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ABSTRACT

Nowadays there is a wide public interest for the exploitatioreéwable
energies sources and energy saving policies, the European Unitearily c
aiming at increasing the production of energy from renewalleces and, at
the same time, promoting among the European citizens anaitémawvoid the
waste of energy.

The development of renewable energies, particularly energy Wwind,
water, solar power and biomass, is a central task of the Euardpe@an's
energy policy. There are several reasons for this orientation:

Renewable energy has an important role to play in reducing Carbon
Dioxide (CQ) emissions, a major European Community objective.
Increasing the share of renewable energy in the energy balance
enhances sustainability.

It also helps to improve the security of energy supply by reduthe
European Community's dependence on imported energy sources, mainly oil and
natural gas.

Renewable energy sources are expected to be economically dompeti
with conventional energy sources in the medium to long term.

Several renewable energy technologies, especially wind yenéayve
achieved a level of maturity which allows them to compete tosthedard
energy sources even without the help of economic incentivesreen g
certificates.

The numerical simulations of the Atmospheric Boundary LayerL{AB
afforded in the present PhD thesis can be seen as part airea general
framework of the Computational Wind Engineering (CWE). The inereds
computational capacities for commonly used PCs and workstationshand t
relatively high and stable price of wind tunnel facilitiasdg nowadays the
wind engineering to a wider usage of computational resourchsrrétan
experimental facilities.




Although the increased importance of the CWE, the wind-tunnel and on-site
activities keep on being complementary and not alternatiw®inputations as
can be stated for most of the engineering branches.

The numerical simulations of the ABL are applied to the evaluaf the
wind loads on structures, pollutants dispersion, the natunafilateon of
buildings, the assessment of the pedestrian comfort in a urbeorenent, the
sails aerodynamics of sails and many other topics.

For instance, CFD computations on given terrains coupled with the
meteorological data are the starting point for a business plan of a wimd fa

Some numerical tools able to predict the Annual Energy Produd&ieR)(
of a wind farm basing their analysis upon empirical retetiare spread in the
wind engineering community. The empirical relations commonly usedhé
computation of the speed-up due to the topography are prone to failser loo
accuracy when dealing with complex terrains.

A terrain can be considered complex when its steepness exceedai@a c
threshold and above this level the empirical relations don'tagiee any
success. In fact, in the flow around steep terrains, hillsrggma bubbles are
very likely to occur and the level of turbulence is supposeoetguite high,
furthermore also unsteady phenomena like shedding of vortices aamn Dhis
kind of flows lead the commonly used empirical models to fail and the
numerical solution of the RANS equations remains therefone amdlysis able
to reproduce the correct behaviour of the flow.

The present thesis focuses on the application of two comrhérdia-
volume CFD codes for the numerical simulations of the ABL fldWe first
one is the more general finite volume solver Fluent and tkendeone,
WindSim, is devoted to wind energy assessment using the genaxd fRAite-
volume solver PHOENICS.

After a description of some topics regarding part of the physfithe ABL
discussed on the Chapter 1, the following Chapter 2 treats thelimgadéithe
ABL with finite volume solvers by integration of the Navigtokes equations
modified for turbulence modelling.




Numerical simulations of the ABL are presented in theofailhg sections:
in Chapter 3 2D simulations while 3D simulations over an fsdlahill
(Askervein hill) are described in the Chapter 4; the tase ®f Askervein has
been chosen since the wide range of anemometric data, eghithering two
experimental campaigns and published in the two reports by Tayidr
Teunissen (1985, 1986), [36] and [37].

A particular attention has been paid on the application of differe
turbulence models. Numerical results have been compared to maa f
Askervein Hill experimental campaign. The RANS equations haea belved
with the ke (standard, RNG and realizable)wkand RSM when the code
Fluent has been used, while only the standazariodel has been used with the
code WindSim when solving the Askervein Hill case.

More advanced techniques as DES and LES have been also pshside
applied on flat terrains flow simulations, using the commeriale Fluent.
This part of the research project has been carried outlaboadhtion with von
Karman Institute for fluid dynamics during the 2005-06 Diploma Course,
therefore the Chapter 5 is a modification of the final refasrthe von Karman
Institute.

The last chapter of the PhD thesis is devoted to the deésnoridta canopy
model implemented in WindSim in order to emulate the flow ovesrested
area. A new canopy model has been proposed, based on the flow through
porous media and the simulations reported in the chapter are tis oéshe
three months training (april-june 2005) in the Vector A.S., Norwag,d the
following and still active collaboration between the author and the develope
the code WindSim.




Chapter 1 THE ATMOSPHERIC BOUNDARY LAYER

1.1 THE ATMOSPHERIC BOUNDARY LAYER (ABL)

The Atmospheric Boundary Layer (ABL), or Planetary Boundary Layer
(PBL), can be described like the “lowest 1-2 km of the atmosptieraegion
most directly influenced by the exchange of momentum, heat, and vagteur
at the earth’s surfaceKaimal and Finnigar(1994) [17].

Stull (1988) [33] instead defines the boundary layer as “that part of the
atmosphere that is directly influenced by the presence of ttiésesurface, and
responds to surface forcings with a timescale of about an houesset. |
Moreover Stull (1988) [33] mentions several forcings perturbing the boundary
layer, i.e. frictional drag, evaporation, heat and pollutants transfer,
modifications of the flow due to topography. Accordingstall (1988) [33] the
ABL depth ranges from one hundred metres to few kilometres, depeoding
the forcings.

As regards the flows and phenomena inside an ABL a typicalsoale is
one hour (as already stated) while typical space scaldsvaiglometres; these
scales are important to be also accounted for when numenualatons have
to be performed.

1.2 VELOCITY VERTICAL PROFILE IN ABL

A neutral ABL, where heat transfer is negligible, can be sidbeti into
several sub-layers, as sketched in Figure 1.1: a canopy d#gehed to the
ground surface, where the obstacles constituting the roughnessslesne
displaced; above the canopy layer there is the surface lalgere the effects of
Coriolis force are still negligible. It is normally considgrextending up to one
tenth of the total height of the ABL; the outer layer of the ABL, or Ekman layer,
which is instead affected by the rotation of the Earth bgnsef the Coriolis
force. A rotation of the wind direction is therefore observeddggally passing




from a crossing-isobars wind in the boundary layer to a paratlehis wind
(Geostrophic wind) in the free atmosphere where frictional eborare
negligible.

The crossing isobars flow and the Geostrophic wind are due t@kiech
of friction, pressure gradient and Coriolis forces, in theaserflayer the only
important forces are friction and pressure gradient tbexef's not observed a
significant variation of horizontal wind direction within it.

Geostrophic wind and wind in the Ekman layer are sketched in Figure 1.2.

A Free atmosphe

Gradient heigt

- 2000m

Heiaht z Im’

~100m -

_ ____'l Canopy

Surface lave layer

e

Figure 1.1 — Subdivision of the ABL (or PBL) intotifier sub-layers.
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. Pressure Gradient Force
1000 mb Pressure Gradient Foree 4 000 mb Real Wind
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1004 mb Geostrop hic Wind 1004 mb Geostrop hic Wind
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H H

Figure 1.2 — Geostrophic wind and wind in the Ekrtegrer.




Theoretical considerations (Tennekes, 1982 [38]) lead to assuene th
boundary layer to have a depth proportional #, where y is the friction
velocity defined in (1.1) and f is the Coriolis parametgWginf, W being the
hearth’s rotational speed ardthe latitude. The ABL height, in the case of
neutral stratification, can be expressed by the (1.2).

"= F (L.1)

= (1.2)

A value of C = 0.25 yields boundary layer heights close to observed
daytime heights.

If Coriolis, friction and pressure gradients are responsibléhfowind flow
in the outer layer and free atmosphere, in the surface layetdhelis force
looses its importance while the roughness of the ground becomemea m
significant parameter, affecting both the velocity profile ahd angle of
incidence of wind at the ground level and the isobars.

The roughness of the terrain influences the depth of the ABlit's
sketched in Figure 1.3, the rougher the terrain and the higher the ABL.

Ve = 25 m/svc 60" LATITUDE

300

Figure 1.3 — different velocity profiles for founks of terrain typologies.




In Figure 1.3 the roughness of the terrain is described by thengtenaz
which is called aerodynamic roughness length, or just roughness lemgtse w
meaning will be introduced in the successive paragraph on similariyythe

1.3 SMILARITY THEORY

1.3.1 Introduction

Similarity theory provides a way to organize and group théabias of
interest in dimensionless groups. This procedure is helpful tbetter
understanding of fluid-dynamics phenomena and provides guidelines fartcorre
scaling in the experimental facilities.

A proper choice of the dimensionless groups should allow to establi
“universal” relationships between the groups, valid in each dondithat can
be represented in graphs, numerical tables or regression curves.

Several kind of similarities approaches have been propadédrature for
the ABL. In this paragraph only few relations are reported hegetith a
similarity theory known also as Monin-Obukhov theory or surfagerla
similarity so called since it is valid in the surface tayeor further information
on similarity theories on the ABL it is suggested to refer to £10B8) [33].

1.3.2 Vertical profiles of velocity

A similarity study can be carried out to describe vektipeofiles of
turbulence statistics in the ABL when fully developed conditiamsl therefore
horizontal homogeneity) are reached. In the surface layer the imeizontal
velocity is commonly described by a log profile in neutral conditidn3). A
neutral condition stands when thermal effects are negligible.

—=r (1.3)

In the equation (1.3) the mean horizontal velocity U is normaltsey the
friction velocity y, defined by (1.1), while the height z is compared to the




roughness lengthyz(the height where the mean velocity would go to zero

according always to (1.3)) atkds the von Karman constant (~0.4).

The typologies of terrain can be classified by their roughresgth z,

according to the classification proposed in the European Wind Atlas [39].

Table 1.1 — Classification of terrains by their ghiness length, partially adapted from
theEuropean Wind Atlas (1989) [39]

class terrains Zp [m]
Muddy terrains, wetlands, icepack 163 10°
Water areas * 3 10+ 0,0002
Il Sand 0,0002 + 0,001
" Airport runway areas, mown grass 0,001 + 0,01
W Farmland/Airports with very few 0.01+ 0,04
trees, buildingsetc.
\ Many trees and/or bushes 0,04+0,1
VI Forests, suburbs 01+1
VI Cities 1+4

* Air and sea form a dynamically coupled system, the detextioin of the roughness
length of open sea and water surfaces is usually obtained Hglsntaking intg

account shapes and dimensions of the waves.

The first derivative of the mean horizontal velocity is nefdras the wind

shear, which can be combined wikhz and uto build a dimensionless group

fm (1.4), which in neutral stability conditions equals one. In thesditions it

leads to the log-law (1.3) while in non-neutral conditions itgenerally

expressed as a function of the dimensionless height z/L, whisréhé Monin-
Obukhov length.




k.

1
f =— 1.4
q (1.4)

t

1.3.3 Vertical profiles of second moments of velocities (Reynoldsesses)

Different vertical profiles for higher moments of the veliesithave been
also proposed, which pretend to be universal. According to Stull (198B)
the turbulent momentum flux for a neutral boundary layer can bsidsred
decreasing linearly with the height z.

ﬁ = - — (1.5)
For the variances of the velocities, Stull (1988) [33]:

:t = -— + —_t for stream direction (1.6)

:t = -— o+ —_t for span direction 1.7

. = - — for vertical direction (1.8)

As can be noticed in these expressions for the momentum flux and variances
of velocity components (1.6)-(1.8) the altitude z is normalizechagéhe depth
of the boundary layer, rather than with the roughness length z

In the expressions for the variances of the horizontal veloditi€&d and
(1.7) the values at the top of the boundary (assuming known a weleddtp
height 2), normalized by the surface stress, do appear. Although thisisati
expected to vary, during the KONTUR experiment (Grant, 1986) if1¥hs
found to equal 2.0 for both equations.

Taking into account the equations (1.6) to (BBY the definition of TKE
(1.9) it follows also a vertical profile for the normalised TKE (1.10).




k:% u_@+v_¢+ﬁ§ (1.9)
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Chapter 2 CFD M ODELLING OF THE ABL

2.1 THE NAVIER -STOKES EQUATIONS

The equations ruling the fluid mechanics are the mathematpatssions

of three physical principles:
the conservation of mass;
the conservation of momentum;
the conservation of energy.

Two of the mentioned principles (conservation of mass and eneaygy}o
two scalar expressions while the conservation of momentum tuma wector
one. The primitive equations of fluid mechanics that are awajid can be
furthermore simplified; if the fluid is Newtonian and the flamcompressible
only the continuity (mass conservation) and momentum equations can be
considered, also called Navier-Stokes equations from the stsetitat firstly
derived them. The Navier-Stokes equations can be writtenfferefit forms
and notations; they can be expressed, using the summation notation, by:

conservation of mass (“continuity equation”),

1 _
'n_xi(u‘)_ 0 (2.1)

conservation of momentum (“momentum equation”),

LS TR SO R

trf+—m

- u 2.2
TR Y ¥ K, 2:2)

The equations of motion can be written in four different fornms:
conservative (Eulerian reference frame) or non-conservatime floagrangian
reference frame), in integral or differential form. Whepaaticular flow has to
be studied the equations of motion have to be integrated with bowemdary
conditions. In most of the cases the equations of motion can’t bedsolv
analytically and numerical solutions remain the only possible way.
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From the purely theoretical point of view, the four forms arevedemt but
they are not from the numerical point of view since some rnigaigrocedures
are referred to particular forms of the governing equationsinStance, in the
finite-volume technique the Navier-Stokes equations are cmesidin their
conservative integral form and applied to control volumes ysealled cells
that cover the whole computational domain.

The present thesis deals with the numerical simulations ofdb&al ABL
in micro-scale domains, which means dimensions of few kilomeittesuch
kind of flows both compressibility and thermal effects are negligible

What instead is not negligible and plays an important role idBinis the
turbulence. Turbulent flows can be solved directly in simutatiopamed DNS
which are affordable nowadays only to study very low Reynolds nuoatses
and only by means of high performance computers. In a typical #hiBL
Reynolds number ranges betweerr 40d 18° making these kind of flows
affordable by time-averaged Navier-Stokes equations (RAME) in smaller
domains, also with Wall Modelled Large Eddy Simulation (WMLES) and
hybrid methodologies RANS/LES as the Detached Eddy Simulation)(IZMS
these methodologies will be described in the following sectiodgcated to
turbulence modelling.

2.2 TURBULENCE M ODELLING

A classical approach in the study of turbulence is caoigdby means of
the Reynolds decomposition: the variables fluctuating in a turbiléem can be
decomposed into a mean and a fluctuating term.

The time-averaged (or Reynolds averaged) Navier-Stokes egsiashortly
RANS, are obtained applying the Reynolds decomposition to the unknowns
appearing in the Navier-Stokes equations and time averaging.RANS
contain further unknowns called Reynolds stresses which are duestalals
turbulence and need to be modelled in order to close the squatians. The
biggest advantage of using the RANS in simulating turbulence flows is #yat th
allow to treat the turbulence as a steady phenomenat a flow is unsteady
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only because of turbulence the RANS simulation will be a stemalylation,
with great saving of computational means.

The RANS based turbulence models are usually classifiedebgumber of
additional differential equations needed to close the originadfseDE Some
of turbulence models used to close the RANS are:

algebraic or zero equation model: mixing length;

one equation model: Spalart Allmaras

two equations model: &-@.g.standard, RNG, realizable)
two equations model: W (e.g. standard, SST)

five (2D) and seven equations (3D): RSM (Reynolds Stress Model)

A second approach to the turbulence modelling which is gaining mare a
more applications is the Large Eddy Simulation (LES), which sedban the
space filtered Navier-Stokes equations.

The finite volume technique is equivalent to apply a spdter fio the
Navier-Stokes equations; in this fashion only the big eddies wiiognsions
are larger than the filter width, which is connected to thksagiilmensions, are
computed directly. The non resolvable eddies or sub-filter eddeesodelled
with specific turbulence models named Sub Grid Scale (SGS&ubrFilter
Scale (SFS) turbulence models.

Due to the fact that the biggest eddies have to be calduattly, a LES
simulation can be only 3D and unsteady. Even if in some particasass, for
instance for some external aerodynamics, good solutions can beedbit@i2D
but always with unsteady simulations.

