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Abstract

This thesis presents 3D Navier-Stokes simulations of unsteady flow around

the two bladed NREL Phase VI wind turbine. The computations are car-

ried out using the structured grid, incompressible, finite volume flow solver

EllipSys3D, which has been extended to include the use of overset grids. To

handle the relative movement between the rotor and the tower, the domain

is decomposed into a number of topologically simple grids that overlap each

other arbitrarily. Relative movement of bodies is thus possible without the

need for re-meshing. Coupling between overlapping grids is achieved through

non-conservative interpolation of the flow variables onto the internal overset

boundaries. To satisfy the implicit incompressibility constraint of the pressure-

correction equation an explicit correction of the mass fluxes is employed. The

grid assembly and exchange of flow field information is carried out in a fully

parallelised environment using MPI.

Results are presented on the isolated rotor, isolated tower, and on the

downwind configuration of the turbine, which includes modelling of the rotor,

tower and tunnel boundary layer. The results are compared to previously

published computations as well as experimental data from the NREL UAE

wind tunnel tests, and are shown to agree very well with both. It is demon-

strated that the solver is capable of acurately capturing the unsteady inter-

action between the rotor and the tower for the downwind configuration. The

aerodynamic response of the rotor is characterised by high transient loads on

the blades that are strongly influenced by the occurences of blade-vortex in-

teraction. The rotor has a strong effect on the tower shedding, causing vortex

lock-in to take place on the upper part of the tower. This lock-in is charac-

terised by a synchronisation of the shedding frequency with the blade passage

frequency and a spanwise correlation of the wake.
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Introduction
1

1.1 Background and Motivation

The aerodynamics of wind turbines is highly complex due to its inherently

unsteady, three-dimensional nature. A turbine will generally operate in condi-

tions where the flow is dominated by separation towards the inner sections of

the blade whereas it is largely two-dimensional on the middle sections of the

blade. The three-dimensionality of the flow is rooted in the effects of finite

span of the blade as well as rotational effects. The former gives rise to a loss

of loading near the root and tip, whereas the latter accounts for an additional

large degree of spanwise flow near the root of the blades. This effect has been

found to significantly augment the aerodynamic loading in the root sections

by delaying stall due to centrifugal and Coriolis boundary layer effects. Ad-

ditionally, effects such as dynamic stall due to the shear of the atmospheric

boundary layer, yawed inflow conditions and atmospheric turbulence increase

the complexity of wind turbine aerodynamics.

There exists an extensive body of experimental work on non-rotating wing

sections, since the cost and complexity of establishing such experiments is

relatively low. There are, however, very few experiments done on wind turbine

rotors where it has been possible to investigate the complex three-dimensional

effects discussed above . It is indeed in this respect that Computational Fluid

Dynamics (CFD) has become an increasingly invaluable tool for improving the

understanding of wind turbine aerodynamics since it provides less costly and

less time consuming means of investigating wind turbine rotor flows. Although

CFD is by no means mature enough to replace experimental aerodynamics,

it has been shown to be very useful both with respect to the understanding

of the basic aerodynamic properties of rotating blades and the development

of new blade designs and it has, in recent years, been subject to a significant

increase of interest from both the research community and the industry.
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Chapter 1 Background and Motivation

Engineering design codes based on the Blade Element Momentum theory

(BEM) are predominantly used in the design of wind turbine blades, since they

provide very accurate and fast predictions for traditional rotor flows. Their

main drawback is their inherent dependence on accurate aerodynamic coeffi-

cients, which are usually derived from 2D wind tunnel measurements on blade

sections. To account for the three-dimensionality of the flow various empirical

corrections have to be made, which are well-established for traditional rotor

configurations. However, the continuous increase in the demand of aerody-

namic efficiency has led to a degree of complexity of blade designs which in

certain areas lies beyond the capabilities of these codes.

For flows dominated by a large degree of unsteadiness or complex effects

due to new blade designs, CFD is a much more comprehensive tool. As dis-

cussed above, the aerodynamic coefficients on a wind turbine blade differ sig-

nificantly from two-dimensional force coefficients extracted from experimental

data. CFD is therefore increasingly being used to provide design codes with

more accurate data and it therefore acts as an important complement to these

codes since it can be used to increase their accuracy.

In CFD, the flow solution is calculated using the Navier-Stokes equations.

However, due to the high cost of resolving all length and time scales in the

flow by Direct Numerical Simulation (DNS), high Reynolds number flows are

typically solved using the Reynolds-averaged formulation of the Navier-Stokes

equations (RANS) which arises from the decomposition of the velocity field

into a mean flow component, which describes the large scale time dependency

of the flow, and a fluctuating component which accounts for the small-scale

turbulent fluctuations in the flow. The recast of the Navier-Stokes equations

gives rise to a new term known as the Reynolds stress term. This term is

modelled using an appropriate turbulence model. It is indeed the modelling of

this term which is the main drawback of RANS methods, since it introduces

a degree of empiricism into the equations describing the flow. The most com-

mon class of models known as eddy-viscosity models are generally recognised

as not to be fully adequate for describing large scale separation since the small

scale fluctuations which dominate these types of flows are not accounted for

appropriately. Additionally, the modelling of transition between laminar and

turbulent flow is a major source of uncertainty in CFD, where models to a

large extent also rely on empirical models. With the increase in computa-

tional power, methods commonly referred to as Large Eddy Simulation (LES)

are becoming increasingly popular, since higher proportions of the flow field

12



Chapter 1 Background and Motivation

(namely the large fluctuating scales) are simulated directly, although it still re-

lies on a turbulence model that describes the sub-grid scales of the flow. These

models have been shown to produce a much better representation of the three-

dimensionality inherent to complex flows, but are still only of limited use due

to the lack of computational power. An alternative to LES is Detached Eddy

Simulation (DES) [62], which is a combination of RANS and LES, where only

large eddies in regions of separated flow are simulated, whereas the remaining

parts of the flow are modelled using RANS with an appropriate turbulence

model.

The main drawback of CFD is the considerable computational cost of

achieving an acceptable resolution of the flow. For this reason, simulation

of wind turbine aerodynamics has so far mostly been limited to modelling the

isolated rotor [14, 29, 36, 61, 76, 77], which meant that the effects of the tower

and nacelle were ignored. Only one simulation of a complete turbine has been

published by Duque et al. [15] who used overset grids to handle the relative

movement between the rotor and tower. Additionally, the influence of the at-

mospheric boundary layer shear, inflow turbulence and the terrain in which it

is situated have not been included in the modelling. It is, however, commonly

known that all of these effects have a profound impact on the performance and

structural loads of the turbine. The effect of the tower has a fairly limited sig-

nificance on a turbine where the rotor is placed upwind of the tower, whereas

on a downwind turbine the rotor interacts strongly with the unsteady tower

wake. This interaction has consequences for both the aeroelastic responses

of the turbine as well as its acoustic signature. A detailed understanding of

the interaction between the rotor and the tower could help to improve the

engineering tower shadow models used at present, and possibly also provide

the grounds for mitigation of some of the critical issues such as noise and high

transient loads associated with rotor-tower interaction.

The modelling of an entire wind turbine poses a number of challenges to

the flow solver, most notably that the relative movement between the rotor

and tower would have to be handled in some appropriate manner. A number

of numerical methods are available for solving this problem: deforming struc-

tured and unstructured meshes can be used for relatively small movements,

whereas for large relative motions of bodies, re-meshing would be necessary

at certain intervals, which would be very time consuming. Sliding meshes

is a more simple alternative, which requires the meshes that move relative

to each other to have surfaces in common on which the flow solution is ex-
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Chapter 1 The Present Study

changed between the two grids. This method can be made conservative and

is perhaps the least computationally expensive of the methods available. The

main drawback of this method is that it poses restrictions on the grid topolo-

gies used. Another alternative is the overset grid method, also known as the

Chimera or composite grid method, which is well-proven and widely used in

the aerospace industry for both compressible and incompressible flows, see for

example [5, 38] and [11, 12, 24, 25, 68, 79]. This method gives a high degree of

flexibility in the grid generation process, since there is no restrictions on grid

topologies used. Additionally, bodies can move unrestricted relative to each

other as long as the domain is resolved appropriately. The main drawback of

this method is that it can be computationally quite costly, particularly in a

parallel environment. A more recent alternative is the so-called Dragon grid

[80], where regions between component grids are filled with a thin layer of

unstructured grids. When bodies move relative to each other these grids have

to be re-meshed at certain intervals. This method thus eliminates the need

for re-meshing the entire domain, and allows for the use of a combination of

unstructured and structured grids of arbitrary topology.

Through a collaboration started in the nineteen nineties between Risø Na-

tional Laboratory and the Danish Technical University, the two- and three-

dimensional incompressible Reynolds-averaged Navier-Stokes flow solvers El-

lipSys2D and EllipSys3D [42, 43, 59] were developed to further the research in

aerodynamics of complex flows. The codes have been used on a large variety

of flow problems, which at Risø has been focused around the field of wind tur-

bine aerodynamics. It is the vast experience with this code and the extensive

knowledge of wind turbine aerodynamics at Risø that forms the basis for the

present work which will be described next.

1.2 The Present Study

In the EllipSys solvers it has so far only been possible to compute the flow

around an isolated rotor. As part of the continuous development of the El-

lipSys codes it was at Risø National Laboratory therefore decided that the

codes should be extended such that this relative movement could be mod-

elled directly providing the basis for simulating the unsteady flow over a com-

plete wind turbine configuration including the rotor, tower, nacelle and ground

boundary.

A requirement of the method of choice to solve problems involving relative

14



Chapter 1 The Present Study

grid movement was that it had to be implementable in the existing solver.

Although sliding grids would be able to handle this problem, it was decided

that the higher degree of flexibility of the overset grid method was desirable

when solving the flow over a wind turbine.

The principal aim of the present study has been to implement the overset

grid method in EllipSys2D and EllipSys3D for the computation of unsteady

moving grid problems with the focus on wind turbine aerodynamics.

One challenge, which has so far not been fully met by the wind turbine

research community has been to model the unsteady interaction between the

rotor and the tower on a downwind turbine. Traditionally, this problem has

been investigated under the assumption that the tower wake consisted of a

mean flow deficit. It is, however, well-known that this not adequate since the

unsteady nature of the tower wake induces high transient loads on the blades

as they pass though the wake.

The second aim of this thesis has therefore been to use the implemented

method to provide new insight into the unsteady interaction between the ro-

tor and tower on a downwind turbine, identifying the key physical phenomena

that underlie this complex problem, which, to the best knowledge of the au-

thor, has not been studied to this degree of detail before.

The thesis is divided into three main chapters:

Chapter 2 discusses the numerical implementation of the overset grid method

in the EllipSys2D/3D solvers. A detailed description of solution schemes,

boundary conditions, establishment of grid connectivity and parallelisation

strategies will be given.

In Chapter 3 a systematic validation of the overset grid method is pre-

sented. This involves an investigation of the spatial and temporal order of

accuracy of the solver, as well as comparisons to non-overset solutions and ex-

perimental results to demonstrate the overall accuracy of the solver for both

stationary and moving grid problems. Additionally, the parallel performance

of the code will be evaluated and discussed.

Finally computations of wind turbine aerodynamics are presented in Chap-

ter 4. Here the NREL Phase VI turbine will be used as a test case, since exten-

sive experimental and computational results exist for this turbine, making it

ideal for validation. The focus in the chapter is on the downwind configuration

of the turbine and it will be shown that the overset grid version of EllipSys3D
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is fully capable of accurately predicting the complex interaction between the

rotor and the tower.

In the last chapter the main findings will be summarised and future areas

of research inspired by the present work will be suggested.
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Numerical Methods for

Overset Grids

2

2.1 Introduction

The use of structured curvilinear grids has proved to be a very efficient way of

resolving thin shear layer flows, which are often encountered in engineering and

environmental flows. The ability to solve the Navier-Stokes equations implic-

itly, and the use of parallel computing has greatly reduced the computational

time required to solve these types of problems. The main disadvantage of

structured solvers has always been the grid generation, due to requirements of

orthogonality and smoothness. Problems involving complex geometries or mul-

tiple bodies have thus traditionally been handled using unstructured solvers.

These solvers, however, are computationally more expensive and memory in-

tensive, due to the data structures required to handle the unstructured grids.

Furthermore, unstructured grids are not as efficient at resolving thin shear

layers.

The overset grid method, also known as chimera or composite grid method,

addresses many of the limitations of traditional structured grid methods, while

at the same time maintaining most of their advantages such as implicit solu-

tion strategies and discretisation schemes as well as natural integration into

a parallel computing environment. The key advantage of the method is that

relative movement of grids can be handled without regeneration of the grid.

The domain is decomposed into a number of simpler grids, which overlap each

other arbitrarily making the grid generation process considerably easier. Each

overset domain can be solved independently using existing structured solvers

provided that appropriate boundary conditions are prescribed on overset inter-

faces. Boundary conditions are based on interpolation of flow variables from

neighbouring domains. The interpolation is usually done in an explicit non-

conservative manner, which raises the issue of conservation of quantities such
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as mass and momentum. This is of particular concern with the incompressible

Navier-Stokes equations where conservation is required for the solution of the

pressure-Poisson equation to converge and the flow variables to be represented

smoothly. The lack of conservation due to the interpolation thus has to be

addressed in some manner.

Appropriate body-fitted grids are generated independently around each

component, reducing grid distortion towards fixed boundaries. Important flow

features can be resolved by refined Cartesian meshes, which together with the

body fitted meshes can be embedded in Cartesian background meshes that

are successively coarsened towards the farfield where there is no need for high

resolution of flow features. To accommodate the solid bodies and Cartesian

refinement grids, cells are removed from the background grids where necessary.

Since each component is independent of the other components, problems in-

volving multiple bodies with relative movement are naturally handled without

the need of re-meshing. The method is therefore widely used for aerospace

applications, where problems typically involve a high degree of geometric com-

plexity as well as moving grid problems such as store separation and helicopter

aerodynamics. The method is also being used in other fields such as biological

and industrial flows where a similar problem complexity is present.

An example of an overset grid system is the 2D multibody configuration

featuring an aerofoil downstream of a cylinder depicted in Figure 2.1. The

mesh consists of three independently generated grids; two curvilinear meshes

for the aerofoil and cylinder, and one Cartesian mesh resolving the rest of the

computational domain. Each of these component grids is referred to as a block

group.

Figure 2.2 shows a detailed view of two overset grid blocks from the grid

system showed in Figure 2.1. In a standard grid system without overset bound-

aries, cells are classified as either internal discretisation cells, physical boundary

cells or ghost cells. Ghost cells are used to apply the boundary conditions and

to handle the block-block communication in the multiblock grid topology. In

an overset grid system two new types of cells are defined: hole cells and fringe

cells. Hole cells are cells in the computational domain that are removed from

the solution because they lie inside a physical body or are otherwise not needed

in the domain. Fringe cells are cells along the outer boundaries of individual

block groups, or cells along internal boundaries which arise as a result of the

hole-cutting. Flow variables are interpolated to the fringe cells from the donor

cells in the neighbouring grid. Cells qualify as donors if these cells themselves
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Figure 2.1: Overset grid mesh configuration consisting of three block groups; two curvilinear
groups and one Cartesian group. Scatter symbols indicate fringe cells for each group. Scatter
symbol colour refers to donor grid identity: Cylinder mesh: green; aerofoil mesh: blue;
Cartesian mesh: yellow.

are not fringe cells, hole cells or cells on any physical boundary, that is, they

have to be ordinary internal cells. The grid containing the fringe cell is com-

monly referred to as the receptor grid whereas the grid containing the donor

cell is referred to as the donor grid. The process of locating donor cells is

commonly referred to as the grid assembly process. In Figure 2.1 the colour

of the scatter symbols refer to the identity of the donor grid.

Using relatively simple mesh topologies it is thus possible to construct

meshes for multibody problems, which with conventional structured mesh gen-

eration would have required very careful meshing to avoid skewness of the grid.

Relative movement of bodies is implemented in the method without needing

to regenerate or distort the grid at every time step. When two bodies move

relative to each other the only addition to the solution process is that connec-

tivity information has to be updated and holes re-cut at every time step. The

component oriented meshing also makes it easy to modify only parts of the

grid while leaving the majority of the mesh system untouched during a design

process.

With the added flexibility also comes a high cost associated with the need

for separate data structures containing information about connectivity of the

overset groups and the communication of flow-field data across overset in-

terfaces. Routines are needed for handling the automated process of grid

assembly and interpolation of flow field data. Large scale problems have to be
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Figure 2.2: Detail of the grid configuration explaining the terminology used in the overset
grid method.

solved in a parallel computing environment. For the overset grid method to be

efficient it therefore has to be integrated in this parallel environment. Due to

the irregular overset boundaries, there will almost inevitably be an imbalance

in the data flow between the overset groups, which in a parallel environment

is detrimental and can cause the method to be inefficient unless appropriate

load balancing strategies are employed.

Over the past three decades much work has been done on overset grid

methods. Computations on overset grids were first done for Euler solutions

and later on the fully compressible Navier Stokes equations. Among the first

to work with this type of solution methods were Atta [2], Steger et al. [63]

and Benek et al. [5], the latter starting the development of the well-known

OVERFLOW code. This code was later developed into the OVERFLOW-D

solver for solution of moving body problems by Meakin [38, 40]. Since the

present work deals with the implementation of the overset grid method in an

incompressible solver, the following literature overview will focus solely on the

main contributors to the incompressible overset grid field. In a later section,
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the main contributors to the subject of overset domain connectivity will be

discussed.

Rogers et al. [53] presented an incompressible overset grid capable flow

solver formulated in the so-called pseudo-compressible formulation. With the

pseudo-compressible formulation, strict conservation of mass is not necessary.

A non-conservative linear interpolation was therefore used to impose Dirichlet

boundary conditions at the overset interfaces using interpolated variables from

neighbouring grids.

Chesshire and Henshaw [12] and Henshaw [22] developed a pressure-based

composite grid multigrid method to solve the 3D unsteady incompressible

Navier-Stokes equations using either a second or fourth-order accurate method.

The inter-grid communication of all flow variables u,v,w, and p was done using

Lagrange interpolation. In [12] it is showed that for the most general case of

an overset grid the order of accuracy of the inter-grid interpolation should

be at least one higher than that of the overall solution scheme in order to

preserve the order of accuracy of the solution. Therefore, either a third or a

fifth-order interpolation scheme was employed. A damping term of the discrete

divergence is added to the pressure-correction equation for stability purposes

which is proportional to the local cell volume. On the intergrid boundaries

Dirichlet conditions are used on the velocities and Neumann conditions are

used for the pressure-correction equation. In [23] Henshaw discusses the issues

related to the multigrid solution of overset grids. In the method the solution

is coupled by interpolation at all multigrid levels. Most other authors choose

not to make this coupling, mostly because of the difficulty in doing so. The

main advantage of this method is that additional steps can be taken to locally

smooth the errors near the interpolation boundaries when solving the pressure-

correction equation and thus improve the convergence rates significantly.

Hinatzu and Ferziger [24] investigated the overlapping grid method us-

ing both 1D and 2D model problems as well as unsteady flows in complex

domains. For the inter-grid interpolation, they used a Coons patch method

which is second-order accurate. The authors introduce the terms incomplete

composite multigrid, ICMG, and complete composite multigrid, CCMG. In the

ICMG method, interpolation of the flow variables is only done on the finest

multigrid level, whereas in the CCMG method communication is done at all

levels. However, the method used does not allow for efficient parallelisation,

because the grids are solved in a serial manner. The authors emphasise that

the ICMG produced accurate solutions for the problems solved, whereas the
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CCMG was more costly and a less robust algorithm. The convergence rate

was not improved using CCMG.

Hubbard and Chen [25] solve laminar flow over a cylinder and turbulent

flow over a submarine configuration. The chimera grid scheme is implemented

in an incompressible flow solver, which uses a SIMPLER/PISO algorithm.

On overset interfaces the pressure and velocities are specified via interpolation

from neighbouring domains. The interpolated contravariant velocities are cor-

rected in each boundary cell such that conservation of mass is maintained

before the pressure equation is solved.

Zang and Street [79] developed a second order accurate, fractional step,

finite volume, multigrid method for the 3D unsteady incompressible Navier-

Stokes equations. They used third-order Lagrangian, bi-quadratic interpola-

tion of the velocities and fluxes between subgrids, which is non-conservative.

A correction proportional to the local volume flux is made to the fluxes after

interpolating the velocities between subgrids. This ensures that mass con-

servation is obtained in each domain such that the discrete pressure Poisson

equation can be solved. The authors demonstrated that the scheme was second

order accurate. On the inter-grid boundaries Dirichlet boundary conditions

were used for the velocities and Neumann boundary conditions for the pres-

sure. It was shown that prescribing pressure values as opposed to pressure

gradients produced inconsistent solutions.

Tu and Fuchs [68] present an overlapping grid method applied to internal

combustion engines. Lagrange interpolation is used for the inter-grid interpo-

lation at the finest grid level and a flux correction is applied to the appropriate

velocity components to ensure continuity in the sub-grids.

Burton and Eaton [11] present a fractional step method, which is derived

as a matrix factorisation of the spatially and temporally discretised system

of equations in general curvilinear coordinates in a staggered grid system.

Non-conservative quadratic interpolation is used to interpolate the velocities

between sub-grids. A similar correction to that presented by Zang and Street

[79] is made to the interpolated velocity components on the inter-grid bound-

aries to ensure mass conservation such that the discrete continuity equation

can be solved. Since they solve the system using a staggered configuration no

essential boundary conditions are needed for the pressure, only a numerical

Neumann boundary condition is imposed.

Tang [65], Tang et al. [66] present an overset grid method implemented

in an incompressible Navier-Stokes solver using the artificial compressibility
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method. The velocity components are interpolated non-conservatively from

background domains using a so-called mass flux based interpolation (MFBI),

where the fringe cell velocities are corrected according to a local consideration

of conservation. With this strategy conservation cannot be guaranteed since it

is not a global consideration of conservation. The MFBI approach can more ap-

propriately be thought of as a relaxation of the Dirichlet boundary condition,

since the velocity components installed in fringe cells are constructed using

information from the previous pseudo-time iteration. A Dirichlet boundary

condition is used for the pressure, which in the light of the non-conservative

treatment of the velocities is not appropriate for the solution of the incom-

pressible Navier-Stokes equations.

In this chapter the numerical methods used to decompose an incompress-

ible Navier-Stokes solver on non-matching overlapping grids are presented.

The method is implemented in the flow solver EllipSys3D by Michelsen [42, 43]

and Sørensen [59]. Firstly, the base numerical solution method is presented.

This is followed by a description of the modifications needed to integrate the

overset method in the code which entails boundary conditions, flux correc-

tion scheme and interpolation schemes used. Subsequently, the methods used

to identify invalid (or hole points) will be discussed accompanied by a pre-

sentation of the search routine used to identify donor cells. The method is

implemented in a parallel computing environment, where all processors per-

form the same tasks simultaneously. To achieve good scalability of the code it

is essential to employ efficient strategies of communication between processors.

These issues are addressed in the latter parts of the chapter.

2.2 Solution Method for the Base Solver

The governing equations for the flow solver are the three-dimensional incom-

pressible Reynolds Averaged Navier-Stokes equations, which written in Carte-

sian coordinates take the form

∂

∂xj
(ρUj) = 0 , (2.1)

∂

∂t
(ρUi) +

∂

∂xj
(ρUiUj) −

∂

∂xj

[

(µ+ µt)

(

∂Ui

∂xj
+
∂Uj

∂xi

)]

+
∂P

∂xi
= Sv , (2.2)

23



Chapter 2 Solution Method for the Base Solver

∂

∂t
(ρϕ) +

∂

∂xi
(ρUiϕ) −

∂

∂xi

[(

µ+
µt

σϕ

)

∂ϕ

∂xi

]

= Sϕ , (2.3)

where

The Boussinesq approximation, also called the eddy-viscosity technique is

Ui=1,2,3 Cartesian velocities,
P pressure,
ρ density,
µ molecular dynamic viscosity,
µt eddy viscosity,
Sv momentum source term,
Φ scalar quantity,
Sϕ scalar source term.

used to close the problem, which requires modelling of the eddy viscosity

using an appropriate turbulence model.

The difficulty in solving the incompressible Navier-Stokes (INS) equations

numerically lies in the fact that there is no direct method for determing the

pressure. A coupling between the velocity and pressure can be obtained by

combining the momentum equations and the continuity equation to obtain a

Poisson equation for the pressure. The combined momentum/pressure Poisson

equations can then be solved implicitly using a predictor/corrector method

where a divergence free solution is obtained iteratively. A commonly used

method is the SIMPLE method by Patankar and Spalding [48]. Here, an

equation is constructed named the pressure-correction equation.

In a single iteration firstly the momentum equations are solved as a predic-

tor step using a guessed pressure, which will yield a velocity field that will not

fulfil the continuity equation. The pressure-correction equation is then solved

to correct the velocity/pressure field such that it will satisfy continuity. The

new field, however, will not satisfy the momentum equations which is why an

iterative process is needed where the newly obtained pressure field is used as a

guess in the momentum equations. For the SIMPLE algorithm to converge an

under-relaxation is needed on both velocities and pressure. Typically, these

values are 0.8 for the velocity and 0.2 for the pressure. If the problem is solved

in time, a variation of the SIMPLE method is used called the PISO method

by Issa [27], where the pressure-correction equation is solved twice. In one

time step a number of subiterations are performed to reach a steady state.

typically, four to six such predictor/corrector steps are performed within each

time step, before a flow field is obtained that satisfies the governing equations.
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The PISO method also requires some under-relaxation, with values for the

velocity of around 0.8 and 0.2 and 0.9 for first and second pressure correction

iterations. The methods are outlined below:

1. Guess the pressure field p∗.

2. Solve the momentum equations for u∗, v∗ and w∗.

3. Calculate mass fluxes.

4. Solve the pressure correction equation for p′.

5. Correct p∗ by adding the under-relaxed value of p′ to obtain p.

6. Correct u∗, v∗ and w∗ and corresponding fluxes to obtain a divergence

free field.

