uberlandia, Brazil. It has been henceforth expanded into a multi-disciplinary code for simulating 3D
problems implicating turbulent flows (Damasceno ef al., 2015), fluid-structure interaction (Neto et al., 2019; Souza et al.,
2022; Stival et al., 2022), multiphase flows (Barbi er al., 2018; Pinheiro et al., 2019, 2021), gas-solid and gas-liquid flows
(Santos, 2019), and chemically-reactive flows (Damasceno et al., 2018; Castro et al., 2021).

This work employs the immersed boundary (IB) method to represent the unit generation (Vedovoto et al., 2015;
Neto et al., 2019; Souza et al., 2022; Stival et al., 2022). The methodology requires two different meshes: first, a
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block-structured Eulerian field where the transport equations are solved utilizing a finite volume technique with second-
order discretization, and then an unstructured Lagrangian domain describing the immersed unit generation. Distinct
methods of IBs can be encountered in several reviews concerning the topic (Peskin, 2002; Mittal and Iaccarino, 2005b;
Taccarino and Verzicco, 2003; Sotiropoulos and Yang, 2014; Mohammadi et al., 2018). The major distinctions between
the different published IB approaches proposed in the literature are the way to calculate the force and the interpolation
stage. Incorporating an IB technique with a block-structured Cartesian mesh and AMR allows efficient solvers to be
employed within Cartesian blocks while permitting better efficient refinement of the mesh exclusively in areas demanded
by the flow characteristics.

The modeling of the flow is based on the Navier-Stokes equations, a set of four partial differential equations that can
be solved for a description of the velocity and pressure fields. In the present work, these equations are solved using the
LES methodology. This methodology is particularly suitable for the simulation of turbines since it enables the selection
of the large eddies of the flow to be calculated explicitly. In contrast, the energy exchange between modeled and resolved
structures is calculated based on the sub-grid scale (SGS) models, which are smaller than the grid.

In cartesian coordinates and using index notation, for i, j = 1,2,3, applying the LES filtering process over the mass
and momentum balance equations, and assuming the cumulative property over both operators, it is possible to obtain the
equations for the filtered velocities. These equations may be written as:
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where v (m? /s) is the kinematic viscosity, u; (m/s) is the i component of velocity vector, p (N /mz) is the pressure, p
(kg/ m?) is the fluid specific mass,u (kg /ms) is the dynamic viscosity, and f; (N/ m?) is the i component of the Eulerian
dynamic force vector representing the immersed boundary method.

Note that the filtering process introduces a new variable in the second last term of the right-hand side of the momen-
tum equation, Eq. (2). This term is a sub-filter tensor known as Reynolds Stress Tensor (RST), which represents the
contribution of the dynamics of the sub-filter turbulent fluctuations on the resolved scales of LES, written as:
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where Ugsgs is the subgrid viscosity. For the simulation of turbulent flows with a high Reynolds number, the Large
Eddy Simulation methodology was used with the Germano Dynamic Subgrid-Scale model (Germano et al. (1991); Lilly
(1992)). The turbulent viscosity is calculated using the tensor strain rate S;;, the length scale A, which is usually defined
by the mesh size and from the proportionality function ¢ (¥,#). The turbulent viscosity is calculated using Eq. (4):

v = e (%023, @)

In connection with the Eulerian formulation, which is represented by the LES method, the Langrangian formulation
of the work is based on the immersed boundary method framework. The immersed boundary method uses an independent
grid to define the body inside the fluid flow. Fig. 1 shows an example of an Eulerian domain €, which is used to model
the fluid flow, and a Lagrangian domain I" that models a solid sphere immersed in the fluid domain. The volume AQ of
the Eulerian element is 4>, where £ is the volumes’ length in the three directions. The Lagrangian mesh is constructed
in such a way that the Lagrangian volume AI is equal to the Eulerian volume (Uhlmann (2005)); i.e., Al = AA-h = h,
where AA is the area of the Lagrangian element, then AA = A2,

The main advantage of this methodology is the capability of simulating flows over complex geometries applying, for
instance, a cartesian grid to solve the balance and transport equations on Eulerian referential. The coupling of the two
referential is possible through the use of source terms, as presented in Eq. (5). In the present work, the method retained is
a modification of the multi-direct forcing method of Wang et al. (2008). The modifications are fully presented elsewhere
in Vedovoto et al. (2015). This methodology applies an iterative process of the direct forcing method and is better detailed
in works as Neto et al. (2019).

