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Abstract

Offshore wind turbines are one of the most promising renewable technologies.
Even if it is estimated that they cover only 0.22% of the world energy produc-
tion, they are the renewable technology that is growing more rapidly. Modern
turbine blades are up to 180 m and their upscale makes the design procedure
more and more complex. Thus, numerical simulations play a key role in the
design process, in particular computational fluid dynamics and computational
structural mechanics ones. In wind energy CFD and CSM are strongly coupled
since aerodynamic loads cause considerable blade deformations that can signifi-
cantly change the performance. As a consequence fluid-structure interaction
analysis are fundamental for the design of modern offshore rotors.

Standard industrial methods, such as blade element momentum, are no more
sufficient when dealing with large rotors, since heavy flow detachments and
highly skewed flows are present. In regard to the aerodynamic load prediction,
computational fluid dynamic simulations are preferred and their execution rep-
resents the main motivation of this thesis. The aim of the work is to carry out a
methodology to perform high fidelity computational fluid dynamics simulations
on the DTU 10MW reference wind turbine[11]. The methodology is needed by
the Lehrstuhl fuer Statik (Chair of Structural Analysis) research group, from the
Technical University of Munich, for executing fluid-structure interaction simula-
tions by means of the coupling frame CFD-CSM called Enhanced Multi-Physics
Interface Research Engine (EMPIRE) [48]. The resulting computational model
is capable of obtaining accurate fluid dynamic results that are very similar to
the ones found in literature [11][47][25]. Furthermore the computational costs
with respect to the literature simulations are reduced, since we have much less
number of elements due to the adoption of hybrid grids and wall functions.
The thesis provides every instruction for generating the grid and analyses what

are the proper boundary conditions, the optimum numerical solver algorithms,



the optimum numerical discretization schemes and the proper turbulence model.

Several studies were initially done on the NACA 0012 airfoil profile with
the aim of familiarizing with the software OpenFoam and Pointwise and of
shallowly forecasting what the behaviour of the turbine simulations would be

by using similar settings.

The wind turbine grids were generated with hybrid technique employing
structured mesh in the region closer to the blade and unstructured mesh in
every other region of the domain. A method to avoid high non-orthogonality
and high skewness is proposed. Four grids with different first extruded layer

lengths were obtained.

The selection of the turbulence model was studied by comparing kwSST
and Spalart-Allmaras models performances. Both steady state and transient
simulation were performed on the four grids and results were compared with
the literature ones. kwSST model gives better prediction of power and thrust
and more accurate flow patterns. Spalart-Allmaras model gives results similar

to kwSST ones, is faster in convergence and easier to set-up.

The use of wall functions have been studied employing the four grids. The
difference between direct solution and wall function solution could be studied
since one grid is completely in the viscous layer, two are in the buffer zone and
one is fully in the inertial layer. Spalart-Allmaras model is almost insensitive
to wall functions, thus coarse grids can be correctly employed without any loss
in accuracy. kwSST model is more sensitive when we deal with higher wind

speeds, but the differences are in the order of 1%.

The thesis was mainly carried out at the Statik Department, in the Tech-
nische Universitaet Muenchen under the supervision of Prof. Bletzinger and

Prof. Asinari thanks to the ITALDESIGN-GIUGIARO project.
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Chapter 1

Introduction to Off-Shore Wind
Turbines and to DTU 10MW

1.1 Off-Shore Wind Turbines

1.1.1 General Overview

Climate Agreement of Paris (COP21) subscribed by parties to the United
Nations Framework Convention on Climate Change (UNFCCC) pointed out
the importance to recognize that "climate change represents an urgent and
potentially irreversible threat to human societies and the planet and thus requires
the widest possible cooperation by all countries, and their participation in an
effective and appropriate international response, with a view to accelerating
the reduction of global greenhouse gas emissions' [55]. Being greenhouse gases
mainly emitted by electric energy production [40], governments are incentivizing

the use and research on renewable energies.

There are several ways to analyse the cost-effectiveness of an energy source,
one of the most conventional is the Levelized Cost of Energy (LCOE), a ratio
between the total lifetime costs and the total electricity produced over the
lifetime. Since the latter gives only a partial vision of the economy around an
energy source SIEMENS invented a better parameter that takes into account

the jobs created by the energy source, subsidies, transmission cost, variability
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costs and geopolitical risk called "Society’s Cost of Energy" (SCOE). This one
would be a more appropriate parameter for allowing governments and investors

to understand the benefits of every energy source.

w L 2K | A
S . Employment effects Subsidies i
j A A _
Total costs over lifetime @ m é
LCOE = Electricit ifati | Sodal effects — Transmission Costs
y produced over lifetime @ | g -
\— LCOE
(a) Levelized Cost of Energy|[8] Qe )/ A— .
. / L \
: Environmental / il ."-.m /\f % variability costs
impact ¢ NAW AL
YW
N V ) \

Geopolitical risk impact

(b) Society’s Cost of Energy|Sie]

In order to underline the difference between the two indexes, STIEMENS
makes a comparison between LCOE in 2013 and SCOE in 2025 from the most

used energy sources.

Electricity Source LCOE (AC/MWh) SCOE (AC/MWh)

Nuclear 79 107
Coal 63 110

Gas 60 89
Photovoltaic 145 78
Onshore Wind 81 60
Offshore Wind 140 61

Table 1.1 SIEMENS Study for Various Energy Sources

It is evident that the most cost-effective energy resources are on-shore and
off-shore wind turbines, even if off-shore cost is almost twice on-shore turbines
cost. Indeed, wind turbines are one of the most promising renewable tech-

nologies and their use is in constant expansion since 1993 [36]. It is estimated
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that the 5.6% of the global energy production has to be attributed to wind
plants, increased nearly 11% with respect to 2017. While China and United
States are the countries with the highest total wind power capacity, Denmark,
Ireland, Sweden, Germany and Portugal are respectively the countries with
the highest wind power capacity per capita. Germany is the 2018 top installer,
its capacity has increased 33% relative to 2016 and accounts for 19% of its
total net electricity in 2017. Although the majority of wind power is gathered
with onshore plants (96%) offshore plants are the ones that are increasing more
rapidly. In just one year (2017) total world offshore capacity has increased 30%.
UK has the highest capacity with 6.8GW, followed by Germany (5.4 GW),
China (2.8 GW), Denmark (1.3 GW) and the Netherlands (1.1 GW) [44].

1000

----Solar — -Wind ----Geothermal - - Biomass ——Hydro

/" 20

3

g o0 1 : i

E ’ 12.2
&

400 + / ,/‘ £ 200 87
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P . 4, Al

1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 0
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-
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—
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Year

Fig. 1.2 (a) Renewable Energy Produced 1992-2018[36]; (b) Wind Power Offshore
Global Capacity by Region,2007-2017[44]

Off-shore wind turbines have the advantage of a better wind source, due to
the fact that off-shore wind is less turbulent, has as an average higher speed
and is steadier, and of huge installation space although they are harder to
install and to maintain[9].