7. If using the PISO algorithm return to 3 using new pressure and fluxes

and correct these again (only one loop).

8. Solve for other active scalars such as turbulent quantities.

9. Return to 2 and use corrected pressure and velocities as initial and repeat

until sufficiently converged.

10. Advance solution in time and return to 2.

The EllipSys3D code uses the above outlined method to solve the incom-

pressible Reynolds averaged Navier-Stokes (RANS) equations. The code is

discretised using the finite volume method, solving for the primitive variables

u, v, w, and p, in general curvilinear coordinates. The variables are stored in

a collocated grid arrangement, and odd/even pressure decoupling is avoided

using the Rhie-Chow interpolation [52].

The momentum equations are solved decoupled from each other using a

red/black Gauss-Seidel point solver. The convective terms are discretised using

either the second order upwind difference scheme, SUDS [78], or the third order

accurate quadratic upstream interpolation for convective kinematics scheme,

QUICK [34], and the diffusive terms are discretised using a central difference

scheme. The solution is advanced in time using a second-order accurate, three-

point backward scheme.

A multiblock decomposition of the domain allows for an efficient paralleli-

sation of the code. A simple geometric decomposition of the solution domain

is implemented where each subdomain or block is of equal size and logically

cubic. The block-block communication is done through one layer of ghost cells

around each block, where second order accuracy is maintained. The cell ver-

tices are required to coincide on interfaces such that conservation is readily

maintained. To accelerate the convergence of the pressure-correction equation

25



Chapter 2 Solution Method for the Base Solver

a multigrid solution strategy is implemented using a five-level additive Schwarz

method, which has the advantage of having no sequentiality in the solution

process. The coarse grid problem is solved on one processor and subsequently

distributed to all other processors. Combined with a grid sequencing strategy

of the outer iteration loop the solution time is reduced significantly.

The turbulence models used in EllipSys will be discussed in Section 2.3.4.

2.2.1 Finite Volume Equations

Momentum Equations

The generic algebraic formulation used to linearise the momentum equations

has for the U -momentum the form:

APU
t+∆t
P +

∑

AnbU
t+∆t
nb = SU−mom , (2.4)

where standard compass notation is used to describe the control volume with

P as the central node and neighbour cells nb labelled as E, W, S, N, B, and

T. This equation can be expanded as follows:

APU
t+∆t
P +AWU t+∆t

W +AEU
t+∆t
E +ASU

t+∆t
S +ANU

t+∆t
N

+ABU
t+∆t
B +ATU

t+∆t
T = ST + SV + SF + SP + SC , (2.5)

where the following definitions are used:

AW = Adn
W +Ac

W ,

AE = Adn
E +Ac

E ,

AS = Adn
S +Ac

S ,

AN = Adn
N +Ac

N ,

AB = Adn
B +Ac

B ,

AT = Adn
T +Ac

T ,

AP = −AW −AE −AS −AN −AB −AT +
1.5ρP JP

∆t
,

ST =
ρPJP (2U t

P − 0.5U t−1
P )

∆t
,

SV = 0 ,

SF = −Idc
e + Idc

w − Idc
n + Idc

s − Idc
t + Idc

b ,

SP = −IP
e + IP

w − IP
n + IP

s − IP
t + IP

b ,

SC = explicitly treated terms for convection due to higher order schemes.(2.6)
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where

Adn normal-diffusion coefficients,
Ac convective coefficients,
ST unsteady source term,
SF cross diffusion source term,
SP pressure source term.

The equations for the V - and W -momentum equations can be written in

the same manner. For further details of the implementation the reader is

referred to Sørensen [60].

Pressure-Correction Equation

The corrected pressure needed to obtain a divergence free velocity field can be

expressed as

p = p∗ + p
′

(2.7)

where p∗ is the guessed pressure field and p
′

is the pressure-correction. The

corresponding velocity corrections can be written in the same form:

u = u∗ + u
′

v = v∗ + v
′

w = w∗ + w
′

(2.8)

Using the above definitions an expression can via the momentum equations

be derived for the corrected velocity field in terms of the pressure-correction.

The pressure-correction equation arises from the substitution of the velocity-

correction formulae into the continuity equation. The general finite volume

formulation for the pressure-correction equation takes the form:

APP
c
P = −

∑

AnbP
c
nb + Smass , (2.9)

The derivation of the individual influence terms will not be reproduced here,

but can be found in most standard text books on the subject, see for example

Patankar [47] and Ferziger and Perić [17].

2.2.2 Boundary conditions

To impose physical boundary conditions in the domain, the most common

practise is to introduce fictitious or ghost cells along the boundaries, which

hold the necessary information for a given boundary condition. In EllipSys3D

ghost cells are also used in conjunction with the multiblock decomposition of
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the domain where the ghost cells coincide with the internal cells in the adjacent

blocks. Flow variables from adjacent blocks are installed, and, since the in-

terfaces are point-wise continuous, continuity will be maintained. Additional

numerical boundary conditions are needed to solve the pressure-correction

equation. On internal multiblock interfaces, a so-called Robin boundary con-

dition is prescribed.

For the solution of the INS equations two types of physical boundary condi-

tions can be prescribed. Either the velocities normal to the boundary are given

and the pressure unknown, or vice versa with a given pressure and unknown

velocities. On inlets and walls, the former is typically used, since for example

in most problems the inflow velocities are known. When the flux across all

boundaries are known, there can be no flux correction on the boundary, which

means that the gradient of the pressure correction across the boundary face

must be zero. This corresponds to a Dirichlet condition on the momentum

equations and a Neumann boundary condition on the pressure.

On outlets, the velocity is extrapolated across the boundary with a zero

gradient condition. With this condition, global mass conservation cannot be

guaranteed, which requires the flux on the outlet to be adjusted to match the

flux across the inlet. As above, a given flux results in a Neumann boundary

condition on the pressure.

With reference to the finite volume formulation of the momentum equation

in Equation 2.5, the discrete coefficients for the momentum equations are

modified as follows on inlets, taking an east cell face as an example for the

U-momentum equation:

A
′

P = AP −AE

S
′

φ = SU − 2AEUe

A
′

E = 0 (2.10)

Likewise, the discrete coefficients for the pressure-correction equation are mod-

ified such that (again shown for an east face)

A
′

P = AP +AE

S
′

φ = Sφ −AE

(

∂φ

∂n

)

e

AE = 0 (2.11)

Since a collocated grid arrangement is used, the pressure must be known
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at all boundaries to correctly calculate the pressure flux in the momentum

equations. A consistent method for obtaining this pressure would be to enforce

a normal momentum balance on the boundary and obtain the pressure in the

ghost cell. A simpler and very good alternative to this, is to extrapolate the

pressure from interior cells using a second order extrapolation. The pressure

on an east face is thus given by

Pe =
1

2
(4PP − 3PW + PWW ) (2.12)

The coefficients of the extrapolation correspond to an extrapolation to the

ghost cell E with a subsequent interpolation to the face e. The pressure on

the boundary is subsequently extrapolated to the ghost cells using a second

order extrapolation

PE = 2Pe − PP (2.13)

Since a Neumann boundary condition is used for the pressure on all bound-

aries, the absolute value of the pressure cannot be determined. This is of no

consequence in the solution of the INS equations, since only gradients of the

pressure enter the equations. Typically, the initial guess of the pressure is set

to zero in a suitable point in the domain.

2.3 Solution Method on Overset Grids

A decomposition of the solution domain into a number of non-matching over-

lapping sub-domains is possible with no alteration of the basic solution pro-

cedures. Each subdomain can be solved independently from others as long

as appropriate boundary conditions are specified on internal non-matching in-

terfaces. This could involve, as described in Section 2.2.2, a specification of

velocities or pressure (not both as this will be discussed subsequently).

The difficulty with overset methods arises from the fact that there is no

straight forward method for conserving mass across non-matching interfaces.

A conservative method requires that the prescribed velocities and fluxes sat-

isfy continuity. A way to ensure this is by considering the geometry of the

local donor cell, making a piece-wise construction of the fluxes across each

face, dividing faces intersected by the face of the fringe cell. A procedure for

such a method is described by Wright and Shyy [74] for the solution of the

INS equations using a SIMPLE-like method on overlaid Cartesian grids. The
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implementation of this method in arbitrary 3D geometries, however, is hard

to generalise and could be very time consuming particularly in a moving grid

computation where connectivity has to be recomputed at every time step.

A non-conservative treatment of flow variables on interfaces is easily im-

plemented since standard interpolation methods such as Lagrange or trilinear

interpolation techniques can be used. Such methods will inevitably introduce

a mass defect along the boundary, which in general will be proportional to

the compatibility between the donor and receptor meshes and the complexity

of the flow field. In compressible flows there is no direct requirement for the

flow field to be divergence free. A non-conservative treatment at interfaces

is therefore tolerable in the solution procedure. The same can be said for

incompressible flows solved using an artificial compressibility formulation. In

pressure-based incompressible solution strategies, however, the implicit con-

tinuity constraint inherent to the pressure-correction equation makes it im-

perative to the stability and convergence rate of the solution procedure that

global conservation of mass is maintained at each time step. This constraint

is naturally satisfied in a well-posed finite volume formulation, as described

in Section 2.2. However, the error associated with the interpolation across

overset interfaces will cause the solution of the pressure-correction equation

to be slow and in many cases unstable if no correction of the mass defect

is made. For incompressible flows, it is therefore necessary to address the

conservation error in some manner, which is usually done using an explicit

correction scheme before the pressure-correction equation is solved. This issue

is addressed in Section 2.3.3.

The idea behind the current implementation of overset grids in EllipSys3D

has been to make the least possible modifications to the original code, im-

plementing the overset grid method as far as possible as an auxiliary module

to the solver. This would simplify the implementation and make the code

more transparent. A consequence of this decision was that coupling of the

overset domains could only take place via the interpolated velocities outside

the multigrid solver, since coupling of the solution during the multigrid solve

would require the multigrid algorithm to be rewritten entirely.

As pointed out above the existing solution procedure can be used without

major modifications. Preparation of the existing solution procedure to be

able to handle overset grids can be achieved with the modifications described

below.
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1. cut holes to accommodate solid bodies and assemble communication ta-

bles for the overset grids

2. Modify momentum coefficients anb, Su,v,w and APu,v,w in hole regions

and on fringe boundaries

3. Solve the momentum equations for u∗, v∗ and w∗

4. On overset interfaces interpolate u∗, v∗ and w∗ from donor grids and

place values in fringe cells

5. Modify pressure coefficients S, AP and Anb in hole regions and on fringe

boundaries

6. Calculate mass fluxes

7. On overset interfaces the mass flux is calculated using the interpolated

velocities

8. Correct mass fluxes along overset boundaries of each group such that

conservation is satisfied to machine accuracy

9. Solve the pressure correction equation for p′

10. Correct p∗ by adding an under-relaxed value of p′ to obtain p

11. Correct u∗, v∗ and w∗ to obtain velocity field, which satisfies continuity

12. On overset interfaces interpolate u∗, v∗ and w∗ from donor grids and

place values in fringe cells

13. If using the PISO algorithm return to 8 using new pressure and velocities

and correct these again (only one loop)

14. Solve for other active scalars such as turbulent quantities

15. Interpolate scalars as done for the velocities

16. Return to 2 and use new pressure as guessed pressure p∗ and repeat until

sufficiently converged

17. Advance solution in time and return to 1

The explicit treatment of the flow variables on the overset boundaries

introduces a time lag compared to interior cells which are solved implicitly.

However, since a number of sub-iterations are used in each time step this lag

does not have any adverse influence on the temporal accuracy of the solution

as is shown in Chapter 3.

The preparation of the overset grid system involves three main routines; a

hole-cutting routine which blanks out unwanted cells in the domain, a search

routine, which identifies fringe cells, and an interpolation routine, which up-

dates the flow solution in fringe cells during the solution procedure. These

routines require special attention — which will be given in Section 2.4.

Firstly, however, the additions needed to the solution procedure must be
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addressed. The interface boundary conditions and mass conservation scheme

are described in the subsequent section.

2.3.1 Interface boundary conditions

The use of overset grids requires two modifications to be made to the discrete

coefficients of the finite volume formulation. In hole cells the coefficients need

to be adjusted accordingly, and on overset boundaries the coefficients must be

modified according to the boundary conditions applied. As described earlier

in this section an overset grid interface can be treated as any other boundary,

with boundary conditions either specifying velocity or pressure. Prescribing

both requires the boundary conditions to satisfy continuity in each cell, which

is not possible when using a non-conservative interpolation scheme.

In the momentum equations, Dirichlet conditions are applied on the veloc-

ities. The finite volume formulation for the momentum equations (taking the

U -momentum as an example) are modified as follows:

(

AP ∗ ib+ (1 − ib)
)

U t+∆t
P −

∑

(Anb ∗ ib)U
t+∆t
nb =

Smom ∗ ib+ (1 − ib)UI (2.14)

where ib is the iblank array, which is zero in hole and fringe cells and one

elsewhere; UI is the velocity interpolated from the donor cells. In hole regions,

the velocity is set to zero.

Since a Neumann boundary condition is applied on the pressure, the coef-

ficients of the cells along fringe boundaries have to be modified according to

Equation 2.11. The coefficients in hole cells are modified as follows:

Anb = 0 S = 0 AP = 1 (2.15)

The last issue that needs to be addressed is which pressure value one should

install in fringe cells. Following from Equation 2.11 a value of the pressure is

not needed in fringe cells for the solution of the pressure, because a Neumann

boundary condition is imposed. In the momentum equations, however, the

pressure is needed to calculate the pressure source term correctly. There are

three possible candidates: one is to interpolate the pressure from neighbouring

blocks; another is to extrapolate the pressure from interior cells as is done

on physical boundaries, and the last is to obtain the pressure by applying
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the normal momentum equations on the boundary and combined with the

continuity equation obtain the pressure.

Since there is no direct coupling between the pressure in each overset do-

main, the pressure field will develop independently in each domain differing

by an arbitrary constant. The pressure levels in adjacent domains can be cor-

rected to match each other if the pressure is kept fixed in one point common

to both domains and adjusted in one of the domains. A direct interpolation of

the pressure along the entire domain interface would therefore be inconsistent

with the boundary conditions applied on the pressure-correction equation. An

interpolation of both velocities and pressure would result in poor convergence

and discontinuous pressure gradients.

The second alternative is to extrapolate the pressure from interior cells

across the boundary according to Equation 2.12 as is done on regular bound-

aries. In corner fringe cells where the cell shares two faces with the interior

domain this method becomes ambiguous since the pressure can be extrapo-

lated from two sides. This is handled by averaging the two values. Given

the relative simplicity of this method and its consistency with the standard

boundary conditions, this is the method that will be used on overset interfaces.

Although the application of the normal momentum equation combined

with the continuity equation might seem the most correct method for obtaining

the pressure, the implementation of this method is not straight forward in

general curvilinear domains. Additionally, cross terms of the equations must

be omitted, which makes it questionable whether this method would yield a

higher accuracy than a simple extrapolation.

2.3.2 Overset Grid Interpolation Scheme

Since the solution of the discretised equations is carried out in a transformed

coordinate system which is logically Cartesian, the interpolation of flow vari-

ables can be carried out using standard interpolation schemes for uniformly

spaced grids. Interpolation coefficients of the local curvilinear coordinates

are found by inverting the trilinear function for the transformation using the

Newton iteration scheme.

Different interpolation schemes can be used to transfer flow field infor-

mation between grids. Chesshire and Henshaw [12] showed that the formal

accuracy of the solver is maintained when the order of the interpolation used is

one higher than that of the solver. However, as long as there is an adequately

large overlap between component grids, second-order bilinear (trilinear in 2D)
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interpolation was shown to be sufficient. The implementation of this scheme

is considerably easier than higher order interpolation schemes since the inter-

polation stencil is much smaller, making the required overlap between grids

smaller. A disadvantage of higher order schemes is that they can ”over shoot”

if the gradients in the flow are very sharp, which is typically seen for the

turbulent quantities in wakes. Such schemes can cause the eddy viscosity to

become negative, thus some measure must be taken to avoid the over shoot.

A 2D study of interpolation schemes was made (see Chapter 3) and it was

found that the second-order accurate bilinear interpolation and the third or-

der Lagrange interpolation produced virtually identical solutions for a large

variety of flows. In light of the above comments and the numerical investiga-

tion, bilinear (trilinear in 3D) interpolation is thus used for transferring flow

variables across overset interfaces.

The interpolation of flow variables must be performed in an explicit man-

ner, that is; cells that are themselves fringe cells must not be donors, or part

of an interpolation stencil of neighbour donor cells. If this is not the case the

interpolation will become implicit, which could rive rise to instabilities. To

maintain second order accuracy of the discretisation scheme in cells adjacent

to overset boundaries, two layers of fringe cells are needed. A 1D schematic

showing the two layers of fringe cells and corresponding donor cells is shown

in Figure 2.3.

Fringe cell
Donor Cell

Figure 2.3: 1D Schematic of two overset grids indicating fringe and donor cells. In 1D, two
cells are needed in the interpolation stencil. The minimum overlap permissable is that where
no cell that is itself a fringe cell is used in the interpolation stencil.

2.3.3 Mass Flux Correction

Introducing a conservation error along the interpolation boundary will inhibit

full convergence of the pressure-correction equation. For unsteady problems

the lack of conservation will in most cases lead to instability due to a non-

physical pressure build-up along the boundary. An explicit correction is there-

fore needed of the divergence error in each overset group before the pressure

correction equation is solved. With the divergence being exactly zero in each
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overset group, the solution of the pressure-correction equation will converge

to machine accuracy with conservation being satisfied in all internal cells.

Several authors who use a predictor/corrector solution scheme to solve the

incompressible Navier-Stokes equations ([11, 25, 68, 79]) have implemented

similar corrections, which adjust the face velocities or fluxes on the over-

set boundaries such that the conservation error integrated over each overset

boundary is zero. The difficulty with such a correction is that there is no

obvious method for distributing the error in a physically meaningful manner.

The divergence in each overset group will not have any direct relation to the

divergence in neighbouring domains, because the domains are solved decou-

pled from each other. The error is most commonly distributed according to

the local cell area [11] or the local flux [79]. In [25] normal velocity compo-

nents on the boundary are corrected such that the divergence is exactly zero

in each cell along an overset boundary. The Cartesian velocity components

are subsequently derived from the corrected normal velocity, resulting in the

velocity contours being slightly discontinuous.

In EllipSys3D a correction scheme similar to that by Zang and Street [79]

and Burton and Eaton [11] has been implemented, as is outlined below.

The divergence error is found by integrating the face fluxes along the over-

set interfaces of each block group in the following way:

εn =
∑

IBn

Fi (2.16)

where Fi is the mass flux across the overset boundary face i and
∑

IBn
is

the sum over all overset boundaries in each block group n. The correction is

proportional to the local flux and the modified flux is expressed as

F ′

i = Fi −
εn | Fi |

Sn
(2.17)

where S is the absolute sum of fluxes across the overset boundary in block

group n

Sn =
∑

IBn

| Fi | (2.18)

Distributing the error evenly or according to cell face area on the boundary

was found to lead to instability since fluxes will be created artificially across

faces parallel to the flow direction and in regions of low velocity. Although

distributing it proportionally to the local flux is not necessarily a more physical

representation of the error, it does lead to a more stable scheme.
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2.3.4 Turbulence Modelling

For computations of flow over aerofoils and wind turbine blades the Ellip-

Sys2D/3D codes use the k−ω SST model by Menter [41], because of its good

performance in wall bounded adverse pressure gradient flows. This model

combines the original k − ω model by Wilcox [71] with the k − ε model by

Launder and Spalding [32] through the use of zonal blending functions. In the

inner part of the boundary layer the model reduces to the original k−ω model

and gradually switches to the k − ε model (recast into a k − ω formulation)

in the wake and farfield regions. Two blending functions are used: one which

is designed to remove the freestream dependence of the original k − ω model,

and another which accounts for the transport of the shear stress.

Using the k−ω SST model on overset moving grids presents some difficul-

ties because the two blending functions in the model depend on the normal

distance to the nearest wall. In the standard solver the distance to the nearest

wall is computed once for each cell at the beginning of the simulation. How-

ever, in a problem involving relative movement of bodies, this distance will

have to be recomputed in each time step to take account of the changes in

distance of a given grid point from the different bodies, which is computation-

ally very expensive. At the current stage of development, the computation of

normal distances is not performed in background block groups which do not

contain any wall boundaries. As a result the two zonal functions F1 and F2

are set to zero in these blocks, which means that the SST model is effectively

reduced to the k − ε model in these block groups.

The implications of this issue clearly depend on the particular nature of

the problem at hand and the grid configuration used. For bluff body flows such

as vortex shedding from a circular cylinder the associated error is significant,

whereas for attached flow over aerofoils the effect is less severe. An investi-

gation of the error associated with the above issues is presented in Section

3.2.3.

The boundary conditions for the SST model are of Dirichlet type, which

means that direct interpolation of k and ω using bilinear interpolation (trilin-

ear in 3D) is used as boundary conditions. The finite volume equations are

modified in holes and on overset boundaries in the same manner as done for
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the momentum equations:

(

AP ∗ ib+ (1 − ib)
)

U t+∆t
P −

∑

(Anb ∗ ib)U
t+∆t
nb =

S ∗ ib+ (1 − ib)UI (2.19)

where ib is the iblank array, which is zero in hole and fringe cells and one

elsewhere; UI is k or ω interpolated from the donor cells. In hole regions, k

and ω are set to zero.

2.3.5 Moving Grid Issues

When two meshes move relative to each other, the connectivity between them

changes. In grids where overset boundaries are created as a result of blanking

of internal cells the movement of a component grid will require the hole to be

translated accordingly. The process is illustrated schematically in Figure 2.4

for a one-dimensional grid. The hole region travels to the right. On the right-

hand side of the hole region cells change identity from internal cells to fringe

cells, and fringe cells to hole cells. On the left side, the opposite is the case;

hole cells become fringe cells and fringe cells become internal cells. It rarely

happens that cells that were previously hole cells will become internal cells,

since the movement in each time step is dictated by the flow solver, which for

stability reasons has to be kept low.

t=t

1

0

t=t

Figure 2.4: Creation of cells as a result of movement of hole boundaries. Filled black squares
indicate internal discretisation cells; filled green squares indicate fringe cells; empty squares
indicate hole cells.

Cells on the left-hand side of the moving hole region that were previously

hole cells contain no valid flow field information. Likewise, in cells that were

previously fringe cells and have become internal cells, values of velocity and

mass flow from the previous two time steps must be available to correctly

calculate the time dependent terms in the momentum and pressure-correction

equations. It is therefore necessary to address this issue in some manner

to obtain a smooth flow field in cells adjacent to moving hole regions. One

possibility is to interpolate the values from neighbouring grids, however, this
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approach would require the coordinates as well as connectivity tables to be

stored from the previous time levels. The simplest approach is to average

the values of velocity from valid neighbouring cells, and on the basis of these

values, calculate the mass flow. Although not as accurate, as long as the grid

movement is sufficiently small, this simple method has proven to be adequate

to handle this issue.

2.4 Mesh Generation

An overset grid system typically consists of a mixture of curvilinear body

fitted grids and Cartesian off-body grids. The body fitted grids resolve the

boundary layer, and near body flow field, whereas the Cartesian grids resolve

the regions between solid bodies and the farfield. High resolution grids are

needed in the near-body Cartesian grids for proper resolution of the flow field,

whereas coarse grids are used in the far-field. The Cartesian grids are therefore

nested in multiple layers successively coarsened towards the farfield. Genera-

tion of curvilinear body-fitted grids is done using the in-house hyperbolic grid

generator HypGrid by Sørensen [60]. An example of a grid is shown in Figure

2.5 with two spheroids embedded in two layers of Cartesian background grids.

Figure 2.5: A mesh containing two spheroids with a total of four mesh groups. Colours along
overset boundaries indicate donor grid identity.

It is important that the grids are dimensioned such that sufficient overlap

is obtained between grids, and that the compatibility is good. Compatibility

between grids can be regarded as a measure of the combined differences of cell

volume, aspect ratio and orientation [64]. If good compatibility is not achieved,

the solution will not be smooth in the overlap regions, and instability of the
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solver could occur. From experience, it was found that grid sizes in overlap

regions should not differ more than about a factor two.

Since EllipSys3D makes use of multiblock partitioning of the solution do-

main for parallelisation purposes, a grid system will consist of a mixture of

connected blocks and overset grids. All blocks, which are patched together in

a one-to-one manner will be labelled as part of the same block group. The

grid system in Figure 2.5 thus consists of four groups, each composed of a

number of logically cubic connected blocks. The process of identifying overset

groups is automated using a recursive test of the face-face and interprocessor

connections in the mesh, supplied by the base solver.

2.5 Domain Connectivity

The domain connectivity process of an overset grid problem consists of three

main parts: firstly, all cells that fall outside the computational domain must

be identified and classified as hole cells; secondly, cells along internal hole and

internal outer boundaries must be identified and tagged as fringe cells; finally

appropriate donor cells must be identified for each fringe cell and interpolation

coefficients for these cells must be computed. Arrays are thus assembled con-

taining a list of fringe cells, corresponding donor cell indices and interpolation

coefficients.