The force term, f;, in the momentum equation controls the definition of the immersed boundaries. In order to calculate
this force is commonly utilized a distribution function:

fi(®) =Y F (%) Dij (¥ — %) AV (¥k) , (5)
K

where X is the Eulerian coordinate, Xk is the Langrangian element coordinate, AV (Xx) the volume of the control volume i
and D;; represents the distribution function. This work applies the hat function, where A is the characteristic length of the
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Figure 1: Eulerian and Lagrangian domains applied in the MFSim

Eulerian grid:
D;; (%) = g (Xx — %) g (k —¥) & (T —2)- (©)

This function presents an essential description when the Eulerian volumes are far from the Lagrangian points, and
the force value is distributed at those points. Besides that, a crucial property of it is related to the integration over r,
obtaining a unitary value, which is due to the conservative distribution process of the function (Mittal and Iaccarino,
2005a). Therefore, F (X¥k) stands for the force at a Lagrangian point, which will be distributed over the Eulerian field to
delimit the boundary. Moreover, the momentum equation is still valid in each of the Lagrangian points (Vedovoto et al.,
2015).

The above paragraphs show that the mathematical formulation involving the LES and IB methods is based on two
different referential. The first approach correlates with the Eulerian coordinate system, while the second brings the
Lagrangian perspective of the immersed body distributed over the flow. For the Eulerian referential, the momentum
and mass balance equations provide the filtered velocity and pressure fields. However, the velocity field and position
provided from Eulerian referential are transferred to Lagrangian points to calculate the velocity of the body movement
at the Lagrangian points, after that, the source terms F; are evaluated at those points. Further on, this source term is also
distributed over the Eulerian domain, and the cycle continues iteratively for the subsequent time step until the convergence
criteria reach the minimum residual established for the case. Therefore, the main advantage of employing an iterative
process is improving the precision that the calculation can accomplish.

Computational domain and boundary conditions

CFD simulation uses the fundamental laws of mechanics, which govern fluid dynamics equations, to formulate a
physical problem mathematically. Once developed, computing resources use numerical methods to solve the equations
using MFSim to obtain numerical solutions for the physical properties involved. The accuracy of the simulation in
MFSim depends on the fidelity of the model, approximations and assumptions used, experimental validation, and available
computational resources. It is essential to plan the simulation in MFSim to use it as an effective tool in design and analysis.

In this work, the smallest element is a cube with edges with a dimension of 75 mm, and the computational domain was
subdivided into 24 x 28.8 x 19.2 m of the control volume. Numerically, this means that for the solution of the transport
equations, at each iteration (advance of time step), about 13 million equations must be solved simultaneously if we use
a uniform mesh, even though parallel processing alleviates the computational cost of solving these equations. However,
we are using a block-structured mesh with local refinement around the cells of the Lagrangian mesh. With that, there is
a significant reduction in the number of volumes to be simulated. Fig. 2 demonstrate the geometry of the spiral case and
rotor, while Figs. 3 and 4 demonstrate the correlation between the Eulerian mesh and the superficial Lagrangian mesh
representing the solid domain, and Fig. 5 shows the turbine example GIF of the rotating body inside the domain through
the AMR technique.

The simulations aim to be performed with an adaptive mesh of 4 levels. The initial mesh arrangement is configured
with 20 x 24 x 16 volumes for the coarsest grid (base level) in the x, y, and z directions using the hexahedral uniform
grid, obtaining an initial calculation with approximately 13 million control volumes. From this initial configuration, a
mesh refinement was implemented around the blades. The inlet flow condition was performed using a nominal value of
483 ms/s, inlet velocity was u=9.42, v=0, and w=0 m/s, in the MFSim code, characterizing a type of Dirichlet boundary
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(a) ()

Figure 2: (a) Spiral case and (b) Francis turbine geometry

condition. The boundary conditions for the side planes (xz-planes), upper plane (xy-plane), and lower plane (xy-plane)
establish a Neumann boundary condition.