Designers and researchers are now focusing in increasing turbine size in order to
increase capacity factors, reduce installation costs and amortise total develop-
ment cost for the same physical area. However the mass of the turbine increases
with the cube of the rotor radius with linear upscaling making the design
procedure more and more challenging [11]. The largest functional offshore wind
turbines are three the Siemens Gamesa SG 8.0-167 DD, MHI Vestas V164-8.0
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MW and Areva 3-bladed 8 MW. Industry and research are making huge efforts
in order to upscale wind turbines up to 10-12MW.

Offshore wind turbines

Boeing 747-8
Length Tm

Vindeby Middelgrunden Nysted Horns Rev 2 Anholt Westermost Rough Burbo Bank Extension

Fig. 1.3 Offshore Wind Turbine Size 1991-2017 [Ors]

At the moment the majority of installed plants are in water depths of < 40
m and < 50 Km from shore. Analysis demonstrated that deep offshore would
open the markets potential in the Atlantic, Mediterranean and deep North Sea
waters drastically decreasing LCOE.

60

'/\ Bubble size
/4 0 50 MW
50
\
£ 40 "'\‘
B ‘
[ 2
L 30 \\
(=)
o .
s
T 50 J(4N J
= 20 ( “ O Permitting
*Q‘K Approved
" Contracted
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Fig. 1.4 Global Offshore Wind Projects as a Function of Water Depth and Distance
to Shore[39]
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Deep offshore design main challenges are foundations. Indeed turbine
foundations have to bear both wind and hydrodynamic loads including axial
force from the turbine support structure and cyclic loads from extreme sea

states that vary in direction, amplitude and frequency.
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1.1.2 Airfoil Aerodynamics Concepts

Wind turbines transform wind kinetic energy into rotor mechanical torque, that
is, in turn, transformed into electrical energy by means of an alternator. Wind
turbines can be divided into two macro-groups: horizontal axis wind turbines
(HAWT) and vertical axis wind turbines (VAWT). The first ones are always
preferred for large systems because they have higher power coefficients and a
mechanical behaviour that is more stable with respect to VAWT [15].

The power that can be harvested by a wind turbine varies with the cube of
the velocity P = pAV?3, where p is the air density, A is the swept area and V
is the air velocity. According to the Betz limit only 59% of the aforementioned
power can be theoretically harnessed. Modern turbines usually reach up to
0.5. In order to fully understand how a wind turbine works, it is necessary to

understand the basic principles behind airfoil.

Decreasing pressure

Increasing pressure

Fig. 1.5 (a) Definition of lift and drag[22]; (b)Explanation of the generation of lift[22]

Lift and Drag Coefficients

The generation of lift is the consequence of airfoil shape. From fluid dynamics

ap _ pV?
or ~— r

where r is the streamline curvature and V' the velocity. Considering the pressure

we know that a pressure gradient is needed to deform the streamlines,
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far from the airfoil as py,¢ there must be a lower pressure on the upper side of
the airfoil and a higher pressure on the lower side of the airfoil. The pressure
gradient generates a force that can can be projected, as in the picture, in two
components: lift(L) and drag(D). In order to have a dimensionless description

of the airfoil characteristics the coefficients C; and C} are used.

The lift coefficient linearly depends on the angle of attack until it becomes
non-linear and reaches the maximum value. The non-linear behaviour is due to
the detachment of the fluid from the airfoil, called stall phenomenon. The drag
coefficient has almost a parabolic dependence on the angle of attack, however
the Cy — () correlation is commonly preferred for defining the airfoil profile.

The two coefficients are mathematically defined as:

L
C)=-——— 1.1
L ke (1)
D
Cd == %p’ljz c (12)

where v, is the far-field wind speed, p is the air density and c is the chord

length. Below two curves obtained from experimental results are showed as

example.
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1t &* f
| 0.02 E
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& of & 0.015f
: | o
0.5 r y 0.01F ! o B‘ B E
2 o
| i 90 FE
3 ? gina
I E\j 0.005 T T T
-1.5 [RE) L
21 ‘ 0545 05 0 05 1 15 2
-20 0 10 20 ’ c
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(a) C; — a Curve - NACA 0012 [NLR| (b) C4 — C; Curve - NACA 0012 [NLR]

Pressure Coefficient
The pressure distribution along the airfoil is very important for load calculation

and it is computed in terms of a dimensionless coefficient called pressure
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coefficient, ¢,. The latter is mathematically defined as:

:p_poo

C
1 .,2
ipvoo

P

(1.3)

If we are dealing with incompressible flows we can express the coefficient also

cp=1- (U)2 (1.4)

Voo

as:

This form shows better that at the stagnation point, where v = 0, the pressure
coefficient is 1. Usually the pressure coefficient is depicted in a graph as function
of chord percentage x/c as can be seen from the experimental results shown

below.

alpha = 10 deg
°F [ [ ]
-5F - T
a Ladson. Re=3 mill, fixed transition
[ v Ladson. Re=9 mill, fixed transition
-4 o Ladson, Re=6 mill, free transition
——— Gregory, Re=3 mill, free transition
-3k
L ¥
- [ o
O -2
1 I
" L p .
oF L,opnof0O0CHOUDG B e}
| o0 °
1F
2 L L L L L L L L L L L L L L L L
0 0.2 0.4 0.6 0.8
x/c

Fig. 1.7 ¢, — x/c Curve - NACA 0012 [NLR|

Airfoil Profiles
During 1980s and early 1990s NACA (National Advisory Committee for Aero-
nautics) airfoil have been extensively used for wind turbine applications. How-
ever computations and experiments showed efficiency lacks due to premature
transitions (Summary of the Delft University Wind Turbine Dedicated Airfoil).
Since a huge amount of experimental data have been acquired, NACA airfoils
are still extensively used for numerical models validations and they are often
used as baseline for optimizing aerodynamics performances (Computations of
Active Flow Control Via Steady Blowing Over a NACA-0018 Airfoil: Implicit
LES and RANS Validated Against Experimental Data). In 1932 NACA estab-

lished standard codes for describing airfoil geometry. The 4 digit series was
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the first and is the simplest standardization. Every digit is expressed as chord
percentage. The first digit is the maximum camber, the second digit is the
position in which the latter is located. The third and fourth digit describe the
maximum thickness of the airfoil. We can clarify the code with an example
considering the NACA 2215. In this case the maximum camber is 0.02 - ¢
located at 0.02 - ¢ with a maximum thickness of 0.15 - ¢, where ¢ is the chord
length. The image below shows some of the NACA 4-digit shapes [NLR].