It's well known that RANS turbulence models are characterisedew
constants that have to be tuned to best simulate the giverem:dbl some way
the RANS turbulence models are all problem dependent and tbiseiig
defect of the RANS models. Big eddies are strongly anisotramic depend
upon boundary conditions and mean flow; considering instead smaller and
smaller eddies they loose information about mean flow and boundary
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conditions, small vortices are also more homogeneously spread and more
isotropic. There is hope that small scale vortices are tgavand that SGS
models can work for every kind of turbulence if the filtedthiis applied at the
proper size.

The LES still requires the usage of supercomputing for higinélds
numbers and the main reason of that is the fine grid neededcretze the
near wall region in wall bounded flows. When the walls are smoottparel
LES is desired than the constraints for the resolution ofytitefor the wall
adjacent cells is about 100 wall units streamwise and 20sga, while only
one wall unit normally to the wall. Among the methodologies bortneat high
Reynolds numbers the hybrid LES-RANS named Detached Eddy Simulation
(DES) have to be mentioned. With these techniques the nearegah is
modelled with a RANS approach and the zone distant from the wdlbtheés
treated with a LES approach. The DES is constructed by modifigengisual
RANS model (SA, ke, k-w) which acts in the standard way close to the wall
and in a modified one at a certain distance from the wall,.S 8% model. The
DES was born to deal with external aerodynamics issues,nfanice to
compute the flow around an airfoil in stall conditions and the maslel
conceived to treat the attached boundary layer with the URANBoa@ogy
and the detached vortices with LES.

2.3 THE RANS EQUATIONS

The turbulent flows can be treat as steady if the flow Stsisemain
constant when calculated over a period T large enough; in testica flow is
called statistically steady.

The Navier-Stokes equation can be time averaged over a periadyd
enough to mean the turbulent fluctuations in order to obtain the Risynol
Averaged Navier-Stokes (RANS) equations.

A generic variable, fluctuating because of the turbulence, lsan
decomposed in a mean part and a fluctuating part according to thel&®ey
decomposition.
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f(t)=f_+f '(t) Reynolds decomposition

In the present thesis both overbar and capital letter notatienldeen used
to identify a time averaged variable.
Where the mean value is obtained by:

f= on (t)dt 2.3)

=+

And the integration time must be such that the average diutteiating
component is zero.

= 17,
f :? of (t)ydt=0 (2.4)

The integration time T over which a general varidbig observed in order
to smooth the fluctuations due to turbulence is comparable to baweraver
periods of the vortices.

After applying the Reynolds decomposition and time averagingNtBe
equations the RANS are obtained, for instance written for Gamtesordinates
and uncompressible flow in (2.5), continuity, and (2.6) momentum equation.

Further unknowns are hence introduced,ru'j, named the Reynolds
stresses which need to be modelled to close the set of equatwemsif Ehe
Reynolds stresses are originated by time averaging theectbres term of the
Navier-Stokes they are usually grouped in the diffusive tefmthe RANS
momentum, like in first term of the right hand side of the (Ar6jact they are
responsible for the turbulent diffusion of momentum which in a fulibpulent
flows is several order of magnitude higher than the maedliffusion due to
viscosity.
1y,

—L= 2.5
x, (2.9)
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A way to model the Reynolds stresses, which account for siablas in
3D and three in 2D, is by assuming true the Boussinesq hypothedst¢otine
Reynolds stresses to the mean velocity gradients introducitigsirway the
eddy-viscosity concept.

2.7)

The set of PDE could be closed by imposing a constant eddy-wscosit
resulting in a very poor turbulence modelling. More often a transport equation is
used for the (modified) eddy viscosity like in the SA model,th@ eddy
viscosity is computed with an algebraic equation taking intowtdca length
scale and a velocity scale of the turbulence, computed by otheraables
linked to turbulence and transported by two further PDE.

The turbulence models that close the set of equationssasdly classified
by the number of additional transport equations: a one equation ftisotthed
SA, while largely employed two equations models are thette kw and their
modifications.

A way to close the RANS without the Boussinesqg hypothesisapty a
transport equation for each Reynolds stress. This approachoiseo in the
RSM model, which in 3D is a 7 equations model, 6 equations for Reynolds
stresses and one for dissipation.

Even if the RSM model is capable to simulate the anisotropyhef
turbulence it requires a large computational cost. This omsone why
nowadays is more common to perform unsteady simulations URANS,0DES
LES rather than steady RSM.

In the following sections some turbulence treatments will tserided, in
particular eddy viscosity models in paragraph 2.4 and eddy solving
methodologies LES and DES in paragraph O.
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2.4 BDODY VISCOSITY MODELS

2.4.1 A one equation turbulence model: the Spalart-Allmaras (SA) motle

The basic concepts of the Spalart-Allmaras model are noweedalorder
to make more comprehensible its modification leading to the SAdbB&S
model.

In the SA model a further transport equation (2.8) for a moditidsllent
viscosity n is used to close the system of RANS equations.

1 1 1 \ \
L - = +— L L BLL. 2.8
e e L O F S S

where G is the production of turbulent viscosity angi¥ the destruction of
turbulent viscosity that occurs in the near-wall region due tbbl@cking and
viscous dampings, and G, are constants amdl is the molecular kinematic
viscosity.

The turbulent viscosity is computed by:

m= rn (2.9)

and,

k!

Where G; is a constant of the modelthe density of the fluid and given
by the previous equation, defined as the sum of S, depending on deformation
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and rotation tensor, and a term accounting for the vicinitthefwall through
the distance to the nearest wallkdjs the von Karman constant (~0,4187 in
Fluent 6.2) and the functiogfs evaluated by:

c
+C

In the original form of the SA model the scalar S is computedhly
magnitude of the rotation-rate ten¥tiy.

=y (W w)
with
w111
1 1

And this is also the default value for S in the Fluent Spaltmakas
option. The second option available in Fluent for the choice of S is:

Wl (] ) &

Being § the element of strain-rate tensor.

1 1

- 4 4+

1 1

With C,0q = 2.0 as default value. The destruction termis modelled by:
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The default values for the SA model constants are given in table below:

Table 2.1 - default values in Fluent 6.2 for thal8g-Allmaras model constants

=$ %% =$
S =— %$
() =
k S,
=$ k = $'(&

The standard Spalart-Allmaras model uses the distance to testchal as
the definition for the length scatk which plays a major role in determining the
level of production and destruction of turbulent viscosity.

2.4.2 Two equations turbulence models

In the two equations turbulence models the eddy viscosity is abner
defined by means of a velocity scalgand a length scaleg using the (2.11).
A velocity scale which is generally accepted to desdtibmulence is the square
root of the turbulent kinetic energy k, while for the lengthlesadifferent
choices are available, velocity and length scale foktheand kw model are
reported in Table 2.2.

m=rC,Vy (2.11)
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Table 2.2 — Velocity scale and length scale ferdd k#vmodels

Vs .
k-e kl/ 2 k3/2 /e
k-w kl/ 2 k1/2 W

Model k-er standard and RNG
The standardk-e model is a two equations model based on the transport
equations for the turbulence kinetic energy (k) and its dissipationgyate (

1(rk)+i(rkui)=i m L S +G +G, - re- Y, +S

It ﬂxi ﬂxj Sy ﬂXi
1 1 _
i (re)+ ™ (reu;) =
1 e e e?
:E /77+s—nz " +C19E(Gk +Cq.Gy)- CZer?-'-Se

In the additional transport equations two production terms do appe& i
and G, respectively the generation of TKE due to velocity gradieartd
buoyancies. The termyYtakes into account compressibility effects while the
source terms are labelled with S; for a neutral ABL gemeration due to
buoyancies is negligible, as well as the compressibiligcggfand there are no
sources, therefore the two transport equations for le@ad be simplified:

T+ ()= w2 K g e

e X % s T,

2
1(re)+i(reui)=i /TH'E E +C1e£Gk - Cze/e_
fit fix fx; s. T k k
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In the standard k-model the eddy viscosity is modelled by the equation
(2.11) with scales as in Table 2.2. The TKE generation ternodeied bym
S* where S is the magnitude of rate-of-strain tensor.

Constants appear in the standard formulation: their values are far to
being universal and some values are generally accepted sipqgeddece right
level of turbulence in common industrial flows.

In the case of neutral ABL flows other values of constants l@en
proposed, Crastet al. (2004) [8] and Mandast al. (2004) [23], in order to
produce a proper level of turbulence in proximity of the ground. Thautlef
values adopted in Fluent 6.2 for the model constants and the edodét of
constants as in Crasét al. (2004) [8] and Mandast al. (2004) [23] are shown
in Table 2.3.

Table 2.3 — standark-e model constants

Cm Cie Coe Sk Se
Default 0,09 1,44 1,92 1 1,3
Modified 0,03 1,44 2,223 1 1,3

In the commercial code Fluent 6.2 twoekmodels derived from the
standard one are available: the RNG land the realizable & Further
information about these two modifications of the standaedte provided in
the Fluent User’s Guide [10].

The RNG modification of the k-model provides the possibility to compute
the effective viscosity by the use of a further diffel@nequation, in this
fashion the algebraic equation (2.11) is not any more employdt dption is
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activated the model acts fairly well in low Reynolds conditibesce near-wall
flows. An improvement is therefore expected also for ABL simulations.

The RNG ke does make also use of constants which have to be properly set
to achieve best results for each flow condition. The defauliegabf constants
for the RNG ke model in Fluent 6.2 and the modification proposed are given in
the table below.

Table 2.4 — RN®&-e model constants

Crm C]_e CZE
Default 0.0845 1.42 1.68
Modified 0.05 1.42 1.68

Model k-w: standard and SST (Shear-Stress Transport)

The standard kv model is characterized by the two transport equations:

%(rk)+ﬂ—1(r kq)z% qﬂ—t +G, -Y, +S, (2.12)
f f PSS T2
ﬁ(rw)+ﬂ—)ﬁ(/wui)—ﬂx q”'ﬂx +G, -Y, +S, (2.13)

Where G e G, are respectively the production of k anddue to velocity
gradients G, andG, diffusive coefficients, Y are dissipation terms and with S

are labelled the sources.

The diffusive coefficients are modelled as in the standartk-

G, =m+sﬁ (2.14)
k
G, =m+sﬂ (2.15)

22



The molecular viscosityn is incorporated in the diffusive terms whig
and sy are turbulent Prandtl numbers for k awdThe turbulent viscosity is
computed in the kv turbulence model by the (2.16).

m= a*r—k (2.16)
w

Obviously the parameter* has the same meaning of,€mployed in the
standard ke model but in the kv modela* changes dynamically in order to
make the model fit to low Reynolds regions. It's for this reaban the kw
model is naturally more suitable than the SKE for wall bounding flows.

The kw model, as all the RANS models, is completed with a set of
parameters whose optimal value changes quite a lot depending dlovihe
features: mean flow and level of turbulence.

In addition to the standardw-model described in the previous section the
standard kw model, FLUENT also provides a variation called the shearsstres
transport (SST) kwmodel, called in this way since the definition of the
turbulent viscosity is modified to account for the transporthef principal
turbulent shear stress. The transport equations for the S&Mkeel and its
features are reported in Fluent User’s Guide [10].

2.5 BEDDIES SOLVING METHODOLOGIES : LES AND DES

2.5.1 Filtered Navier-Stokes equations

Increasing computational capabilities and the possibility to blikters of
computers allow nowadays to perform simulations of the ABL withiesdd
solving methodologies like the LES (or more correctly with Mkbdelled
LES, WMLES) and hybrid methodologies RANS/LES as the DES.

In the LES model the governing equations are space filtered rather than time
averaged as in RANS. A general varialfk,t) space filtered is:
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f(xt)= f(,1)G( x)d (2.17)
w

Where G is a filter function and the volume integral is ex¢dndn the
whole computational domahyV. I the filter function has a compact support the
integral is reduced to the support of the filter function.

For finite volume solvers like Fluent or PHOENICS the grsglf acts as a
Top-Hat filter, considering a domain subdivided in a mesh, in a iceleof
volumeV:

1/V, (RY
. (2.18)
Y/

In this fashion the mesh itself acts as a spatial fiidrer types of filters
can be used, for instance the Gaussian filter or the sharpefFout-off. It
follows also that the filter width is directly connected lte tubic root of the
cell volume.

Application of the (2.17) and (2.18) brings to a filtered funcﬁTogiven by:
f(xt)= 1y (,t)d, T v (2.19)

V \Y

Where now the overbar is used to indicate a space filtpriogedure. The
filtered Navier-Stokes equations for the case of incompressibihermal flows
are given by:

1111_{+ﬂ_1(rq) =0 (2.20)

f ! IS TS TS0

ﬁ(rJ,)+ﬂ—Xl(rJq):ﬂ—xJ i (2.21)

With the filtering of the Navier-Stokes equations a closuoblpm is also
introduced since thi;, named SFS shear stresses, depend on further unknowns

uu .
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t.=ruu,-ruu (2.22)

In order to close the set of equations the SFS stress feawes to be
modelled. The basic idea of the LES is that small scalécgerare universal,
do not depend on mean flow and boundary conditions. Therefore if the filter
width is set to a proper value, i.e. if the mesh is enough refire&FS model
should be universal and acts correctly regardless the type of flow.

2.5.2 Sub Filter Scale (SFS) modelling

As introduced in the previous paragraph, the filtered NStensaintroduce
a closure problem; the turbulence closure is assigned toRBar®del that is
devoted to simulate the filtered turbulence i.e. the sheassstierm in the
momentum equation (2.22).

Pioneering work of Smagorinsky (1963) [29] on LES employed the concept
of SGS eddy viscosity (2.24); while equations (2.23)-(2.27) desdlibe
Smagorinsky-Lilly model how is implemented in Fluent 6.2.

Eddy viscosity models do not allow back-scatter of energy fsomall
eddies to bigger eddies which is not negligible when dealing svitall scale
turbulence and for flows close to the wall. Attempts to cureable of back-
scatter in boundary layer flows have been proposed by Mason &Thomson
(1992) [24] by adding a stochastic forcing to the velocitiehiénwall adjacent
cells. The technique of the stochastic forcing allows to olataielocity profile
closer to the logarithmic profile.

1 J—
[ij 'gfkﬂij:' 277t$] (2.23)
m= rl%S (2.24)
g=1lu, Ty (229
2 X Tx
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S=.2S S (2.26)
Ls = min(4d,CV*"?) (2.27)

The Smagorinsky constafls employed in the Smagorinsky model more
realistically varies in a range of values depending onldbal turbulence. A
way to improve the Smagorinsky model is to compute dynamically the
Smagorinsky constant as a function of the flow features, a ndgna
Smagorinsky model like the one proposed by Gernetral. (1991) [13] and
subsequently modified by Lilly (1992) [22] which is implemented in ¢bde
Fluent 6.2 as described in Kim (2004) [19].

A different approach to the turbulent closure for theriiteNavier-Stokes
equations and further improvements to SGS modelling have been byade
Bardinaet al. (1983) [2] with the first scale-similarity model. In the Ieca
similarity models the unfiltered velocity is expressedaasunction of the
filtered velocity u;, » f(u_i); for instance the unfiltered velocity can be written
as a truncated Taylor series of the filtered resolved irgldithe simplest scale-
similarity model is the one proposed by Bardataal. (1983) [2] where the
authors proposed that the velocity could be approximated with lteeed
velocity u; » u_I . In this way the SFS stress term of (2.82fomes:

=g, - o 229
Mixed models of scale similarity and dynamic eddy-viscosityehbgen
also proposed, for instance in Zagigal. (1993) [42]. Mixed models are able to

compute both back-scatter and forward-scatter of energy raesghecirom
small-scale vortices to bigger-scale and vice versa ammbussdissipation,
hence a behaviour closer to the reality compared to pure edasitysmodels
which don’t allow back-scatter.

Although in the code employed Fluent 6.2 four types of eddy-visco&i& S
models are available, these models resulted to be not apelicathie case of
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ABL since the LES option in Fluent can be performed only for smaothces.

In the Chapter 5 the results of simulations of the ABL oler terrains are
illustrated. Some of them obtained by applying the DES module of Funeht
other by using an UDF defining a Smagorinsky model; both the metimes|

were coupled with wall-functions for rough surfaces. Therefore aLB$/

approach rather than a proper LES.

2.5.3 Hybrid RANS/LES models. The SA based DES model

The Detached Eddy Simulation (DES) model belongs to the class of
LES/RANS hybrid models usually obtained by modifications of tnbhce
models originally born to close the RANS equations; the modifiediets act in
their original form close to the wall while at a certdigtance from the wall the
modification is activated and the model provides an SGS eddy-viscosity.