Figure 3: Lagrangian mesh that will represent the immersed boundary UG

RESULTS AND DISCUSSION
Analysis of the Flow Turbulent Structures

This section presents analyses to demonstrate that the LES-IB methodology is capable of simulating the interaction
within the Francis turbine and flow structures. Fig. 6 shows a dynamic representation of the iso-surfaces colored by
streamwise velocity, in order to provide important visualization of eddies occurring over the turbulent flow. Vortex struc-
tures occur in the region close to the blade being transported over the flow, and the vortices structure patterns are straight
connected to the turbine’s operational parameters.

Moreover, in order to restate the qualitative analysis, Figure 7 displays instantaneous iso-surfaces colored by vorticity
magnitude with a 3D visualization. Figure 7 shows values of vorticity, over 60 (1/s), are occurring in the near the blades
and downstream of the flow develops. While, lower values of vorticity occurs over the spiral case due the flow pattern,
where the maximum range can reach values around 40 (1/s). In addition, Figure 7 displays the highest values of vorticity
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Figure 5: Francis turbine rotating due the AMR in the MFSim
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Figure 6: Vortex visualization coloured by velocity magnitude over the domain
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around the blades top close to 160 (1/s).
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Figure 7: Vortex visualization using iso-surfaces coloured by velocity

Energy Spectrum

According to the Pope (1999), approximately 80% of the turbulent kinetic energy needs to be resolved in a well-
resolved LES. A partial verification of the numerical results can be performed by computing the power spectral density of
the turbulent kinetic energy (Chen et al., 2022). The following section describes the power spectral density (PSD) of the
turbulent kinetic energy, E(f), E(pyenergy spectrum as a function of a wave number for the LES simulations within the
wind turbine wake to study the wake instability quantitatively. The E(f) time series of distinct points in the wake region
were recorded and used to analyze the PSD distribution, and the power law decay k~5/3 was added for better comparison.

From preliminary analysis, the simulation was able to capture correctly the blade’s passage frequency, close to 19.5
to 20 Hz. In order to exemplify the preliminary agreement of the simulations results with the real Francis turbine, Fig. 8
presents the turbulent kinetic energy spectrum, E(f), around the turbine, in order to capture the blade’s passage.

Evaluation of Power Generation

This section presents the results obtained from the temporal evolution of the torque and power of the UG. Since, the
geometry is incorporated into the fluid domain by a force term in the Navier-Stokes equations, by the immersed boundary
method, an advantage is to obtain, with post-processing, the torque and power generated by the turbine over a structure
immersed in the flow. The steps of this implementation consisted of:

1. To calculate the distance from the wind turbine rotation reference position to the center position of each Lagrangian
cell:

Iy = Xe — Xk, @)
ry =Ye — Vks 3
Tz =Ze — Zks &)

where x.,y., Z. are the rotation reference positions of the immersed boundary and %y, ¥, Z are the center positions of
each Lagrangian cell in each direction. x;.rotation reference position of the immersed boundary X;j;center positions
of each Lagrangian cell

2. To calculate the Torque through the summation in the Lagrangian space of the cross product of force and distance
in x, y and z.

T=YrxF, (10)
T
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Figure 8: Blade’s passage frequency

where F represents the force magnitude of the Lagrangian field that promotes the immersed boundary rotation.

Also illustrate on Fig. 9.

i j ok
rxF=|ry ry, 1y an
F. F F

3. Calculating mechanical Torque, the mechanical Power generation is obtained.

Hence, in terms of torque represented the MFSim results presented a mean and standard deviation of 24.3+10.2
(MNm), while the power generation showed mean values and standard deviation for the MFSim simulation corresponds

t0 229.5+11.3 (MW).
Finally, it is important to emphasize that the result presented here is pioneer in the sense of being one of the first
complete, transient simulations, with dynamic modeling of the turbulence of a Francis turbine, considering the current

preliminary results, the analyzes are promising in the developing context.

F

Figure 9: Torque calculation in the simulation
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