—_———— e ——. ., e —— —
0006 2208 2306 2406 2506 2606 2706
—_— T e e e T e e o,
0009 2208 2309 2409 2509 2609 2709
———— e e
0012 2212 w2 w2 2512 2612 72
S S a—— - = e
0015 5 23156 2415 2515 615 2715
= < — g Ol o i i
08 2218 2318 2418 2518 2618 e
0021 n 3 241 w4} 2821 mn
—C>_ N
4206 4306 4406 4506 4606 4706
0025 g — e
4209 4309 2409 4509 4609 4709
T T .
4212 4312 T 4512 4612 4712
a4 1 a715
4215 (:‘gi (.—_.t___fk 5 = 4615
4218 4318 T ase 3518 4618 ane
S Gl A TR e VS
4221 4321 4421 4521 wn T am
e, ———— | e,
6206 6306 6406 6506 8606 6706
e SR e SO e S e R e S o 0]
7
6209 609 6409 5_5?; 6609 [ oe_
6212 6312 6412 6512 = 6612 6712

Fig. 1.8 NACA 4-digit Shapes [NLR]

In this thesis the NACA 0012 will be studied. Since the first two digits are
zero, we will deal with a symmetrical airfoil shape.
In three dimensional wings the lift is reduced due to down-wash if compared
to the one computed in a two dimensional profile. If we consider the rotation,
in the separated flow, the momentum is negligible with respect to centrifugal
forces which directs the flow span-wise. The Coriolis forces moves the flow to

the trailing edge, increasing the lift force.
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1.2 DTU 10MW Off-Shore Wind Turbine

In this thesis the aerodynamic characteristics of a DTU 10MW reference
turbine will be studied. The DTU 10MW is an horizontal axis, variable pitch
and variable speed wind turbine developed mainly by Technical University of
Denmark and by Vestas. Its design is based on the enlargement of the NREL
5MW with the relative modifications that must be done for assuring stiffness
and with the aim of maximizing power production. Starting from the NREL

5MW the following constraint were imposed in the design:

rotor radius = 89.166m:;

o minimum relative thickness = 24.1%, since high stiffness is needed for

large rotors;
e twist curvature should not change sign, for simplifying the structure;
o maximum thrust at 11 m/s equal to 1500kN;

maximum chord = 6m.

It is worth to consider that the largest off-shore wind turbine available now
is the AD 8-180 produced by Adwen, that recently installed a prototype in
Bremenhaven (Germany), and has rotor diameter of 180 m with a nominal
power of SMW.

The main data of the DTU 10MW are resumed in this table:
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Parameter Data
Rating 10 MW
Rotor orientation, configuration Upwind, three blades
Control Variable speed, collective pitch
Drivetrain Medium speed, multiple stage gearbox
Rotor, hub diameter 178.3 m, 5.6 m
Cut-in, rated, cut-out wind speed 4 m/s, 11.4 m/s, 25 m/s
Cut-in, rated rotor speed 6 RPM, 9.6 RPM
Rated tip speed 90 m/s
Overhang, shaft tilt, pre-cone 7.07m, 51,251
Pre-bend 3m
Rotor mass 229 tons (each blade 41 tons)
Nacelle mass 446 tons
Tower mass 605 tons

Table 1.2 DTU 10MW Data

As far as the structural design is concerned, the blades are made of glass
fibre reinforced with balsa wood, which is used as a sandwich core material.
The airfoil are of the FFA-W3-xxx family, the root has a cylindrical shape
while in the tip (r/R>99) the airfoil NACA0015 is employed. Two more airfoil
were appositely created by DTU: one has a relative thickness of 48% and was
obtained by scaling a 36% airfoil, the other has a relative thickness of 60% and
was obtained interpolating the one with 48% and the cylinder part.



1.2 DTU 10MW Off-Shore Wind Turbine | 12

—+ r=2.8m +—+ r=23.528m e—e r=45119m — r=89.166m|
3.0 Blaqe sections geometry

1.5

———

0.0

z[m]

-1.5

90 15 00 -15 -3.0
x [m]

Fig. 1.9 Airfoil Profiles at different Blade Heights [25]

In order to improve the aerodynamic performance, wedge shaped Gurney
flaps were added in the spanwise lenghts 36%, 48% and 60% and showed good
results in staedy-state aerodynamic analysis. Gurney flaps were developed for
automotive applications with the aim of improving down-force. They are flat
plates on the order of 1-3% c, perpendicular to the chord, added in the trailing
edge. They are very commonly used in subsonically systems to economically
increase the lift to drag ratio. The Gurney flap should create two contrarotating
vortices at the end of the trailing edge that shift the re-attachment of the suction
side flow close to the trailing edge. Thus we have an improvement in the lift
coefficient since we are increasing the attached flow on the wing. However
Horcas et al. [25], by means of a aeroelestic simulation, demonstated that the
one designed in this turbine caused a reduction of the power coefficient of 1.4%
and an increase in thrust of 0.8%. The ineffectiveness of this device is caused
by the important blade deflections parallel to the rotor axis that are in the
order of the 44% of the blade tip-tower distance(18.26 m). The two pictures
below clearly show what we expected to have and what simulations predict on
the turbine blade[25][27].
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Fig. 1.10 DTU 10MW Gurney Flaps [25]

(a) (b)

Trailing edge

Trailing edge

Fig. 1.11 Expected flow behaviour vs actual flow behaviour [25]

A pre-bend version of the blade was also developed using the deformation
deriving from a wind speed of 5m/s. The pre-bending is made to reduce
the thrust load on the blade. It does not largely affects the rotor’s natural
frequencies but it reduces both thrust and mechanical power. In this thesis

only the "straight" version of the blade will be used.

I .

i— Rotor axis Prebent

| blade

I

2.8 m 3.332m
I-‘ -

I - _ —eeee — — e S —— — - b‘

I 86.336 m

| ~Hub

I

Fig. 1.12 Pre-bent blade [11]
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1.3 Thesis Motivation and objectives

The larger dimensions make the numerical simulation an essential part of
the design procedure since experiments can be done only on reduced scale
models. Computational fluid dynamics and numerical structural analysis play
a fundamental role in the design of these machines. The Blade Element
Momentum (BEM) is extensively used in the design of onshore turbines but its
use is limited in offshore rotors due the presence of highly skewed flows and
significant detachments|25].

The design stages of a wind turbine can be resumed by this flow chart:

Airfoil Choice —,

!

Airfoil Characteristics

Y

[  Aerodynamic Design

Y

Structural Design

!

Aeroelasticity stability &
control tuning

,

Aeroelastic time
simulations: Loads

!

Final Design

Fig. 1.13 Wind Turbine Design Algorithm [11]

The thesis is focused on the aerodynamic design stage and aims in finding
out a methodology to realize high fidelity CFD simulations on the DTU 10MW
reference wind turbine. The methodology is needed by the research group of the
Statik Departement of the Technical University of Munich (TUM), department
in which the thesis was done, in order to carry out fluid-structure interac-
tion simulations by means of the coupling frame CFD-CSM called Enhanced
Multi-Physics Interface Research Engine (EMPIRE) developed at Technical
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University of Munich (TUM) [48]. The ways in which a mesh can be created
with the software Pointwise will be analysed, studying the influence of the cell
size on the results. Two turbulence models, Spalart-Allmaras and kwSST, will
be used and the accuracy and sensitivity of each of them will be compared.
Both steady state and transient simulations will be compared.