Domain connectivity algorithms can broadly speaking be grouped into two

classes: one which is designed to establish the connectivity externally from

the flow solver, which is typically only used for problems not involving mov-

ing bodies, and another where the connectivity routine is integrated with the

flow solver, and can thus be used for moving body problems. Most of the algo-

rithms characterised in the first class use an iterative approach for determining

size of holes and for locating appropriate donor cells. This, however, requires

a large amount of communication between each component grid, which makes

it very hard to implement efficiently for massively parallel computations. The

advantage of such algorithms is that they are typically very robust and pro-

duce overset grid systems of high quality. The second class of algorithms are

designed to be called at every time step in a simulation, since the relative

movement of domains requires the connectivity information to be recomputed

each time grids move relatively to each other. Since there is a great demand for

efficiency, and more importantly, often a requirement to operate in a parallel

computing environment, the iterative approach becomes less attractive since
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the communication between processors must be kept at an absolute minimum.

There exists a variety of codes for assembling overset grids. A brief overview

of the main codes available is given in the following.

PEGASUS [5, 64] was the first comprehensive package that performed the

connectivity tasks. The grid assembly is performed externally to the flow

solver and can thus be used with any code, but is less appropriate for moving

body problems. The first version of the code required a large amount of user

input but has since been replaced by a new version of the code which is highly

automated, thus minimising the necessary user input. The hole-cutting task,

which identifies points inside solid boundaries is performed using a Cartesian

hole-map coupled with a line-of-sight algorithm. Following this step, the best

possible receptor/donor pairs in neighbouring domains are found by iteratively

adapting the location of outer fringe boundaries and hole boundaries. Donors

are found using a binary tree search followed by a stencil jumping technique.

This process is likely to be very time consuming, since donors have to be

located for all valid cells in the domain. The code is parallelised using the

MPI message passing interface with a master/slave distribution of the work

load.

The CMPGRD code [12], which is part of the OVERTURE framework

[10] provides a comprehensive package, which interactively allows the user to

generate an overset grid system via a graphical interface. The CMPGRD

algorithm produces an overset grid by firstly marking all points nearest to

physical boundaries as hole points. It proceeds by identifying suitable donors

for all valid cells in the domain according to a given hierarchy. Points for which

no donor is found are marked as hole points. The size of holes and location

of outer fringe boundaries are subsequently iteratively adjusted by traversing

through each component until a valid grid is obtained with a minimum overlap

dictated by the width of the interpolation stencil used to transfer flow field

information between grids.

DCF3D [39, 40] was developed mainly with dynamic moving body prob-

lems in mind. The hole-cutting process was simplified by using analytic shapes

to define hole regions, such that points inside holes could be identified with

very little computational expense. The identification of donors for the fringe

points was done using Cartesian grid inverse maps of the computational space.

Although setting up these maps is expensive it is balanced by the fact that

no exhaustive searches were needed. For moving body problems the inverse

maps move with the component grids such that maps do not have to be re-
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computed at every time step. The code was since parallelised [3] and used for

moving body problems. The parallelised version of the code executes the same

process on each computational node. Searches are requested using Cartesian

bounding boxes and a so-called nth-level-restart which uses information from

the previous time step to guess the location of the fringe point.

The Beggar code [37] is also designed to integrate with the flow solver

for moving body problems. It uses a Cartesian mark and fill method, similar

to that used by PEGASUS. A combination of polygonal mapping (based on

octrees) and a stencil jumping technique is used to partition the domain and

locate donor cells. The code has been parallelised over the course of four

stages of development. In the third stage a combination of front end and back

end nodes are used to compute the connectivity and flow solution separately.

This process can efficiently be load balanced since each front end node will

be assigned an equal number of tasks. The last stage uses a shared memory

configuration where all nodes compute both connectivity and flow solution.

Again, good load balancing can be achieved, since processors compute the

same amount of tasks.

Petersson [49] presents a grid assembly code which combines the methods

used in a number of the previously described codes. The method starts out by

blanking all points outside the domain. This is done using a mark and fill tech-

nique combined with the boundary ray method [44]. Subsequently, all points

are classified as either discretisation, interpolation or hole points by locating

all possible donors for each point. Points are located using a combination

of a bisection technique and Newton’s method, where the process is speeded

up using the location of neighbouring points as guess for subsequent points.

Corrections for mismatches of overset surface grids is made by adjusting the

interpolation coefficients. The grid is subsequently trimmed in three steps to

produce minimum overlap between grids according to the interpolation stencil

and type of the interpolation used.

Noack [45, 46] has with the so-called DiRTlib created a general library to

add an overset capability to existing solvers, both structured and unstructured.

It uses the SUGGAR grid assembly code, that can be used for both stationary

and moving body simulations in a parallel environment. The hole-cutting is

done using a binary tree subdivision of the hole-cutting geometries, similar

to what is done in the BEGGAR code. Donor cells are identified using a

combination of an octree-based search and a stencil-jumping technique.
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The current approach has been kept simple to minimise computational

cost, while at the same time being sufficiently automated for handling moving

grid problems. The fact that the process has to work in a parallel environment

means that the procedure must contain as little inter-processor communication

as possible. The iterative techniques used in [12], [49] and [64] to optimise the

overlaps have thus not been employed since the trimming process would require

a considerable amount of communication between processors.

The user specifies via the input file which mesh groups are allowed to cut

holes in other specified groups and the size of the overlap for each group.

There is no restriction on the number of grids that can be cut by each group.

Furthermore, the user specifies which groups are allowed to move, with the

rotation/translation being prescribed via the input file. To aid the initial

stages of the grid connectivity process, the user also specifies which block

groups are allowed to interpolate from each other. This reduces the number of

search requests made in vain to block groups which for one reason or another

are not adequate donors.

In the following sections the hole-cutting and search routines will be de-

scribed in detail. This is followed by a description of the current stage of the

parallelisation of the overset grid method and the potential improvements that

can be made.

2.5.1 Hole-cutting

The purpose of hole-cutting is to remove or blank out cells in the solution

domain that fall within the boundaries of solid bodies as is illustrated in Figure

2.1. The method was originally conceived by Benek et al. [6], and later many

methods have been developed for cutting holes. To improve compatibility

between the component grids and avoid interpolation from high aspect ratio

boundary layer cells, it is furthermore necessary to blank out coarse cells from

the overlapping grid near the solid boundaries. A closed boundary curve in

2D or surface in 3D is thus defined a certain distance from the surface where

good compatibility and sufficient overlap can be achieved. All cells in the

background grid that fall within this curve are then blanked out and classified

as hole cells.

To identify whether a given node falls inside a closed curve or surface

the boundary ray method is used [44], which is also the method applied by

Petersson [49]. The current implementation of the method is based on work

carried by Bertagnolio [7]. The method counts the number of intersections
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with the boundary curve or surface of a horizontal ray projected towards −∞.

If the ray intersects the curve or surface an odd number of times the node

must be inside the curve, see Figure 2.6.

Figure 2.6: Schematic of the boundary ray method.

In 2D, the boundary is described by a polygon, which is typically obtained

from the nodes of a constant i- or j-curve in the mesh or a combination of

these. The ray intersects the boundary curve if it intersects any of the line

segments connecting the nodes on the curve. Details of the implementation

of the method can be found in [49]. In 3D the boundary surface will typi-

cally consist of a constant i-, j- or k-surface of the mesh or a combination of

mesh surfaces. Each quadrilateral element of the surface is divided into two

triangular elements, since intersection of a line and a triangular element is

geometrically easy to test.

To reduce the computational cost, the curve or surface is subdivided in a

binary tree structure, containing min/max values of the bounding boxes of the

curve or surface segments. If the ray intersects a line connecting a subdivision

of the curve, it must also intersect the bounding box containing the line. A

recursive search is made through the tree until the lowest level is reached where

the ray intersects the line connecting two consecutive nodes, see Figure 2.7.

The same holds for a 3D bounding box containing the triangulated segments

of the surface.

In EllipSys the user specifies via the input grid file the outer fringe bound-

aries of each overset boundary. The hole-cutting surface is then constructed

by traversing inward normal to the boundary a given number of cells specified

via the input file by the user. The hole-cutting surface of each block group

43



Chapter 2 Domain Connectivity

Figure 2.7: Schematic of the binary tree subdivision of the boundary curve during the search
for intersections.

will thus consist of a combination of a number of constant i-, j-, and k-curves

that form a closed surface. The hole-cutting surfaces are all specified in the

cell-vertex based grid, since this grid is what defines the physical boundaries

of the domain.

2.5.2 Fringe Cell Identification

The identification of fringe cells is split into two parts: one which identifies

fringe cells along the outer boundaries of each group, and one which identifies

the fringe cells along the irregular internal boundaries created during the hole-

cutting process. The outer boundary fringe cells are located on the basis of the

attributes set by the user in the input grid file, whereas the internal boundary

fringe cells are found by travelling through the volume array and marking all

cells that neighbour cells marked as hole cells.

2.5.3 Donor Cell Search

The routine for locating a point in a curvilinear mesh uses a combination of

an octree based search algorithm and the so-called stencil jumping technique.

If the previous location of the point is not known or no qualified guess is

available, the enclosing grid cell of the point is found by partitioning the mesh

in an octree structure containing the Cartesian bounding boxes of each block.

Each node has eight subnodes which are constructed by diving the grid into

eight logically cubic cells. A recursive search through the tree is performed

until the bottom level is reached where the point is located inside one cell.

To ensure that the located point is within that cell, the trilinear interpolation
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coefficients of the cell are found using Newton iteration which maps the point

in the curvilinear grid cell to parameter space. If the coefficients are between

0 and 1, the point must be inside the cell. If not found, the integer value of

the coefficients are used to jump to neighbour cells, where the Newton method

is re-applied.

Since this search method is quite exhaustive, it is desirable to use a qualified

guess for the location of the point so the octree search can be skipped and

the Newton inversion applied immediately. If there is no time history of the

location of the point, a good guess could be a located neighbour fringe point.

Using stencil jumping the point is usually located within one jump. However,

since the fringe cells are not sorted by geometric location, but the order they

were identified, this guess is not very desirable for moving grid computations.

A better method is to keep a list of the fringe point locations in the previous

time step and use this as a starting point for the stencil jump. Usually, points

will only have moved one grid cell, since the flow solver imposes restrictions

on the time step allowed for stability. With this method only a small fraction

of fringe cells are searched for using a general search, greatly reducing the

computational cost. The stencil jumping algorithm will fail if the guessed

location exceeds the block boundary and in some cases where the grid is highly

stretched. In this case a general search is requested which was described above.

In Algorithm 1 the steps taken to locate an interpolation point are outlined

using pseudo code.

The search is made in the cell-vertex based grid, which conforms to the

physical boundaries of the domain, but since all flow variables are stored in the

cell centers of each grid cell, the interpolation coefficients must be recomputed

for the cell centered grid to obtain the best accuracy in the interpolation. The

recomputed interpolation coefficients can in some cases be invalid, in which

case the stencil jumping technique is used to find a valid donor.

2.6 Code Parallelisation

The EllipSys code is fully parallelised using the MPI library. Each node simul-

taneously performs the same tasks in each step of the solution algorithm. To

fully integrate the overset grid method in the solver all overset communication

has been constructed in a similar fashion with no sequentiality such that each

node performs the same tasks on the set of blocks it has been assigned.

In the non-overset solver there will always be a one-to-one correspondence
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Algorithm 1 Search routine: locate a point in general curvilinear grid using
stencil jumping

for all fringe cells do

if location of fringe cell in previous time step is known then

Compute the interpolation coefficients dξ, dη and dζ in cell vertex grid
based on previous location (ipoint, jpoint, kpoint, npoint)
ijump=ipoint+int(dξ)
jjump=jpoint+int(dη)
kjump=kpoint+int(dζ)
if predicted location is within block bounds then

recompute interpolation coefficients using the guessed indices
(ijump, jjump, kjump, npoint)
if dξ, dη and dζ are between 0 and 1 then

Point has successfully been located
end if

Recompute interpolation coefficients in cell-centered grid
end if

else

call locatepoint
end if

end for

in information transfer across block interfaces, and since each processor is as-

signed an equal portion of the domain, the computation of the flow solution

will scale quite well in a parallel environment. In an overset grid system, the

tasks associated with grid connectivity and interpolation of flow variables are

not guaranteed to be well balanced between all processors. In fact, they very

rarely are. This is caused by the fact that block groups in the overset grid

system are often of different topology and density, which means that some pro-

cessors will hold more fringe or donor cells than others. The communication

of overset related data taking place between processors is therefore also differ-

ent to that in the non-overset solver, since the exchange of information is no

longer one-to-one. The combination of these two factors could result in poor

performance of the code in a parallel environment. To remedy this, a specific

strategy can be employed to improve the load balance between processors.

Load balancing can be achieved by redistributing the problem among the

processors. Wissink and Meakin [73] presents a dynamic load balancing strat-

egy for overset grids which takes into account the number of fringe cells on

each processor and redistributes the blocks if the load balance is poorer than

a user specified ratio. This can only be done once the computation is started

and the connectivity between each block is established. Additionally, the re-
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distribution of blocks has to be performed periodically during the solution of

the problem since the number of fringe cells on a given processor will change

in a moving grid simulation. If the grid assembly process is carried out on the

same processors as the flow solution, all geometric and flow field information

has to be relocated onto the new processor, which could be very time consum-

ing. An attempt to improve the load balancing of the overset grid related tasks

will almost inevitably degrade the load balancing of the base solver. Indeed,

Wissink and Meakin [73] concluded that the dynamic load balancing strategy

did not improve the overall solution time for the problems tested, since the

strategy severely reduced the parallel performance of the flow solver.

Another possibility is to perform the grid assembly and the flow solution

on separate groups of processors. Each processor performing the connectiv-

ity tasks thus holds the geometric properties of all grids in the domain. One

front end processor can then distribute an equal portion of search requests to

each processor, making it possible to achieve very good load balancing of the

connectivity process. Additionally, this process can be performed simultane-

ously with the flow solution, thus reducing the latency significantly. This is

the strategy employed by Prewitt et al. [51], who report quite good scaling

properties of moving grid problems.

At this stage of development, there has been no changes in the load bal-

ancing strategy of the EllipSys2D/3D solvers, which means that blocks are

distributed evenly on each processor according to the order given in the input

grid file. This will provide near optimal load balancing for the flow solution

but as stated above will result in poor load balancing of the overset grid tasks.

Each processor only holds geometric properties of blocks local to the processor,

which makes it very difficult to load balance the problem.

Looking firstly at the grid assembly there are several additional tasks that

are necessary to perform in a parallel environment. The first tasks of cut-

ting holes and setting up the boundary attributes are handled by the routines

HoleCut and ComputeOGAttributes, which were described in detail in Sec-

tions 2.5.1 and 2.5.2. The hole-cutting routine is easily parallelised by letting

all processors broadcast their respective cutting surfaces to all other proces-

sors. This information only has to be communicated once since each processor

is supplied with the parameters describing the movement of all block groups.

Everything else in this routine can be performed locally with no additional

need of communication.

The search routine for locating donor cells, however, is more complicated
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Algorithm 2 ConnectOG: Top level of connectivity routine

call blockbounds (Compute Cartesian bounds of blocks on each processor)
call HoleCut (Blank invalid cells using the boundary ray method)
call ComputeOGattributes (Assemble list of fringe cells)
if (nstep.eq.1.or.restart) then

call AssembleOGlocal
call AssembleOGparallel (Assemble list of local and parallel search re-
quests)

else

call AssembleOGguess (Assemble list of local and parallel search requests
based on previous location)

end if

call ConnectOGparallel (Distribute requests to tagged processors, perform
local and incoming searches, return requests)
for all fringe cells not located do

add fringe cell to reassemble list
end for

if (norphans.gt.0) then

call ReAssembleOGlocal
call ReAssembleOGparallel (Assemble list of local and parallel search
requests)

end if

call ConnectOGparallel
Assemble final list of donor cells and report number of orphans
call ExcangeOG (Distribute list of donors to donor processors)

to parallelise since each processor has to guess which neighbouring processors

are most likely to contain valid donors for the fringe cells of the processor.

Each node has to assemble a list of fringe cells that need to be located, with

separate lists made for local and interprocessor search requests. These tasks

are performed in the routines AssembleOGlocal and AssembleOGparallel.

To reduce the number of search requests made the AssembleOGlocal routine

tests whether a point falls within the Cartesian bounds of any of the blocks

locally on the processor that are not in the same block group as the search

point, if so, it is tagged for a local search. The AssembleOGparallel routine

performs a similar search, checking the Cartesian bounds and block group of

the blocks on each processor. The AssembleOGguess routine is used in moving

grid problems where the grid connectivity has to be recomputed at every time

step. The method which is is used in this routine, referred to as nth-level-

restart [3], consults the donor list assembled in the previous time step, and

places a search request with the donor processor in question. This reduces

the computational cost massively since few search requests are sent in vain,
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and because connectivity information only has to be updated between grids

that move relative to each other. The requests will be returned unsuccessful

at instances where the point has moved across a block boundary in the donor

block, into a block placed on another processor. However, most requests are

returned successful, since the relative movement between grids is kept small to

maintain solver stability. The searches that are unsuccessful will be returned

to the requesting processor and a general search will be made, assembled in

ReAssebleOGlocal and ReAssebleOGparallel. Finally, the finished connec-

tivity lists are distributed to the necessary processors. The top level of the

connectivity routine is summarised in Algorithm 2.

The ConnectOGparallel handles the incoming search requests, calls the

search routines, and returns search requests. The routine is outlined below in

Algorithm 3.

Algorithm 3 ConnectOGparallel: Parallel handling of search requests

call ExchangeOG (Each processor receives incoming requests and sends own
requests
call OGsearch (Searches are performed, see Section 2.5.3)
call ExchangeOG (Own requests are received and searches are returned)
for ii=1,fringecount do

Incoming successful search results are tagged. Multiple search results are
prioritised according to grid hierarchy

end for

The bulk of the communication taking place is the exchange of connectivity

information and flow-field data. The grid connectivity routine ConnectOG is by

far the most time consuming of all the overset routines, since there are several

barriers in the MPI communication where processors have to communicate

data globally. The exchange of flow-field velocity data can be done by only

using non-blocking MPI calls since all processors have been supplied with the

necessary connectivity information from ConnectOG. This routine, however,

has to be called several times during one time step, and therefore requires

the same order of CPU time as the connectivity routines, depending on the

problem solved.

The communication between specific processors is handled via non-blocking

MPI ISEND and MPI IRECV calls, since this type of call can reduce the load

imbalance to a minimum. In Algorithm 4 the Exchange3D routine is outlined

using pseudo code. This routine is used to communicate all overset data be-

tween processors. It contains two non-blocking MPI calls; one that receives all
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Algorithm 4 Exchange3D.f: Asynchronous communication of data

for np=1,nprocs do

if (np.ne.myprocnum) then

if (rcvcount.ne.0) then

call MPI IRECV(recv(np),rcvcount(np),...) receive requests
end if

end if

end for

for np=1,nprocs do

if (np.ne.myprocnum) then

if (sndcount.ne.0) then

call MPI ISEND(snd(np),sndcount(np),...) send requests
end if

end if

end for

call MPI WAITALL(...)

requests from neighbouring processors, and one that sends the processor’s own

requests. The two calls are in separate loops, since there is not necessarily a

one-to-one ratio of communication between processors. The MPI WAITALL

call is blocking and must be imposed when non-blocking MPI calls are used. It

imposes a barrier on those processors that have issued receive calls, to ensure

that a processor will not exit the routine until the receive process is complete.

An array containing the send and receive counts must be assembled before

this routine is called. The sndcount and rcvcount arrays contain this data,

and are globally communicated by all processors via an MPI ALLGATHERV

call. Since this type of call is blocking, it is only performed at the beginning

of the time step, during the grid assembly process. The only other type of

communication taking place in the overset grid routines is the global gathering

of the conservation error of each group. Again the MPI ALLGATHERV call

is used for this.
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Numerical Validation of

the Overset Grid Method

3

3.1 Introduction

The EllipSys3D code has been used on a variety of flow problems throughout

its development. Spatial and temporal accuracy associated with mesh qual-

ity, solution and discretisation schemes has been investigated extensively, and

robust guidelines have been developed for computations of flow over aerofoil

sections, wind turbine rotors and terrain [4, 8, 61].

Since the overall solution strategy of the overset solver is identical to that of

the original solver, core properties such as discrete spatial and temporal order

of accuracy should be maintained. Despite the many similarities between an

overset approach and a point-wise continuous approach, the fact that grids

do not match on interfaces makes the two approaches fundamentally different.

The overset approach developed in this thesis is not conservative due to the

introduction of intergrid boundary points, which are updated using simple

explicit interpolation of flow variables. This aspect gives rise to a series of

questions that need to be addressed to validate the method. Firstly, it must

be shown that the non-conservative nature of the method does in fact not

compromise the spatial accuracy of the solver. Secondly, it must be shown that

the explicit nature of the overset boundary conditions does not deteriorate the

temporal accuracy. Additionally, the validation of the overset solver must also

address aspects such as solution dependence on interpolation schemes, overlap

size and mesh compatibility. In this chapter a series of numerical experiments

of flow over a variety of geometries in different flow regimes will be presented

to explore the properties of the solver and address the above questions.

Since the accuracy of the original solver is thoroughly documented, the

validation of the overset solver is carried out by comparing solutions using the

modified solver with solutions obtained using the original solver on equivalent

non-overset grids. Additionally, some test cases are also validated against
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experimental data. Four test problems were set up:

• Flow over a circular cylinder:

Steady 2D laminar flow at Re=40

Unsteady 2D turbulent flow at Re=1.85 × 106

• Steady 2D turbulent flow over the NACA 632−415 aerofoil at Re=3×106

• Unsteady 2D turbulent flow over the NACA 0015 aerofoil undergoing

oscillatory motion at Re=1.5 × 106

• Steady 3D turbulent flow over a 6:1 prolate spheroid at Re=1.42 × 106

Additionally, a multibody moving grid problem of flow over two spheroids

undergoing pitching and rotation was used to evaluate the parallel performance

of the 3D solver.

In lack of an exact solution, the spatial and temporal accuracy of a numer-

ical discretisation scheme can be estimated by showing that the rate at which

the solution converges is of the same order as the discretisation scheme. The

truncation error associated with the discretised equations can be estimated by

comparing the solutions φ from successively coarsened grids. For grids where

the grid sizing (and time step) differs by a factor of two, the order of accuracy

σ of integral quantities is found using the following relation

σ =
log

(

φ2h−φ4h

φh−φ2h

)

log 2
(3.1)

where h is the grid spacing. This estimate is only valid for smooth solutions

that converge in a monotonic manner, which can be obtained as long as the

grid spacing is sufficiently fine.

3.2 Flow over a Circular Cylinder

The aim of this section is to demonstrate that the overset version of the flow

solver maintains both spatial and temporal formal order of accuracy of the

base solver, and show that the absolute accuracy of the solver is as good as

the original version of the code. The flow over a circular cylinder is investigated

in two flow regimes:

• Steady 2D laminar flow at Re=40

• Unsteady 2D turbulent flow at Re=1.85 × 105
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The steady laminar flow case is appropriate because the fundamental prop-

erties of the solver can be investigated, such as convergence behaviour and

conservation properties. This flow is used to demonstrate that the spatial or-

der of accuracy is maintained. The unsteady turbulent flow case is used to

test the temporal order of accuracy. Due to its unsteady nature it is also a

good test case for an investigation of the properties of two different overset

grid interpolation schemes and study the implemented turbulence model.

3.2.1 Computational Meshes

The curvilinear grids used in this work were all generated using the hyperbolic

grid generator HypGrid by Sørensen [60]. For the computations using the

original solver a non-overset grid was made using a O-grid configuration which

consisted of 256 cells in the ξ direction around the cylinder and 256 cells in the

η direction normal to the cylinder. The height of the first boundary layer cell

was set to 1×10−5 and the outer boundary was placed 50 cylinder diameters

from the surface. Standard inflow boundary conditions with a prescribed

velocity were used. The outflow was specified with a zero gradient condition.

This grid will be referred to as grid C1.

Two overset grids were made for the cylinder configuration: one similar

to a standard O-grid configuration and another where Cartesian meshes were

used to resolve the farfield. Grid C2 consisted of two overset block groups

with 256×128 cell in each. The block group around the cylinder surface was

identical to grid C1 above and extended 1.2 diameters from the surface. The

inner boundary of group 2 was placed 0.3 diameters from the surface of the

cylinder and extended 50 chord lengths outwards differring only slightly from

the mesh in grid C1. By making the two meshes Grid C1 and C2 as similar

as possible, discrepancies due to mesh topology were kept at a minimum in

the results, making this test well suited to verify the basic properties of the

overset grid method. The grid is shown in Figures 3.1.

In grid C3 the inner block group was identical to grid C2 above also with

256×128 cells, whereas two Cartesian meshes were used to resolve the farfield.

The inner Cartesian mesh had physical dimensions of 10×6 cylinder diameters

and consisted of 192×128 cells distributed uniformly in the horisontal and ver-

tical directions. The outer mesh consisted of 128×128 cells and was stretched

towards the outer boundary that was placed 15 diameters away from the sur-

face in the vertical direction. The inflow was 15 diameters upstream and the

outflow 25 diameters downstream. The two overset grids had the same inflow
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Figure 3.1: Grid C2 cylinder mesh layout showing only every second grid cell for clarity.

and outflow boundary conditions as grid C1.

Using a combination of curvilinear and Cartesian meshes generally requires

more care to be taken during the grid generation process to ensure good com-

patibility between grids and sufficient overlap to guarantee that explicit inter-

polation is possible. As described in Section 2.4 the overlap size is specified

via the input file and is dictated by the grids that are allowed to cut holes.