The main aim of hybrid RANS/LES modelling is to work in applmas in
which pure LES is not affordable since the high number of cedjgired, i.e.
high Reynolds number flows. The DES models were originally born for
external aerodynamics applications where the attached boundarg lagre
supposed to be solved completely by the URANS models while thezbBS
was aimed at solving the detached vortices. Also in flows cweplex terrains
the DES models can find an area of application even this is natage for
which they have been originally conceived. When DES is appli¢detéABL
the URANS zone solves only part of the boundary layer whilegthg zone
URANS/LES resides inside the logarithmic region and a typical shiilotity
is generally observed in the interface region.

The DES model was originally proposed by Spadartl. (1997) [31] by
modification of the Spalart-Allmaras RANS model.

In FLUENT 6.2 the only DES model available by default is ase the
one-equation Spalart-Allmaras model. Two-equations DES models biesre
also proposed, based on transport equations of kand also of k andv; two
equations DES models have been only recently introduced in thetnangen
of Fluent, the 6.3, which has not been used for the present project
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The SA based DES model implemented in Fluent, as proposed byetShur
al. (1999) [28] replaces the distance to the nearestdi@ith in the production
and destruction terms of the SA model with a new length scallefined as:

=1 ( , D (2.29)

When the equation (2.29) is substituted in the SA model, in a time marching
procedure the effect obtained is to have a URANS zone cldbe t@all where
(d < Goes D) while the rest of the domain is treated in a LES way usieg t
modified SA as SFS model.

The filter sizeD by default in Fluent 6.2 is based on the largest cell
dimension while the empirical constarjgghas a default value of 0,65.

The constant ggs affects both the position of the interface separating the
RANS and the LES zone but also the value of SGS turbulent iscoghe
LES zone as it will be described in Chapter 5.

2.6 WALL FUNCTIONS FOR ROUGH SURFACES

According to the theory proposed by Cebeci and Bradshaw (1977) [6] a
turbulent boundary layer bounding a rough surface can be descrithethrgie
kinds of fluid dynamic regimes depending upon a Reynolds nuikfiebased
on the dimension of roughness eleméfdgequivalent sand diameter) and the
friction velocity u, .
_r KsU,

K+
s m

(2.30)

Cebeci and Bradshaw (1977) [6] proposed that the universal lofplaw
smooth walls (2.31) could be modified for rough surfaces (2.32) byastibty
a functionDB.

u* :%In(y*)+B (2.31)
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u ' yu
u"=—;y* LS Wall coordinates
u, m

Where 0 and y are the wall coordinatek,is the von Karman constant and
B an experimental constant which is found to be around 5,45.

u’ =%In(y+)+ B- DB (2.32)

The three hydro dynamic flow regimes previously mentioned are:

Hydro-dynamically smoothK ¢ < 2.25)
Transitional (2.25 K¢ < 90)
Fully rough (K< > 90)

The new termDB can be expressed as function of the dimensionless
roughness heighK; . In Fluent 6.2 the expressions@B for the three different
regimes are given by

in hydro-dynamically smooth regime:

DB=0
in transitional regime:
1, Kg- 225

DB ==—In

I =524 K sinf0.425gIn K2 - 0.811]

in fully-rough regime:

DB:%In(HCSK;)

Two parameters are used in Fluent to describe the roughnessadif thav
constantCs and the roughness height. Fluent first computes the friction
velocity u which is used to evaluate the dimensionless roughness Height
that is used to calculate thB and finally the velocity at the wall adjacent cell
by means of the (1.32).
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Experience and suggestions in the Fluent User's Guide [10] abeut th
proper usage of the wall functions for rough surfaces ensur¢htheight of
the wall adjacent cells has to be at least twice the rosghmsEghKs, hence if
a more refined grid (normally to the wall) is desired tbaestantCs has to be
increased keeping constant the prodigis.

By comparison of the equation (1.3) with the (2.32) in fully roughmegi
after some algebra a simple relation is found between the prGgigtand the
aerodynamic roughness length z

CsKg » EZ (2.33)

WhereE equals ex{B).

From a theoretical point of view the wall functions are ecronly if the
horizontal pressure gradients are negligible (in equilibriemditions) but in
the common usage of the code the wall functions are applied as bpundar
conditions in every kind of wall bounding flow without penalising taach the
solution.

The mathematical procedure followed to derive the equation (2.33) is
reported in Appendix B.

2.7 CONCLUSIONS

In the present Chapter some basis of ABL modelling are pesbdfFitrstly
an overview of the time averaged (or Reynolds Averaged) elN&tokes
equations is made; the RANS introduce a closure problem becdude
introduction of new unknowns, the Reynolds stresses. The closutke of
equations is obtained with turbulence models, which are genetabgified
with the number of transport equations constituting a model.

Further approaches for solving of equations for turbulent floiks |
WMLES and DES have been also described.
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The described methodologies have been tested in CFD simulationisRes
of RANS simulations carried out with the code Fluent 6.2 ondiaains aimed
at a proper setting of roughness parameters and turbulence modeting
presented in Chapter 1. 3D RANS simulations on a isolated rskeein
Hill) performed with the codes Fluent 6.2 and WindSim 4.5 and 4.6 are
presented in the Chapter 1.

In Chapter 5 a first investigation of the use of the DES and &yE®ns of
the commercial code Fluent 6.2 for the simulation of a neutBlL As
presented. The Chapter 5 reports with some modifications part &fiplema
Course project’s thesis Crasto G. (2006) [9] carried outbyauthor in 2005-
06 at the von Karman institute.
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Chapter 3 2D RANS SIMULATIONS

3.1 SETTINGS OF ROUGHNESS PARAMETERS

A series of 2D RANS simulations have been performed with the code
Fluent 6.2 in order to set the proper values for the roughnessgi@rKs and
Csand the minimum height of the wall adjacent cell compatiita the wall
functions for rough surfaces. The dimension of the wall adja&istrmormally
to the wall should be at least twice the roughness paranietezpresenting the
dimension of the roughness elements. Simulations have been performed for
each class of roughness defined in Table 1.1.

In the values of roughness parameters and cell height h in 34y has
been always fixed to one since it is the maximum allowed witimgpibrting in
the code files named “profile files” in the code’s user mafni@], equation
(2.33) leads to a value féts for a given value of roughness length z

If a more vertically refined grid is desired the constaatameterCs in
Fluent 6.2 has to be higher than one and therefore assigned by fdesfil&or
instance ifCs equalsE thanKs equals gand h at least twice.z
Table 3.1 — Classification in roughness classekjesofK s, Cs and height of the

ground adjacent cell h for the given megn z

class mean z Ks Cs h Z
[m] [m] [m] [m]
I 0,0001 0,000981 1 0.002 16 0,0002
Il 0,0005 0,004905 1 0.01 0,0002 + 0,001
1] 0,005 0,04905 1 0.1 0,001+0,01
\Y, 0,03 0,2943 1 0.6 0,01 +0,04
Y, 0,07 0,6867 1 14 0,04+0,1
\ 0,55 5,3955 1 10.8 01+1
Vil 2,5 24,525 1 50 1+4
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3.2 CEOMETRY AND GRIDS

The 2D tests performed to evaluate the effects of the eiffeurbulence
models have been performed on a simple domain 6 km long and 1 km high. A
uniform spacing has been used for the horizontal direction, whitealer a
fixed expansion rati@ has been employed which is the ratio of the heights of
two adjacent cells; the height of the first cell h is@e@dance with Table 3.1.
The geometric characteristics of the used grids are summarisadlen3.2.

Table 3.2 — geometric characteristics of the usegdisg

height of the domain (y direction) Ly 1000 m
length of the domain (x direction) Lx 6000 m
length of the cell (stream-wise) DX 20m
number of horizontal intervals NXx 300
class " a Ny N
[m]
I 0.002 1.100 114 34200
Il 0.01 1.22 50 15000
1 0.1 1.126 60 18000
v 0.6 1.086 60 18000
\Y 14 1.117 40 12000
\ 10.8 1.023 50 15000
VI 50 1.000 20 6000

3.3 BOUNDARY CONDITIONS

Physically an ABL has only one border, the terrain, but computational
domains have to be bounded in all directions and other unphysical borders ha
to be introduced. Even if the terrain is the only physical bomtethie ABL it
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provides some difficulties in modelling, difficulties connectedite roughness
of the ground, which force to the use of wall-functions.

As regards the other boundaries, the top of the domain is treated
symmetry plane, the inlet as a velocity inlet, condition thatdsiethe
assignment of velocity and turbulence, given as profiles ohnaebocity, TKE
and TDR. The outlet is instead treated as outflow, i.ghallnormal gradients
but the pressure gradients are imposed zero at the outlet (Neumann condition).

The vertical profiles of velocity and turbulence assignedatirlet were
supposed to regard a fully developed boundary layer for a given rogglimes
same roughness assigned to the ground; in this way the profile®otwand
turbulence should not change within the domain.

The difference of profiles observed between outlet and inletrinlation of
fully developed flows are therefore due to errors in the egjgnef the inlet
profiles and usage of wall boundary condition.

The analytical expression of mean velocity, TKE and TDRicarprofiles
assigned at the inlet are:

Mean velocity = 7f — + (3.1)
u? z
TKE K@z)=— 1. £ (3.2)
3
TDR e(2) :%u—’ (3.3)
z

Where the (3.1) is the log-law introduced in the paragraph 1.3 onrdiynila
theory; the (3.2) and (3.3) match the boundary conditions for TKE and TDR
used in the code at the wall and provide also a proper reductibKBfand
TDR from the wall to the free flow, they have been also used guccessfully
in Mandaset al. (2004) [23] using Fluent and by Leroy (1999) [21] using the
finite-volume CFD code PHOENICS.
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Further velocity and turbulence profiles could be obtained foarst by
using transitional periodic conditions (streamwise) over #atatns. In the
periodic streamwise condition the variables calculated atutiet are assigned
to the inlet, with the possibility to point to a given mass flawthis way a fully
developed flow can be obtained. Even if not reported some RANSasiom
have been performed using transitional periodic boundaries, akpeas
starting point for the LES/DES simulations reported in ChaptePesiodic
conditions that are in this way useful to test furthermore thé fwattions
modified for rough surfaces by verifying the settings of the roughnes
parameters K(RH) and G (RC).

3.4 RESULTS: VELOCITY PROFILES

The aim of the 2D numerical simulations of flat terrains isdofirm that
the vertical profiles of velocity and turbulence given by equations (3.3)-are
typical of a fully developed boundary layer. Moreover, simulationsflat
terrains allow to understand how to set the roughness paraméetensd=RC in
order to reproduce the same roughness length of the profiles impotesl a
inlet. In this set of simulations the desired flow field &ildy developed, fully-
rough turbulent boundary layer, hence with the advective termhbatdsdrop
to zero in the whole domain.

In the present paragraph the numerical results u(zf @rabserved at the
outlet of the domain are presented for a roughness lengtbx m (RH 0,2943
m, RC 1, h 0,6 m), in Figure 3.1 and Figure 3.3. The velocity profile observed at
the outlet of the domain is fairly logarithmic and the poinéssmattered with a
squared correlation facto” Rf 0,9979 for an exponential regression computed
over the first seven nodes. The roughness length at the outlet corvwaitéake
regression is 0,0439 m while the desired value is 0,03 m. Thene@reslys to
further improve the prediction of the roughness length: the first one igltiysl
reduce the RH factor (ordkkeeping constant RC (orsowhile the second one
Is to increase RC and assign RH according to equation (23X (» E z,)
and then adjust RH if necessary. Roughness constants RC Higheorte in
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Fluent 6.2 must be assigned with “profile” files, whose strucingk procedure
for reading is explained in code users’ manual [10]. It's impotiamote that
reducing the roughness height RH allows to refine furthermorgritien wall
normal direction since the height of the wall adjacent cadl to be at least
twice RH. For instance, with RH 0,25 m and RC 1 a better predicfion o
roughness length is obtained for a target,@,@23 m, see Figure 3.2.

The normalised wind-sheéy,, defined in the section on similarity theory in
Chapter 1, equals one in a perfectly logarithmic velocity grofit Figure 3.3
the normalised wind shear obtained in the same conditions of Figune 3.1
equals to 1 + 0,1 which is clearly acceptable; the behaviour @oselwse to
the top of the domain in Figure 3.3 is forced by the symmetry boundary
condition and not disturbing the flow field since confined to they wgper

region.

1000

100

height [m
S}

0,1

x-vel [m/g

Figure 3.1 — velocity profile at outlet for RH 0£9®m as in Table 3.1 and according to

equation (2.33).
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Figure 3.3 — normalised wind shear extracted at aene section and for the same

simulation of Figure 3.1.
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For other two cases the roughness constant RH has been tunedrtaobta
better prediction of the roughness lengthlaoth first attempt and tuned values
are reported in Table 3.3 where the correlation factor is ref¢oréhe first five
nodes, excluded the one on the ground.

Table 3.3 — Tuned values of RH parameter for bettediction of roughness length z

RH [m .
Class inlet g m RC " ZQ predicted R?
First  Tuned [m]  with tuned RH
v 003m 0,2943 0,25 1 0,6 0,0325m 0,9981
\Y 0,16m 1567 1,17 1 3,2 0,199m 0,9981
VI 055m 53955 261 1 10,8 0,5397 m 0,9985

Some tests have been performed also with RC = E, R{Handzh slightly
higher that twice RH. More accurate predictions of roughnesgth are
obtained in RANS steady simulations but not so satisfactbgnwdealing with
LES/DES simulations since in this way several cakswsed inside the canopy
layer while the logarithmic law is valid only in the surface taye

3.5 COMPARISON OF TURBULENCE MODELS

The simulations for the comparison of the turbulence models have bee
performed on a rectangular domain 1 km high and 6 km long for a roughness
length 3 0.03 m (roughness class V).

The models tested are:
Standard ke with default constants
Standard ke with modified constants
RNG k-e with default constants
RNG k-e with modified constants
Realizable ke with default constants
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The models and relative modified constants have been alreadybes in
the previous chapter about general settings of the numenialasions. The
default and modified constant for the SKE and RN&rkedels are reported in
Table 2.3 and Table 2.4 while the other models default constantsported in
the Fluent’s guide [10]. For the RSM model, some differences leedgteen the
2D and the 3D versions and therefore the 2D RSM tests couldbenot
completely satisfactory in the preparation of 3D simulations.eSOfD results
obtained with the RSM will be presented directly in thetrehapter for 3D
simulations over an isolated hill.

Several simulations have been carried out to evaluate tfieredt
behaviours of the turbulence models on a flat terrain. Ge@sednd meshes
remain the same described in the previous paragraph. Fusdteotedifferent
turbulence models will be presented in the next Chapter 1 vherow field
of the isolated hill of Askervein is investigated. The tesecaf Askervein is
very useful to understand the performances of the turbulence snedpékcially
in the prediction of the flow in the lee side of the hill, m adverse pressure
situation where turbulence modelling is important.

Once the turbulence profiles (3.2) and (3.3) are substitutdteieduation
(2.11) an eddy viscosity vertical profile is computed, shown guirféi 3.4. The
value of eddy viscosity in Figure 3.4 do not depend upon the constavitilé
depends on the friction velocity.u
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Figure 3.4 — Vertical profile of eddy viscosity aoding to equation (2.11) and
turbulence profiles (3.2) and (3.3).

3.5.1 Profiles observed at the outlet

In the next graphs (Figure 3.5 and Figure 3.6) the TKE profile reesigt
the inlet of the domain and observed at the outlet are plottecctespefor the
SKE and RNG ke models. When an eddy viscosity model is applied it
computes at each iteration the eddy viscosity which is thegged in the
momentum RANS equation. It's interesting therefore to see i&lthe eddy
viscosity assigned at the inlet by the turbulence paramktersd e is kept
unperturbed through the whole domain to the outlet. The vertical praffle
eddy viscosity are shown in the following Figure 3.7 and Figure 3.8 for the SKE
and RNG ke; it can be seen that in both models the TKE is slightly redurced
the domain compared to the inlet condition, but this is not so drakso the
eddy viscosity is maintained in all the cases but the RN®G wibdified
constants. Therefore the SKE and the RNG can be used in the rejomodia
neutral ABL with the default constants. When there is the neeeptoduce a
neutral ABL, and the ratio TKE/uat the ground is known from experimental
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data, the SKE model can be used with modified constants. The prededur
the modification of the SKE model’s constants is reported in Appendix A.