In the first part of the thesis several studies will be conducted on the NACA0012
airfoil profile, with the aim of familiarizing with the software Pointwise, Open-
Foam and ParaView and with the purpose of understanding the settings that
will be used in the turbine simulations. First a convergence study will be done
using Nasa Langley Research grids, that provides a database of numerical and
experimental results which will be used for validating our simulations. Then
SIMPLE and SIMPLE-Consistent algorithm will be used, the latter, from the
literature, seems to be faster and more robust. Four different turbulent models
will be tested: Spalart-Allmaras, kwSST, ke and kkw. From the literature,
only Spalart-Allmaras and kwSSTseems to be suitable for this kind of simu-
lation in which high adverse pressure gradients are present. Also divergence
discretization schemes will be compared since they play an important role for
the convergence of the residuals and for the accuracy of the results. Since
we expect to have a large number of elements in the turbine grid also the
effects of wall functions with in-house generated grids will be studied. In the
end the turbine results will be compared with the ones obtained by different
research groups from the Denmark Technical University (DTU), University of
Stuttgart (UoS) and with the Universite de Mons (UMONS). The three groups
made CFD simulations using different software and applying different strategies,

we expect to obtain similar results with the methodology proposed in this thesis.



Chapter 2

Governing Equations

2.1 Navier-Stokes Equations

The mathematical model used for dynamically describe a fluid is based on the
fundamental conservation laws of mass, linear momentum and energy. The
continuity equation implies that, in absence of sources and sinks, the mass

inside an infinitesimal volume is conserved.

dp _8pvi

(2.1)

The momentum equation is the equivalent of Newton’s second dynamic principle

applied to fluids. It was first formulated by Augustin-Louis Cauchy such as:

dpv  Opv-v;  Op O
ot oz, 0w, om "9 (22)

where p is the static pressure, 7 is viscous tensor and pg the gravity force. It is
important to point out that the divergence term is not linear.
In order to obtain Navier-Stokes momentum equation we have to formulate the

stress due to viscous forces as:

8?]2' an 2 87)2»
_ 2, I 9.
T=TH (axj * ax) * (3“ “) (ax) (2:3)

where k is the bulk viscosity and p is the dynamic viscosity. Since we will deal

with incompressible flows the last term is zero. Substituting this term in the
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momentum equation we obtain a partial differential equation, the momentum

Navier-Stokes equation:

0 dpvv; 0 0 dv;  Ov;
E L P [u<v+ UJ)]—I—pg (2.4)

ot or;  Ox; O or;  Ox;

The two equations defined have analytical solutions just in only a few simple
cases and they are really complicated to solve since: they are coupled via the
velocity, the pressure appears in the momentum equation as source term and
does not have a transport equation and, as aforementioned, they present a

non-linearity term[37][49].

2.2 RANS Turbulence Models

When viscous forces are not sufficient to balance inertia forces we have a
turbulent flow. The latter is characterized by a chaotic, time-dependent and
highly diffusive behaviour. The first theory developed to describe this flow was
made by Kolmogorov [30]. According to his theory the energy in turbulent
flows is transmitted to the fluid in vortices structures that are comparable to
the size of the moving body. The energy possessed by this vortices is then
transmitted to smaller size vortices in a "energy cascade" manner. This process
generates a chain in which the original vortex is broken-up into a smaller vortex,
the smaller vortex is broken-up into another smaller vortex and so on, until the
minimum size vortex is reached. After the smallest vortex the viscous forces are
enough to balance the inertia forces. Due to the fact that the smallest vortex
is really small, solving the entire domain in space and time would require the
use of a very high number of cells. This causes a prohibitive computational
cost that usually cannot be handled by industries. To tackle this problem
Reynolds Averaged Navier Stokes Equations have been formulated. The latter
can approximate the results and decrease the mesh size that, consequently,
reduces the computational cost that becomes accessible. Every variable of each
equation describing the flow is split into a time-averaged part and a fluctuating

part:
$la,t) = oz, 1) + ¢/ (x,1) (2.5)
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The term ¢ is usually computed as:

By = [ ol vyt (2.6)

In this way we introduced a new set of unknowns that are usually called

Reynold Stress Tensor g that can be solved using the Bousinnesq hypothesis.

77 N 77
uu uv u w

TR = —pV'v' = —p |uv VY VW (2.7)

r7 ro I
uw tw ww

2.2.1 Boussinesq Hypothesis

The Boussinesq hypothesis assumes that the Reynold stress behaves like New-

tonian fluids viscous stresses. Since we will deal with incompressible flows:

2
— —pkl (2.8)

ou; 0uj
3

TR = —pu'u = +
R P ot <8xj O

Now the problem turned into the computation of the turbulent viscosity
that is differently calculated depending on the turbulence model. There is a
large number of turbulence models based on this hypothesis, the four most
known are the Spalart-Allmaras, the ke, the kw and the kwSST. Between them
only the Spalart-Allmaras and the kwSST are suitable for adverse pressure
gradients [13], the first is very robust for its simplicity and fast convergence
while the second gives more accurate result, in particular in separations zones.
They are also used in other CFD simulations of the DTU 10MW RW'T found
in literature [11] [25] [48], with which our results will be compared. Other
papers [? ] [50] show that the improved version of the model used in this
thesis, such as ke(RNG) and transtion yRey, can reliably work for HAWT
simulations. The use of the kk;w model has been proposed by the author’s

German supervisor, on the base of his experience.
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2.2.2 Spalart-Allmaras Model

The Spalart-Allmaras model is a one-equation model in which the turbulent
viscosity is computed by means of a transport equation. The latter computes
the parameter 7 that is related to the turbulent kinematic viscosity by the
relation expressed in the equation (2.16). The model was created in 1992 and

showed good results with airfoils simulations[53].

ov ov

W i 2 = 1 g5 Jewfa— “ga] (2) 4
It ujaxj—cbl t2)oV Cwl Jw 2 d

K2

RN AN 22 B
2 8xj 8:6]- b2 8:61 a%z

2.2.3 ke Model

The ke model is a two equation model developed by Jones and Launder in 1972
[31]. It is one of the most common model used in computational fluid dynamics
and has been validated many times.

The model aims to find the turbulent viscosity by means of two transport
equations, one for the turbulent kinetic energy and one for the dissipation rate.
The model assumes that the flow is fully turbulent and that the molecular
viscosity is negligible, thus it is not suitable for shear flows but only for free
shear flows.