This procedure gives no guarantee that both grids in the overlap region have

sufficient overlap if the disparity in grid sizing is large. The process of grid

generation therefore requires significant user experience. If the flow problem

is solved using a grid sequencing strategy to speed up the solution process the

problem becomes more pronounced. This is illustrated in Figure 3.2 where

grid C3 is shown at three levels of coarsening. Since two layers of fringe cells

are needed, the physical overlap is very large on the coarse grid. A remedy

for this could be to reduce the order of accuracy along the fringe boundaries

on the coarse grid levels by only using one layer of fringe cells.

3.2.2 Steady Laminar Flow at Re=40

The accuracy of the solution was evaluated by comparing the drag coefficient,

skin friction and surface pressure distributions on the cylinder for the overset
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Figure 3.2: Grid C3 cylinder mesh layout showing only every second grid cell for clarity.
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and non-overset solutions. The ability of the code to smoothly represent the

recirculation region and accurately predict its length was also investigated.

Additionally, the behaviour of the flux correction scheme was studied.

The computations were run in a steady state manner. The SUDS scheme

was used to discretise the convective terms and the SIMPLE algorithm was

used to solve the coupled pressure/velocity equations.

Level C2 bilinear C2 Lagrange C1

3 1.562 1.543 1.539
2 1.530 1.524 1.523
1 1.520 1.520 1.519

σ 2.078 2.23 1.71

Table 3.1: Drag coefficient on the circular cylinder and estimated convergence rate.

A grid dependence study of grids C1 and C2 was conducted where the grids

were successively coarsened by halving the number of cells in each coordinate

direction with a total of three grid levels. The position of the overset interfaces

in grid C2 were kept fixed for all three grid levels. A large overlap was thus

needed to ensure that explicit interpolation of flow variables on interfaces could

be maintained at all three levels.

Computations were run using either bilinear or Lagrange interpolation of

the velocities. Drag coefficients are listed in Table 3.1 for all three grid levels

for meshes C1 and C2. The order of accuracy σ of the overset and non-overset

solvers was estimated using Equation 3.1.

The two overset solutions compare well with the non-overset solution, with

almost identical drag predictions on the finest grid level. Lagrange interpola-

tion of the velocities was slightly more accurate, which is evident on the coarse

grid levels. Additionally, the two solutions both approximately show second

order convergence in accordance with the non-overset solver. The estimate

of the convergence rate was found to depend somewhat on the mesh quality,

so the fact that the overset solutions seem to have a higher convergence rate

should not be given too much significance.

Level C2 bilinear C2 Lagrange C1

3 2.48 2.48 2.32
2 2.72 2.72 2.64
1 2.74 2.75 2.71

Table 3.2: Recirculation length Lrecirc

D
of wake behind the circular cylinder for three mesh

sizes.
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The recirculation lengths were estimated graphically using streamlines and

are listed in Table 3.2 . The discrepancy on the coarse grid level can be

attributed to the slight differences in the farfield grids of mesh C1 and C2 and

as can be seen, the agreement is very good on the finer grids. No difference

was observed between the two interpolation schemes.

Plots of Cp and Cf solved on grids C1 and C2 are shown in Figure 3.3

for the finest grid level where the bilinear interpolation scheme is used o the

overset boundaries.
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Figure 3.3: (i) pressure distribution and (ii) skin friction coefficient distribution on a circular
cylinder at Re = 40 computed on grids C1 and C2 at grid level 1.

The convergence rate of the two solutions were compared at all grid levels.

A plot of the residual reduction is shown in Figure 3.4, with the coarsest grid

levels starting from the left. The two problems converge at almost the same

rate. Any discrepancy is most likely associated with differences in distribution

of cells in the farfield. This clearly confirms that the mass flux correction

applied along all overset boundaries, ensures that the solution converges to

machine accuracy, fulfilling continuity in all internal cells.
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Figure 3.4: (i) u-velocity and (ii) pressure residuals for the overset solution on grid C2 and
standard solution on grid C1 for grid levels 1, 2 and 3.
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To illustrate the necessity of the mass flux correction (described in Section

2.3.3), the computation was also performed without the correction. Figure 3.5

shows the u-velocity and pressure residual time histories for the two compu-

tations. Since the momentum equations do not require the flow field to be

divergence free, the velocity residuals are identical with and without the cor-

rection. The pressure residual, on the other hand, converges towards a finite

value when no correction is applied
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Figure 3.5: (i) u-velocity and (ii) pressure residuals with and without the mass flux correction
computed on grid C2.

In the discrete form, the finite volume formulation of the pressure-correction

equation converges towards a solution where the integration of all fluxes in the

interior of the domain equals the integration of fluxes along the boundary of

the domain. Thus, when no correction is applied the discrete divergence along

the overset interfaces inhibits further convergence of the pressure-correction

equation. For unsteady problems it was found that the solver became unstable

unless the correction was applied. This would manifest itself by large pressure

build-ups along the overset interfaces due to a high divergence error, making

pressure and velocity gradients discontinuous.

The divergence error associated with the non-conservative interpolation

was found by integrating the fluxes along all overset boundaries for each block

group according to Equation 2.16 before the correction was applied. The time

history of the divergence error in each block group is plotted for all grid levels

in Figure 3.6. The error quickly reaches a steady level exhibiting no spurious

behaviour, indicating that the stability of the base solver is not deteriorated

by the use of overset grids.

Table 3.3 shows the absolute values of the divergence errors at the three

grid levels for the inner and outer groups. Although one would expect the error

reduction, σ, to behave in a second order manner, it is considerably higher
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Figure 3.6: Time history of the non-dimensionalised divergence error in each block group
computed on grid C2.

for both groups. From a wide range of other computations conducted, it was

found that the convergence rate of the divergence error varied in a range of

2 < σ < 5 according to the nature of the problem and compatibility between

the overset grids.

Grid level Divergence Group 1 Divergence Group 2

3 1.076× 10−4 8.597× 10−4

2 6.292× 10−6 1.021× 10−4

1 5.965× 10−7 8.931× 10−6

σ 4.85 3.02

Table 3.3: Absolute value of the divergence error for the three grid levels for grid C2.

Figure 3.7 shows contour plots of the velocity components and pressure

gradients for the computation. It is appropriate to plot the gradients of the

pressure, since the solver only operates on the gradient and not the actual

value of the pressure. Clearly the solutions in the overlap region agree very

well both for velocity and pressure. The pressure gradients are smooth across

overset interfaces clearly demonstrating that the boundary conditions are ap-

propriately applied.
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u-velocity v-velocity

x-pressure gradient y-pressure gradient

Figure 3.7: Contour plots of velocity and pressure gradients on a circular cylinder at Re = 40
computed using grid C2 on grid level 1. The overset boundaries of the inner and outer block
groups are indicated by the red and green curves, respectively.

3.2.3 Unsteady Turbulent Flow at Re=1.84 × 10
5

In the second test case, the overset grid method is used to compute unsteady

turbulent flow over a circular cylinder at a Reynolds number based on the

cylinder diameter of Re=1.84×105. This Reynolds number was chosen because

it corresponds to the Reynolds number encountered in the 3D computations

presented in Chapter 4. In this flow regime the wake of the cylinder consists

of the well known von Kármán street of alternately shed coherent vortices

advected downstream. For 1 × 105 < Re < 3 × 105 the flow is in the so-

called drag crisis region where the boundary layer undergoes transition from

laminar to turbulent flow. Since the purpose of the current computations is

mainly to validate the overset grid method against the standard solver, the

correspondence to experimental results was less important, and for simplicity

the flow was therefore assumed to be fully turbulent. This generally results in
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an incorrect prediction of the drag and shedding frequency.

All simulations were run using the SUDS scheme for the convective terms,

and the PISO algorithm to solve the velocity/pressure equations using six sub

iterations in each time step. The computations were run at three grid levels,

each until the residuals were reduced by eight orders of magnitude. Three

time steps were investigated: ∆t = 1 × 10−2, 5 × 10−3, and 2.5 × 10−3. All

simulations were run using the k − ω SST model.

Firstly, two different interpolation schemes were tested on grid C2 and

compared to results on grid C1 for the coarsest time step of ∆t = 0.01. To

verify the temporal accuracy of the solver a time step study was carried out

with three time steps of ∆t = 1 × 10−2, 5 × 10−3, and 2.5 × 10−3. For this

analysis Grid C1 and C2 were used. The implementation of the k − ω SST

model is as described in Section 2.3.4 not complete in that the zonal functions

are not calculated in off-body grids. An investigation was therefore carried

out to quantify the errors associated with the current implementation.

Table 3.4 summarises the results for the overset computations using bilin-

ear (which is second-order accurate) and third-order Lagrange interpolation

compared to the standard solver. The difference in the solution between the

two interpolation schemes was fairly small on all grid levels. The overset so-

lutions underpredict the drag on the two coarsest levels by approximately 6%

and 5%, respectively. On the finest grid level, however, the overset and non-

overset solutions are in very good agreement, with similar amplitudes of the

oscillatory response to both lift and drag. As will be shown subsequently, the

apparently better agreement on the fine grid level was an artifact of a lack of

time resolution.

Grid Level 3 Grid Level 2 Grid Level 1
Scheme | Cl | Cd St | Cl | Cd St | Cl | Cd St

Bilinear 0.242 0.556 0.226 0.229 0.626 0.251 0.601 0.743 0.261
Lagrange 0.242 0.561 0.228 0.229 0.629 0.252 0.601 0.743 0.261
Non-overset 0.322 0.592 0.226 0.300 0.656 0.254 0.579 0.745 0.261

Table 3.4: Dependence on overset interpolation scheme. Lift amplitude, average drag values
and Strouhal number (based on the cylinder diameter) at the three grid levels computed on
the overset grid C2 and the non-overset grid C1.

These results indicate that the two interpolation schemes perform very

similarly, although the Lagrange scheme seems to be slightly more accurate

on coarser grids which is consistent with the results of the laminar flow case.
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The bilinear interpolation scheme, however, has the clear advantage that it is

very compact with a two cell stencil in each coordinate direction, as opposed

to the Lagrange scheme which requires three cells in each coordinate direction

and is more costly. However, before any final conclusions can be drawn, further

studies are required, which are presented in the subsequent sections.

A time step study was conducted on the finest grid level at three time

steps: ∆t = 1 × 10−2, 5 × 10−3, and 2.5 × 10−3. The results are summarised

in Table 3.5. At the coarsest time step the agreement between the two grids

is very good. At the smaller time steps the agreement in the drag coefficient

is poorer with a discrepancy of 2.7% and 3.1 %, respectively. The Strouhal

number increased slightly with decreasing time step, with good agreement

between the two solutions at all time steps.

The temporal order of the numerical scheme, σ was estimated according to

Equation 3.1. Both the overset and non-overset solution exhibit second order

convergence rates, confirming that the overall temporal accuracy is maintained

by the overset solver.

| Cl | Cd St
Time step C1 C2 C1 C2 C1 C2

0.01 0.579 0.601 0.743 0.745 0.261 0.261
0.005 0.427 0.406 0.708 0.689 0.265 0.266
0.0025 0.397 0.351 0.699 0.677 0.265 0.265

σ - - 1.96 2.22 - -

Table 3.5: Dependence on time step. Amplitude of lift, average drag values and Strouhal
number (based on the cylinder diameter) at the three time steps.

As discussed in Section 2.3.4 the implementation of the k − ω SST turbu-

lence model involves the computation of two zonal blending functions, which

relate to the normal distance to the nearest solid surface. Since this compu-

tation is relatively costly, it has not been implemented in the overset version

of the code for moving grid problems where the normal distances would have

to be recomputed in every time step. This means that on overset grids, the

distances to solid walls will be infinite in block groups that are detached from

the solid surfaces, effectively reducing the SST model to a k − ε model. To

investigate the influence of the incorrect implementation of the SST model,

the code was modified such that the normal distance was computed correctly

(possible for this simple geometry, but more costly in the general case). Figure

3.8 shows an instantaneous contour plot the two zonal functions F1 and F2

computed on grid C2. F1 decays very quickly in the wake of the cylinder,
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whereas F2 extends a fairly long distance downstream of the cylinder.
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Figure 3.8: k − ω SST turbulence model zonal functions.

A comparison of the drag coefficients obtained using the incorrect imple-

mentation and the corrected implementation revealed that the discrepancy be-

tween the overset and non-overset solutions in the time step study was caused

by the turbulence modelling. At a time step of ∆t=0.005, the difference be-

tween grid C1 and C2 was negligible when using the correctly implemented

SST model.

It was also likely that the level of the eddy viscosity would differ in the

wake of the cylinder since the blending function F2 as shown above was signif-

icant several cylinder diameters downstream. The velocity and eddy viscosity

were extracted 3.5 diameters downstream of the cylinder across the wake and

averaged over one shedding period to investigate whether any difference could

be identified in the development of the wake. The wake profiles are illustrated

in Figure 3.9. The correctly implemented SST model was in very good agree-

ment with the non-overset solution, whereas the discrepancy between the the

incomplete implementation (here referred to as the k − ε model) amounts to

about 10%. Reducing the turbulence modelling to a k− ε model results in an

increase in the velocity deficit and a higher level of eddy viscosity.

As shown above, computations performed on overset and non-overset grids

with identical topologies generally agree very well. The compatibility in the

overlap region for grid C2 was optimal, since the cell sizes and orientation

were very similar which will increase the accuracy of the solution. When

using overset grids, however, it is often more advantageous to combine body

fitted grids with background Cartesian grids that resolve the nearbody flow

and farfield. With such a grid topology it is generally harder to maintain

good compatibility particularly on coarse grids as discussed in Section 3.2.1.

To investigate the influence of mesh compatibility the flow was computed using
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Figure 3.9: Wake profile for incorrect and correct implementation of the k−ω SST turbulence
model. Time averaged over one shedding period.

grid C3 which contained three block groups, one curvilinear grid containing

the cylinder, and two Cartesian grids to resolve the rest of the domain.

The magnitude of the oscillatory lift coefficient and mean drag coefficient

of mesh C3 are listed in Table 3.6 for a time step of Deltat = 0.005. Although

the two overset solutions differ slightly, they are both within about 3% of the

non-overset solution.

Grid | Cl | Cd St

C1 0.427 0.708 0.265
C2 0.406 0.689 0.266
C3 0.398 0.728 0.277

Table 3.6: Magnitude of lift, average drag, and Strouhal number at ∆t = 0.005.

The contour plots of velocity and pressure gradients in Figures 3.10 and

3.11 show that the solution is smooth across interfaces. The vorticity and eddy

viscosity contour plots in Figures 3.12 and 3.13 illustrate that the unsteady

vortex street is propagated downstream across the overset interfaces without

any distortion.
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u-velocity

v-velocity

Figure 3.10: Contour plots of velocity on a circular cylinder at Re=1.84 × 105 for grid C3.
The outer boundaries of group 1 and 2 are indicated with red and green outlines, respectively.
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x-pressure gradient

y-pressure gradient

Figure 3.11: Contour plots of pressure gradients on a circular cylinder at Re=1.84 × 105 for
grid C3. The outer boundaries of group 1 and 2 are indicated with red and green outlines,
respectively.
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Figure 3.12: Contour plot of vorticity on a circular cylinder at Re=1.84 × 105 for grid C3.
The outer boundaries of group 1 and 2 are indicated with red and green outlines, respectively.

Figure 3.13: Contour plot of eddy viscosity on a circular cylinder at Re=1.84 × 105 for
grid C3. The outer boundaries of group 1 and 2 are indicated with red and green outlines,
respectively.
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3.3 Flow Over the NACA 632 − 415 Aerofoil

Another appropriate choice for validation of the overset grid method was the

computation of flow over the NACA 632 − 415 aerofoil since it has previously

been studied computationally using the non-overset version of the present

code and validated against various experimental results [8]. It furthermore

represents an important class of problems, since the code is used extensively

during the design and validation process of wind turbine rotors.

The test case which was chosen for the current study is flow over the

NACA 632 − 415 aerofoil at Re=3 × 106, since experimental data is available

from the wind tunnel tests by Abbott and von Doenhoff [1]. To reduce the

computational cost all computations were done in two dimensions in a steady

state manner. The SUDS scheme was used to discretise the convective terms

and the SIMPLE algorithm was used to solve the coupled pressure/velocity

equations. The k − ω SST turbulence model by Menter [41] was used due to

its good performace in adverse pressure gradient flows.

3.3.1 Computational Meshes

Computations with the original EllipSys2D code were carried out using an O-

grid configuration with 256 cells in the circumferential direction and 128 cells

in the normal direction. The height of the first cell in the boundary layer was

1 × 10−5 chord lengths with the outer domain placed 20 chord lengths away

from the surface. This mesh will be referred to as mesh A1.

Three overset grid configurations were made: The first and most simple

one consisted of two overlapped O-meshes, one body fitted mesh containing

the aerofoil, and one resolving the farfield. Topologically it was identical

to the non-overlapping mesh, except that the meshes do not match on the

overset interface. To eliminate as many mesh related solution discrepancies as

possible, the curvilinear grid was made identical to the inner part of the non-

overset grid, extending one chord length outwards from the surface containing

64 cells in the normal direction. The outer O-mesh contained 256 × 64 cells

with its inner boundary placed 0.3 chord length from the surface of the aerofoil

and was grown 20 chord lengths outwards. This mesh will be referred to as

mesh A2.

The second overset configuration contained the same curvilinear body fit-

ted mesh, but was embedded in one Cartesian mesh with dimensions 40 × 40

chord lengths, containing 192 × 160 cells in the chordwise and normal direc-
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tions, respectively. This mesh will be referred to as mesh A3.

The third configuration, mesh A4, consisted of three groups, one curvilin-

ear mesh embedded in two Cartesian meshes; one resolving the nearbody flow

field with dimensions 6×4 and a coarser mesh to resolve the farfield flow with

dimensions 40×40. Both Cartesian meshes contained 128×128 cells, and were

stretched towards the aerofoil grid to increase the compatibility in the overlap

regions. The three overset meshes are shown in Figures 3.14 and 3.15.

Figure 3.14: Mesh configuration A2 and A3 for the NACA 63-415 aerofoil.

Figure 3.15: Mesh configuration A4 for the NACA 63-415 aerofoil.

3.3.2 Results and Discussion

As discussed in Section 2.3.2, the overlap size is mainly dictated by the size

of the interpolation stencil used on overset interfaces. It is necessary that the

interpolation is explicit, that is, that no cells that themselves are fringe cells

are used to interpolate flow variables. As the divergence is largest near overset

boundaries, the solution will also be improved by increasing the overlap, which
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is a well known fact from standard domain decomposition techniques.

To investigate these properties a series of computations of steady flow over

the NACA 632−415 aerofoil were made using the double O-mesh configuration

(Grid A2). The overlap size was changed by blanking out cells in the outer

grid, while keeping the position of the boundary of the inner grid fixed. The

results were compared to computations on the equivalent non-overset mesh

A1.

Figure 3.16 shows the lift and drag polars for the overset O-mesh con-

figuration for various overlap sizes compared to the reference O-mesh. The

overset solution were found to be in very good agreement with the non-overset

solution, and no significant difference was observed with variation in overlap

size.
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Figure 3.16: Computed lift and drag coefficients for the NACA 632 − 415 aerofoil using the
non-overset solver compared to the overset solver with various overlap sizes.

Similarly, as shown in Figure 3.17, the residual reduction is equivalent for

all overlap sizes, and behaved identically to the non-overset solution.

Table 3.7 shows the variation of the divergence error with overlap size. For

a zero cell overlap the interpolation becomes implicit which is clearly reflected

in the high divergence error in Group 1. The error in Group 1 does reduce

with overlap size, although the reduction is very small for overlaps larger than

one cell. For Group 2 the trend is not as consistent, with a rather large error

for an overlap of 4 cells. Although no significant difference was observed in the

integral forces on the aerofoil with variation of overlap, the above observations

indicate that at least a one cell overlap is needed to obtain a good solution.

The second test performed on the overset O-mesh configuration involved

coarsening the mesh successively by a factor of two in both coordinate direc-

tions with a total of three levels. The finest grid thus consisted of two block

groups of 16 patched grids of 32 × 32, the second finest coarsened to blocks
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Figure 3.17: Residual history of (i) u-velocity (ii) v-velocity and (iii) pressure for various
overlap sizes.

Overlap size Divergence Group 1 Divergence Group 2

0 2.014× 10−5 5.578× 10−5

1 7.653× 10−7 2.265× 10−6

2 6.412× 10−7 8.362× 10−7

4 3.902× 10−7 1.133× 10−4

6 2.531× 10−7 7.634× 10−6

Table 3.7: Variation of integrated divergence error with overlap size for group 1 and group
2.

of 16 × 16, and finally the most coarse grid with 8 × 8 cells in each block. As

hole-cutting was not used in the computation, the inner boundary of group

two did not move between each level. The number of cells in the overlap was

thus reduced by a factor of two between the levels, with a ten cell overlap on

the finest level, five on the middle level and one overlap on the coarsest level.

Figure 3.18 shows the lift and drag polars for the three grid levels for the

standard and overset solvers showing good agreement at all refinement levels.

The third test was made to investigate the solver’s ability to handle irregu-

lar internal fringe boundaries as a result of cells in the background mesh being

blanked. Two overset configurations were investigated; one was the overset
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Figure 3.18: Solution dependence on mesh coarseness for the standard and overset solver.

grid A3 which contained two overset block groups, one curvilinear and one

Cartesian, and the other was mesh A4 where the farfield was discretised using

two Cartesian groups. Mesh A3 was designed such that no irregular bound-

aries were created due to hole-cutting since an entire block was blanked. This

made it logically identical to grid A2. With this as a reference mesh, discrep-

ancies in the solution due to differences in topology between the O-type and

Cartesian meshes could be identified. Two solutions were compared to the

solution obtained on grid A2.
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Figure 3.19: Solution dependence on mesh topology

Figure 3.19 shows the lift and drag polars for grid A2, A3 and A4. The

lift and drag computed from mesh A3 and A4 agree very well, indicating

that the use of hole-cutting where irregular fringe boundaries are created has

no adverse influence on the solution. Both differ from the solution on mesh

A2 by as much as 6% in the attached flow region for the drag, whereas the

lift agrees very well. These findings agree with the results for the circular

cylinder with similar mesh configuration presented in Section 3.2.3, where a

similar discrepancy was found between the double O-grid configuration and
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the combined curvilinear Cartesian mesh. This indicates that the discrepancy

is caused by the difference in topology between the overset grids, which will

influence the interpolation of flow variables across overset interfaces, and not

the blanking of interior cells.

The computations on grid A4 were compared to experimental data from

Abbott and von Doenhoff [1]. Since the flow is likely to be transitional on both

lower and upper surfaces, the by-pass transition model by Drela and Giles [13]

was used in the computation. Figure 3.20 shows the lift and drag polars

for the computation and the experiment. For reference the fully turbulent

computation was also included in the plot. The agreement of the lift is quite

good in the linear region, whereas the stall is not captured as well. Both

computations over-predict the lift for incidences above α = 10◦ with stall not

occurring until α = 16◦. This result is not surprising, since it is well known

that 2D computations rarely succeed in predicting the stall characteristics

accurately. The agreement in the drag is good for the computations where

transition is included, whereas the fully turbulent computations overpredict

the drag at low incidences, where most of the flow on the pressure side is likely

to be laminar.
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Figure 3.20: Comparison of computations using grid A4 with experimental data [1].
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3.4 Dynamic Stall of the NACA 0015 Aerofoil

The flow over a pitching NACA 0015 aerofoil was chosen as the third test

case to validate the overset solver for a moving grid unsteady flow problem.

Comprehensive experimental studies have been carried out on this profile by

Galbraith et al. [19] which have been used extensively in computational val-

idation, see for example Ekaterinaris et al. [16], Sørensen [58] and Johansen

[28]. Two cases were chosen from the experiment, one involving light stall

and another involving deep stall. The aerofoil motion was prescribed as a

sinusoidal pitching motion around the quarter chord with a reduced frequency

of k = 0.102, where k = cω
2Urel

, where c is the local chord length, ω is the

characteristic frequency, and U is the inflow velocity. The amplitude of the

motion was ±7.55◦ around a mean incidence of α = 11.37◦ for Case 1 and

for Case 2 a reduced frequency of k = 0.154, amplitude of ±6.83◦ around a

mean incidence of α = 19.58◦. The experiment was carried out at a Reynolds

number based on the chord length of Re = 1.5 × 106.

The computational meshes had identical dimensions to the non-overset

mesh A1 and the overset mesh A4 described in Section 3.3.1 and will there-

fore not be described in any further detail. The SUDS scheme was used to

discretise the convective terms and the PISO algorithm was used to solve the

coupled velocity/pressure equations. The non-dimensional time step was set

to Deltat = 0.01 using six subiterations per time step. Each computation

was run for five cycles. The turbulence was modelled using the k − ω SST

turbulence model Menter [41].

In the overset computation, only the body fitted grid around the aerofoil

was specified to move, whereas the two Cartesian background meshes were

stationary. A consequence of the relative movement between the aerofoil grid

and the inner Cartesian grid was that the hole region defined by the aerofoil

mesh and its interpolation coefficients had to be recomputed at every time

step. The relative grid movement introduces additional issues related to the

movement of the hole region. Cells that were previously not part of the solution

are un-blanked (and vice versa) during the movement of the hole region. This

test case therefore also serves to validate the method employed to handle these

issues as described in Section 2.3.5.

Hysteresis curves of normal force, tangential force, and pitching moment

coefficients, Cn, Ct, and Cm for the last three cycles are shown in Figures 3.21

and 3.22 for the two cases. Looking firstly at the light stall case illustrated
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in Figure 3.21 it can be seen that the upstroke is captured quite well by the

computations. In the experiment a sharp drop is seen in the normal force in

the initial part of the downstroke, which is not captured by the computations.