The usage of the modified constants for the RNG, as in Tables 2dt
suggested since effects caused to the eddy viscosity pbfiigure 3.8 are not
satisfying. It would be necessary to derive a new set of adsdiar the RNG
model, for instance by following a procedure similar to the oneritbesl in
Appendix A for the SKE model.

3.6 2DSIMULATIONS ON AN ISOLATED HILL

Simulations on a given topography like an isolated hill rathan on a flat
terrain are more significant in order to set the effectsthef horizontal
refinement and the discretization schemes employed. Thereforesgbhave
been performed on a hill with a symmetric shape given by the equation (3.4).

2(9=— (3.4)

1+ X
L

Where the height of the hill is named H and L is half widtkhefhill (x =
L) measured at its half height (z = H/2).

The domain analysed was 1 km high and 7 km long, the top of the kill wa
positioned at 1.5 km from the inlet, the hill top H was 116 m and L = 250 m.

The roughness length chosen for this series of tests was 0,03efotdehe
height of the first cell was set to 0,6m (RC = 1, RH = 0.2943 m).

Further characteristics of geometry, grids, and settingseparted in the
Table 3.4.
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Figure 3.5 — vertical profiles of TKE for the SKBael with default and modified
constants.
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Figure 3.6 — vertical profiles of TKE, for the mb&NG k¢ for default and modified

constants
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Figure 3.7 — Vertical profiles of effective visagdor the SKE model with default and
modified constants
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and modified constants
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3.6.1 Choice of horizontal refinement

Five values of horizontal spacing have been chosen to studyrtnelee to
spatial discretization, see Table 3.5 for further grids etand if a possible
grid independence was reachable. For sake of simplicity ttseatiescarried out
with the first order up-wind scheme while the next paragraph vstelé to
spatial discretization schemes effects.

In Figure 3.9 the value of x-velocity is shown computed at dncdt of 10
m for the finest grid tested (5 m of resolution) and for thesasa one (40 m of
resolution) in the whole length of the domain. In the next Figure 3.16rthe
due to horizontal refinement for all the cases is instead showhe indinity of
the hill top (above) and its rear (down). Figure 3.11 shows the sam of
Figure 3.10 but for the y-velocity.

The height of 10 m a.g.l. has been chosen to plot the velocity contpone
since typical for anemometric measurements. For example ths the
positioning height for most of he anemometers employed in the expéaime
campaign of Askervein which is treated in the next chaptererQypical
heights of displacement for the anemometers are 30 m and theelghth of
wind turbines (for wind energy applications) that can be even 100 m a.g.l..

While in the 2D simulations performed on domains with a horizontal
spacing of 5 m the time of computation resulted not acceptalile avdipacing
of 10 m a good compromise is reached between accuracy of rsditene of
computation.

Nevertheless when the ABL is modelled over 3D domains of few kilometres
square a horizontal uniform grid of 10 m resolution sti#lds to a total number
of cells of few millions; horizontal resolution of 20 m or 30 re #herefore
used if the simulations have to be carried out on a single machine.

It's good practice to refine horizontally the grid in theaof interest, that
should be rather in the core of the domain, and expand the intervautiige
the area of interest towards the lateral borders. Nevesthéor the 2D tests
uniform grids have been preferred in order to keep the grid raglesias
possible.
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Table 3.4 — Geometry, mesh, boundary conditionssamae further settings for the 2D

simulations on the isolated hill

Geometry

Lx 7000 m

Ly 1000 m

H 116 m

L 250 m

Hill x-position 1500 m from the inlet
Mesh

Ny 50

h 0.6m

NXx dependent on refinemebDk

Boundary Conditions

Inlet Velocity Inlet

Outlet Outflow

Top Symmetry

Ground Wall functions for rough surfaces

Further Settings

Solver

Segregated

Turbulence Model

SKE (modified constants)

Pressure-Velocity Coupling

SIMPLEC

Pressure Discretization

PRESTO!

Table 3.5 — Horizontal resolution and total numbécells for 2D tests on the hill

Dx [m] 5 10

20 30 40

N 70,000

35,000

17,500 11,650 8,750
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Figure 3.10 — Spatial refinement effects, x- véjoat 10 m altitude
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3.6.2 Choice of discretization scheme

Fluent 6.2 allows to model the convection terms of each governingi@gua
with different types of discretization schemes (viscous tieralways modelled
with a central scheme with second order accuracy). In thegsegmployed,
summarised in Table 3.4, the possible discretization schemes foorthection
terms are the up-wind first and second order, the power-lawnsghbe third
order MUSCL and the QUICK, which is a weighted average @carsl order
up-wind and a second-order central scheme; they are all desarittedFluent
User’'s Guide [10] and related references.

Figure 3.12 (above) shows how the peak of velocity observed at 1§Im a
in proximity of the hill top is better predicted with secomdes and third order
schemes while first order up-wind and power-law introduce probablynuch
numerical viscosity and therefore poor prediction; also in theofaae hill, see
Figure 3.12 (down), approximately at three kilometres from tle ihe effects
of the discretization scheme can be appreciated; the choibe dfscretization
scheme is therefore pushed to a second order up-wind scheme fhe all
governing equations since the use of an higher order scheme’tdioek
motivated. The plot of the vertical component shows a behavioiasim the
horizontal component, therefore it will not be shown.
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Chapter 4 3D RANS SIMULATIONS OVER AN ISOLATED HILL

4.1 INTRODUCTION

The validity of a new CFD technique should be validated whenmssible
by means of comparisons with experimental data. One of the mosbyemipl
test-cases for the numerical analysis of the propagatioheofABL around
isolated hills is the wind field observed on the hill of Aslein during the two
experimental campaigns in September/October '82 and '83 carried oat by
team of researchers coming from different institutions in the world.

The research groups which took part to the Askervein project there
Atmospheric Environment Service (AES), in Canada, the Risg nhtiona
laboratory, in Denmark, the University of Hannover, in Germathg
University of Canterbury, in New Zealand, the Building Research
Establishment and the ERA Technology Ltd, both located in theed)nit
Kingdom. Although the measurements gathered on the Askervein &ill ar
nowadays more than twenty years old, the big amount of datalaleait still
an important reference point for those researchers who want stigate the
flow over hilly terrains.

The experimental results of the Askervein hill projectraported inTaylor
and Teunissen (198834] for the '82 data and iaylor and Teunissen (1985)
[36] for the '83 data. A comprehensive description of the experahset ups
and instruments can be foundTiaylor and Teunissen (1987] together with
a selection of the experimental results.

After the publication of the gathered data by the involved inginati
several researchers tried to reproduce with numerical ctgedlow field
observed on the Askervein hill.

Castro et al. (2003})5] performed a series of numerical RANS simulations
reproducing some of the experimental runs, the TU03-B, MF03-D and TKO3 as
named inTaylor and Teunissen (198%36], the considered incoming wind
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direction was 210° measured clockwise from north while theifgtaditon was
nearly neutral.

The turbulence model employed Bastro et al.(2003) [5] was the SKE
with the constants of the modely{ = 1.44 C, = 1.92 and , = 1.0) set as in
Launder and Spalding (1972), whereas the const@p@nd . followed the
recommendations bgeljaars et al. (1987|3] (C,,= 0.033 and .= 1.85).

Castro et al. (2003]5] proposed to pass from a steady to an unsteady state
analysis since in their RANS simulations in the lee siddefhill, close to the
hill top, the flow variables were oscillating around a meanejaih a unsteady
simulation an intermittent separation bubble is likely touoces observed in
few of the experimental runs. If this is the case of the TTU®3-B only an
unsteady simulation can reproduce correctly the flow field ingteside of the
hill.

The simulations run bgtangroom (2004[82] on the hill of Askervein dealt
with the incoming flow at 180° and 210°. For the 180° direction thedejed
run was the MFO1-D e TUO1-B while for the 210° the runs adresfce are the
already mentioned TU03-B, MF03-D e TKO03. The simulations presented i
Stangroom (2004]32] were run with the commercial code CFX, the grids
employed were unstructured with few layers of prismatits @ljacent to the
terrain. Stangroom (2004)32] adopted the RNG &-and the RSM turbulence
models in the RANS simulations over Askervein hill. The RK®& model
predicted the flow field in a manner comparable to the RSM. ikpg on the
wind direction and area of the domain, the experimental results seenetime
closer to the RNG prediction and sometime closer to the R&Mdiction.
Vertical profiles of turbulence (TKE @) over the hill top obtained with RNG
k-e and RSM models are also shownStangroom (2004]32], that have been
compared to the experimental data collected with propeller andc soni
anemometers. Both the turbulence models underpredicted dsired level of
turbulence, with a higher error for the RN&k-
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4.2 SMULATIONS ON ASKERVEIN HILL

4.2.1 General description

The hill of Askervein resembles a semi-ellipsoid with saxef few
kilometers with the hill top (HT) located few hundreds of enetfar from its
centre point (CP). The topography of the hill is plotted guFeé 4.1, where the
measurements points CP, HT and RS are shown togetherheithoints of
deployment of the propeller anemometers GILL UVW located at 1&g
along the line A passing through the hill top HT. Other two referénes were
the line AA, parallel to the line A but passing through CP, amdlitie B,
passing through HT and CP, along the major axis.

Two digital maps of the area are available: the mapah ¢overs an area of
16 x 16 kni and the map-B that covers an area of 6 x 8 kwth made by 256
X 256 points, the horizontal resolution of map-A being therefore 62.%ihe w
the map-B has a resolution of 23.4 m. Moreover the map-A desthiedslls
surrounding Askervein hill while the map-B shows only the hillated. Both
maps are shown in Figure 4.2. The whole topography described by map-A is
provided in Figure 4.3 together with the extension of map-B.

Since the presence of the mentioned group of neighbouring litis shthe
experimental runs performed by the research groups were eelatiwind
blowing from the third and the fourth sector, directions for whighhills close
to Askervein are supposed to not affect the flow field around the hill.

The higher resolution of map-B provides a slightly higherualétat the
summit of the hill; a less smoothed topography could lead to nuaheegults
much closer to the experimental.

It's not possible to state, without performing simulations, wigica of the
two maps could lead to the best prediction: map-A, enclosing a aida and
neighbouring topographies, or map-B, with an higher resolution.
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Figure 4.1 — topography of Askervein hill, Refereriite (RS), Hill Top (HT) and
Centre Point (CP), obtained from map-B.
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Figure 4.3 — Extensions of map-A and map-B ovetdhegraphy described by map-A.

4.2.2 Measurement reference data

Among all the data gathered during the two campaigns, it has beenchos
to simulate the run TUO3-B. During this run the wind was blowdtmost
constantly for three hours from a direction of 210° a directibnost
perpendicular to the main axis of the hill, for which the hilighe east of
Askervein would produce no or minimal effects on the flow-field, enger
during the run TUO3-B the stratification was neutral, therestability effects
can be neglected simulating this run.
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From the report of the experiments Batylor and Teunissen (198836] it
is extracted the Table 4.1 which shows part of the resultsnebtawvith the
GILL UVW anemometers displaced along line A and at the RS point.

The same horizontal velocities listed in the second column dé®ab are
then plotted in Figure 4.4 along line A. Considering the definitiomkKIE as
given by equation (1.9) and the standard deviations of the velmmtyponents
in Table 4.1 the TKE is calculated and plotted against thedrgel position
along the line A in Figure 4.5. The standard deviations of the tgloci
components, also reported in Table 4.1, are plotted in Figure 4isstagze
horizontal position along line A of the measurement points at 10 m ag.l..
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Figure 4.4 — Horizontal velocity measured at 10 m.laalong line A by GILL UVW

anemometers (as in Table 4.1).
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Table 4.1- Averaged data from GILL UVW anemométersirbulence run TUO3-B
(extracted from table A1.3 of Taylor and Teunisd&85) [36]).

Twr Icn Direct.

Speed Su¢  Intu  Sv  Intv  Sw Intw  uv uw vw

RS 2073 86 1223 0143 0.704 0.082 0.413 0.048 0.135247 -0.013
ASW85 201.6 7.8 1200 0.153 0.762 0.097 0463 0.059 0.0a7.239 0.002
ASW50 1929 6.7 1350 0.202 0.683 0.102 0475 0.071 0.098272 0.015
ASW35 196.0 7.2 1243 0174 1038 0.145 0580 0.081 0.042351 -0.033
ASW20 200.6 105 1.115 0.107 1.126 0.107 0.565 0.054 20.00.287 -0.004
ASWI10 207.9 13.2 1.059 0.080 1.232 0.093 0.577 0.044 80.09.243 -0.049
HT 2034 162 1.100 0.068 1.034 0.064 0577 0.036 9.18.153 0.031

ANE10 2065 120 1758 0.146 1012 0084 0531 0.044 040.0-0.241 0.056
ANE20 1959 56 2560 0458 1502 0269 0.881 0.158 11.4®.560 0.206
ANE40 1881 3.0 1983 0.668 1.798 0.606 1.192 0402 8.20.694 0.459

Legend:

Twr Icn  tower location (name)

Direct.  direction, measured in degrees clockwise from north

Speed  horizontal wind speed

S, estimator of standard deviation of streamwise campbof velocity

Int U streamwise turbulent intensity &/Speed)

S, estimator of standard deviation of spanwise compbokvelocity

Int V spanwise turbulent intensity & /Speed)

S estimator of standard deviation of vertical comparad velocity

Int W vertical turbulent intensity (s,,/Speed)

uv covariance streamwise-spanwise

uw covariance streamwise-vertical

VW covariance spanwise-vertical
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Considering valid a log-law (1.3) at the reference siteaR& assuming a
roughness lengthyof 0.03 m, a friction velocity of 0.634 m/s is computed by
exponential interpolation (with 0.41); if the roughness length is not fixed the
regression provides a roughness length of 0.0486 m and a frictiocityedf

0.685 m/s; experimental data and regression curves are reported ind=fgure
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Figure 4.7 — Vertical profile of mean horizontalagty at RS during TUO3-B run (from

Taylor e Teunissen (1985) [36]) and exponentiadipblations.
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The values of TKE measured at RS are instead plottedhureF4.8, they
can be used to evaluate the SKE donstant: if the value of (30.09 is kept
(default in Fluent) then the TKE values measured by the GILM AL the RS
are approximately matched by equation (3.2), see Figure 4.9. Thivathse
allows the usage of the default values for the SKE modelstants and also
for the other models’ constants in the simulations of the TUO3-B arfgrmed
in neutral conditions. Considering the velocity’s standard deviatieasured at
RS (table A1.6 and Al.7 dfaylor and Teunissen (198§)6]), also a vertical
profile of TKE has been constructed, shown in Figure 4.8. The comrstruct
vertical profiles of both velocity and turbulence should rddenthe profiles
assigned at the inlet of the computational domains.
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4.2.3 Simulations with Fluent

A series of 3D simulations have been carried out with the cocmheonde
Fluent on the isolated hill of Askervein. Both maps A and B aed usorder to
study the effects of the original resolution and influenceth¢oflow of the
group of hills at east of Askervein.

For both the maps a geometry of 3 km x 6 km enclosing the hill has bee
drawn in order to have the sides of the computational domain pamliieé
incoming wind (210°). The height of the computational domain has beem set t
1 km while the hill of Askervein is placed approximately 1.6 famfrom the
inlet border.

A view of part of the meshed borders for the computational domain
obtained from map-A is shown in Figure 4.10, above the whole domain
containing the hill of Askervein.
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Further details of the geometry and grid are provided in thée™a2 while

the boundary conditions employed are summarised in Table 4.3.

Figure 4.10 — Grid obtained from map-A.
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Table 4.2 — Geometric characteristics of the mesisesl for TU03-B runs comparisons

Height of the domain 1000 m
Width domain (dir. x, spanwise) 3000 m
Length domain (dir. y, streamwiseg000 m

Height of wall adjacent cell (h) 0.6 m (30.03 m — RC 1 — RH 0,2943 m)

Width cells Ox, Dy) 30 m

Number of vertical divisions 50

Number of horizontal divisions 100 x-axis, 200 y-axis
Total number of cells 1 000 000

Table 4.3 — Boundary Conditions

Inlet Velocity Inlet

Left side Symmetry

Right side Symmetry

Outlet Pressure Outlet (map-A), hydrostatic model
Outflow (map-B)

Terrain Wall with wall-functions

Top (geostrophic wind) Symmetry

Several turbulence models have been tested in RANS simulatitimshey
described geometry, grid and boundary conditions; the turbulence models

employed are reported in Table 4.4.
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Table 4.4 — Turbulence models employed in the ptedeRANS simulations run with
the code Fluent.