The turbulent kinetic energy is defined as the kinetic energy produced by the

. oy . ’ —
fluctuating velocities, v = v — v :

b= o (0 + )+ (1)) (2.10)

The turbulent kinetic energy transport equation is defined as:

Opk  Opv;k 0 ( Mt) ok 2 Ov;
- L) iy St 2.11
ot * Oz, Oz, [ 'u+ak Oz, Grt 3" Ox; pet S (211)




2.2 RANS Turbulence Models | 20

The term e represent the turbulent energy dissipation per unit mass due to

viscous stress and is defined as:

Lp|ov; O] ov; O}
B e g 2.12
‘ 2p l@xj + ox; Oz, + ox; ( )

Its transport equation is defined as:

% 8,0uje_8( ut) Je | C1Gre
ot oz, ox, l Yoo | T Tk T

O¢

) (2.13)

GC+C )a%k676+8

3 1 3,RDT p@xj ka €

Solving the two transport equations above we can calculate the turbulent
viscosity as:

k2
Mt = /OOM? (2.14)

2.2.4 kwSST Model

The kw model is a two equation model. It is similar to the ke model but the
e term, the turbulent energy dissipation, has been turned into w, the specific
turbulence dissipation. The first complete model for this category was proposed
by Kolmogorv [30] and was improved by Wilkox in 2006 [59].

The main advantage with respect to the ke is that it can be integrated in the
sub-layer without the need of damping functions. However the main drawback

is that is that it is very sensitive to the free stream specified values.

Standard Wilkox kw Model

The w term is defined as:
€

TGk

The turbulence kinetic energy equation is:

w (2.15)

opk)  dlpusk)
8t 81’]'
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The turbulence specific dissipation rate transport equation is:

Olpw) |, Opvw) 7 p Bpu+
+i Yy pk\ Ow N p0q Ok Ow ’
Oz, a Y w Oz, w Oz; 0z,

kwSST Model

The Shear Stress Transport (SST)formulation combines the advantages from
the ke and from the kw models.

It was developed by Menter in 1993 [34] and is one of the most used turbulence
models. It is identical to the standard kw in the inner 50% boundary layer
and it changes gradually to the standard ke towards the boundary layer edge.
For free shear layer is identical to the ke model. In adverse pressure gradient
boundary layers takes into account the principal turbulent shear stress that
is computed with the Bradshaw’s assumption, so it is proportional to the
turbulent kinetic energy. So it has the advantages of not having any damping

function in the sub layer and to behave well in the free stream.

The turbulence kinetic energy equation is now:

Opk) | 0(pvsk)

. 0 ok
5 o, P— B pwk + —— l(u + Ok fie) ] (2.18)

0:10]- ax]’

The turbulence specific dissipation rate transport equation is modified as:

Opw) | Opvjw) _ 7 p
ot Oz, vy (2.19)
0 Ow P02 Ok Ow '
—Bpu? + —— Rl R, TR o
Bpe+ Ox; [(,u o) axj] +2( v w Ox; 0z,

2.2.5 kkjw Model

The kk;w model is a three equation model based on the kw used for transitional
flow simulations developed by K. Walters and D. Cokljat in 2008 [58]. It tries to
mimic the physics of the phenomena by employing the third equation to predict
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the magnitude of low-frequency velocity fluctuations in the pre-transitional

boundary layer. The transport equations are illustrated here below:

Turbulent kinetic energy equation

8]{?7“ 8k;T 0 ar 61{7T
—4v-— =P, +R —wkp—Dr+— — ) =1 (2.2
ot TV g, = DertReptBnar—wkr=Drt g [H (ok) axj] (220
Laminar kinetic energy
8kL 8kL 0 akL
— -—— =Py, —Rpp— R —Dp+ — |[v— 2.21
ot U g, e T e T Avar — Bt G [” axj] (2.21)

Scale-determining variable w = ¢/kr transport equation

) o) Co
ﬁ—f—v'i:CmiPkT-i- E_1 K(RBP‘f‘RNAT)_Cwaz
ot ox; kr fw kr
S 9 (2.22)
2 VAT ar) 9w
+Cusfuorfv =g Ku+ Uw) axj]
2.3 Wall Functions
Along solid boundaries a no slip boundary conditions is used:
UV = Vwall (223)

As a consequence near the boundaries there are always large gradients and, in
addition, we assist to a reduction of turbulent kinetic energy that becomes
comparable to the viscous stress. Due to these two issues we can adopt two
solutions: reduce the elements size or use wall functions. The first way
obviously increases the computational cost, the second one will be briefly

described in this paragraph.

The wall boundary conditions are defined considering the y* value that is
defined as:
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d,u,
y+ =2 (2.24)
14

where d is the distance normal to the wall, v is the kinematic viscosity, and

u, is the friction velocity defined as:

uy = ¢ 22 (2.25)

where 7, is the wall shear stress.

From those two definitions we can define three sublayers:

e 0 <y" < 5 viscous sublayer
e 5 <yt < 30 buffer sublayer

o 30 <y < 200 inertial sublayer

Measurements and numerical results show that: in the viscous sublayer
turbulent effects are negligible, in the buffer sublayer both viscous and
turbulent effects are considered and in the inertial sublayer viscous effects are
negligible. The transition from one sublayer to another happens around

y*T =11 — 12. In order to understand if we are in the viscous or in the inertial
sublayer we compute the y™ value in the centroid nearest to the wall as:

Cr;/4k/,cl/2

Yo = (di)e (2.26)

Viscous Sublayer

The flow is assumed to be laminar, thus the viscosity is the laminar one and
the shear stress is computed following the laminar model. The main

parameters in the viscous sublayer are computed as:

[V — vy

+_ Pty 2.27

e (2.27)
k

gt = = (2.28)

=Y (2.29)
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wv
where |v — v, is the relative velocity parallel to the wall.
For the first point near the wall the turbulent kinetic energy is set to zero

while the production of turbulent kinetic energy is computed as:

(lve — vuly)?

P p—
: (d1)2

(2.31)

Still in the first point for £ — € and £ — w model we can compute the quantities:

Cupkt;

ov
We = ————— 2.33
© = Cald)? (233)

Inertial Sublayer

The inertial sublayer needs the assumption for the momentum profile: the flow
is modelled as one dimensional Couette flow with zero pressure gradient. The

quantities k, € and w are defined as:

ut = lln(dJr) + B (2.34)
K
1 1
= — — 2.35
v (235)
v
= 2.
€ wd (2.36)
N v
wrh=— 2.37
UJ_HCZJ_\/ 6* ( )

In this case the shear stress is computed using logarithmic wall functions as:

d+
|Tw| = 7—l(1777,u7_~_ (238)
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The production of turbulent kinetic energy is computed assuming that

Vke =0 and 7 = 7¢, thus becoming:

Ur

/i(dJ_)C

For which regards the ke models, in every volume connected to the wall, the €

Py = |7 (2.39)

equation is not solved. The latter is imposed equal to the production of

turbulent kinetic energy.