Likewise, the computations fail to predict the drop in the moment coefficient.

The likely cause of the poor agreement is that the trailing edge separation is

not predicted correctly. The lack of separation in the computations causes the

dynamic stall behaviour to become almost linear.

The deep stall case is for the most part captured quite accurately by the

computations. The linear behaviour of the upstroke is in good agreement with

the experiment. As the trailing edge separation reaches the leading edge, a

large vortex forms from the leading edge which travels downstream and causes

an increase in the suction on the upper surface. As the vortex leaves the

trailing edge a sharp increase in the normal force on the aerofoil is seen. The

computations overpredict the increase in lift quite significantly which could be

caused by a lack of mesh resolution at the trailing edge. On the downstroke

the computations predict the decrease in normal force associated with the fully

stalled condition reasonably well. The computations predict vortex shedding

to take place during the remainder of the downstroke, causing the normal force

to fluctuate excessively, which is not seen to the same extent in the experiment.

The same can be said for the tangential and moment coefficients where the

upstroke and peak tangential force and pitching moment is captured well.

The agreement between the overset and standard solver is favourable, al-

though the downstroke for both cases is predicted slightly differently. In the

light stall case the hysteresis is not as pronounced in the overset solution,

indicating that the separation bubble at high incidences is smaller. On the

downstroke in case 2 the flow is fully separated, which suggests that the in-

complete implementation of the k − ω SST model (as discussed in Section

2.3.4) may also have an influence on the results.

Finally, a comparison was made between the bilinear and Lagrange in-

terpolation schemes on Case 2. As with the previously presented cases, no

difference was observed in the solution, as is shown in Figure 3.23.

The lack of agreement of the computations in the reattachment phase

during the downstroke can mostly be attributed to inadequate turbulence

modelling, particularly evident in the light stall case. Additionally, it is well

known that massively separated flow over aerofoils is dominated by complex

three-dimensional effects which have a significant influence on the separation

patterns on a wing section. A two-dimensional representation of the flow
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Figure 3.21: Hysteresis curves of unsteady
turbulent flow over the NACA 0015 aero-
foil at Re = 1.5 × 106. Computations for
mesh A1 and A4 compared to experimen-
tal data from [19]. Prescribed pitching mo-
tion: α(t) = 11.37◦ + 7.55◦sin(2kt), where
k = 0.102
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Figure 3.22: Hysteresis curves of unsteady
turbulent flow over the NACA 0015 aero-
foil at Re = 1.5 × 106. Computations for
mesh A1 and A4 compared to experimen-
tal data from [19]. Prescribed pitching mo-
tion: α(t) = 19.6◦ + 6.86◦sin(2kt), where
k = 0.154

is therefore not likely to capture the physics very well when the aerofoil is

fully stalled. The main result of this test case, however, is that the overset

solver was in very good agreement with the original solver. The deep stall

case involved massively separated flow with large separation bubbles being

shed from the aerofoil. Figure 3.24 shows the flow over the pitching aerofoil

for the k = 0.154 case at two instances during the downstroke where the

leading edge vortex detaches from the surface. These flow features appear
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Figure 3.23: Comparison of the bilinear and Lagrange interpolation schemes on Case 2.

to be advected across the overset interfaces without distortion, confirming

that a simple interpolation of flow variables does not deteriorate the solution

accuracy. The method employed for handling movement of hole regions also

appears to perform well for this case.
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Figure 3.24: Instantaneous vorticity contours for k = 0.154 during the downstroke.

3.5 Steady Flow Over a 6:1 Prolate Spheroid

To validate the 3D version of the code turbulent flow over a 6:1 prolate spheroid

(length L and diameter D) at 20◦ incidence was used as a test case. Experi-

ments have previously been carried out on this configuration, see Wetzel [70],

which makes it well-suited for the present purpose. In the experiment, the

Reynolds number was equal to 4.2×106 and the flow was tripped at x/L=0.2.

The skin friction and the pressure was measured at x/L=0.729 and x/L=0.772,

respectively.

In this numerical experiment, two mesh configurations were used: one non-

overset O-grid and a corresponding overset grid with the same configuration.

77



Chapter 3 Steady Flow Over a 6:1 Prolate Spheroid

The computations were carried out assuming laminar flow ahead of the trip

wire placed at x/L=0.2 and fully turbulent flow aft of this location using the

k−ω turbulence model [71]. The flow was computed in a steady-state manner

using the SIMPLE algorithm for the pressure/velocity coupling. The SUDS

scheme was used for the convective terms.

3.5.1 Computational Meshes

Two meshes were generated for the present test case: one standard non-overset

grid, S1, and an overset grid, S2, with the same topology as the standard mesh.

For the two meshes the same surface mesh was generated, which consisted

of 256 cells around the circumference of the body, 128 cells in the spanwise

direction and two blocks of 642 cells on the tips, totalling ten blocks of 642

cells. The surface mesh is shown in Figure 3.25.

For mesh S1 the volume grid was generated using a first cell height of

1 × 10−5D, grown in the normal direction approximately 3L using 128 cells

stretched using a tangent hyperbolic function. The mesh thus consisted of

a total of 20 blocks of 643 cells. The overset grid S2 was generated using

two block groups each consisting of 10 blocks; one body-fitted grid, that was

grown normal to the body to a distance of 1D again using a first cell height

of 1× 10−5D with a total of 64 cells in the normal direction. The outer block

group was identical to the one used in mesh S1 to minimise mesh dependent

solution differences. As such the overlap between the two grids was quite large.

The grid is shown in Figure 3.25.

Figure 3.25: Grid S1 spheroid mesh layout showing only every second grid cell for clarity.
Inflow is prescribed in the x-direction.
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3.5.2 Results and Discussion

Firstly, the integrated lift and drag coefficients were compared for the two

solutions obtained using mesh S1 and S2 as shown in Table 3.8. There is

good agreement between the two solutions, with the largest error of 1.6% on

the drag. The difference in the solution is likely to be associated with the

difference in the resolution of the boundary layer in the body fitted meshes of

mesh S1 and S2, which for this flow is likely to be quite sensitive to changes

due to the comlex nature of the separation pattern on the leeside of the body.

Grid Cl Cd

Non-overset 0.1524 0.07860
Overset 0.1515 0.07734

% difference 0.6 1.6

Table 3.8: Integrated lift and drag coefficients on the spheroid for the overset and non-overset
computations.

Figure 3.26 shows the skin friction coefficient and pressure coefficient at

x/L=0.729 and x/L=0.772, respectively. The two solutions obtained using El-

lipSys3D are in good agreement with only slight discrepancies on the leeside of

the spheroid. The skin friction is under-estimated in the computations, which

could be related to the method used to emulate the trip of the flow in the ex-

periment. However, the qualitative agreement is reasonably good, capturing

the separation point of the shear layer at approximately 120◦ from the wind-

ward side. The pressure distribution is also in good qualitative agreement,

again capturing the separation point on the leeward side well.
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Figure 3.26: Plots of Cf and Cp at x/L=0.729 and x/L=0.772, respectively, for the overset
and non-overset solutions. Angle is measured from the windward side.

Figure 3.27 shows contour plots of vorticity magnitude and pressure gra-

dients at x/L=0.772. The rolled up shear layer separating from the surface is
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represented smoothly in the overset grid region with little differences in the

solution between the two block groups. Also the pressure gradients are trans-

ferred correctly between the two grids (note that the discontinuous gradients

along the boundaries are due to postprocessing, and has no consequence in

the solution).

Vorticity magnitude dp/dx

dp/dy dp/dz

Figure 3.27: Contour plots of vorticity magnitude and pressure gradients at x/L=0.772.

3.6 Parallel Performance

In this section a moving grid simulation of flow over a pair of spheroids will

be used to investigate the overall performance of the overset grid solver with

particular focus on the parallel performance. As discussed in Section 2.5 the
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addition of overset grid capabilities to the flow solver presents serious chal-

lenges in terms of load balancing and parallel communication strategies. The

imbalance between processors is caused by the imbalance in number of fringe

cells and donor cells on each processor. The performance of the overset rou-

tines is therefore highly problem dependent, but is most of all related to the

ratio of fringe cells to total number of grid cells, nfg =
P

np fringecells
P

np gridcells on each

processor.

The two most time consuming routines are the ones which handle the

overset grid assembly ConnectOG and the exchange of flow field information

Copy3DOG. In the following the parallel performance of these two routines

will be assessed on a problem which is representative of a typical overset

grid problem involving multiple bodies and a combination of curvilinear and

Cartesian block groups. The two spheroids are placed perpendicularly to the

freestream directly behind each other, with one of the spheroids rotating with

a prescribed angular velocity. The flow is laminar at a Reynolds number of

Re = 100.

All computations presented in this thesis were computed on the Risø Cen-

tral Computer Facility, “Mary”, which consists of 240 Dell PowerEdge 750

compute nodes, each equipped with single processor Intel Pentium 4 (Prescott)

3.2 GHz CPU’s and 1 MB cache. Each machine has 2 GB of memory. The

nodes are connected by Gigabit Ethernet by means of a system of D-Link

switches. Further details can be found in [31].

3.6.1 Computational Approach

The two spheroids were aligned horisontally with the x-axis with a distance

from center to center of 2.5 diameters. The inflow was prescribed parallel to

the z-axis. The grid consisted of a total of four block groups; two curvilinear

around the bodies and two Cartesian to resolve the farfield. The curvilinear

grids contained six blocks of 32×32 on the surface and was grown one diameter

outwards using 32 cells totalling 196608 cells each. The nearbody Cartesian

block group contained eight blocks of 32×32×32 cells with physical dimensions

14× 14× 14 diameters. The grid was stretched towards the outer boundaries.

The outer Cartesian block group had the same number of cells as the nearbody

group with physical dimensions 30× 30× 44 in the x, y and z directions. The

total number of cells in the grid was thus 0.99 × 106 divided in 28 blocks of

32 × 32 × 32 cells. The grid is shown in Figure 3.28.

The solution was computed in an unsteady manner using the SUDS scheme
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Figure 3.28: A mesh containing two spheroids with a total of four mesh groups. Colours
along overset boundaries indicate donor grid identity.

to discretise the convective terms and the PISO algorithm to solve the veloc-

ity/pressure equations. The time step was set to Deltat = 2 × 10−3. In each

time step six subiterations were performed. The downstream spheroid rotated

at an angular velocity of 7.54 rad/s resulting in 0.432◦ per time step. Ad-

ditionally, the spheroid was prescribed with a vertical oscillatory sinusoidal

motion with an amplitude of 1 diameter and a period of 1.6 seconds. The

computation was run for a total of 208 time steps, corresponding to half a

revolution.

3.6.2 Results and Discussion

The number of fringe cells for the grid was 91247 resulting in nfg=0.091. A

load imbalance is caused by the fact that the nearbody Cartesian grid contains

fringe cells on both outer face boundaries and internally in the group due to

the blanking of interior cells. The curvilinear grids and the farfield groups

on the other hand only contain outer boundary fringe cells or hole boundary

fringe cells. Additionally, the imbalance was increased since grid connectivity

information only had to be recomputed between grids with relative motion.

Table 3.9 gives a summary of the performance of the solver for different

number of processors. The computational cost was measured as average wall

clock time per node to complete the 208 time steps. The wall clock time spent

in each part of the solver is also shown as a percentage of the total time to

complete the computation. As described in Section 2.6 the routine ExchangeOG

handles all interprocessor communication, which means that the time shown

in the table comprises the communication performed in both Copy3DOG and
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ConnectOG.

Looking firstly at the serial computation of the problem, it can be seen

that the overset routines occupy approximately 25% of the total time, which

is dominated by the interpolation of flow field information. The fact that

ConnectOG occupies such a small percentage of the total time is related to the

specific problem. The relatively coarse grid resolution and moderate relative

grid movement meant that the stencil jumping technique rarely failed, such

that general searches for points were avoided. However, in other overset mov-

ing grid problems it was found that the search routine could occupy up to 25%

of the total time.

In the parallel computations the Copy3DOG routine occupied approximately

22.5% of the total time, which compares reasonably well with the serial com-

putation. The ConnectOG routine occupied on average approximately 3.5%

of the total time, which is twice the time spent in the serial computation.

Although the computational cost was reduced approximately 20 times with

the use of the n-th level restart method compared to setting up the table with

no prior knowledge of the location of fringe cells, the simple method for as-

sembling search requests was the main cause for the cost increase. Individual

processors thus issued a higher number of search requests to processors that

did not hold valid donors for the points in question. In particular, processors

holding background grids received many search requests for points located in

regions that had been blanked out. Since requesting processors are not sup-

plied with the hole boundaries of neighbouring processors, these searches are

inevitable with the current method.

Procs ExchangeOG % time Copy3DOG % time ConnectOG % time Total

1 - - 6683 23 592 1.8 34707
2 1009 4.9 4256 20.8 512 2.5 20424
4 1295 11.7 2889 26 401 3.6 11047
7 900 12.5 1806 25 290 4 7182
14 528 14.2 887 23.9 135 3.6 3712
28 331 10.9 518 17.1 115 3.6 3023

Table 3.9: Computational cost (wall-clock time) of spheroid problem.

Figure 3.29 shows the parallel speedup of the two overset routines Copy3DOG

and ConnectOG and of the total computational time. The Copy3DOG routine

scales quite well because the only difference between the parallel and serial

execution is one non-blocking MPI send/receive call using the ExchangeOG
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routine, that only has barriers between individual processors, and not global

ones. The ConnectOG routine scales more poorly, partly due to the search re-

quest method discussed above, and partly because there are a number of global

communication barriers, which reduce the scalability of the routine. Since the

ConnectOG routine comprises only a small percentage of the total computa-

tional cost, the overall scalability of the solver is not affected significantly by

the relatively poor scalability of the connectivity routine. Additionally, this

routine is only called once every time step, once the flow solution has been

computed, and will therefore not affect the scalability of the flow solver signif-

icantly. The total speedup is more dependent on the speedup of the Copy3DOG

routine. This is because the routine is called several times during the solution

procedure, increasing the latency of the solution procedure.
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Figure 3.29: Parallel speedup for the spheroid problem.

As shown in Figure 3.30 the load balance of the three overset routines is

not very good, with a load imbalance of up to 1.7 between processors. The

load imbalance of Copy3DOG and ConnectOG are directly proportional to the

imbalance in the distribution of fringe cells on the processors. Processors 7, 8,

9, and 10 have the highest loading. These processors contain the eight blocks

making up block group 2, and as shown in Figure 3.31 this group has the

highest number of fringe cells. The neighbouring processors 6 and 11 are also

heavily loaded because these processors happen to be subject to many search

requests.

From these results it is clear that a significant performance gain of the

overset routines can be achieved by redistributing the blocks on the proces-
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Figure 3.31: Distribution of fringe cells for
the spheroid problem using 14 processors.

sors, such that a better load balance is achieved. However, as was found

by Wissink and Meakin [73] such a redistribution can result in a significant

performance degradation of the core routines in the flow solver. Another

source of improvement is a better method for assembling search requests in

the ConnectOG routine.

On a more general level, it is also worth discussing the strategy used in the

grid generation. Since the present work aims to make simulation of bodies in

relative motion possible, grids are as shown in Figure 3.28 constructed using a

combination of curvilinear body-fitted grids and Cartesian background grids

because of the considerable flexibility associated with such a grid layout. The

most immediate disadvantage of such a grid assembly is that there is a fairly

high proportion of wasted cells in the background grids due to the blanking

of cells. Additionally, as is evident from the present results, there is a large

load imbalance between processors holding the body fitted curvilinear grids

and those holding the Cartesian background grids. Since hole-cutting is in the

present problem only used on the Cartesian background grids, the number of

fringe cells is therefore greater in the Cartesian background grids since they

typically have both outer boundary overset interfaces as well as internal overset

interfaces created by the hole-cutting. The cost of firstly cutting the holes, and

secondly establishing the connectivity information is therefore much higher on

these grids.

The EllipSys3D solver is purely written for the solution of problems on

curvilinear grids, which means that there is no strategy in place to take advan-

tage of the simplifications possible in the solver when using purely Cartesian

grids. The restrictions inherent to the EllipSys solver with respect to grid

topology thus makes it less suited to the present mesh generation strategy.

85



Chapter 3 Conclusions

An obvious improvement of the performance of the solver would therefore

be to have a dedicated solver for the solution in the farfield, which through

the overlap interfaces is coupled to the solution in the body-fitted grids using

the existing EllipSys solver. This could include solution strategies such as

adaptive mesh refinement (AMR) which refines the discretised solution domain

in regions with high flow gradients and coarsens it in farfield regions where

flow gradients are low.

3.7 Conclusions

In this chapter a series of numerical test cases have been presented to validate

the overset grid solver against both experimental results and equivalent non-

overset solutions in a wide variety of flow regimes. It was found that the use

of simple interpolation of the flow variables did not compromise the formal

order of accuracy of the solver in both space and time. The application of a

flux correction scheme ensured that full convergence could be achieved in the

pressure-correction equation, and eliminated instabilities of the solver due to

the non-conservative interpolation on overset interfaces.

Two different interface interpolation schemes were investigated for the

three test cases. Very little difference was found in the results, although

on coarse grids the Lagrange scheme seemed to be slightly more accurate.

Chesshire and Henshaw [12] showed that for the most general case of over-

set grids the order of the interpolation scheme should be one higher than the

order of the solution discretisation scheme. However, as long as the overlap

is sufficiently large, the order of the interpolation scheme can be the same as

the discretisation scheme. On the basis of the current results it is therefore

concluded that the second order interpolation scheme is most appropriate for

interpolation of flow variables between grids, with its main advantage being

that it is more compact and computationally less expensive.

It was found that increasing the size of the overlap between overset grids

reduced the divergence error, although for steady flow cases an overlap of one

cell seemed sufficient.

It was shown that the overset solver was in very good agreement with the

non-overset solver for all test cases presented. However, it was found that the

use of a combination of curvilinear body fitted grids and Cartesian background

grids produced slight differences particularly pronounced in the drag on the

bodies. This discrepancy was not caused by any inconsistency in the solution
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algorithm, but was a consequence of the differences in the topology of the grids,

which influenced the interpolation of flow variables on overset interfaces.

The k−ω SST turbulence model was used in all computations although it

is not fully implemented on overset grids, since the two blending functions F1

and F2 are not computed on grids not containing any physical boundaries. It

was found that in the separated wake behind a circular cylinder this caused

a discrepancy of approximately 10% in the velocity deficit and eddy viscosity.

Given the general uncertainty associated with turbulence modelling of wake

flows, it is reasonable to conclude that this discrepancy will not be of major

importance to the accuracy of solutions of such flows. Agreement with avail-

able experimental results was also quite good, although the limitations of a

two-dimensional modelling of the flow did give rise to discrepancies.

The 3D version of the code was validated using turbulent flow over a 6:1

prolate spheroid. The overset code was in very good agreement with the

standard version of the code. These results were compared to experimental

results, which showed that the skin friction in general was underestimated.

However, both the computed skin friction and pressure was in good qualitative

agreement with the experiment.

Lastly, the parallel performance of the overset grid solver was evaluated

on a moving grid problem of flow over two spheroids undergoing oscillatory

and pitching motion. The overall performance of the solver was limited by the

poor load balancing of the overset grid problem caused by a large imbalance

in the distribution of fringe cells. It was found that the connectivity routine

did not scale as well as the routine exchanging flow field information, which

was mainly due to the simple method used to assemble search requests on

individual processors.
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Wind Turbine

Rotor-Tower Interaction

4

4.1 Introduction

As most modern wind turbines are configured in an upwind configuration the

issue of rotor-tower interaction has largely been focused on this configuration.

When the rotor is situated upwind of the tower, the tower perturbation can

with reasonable accuracy be modelled using potential flow theory, since the

main contributor to the interaction is the reduction in velocity of the oncoming

flow as a result of the presence of the tower. To obtain sufficient clearance,

the distance between the rotor and the tower on an upwind rotor is always

fairly high. The effect of the tower on the loads on the blades is therefore

quite limited.

On a downwind wind turbine, however, the interaction between the rotor

and the tower is much stronger, because the rotor passes through the tower

wake, which is highly unsteady due to the bluff body vortex shedding inherent

to high Reynolds number flow over circular cylinders. The interaction of the

blade with the tower wake, or in short the blade-wake interaction (BWI), is

therefore dominated by two effects: firstly, the presence of the tower creates a

velocity deficit, which will cause the incidence on the blade to decrease rapidly

when it travels through the the wake. Depending on whether the blade is un-

stalled or stalled the decrease in incidence will tend to cause either a decease

or increase in loading, respectively. Secondly, the blade will occasionally en-

counter the vortices which are shed from the tower. The interaction between

the blade and a vortex depends critically on the sense of rotation, orienta-

tion and strength of the vortex. This interaction has some similarities to that

seen on helicopter rotor blades during certain types of maneuvering where the

retreating blade encounters the tip vortex of the advancing blade. During

such an event the vortex core is approximately parallel to the blade axis. This

phenomenon is therefore referred to as parallel blade vortex interaction (BVI).
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On a downwind turbine the interaction of the rotor blades with the shed

vortices from the tower is also parallel in nature, since the blade axis will ap-

proximately be aligned with the tower when it passes through its wake. The

shed vortices travel through the rotor plane rather than parallel to it, which

will give rise to differences in the interaction from that on helicopters. Addi-

tionally, there is a considerable difference in the blade speeds on helicopters

and wind turbines; however, common to both of them is that the convection

velocity of the vortices is considerable lower than the blade velocity. When

the wind turbine is operating under skewed inflow conditions the interaction

will become oblique, meaning that the blade axis and the vortex core line will

not be parallel, but at an angle to each other. Additionally, the vortex street

is not necessarily aligned with the vertical axis of the tower in the streamwise

direction, increasing the chances of oblique encounters.

The encounter of a blade with a vortex will produce a very sharp change

in the incidence on the blade as the vortex passes. The change in incidence is

caused by a change in the upwash or downwash on the blade during the vortex

passage. The exact magnitude and sign of the change in loading depends

strongly on the relative distance between the blade and the vortex, the strength

and rotational sense of the vortex as well as the loading on the blade. The BVI

on a downwind turbine is likely to be very unpredictable due to the difference

in frequencies of the shedding and the rotation of the blade. The exact phasing

of the interaction therefore changes from passage to passage, unless the two

frequencies happen to coincide.

The interaction between the rotor and the tower is unique on a downwind

turbine, because of the proximity of the two components. The passing blade

is therefore likely to have a strong influence on the vortex shedding from the

tower, possibly modifying both the frequency, phasing and strength of the

vortex shedding. This will be caused by a combination of effects: a wind

turbine rotor induces significant changes of the axial and tangential velocities

due to the induction from the blades. The induced velocities upstream of

the rotor disc are highest in the vicinity of the blades, which will result in

the rotor exerting periodic velocity pertubations in the wake of the tower

equal to the blade passage frequency. Additionally, the viscous interaction

between the blades and the shed vortices is likely to have a strong effect on

the formation process of the vortex street. Again, this interaction has a forcing

frequency equal to the blade passage frequency. The effect from the passing

blades will also have an equally significant influence on the tower shedding for
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an upwind machine, although here it will not have much effect on the blade

response making this phenomenon somewhat less significant with respect to

blade loads. On a downwind turbine, however, the blade response is directly

related to the shedding strength and frequency. This fact makes the study of

this problem very intriguing but also very challenging. To be able to make a

comprehensive analysis of the problem by computational means, it is therefore

essential that the numerical method is capable of capturing both the effect of

the tower wake on the rotor and the effect of the rotor on the tower wake.

The high interest in BVI in the helicopter community stems from the

undesirable acoustic and vibrational effects associated with it. Likewise, on

a downwind turbine, the main concern is the acoustic signature of the wind

turbine, which must be kept at a minimum to reduce the disturbance to nearby

inhabitants. A number of field studies on downwind turbines [30, 35, 56]

reported that, under certain flow conditions, the interaction of the blades and

tower wake produced high levels of low frequency noise, audible to the human

ear. The apparently unpredictable nature of the occurrences of these so-called

thumping noises was attributed to the unsteady nature of the interaction of

the rotor with the wake of the tower. However, no precise correlation between

flow conditions and noise emission could be made.

The large variation in noise emission is likely to be associated with the

characteristics of the tower wake such as shedding frequency and coherence.

These mainly depend on the Reynolds number (inflow velocity and tower di-

ameter). Inflow conditions such as turbulence content and shear in the at-

mospheric boundary layer also have a significant influence on the develop-

ment of the tower wake. It is therefore not surprising that the occurrences of

these thumping noises have not been fully understood, since they seem to be

strongly dependent on a large number of parameters, such as the exact flow

conditions, turbine geometry and operational state. A better understanding

of the aerodynamics of wind turbine rotor-tower interaction is therefore an

important prerequisite for understanding and possibly proposing remedies for

the acoustic problems associated with downwind turbines.

Since it is well-known that both vortex shedding from bluff bodies and

rotor aerodynamics in their own right are dominated by three-dimensional

flow features, it is safe to say that the interaction between the tower wake and

the rotor on a downwind turbine can be expected also to be a highly three-

dimensional phenomenon. The most comprehensive means for investigating

the unsteady flow over a wind turbine by computational means is therefore
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through modelling of the flow with a numerical solution of the Navier-Stokes

equations.

The aerodynamics of isolated wind turbine rotors has been investigated

extensively by Duque et al. [14, 15], Xu and Sankar [76, 77], Sørensen et al. [61],

Johansen et al. [29], Madsen et al. [36], Le Pape and Lecanu [33] among others.