Map-A Discretization scheme for advection term

SKE default constants2™ order upwind (momentum, k aejl

RNG k-@  default constants2™ order upwind (momentum, k amji

RKE default constants2™ order upwind (momentum, k aejl

2" order upwind (momentum, k,and

RSM default constantsReynolds’ stresses)
Map-B
SKE default constants2™ order upwind (momentum, k amji

RNG k-&  default constants2™ order upwind (momentum, k amji

RKE default constants2™ order upwind (momentum, k amjl

2" order upwind (momentum, k,and
RSM default constantsReynolds’ stresses)

* with the Differential Viscosity model activatesee the Fluent User’s Guide [10] for

the option’s description

4.2.3.1 Results: mean flow and turbulence

The horizontal velocity measured in the run TUO3-B is plottedrigure
4.11, where the vertical bars are proportional to the standardtidavof the
stream wise velocity and where the horizontal velocities olutaiii the SKE
model in both maps are also shown. The two SKE simulations fordaastke
the flow up stream of the hill while the peak of velocity fa top resulted
slightly under predicted, a feature which is common in the repraaduofi the
Askervein flow, see e.g. the plots presente€hsgtro et al. (2003]5], an under
prediction of velocity that can be explained certainly byttdwecoarse meshes
originated from both maps. In fact, also in the 2D simulations of E€hdp
about an isolated hill it was already shown that an horizontdutEsoof 30 m
leads to a poor prediction of the wind peak at the top of theTiikkrefore
improvements could be expected refining the grids especaathynd the
summit of the hill.
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The under prediction of the wind peak at the top of the hill has &lsen
explained in literatureGastro et al. (2003)5]) by a roughness of the terrain
around the top of the hill smoother than the one considered.

The wind down stream of the hill is instead over predicted by bah th
simulations based on the two maps, in the lee side of the hilh edeerse
pressure-gradient flow, the turbulence model plays an importentTiae flow
downstream is not well captured because of the turbulence modelling
Differences can be noticed between the wind predictions oftsitnulations,
the map obtained from map-B looks behaving better than the one obftaime
map-A. It seems therefore that the neighbouring hills do nettasignificantly
the flow at the lee side of the hill, while the higher reofuof map-B would

lead to a better prediction of the flow.
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Figure 4.11 — Horizontal velocity along line A (10 a.g.l.), SKE model map-A and
map-B.

The same experimental data of horizontal velocity and bars pi@parto
streamwise velocity standard deviation are used in Figure AdL.EZigure 4.13,
respectively for map-A and map-B, to make comparisons af tiabbulence
models (SKE, RNG KE, RKE and RSM).
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In Figure 4.12 and Figure 4.13 is shown how the mean flow along the line A
in the ups stream region and on the top of the hill is bagidaBcribed in the
same manner by all the turbulence models employed. The flow sidegin
the adverse pressure gradient region, is the most sensitiverbulence
modelling. The two equations turbulence model which was able tdatgrnin
the best way the mean flow in the lee side was the RNG, viaI8KE was the
worst. The RSM produced the flow field closest to the expatahe@ne in the
simulation on the grid built over map-A while in the simulationtwngdrid built
over the map-B the best forecasting was given by the RNGe wihd RSM
slightly underestimated the velocity in the lee side.

Depending on the topography the RNG or the RSM seem to behave better
one big issue in the analysed run is that the flow was about tcatepa an
intermittent bubble of separation was likely present. If eaxdy phenomena
were present in the chosen run the only way to reproduce acgutia¢el
experimental data would be by performing unsteady simulations.

Nevertheless, by observation of the mean flow the best beh&wimg
equation model would look the RNG KE. It would be interesting toyaaan
other run, always in neutral conditions, for instance from 180°, pgssifn
the flow was not prone to separate.

The turbulence results are instead presented in Figure 4.14 bBiKthe
values collected along line A where the values of the onedsTKE are the
same of Figure 4.5. The SKE model predicts well the level dfutence
upstream and at the top of the hill while the level of tummdeis under
predicted in the lee side of the hill. Again, in the adverse pressadegt flow,
poor matching is observed with experimental data with the gtaired from
map-B producing an higher peak of turbulence, but still much snb#erthe
measured.

When the same TKE data are compared with the numerical rebtdised
with different turbulence models in Figure 4.15 and Figure 4.16twe
equations models predicting better the TKE level are the SKEhanealizable
k-e in a more or less equal way, while the RN@ leads to a slightly level of
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turbulence. The RSM model produces a slightly underestimatedal ite top
of the hill, like the RNG k-e does, but it's the turbulence modetiwpredicts
the highest peak of turbulence at the lee side, still toodompared to the
experimental data. In the forecast of the TKE the grid dependgesgn much
stronger than in the velocity prediction, therefore alsdterturbulence plots a
much better result is expected if an higher horizontal disatwiz is

considered.
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Figure 4.12 — Horizontal velocity along line A (1@ a.g.l.), ke derived turbulence

models and RSM over map-A.
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In Figure 4.17 the standard deviations of the velocity vecterpéstted
along line A, both measured and calculated by the RSM modele wiel
standard deviations for the horizontal components are generally undated,
for the vertical component the standard deviation is overestimatese
behaviours are then enhanced in the lee side of the hill at apateky at 200
m downstream of the hill top.

- -¢ - - sigma-u (streamwise) -- -l - - sigma-v(spanwise) ---A - - sigma-w (vertical)
sigma u RSMASK A sigma vRSMASK A sigmaw RSMASK A
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Figure 4.17 — standard deviations of velocity comgus along line A (10 m a.g.l.),

measured and simulated with RSM over map-A andBnap-

4.2.4 Simulations with WindSim

The software WindSim is aimed at calculating the annuabgrmoduction
of a given wind farm; it firstly generates a structuredd gnade of hexahedral
cells, fitted to a given topography, and then solves the RANS egsalty
means of the commercial CFD code PHOENICS, with a finite velum
approach, in steady state conditions for an uncompressible andrisaitfiew.
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The continuity and momentum equations are solved with a segdegalver
named SIMPLEST which is a modification of the widely used &lgyor
SIMPLE.

The meshes generated with WindSim are built over a rectanarda with
the borders directed eastwards and northwards; horizontally ¢arybe
uniformly spaced or with an inner refined region which is ugutde area
enclosing the wind farm or the anemometric station. The gridvesastretched
also along the vertical direction; in this fashion the smaltells result the
adjacent to the terrain while the others expand verticallyh wicreasing
altitude.

The inlet conditions are the same used in the Fluent simulations presented in
the first part of this chapter: vertical profiles of agty, TKE and TDR are
imposed at the inlet; the outlet is treated by providing aspresprofile while,
when the flow is directed in 0°, 90°, 180° and 270° the lateral oraler
treated as symmetry planes; a second approach available getting of the
boundary conditions is given by a nesting procedure, a meso-scale isodel
performed, the flow field obtained is then used to provide boundary mmwit
for an inner micro-scale model.

The turbulence model used by default by WindSim to close the RANS
equations is the standardekmodel which can be selected with two different
sets of constants that are reported in Table 4.5.The sets ofedarbfistants in
Table 4.5 are the same also useastro et al. (2003)5] and proposed in
Beljaars et al. (1987]3].

Table 4.5 — Constants of the standardodel in WindSim 4.5

Crm Cle CZe Sk Se
Standard 0,09 1,44 1,92 1 1,3
Modified 0,034 1,44 1,92 1 1,85
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The case study of Askervein have been also analysed with WindS
order to test the two sets of constants available and contiparaumerical
results obtained with the corresponding data obtained with Fluent.

Grids with different resolution were analysed in order talgtthe grid
sensitivity of the results.

The simulations carried out with the code WindSim 4.5 were peeftron
the digital map-B, covering an area of 6000 m x 6000 m centred onlltioé hi
Askervein.

Three grids has been constructed over the map-B and then emploed in t
simulations performed with the code WindSim and some geomettigdsaof
the computational domain and grids are reported in Table 4.6 and 4.&ble
The horizontal resolution in the inner refined area of the eetrgrid is
comparable with the resolution of the meshes employed in the asiomd
performed with the code Fluent which is 30 m, while grid 1 and 2 are
horizontally more refined in the inner region with a horizontal sgaaround
20 m.

In the Figure 4.18 it's shown the topography of the hill of Askervdiile
in Figure 4.19 is visible a top view of the map-B discretizedraGrid 3,
measurements points RS, HT, CP and along line A are also shown.

Table 4.6 — horizontal extension of domains aniimeéned regions employed in the
simulations of the Askervein hill flow with WindSim

Height domain 1000m above highest terrain node

Easting (x) extension Xmin 072688m  X,,«078688m DX 6000m

Northing (y) extension Ymin 820456m Y« 820456m DY 6000m

Refined area

Easting (x) extension Xmin 074488m  X,,«076688m DX 2200m

Northing (y) extension Ymin 822256m Y« 824456m DY 2200m
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Table 4.7 — geometric features of the domains agshes for the performed

simulations on Askervein hill with the code WindSim

Number of cells Ny Ny N Total cells
Grid 1 168 168 34 959 616
Grid 2 168 168 40 1128 960
Grid 3 119 119 40 566 440
Max resolutions DXin DY min Dz,
Grid 1 21,4m 21,4m 2,428m
Grid 2 21,1m 21,2m 0,375m
Grid 2 21,1m 21,2m 0,375m
1245
100
B0
= &0
- 40
= 20
— 37

Figure 4.18 — Elevation map of Askervein hill ohtd from map-B
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Figure 4.19 — Discretized map-B for the grid 3,mieiHT, CP, RS and 10 m masts
locations along line A. 210° wind direction as imrTUO3-B of Taylor and Teunissen
(1985) [36]

The standard k-turbulence model has been employed to investigate the
flow on the hill of Askervein with both the sets of constamjgorted also in
Table 4.5. The friction velocity employed is about 0.634 m/s asileddd by
interpolating the experimental data at RS relative to the tW®3B. In Table
4.8 the simulations whose results will be reported in followinggraphs are
summarised, classified by grid, turbulence model, number of iterations.

The chosen direction for the incoming wind is the 210° measurekinike
from north as done for simulations with Fluent, in this way Wind&onsiders
two faces as inlets and two as outlets, this is alsomgrortant difference
existing between the simulations performed with Fluent and Wimd$he
computations performed with WindSim are meant, like the onesedaoit
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with Fluent, to reproduce the wind field observed during the expetaihain
TUO03-B, MF03-D and TKO3 of the reportaylor and Teunissen (198836].

Table 4.8 — Set of simulations of Askervein (fraap+R) run with WindSim 4.5

Turbulence models SKE default SKE mod.

Grid 1 (ua-2) (U)
Grid 2 (u) (U)
Grid 3 (ua-2) (U1-2)
Number of iterations ~SKE default SKE mod.

Grid 1 550Q1)/300Q2) 4000

Grid 2 3000 1100

Grid 3 300Q1)/300Q2) 400Q1)/300Q2)

Friction velocities
Ut 0,422 m/s u(500m)=10 m/s
Ueo 0,6336 m/s  u(500m)=15,02266 m/s (TUO3-B)

4.2.4.1 Results: mean flow and turbulence

The calculated mean flow-field is compared to the experimental
measurements reported in table A1.3 and Al.Zaylor and Teunissen (1985)
[36]. The computed horizontal velocity along the line A is plotted in FigLie
showing that also WindSim underestimates the velocity magnituttie &op of
the hill and overestimates at the lee-side, as alreadywelosén the Fluent
simulations. The grids 2 and 3 provide basically the same raesuitsms of
velocity and the grid 1 differs from the other two meshes ind@eside of the
hill at about 0,5 km from the hill top which is very likedpnnected to the high
level of turbulence predicted. The grid dependency is shown aldgurer.21
by means of the TKE predicted along line A, the simulatioriezhout with the
grid 1 was probably close to diverge since the too high valukif dbtained
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at the lee side, the high value of TKE remained restricttioeihee area but the
peak of TKE about 10 ¥ is not verisimilar. The grid 2 predicted a TKE peak
higher than the one computed with grid 3, showing the grid dependé oy
results; finally the flow field obtained with grid 3 is vesymilar to the one
calculated with Fluent in a similar horizontal resolution shgwnot many
differences between results obtained by the two numerical tools.

Also the effects of the usage of both sets of SKE model's amtsstsee
Table 4.5, have been carried out, the numerical results are pekgeiite same
manner adopted for the grid dependency study, in Figure 4.22 tedplbie
horizontal velocity and in Figure 4.23 the TKE both calculated aloegA
passing through the hill top. In terms of velocity the usage ofwbesets of
constants is not so significant, the two curves in Figure 4.22tdiffer that
much; the usage of the two sets of constants produce instéae@mifvalues of
TKE which is generally higher for the modified set due to thaller G, while
the predicted peak of TKE is the same in the two caselingsin a generally
smoother turbulence field when applying the modified set of constants.
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Figure 4.20 — Grid dependency: horizontal veloatgng the line A, reproduction of

experimental data TUO3-B.
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Figure 4.21 — Grid dependency: Turbulence Kinetietgy (TKE) predicted with
WindSim 4.5 and measured (TU03-B) along line Adatnla.g.l.
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Chapter 5 SimuLATIONS 3D DES/LES OVER FLAT
TERRAINS*

5.1 INTRODUCTION

Present literature and in-house experience pointed out that RApIBach
is insufficient to provide a satisfactory simulation of flol@unding complex
terrains’ features or architectural structures, leading to explorgheation of
more precise turbulence solving methodologies such as LargeStudyation
(LES) and hybrid methods URANS/LES such as the Detached EdayaSion
(DES). Further CFD techniques are obtained once LES or hybrANSR.ES
are coupled with the use of wall functions to model the flow in the wall adjacent
cells, in this case the Wall Modelled LES (WMLES) is usatther than pure
LES. In this way turbulent flows with Reynolds numbers up td afe
affordable. Moreover, the turbulence plays the main rule to deterfiuixes of
momentum, energy and moisture within the atmosphere. An accurdietipre
of the turbulence within the ABL is therefore necessary andpgplication of
eddies solving methodologies like LES and DES is nowadays sinuuldte
research since the improved capabilities of the modern computéthe lack,
up to now, to predict in a correct way the logarithmic wind profildnendurface
layer by LES methods.

In the present chapter will be described a series of DESVWIDES aimed
at evaluating the capabilities of the commercial code Fluent 6.2 in repngcduci
neutral ABL with eddy solving methodologies.

Since the scope of the presented simulations was to model a neutral
stratified flow, only the continuity and momentum equations have beked,
a grid’s resolution study have been performed to determine tbperp
discretization for all the different classes of terrain roughness.

* The present chapter is a rearranged version of D project’'s thes
“Investigation of the Atmospheric Boundary Layempbjing Large Eddy Simulatidn

carried out at the von Karman Institute duringdlademic year 2005-06.
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Boundary conditions for eddies solving methods should have some
characteristics, for instance, the vertical planes m@drtdl the flow cannot be
symmetry planes as done in RANS simulations, since symmetry Keinte
turbulent fluctuations and the formation of the eddies themselperiodic
conditions are therefore used in the span-wise direction. When thetdABe
studied is a fully developed flow over a flat terrain pegacbnditions stream-
wise are again successfully applied.

Inlet conditions with imposed velocity and turbulence are not taken i
account in the present PhD thesis but they deserve to bederaus in
alternative to stream-wise periodic conditions especiallyen the ABL
considered flows not anymore over a flat terrain but over topogréghiures.

In this way the size of the domain itself can be kept not taemthan the
region of interest. For a neutral ABL such those studied aneérmiezbsin this
chapter, the upper boundary can be imposed as a symmetry plane alkile w
functions are still used for the terrain, as done in the RANS simulations.

5.2 SuDY OF THE ABL WITH LES TECHNIQUES

In the last two decades several studies have dealt wittepineduction of
the ABL with eddies solving techniques, both LES and hybrid RANS/LES
methods (DES). LES of neutral stratified boundary layers have pr@sented
by Mason and Thomson (1987) [24] using a standard Smagorinsky SGS model
in the simulation of an Ekman layer. The same authors proposed in 1992 [25
the use of the Smagorinsky model coupled with a back-scattechgitjue to
cure the failure of the simulations to well reproduce the ritigaic law,
equation (1.3). In fact, as also mentioned by Mason and Thompson [25], when
the neutral ABL is simulated with the original SmagorinskijyLmodel, an
overshoot in the velocity is typically obtained with values of ndised wind
shearf ,, reaching a maximum about 2.