C3/4 k‘é/ 2
peEc = P. = ¢ec = = 2.40
/i(d J_)C ( )
The same procedure is applied for kw, the w equation is not solved while the
dissipation of turbulence kinetic energy is imposed to be equal to its

production rate.

ki

—¢ (2.41)
RCy/(d 1)

peC:Pk:>wC:

Launder-Spalding Wall Function

The Launder-Spalding boundary condition is an improvement to the
previously seen standard boundary condition. It is valid also in the case of
non-equilibrium local conditions and improves the fact that, near the wall, the
properties inside the volumes vary drastically so it is not so accurate to
evaluate them at the cell centre. Using vk as characteristic turbulent scale

velocity the new production and dissipation terms are found:

oA pCY Ve )

= (d)o)(Xin(dg) + B) llve = vuly] (2.42)
_W<1l (d*)+B> -
o (d)e \k o )
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nutUSpaldingWallFunction - OpenFoam

It is the wall function used for the kinematic turbulent viscosity that is already
implemented in OpenFoam|ope]. It is based on the velocity and it uses
Spalding law to give a continuous nut profile to the wall. The mathematical

formulation is:

1 1
yt=ut + % exp(ru’) — 1 — kut — 0.5(kut)? — é(mﬁ)g (2.44)

where F is the roughness parameter.
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2.4 Multiple Reference Frames

The Multi Reference Frames method is used when we deal with moving and
stationary objects in the same domain and we want to solve the problem as a
steady-state problem[19].

The MRF divides the domain into sub-regions each possessing a certain relative
velocity with respect to the inertial reference frame. In our case we will divide
our domain in the stationary region and in the MRF region that comprehends
the blade and a region of fine cells.

For which regard the stationary region the Navier-Stokes equations are expressed
in terms of absolute velocity and the relative velocity is zero so they are in the
same form seen in chapter 2. The equations for a rotating reference frame for

an incompressible flow are now expressed. Indicating the inertial velocity as:
vl = v+ Qxr (2.45)

where v is the relative velocity, € is the rotational velocity and 7 is the
displacement vector. In the stationary reference frame the Navier-Stokes

equation becomes:

dpv!
L S 2.4
oz 0 (2.46)
dpvl  Opvlv! op 0 vl ovl
L= — ! 2.4
ot | om or, om [\oz, "oz, )| T (2.47)

since v = 0 and Q = 0. If we want to express the equations in the MRF

zone we have to derive equation 9.1 with respect to time:

I R (9]
(Z;:d;+cfitxr+29xvj%+ﬂxﬁxr (2.48)

Substituting into the equation 9.3 and developing the terms we can arrive

to the momentum equation as a function of inertial velocity in the form:

dp 0 [ (81}{ ovl
o

opvft  dQ opvlvl
5 T 83:]- +pg (2.49)

el Qxv!l = —
ot + dt XTt al’l hixw 8331_‘—6371
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while the continuity equation remains equal to the equation 9.2.
This method will be used in every steady state simulation of the wind turbine

imposing a constant angular velocity in the MRF zone.

2.5 Dynamic Mesh

The problem can be solved also by means of dynamic grids. Instead of changing
the reference frame we can impose a rotating motion directly on the grid. In
order to do that we have to rewrite Navier-Stokes equations expressing the
velocity as relative velocity between the absolute velocity of the fluid and the
absolute velocity of the grid:

Op(v — vy,) I Ip(v —vg)(v—wvy);  Op

4 9 O(v —vy); 4 O(v —vy)s 4 '

We have to consider that also the volume is changing in function of time so we

have to formulate the space conservation law:

9
a/Vav—jfén.fugas_o (2.51)

In OpenFoam this method is embedded in the dynamic mesh version of the
PIMPLE algorithm that is called PimpleDyMFoam|ope]. The latter will be

used for every dynamic simulation of the wind turbine.



Chapter 3
Grids Generation

In this chapter the main characteristics of a finite volume grid are presented.
Both the NASA meshes and the Pointwise in-house made meshes are described.
The tetrahedral anisotropic extrusion and the three dimensional extrusion are

presented.

3.1 Main Mesh Parameters

3.1.1 Structured Grids

Structured grids are the easiest kind of meshes and are used for simple geome-
tries where low gradients are present. A mesh is considered structured when
each element has the same number of neighbouring elements and can be defined
by means of indexes, so it can be found incrementing or decrementing the
indexes without knowing the exact position in the space. For 3D geometries it
is common to use 3 indexes 1, j, k oriented as the space axes x,y, z. Structured
meshes do not need additional topological information because it is guaranteed
by the use of indexes, thus reducing the memory required. Furthermore the

resulting matrices have a fixed bandwidth[35].
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3.1.2 Unstructured Grids

Unstructured terms allow to mesh with more flexibility in shape and in con-
centration of elements. They are more complex to create and to use since it
is not possible to link each element with indexes. Each element is numbered
sequentially so the topology has to be written explicitly, thus the memory
usage increases with respect to the structured type. Each element can have a
different number of neighbouring elements. The resulting matrices have not
a fixed bandwidth and a renumbering algorithm, such as the Cuthil-McKee
algorithm[32], is always needed for guaranteeing the efficiency of an iterative

solver.

Fig. 3.1 Hybrid Grid - Structured Quad and Unstructured Tria

3.1.3 Non-Orthogonality

In every mesh that is not structured and orthogonal we can have a certain
amount of non-orthogonality. The latter is defined by the angle formed by the
segment joining two element centroids and the normal to the surface joining
the two surfaces as in the picture. The lower the non-orthogonality the better

is the mesh.
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Fig. 3.2 Non-Orthogonal Elements

Non-orthogonality causes errors in the computation of surface gradients

since n and PN are not collinear

op — ON

l[rp —7nl|

(Vo-n); # (3.1)
For this reason the gradient must be divided in a orthogonal an non-orthogonal

part:

(V@)y-Sp=(Vo)r-e+(Vo)s-t (3.2)

In order to solve this problem various techniques have been developed. The
most efficacious one is the Over Relaxed Approach in which the term (V) - ¢
is computed as:

cosf

(Vo) -t = (Vo) (n———e) s 3.3)

Since this term needs the value of (V¢); - S§ we must apply an iterative
procedure. In OpenFoam the number of iterations is specified in the solvers

parameters and is called nNonOrthogonalCorrectos[24].

3.1.4 Skewness

Due to the fact that some variables have to be computed at the centre of the
face connecting two elements, the skewness is an important parameter that

characterize the mesh quality. The latter is defined as the distance between
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the middle point and the point obtained from the intersection between the
line connecting two centroids and the face. A correction is needed to keep the
discretization method second order accurate and is achieved by means of a

Taylor expansion:

=0y +(Vo)y -dyy (3.4)

Fig. 3.3 Skewness

3.1.5 Aspect Ratio

In OpenFoam the aspect ratio is defined for each element of 2D grids as:

AR = marlas, ay) (3.5)
min(a,, a,)

and for 3D grids as:

1 || + |ay| + |a:]
6 v3

For a good quality mesh the AR should be equal to 1. High AR values could

cause interpolation errors.