These works showed that CFD tools are capable of accurately capturing the

complex flow features on wind turbine blades, in particular the complex three-

dimensional features which dominate the flow at high loadings. Additionally,

in [15] Duque et al. modelled the flow around a complete wind turbine in

a downwind configuration with rotor, tower and nacelle. However, due to

computational issues, the unsteady interaction of the tower wake and the rotor

was not captured fully. Xu [75] also shows results of rotor-tower interaction

on the NREL Phase VI using an overset grid method. However, due to a

very coarse grid resolution around the tower, the unsteady nature of the tower

wake was not captured. Therefore, to the best of the author’s knowledge, no

computations on a downwind configuration of a wind turbine have succeeded

in fully capturing the complex interaction between the unsteady wake of the

tower and the passing rotor blades.

A complete simulation of rotor-tower interaction requires that component

grids are allowed to move relative to each other. The overset grid method

presented in Chapter 2 was found to be the most appropriate method for han-

dling this problem. It allows for a decomposition of the domain into a number

of simpler grids that can overlap each other arbitrarily enabling relative move-

ment of bodies without the need for re-meshing. The validation of the method

was carried out on a number of reasonably simple problems and found to be

fully capable of solving unsteady flow problems involving high flow gradients

and massive separation.

Field measurements on wind turbines are generally quite difficult to use for

validation of CFD codes because of the strongly dynamic loading caused by the

influence of the atmospheric conditions such as turbulent inflow including large

scale veering of the wind direction and the shear of the atmospheric boundary

layer that cause a large scatter in the measured data. Additionally, only few

full scale experiments include surface pressure measurements on the blades,

which makes it difficult to study local flow features on a wind turbine blade.

For a summary of available field measurements see Schepers et al. [54]. Wind

tunnel experiments have for the most part been restricted to low Reynolds

number flows, where the characteristics of the flow are quite different from full
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scale turbines. For a thorough review of available wind tunnel experiments see

Vermeer et al. [69]. The NREL Unsteady Aerodynamics Experiment (UAE)

[18, 55] is to date the most extensive experiment on a wind turbine repre-

sentative in size and flow regime of full-size wind turbines conducted under

controlled inflow conditions. The purpose of the experiment was primarily to

study the aerodynamics of wind turbines, in particular the three-dimensional

features of the flow, and secondly to provide the wind energy research com-

munity with aerodynamic and structural data on a wind turbine operating in

a controlled environment, which could be used for validation of aeroelasticity

and CFD codes. The experiment was carried out in the 80ft × 120ft (24.4m

× 36.6m) NASA Ames wind tunnel on a 10 m diameter stall regulated wind

turbine where, among other quantities, blade surface pressures and local flow

angles were measured at five spanwise locations. The turbine was run both in

an upwind and downwind configuration and under yawed flow conditions at a

wide range of wind speeds. The UAE experiment thus provides an excellent

possibility to validate the present numerical code and it will be used as a test

case in the following analysis of wind turbine rotor-tower interaction.

In this chapter results are presented of unsteady computations of the flow

over the NREL turbine with focus on the downwind configuration. Firstly,

the flow over an isolated rotor is presented to validate the overset grid method

against the original solver and experimental results. Secondly, the flow will

be computed on an isolated tower with dimensions equal to that of the UAE

turbine to show that the solver successfully captures the unsteady nature of the

tower wake. Lastly, the flow over the downwind configuration of the turbine is

presented. Through an analysis of the extracted surface pressure distributions,

local flow velocities and visualisation of the flow field, a detailed discussion

of the interaction between the rotor and the tower will be made, aiming to

identify the key features of the interaction. It will thus be demonstrated that

the newly developed overset grid version of EllipSys3D successfully captures

the unsteady insteraction between the rotor blade and the tower, and it will be

shown that the computations are in excellent agreement with the experimental

data available from the NASA Ames experiment.

4.2 Test Configuration

The NREL Unsteady Aerodynamics Experiment was carried out in the 80ft ×

120ft NASA Ames wind tunnel (see Figure 4.1) on a two-bladed 10 m diameter
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stall regulated wind turbine operating at 72 rpm. The rotor was mounted at

a height of 12.2 m on a tower with a diameter of 0.4 m on the top section with

a wider base of 0.6 m. The turbine could be operated in both an upwind and

downwind configuration. In both configurations the rotor was mounted with a

1.4 m clearance to the tower, corresponding to 3.5 tower diameters. The rotor

could be operated at various teeter and cone angles. The blades were twisted

and tapered and fitted with the S809 profile, as is shown in Figure 4.2.

Figure 4.1: The NREL UAE Phase VI wind turbine mounted in the NASA Ames wind
tunnel.

One blade was instrumented with pressure probes and pressure taps as

shown in Figure 4.2 and 4.3. The pressure taps were placed along the suction

and pressure sides of the blade at five spanwise locations on the blade at

r/R=0.3, 0.47, 0.63, 0.80 and 0.95. Additionally, five hole pressure probes

were placed 80% chord upstream of the blade at r/R=0.34, 0.51, 0.67, 0.84

and 0.91 to measure the local flow angles.

The walls of the wind tunnel were smooth to minimise the thickness of the

boundary layer, resulting in no shear of the inflow on the turbine and a very

small turbulence intensity of less than 1%.

The test was carried out over a wide range of wind speeds ranging from

5 m/s to 25 m/s. With a tip speed of 37.7 m/s, the tip Reynolds number was
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Figure 4.2: Pressure tap locations on the
S809 profile [20].

Figure 4.3: Planform of the NREL UAE
Phase VI blade showing location of pressure
taps and pressure probes [20].

Figure 4.4: Definitions of the aerodynamic force coefficients [21].

approximately Re = 1 × 106 based on a reference chord of 0.4 m. The tower

Reynolds number ranged from Re = 1.84 × 105 to Re = 6.9 × 105 based on

the tower reference diameter of 0.4 m. For a detailed description of the entire

test setup and all measurement campaigns see Hand et al. [21].

The general frame of reference for the turbine is shown in Figure 4.5. For

all computations in this chapter, the inflow is prescribed in the z-direction.

The azimuth angle is zero when the blade is aligned vertically with the tower

and in its top position. The origin of the axis is placed at the tower top,

placing the rotor at z=1.4 m.
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Figure 4.5: Definitions of the frame of reference for the turbine. Inflow direction is in the
z-direction.

The blade forces are defined according to Figure 4.4. The integral forces

were obtained by integration of the pressure distributions on the surface of

the blades at the positions shown in Figure 4.3. The local blade velocities are

defined in Figure 4.6.

Axial velocity

Tangential velocity
Spanwise velocity

Figure 4.6: Definition of the local blade velocities.
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4.3 Computational Meshes

The mesh generation around wind turbine blades can be done in several differ-

ent ways. One example can be found in Sørensen et al. [61] who used an O-O

grid to cover the blades which was grown out as an O-grid to the farfield. The

advantage of such an approach is that only one blade needs to be included if

the rotor is not yawed since periodic boundaries can be used in place of the

second blade.

To model an entire wind turbine including rotor, tower and hub a different

approach is needed, since the above approach does not allow for the inclusion

of a stationary tower. For such a configuration it is necessary to allow relative

movement between grids, by either using sliding or overset grids. The overset

grid approach is generally more flexible since there is no requirement of grids

to match along lines or planes in the grid. With the possibility of letting grids

overlap each other arbitrarily, completely different layouts can therefore be

made. Duque et al. [14, 15] used grids based on a combination of curvilinear

and Cartesian grids, where the curvilinear grids covered only a small part of the

domain around the blades and tower, with the rest of the domain covered by

Cartesian background grids. In [15] computations were carried out including

both rotor, tower and nacelle, with symmetry conditions along the bottom

and side boundaries of the domain.

The same grid generation approach as above will be used in the present

study although the turbine geometry has been simplified slightly as will be

described subsequently. Curvilinear grids are used around the two-bladed

rotor and the tower, whilst Cartesian background grids are used to cover the

rest of the domain. The advantage of this approach is that the grid can be

more easily designed to resolve regions of high flow gradients in the vicinity

of the rotor and tower, without carrying the clustering of cells all the way to

the farfield. This coarsening strategy reduces the waste of cells in the farfield

typically seen in O-grid or C-grid configurations.

Two different grids were made for the present study. Firstly, a reference

mesh, N1, was made where no tower was present, and where the the farfield

side boundaries were 4.5 rotor diameters away from the centre of rotation.

The inlet was placed 4 rotor diameters upstream of the rotor, and the outlet

was 8 diameters downsteam. The rotor mesh, which was generated using

HypGrid [60], consisted of 40 blocks of 32× 32 cells to cover the surface of the

two blades with 256 cells in the chord-wise direction, 64 cells in the spanwise
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direction, and four blocks of 32 × 32 to cover each blade tip. The grid was

grown out approximately 1 m from the surface with a total of 64 cells in the

normal direction stretched using a hyperbolic tangent function. The height

of the first cell in the boundary layer was 1 × 10−5 m corresponding to y+

values of less than 2. This grid was embedded in three Cartesian meshes,

successively coarsened towards the farfield consisting of 36, 27, and 12 blocks

of 333 cells, respectively. The total number of cells in the grid was 5.57M cells.

The boundary conditions consisted of an inlet with a prescribed velocity, an

outlet with a zero gradient condition, and cyclic boundary conditions on the

other four boundaries. On the surface of the blades a no-slip condition was

prescribed. The mesh is shown in Figure 4.7.

Figure 4.7: Mesh for the rotor-only configuration.

In the present study the geometry of the Phase VI turbine has been simpli-

fied somewhat. As can be seen in Figure 4.1 the tower is wider at the bottom

with a diameter of 0.6 m, up to a height of 4 m where the diameter is reduced

to 0.4 m. In the computational model this feature has been omitted such that

the tower has a constant diameter of 0.4 m along the entire height of thet

tower. Additionally, the nacelle was omitted since it would require a consid-
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erable amount of cells to properly resolve its geometry. Although it is likely

to have a strong influence on the flow-field in the root section of the blade, its

influence was thought to be less pronounced on the outboard sections of the

blade. The rotor was modelled without coning and teeter, whereas in fact the

Phase VI turbine in its downwind configuration was run with a cone angle of

3.4◦ and a teeter angle which on average was 3◦. The combination of teeter

and coning, however, results in the bottom blade being approximately parallel

to the tower axis, which justifies this simplification.

Figure 4.8: Mesh for the rotor-tower configuration.

The computational mesh for the rotor-tower configuration consisted of five

individual block groups: two curvilinear meshes for the rotor and tower and

three Cartesian meshes which were successively coarsened towards the farfield

(See Figure 4.8). The rotor mesh was identical to the one used in grid N1.

The tower mesh consisted of 128 cells around the cylinder and 384 cells in the

vertical direction and one grid of 32×32 to cover the rounded free end. The

mesh was grown out 1 m in the normal direction using 32 cells totalling 13

blocks of 323 cells. The height of the first cell on the surface was 1 × 10−4m.

The cross-sectional dimesions of the domain were equal to those of the

NASA Ames wind tunnel, 24.4m × 36.6m. The domain was 80 m long with

the turbine placed 20 m downstream from the inlet. The bottom boundary

98



Chapter 4 Computational Framework

Figure 4.9: Side and back view of the mesh system for the rotor-tower configuration.

was prescribed as a no-slip wall, whereas the three other side walls of the

tunnel were modelled using symmetry boundary conditions in order to avoid

having to resolve the wall shear layers. A standard inlet condition with a

given velocity was prescribed at the inlet, and a zero gradient condition was

specified on the outlet. To capture the ground shear layer reasonably well,

the three Cartesian groups and the tower grid had a non-dimensional first cell

height at the wall of 1×10−4 m. The inner Cartesian block group had physical

dimensions of 14 m ×19 m × 14 m and consisted of 160 × 192 × 128 cells in

the x, y and z directions, respectively. The mesh was made finer in the rotor

plane to match the grid dimensions of the rotor grid to properly resolve the

tip vortex from the rotor. The middle Cartesian block group had physical

dimensions of 20 m× 22.5 m × 25 m and contained 96 × 128 × 96 cells. The

outer block group had the dimensions of the tunnel, 24.4 m × 36.6 m, and

consisted of 64× 97× 97 cells. The total number of cells in the grid was 9.6M

cells. This grid will be referred to as grid N2. The grid assembly is shown in

Figures 4.8, 4.9 and 4.10.

4.4 Computational Framework

The computations presented in this chapter were all carried out using the

SUDS scheme to discretise the convective terms. The PISO algorithm was

used to solve the coupled velocity/pressure equations. Due to the uncertainties

associated with the limited implementation of the k−ω SST model as described

in Section 2.3.4 the computations presented in this chapter were all computed

using the original k − ω model by Wilcox [71].
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Figure 4.10: Detail of the rotor and tower grids.

From previous experience with the non-overset version of the code it was

found that approximately 800 time steps per revolution were needed to obtain

an accurate solution of the integral forces on the NREL blade. To speed up

the convergence of the solution, the computations were started up at a coarse

time step of Deltat = 0.002 and run until the flow was sufficiently developed.

This was necessary particularly in the rotor-tower computations because of

the long time required for the unsteady tower wake to develop fully. Once the

wake had developed, the computations were restarted at a finer time step of

∆t = 0.001. With a rotational frequency of 72 rpm, this corresponded to a

time resolution of 0.43◦ per time step.

4.5 Isolated Rotor Computation

Computations of flow over the isolated NREL Phase VI rotor, as discussed

in section 4.1, have previously been carried out using EllipSys3D by Sørensen

et al. [61] using RANS. To validate the overset grid method, equivalent overset

computations were carried out and compared to these results as well as the

experiment. The upwind 7 m/s case with no teeter (Sequence H, see [21]) was

chosen for the comparison.

The computations were carried out using grid N1 which was presented in

detail in Section 4.3. The simulation was carried out as an unsteady moving

grid simulation without any relative movement between the rotor grid and the

background Cartesian grids, which is equivalent to what was done in [61]. This

eliminated the need to update connectivity information between individual

component grids, thus reducing the computational cost. The computations

were otherwise carried out using the solver options described in Section 4.4.
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Figure 4.11 shows the normal and tangential force coefficients along the

blade computed at five spanwise locations corresponding to the pressure tap

locations in the experiment. Although the results differ slightly from the ex-

perimental results the overall agreement is very good. There is also some

discrepancy between the overset and non-overset computations. This, how-

ever, can most likely be explained by slight differences in the cell distribution

in the normal direction of the rotor grid, as well as the fundamentally different

mesh topology in the off-body grids, which will affect the development of the

wake.

Figure 4.12 shows the pressure coefficient distributions at five spanwise

locations on the blade for the overset computations compared to the non-

overset computations and experimental results. As above, the agreement is

very good between the two computations and the experiment, with only slight

differences at the outermost spanwise location.

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

C
N

r/R

Measured
Computed standard

Computed overset
0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

0.11

0.12

0.13

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

C
T

r/R

Measured
Computed standard
Computed overset

Figure 4.11: Normal and tangential force coefficients for a wind speed of 7 m/s for the
isolated rotor.

The use of uniform Cartesian meshes makes it possible to preserve flow

features such as the root and tip vortices downstream of the rotor. Although

the grid used for this computation is coarsened downstream of the rotor it

is evident in Figure 4.13 where the iso-vorticity and u-velocity contours are

plotted that the tip vortex is preserved quite well up to approximately two

rotor revolutions downstream.

The fact that this very complex flow field can be computed accurately using

the overset grid method gives reason to believe that the solver is capable of

computing flow over wind turbine blades with the same degree of accuracy as

the original solver.
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Figure 4.12: Pressure distribution coefficients for a wind speed of 7 m/s for the isolated
rotor.

4.6 Isolated Tower Computation

The flow over a circular cylinder of finite height mounted on a ground plane

forms a complex wake due to the combination of many effects. For high aspect

ratio cylinders (typically above Height/Diameter=6) the flow will consist of

three main flow regions: Along the ground plane, a horseshoe vortex will form

as the ground boundary layer wraps around the cylinder base. At the free end,

two vortices will be formed of opposite vorticity which are shed unsteadily

from the top. A strong downward velocity at the tip causes these vortices

to interact with the wake on the middle part of the cylinder. For sufficiently

large aspect ratios, the flow away from the two ends will consist of alternately

shed vortices forming the well-known von Kármán street. Due to the end
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Figure 4.13: Iso-surface plot of vorticity magnitude and u-velocity contours of the flow over
the isolated rotor for a wind speed of 7 m/s.

boundary conditions the vortex street can become stretched in the streamwise

direction causing what is known as oblique vortex shedding, as well as causing

dislocations of the vortex street splitting the wake into distinct shedding cells.

The length of these shedding cells depends on a number of factors such as

Reynolds number, surface roughness and end conditions. Typically for high

Reynolds number flows the length of these cells will be in the order of three to

four cylinder diameters. A thorough review of vortex shedding from circular

cylinders can be found in the review article by Williamson [72].

As part of the preliminary studies of the wind turbine rotor-tower config-

uration, a computation of flow over an isolated tower with a ground boundary

layer was performed to verify that the solver produced a realistic wake con-

sisting of alternately shed vortices. The grid was identical to the one used for

the rotor-tower computations (with the rotor grid omitted), eliminating any

grid dependent differences in the solutions. The basic solver parameters were

otherwise identical to the ones described in Section 4.4. The computation was

run for a total time of 15 seconds started at a time step of ∆t = 0.005 seconds

to obtain a developed flow and subsequently at ∆t = 0.002. The freestream
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velocity was set to 6.7 m/s corresponding to the downstream Sequence B in

the UAE experiment. The Reynolds number based on the cylinder diameter

was Re = 1.84 × 105, which is in the sub-critical flow regime. However, since

the computations are carried out assuming fully turbulent flow, the highly

complex nature of the flow in this regime cannot be captured.

The pressure distribution and forces were extracted at eight different heights

along the tower, five of which corresponded to the locations of the pressure

taps on the rotor. Figure 4.14 shows the time history of the side force on

the tower at five different heights. There is some variation in the shedding

frequency along the span of the tower with a lower shedding frequency on the

upper part where the flow is strongly influenced by the tip. The shedding

frequency was approximately 4.1Hz on the middle part of the tower, giving

a Strouhal number of 0.24 based on the tower diameter. Additionally, it was

found that the amplitudes of the responses at each section along the height of

the tower varied with a low frequency change.
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Figure 4.14: Time history of the side force coefficient at various heights on the tower for a
wind speed of 6.7 m/s.

The mean pressure and skin friction coefficients on the tower at a height

of 8.17 m are shown in Figure 4.15. As it can be seen, separation takes place

at an angle of approximately θ = 100◦ measured from the stagnation point.

Figure 4.16 shows the axial velocity deficit extracted on a horizontal line

1.37 m downstream of the tower and at a height of 7.97 m above the ground

over one vortex shedding period. This horizontal line corresponds approxi-

mately to the line swept by the pressure probes mounted on the blade in the

UAE experiment. The lack of smoothness of the data is due to the fairly

coarse mesh in the tower wake and that the velocities were extracted directly
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Figure 4.15: Mean pressure and skin friction coefficient distributions on the tower at at a
height of 8.17 m for a wind speed of 6.7 m/s.

from the cells in the grid without interpolation. The axial velocity was found

to be reduced by 28% (relative to the freestream) on average with a deficit

width of two cylinder diameters. The instantaneous axial velocity was found

to vary within a 27% increase and 49% decrease (relative to the freestream) as

a result of the vortex shedding. The tangential velocity, shown in Figure 4.17,

was found to be highest along the centreline of the tower with a maximum

velocity change of ±3.5 m/s.
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Figure 4.16: Axial velocity profile 1.37 m
downstream of the tower at a height of 7.97
m for a wind speed of 6.7 m/s.
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Figure 4.17: Tangential velocity profile 1.37
m downstream of the tower at a height of
7.97 m for a wind speed of 6.7 m/s.

Figures 4.18 and 4.19 show an iso-surface plot of the vorticity magnitude

of the flow over the isolated tower and vorticity magnitude contours at various

distances downstream of the tower. The three-dimensionality of the wake is

clearly visible. The tip effect and at the wall boundary causes the flow to be

highly unsteady and the vortex tubes to become stretched in the streamwise

direction causing oblique vortex shedding. Additionally, the finite tip causes a

number of dislocations of the vortex street. It was found that the position of

the dislocations shifted along the span of the tower at a very low rate, possibly
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due to the changes in amplitude and phasing of the side force on the tower as

seen in Figure 4.14.

Figure 4.18: Iso-vorticity plot (| ω |= 2s−1)
of the flow over the isolated tower for a wind
speed of 6.7 m/s.

Figure 4.19: Vorticity contour plot of the
flow at various distances downstream of the
isolated tower for a wind speed of 6.7 m/s.

The relatively large degree of coherence of the wake and distinct lack of

small scale structures is likely to be an artifact of the Reynolds averaging and

turbulence modelling rather than being a physically correct representation.

Additionally, the grid used to resolve the wake was reasonably coarse, and it

is therefore possible that some improvements could be achieved with a finer

grid. Several studies of vortex shedding on infinite circular cylinders have

demonstrated that with the use of LES or hybrid LES, the unsteady wake

characteristics can be captured more accurately with a substantial reduction

in the coherence of the wake, see for example Travin et al. [67]. An obvi-

ous extension of the present work would therefore be to investigate the wake

characteristics of a finite cylinder using this type of modelling of the flow.

As seen in Figure 4.19, at z=0.6 m the free shear layer shed from the tower

is still largely two-dimensional. Further downstream the stretching of the vor-

tex street results in a larger variation in the vertical direction. The alternately

shed tip vortices are clearly visible, and the root vortex which wraps around

the base of the tower along the ground plane can also be identified. Experi-

mental studies have shown that the spanwise correlation length is considerably

lower in this Reynolds number range. Humphreys [26] found that the correla-

tion lengths at a Reynolds number in the transitional range was approximately

three to four diameters, again suggesting that the RANS computations have

a tendency to represent the wake as a more two-dimensional structure.
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4.7 Rotor-Tower Computation

In this section the computations carried out on the complete rotor-tower con-

figuration will be presented. One case from the Unsteady Aerodynamics Ex-

periment was chosen where the nominal inflow velocity was equal to 7.0 m/s.

However, due to wind tunnel anomalies the actual inflow velocity was 6.7 m/s,

which will therefore be used in this computation. At this wind speed the flow

over the blades will be attached.

The computational results will be analysed by firstly presenting the ex-

tracted flow field data, where the key features of the flow will be identified;

secondly, the response of the blades to the wake interaction will be presented;

thirdly, the computational results are compared to the experiment. Finally,

the response of the tower to the interaction will be analysed.

Surface pressures and skin friction were extracted on both blades in the

same radial positions as in the experiment (see Figure 4.3). Additionally,

surface pressures were extracted on the tower at eight heights, five within

the rotor radius and five below. Force coefficients were computed from the

integrated pressure and skin friction coefficients and projected according to

the conventions shown in Figure 4.4. Local flow velocities were extracted

at the probe positions shown in Figure 4.3 which were used to compute the

local flow angles. The entire flow field was exported every 30◦ azimuth for

visualisation purposes.

4.7.1 Computational Framework

The mesh used was described in Section 4.3 and it contained five block groups

with a total of 9.6 million grid cells. The computational parameters used in

the simulations were described in Section 4.4. The computation was run for

a total of 12 revolutions or approximately 10 seconds. Six revolutions were

run at a coarse time step of ∆t = 2 × 10−3 and the last six were run at the

finer time step of ∆t = 1 × 10−3. The coarse time step was needed since the

tower wake took several revolutions to develop fully, particularly below the

rotor disc.

4.7.2 Flow Field

Figure 4.20 shows the flow field surrounding the turbine using an iso-surface

plot vorticity magnitude. The mesh is also shown in the plot with grid inter-

faces highlighted green. The unsteady vortex shedding from the tower is clearly
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visible, and it can be seen that the vortex street is quite coherent and well-

preserved approximately 10 m downstream. The root and tip vortices from

the rotor are clearly visible and likewise preserved well for approximately 10

m downstream. The dissipation of the vortices does not appear to be linked to

the presence of overset interfaces, but rather to the stretching of the grid. The

rotor has a visibly strong influence on the tower shedding, causing a difference

in shedding frequency on the upper and lower parts of the tower. This results

in a dislocation with two distinct shedding cells separated by a disorganised

region approximately 1 m below the rotor disc.

Figure 4.20: Iso-vorticity plot of the flow over the turbine for a wind speed of 6.7 m/s.

The flow is further illustrated in Figure 4.21 which shows the flow field

at a vertical cut plane of x=0 bisecting the turbine, at an instant where the

blades are aligned vertically with the tower. It is again evident from this plot

that the vortex street is convected downstream at a different velocity on the

upper and lower parts of the tower. It also appears as if the blade tip vortices

cause the tower vortices to wrap up around the blade vortices enhancing the

stretching of the tower vortices. Figure 4.22 shows a contour plot of the axial

velocity (w-velocity) in the same plane (x=0) which highlights the velocity

deficit in the wake of the tower and rotor. There are considerable 3D effects

at the top of the tower, which result in a downward directed flow interfering
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with the inner parts of the rotor. Again it is evident that the flow features are

transferred smoothly across overset interfaces with no visible discontinuities

in flow gradients.

Figure 4.21: Vorticity magnitude contour
plot of the flow over the turbine for a wind
speed of 6.7 m/s.

Figure 4.22: Axial velocity contour plot of
the flow over the turbine for a wind speed of
6.7 m/s.