In recent years two approaches have been followed in ordeptove the
simulations: one is the refinement of the grids in order to gwbper filter
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width, while the second one is the usage of improved and generafly m
advanced SGS models compared to the standard Smagorinsky-Lilly.

Sullivan P.P.et al. (1994)[34] proposed a two-part eddy viscosity model
where the contribution of mean and fluctuating eddy-viscositesnéroduced
and their effects are balanced by means of an “isotropy factor”.

Among most recent works dealing with LES simulations of ABL it's worthy
to mention the Ph.D. thesis of F.T. Chow (2004) [7] where a dynamic
reconstruction model is applied to reconstruct the resolvalbiddfilter-scale
(RSFS) stresses together with the dynamic eddy-viscosity rhgd@iong and
Lilly (1994) [42] for the sub-grid-scale stresses (SGS)rtHeumore, an
example of DES applied to the planetary boundary layer is dpyghe multi-
planet EPIC General Circulation model proposed by Dowling T.E. aBddwe
R.P..

5.3 METHODOLOGY FOR THE DES/LES SIMULATIONS OF THE
ABL

The flow field computed by both DES and LES methods need to bedstart
from a RANS steady solution properly perturbed in order to makelae the
turbulence more easily. Few pass-through times has to be waitdxkfore
gather statistics, that should be done when statistically ste@mutjitions are
reached.

5.3.1 Initial steady simulations

All the unsteady simulations, both DES and LES, 2D and 3D cases ar
started from a converged solution of a RANS simulation of the A&hg the
SKE model for the turbulence closure.

The grids employed were all of structured type with uniform loote
spacing and ranging from 20 m to 60 m of size. For the verticaktization of
the domain the prescription to assign the height of the wgicawt cell h
higher than twice RH (Roughness Height) it has been followedthbumore
accurate results in term of predicted wall-shear stressoltained with the
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value of h only slightly higher than 2 RH, the rest of the vartspacings are
assigned in order to obtain a successive ratio about 1,1; éhaimgy of the
parameter RH appearing in the wall function for rough surfacespisined in
the Fluent User’s Guide [10].

The initial RANS simulations are run with the SKE mode¢ air is treated
as uncompressible and dry; about the operating conditions the operating
pressure is set at 1 atm at the ground level, the gravitatamoaleration is
enabled, while the operating density has been set to zero.

As regards the boundary conditions employed, the upper face of thendoma
has been set as symmetry, while periodic boundaries have been uged, on
streamwise in 2D and both spanwise and streamwise in 3D. aé® flow has
been assigned, usually calculated by assuming that a log-laalidsin the
whole domain. The terrain has been treated with a wall boundarytioand
using wall functions for rough surfaces, usually with RC (Rough@esstant)
one and RH calculated by the equation:

RH » ZF;CE’ (5.1)

Which is obtained by the (2.33) wi@s andKsrespectively equal to RC and
RH. The equation (5.1) comes from the comparison of (1.3) and the wall
function modified for rough surfaces as it is described in thenFluser's
manual [10].

Even if the maximum value accepted by Fluent for the RC paeanseone
(value accepted 0+1) thorough the graphical user interfac@|sb possible to
assign a value of RC higher than one, by reading a profilddiiléhe lower
boundary where values of RC are specified for each cell ofetinairt. For
instance RC can be set to E and RHqtwhzich also allows to draw a finer grid
close to the wall and to obtain a more precise wall shear stressstoreca

The described roughness settings for a finer grid with the paearRC
higher than unity have been set successfully for RANS SKislations and
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there is hope that their use will provide some improvements mle&$ and
DES simulations.

As regards the discretization methods adopted, the default sshesve
been left active but the pressure discretization scherhered to PRESTO!
(PREssure STaggered Option) which simulates a staggeicdeping the
convergence process. The upper limit of the ratio eddy visctisitgminar
viscosity is increased in such a way that the code won't ptethes ratio to
grow, in fact the eddy-viscosity for an ABL is naturally vargh so there is no
reason to limit its value.

Finally the RANS simulation is run until reaching a completevergence,
with the residual at minimum possible value, for a grid counting 1256108 c
this condition is generally reached in 6000 iterations.

Once the solution of the RANS simulation reaches the convergéne
command solve>initialize>init-instantaneous-vel perturbs
the flow field calculated, the velocity field is in this way paeed to start up the
LES or the DES simulation. The initialization of the flow dieduperimposes
over the RANS final solution a synthetic turbulence. In thig Wwa easier to
make develop a “natural” turbulence, i.e. ruled by the solved equations. én som
cases a turbulence will be never obtained without a iz&téin command
since turbulence needs instabilities and some perturbations flowhéeld to
born and grow. The kind of instability present in a fully developed baoynda
layer needs a perturbation of a certain amplitude in order snottrbulence;
this is not the case of other instabilities for instanceidfulent wakes, jets and
mixing layers where all scales perturbations, also veryl emd hence always
present, are amplified and finally lead to turbulence.

Unfortunately, in Fluent user's guide [10] there is no further rijfggm
about the initialization of the instantaneous flow field even thoitghtvery
likely that the same command is used in producing a synthetic éndaifor
the perturbed inlet conditions. In this case the perturbatigheoflow field is
obtained by the free-divergence random-flow-generation functioropeapby
Kraichnan (1970) [20] and modified by Smirnov et al. (2001) [30], this
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command is based on the summation of a finite number of Foun®ohies
(100 in the code Fluent) in order to construct a synthetic turbulence spectrum

In the code user's guide [10] it's not mentioned if the ih#zion
command is available only for some turbulence models. Neverthieless
been noted during the performed tests that the initializatitimeahstantaneous
velocities is not valid when the SA turbulence model is atdjathis is the
reason why the RANS simulations performed before the izditdin of the
flow field are done with the standardekmodel rather than the SA model,
which is the most natural choice when the scope is to switdiet®A based
DES.

In order to have a feeling of the effect of the initidi@ma command
described on the flow field it can be seen from Figure 5.1Faare 5.2 how
the command produces a perturbation on the original velocity fiellddty
profiles of Figure 5.1) obtaining the velocity profiles like thesosleown on the
lower part of Figure 5.1; in Figure 5.2 can instead be seen lwutbulence
kinetic energy is not directly influenced by the perturbation command.
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Figure 5.1 — Example of vertical profiles streansgvicomponent of velocity for a
converged RANS SKE simulation (above) and the saamhee after initialization

command (below).
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Figure 5.2 — Examples of TKE vertical profiles foconverged RANS SKE (above) and

the same values after initialization (below).

5.3.2 Turbulence modeling

The study presented in this chapter dealt with the LES/DESaions of a
neutral ABL over a flat terrain using the commercial codeefl 6.2; hence

only the continuity and momentum equations have been employed, paying

attention to determine the sensitivity of the model to diffepemameters such
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as grid resolution, roughness parameters and turbulence mpdetimeters
(SGS).

Since the LES option in Fluent 6.2 can not operate with wall-fmgt
adapted for rough walls the choice of the turbulence treatmeritden left in
the first part of the study to an hybrid URANS/LES methodology nlabEeS
(Detached Eddy Simulation) based on a modification of the Sypfdlararas
model, while in a second moment of the study an home-made Smagorinsky-
Lilly model has been plugged in the code in order to use it couplidtine
wall-functions modified for the roughness.

In the eddies solving methods LES only the big-eddies are solvectlygir
(resolved scale) while the small-scale eddies effeces raodelled with
turbulence models named sub-grid-scale (SGS) models, or moretlgothe
sub-filter-scale (SFS).

A peculiarity of eddies solving methodologies is that the flowseltia be
modelled always in unsteady simulations; also a 2D approatieasetically
wrong since eddies are correctly developed only in tri-dimensiepate.
Nevertheless 2D LES can be carried out and it has been sudlgeapplied
especially in some cases of external aerodynamics of bluff bodies.

5.3.3 The new LES-UDF implemented in Fluent

The code Fluent 6.2 offers four methodologies to model the SGS eddy
viscositymsgs four SGS models:

the Smagorinsky-Lilly (SL) model
the dynamic SL model
the Wall-Adapting Local Eddy-Viscosity (WALE) model

the dynamic kinetic energy model

All the listed models are not available coupled with the waikfions for
rough walls while the DES option does. Therefore the need impithsent
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project for DES turbulence modeling or the implementation of va 86&S
turbulence model to be used coupled with the wall-functions.

In the standard Smagorinsky-Lilly SFS model, which has been implethente
in a new UDF and used for rough surfaces in the present prdjectsls is
modelled by:

N o =(CsD)’[9 (5.2)

Being G the Smagorinsky constarid, the filter width (=cell- volumé’®)
and ‘3{ the magnitude of the resolved scale rate of strain tensor

§=(25%)" 3
5.3.4 DES settings tested

The SA based DES model is implemented in Fluent 6.2 as proposed by Shur
et al. (1999) [28], two further modifications of the model are available:

1. the possibility to substitute the length sadenly in the destruction term
2. and to compute the filter sid2 from the volume of the cell in equation
(5.5) rather than on the maximum dimension (5.4).

D=- (D. D D) (5.4)
D=0 - 0 (5.5)

The possibility to choose two values of filter width and #yglacement of
the new length scale (2.29) in both the production and destructraroteonly
in the destruction term lead to four possible settings of the M&®:l which
are named and summarized in the Table 5.1.

It's worthy to remember that the choices shown in Table 5.1 aralalean
Fluent only through the text user interface.
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The four possible DES models have been tested in 2D domains both for
smooth and rough walls, the model more similar to a LES with ag8nmsky-
Lilly model has been finally chosen for the 3D simulations.

Table 5.1 — classification of the four DES option&luent 6.2.

D=- (D.D D) D=Jl0 - 0
= 1( . D
replaced in all the terms DES1 DES2
(production + destruction)
t=1( . D
replaced only in the DES3 DES4

destruction term

Furthermore, if the variable S is computed with equation (2.8¢hadging
the value of some constants,gand G,s)of the model further possible settings
are available; some of the possible settings have beed test 2D and 3D
boundary layers, the settings tested are:

Case a: S based on vorticity;

Case b: S based on vorticity/strain ( equation (2.1Q) €2, Gz = 2;
Case c: S based on vorticity/strain ( equation (2.1Q)s €1, Gz = 2;
Case d: S based on vorticity/strain ( equation (2.1Q)s €1, Gz =0

Where all the other constants are left with the defauliega The reason
why the Goqis set to 1 is to make © H when ‘W >H while the constant
Cuzis set to 0 to make,fin the destruction term equal to 1.

93



Considering the transport equation for the modified eddy viscadibpted
in the SA model, equation (2.8), in equilibrium conditions (produciom t=
destruction term) the following relation holds for the isgt DES4d (which
means DES4 of Table 5.1 and case d of the previous list):

n :_( 101 D) (5.6)

Comparing the equation (5.6) to the (5.2) and considering thatbfartfre
wall 7 »n and » it turns out that

des

C
Csi»—=2tC, 2 5.7
s, (5.7)
In order to make the Smagorinsky LES and the SA based DES models

predict the same order of magnitude of SGS turbulent visctsstyequation
(5.7) has to be respected.

5.4 2DTESTS

Before dealing with the description of the 3D simulations perorof a
neutral ABL, that will be presented in the paragraphs 5.5 and the5,
preliminary tests 2D are going to be described in the presentThe DES and
LES tests 2D do not pretend to solve correctly the ABlcesieddies are 3D
structures and only 3D simulations can solve them. The 2D siondaare
meant to test quickly some features and parameters of the nerdpleyed
even if a real response about the quality of a model can only fromehe tri-
dimensional simulations. In 2D LES/DES, as has been observedlehgb2D
is hard to form especially when no important obstructions to thelifk@bluff
bodies are present. For instance in the 2D studied cases tefiftans that are
going to be presented in this chapter the perturbations supeedpoth the
initialization command did not develop into turbulence.

All the 2D tests have been performed on a simple geometggtangle 6
km long and 1 km high representing a flat terrain. The boundary caomsliti
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employed are translational periodic for the inlet/outlet, itadictions for the
ground and symmetry for the upper boundary.

The grid employed is uniform horizontally while a stretching has bee
prescribed for the vertical discretization, the minimum heighthe cell is
named h and it’s the height of the wall adjacent cell; itha&llgrids drawn the
successive ratio has been kept around 1,1.

The methodology followed for the simulations is the one desciibélde
previous paragraph 5.3. Several tests have been performed aah smalls
for DES, LES and LES with a user defined function implementing a
Smagorinsky model (from this point named simply LES-UDF), and, rouegh
walls, for DES and LES-UDF.

While the 2D simulations over smooth terrains are meant tootempare
the LES option of Fluent and LES-UDF to the several trietghgstof the DES
module, the tests over rough surfaces allowed comparisons of DES settings only
to LES-UDF.

5.4.1 2D boundary layers on smooth walls
2D simulations have been run over a smooth flat terrain alwsagg a wall

function to model the ground. With this series of simulations it was possible

a) compare LES and DES
b) make a study of sensitivity to the parametggC
c) make comparisons between different settings of the DES model

The 2D simulations are aimed at reproducing a fully developed boundary
layer by applying a translational boundary condition. The numerisaltseare
presented by vertical profiles of velocity, presented in wails U = u/y and
y" =y u/n since the flow is over a smooth surface and it is therefosipeto
compare the results with the universal logarithmic law tfraulent boundary

layer.
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5.4.1.1 2D boundary layers on smooth walls: comparing LES against DES

Two vertical profiles of normalized velocity are shown igu¥e 5.3 in wall
units, one obtained with a DES and the other with LES witlmag®rinsky-
Lilly SGS model and the position of the switching interfacehiswsr with a
dashed line; in the RANS region of the DES the universal ligaic law is
predicted correctly while above the RANS region the prafédeiates from the
log-law, this is due to the fact that in 2D simulations nbulent structures at
all has been developed, so the only eddy-viscosity observed iseheamuced
by the SGS model. From the same Figure 5.3 it can be seen th&Shmodel
of Fluent acts effectively as an other DES model in #ese that there is a
region unsteady RANS, where in fact a mixing length model is expplind at
an interface the model switches to pure LES according to equation (2.29).

1E408 /
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1E+06 | pﬂ_u.jtﬂ

\%m

i ]
1E+05 |
£ 1E+04
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1E+01 | — LES i
1E+00 U .
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Figure 5.3 — Velocity profiles {uy") for DES 2D (Ggs0,065) and LES 2D (®,1) of
flat terrain. Dashed line is the position of theéariace RANS/LES for the DES model.
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5.4.1.2 2D DES boundary layers on smooth walls:sgs sensitivity

The constant ggs influences directly the position of the interface
URANS/LES, as it's shown in Figure 5.4; in the DES model thafatte is
located at the wall-distancep& D, moreover the constantpgs affects the
magnitude of the SGS turbulent viscosity exactly like thea@orinsky constant
Cs (see the procedure followed to obtain equation (5.7) and Guénot and Aupoix
(2003) [16]).
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Figure 5.4 — Velocity profiles {uy") for DES 2D (Ggs 0,065 and Ggs0,65). Dashed

lines are the positions of the interfaces RANS/LES.

Lilly derived a value of 0.17 for the Smagorinsky const&h{ for
homogeneous isotropic turbulence in the inertial sub-range; @&ogaa the
equation (5.7) a value ofggs 0.827 is obtained; these values of constants are
generally accepted to be too dissipative and smaller vafu€sg are therefore
used. Since the constang is directly connected to the SGS eddy viscosity
and its value cannot change too much from the default value 0.650gHi®n
of the interface, which is placed at«g D from the wall, is correctly controlled
only by a proper refinement of the grid in the wall adjacegioresince the
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filter width Dis computed from the cell's geometric characteristics by{5hB
or the (5.5).

5.4.1.3 2D boundary layers on smooth walls: DES settings

Four different settings have been tested on smooth surfaces, nurinbered
DES1 to DES4 according to Table 5.1. All the cases produced rnisechal
velocity profiles departing from the log law from the interfdd@ANS/LES
towards higher y(LES region) as can be observed from Figure 5.5.