AR =

(3.6)

h 7
< /

Fig. 3.4 Aspect Ratio




3.2 Structured C-grid | 33

3.2 Structured C-grid

In order to numerically investigate airfoil aerodynamics two kind of grids are
commonly used: the C-type grid and the O-type grid. Although they can give
both reliable results, C-grids are generally preferred since they are easier to
build and since it is less complicated to increase the number of elements behind
the trailing edge, that is the region in which the grid is more sensitive[33].

The NASA Langley Research Center website provides five 2D C-grids for run-
ning the case[NLR]. Each grid was analysed with the OpenFoam function
checkMesh. The table below shows the main characteristics of them. The mesh
size is constituted by two numbers: the first one indicates the number of grid

points in the airfoil while the second one the number of extrusion layers.

Average Max
Mesh Size # Elements Max Skewness non-Orthogonality non-Orthogonality

113x63 3,584 0.5 15.0° 85.7°
225x65 14,336 0.5 10.2° 77.4°
449x129 57,344 0.3 5.0° 52.4°
897x257 229,376 0.2 1.6° 19.8°
1793x513 917,504 0.2 0.8° 56.9°

Table 3.1 NLRC Meshes

In every mesh the airfoil-upstream and airfoil-downstream distance is 500 - c,
where ¢ is the chord length. This distance is imposed in order to have the
minimum influence on the result on the airfoil from the farfield and outlet
boundary conditions. In order to assure a y* value between 0.1 and 0.2 the

first layer extruded from the airfoil has a thickness of 4 - 1077.
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(a) Nasa LRC C-Grid

3.3 3D Anisotropic Tetrahedral Extrusion

With the purpose of familiarizing with the Pointwise anisotropic tetrahedral
extrusion tool, two c-grids were created. Furthermore we wanted to verify
what is the difference between the solution that does not employ wall functions
(y* < 1) and the one that employs wall functions without incurring int the
buffer layer (y* > 30). For this reason the first layer, in the coarse version of
the mesh, is 1e — 5 while in the fine mesh is 1le — 7.

In Pointwise the anisotropic tetrahedral extrusion, also called T-Rex, is an
advancing layer algorithm that automatically generates resolved hybrid grids.
T-rex starts from a surface triangular or quadrilateral elements and extrudes
in the surface normal direction. It is possible to choose an initial height, the
number of layer that we want to extrude and the growth rate. Vertices advances
forming anisotropic right angle tetrahedra. As the vertices advances off from
the surface, the resulting anisotropic tetrahedra are being checked against a
set of quality criteria, some of which are defined by the user, and can stop

locally if any of this criteria are violated but they are not going to prevent any



3.3 3D Anisotropic Tetrahedral Extrusion | 35

neighbouring elements from continuing to advance. The results are stacks of
non-uniform layers anisotropic tetrahedra being generated which is advanta-
geous for cases where surface cell sizes are going to vary and approaching fronts
collide. At the end this stacks of tetrahedra can be combined to form triangular
prisms, extruded from triangular surface mesh or even unstructured hexahedra
mesh. If advanced from a quadrilateral or quad dominant surface mesh, they
transform into isotropic tetrahedra in the farfield. The main parameters that

can be selected are briefly described:

o Layers

— Max Layers: maximum number of layers that has to be extruded

before reaching isotropy
— Full Layers: number of full layers that have to be extruded. Also

indicates how many normals will protrude from sharp corners.

e Boundary Conditions

Three kind of boundary conditions can be applied on the surfaces:

— Wall: surfaces in which the layer are extruded with a given thickness
As

— Match: changes the grid spacing of a surface that is not undergoing

extrusion but that is adjacent to a t-rex surface

— Adjacent: it is similar to the wall but takes As automatically from

adjacent surfaces.
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¢ Advanced Attributes

— Isotropic Seed Layer: specifies the number of layers of points
that are created in the iso-portion of the volume mesh to improve

resolution in the iso-region between two hexahedra regions.

— Collision Buffer: specifies the minimum buffer to be maintained

between encroaching fronts and it is a factor of the current cell height.

— Aniso-iso blend: rate at which anisotropic elements on the surface
are blended into isotropic elements on the interior of the volume
mesh. Smaller volumes are going to preserve anisotropy of the front
while larger values decrease the distance over which the decimation

and transition occurs.

e Smoothing
It is an iterative algorithm that solves the sharpness in transition between

different size adjacent cells.

After the t-rex extrusion structured and unstructured grids always need a
solver for improving the quality and avoiding the aforementioned problems.

The main options of the Pointwise solver are briefly listed:

e Unstructured Meshing Algorithms: used both for solving and for
generating a grid. Pointwise includes three algorithms that are used

depending on the case needs.
In every algorithm, we can choose to have triangles and triangles and

quads. In our case only Delanuay algorithm has been used.

« Max Edge Growth Rate: specifies how much is the growth rate from

structured to unstructured mesh as ratio of the elements length.



3.3 3D Anisotropic Tetrahedral Extrusion | 37

o Pyramid Settings
Pyramid elements are used for the transition between hexahedral and
tetrahedral elements. The following parameters can be chosen:
— Min. Height
— Max. Height

— Aspect Ratio: we can decide the aspect ratio of the pyramids,
that implies the flatness and sharpness and consequentially the max.

included angle.
— Edge Length

— Boundary Decay: determines how far the dense edge clustering

travels into the interior of the domain.

The main characteristics of the two grids are resumed in the following table:

Mesh Max Average Max

Size Elements Skweness non-Orthogonality non-Orthogonality
Pointwi

OWEWEE 75,259 0.5 4.50° 37.93°
Coarse
Pointwi

OIWISE 7 987 0.8 3.33° 88.97°

Fine

Table 3.2 Pointwise Mesh

The two grids created are shown in the pictures below.
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(a) Pointwise In-House Coarse C-Grid

(a) Pointwise In-House Fine C-Grid



39

3.4 Airfoil Extrusion for 3D Simulations

two dimensional mesh was extruded with the OpenFoam command extrudeMesh.
The latter needs a file in the system folder called extrudeMeshDict. The extru-

sion was done linearly from the front patch and has 50 layers distributed in 10
meters. The expansion ratio was 1, the thickness of each layer is the same as

With the purpose of measuring the difference between 2D and 3D simulations a

3.4 Airfoil Extrusion for 3D Simulations

shown in the picture.
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Fig. 3.8 3D Mesh Extrusion
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3.5 DTU 10MW - In-House Pointwise Grids

With the purpose of finding the right size for having one mesh with y* < 1
and one with y™ > 30 four grids were created with four different first element
lengths. The CFD domain is constituted by one blade without any nacelle at
the base that was removed in order to simplify the meshing procedure and to
see the effects of the removal on the results. The grid is of the hybrid type and
has been obtained with the aforementioned 3d anisotropic tetrahedral extrusion
technique. The extrusion from the blade surface is structured and constituted
by 60 hexahedra layers that become first pyramids and then unstructured
tetrahedra which in turn become gradually isotropic tetrahedra. For the
background mesh one third of a cylinder was token. This part has a finer mesh
in the so called MRF zone, two coarser unstructured blocks in the front and
in the back of the blade and the coarsest mesh block that covers every other

block and extends radially from them.

farfield

outlet
Cyclic 2

Front |MRF Cyclic 1
Blade

Fig. 3.9 DTU 10MW CFD Domain

The domain grids were fully created with the software Pointwise and they
constitute one of the achievements of this thesis. More than one month was
spent for creating the domain grid because it was not possible to use automatic
Pointwise tools since we wanted the full control of every parameter and due

to some problems caused by the blade shape. The main characteristics of the
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grids were computed with the OpenFoam function checkMesh that are reported
in the table below.