Figures 4.23 and 4.24 show a sequence of snapshots of the flow field for

two blade vortex encounters. In Figure 4.23 the wake consists of a vortex

of negative vorticity that the blade encounters virtually head-on. The direct

encounter between the blade and the vortex causes the vortex to split into

two fragments, one small fragment upstream of the blade wake of and another

one downstream which has been stretched considerably by the passing blade.

This BVI event will in the remainder of this chapter be referred to as a type 1

passage.

In Figure 4.24 the blade encounters a vortex of positive vorticity which is

located slightly more upstream than in the previous event. Again the vortex

is divided in two fragments, one small fragment downstream of the blade wake

and a more stretched fragment upstream. This situation will be referred to

as a type 2 passage. These plots also highlight the large differences between

the blade velocity and the vortex convection velocity which characterises the

interaction taking place on the outer parts of the blade. On the inner parts

of the blade, however, the blade velocity is much slower, therefore decreasing

the relative velocity difference between the blade and vortex.

A constant y surface of the mesh is also shown on the plots to highlight the

location of the overset interfaces. Again it is evident that the flow gradients

are continuous across the overset interfaces despite the relatively coarse mesh
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ψ = 177◦ ψ = 207◦

Figure 4.23: Vorticity contour plot of a type 1 passage showing an encounter with a vortex
of negative vorticity (clockwise rotation). The vorticity contours are plotted on a plane of
constant radius of 4.02 m corresponding to 80 % span.

ψ = 177◦ ψ = 207◦

Figure 4.24: Vorticity contour plot of a type 2 passage - showing an encounter with a vortex
of positive vorticity (counter-clockwise rotation). The vorticity contours are plotted on a
plane of constant radius of 4.02 m corresponding to 80 % span.

used to resolve the tower wake.

The aim of the present study has not been to capture the flow in the far

wake of the turbine, and as such the grid was coarsened considerable about

one rotor diameter downstream of the turbine causing distinct flow structures

to dissipate rapidly. However, some interesting features of the far wake were

captured. Figure 4.25 shows a series of contour plots of the wake development

viewed directly from above. First of all, it is evident that the distinct tip
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Figure 4.25: Vorticity magnitude contour plot of the flow over the turbine for a wind speed
of 6.7 m/s, with the flow approaching the turbine from the left.

and root vortices become smeared into a continuous sheet approximately one

and a half rotor diameters downstream. The rotor and tower wakes seem

to interact in a way which causes a strong asymmetry in the far wake. The

rotor root vortex is clearly not symmetric in that one side seems to have

been destabilised. Likewise, the tower wake is due to the rotor wake rotation

skewing to one side. It could thus appear as if the skewing of the tower wake

causes the asymmetry of the root vortex. The rotation is strongest in the

proximity of the tip vortex which is evident at y=-4 where the tower wake at

two rotor diameters downstream has shifted approximate 1.5 meters to one

side. This causes the tower wake to interact with the tip vortices in the far

wake causing the rotor wake to shift to one side. Clearly, the mesh in the far

wake is far too coarse to make any conclusive arguments with respect to the

interaction between the rotor and tower wakes, but the above observations are

interesting and should be investigated further.
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4.7.3 Blade Response

In this section the effects of the rotor-tower interaction on the blade responses

will be analysed. This is done by firstly presenting the integral normal and

tangential force coefficients at the five spanwise sections on the two blades,

followed by a detailed presentation of the responses at the 80% span section,

where the local flow angles, moment coefficients and pressure distributions are

presented. Finally, the computed results are compared with the experiment.

Normal and Tangential Force Coefficients

It was found in the computations that the responses of the two blades as they

pass through the tower wake enter a periodic state where one blade experiences

an interaction characterised by the flow field shown in Figure 4.23 - a type 1

interaction - and the other blade experiences an interaction shown in Figure

4.23 - a type 2 interaction. In the following analysis the blade responses

to these two types of events will be analysed. The type 1 response will be

associated with blade 1, and the type 2 response will be associated with blade

2. The somewhat surprising periodicity of the blade responses will be analysed

further in a later discussion.

Figures 4.26, 4.27, 4.28 and 4.29 show the blade normal and tangential

force coefficients as a function of blade azimuth for the five spanwise sections

on the two blades. In each plot the forces for three consecutive passages are

superimposed on each other. These figures clearly illustrate the periodicity

of the blade responses, showing that there is only minor variations between

consecutive passages.

Looking firstly at the type 1 response shown in Figures 4.26 and 4.28, the

normal force response of the blade (blade 1) as it enters the wake of the tower

varies strongly along the span. The response at the two innermost stations

differ considerably from the three outer stations in that the recovery from the

wake covers an azimuthal interval of approximately 70◦, whereas on the outer

parts of the blade the recovery is much faster. The blade responses on the

outer three stations are very similar and characterised by a sudden decrease

in the normal force with a minimum reached before the blade reaches 180◦

azimuth. This is followed by an even faster increase in normal force with a

maximum which is higher than the undisturbed level of the normal force. As

the blade exits the wake, the normal force initially decreases slightly; this is

followed by an increase restoring it to the undisturbed level. The tangential

112



Chapter 4 Rotor-Tower Computation

forces shown in Figure 4.28 behave largely in the same manner as the normal

forces.

Blade 2 encounters a different flow field in the wake of the tower shown

in Figures 4.27 and 4.29, therefore responding quite differently from blade 1.

Firstly, it can be seen that there is very little variation of the response along

the span as was also seen for the three outermost stations on blade 1. As

the blade approaches the tower, the normal force increases rapidly followed by

a large decrease which reaches a minimum at 180◦ azimuth. The subsequent

recovery is fairly quick, although the normal force continues to increase slightly

until well past the tower wake. As for blade 1, the tangential forces behave

similarly to the normal forces.

The two types of blade-vortex encounters thus produce very different nor-

mal and tangential force responses on the blades. Since the flow is attached

on the blades, the velocity deficit causes a decrease in the loading due to the

incidence reduction. A blade-vortex encounter causes different responses de-

pending on the sense of rotation of the vortex. In the type 1 encounter the

blade encounters a vortex of negative vorticity as it exits the wake which ap-

pears not to generate as significant a fluctuation in the response as a type 2

encounter where the blade encounters a vortex as it enters the wake.

Common to both blades is that the dynamic change in loading decreases

with increasing radial position. On the inner sections the maximum fluctuation

in the load is as much as 75%, whereas on the outer sections of the blades the

loading fluctuates by approximately 40% during the tower passages. It is also

evident that the wake interaction occupies an increasing proportion of the

azimuthal cycle towards the root of the blades which is mainly due to the

relative difference in azimuthal angle subtended by the tower wake between

the inner and outer sections of the blade.

Local Flow Angles

The local flow angles were computed from velocity signals extracted at the po-

sitions of the five-hole pitot pressure probes shown in Figure 4.3. Figures 4.30

and 4.31 show the time traces of the velocity signals from the probes placed

at 34% and 84% span on blades 1 and 2 with corresponding local flow angles

(LFA) shown in Figures 4.32 and 4.33 for the last passage shown in Figures

4.26 and 4.27. The velocities are defined relative to the local blade coordinate

system shown in Figure 4.6. Note that the azimuth angle corresponds to the

probe position and not to the actual blade position, which will be slightly
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Figure 4.26: Normal force coefficient
on blade 1 for three consecutive rev-
olutions.
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Figure 4.27: Normal force coefficient
on blade 2 for three consecutive rev-
olutions.
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Figure 4.28: Tangential force coeffi-
cient on blade 1 for three consecutive
revolutions.
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Figure 4.29: Tangential force coeffi-
cient on blade 2 for three consecutive
revolutions.
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lagged depending on the radial position of the probe.

The tower passages are characterised by large variations in axial and tan-

gential velocities, whereas the change in spanwise velocity is smaller. The

local velocity field is strongly dependent on the exact state of the wake and is

very different during the two passages shown. The time series of the velocity

signals for the outer sections correspond to the flow field snapshots shown in

Figures 4.23 and 4.24 for blades 1 and 2, respectively.

On the inner section, blade 1 (Figure 4.30) experiences a large reduction

in axial velocity accompanied by an equally large increase in tangential veloc-

ity upon entering the wake which both reach their respective minimum and

maximum at ψ = 180◦. This is followed by a steep increase in axial velocity

and decrease in tangential velocity. On the outer section, the blade experi-

ences a strong reduction in axial velocity as it enters the deficit. As the blade

approaches the vortex of negative vorticity, the tangential velocity starts to

decrease sharply and the axial velocity decreases further and reaches a min-

imum at ψ = 176◦. As the axial velocity increases, the tangential velocity

decreases further due to the strong rotation of the vortex and reaches a mini-

mum at ψ = 180◦. The axial velocity reaches a maximum at ψ = 182◦. The

recovery is fairly fast with freestream level reached at ψ = 190◦.

The situation is quite different for blade 2 (Figure 4.31) where the probes

on both the inner and outer sections experience an upwash from the shed

vortex before entering the deficit, with a maximum axial velocity at ψ = 164◦

and ψ = 176◦ for the 34% and 84% span sections, respectively. Opposite

to blade 1 the recovery to freestream level is quite slow. At the inner probe

the tangential velocity starts to decrease at ψ = 160◦ reaching a minumum

at ψ = 176◦. This is followed by a steady increase towards the freestream

value. For the outer section the situation is reversed: the counter-clockwise

rotation of the vortex (Figure 4.24) causes an increase in tangential velocity

which reaches a maximum at ψ = 177◦. The subsequent reduction in axial

velocity reaches a minimum at ψ = 181◦. For both blades, it can be seen that

when the tangential velocity increases the spanwise velocity decreases and vice

versa.

The changes in local flow angle are proportional to the changes in tangen-

tial and axial velocity relative to the blade velocity at the given span section.

On the inner parts of the blade the LFA will therefore be very sensitive to

changes in both tangential and axial velocity, whereas on the outer sections

where the blade velocity is far greater than the change in tangential velocity,
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Figure 4.30: Probe velocity traces for blade
1 at 34% and 84% span. Axial velocity is
shown on the left axis and spanwise and tan-
gential velocity is shown on the right axis.
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Figure 4.31: Probe velocity traces for blade
2 at 34% and 84% span. Axial velocity is
shown on the left axis and spanwise and tan-
gential velocity is shown on the right axis.

the local flow angle will mainly be dependent on the change in axial velocity.

Figures 4.32 and 4.33 show the local flow angles for the two blades at 34%

and 84% span. The LFAs generally follow the behaviour of the axial velocity

quite closely for both blade sections. On the inner section the LFA is 9.3◦

relative to the local blade section chord line and a bit higher on the outer

section with 9.4◦. From an azimuth angle of approximately 145◦ the inner

section experiences a gradual decrease in flow angle which amounts to an

almost 10◦ reduction at ψ = 179◦. This is followed by a sharp increase which

reaches a maximum at ψ = 187◦. On the outer section of blade 1 the wake

interaction does not start until ψ = 170◦. The probe experiences a decrease in

LFA of 5.3◦ as it enters the deficit, followed by a sharp increase to 0.9◦ above

freestream level as it exits the wake.

As shown in Figure 4.33, the inner probe on blade 2 experiences a gradual

increase in LFA as it approaches the wake. This is followed by a steeper upwash

which reaches a maximum at ψ = 163◦. The subsequent dramatic decrease in

incidence is caused by a combination of an increase in relative axial velocity

and large decrease in axial velocity. The outer probe on blade 2 experiences

an upwash before entering the deficit with an increase in flow angle of 2.7◦.

The subsequent reduction in flow angle is similar to that of blade 1 with a
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minimum of 4.1◦. As blade 2 exits the wake the recovery on both sections is

fairly smooth.

As can be seen in Figures 4.32 and 4.33, the changes in LFA are, as ex-

pected, condiderably larger on the inner sections of the blade. This is also

reflected in the normal and tangential forces as discussed previously.
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Figure 4.32: Probe local flow angles relative
to the blade section chord line for blade 1 at
34% and 84% span.
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Figure 4.33: Probe local flow angles relative
to the blade section chord line for blade 2 at
34% and 84% span.

By assuming that the blade responses are quasi-static, thus neglecting

unsteady 3D effects and hysteresis effects, the local blade incidence can be

estimated as it travels through the wake by comparing the loadings on the

blade in Figures 4.26 and 4.27 with the measured 2D blade force coefficients

shown in Figure 4.34. The freestream incidence of the 80% span section of

blade 1, corresponding to CN = 0.74, should thus be approximately α = 5.8◦.

As the blade enters the wake the normal force reduces to CN = 0.55 which

translates into a reduction in incidence with a minimum of α = 4.2◦. As

the blade exits the wake the incidence increases to slightly above freestream

level to α = 6◦ before recovering completely. Blade 2 initially experiences an

increase in incidence to α = 6.2◦ before reducing to α = 4.1◦ followed by a

fairly slow increase in incidence.

The derived blade incidences differ significantly from the LFAs extracted

upstream of the blade both in freestream level and during the blade wake
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Figure 4.34: Aerodynamic force coefficients for the S809 aerofoil measured at Delft University
at Re = 1 × 106 [57].

interaction. The most likely explanation for this is the fundamental difference

between a local flow angle and the actual angle of attack on the blade. To

relate the two quantities some correction for the lift induced upwash upstream

of the blade has to be applied. The same argument can be used to explain

why the absolute changes in LFA are not reflected directly in the CN and

CT responses. As the blade travels though the wake the change in bound

circulation will trigger a change in the self-induced upwash upstream of the

blade, thus further obscuring the correlation between changes in local flow

angle and changes in angle of attack.

Another important point is that the blade wake interaction must be re-

garded as a phenomenon which is characterised by a combination of a number

of unsteady effects associated with the interaction of the blade with the un-

steady tower wake and cannot be regarded as an event associated with changes

in angle of attack.

Moment and Surface Pressure Coefficients

Figures 4.35 and 4.36 show detailed plots of the normal force and moment

coefficients for the tower passages discussed above. These are accompanied by
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plots of the pressure distributions at the six instances marked on the moment

curves. The crosses on the normal and moment coefficient curves correspond

to the flow field snapshots at ψ = 177◦ shown in Figures 4.23 and 4.23.

Following the argument presented in the previous section, the behaviour

of the moment coefficient of the blade should correspond to the changes in

incidence derived from the CN curve if the behaviour is assumed to be quasi

static. Figure 4.34 shows that the moment coefficient reduces with increasing

incidence up to α = 6.2◦ and it increases afterwards. At an incidence of

α = 5.8◦ the moment coefficient should thus be CM = −0.050. However, as can

be seen, the freestream value of the moment coefficient is considerably higher

at CM = −0.042. Assuming that the qualitative behaviour of the computed

moment coefficient is similar to that from the wind tunnel measurements the

reduction in the incidence of blade 1 should produce a nose up moment. Indeed

this is the case as can be seen in point B of Figure 4.35. From the normal

force plot the moment coefficient should continue to increase until an azimuth

angle of ψ = 177◦. However, this is clearly not the case as marked by point

C. The blade experiences a sharp nose down pitching moment which reaches

a minimum at ψ = 177◦ azimuth which is followed by an increase with two

distinct peaks marked by points D and E until reaching freestream level at

point F.

Blade 2 appears to follow the static CM curve slightly more where the

decrease in incidence results in a large nose up moment. However, the decrease

in incidence of 2.5◦ from point B to point C does not account for the large

increase in the nose up moment.

This strongly suggests that the interaction of the blade with the tower wake

introduces local changes in the pressure distribution beyond those associated

with changes in incidence, which alters the moment acting on the blade. Figure

4.37 shows a time history of the surface pressures on the blade during the

tower passage shown in Figure 4.23. In addition to the reduction in incidence

associated with the velocity deficit, the interaction with the vortex seems to

cause a complete collapse of the suction peak, which results in a strong nose

down moment. As the blade exits the wake the suction peak recovers which

increases the nose up moment. The events marked D and E could be associated

with the slight changes in the trailing edge suction which is visible in Figure

4.37. Event D is thought to be caused by the trailing edge interacting with the

vortex shed from the downwind side of the tower. The likely cause of event

E is the shedding of bound vorticity from the leading edge as a result of the
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Figure 4.35: Detail of normal force and mo-
ment and pressure coefficients on blade 1 at
80% span corresponding to tower passage 3.
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Figure 4.36: Detail of normal force and mo-
ment and pressure coefficients on blade 2 at
80% span corresponding to tower passage 3.

change in loading on the blade. As the vorticity convects over the surface and

passes the trailing edge it causes a change in the moment acting on the blade.

A similar analysis can be performed on the moment response of blade 2

as shown in Figure 4.36. As shown in Figure 4.24 the blade does in this case
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encounter a vortex of positive vorticity (type 2). This instant is marked by

a cross on the curve in Figure 4.36 and corresponds to an azimuth angle of

ψ = 177◦. The increase in incidence causes an increase in loading on the blade,

most visible on the leading edge. The local minima in CM marked by point B

in Figure 4.35 could be associated with the increase in CN which corresponds

to an increase in incidence from α = 5.8◦ to α = 6.2◦. Referring to Figure

4.34 this would be in the range where the slope of the CM curve changes sign.

The encounter with the vortex does in this case not cause a collapse of the

suction peak as was seen on blade 1. As the blade passes the vortex and

experiences a decrease in incidence the moment decreases momentarily before

increasing drastically reaching a maximum at point C. A change in the moment

coefficient of 0.014 would from the quasi static consideration correspond to a

decrease in incidence of approximately 5◦. However, this does not correspond

to the magnitudes of the normal and tangential force responses. It is likely

that this large increase in the moment is caused by an increase in suction on

the pressure side associated with the interaction with the vortex shed from

the tower. This is followed by a rapid decrease in the moment as the vortex

convects past the trailing edge, which at point D causes a small wiggle in the

moment curve as is visible in Figure 4.37. As the blade incidence increases,

the moment recovers steadily to the freestream level. Event E could as for

blade 1 be associated with the shedding of bound vorticity.

Comparison With Experiment

As noted previously, the variation between consecutive passages in the com-

puted blade responses was very limited, which indicates that the tower vortex

shedding frequency coincided with the blade passage frequency. However, if

one turns to the experimental results, this phenomenon cannot be observed.

In fact, it is evident that the response of the blade varies greatly over the

course of the measurement campaign. Figure 4.39 shows the blade normal

force coefficients as a function of azimuth at the five stations along the blade

compared to the experimental results. The experimental data set consists of

35 consecutive revolutions that are all plotted together with the azimuthal av-

erage. Due to the lack of variation of the response in the computations it was

not meaningful to compute the averaged forces of the simulations. Instead,

the responses characteristic of the two blades are plotted individually.

Firstly, it is evident that the freestream level of the normal force is in

reasonably good agreement with the experiment. The agreement in the Cn
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Figure 4.37: Surface pressure coefficients on blade 1 at 80% span corresponding to tower
passage 3.
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Figure 4.38: Surface pressure coefficients on blade 2 at 80% span corresponding to tower
passage 3.

level is best on the middle sections of the blade where the flow is mostly two-

dimensional, whereas on the inner and outer parts of the blade where three-

dimensional effects are dominant, the agreement is slightly poorer. Looking

at the three middle sections of the blade, the responses in the tower shadow

region all fall within the experimental spread, although the large influence of
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the tower top observed in the computations is not present in the experiment.
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Figure 4.39: Comparison of computed and experimental normal force coefficients for the
downwind configuration for a wind speed of 6.7 m/s.
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As it was shown in the previous section, the exact response of the blade as

it travels through the tower wake is strongly dependent on the specific state

of the wake. To analyse the accuracy of the computations further and to

investigate whether the computations capture the same type of effects as it

was seen in the experiment, interaction events similar to the ones observed

in the computations were therefore identified from the experimental results.

Generally, it was found that a greater proportion of the blade responses in the

experiment were of the same nature as the blade 2 type response, whereas the

blade 1 type response was more rare. Figure 4.40 and 4.41 show a comparison

of the CN , CT and CM1/4 curves for two such events for the 80% section; one

for blade 1 and another for blade 2. As it can be seen the comparison for the

blade 2 type response is the most favourable of the two, where the agreement is

very good in all three curves. The BWI event characterised by a sharp increase

in CN followed by a decrease and a slow recovery, does in the experiment also

produce a strong nose up moment which has a maximum at the point where the

CN curve reaches its minimum. It also seems that the subsequent recovery

as the blade exits the wake is in good agreement. As it was concluded in

the previous section, the moment response is very sensitive to local changes

in pressure on the blade section. The fact that isolated passages from the

experiment are in such good agreement with the computations clearly suggests

that the simulations capture the detailed physics underlying the interaction

between the rotor and the tower wake very accurately.

Although the agreement in the blade 1 event is not as striking, it is how-

ever evident that the nature of the responses are similar. A BWI event char-

acterised by a decrease in CN followed a fairly smooth increase with no sharp

peaks does in the experiment also produce a nose down moment which has

a minimum at the point where the CN curve reaches its minimum. Again

this supports the argument that the numerical solution is indeed capable of

capturing the key features of the BWI of a downwind turbine.

Lastly, the local flow angles at the 84% span section extracted from the

computations were compared to the experimental results. Figure 4.42 shows

the entire experimental data spread and the azimuth average compared to the

computed values. As it can be seen the computed values lie approximately 1◦

above the experiment in freestream conditions. It is likely that this is caused

by the fact that the method used to extract flow velocities in the computations

uses the cell center value of the cell enclosing the probe point. Since the flow

gradients are very high in the rotor plane, it is likely that a small difference in
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Figure 4.40: Normal force, tangential force
and moment coefficients on blade 1 at 80%
span. Comparison of computations and ex-
periment for a single tower passage.
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Figure 4.41: Normal force, tangential force
and moment coefficients on blade 2 at 80%
span. Comparison of computations and ex-
periment for a single tower passage.

the location of the probe could be the root of the difference in the freestream

flow angles.

Figures 4.43 and 4.44 show a comparison of the LFAs for a single tower pas-

sage corresponding to the passages shown in Figures 4.40 and 4.41. Although

the exact behaviour of the LFA is not the same in experiment and compu-

tation, the LFA for blade 1 in both experiment and computation reaches a

minimum at the point where the normal force has its minimum. Additionally,

the reduction in flow angle is comparable of about 5◦. The LFA for the blade

2 event is not in as good agreement, although the qualitative behaviour is the

same. As it was found in the computations, the experimental results show

that an increase in CN is associated with an increase in LFA. The subsequent
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Figure 4.42: Local flow angles at 84% span for the downwind configuration for a wind speed
of 6.7 m/s.

reduction of the LFA is, however, much greater in the computations.
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Figure 4.43: Local flow angles on blade 1 at
84% span. Comparison of computations and
experiment for a single tower passage.
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Figure 4.44: Local flow angles on blade 2 at
84% span. Comparison of computations and
experiment for a single tower passage.

4.7.4 Tower Response

As it has already been pointed out, it seemed that the responses of both

blades to the BWI entered a periodic state. Secondly, there was very little

variation of the blade response along the span of the rotor. This suggests

that the shedding frequency of the tower was in phase with the blade passage

frequency and that the shedding was correlated along the span of the tower.

However, in the computation of an isolated tower presented in Section 4.6, the

shedding frequency was found to be 4.1Hz, which is not equal to or a multiple

of the rotational frequency of 1.2 Hz (1P). Secondly, the shedding from the

isolated tower was highly oblique, causing a phase difference in the shedding
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along the span.
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Figure 4.45: Time history of the side force coefficient for a wind speed of 6.7 m/s at (i) the
equivalent heights of the five rotor stations and (ii) at various heights on the tower below
the rotor disc. Blade passages take place every half revolution.

This indicates that the tower shedding was modified strongly by of the

presence of the rotor. Indeed, this is illustrated in Figure 4.45 where the side

force on the tower is plotted at the same vertical positions as the blade pressure

tap positions as well as at three lower stations on the tower. The shedding

pattern within the rotor radius is strongly affected by the blade passages which

cause the shedding to become irregular and asymmetric. Additionally, the

vortex shedding is clearly periodic with three shedding periods per revolution.

As it can be seen, the shedding is strongly correlated along the span of the

tower. The shedding strength is amplified significantly which appear to be

strongest on one side of the tower with peak amplitudes of up to 0.24. The

blade passage also has a strong effect outside the rotor disc as it can be seen

in Figure 4.45 (ii) where the side force at y=6.192 m (1 m below the rotor) is

still driven by the blade passage frequency. On the lower part of the tower,

however, the shedding frequency is higher at 4.1 Hz, equal to that found on the

isolated tower. The rotor thus causes a 12% shift of the shedding frequency on

the part of the tower within the rotor disc compared to the shedding frequency

on the lower part. As was previously pointed out, this change gives rise to a

dislocation of the vortex street as shown in Figures 4.20 and 4.21.

Figure 4.46 shows the frequency content of the side force on the tower, with

peaks at approximately 2.4 Hz (2P relative to the rotational frequency) and

4.8 Hz (4P) as well as the two vortex shedding frequencies at approximately

3.6 Hz (3P) and 4.1 Hz. The accuracy of the power spectrum, however, is

quite low since the time series is too short to resolve the frequencies any finer

than 0.244 Hz.

128



Chapter 4 Rotor-Tower Computation

1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6

Frequency

Frequency content of CX

10.63m
9.83m
9.02m

8.17m
7.41m
6.19m

4.19m
2.19m

Figure 4.46: Frequency content of the side force on the tower at all vertical stations.

4.7.5 Discussion

The results of the current investigation show that not only does the tower

wake have a strong effect on the local aerodynamic coefficients on the blade,

the rotor also influences the vortex shedding from the tower. The complex

interaction between the rotor and the tower appears to be governed by a

number of factors, which are inherent to the exact state of the flow.