The filter width for cases 1 and 3 is computed by the maxdo®iknsion
while for cases 2 and B is computed by the 1/3 power of the cell-volume; in
fact for the cases shown in Figure 5.5 the constggg Idas not been modified
and the position of the interface clearly changes with the filtehwidt

When comparing the cases shown in Figure 5.5 the higher wall shear i
obtained for cases 3 and 4 where the modification of the distaribe i8A
model is applied only in the destruction term which leads alsak@ m closer
to S, and therefore the model closer to a Smagorinsky model.
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Figure 5.5 — Normalized velocity profiles in wattardinates DES 2D (smooth), cases

1, 2, 3 and 4 of Table 5.1.
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Since the case 4 is the more similar to a Smagorinsky motiesibeen
chosen to be used for the 3D simulations. There is a good expeinetiee
usage of the Smagorinsky model, even if it's known that eddy-Wgc8&S
models like Smagorinsky fails for instance in predicting ldgelaw expected
from the similarity theory.

To make the case 4 even more similar to the Smagorinsky modetiute
settings have been tried, named 4b, 4c and 4d already listed inrégeaph
5.3.4. With the configuration 4d S is computed only from the strain eatoit
in the region wher&\/‘ >H while in the other configurations 4a, 4b and 4¢c S is
computed from a linear combination ‘w and H :

Velocity profiles for the further settings of the caserd shown in Figure
5.6 in wall-coordinates. It can be seen that the velocity priaiiléhe case 4d is
quite different from the ones obtained with the other settingsmidie task of
this series of tests was to find a set of parameterth€BA based DES which
make the hybrid model the closest possible to a Smagorinsky ntoelefore
further comparisons of DES 4d with LES and LES-UDF will be presented.
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Figure 5.6 — Normalized velocity profiles for tlmuf further settings tried for the case
DES 4.
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In the following Figure 5.7, Figure 5.8 and Figure 5.9 it's shown #sthe
DES 4d, LES and LES-UDF similar results are obtained in tefmelocity
profiles and eddy-viscosity profiles.

Several tests have been performed on 2D domains and smooth halls, t
main conclusions coming from this series of settings is thaD&® 4d, LES
and LES-UDF are almost equivalent.

Observing the eddy-viscosity profiles of Figure 5.9 it can liEed how in
the LES and DES cases the eddy viscosity decreases tolaseo to the wall,
while in the LES-UDF case it approaches a value thaiisnal 0,0002 Pa s, a
value that is roughly ten times the molecular viscosity.

This defect is indeed cured in the LES in Fluent by defining angnibength
given by

2 = (k3 ) (5.8)

and the SGS eddy-viscosity is computed by

m-sgs = rLZS‘g‘

In this way also the LES model acts in hybrid way, with a mixarngth
model between the wall and the interface and in LES modékirtdre of the
flow therefore, now the interface results placed at OCfrom the wall.
Depending on the aspect ratio of the wall-adjacent cells the ncadehct as
LES in the all cells or not even without the correction in (8t8%, could be the
case of rough walls where not an extreme vertical refinersenetjuired at the
wall and more “cubic” wall-adjacent cells are used.
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Figure 5.7 — Vertical profiles of turbulent SGScasity, comparison of LES (default
Smagorinsky of Fluent) and DES with settings 4d.
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Figure 5.9 — Vertical profiles of SGS eddy visggsitomparisons of LES (default
Fluent), LES-UDF and DES (case 4d).

5.4.2 2D boundary layers on rough walls

The 2D simulations on smooth walls have been mainly done in avder t
compare DES settings with LES and LES with LES-UDF. Fordlgh walls
the LES is not available and a confirm of the similarityD&S 4d and LES-
UDF is here shown.

In the present work three values of roughness for terrains besge
analyzed, they are summarized in Table 5.2 with indicated RHRLC, the
input parameters of the code for the roughness and h standing foigine of
the wall-adjacent cell.

Table 5.2 — Meshes used for the rough walls 23 test

used 3 RH [m] RC h
class % [m] :
[m] First Tuned (0+1) [m]
v 0,01+0,04 0,03 0,2943 0,25 1 0,6
0,16 1,567 1,17 1 3,2
\ 01+1
0,5 4,896 3,39 1 10
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The values of roughness chosen are not going to be presented for the 2D
simulations, while further results are presented in thiewing paragraphs
about 3D simulations. As regards the 2D simulations presenteuk imext
paragraph it will be shown the equivalence achieved betw&&h4d and LES-

UDF when dealing with rough terrains.

5.4.2.1 LES-UDF and DES4d on rough walls

Comparison of velocity profiles and SGS viscosity profile shown for the
DES 4d case and the LES-UDF with the constant Cs apad ffoperly set,
Figure 5.10 and Figure 5.11. The two models give very similattsesnd it's
therefore demonstrated that in equilibrium conditions the DES 4d bslvavy
closely to the LES with Smagorinsky model. Due to the relageed
confidence in the Smagorinsky model it has been decided to rubBEBe4d
and the LES-UDF for the 3D simulations.
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Figure 5.10 — Vertical profiles of velocity for DB8 and LES-UDF.
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Figure 5.11 — Vertical profiles of SGS eddy visgofir DES 4d and LES-UDF.

5.5 SMULATIONS DES3D

A series of DES 3D simulations over flat terrains havenlwaeried out with
some of the settings tested in 2D tests, presented in previagrggars. The
simulations were performed over a domain 3 km wide in both horizontal
directions and 1 km high. The relative numerical results msepted in the this
and following paragraphs; a roughness sensitivity study has bededcaut
considering three values of roughness length: 0.03 m, 0.16 m and 0.5 m.

The roughness length of 0.16 m was chosen in order to make comparisons
with the numerical results by Sulliva al. (1994) [34] whose simulations were
performed for the same value of roughness length, same domainusinigher
resolution both horizontal and vertical, different boundary condftiothe top
surface. Moreover, Sullivaet al. (1994) [34] adopted for their LES simulations
a different SGS model and different €quivalent parameters, comparisons
with the presented results are therefore more qualitative than qtiaetit

The DES model with settings 4d has been tested on a domain whose
discretization main features are listed in table below whidesame geometric
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features of the discretised domain used by Sullataal. (1994) [34] are given
in the Table 5.4.

Table 5.3 — Grids’ features of the three simulaticompared.

Zy Lx, Ly Lz NXx, Ny Nz N Dx, Dy h

(m] (m] (m] (m] (m]
0,03 3000 1000 50 50 125 000 60 0,6
0,16 3000 1000 50 50 125 000 60 3.2
0,50 3000 1000 50 30 75 000 60 10

Table 5.4 — Grids’ features of the discretised cotaponal domain used by Sullivan
al. (1994) [34].

Zy Lx, Ly Lz Nx, Ny Nz N Dx, Dy h
[(m] [(m] [(m] [m] [m]

0,16 3000 1000 96 96 884 736 ~30 -

The settings chosen for the DES model are the ones describid in
paragraph 5.3.4 and identified as 4d which resembles the closélepdbe
Smagorinsky SGS model. The present simulations were aimesséssathe
sensitivity of the DES model to different values of roughnesheferrain. The
values of roughness length tested are 0,03 m, 0,16 m and 0,5 m, tthedirs
corresponding to areas of low vegetation, while the third ortgpisal of a
forested zone according to the classification of terrainsjngtance the one
proposed by the European Wind Atlas [39] and reported in Table 5.51sEde
settings of the roughness parameters RH and RC for the three values tested hav
been already presented in Table 5.2.

The constant ggs of the model has been set to 0,486 corresponding to a
Smagorinsky constants®f 0,1 according to equation the equation (&l
Spalart-Allmaras model’s constants as in Table 2.1.
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Table 5.5 — Classification of the terrains basedlomroughness length according to
the Wind Atlas [39].

Zy [m] Terrain typology Roughness Class
1-0,5 City — Forest 3
0,5-0,2 Suburbs — Shelter belts 3
0,2 Many trees and/or bushes 2-3
0,1 Farmland with closed appearance 2
Farmland with very few buildings,
0,03 1
trees.etc.
0,01 Airport runway areas — mown grass -
310*-1 10* Sand and water surfaces (smooth) 0

All the run DES 3D simulations were started from a perturB&iNS
solution. The DES simulations were first left run for ten fitwough times in
order to achieve a statistically steady turbulence, aftertfee time statistics
were gathered over an equal time window of ten flow-through tifirtess flow-
trough time has been computed on the maximum velocity rather thameon t
bulk velocity.

The statistics gathered by default in Fluent 6.2 are ther rapd the RMS
values of the static pressure, velocity magnitude, X, y and z compointhg
velocity.

A more complete study of the turbulence would be achieved bylatitg
the co-variances of velocity components and higher order momehile, a
spectral analysis of turbulence can also help to understaimgl tifirbulence has
been simulated correctly.

Nevertheless in the following paragraphs the most significasults are
presented, usually as vertical profiles of variables averamedorizontal
planes.

The boundary conditions employed for both DES and LES simulations are
slightly different than those usually employed in RANS simulatiémisa flat
terrain is convenient to set both the stream-wise and the sparbetders as
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translational periodic, in this fashion a fully developed $ibuais easily
reproduced allowing at the same time to maintain a ratherct@iape of the
vortices in proximity of the lateral borders; the use of symyr@ane as lateral
boundaries would kill all the turbulent fluctuations. The top of the donmi
treated as a symmetry plane while the bottom as a wall wath functions,
these last two settings remained therefore the same used for RAN&tisinsul

A mass-flow has been assigned to the translational periodic condiéible,
5.6, aiming to produce a wind velocity of 15 m/s assuming that a \og-la
(equation (1.3)) would be valid over the whole domain.

Table 5.6 — Mass flows assigned at the periodicmbaties and physical time step.

Z Mass-flow  Time-step Max CFL
[m] [kg-s] [s] cell number
0,03 4,983 10’ 4 1
0,16 4,883 10’ 4 1
0,50 4,787 10’ 4 1

5.5.1 Wall-shear stress

The first type of numerical data that is going to be showneistaluation
of the wall-shear stress by the code Fluent.

The contour plots of wall shear stress on the ground (Figure 6rlthd
smaller value of roughness testeg 0203 m) in the three cases studied show
that the wall shear stress is higher in elongated areabgbdao the flow which
are patterns of eddies organized in elongated structures wdrogd lis not
estimable since the periodic conditions make them like tefiong. The same
behaviour has been described by Mason and Thompson (1992) [25] for
computations performed with the standard Smagorinsky model. The authors
claimed that the observed elongated structures are similgretnear-surface
streaks found in low Reynolds number simulations of turbulent boundary layers.
For this reason the observed elongated structures are nanssanbyauthors
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super-streaks. Super streaks are structures not observedua @cbulent
boundary layers, they appeared also in hybrid RANS/LES simulatiorss of
turbulent boundary layer, where the interface is placed ifogzithmic region
around 30 V. In the mentioned hybrid RANS/LES simulations a shifting of the
velocity profile in the logarithmic region is observed, thidtskiaccompanied
by the presence of the super-streaks. In recent studigastance by Piomelli

et al. [26], the introduction of a stochastic forcing at the interfabewed to
reduce the shift in the velocity profile in the proximity of theerface while the
super-streaks structures disappeared. A rather similar phendsrarserved in

a WMLES and DES of the ABL over rough surfaces. A stochastic forcing of the
velocity field could likely improve the simulations performed.

Unfortunately, the shortness of the domain together with the stnesen
periodic conditions enhances the permanence of elongated struetithethe
hazard of construct structure infinitely long if the size of 8tructures is
comparable to the length of the domain.

By averaging the value of wall shear stress predicted by DES
simulations values are obtained that are smaller than theshear stress
calculated by RANS SKE simulations and even smaller tharetBeence value
which is computed considering valid the log-law (1.3) for the whole domain and
for the given mass-flow (Table 5.6); the three values of-sladhar stress are
summarized in the table below, the corresponding friction vedscare linked
to the wall-shear stress by its definition, equation (1.1).

Table 5.7 — Wall-shear stresses and friction véiegifor log-law (1.3), SKE-RANS and
DES 4d simulations.

Logarithmic law RANS SKE DES 4d
20 Dx Ly Loc Law Ui rer Lo ske U ske <t w >DES U
(m] [m] [Pa] [m/s] [Pa] [m/s] [Pa] [m/s]
0,03 60 0,445 0,603 0,387 0,562 0,167 0,370
0,16 60 0,633 0,719 0,514 0,648 0,245 0,447
0,50 60 0,836 0,826 0,643 0,724 0,374 0,553
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There is a constant tendency for the DES 4d performed to underesthe
friction velocity, the value calculated is generally 60% of the egiez value.

The tendency to underestimate the wall-shear stress islylitceonected to
the typical local deviation from a logarithmic profile (‘&rghoot”) in the
velocity profiles observed which occurs in the surface layer. Insteadltdutye
gradient is higher than expected in the same zone where sugaksstire
observed.

According to Mason and Thompson (1992) [25] the presence of
“overshoot” is connected to the lack of backscatter of turblieretic energy
from smaller to bigger vortices; in the simulations by Maaod Thompson
(1992) [25] the lack of backscatter was due to the use ofrttag&insky SGS
model which is a pure dissipative model as all the eddy viscosity models.

One of the questions to be answered in the present chaptamderstand
if the DES model predicts the “overshoot” typical of the Smagéyi model,
and if this appears how much it differs from a log-law and from other cases.

It has to be pointed out that, when some variables will be metse
normalized by using the friction velocity, the underestimatiorthef friction
velocity can lead to an amplification or to a reduction ofribemalized group.
Therefore both the non-dimensional groups based on computed frictomityel
and reference (based on log-law) friction velocity arasgméd in the following
sections of this report.
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Figure 5.12 — Contours of wall shear stress [Pa]tba ground for the,20,03 m
(above); averaged values for DES and RANS SKEeerted with their reference
value (log-law) for all the three cases.

5.5.2 Velocity profiles

In Figure 5.13 the vertical velocity profiles are shown, compuigd
averaging on horizontal planes the already time averagednsivisee velocity
component. Two trends are particularly clear, firstly, in thés adbse to the
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wall for which it results d < ggs D, in the RANS region, a logarithmic
behaviour is fairly reproduced, in the interface RANS/LESviecity profiles
deviate from the log-law, a behaviour typical also of simoifeti performed
with standard Smagorinsky-Lilly model, at a certain distanoe the wall the
logarithmic profile is once again recovered.

The velocity profiles are then normalized with the friction oeély
computed and the one of reference (calculated assuming validaMag-the
whole flow field and with the given mass flow) and plotted aga#izf
respectively in Figure 5.14 and Figure 5.15, it's clear that thssing
overlapping of the curves obtained with DES 4d simulations antbthiaw
curve of equation (1.3) come from the underestimation of théofrietelocity;
from the collapsing of the curves in Figure 5.15 can be another tghkghted
how the expected friction velocity should be closer to the oneferferece than
the one computed.

In Figure 5.16 a comparison is presented with the baseline model by
Sullivan et al. (1994) [34], in both cases the velocity profile deviates ftben
logarithmic law, in the profile relative to the simulation ®Ed the low value
of predicted wall shear stress, i.e. of friction velocityd&et amplify the value
of normalized velocity, moreover a value of the model’s consEggd higher
than 0.486 should bring the profile computed to a shape closerhdheotog-
law and the Sullivan’s baseline model.

In the Figure 5.17 the velocity profiles are shown in wall-cootdmd y*,
this plot helps to understand if the boundary condition for the roughcearfa
has been applied correctly, expecting a valueDBf of equation (2.32)
corresponding to the given roughness lengtlinzFigure 5.17 it can be seen as
theDB seems to be better predicted for the lower values of roughness length.

In order to even better highlight and estimate the “overshdotelmcity
given by the model the normalized wind-shéaidefined by equation (1.4) is
shown in Figure 5.18, in the three cases studied the “overshobf, ianges
between 2,6 and 3,4 where the value of a log-profile is 1.
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It can be pointed out that tests made with a grid with dobbleontal
resolution Px = Dy = 30 m) and half horizontal dimensions (1500 m) of the
domain to keep the same number of cells, not shown here, gavedsalesdic
“overshoot”.

5.5.3 Eddy-viscosity profiles

In Figure 5.19 and Figure 5.20 vertical profiles of SGS turbulenbsitsc
are shown, averaged on horizontal planes, the maximum of turbuleasitys
occurs around 30 m of altitude regardless the roughness length. The poor
vertical resolution of the grid drawn for the most rough asesn’t allow to
make a good estimation of the SGS viscosity maximum. Nevesthdehe
maximum value results higher for the higher roughness testddhws
influenced by the higher velocity gradients.