First Layer Max Average Non-Ort. Max Max.
Length Elements Non-Ort. Non-Ort. >70° Skewness Aspect Ratio

Pointwise 3.00E-005 6.8E+6 84.786 24.0 3402 2.9 29410.0

Pointwise 3.00E-004 6.0E+6 82.225 24.4 1522 3.1 3291.1

Pointwise 1.00E-003 6.0E+6 81.39 21.8 1317 2.9 995.7

Pointwise 3.00E-005 4.5E+6 85.314 18.9 6502 2.8 382.6
D.T.U. 2.00E-006 11.8E+6 / / / / /
U.o.S. / 13E+6 / / / / /
U.MONS 3.00E-005 7.2E46 / / / / /

Table 3.3 Mesh Characteristics Comparison

The characteristics can be compared with the one obtained by the Denmark
Technical University, the University of Stuttgart and the University of Mons
[11] [25] [48]. The three mesh compared are structured and include one third
of the nacelle. The first two were created with Pointwise while U.MONS used
Autogrid5™ . Thanks to the hybrid technique the grids produced in this thesis
have always a lower number of elements even if the dimensions are the same or
similar. In fact the overall dimensions were taken from the paper published
by the University of Stuttgart [47] that made a sensitivity analysis varying
the grid dimension. Thus, we decided to take as reference length R, the blade
radius, and to use 6R for the cylinder radius, 6 R as distance from the blade
to the front inlet and 9R as distance from the blade to the back outlet. Then,
since we were dealing with an hybrid mesh, we decided to include three finer
mesh blocks: MRF(red in the picture), that extends 0.5R in the front of the
blade, 0.5R in the back of the blade, 1.5R radially and has an average node
spacing of 1.5m; front(green in the picture), the prolongs 0.5R from the MRF
front and has an average node spacing of 4m and back(yellow in the picture)
that extends 2.5R the back of MRF and has an average node spacing of 4m.
The remaining part of the background mesh has an average spacing of 20m.
The size of front and back blocks were taken from Pointwise tutorials while the
spacing of the elements was chosen looking to the quality of the mesh, to the
total number of elements and to horizontal cuts of the domain for seeing the

pressure and velocity fields in order to avoid unexpected spikes.
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The grid creation starts from the blade CAD file that can be freely down-
loaded from the DTU website. The surface mesh has 224 cells in the chord-wise
direction and 100 cells in the span-wise direction. Every spacing was manually

selected in order to assure low skewness and low non-orthogonality:.

Fig. 3.10 Blade Surface Mesh

The surface mesh was then extruded for 60 structured hexaehedra layers
starting from a precise first element length (see table 9.1) with an expansion
ratio of 1.2. This procedure was one of the most critical parts because of the

following issues:

o Sharpness of the Gurney Flap: this problem caused high non-orthogonality
in the extruded elements. We tried to solve this problem by extruding
one by one the cells in this part assigning the proper shape to the extru-
sion line. Although the non-orthogonality decreased we still had some
elements with a non-orthogonality bigger than 89r. Thus we decided

to solve the surface with an orthogonal algorithm and with a very low
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relaxation factor. This procedure rounded a little bit the sharp surfaces

that became extrudable.

Fig. 3.11 Gurney Flap

o Pointwise Non-Orthogonality Measurement: the software is only
capable of measuring the maximum included angle, the skewness and
other parameters possessed by each element but does not measure the
correlation between the neighbouring elements. Thus it is not possible to

measure non-orthogonality and skewness as defined in chapter 5.

o Automatic Extrusion: Pointwise allows to extrude from a surface in
the normal direction with a specific initial length for the first element
and an expansion ratio. However it was not possible to extrude 60 layers
by means of this tool because after a certain number of extruded layers
it stopped since there were elements with negative Jacobian (inverted
elements). The problem was solved by automatically extruding just the
first 30 layers and then proceeding manually. Single lines were created
from the resulting surface that were cut in the chord wise direction in six
parts in order to create horizontal surface grids that were subsequently

jointed by means of vertical connectors. Then horizontal surface grids



3.5 DTU 10MW - In-House Pointwise Grids | 44

were created from two horizontal connectors and two vertical connectors
both in the perpendicular and in the parallel direction. The resulting six

volumes were initialized to form a structured grid.

Tip Problem: as we can see from the figure 9.4 the elements extruded
around the blade are very thin (in order to assure the wanted y™) and
the spacing between the nodes in the chord-wise direction is not as small
as them. For this reason it is not possible to directly extrude in the
vertical direction if we want to avoid significant differences between two

neighbouring elements.

I

Fig. 3.12 Tip of the Extruded Mesh

For this reason the tip of the blade was copied, enlarged and pasted 30m
above the original tip. Then, again using connectors, horizontal surface
grids were created and then a volume mesh was initialized. Then the
airfoil was horizontally extruded and the procedure previously described
for the blade was repeated.
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Fig. 3.13 Tip Extrusion

At the end of this procedure we obtained a structured mesh as in the picture

below.

Fig. 3.14 Structured Blade Mesh Extrusion - 3e-5
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The MRF zone was then created using connectors with an appropriate node
spacing and projecting the resulting unstructured surface grids at the base in

order to have an angle of 120f between them.

Fig. 3.15 MRF Zone

In order to create the unstructured volume mesh the unstructured surface
grid of the MRF and the structured surface grid of the blade extruded has to be
initialized by a Pointwise tool. This tool automatically creates pyramids onto
the structured surface grids and fulfil the volume with tetrahedra respecting
the spacing imposed in the surfaces. The selectable parameters of this tool
are described in chapter 6. However this tool works only if the cells onto the
structured surface have an acceptable aspect ratio. For this reason it was not
possible extruding just 30 layers from the blade surface but it was mandatory
to execute the aforementioned manual extrusion procedure. The two pictures

show the differences between the two aspect ratios obtained.
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Fig. 3.16 Elements aspect ratio before and after the extrusion

This problem was present also in the tip surface that was solved with an

orthogonal algorithm.

Fig. 3.17 Tip Extruded Surface Solved

At the end we obtained an hybrid MRF section that provides enough
accuracy in the structured part and a significant reduction of elements in <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>