The aerodynamic response of the blade as it travels through the tower

wake could be considered as a superposition of two separate types of effects,

one being the dynamic response of the blade to changes in the axial velocity

associated with the mean wake deficit, and the other being the blade response

to the unsteady interaction with the shed vortices from the tower which in-

duce considerable local changes in both axial and tangential velocity. The net

effect of this cannot, however, be viewed as an effective change in incidence

because the incidence will not be constant along the chord of the blade as it

travels through the wake. The three-dimensionality of the flow over the blade

adds further complexity to the interation of the blade and the wake which is

particularly significant in the root sections of the blade. The complexity of

the problem of blade wake interaction is therefore considerable, due to the

complex interaction between these effects. The fact that the nature of BWI

is highly complex was clearly evident in the quarter chord pitching moment

response which was shown to relate critically to the interaction of the blade

with the shed vortices from the tower and did not follow the trend of the local

flow angles.
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On blade 1 the recovery of the normal and tangential forces was very slow

on the inner parts of the blade (Figure 4.26) compared to the recovery on the

outer sections. This differed from the behaviour of the blade 2 responses which

were similar along the span of the blade. Part of the explanation for this could

be that the inner part of the blade was affected by the highly three-dimensional

flow produced at the top of the tower. The downward velocities and streamwise

vorticity downstream of the tower top could be the main contributors to this

response. The neglect of the nacelle in the computations makes it difficult to

speculate whether this result is purely an artifact of the tip shape of the tower,

or whether similar effects would exist had the nacelle been modelled.

The dynamic response of a blade in an unsteady flow is commonly associ-

ated with the so-called reduced frequency k = cω
2Urel

, where c is the local chord

length, ω is some characteristic frequency, and Urel is the relative velocity seen

by the blade. In the case of blade wake interaction, the characteristic frequency

will be proportional to the time spent in the unsteady wake of a given span

section. Using the local flow angles presented in Section 4.7.3 to determine the

time spent in the wake the following was derived (note that this also has to

take into account that the local blade section has a finite length, which means

that the root sections of the blade will subtend a larger azimuthal range than

the outer sections, increasing the effective time spent in wake conditions): at

the 34% section the time spent in the wake was 0.22 s assuming that the wake

effect subtended 95◦ azimuth, resulting in a characteristic frequency ω = 4.6

s−1. At the 84% section the wake effect subtended 32◦ azimuth such that

the time spent in the wake was 0.0.073 s, yielding a characteristic frequency

ω = 17.29 s−1. This results in a reduced frequency k = 0.123 on the inner

part of the blade and k = 0.100 on the outer part. Although the relative blade

velocities vary significantly along the span, the effective reduced frequency is

fairly constant since the velocities are balanced by the time scales associated

with the BWI, which increase towards the root. This would suggest that -

for the present wind turbine - unsteady effects such as phase-shifts and time

delays in the blade response associated with BWI should not vary significantly

along the span of the blade. Indeed, it was found in Section 4.7.3 that the

normal and tangential forces on the blade generally followed the behaviour of

the local flow angle quite closely without any significant phase-lag.

Common to both blade responses was that the normal and tangential force

increased steadily from 0◦ azimuth to 180◦ azimuth. Equivalently, the loading

decreased slightly thoughout the second half of the revolution and reached a
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minimum at 0◦ azimuth. This could be caused by the bottom wall boundary

which was likely to give rise to a blockage of the flow resulting in a slight

increase in axial velocity.

The tower wake development is in turn equally dependent on the rotor

loading and blade passage frequency. The loading of the rotor dictates the

axial induction which induces periodic changes in the axial and tangential

velocities upstream of the rotor and hence modifies the shedding frequency,

phasing and pattern from the tower. It can be seen in Figure 4.21 that the

vortex tubes convect at different velocities along the span of the tower. The

vortex shedding is strongly oblique in the region near the edge of the rotor

disc. Two mechanisms appear to be at play: one being the difference in axial

velocity caused by the rotor induction, and the other the interaction between

the tower vortex street with the blade tip vortex, which seems to cause a

roll-up and stretching of the tower vortex street. A second mechanism which

further influences the phasing and pattern of the shedding is the blade vortex

interaction due to the partial disintegration of the interacting vortices. The

combination of these effects does, in the present case, lead to a phenomenon

which has so far not been associated with wind turbine flows. This will be

discussed shortly. Downstream of the turbine, the wake of the rotor and the

tower also interact strongly. As was shown in Figure 4.21 the rotor tip vortices

appear to cause a roll-up of the tower vortex street around the tip vortices.

Additionally, it was, as shown in Figure 4.25, observed that the rotation of

the rotor wake gives rise to a skewing of the tower wake to one side causing

the rotor and tower wakes to interact in the far wake.

The distinct lack of variation in the blade response and the strong correla-

tion of the tower wake naturally leads one to ask what caused this behaviour.

From other aerodynamic applications, most notably the extensive body of

work on forced vibration and vortex induced vibration of circular cylinders, it

is well-known that vortex shedding from a cylinder can be altered significantly

if the structure is subjected to periodic vibration with a forcing frequency that

is close to the shedding frequency. The forcing can cause the spanwise corre-

lation of the wake to increase and the frequency and phase of the shedding to

be altered. Secondly, it can cause an increase of the shedding strength and

mean drag on the cylinder. When the natural frequency of the system and the

shedding frequency are sufficiently close to each other, the shedding frequency

can become synchronised with the forcing frequency. This phenomenon is

known as lock-in. Lock-in can also occur if the two frequencies are multiples
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of each other, although the strength of the above mentioned effects become

less pronounced. Depending on the amplitude of the forcing, the shift of the

shedding frequency can be as much as 40%. A detailed review of this subject

is given by Blevins [9].

The effect of the downstream rotor on the tower response clearly bears

strong resemblances to the characteristics of vortex lock-in as described above.

The lock-in of the shedding frequency on the blade passage frequency explains

the periodicity and spanwise correlation of the blade responses. As discussed

above, lock-in can occur when the shedding frequency is close to or a multiple

of the forcing frequency, which in the present case was 3P. It is likely that

lock-in could take place at a range of different wind speeds (or tip speeds),

where the natural shedding frequency is close to a multiple of the rotational

frequency. It seems likely that the rotor can modify the wake structure also

when the turbine operates outside the range of lock-in although the effect will

not be as strong as in the lock-in regime. To substantiate the above arguments,

however, further investigations are necessary since at this stage, computations

have only been carried out at an inflow velocity of 6.7 m/s.

As shown in Figures 4.26 and 4.27 it does appear as if the blade responses

slowly change from passage to passage; a peak starts to appear as blade 1

exits the tower wake, and similarly, the peak of blade 2 becomes smaller. This

suggests that the tower shedding frequency is slightly different from the blade

frequency, causing a very low frequency change in the blade response, which

could cause the flow to break up and settle into a new lock-in equilibrium. This

is again also a characteristic of lock-in phenomena, where very low frequency

oscillations have been observed. However, due to the high computational cost,

it has not been possible to run the present simulation long enough to establish

whether this also occurs in the rotor-tower flow.

Since there is no data available on the tower forces in the NASA Ames

experiment, it is not possible to verify whether something similar to this phe-

nomenon also occurred in the experiment. However, from an examination of

the blade force responses it was not possible to identify strong periodicity at

any of the wind speeds. Likewise, correlation of the blade responses in the

spanwise direction were not as strong as in the computations, indicating that

the cellular shedding structures were smaller in the experiment than it was

found in the computations. One factor which could partly explain the lack of

wake correlation and that lock-in was not observed could be that the tower

operates in the critical Reynolds number regime where the wake of the tower
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is highly disorganised due to the transition of the flow in the separation region

on the cylinder. As discussed in Section 4.6, the present computation does not

take transitional effects into account, which means that the highly unsteady

flow characteristics in this regime are not modelled. In future experiments it

would be advisable to either trip the flow or increase the tower diameter to

make the flow more deterministic.

This clearly raises the question whether these findings are purely an artifact

of the numerical model or whether indeed this could occur in real-life condi-

tions. As it has already been discussed in Section 4.6, it is well-known that

the use of Reynolds averaging has a tendency to cause structures in the flow to

be artificially two-dimensional with large correlation lengths. All structures of

small scales in the flow are modelled using an appropriate turbulence model,

which particularly for massively separated flows is not always very accurate.

LES or hybrid LES models, on the other hand, are capable of reproducing a

flow field with three-dimensionally resolved turbulent quantities, which have

been shown to predict separated flows more realistically. It is therefore worth

investigating whether a more accurate modelling of the small length and time

scales of the flow could have an effect on the lock-in phenomenon identified in

this work.

The present computations were conducted under very controlled conditions

with no background turbulence and a very thin ground shear layer which does

not represent realistic atmospheric conditions. An obvious question would be

what effect shear and background turbulence have on the vortex shedding on

the tower. One might speculate that these factors could cause the vortex lock-

in phenomenon to occur less frequently, since are likely to reduce the spanwise

correlation lengths of the vortex shedding.

Another important parameter, which has not been discussed so far, is the

blade tower clearance. Its importance is clearly visible in Figures 4.23 and 4.24,

where it can be seen that the blade passes through the wake in the region where

the shed tower wake vortices are detaching alternately. As such the blade only

encounters a single vortex. Had the clearance been slightly smaller, the blade

would have passed though the wake in the vortex formation region, which

would most likely had resulted in a significantly different characteristics of the

interaction, where it would feel the influence of both the detaching and the

developing vortex. A smaller clearance would also be likely to increase the

likelyhood of lock-in phenomena to occur, since the disruption of the vortex

formation would be much greater. A further investigation of this parameter is
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clearly necessary both with respect to its infuence on the blade response and

the tower response.

One of the major concerns related to downwind turbines is the high lev-

els of low frequency noise (typically in the range of 20-100 Hz) observed to

occur occasionally, which cause considerable nuisance to nearby inhabitants.

It is generally agreed that these so-called thumping noises are related to the

unsteady interaction between the blades and the unsteady wake behind the

tower ([30], [35], and [56]). The large variation in the field measurements in-

dicate that the phenomenon is critically dependent on the exact nature of the

interaction.

As is evident from the present results as well as the UAE experiment, the

highest fluctuations in the blade loading occurred when the blade experienced

a direct encounter with a vortex of positive vorticity (type 2). As it is well-

known, large fluctuations in the pressure distribution on the blade will cause

high sound pressure levels, which leads to the conclusion that BVI events are

the main contributors to the occasional high levels of low frequent noise.

In field tests of downwind turbines it was found that under certain flow

conditions, and more generally during night time, the noise would increase. It

seems likely that these events took place in conditions where the shedding fre-

quency coincided with the blade passage frequency making BVI events more

frequent. The present results indicate that the rotor causes a spanwise corre-

lation of the vortex shedding to take place. This fact would certainly worsen

the effect of a BVI event, because the entire blade would be affected causing

the gross pressure fluctuations to be stronger. The additional finding that

lock-in could take place on a downwind turbine would cause an increase in

the likelyhood of BVI events to occur, as well as increasing the severity of the

interaction due to the increase of the vortex intensity. It is thus hypothesised

that the present new finding could play a significant role in the understanding

of the acoustic signature of a downwind turbine and should be investigated

further both by computational and experimental means.

4.7.6 Computational Cost

In Section 3.6 the parallel performance of the overset solver was evaluated for

a multibody moving grid problem on a fairly coarse grid. For that particular

problem, it was found that the connectivity routines only occupied approxi-

mately 3% of the total processor time, whereas the exchange and interpolation

of flow field information occupied approximately 25%.
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The present computation was carried out on a much finer grid, which

considerably increased the work load for the connectivity routine. Table 4.1

shows the computational time per iteration for the two main overset routines

and the total computational time. As it can be seen the overset routines

occupy approximately 50% of the total computational time, which is far in

excess of what was seen in the spheroid problem. As it can be seen, this is

mainly due to the high cost associated with the connectivity routine. The

solver is seen to scale very well when increasing the number of processors

from 45 to 67. The fact that the Copy3DOG routine appears to exhibit super

scaling is purely related to the distribution of blocks on the processors, which

cause large imbalances between the nodes, which will vary according to the

number of processors used.

Procs Copy3DOG % time ConnectOG % time Total

45 30.5 23.5 41.6 32.0 129.8
67 11.5 13.9 23.6 28.6 82.5

Table 4.1: Computational cost (wall-clock time) per iteration of the rotor-tower problem.

Figure 4.47 shows the computational cost of the two overset routines for

each processor. The blocking nature of the communication used in the Con-

nectOG routine is clearly visible, since the computational time does not reflect

the number of fringe cells on each node as it is seen for the Copy3DOG rou-

tine. In the present problem, all body fitted grids were distributed on the first

processors, which are the nodes with the lowest load. The processors holding

the Cartesian background block groups are subjected to a much higher work

load. The large load imbalance introduced by using overset grids is clearly

the main issue that needs to be addressed to make the overset solver more

efficient.

The strategy of using Cartesian background grids to resolve the farfield

hold many advantages such as being less dissipative so that flow features such

as tip and root vortices are maintained for longer. Additionally, changes made

to the curvilinear grids can be carried out without affecting the background

grids in any way. Parametric studies of different rotor configurations can thus

easily be carried out using the same basic mesh layout and only changing the

rotor mesh. However, as discussed in Section 3.6, for such a solution strategy

to be viable a more efficient solution method dedicated to Cartesian grids must

be implemented to reduce the overall computational cost associated with the

overset grid method.
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Figure 4.47: Individual processor time per iteration for the ConnectOG and Copy3D routines
for the 45 and 67 processors, respectively.

4.8 Conclusions

In this chapter simulations of flow over firstly an isolated rotor, secondly over

an isolated tower, and finally over a combined rotor and tower configuration

have been presented. For all computations the overset grid version of the

EllipSys3D code was used, and it was shown in Section 4.5 to produce results

that were in very good agreement with both the non-overset version of the

code and experimental results. With the computations on the isolated tower

it was demonstrated that the flow downstream of the tower developed into the

well-known street of alternately shed vortices and was highly three-dimensional

with considerable stretching of the vortex street due to the effects of the ground

boundary and free end.

Finally, the computations carried out on the combined rotor and tower

configuration showed that the EllipSys3D solver combined with the newly im-

plemented overset grid method is fully capable of capturing the unsteady inter-

action between the rotor and tower on a downwind turbine. It was shown that

the computations were in excellent agreement with the experimental results

capturing the key features of the flow that characterise the unsteady inter-

action. The blade-wake interaction on a downwind turbine is characterised

by large fluctuations in the normal and tangential forces of up to approxi-

mately 40% of the freestream level. The normal and tangential forces are

largely dependent on the local flow angle, and it was found that unsteady and

three-dimensional effects play a significant role in the response of the blades.

The pressure distribution was during a BWI event characterised by a large

reduction in (and in some cases, a complete collapse of) the suction peak on

the blade. Interaction with the shed vortices caused significant changes in the
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pressure distribution on both pressure and suction side. Consequently, it was

found that the quarter chord pitching moment varied significantly in nature

according to the type of BVI event with up to 30% changes in the moment

acting on the blade.

The rotor exerted a significant influence on the tower shedding, affecting

shedding frequency, phasing and spanwise correlation of the wake. It was found

that the tower shedding settled into a state of lock-in, which was driven by the

blade passage frequency. Since only one wind speed was investigated, it was

not possible to confirm whether this interesting phenomenon persisted at other

wind speeds. However, these findings do, in the opinion of the author, warrant

further investigation of the nature of the tower response on downwind turbines

to gain further understanding of the complexities of rotor-tower interaction.

The large degree of correlation of the wake suggests that a different mod-

elling of the turbulence could be necessary. The Reynolds averaged formula-

tion used in the solver is believed to be the root of this lack of break up of the

wake. Techniques such as Detached Eddy Simulation or hybrid RANS/LES

are likely to be more appropriate for the current type of flow and would pro-

duce a flow field with larger variation in the scales of flow structures.
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In this thesis the aerodynamics of wind turbines has been studied using the in-

compressible Reynolds-averaged Navier-Stokes flow solver EllipSys3D [42, 43,

59]. Previously, it was only possible to model the isolated rotor, thus neglect-

ing the effect of the tower. The aim of the present study has therefore been

to extend the capabilities of the solver to allow for the modelling of the entire

wind turbine, and secondly to show that the solver is capable of simulating the

unsteady interaction between the rotor and the tower on a downwind turbine.

This required the implementation of a method to handle the relative move-

ment between the rotor and tower. It was found that the overset grid method

had the largest flexibility for the problem at hand, since it makes it possible

to decompose the solution domain into a number of simpler grids that are

allowed to overlap arbitrarily and move independently relative to each other.

Implementation of the overset grid method in an incompressible pressure-

based flow solver requires a number of additions to be made, which were

described thoroughly in Chapter 2. Although the overset grid method makes

it possible to use existing solution algorithms, the fundamental difference be-

tween an overset grid approach and a standard multiblock approach lies in the

fact that the overset grid approach is not conservative. The coupling of the

individual overset grid groups requires the specification of appropriate bound-

ary conditions on the internal overset boundaries. This is achieved through

non-conservative interpolation of the velocity field resulting in a Dirichlet con-

dition on the velocities. It must be emphasised that no direct interpolation of

the pressure is possible because this would result in an ill-posed problem. As

such, the pressure is driven by the fluxes (which are based on the interpolated

velocities) effectively resulting in a Neumann condition on the pressure. To

satisfy the integral continuity constraint inherent to the incompressible Navier-

Stokes equations, a correction of the overset grid boundary fluxes is necessary.
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This correction ensures that the solution converges to machine accuracy in all

interior cells, with a finite conservation error along the overset boundaries.

An overset grid system typically consists of curvilinear grids fitted around

solid bodies, combined with several Cartesian background grids to cover the

rest of the solution domain. To increase the flexibility of the method, cells in

the background grids are blanked to accomodate the solid bodies and allow

these to move freely in the domain. The identification of unwanted cells is

carried out using the boundary ray method [50]. For each fringe cell along

the overset boundaries, appropriate donor cells in neighbouring grids must

be identified. This process is referred to as the grid connectivity process. In

EllipSys3D donor cells are located using a combination of an octree based

search algorithm and the so-called stencil jumping technique [5]. This entire

process is carried out in a fully parallelised manner to enable the simulation

of large scale moving body problems where the connectivity information must

be updated at every time step. To speed up this process the so-called n-th

level restart approach is used [3]. All communication is carried out using the

Message Passing Interface (MPI) in a non-blocking manner to minimise the

latency associated with the communication.

Through a number of validation problems it was in Chapter 3 shown that

the solution on overset grids was in good agreement with equivalent non-

overset solutions and experimental results. The formal spatial and temporal

order of accuracy of the solver was found not to be degraded when using overset

grids. The size of the necessary overlap between overset grids was investigated

and it was shown that in principle this overlap can be as small as one cell,

although a larger overlap will decrease the conservation error associated with

the non-conservative specification of boundary conditions.

An evaluation of the parallel performance of the code was also carried

out, which showed that the code scales reasonably well on multiple processors.

The nature of the overset grid method makes it difficult to achieve good load

balancing on multiple processors; indeed it was found that this problem was

the main cause for the lack of optimal scaling of the solver. The use of a

combination of curvilinear and Cartesian block groups resulted in the proces-

sors holding the Cartesian groups being loaded most, while the body-fitted

curvilinear grids were less loaded. A more optimal distribution of blocks on

the parallel nodes could improve the performance of the overset routine al-

though this could result in a poorer performance of the core solution routines.
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Another method for improving the efficiency of the overset solver would be

to have a dedicated solver for the Cartesian far-field grids which could take

advantage of their simple topology.

It was in Chapter 4 shown that the overset grid version of EllipSys3D

is fully capable of simulating the flow over wind turbines. This was demon-

strated by firstly computing the flow over the isolated NREL Phase VI rotor.

These results were compared to previously published results carried out using

the EllipSys3D solver and experimental results from the NREL Phase VI Un-

steady Aerodynamics Experiment. Secondly, the flow over an isolated tower

corresponding to that used in the NREL experiment was simulated where the

nature of the unsteady tower wake was investigated. Finally the flow over

the combined rotor-tower configuration was computed, where the rotor, tower

(without nacelle) and ground boundary were modelled. The solver was demon-

strated to be fully capable of capturing the unsteady interaction between the

rotor and the tower and was shown to be in excellent agreement with exper-

imental results. The nature of the tower response is critically dependent on

the state of the wake, strongly affected by the blade interaction with the shed

vortices from the tower. The normal and tangential forces were largely de-

pendent on the local flow angle which fluctuated the most in the root region

during the tower passage. This caused significant fluctuations in the normal

and tangential forces of up to 70% and 40% on the inner and outer parts of

the blade, respectively, relative to freestream level. On the present turbine ge-

ometry it was found that the reduced frequency characterising the blade-wake

interaction did not vary along the span of the blade, reducing the differences

in phasing and hysterisis effects along the span ofthe blade. Indeed, the blade

responses were not found to vary on account of phasing and hysteresis effects,

but rather due to unsteady effects associated with the tower wake. Interaction

with the shed vortices causes significant changes in the pressure distribution

on both pressure and suction side. Most significantly, the pressure distribution

was during a blade-wake interaction event characterised by a large reduction

in (and in some cases, a complete collapse of) the suction peak on the blade.

Consequently, it was found that the quarter chord pitching moment varied

significantly in nature according to the type of blade-vortex interaction event

with up to 30% changes in the moment acting on the blade.

The tower response was modified significantly by the presence of the rotor.

Two factors were identified as the most important: firstly, the induction of the
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rotor caused changes mainly in the axial and tangential velocities upstream of

the rotor giving rise to changes in the shedding frequency and phasing inside

the rotor disc; secondly, the effect of the blades passing through the tower

wake caused an additional significant alteration of the shedding frequency and

phasing due to the desintegration of the interacting vortices during blade-

vortex encounters. In the present simulation this resulted in the shedding

frequency locking in on the blade passage frequency, which resulted in the

blade response becoming periodic. Although it was not possible to identify this

behaviour from the experimental results, it is believed that this phenomenon

should be investigated further.

An further implication of this finding could be a step towards understand-

ing the aero-acoustic phenomena associated with downwind turbines. Indeed,

occurrences of lock-in could explain the increase in noise persisting when the

turbine operated under certain flow conditions. This argument is supported

by the observations that the noise associated with the blade-wake interaction

increased during night time, where it is known that the turbulence intensity

is lower and that the boundary is stable with less shear - which are all factors

that increase the likelyhood of lock-in occuring. It is therefore the opinion of

the author that future acoustic measurements on downwind turbines should

include measurements of the tower forces to estimate the shedding frequencies.

5.1 Outlook

The development of the overset capabilities in EllipSys2D/3D has been ongo-

ing throughout the entire thesis work. Many of the improvements have been

sparked by specific obstacles associated with a certain type of problem. As

such the code is still in its developmental phase, and not fully suited for release

to the EllipSys user group. Although a significant effort has been made to ren-

der the overset solver as user-friendly as possible, there are still a number of

issues particularly related to grid assembly that require some prior knowledge

of the structure and methods in the code which should therefore be improved.

At the present stage it is not possible to overlap surface grids since this re-

quires implementation of a method to handle discrete surface representation

mismatches on curved surfaces. This addition would be a very useful tool for

computations of wind turbine aerodynamics because it would, for example,

allow for an easier way of modelling aerodynamic devices on wings such as

vortex generators and trailing edge devices. Additionally, as it was also dis-
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cussed in the thesis, there are many areas of the code which can be optimised

to reduce the computational cost, in particular the connectivity routines and

the load balancing strategy. In addition to this, possible solvers dedicated to

the Cartesian background grids should also be investigated. The immediate

aim within the overset version of the code is, however, to improve its stability

and user friendliness, such that it can be used widely for the solution of general

problems involving complex geometries and relative grid movement.

The present study of the unsteady interaction between the rotor and the

tower was limited to one case of the NREL unsteady aerodynamics experiment.

Clearly, it is necessary to investigate the rotor-tower interaction at a wide range

of wind speeds both in relation to the characteristics of the blade response and

to the dynamics of the tower wake to obtain a more thorough understanding

of the interaction.

The present computations were made using a rotor-tower configuration

where the nacelle was omitted. A logical step forward would therefore be

to include the nacelle in the simulation. A better understanding of the un-

steady flow around the nacelle could also help to improve the accuracy of the

measurements of wind direction and magnitude made during operation of the

turbine.

The relatively small scale of the NREL Phase VI turbine causes in partic-

ular the tower Reynolds number to be fairly low. As it was clearly evident

from the results, the unsteady response of the blades depends critically on

the flow characteristics in the wake of the tower. Here, parameters such as

wake formation length, vortex intensity, shedding frequency and wake coher-

ence are important parameters which are likely to differ significantly for higher

Reynolds number flows typical for modern wind turbines. Additionally, it is

also necessary to investigate the influence of the blade-tower clearance. It is

likely that the response of the blades would differ quite significantly for differ-

ent clearance lengths, and it could be that some optimum distance relating to

the vortex formation length exists where the fluctuating forces on the blades

reach a minimum.

The effects of the atmospheric boundary layer were not included because

the simulations were set up to mimic the flow conditions in the NASA Ames

wind tunnel where the ground boundary layer was very thin. The characteris-

tics of both the rotor dynamics and the tower wake are likely to be significantly

altered by a velocity shear, which makes inclusion of this effect an important

step towards understanding the aerodynamics of wind turbines operating in
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field conditions.

The findings relating to the tower response and the possibility of lock-in

occurring should in conjunction with the above future tasks also be investi-

gated further. Additionally, the computations made using CFD can be used

as input for engineering aero-acoustic models. It would be interesting to inves-

tigate whether the lock-in phenomena could indeed be part of the explanation

for the high levels of low frequency noise emitted from downwind turbines.
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