A way to normalize the turbulent viscosity is to multiply it thye vertical
gradient of the stream-wise velocity and divide by the wadbs stress, the
non-dimensional group obtained, plotted in Figure 5.21, should assume a value
close to one at the surface if the SGS momentum flux is mutierthiban the
resolved scale one. The described non-dimensional group collapgbesseme
value close to the wall for two out of three cases, fomtlst rough case the
group falls on a value slightly smaller than unity but tleadrlooks generally
acceptable.
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5.5.4 Velocity components variances profiles

The time RMS of the velocity components gathered by the codbedwas
space averaged on horizontal planes in order to collect a settichl/ profiles,
which are presented, both in dimensional form and in normalized forthe in
following, Figure 5.22 and Figure 5.23. The RMS of the velocity components
take into account only the resolved scale of the turbuleheeS&S part should
be added to the resolved scale in order to reflect the wholeleonde, its
influence is expected to be very important close to the tdotdinegligible at a
certain distance from the wall, in the surface layer.

Both the collapse of the data and the values close to thexypatted from
similarity theory, equations (1.6), (1.7) and (1.8) lead againv&duate as
underestimated the wall-shear stress by the code whiletiariri@locity closer
to the reference value looks more reasonable. It's certsimky that for a more
precise judgement of the variances the filtered part should/ddeated and
summed.
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5.5.5 Turbulent Kinetic Energy profiles

Turbulent Kinetic Energy profiles of resolved turbulence saateshown in
Figure 5.25, normalized values in Figure 5.26 and Figure 5.27. Since the TKE is
computed from the RMS of velocity components the behaviour showhe is
same observed for the RMS of the velocities plots, whildigher value of
turbulence is fairly reproduced for the higher roughnessesthe higher
velocity gradients, in the normalized profile a rather Ipalia profile is shown,
which resembles the expected profiles.
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Figure 5.25 — TKE resolved scale vertical profiesthe DES4d simulations.
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Figure 5.26 — TKE resolved scale vertical profitegmalized with computed friction
velocity for the DES4d simulations.

1000 T
i \ A ——200.03m
900 F s — —z00.16m
[ \ N ===700.5m
800 F &
i \ AN
700 F
600 Ny
: \\
500 | \‘\
400 .
300 k N

[ 0N
200 | <

100 f B N

height [m]

0 0.5 1 1.5 , 2
TKE Resolved-Scale / u_,

[Se]
wn

Figure 5.27 — TKE resolved scale vertical profitesmalized with reference friction
velocity for the DES4d simulations.

123



5.5.6 Comparison with literature

Among the cases presented in literature the simulations biyeBudt al.
(1994) [34] have been chosen for comparison with the performadations,
even if the model used in [34] is not the same analysedsrséution. In fact
Sullivan and collaborators compared two eddy-viscosity SGS models, bot
considering an extra transport equation for the SGS energyhich in
equilibrium conditions (production o equals dissipatior®) resembles the
standard Smagorinsky model witk @G18.

The main features for the meshes tested and the one in [3ranearized
in Table 5.8. The horizontal resolution in the meshes used innthiasions by
Sullivan is approximately 30 m and, since it's preferable compeselts for
same resolutions, two DES4d simulations are here presentedjtbrigxvg0 m
and Lx 3000 m and one witbx 30 m and Lx 1500 m, where for the latter the
resolution is fairly comparable with the resolution of the gridsl irs¢34].

The filter width based on the cell-volume for the two grids eygd is
plotted in Figure 5.28. In Figure 5.29 the normalized velocity profile iand
Figure 5.30 the normalized wind shear, both the figures show a betlatipre
of the velocity field by the more refined grid, showing a grigedelency of the
results. Further improvements could be expected with pas @igher,
corresponding to £&= 0,18.

Figure 5.31 and Figure 5.32 show vertical profiles of resolveld JdeE.
Figure 5.33, 5.34 and 5.35 show vertical profiles of RMS of velocity
components compared to Sullivan’s baseline model results and dooves
similarity theory. Not perfect agreement is found betweerctimepared cases.
It has to be stressed that the vertical profiles presemtedeferred only to the
resolved scale while Sullivan added to the resolved scale BMW&locity
components a SGS contribution calculated on the SGS eddy viscosity

What it can be seen from the vertical profiles Figure 5.33-5.3Be0RMS
on the velocity components is that there is a main tendency in pretict the
not-stream-wise, especially for the span-wise direction. Manethe profiles
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result comparable only in the case of similar resoluti@n 30 m for DES4d
case).

Table 5.8 — Grids’ features of the three simulaticompared.

Z Lx, Ly Lz  Nx,Ny Nz N DDy h

(m] (m] [m] [(m]  [m]
DES 4d 0,16 m 1500 1000 50 50 12500030 3,2
DES 4d 0,16 m 3000 1000 50 50 12500060 3,2

Sullivanetal. 0,16 m 3000 1000 96 96 884 736- 30
[34]
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Figure 5.28 — Filter width based on cell-volumeligdine domain 1,5 km x 1,5 knix,
Dy 30 m), dashed line domain 3 km x 3 K Oy 60 m).
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5.6 SMULATIONS LES 3D OVER A ROUGH FLAT TERRAIN

5.6.1 A new LES-UDF to use with wall-functions

The only eddies-solving methodology which by default in Fluent alltaw
deal with rough surfaces is the DES module (based on SA modeidntf.2),
which have been tested and whose potentialities in reproduciAglarhave
been investigated and presented in the previous section 5.5.ifEhenDES
model have been tested over a wide range of roughness lengthp not s
satisfactory results have been obtained up to now which led taddaeto
explore the possibility of implementation of a user definedtfonoUDF) to
prescribe a SGS eddy viscosity.

Since Fluent allows to implement extra functions to model the &f&i$-
viscosity, an attempt has been done to build a classical Smagorinsky model. The
aim of the function was to recalculate the eddy viscosityvasted and to
substitute the one given by the DES model.

Therefore, the first feature required by the testing of thetitmavas to
understand if the boundary conditions for rough walls were still edabhen a
function is overwriting the calculated eddy-viscosity of the DES model.

The preliminary tests of the new SGS model gave positiveltseas
concerns the application of the wall boundary conditions. Further hasts
been carried out in order to quantify the sensitivity of the nmedel to some
features like resolution of the grid both horizontal and vertical, tregBrinsky
constant Gand roughness parameters.

The typical “errors” of the standard Smagorinsky model foe th
reproduction the surface layer of an ABL are well documentzdnétance in
Mason and Thompson (1987) [24] and (1992) [25]. The simulations presented
in this section therefore don't pretend to model correctlyABE but are more
aimed to reproduce the same results obtained by other auilitbrsthe
Smagorinsky model in order to understand if the whole numegsicakedure is
properly set.
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The Smagorinsky model has been implemented in the new functid® in i
standard form, already described in Chapter 2 and the new DESt¢s$ted on
a set of structured grids whose main features arel list&able 5.9; overall the
cases performed with the new function were the four listed in Table 5.10.

In the domain 2 the number of vertical divisions has been isede@ 60 to
keep the expansion ratio under 1,1; the height of the first cell ah@sSmeant
to be used with a roughness constant RC = E and a roughness heigh§.RH =z

In the following paragraphs some features of the obtained flow fieldsewill b
described, comparison with the baseline model by Sullivan [34j|lsoedone to
assess the correctness of the procedure.

Table 5.9 — Grids’ features of the three simulaticompared.

Z Lx, Ly Lz Nx, Ny Nz N Dx, Dy h

[m] (m] [m] [(m]  [m]
Domainl 0,16 1500 1000 50 50 125000 30 3.2
Domain2 0,16 1500 1000 50 60 150 000 30 0,5
Domain3 0,16 3000 1000 50 50 125000 60 3.2

Table 5.10 — Cases analyzed for the LES UDF.

Domain RH RC Cs
(m]
Case 1 1 1,17 1 0,1
Case 2 1 1,17 1 0,18
Case 3 3 1,17 1 0,1
Case 4 2 0,16 E 0,18

5.6.2 Wall-shear stress

As for the cases presented in the previous chapter on the DHRtSIms
traces of elongated structures appear in the contour platalle§hear stress on
the ground, see for instance Figure 5.36 for case 1, the sameduetieas been
observed in all the tested cases. Moreover, these traees teebe “infinite
long” because of the periodic conditions and the shortness dbthain in the

133



stream-wise direction y, anyway passing from the domain ofrh.®Rg to the

one 3 km the traces of the super-streaks seem to cover still the whol@.domai
As commented in the previous section 5.5 for DES simulations, the

presence of “super-streaks” is very likely associated antlunderestimation of

wall-shear stress and the presence of an “overshoot” in theityefwofile,

features that were therefore expected to be observed alsbeinLES

simulations, as occurred.
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Figure 5.36 — LES-UDF, Contour plot of Wall-She#eSs [Pa] (Case 1).

By averaging the wall shear stress on the ground it's obtainaldi@ which
is generally smaller than both the wall shear stressrauatavith RANS SKE
simulations and the theoretical value computed taking intouata log-law
valid all over the domain. All the computed shear stressdgstee in the table
below. From the case 4 it turns out that with an higher vergsallution and a
constant RC higher than one the friction velocity is much bptedicted with
both the SKE and the LES-UDF method.
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Table 5.11 — Wall-shear stress and friction velesifor the cases analyzed with the
new LES UDF.

MaSS-ﬂOW tw- LOG LAW ut- ref ut- ske ut
tW-SKE <tW>LES
[ka/s] [Pa] [m/s] [m/s] [m/s]
Casel| 2,510 0,664 0,736| 0,539 0,663 0,446 0,603
Case?2 | 2,510 0,664 0,736| 0,539 0,663 0,522 0,653
Case 3 | 4,883 10’ 0,633 0,719| 0,514 0,648 0,347 0,532
Case4 | 2,510 0,664 0,736 0,581 0,689 0,539 0,663

5.6.3 Velocity profiles

Vertical velocity profiles are presented in Figure 5.37, FgGr38 and
Figure 5.39, normalized forms in Figure 5.40. In Figure 5.37 is shown how the
Smagorinsky constant of 0,18 leads to a better velocity prafiigpared to the
default value of Fluent 0,1. A{=qual to 0,18 is by the way the theoretical
value obtained by Lilly in equilibrium conditions and considering raartial
range with -5/3 law.

Figure 5.38 shows how the horizontal resolution influences therstrése
velocity profile, since the slightly different boundary conditigassigned mass
flow), comparisons with normalized velocities are therefore more wignif

In Figure 5.39 the effects of a higher vertical resolutiopeeisily close to
the ground is shown, not satisfactory velocities are obtaingdnvthe canopy
region, probably a mixing length defined from the wall distamcéhe cells
close to the wall would help to have a velocity profile eto® the log-law
above the canopy (inside the canopy a log law it's not expected).

The normalized wind shear, Figure 5.41, clearly shows an overshalbt in
the cases studied, the smaller value of overshot is obtionétk case 2 with a
maximum around 2,3, only slightly higher than the value obtained tivéh
baseline model by Sullivagt al. (1994) [34].
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5.6.4 Eddy viscosity profiles

In the SGS eddy-viscosity profiles, Figure 5.42 and Figure 5.43,|eae c
the effects of the Smagorinsky constagt tGe eddy viscosity is proportional to
the square of €and to the square of the filter widih Moreover, unphysical
and too high values of eddy-viscosity are predicted close twalietherefore
the need of a alternative computation close to the wall whichdcbe, for
instance, the choice of the minimum value betwken and G Das mixing
length as it's implemented in Fluent in its LES module. It woulthtezesting
to see the results of the latter approach even if probadiysastochastic forcing
would be necessary to achieve satisfactory results.

The domain vertical refinement doesn’t give any improvemein ateady
simulations; but likely, coupled with the corrections explained, hststic
forcing and a new mixing length close to the wall, it could prodongmrtant
improvements.

5.6.5 Velocity variances profiles

The variances of the velocity components, resolved scale,harensin
Figure 5.44-Figure 5.47, the general behaviour is in the range otralnsBL,
as already observed the friction velocity computed seems too aloav
consequently amplifying the normalized TKE, values of normdligeoups
obtained with the reference friction velocity look more realistic.

5.6.6 Turbulent Kinetic Energy vertical profiles

TKE profiles are presented in Figure 5.48, Figure 5.49 and Figure 5.50.
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solid lines stream-wise component, dashed lines-spse component, dotted lines
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Figure 5.50 — TKE normalized with reference friatieelocity (resolved scale),
comparison with baseline model from [34] and simifjatheory from definition of TKE
(1.9) and equations (1.6)-(1.8).

5.7 (CONCLUSIONS

The possibility to investigate the ABL flow in neutral sfreation with the
DES option of the code Fluent 6.2 has been investigated. A setting of
parameters which allow a rather acceptable ABL reproductioa been found
but further testing is probably required and increasing of He €@nstant, use
of discretization schemes different than the first order up-fanthe modified
turbulent viscosity have to be tested. Probably, the SA-bB&SI approach
could have some limits in the reproduction of the ABL if no staahé#&srcing
is implemented. It has to be pointed out that in the newer versieluent, the
6.3, two further DES models are available, based on modificatibtise ke
and kwy, it's worthy also to see how they behave in the reproduction of a neutral
ABL.
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A new UDF has been implemented which allows the use of the
Smagorinsky model coupled with wall-functions, in particular for houg
surfaces. The preliminary 3D tests with the new UDF gaweilte more
promising than the ones obtained with the DES approach. In gellietlaé a
flow-field obtained show an overshoot in the velocity profilesn
underestimation of the wall-shear stress and the presenceesfssigaks. All
these features bring to think at a stochastic forcingpssible valid treatment
to improve the results of the computations. Moreover, the unnaturghyldel
of SGS eddy viscosity close to the wall, when the LES-UD&pplied suggests
to limit the eddy-viscosity close to the wall, perhaps by choosiegmixing
length of the model as the minimum value given by the Smaggrmedel and
a value proportional to the wall-distance, i.e. equation (2.27).

A series of future steps have been individuated for the/IlESanalysis of

the ABL:
Use of zonal embedded unstructured grids

Use of higher order discretization schemesfgyin DES4d

Implement Ls=mirkd;CD) in the LES-UDF function

SGS models more advanced than Smagorinsky (WALE, Wong-Lilly,
dynamic Smagorinsky, etc.)

Bigger domains, maybe higher resolution

Stochastic forcing (synthesized or DNS data), both for DES and VBVILE
(Wall Modelled LES)

Simulate the flow (neutral stratification) on a given topograpdyg.
Askervein Hill) with DES and WMLES

Stratification effects, both convective and stratified ABL

Passive scalar transport, punctual source of scalar (lpciltant
source), both for neutral and non-neutral conditions

Simulate the flow around very complex topographies, (e.g. presénce o
buildings, steep hills, etc.)

Introduction of Coriolis force (nesting with meso-scale models)
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Chapter 6 FOREST MODELLING WITH WIND SIM

6.1 INTRODUCTION

The roughness of the terrain has be taken into account in CFD tsamsila
by the usage of wall functions, as presented up to this point dhéises. To
apply correctly the wall functions for rough surfaces the cenwbithe wall
adjacent cells should reside in the surface layer wherdogarithmic law is
valid, as already introduced in the previous chapters. Hence, whenlingpbde
very rough surfaces with wall functions, for instance for valueg loigher than
0,1, quite coarse grids have to be drawn. It turns out that for verly sautaces
the flow inside and close to the canopy layer, see the subdiwEthe ABL in
Figure 1.1, has to be described more accurately and the effecisghness on
the near-wall region cannot only be provided by the boundary conditions. The

velocity profile inside a forest canopy is sketched in Figure 6.1.
FOREST AND WIND PROFILES

' u z-d
£z L SURFACE u(z) = —LIn —
= LAYER Z
0
o
230
ROUGHNESS
SUB-LAYER
h
_ %-1
CANOPY -
d+z REGION U(Z) —U(h)e
canopy
base SUB-C ANOPY
BULGE
FOREST u z-d
FLOOR U(Z) =—L1In !
ZOf

WIND SPEED
Figure 6.1 — Flow inside and above a forest canayyd profiles in the forest sub-

regions, graph reconstructed from Gardiner B. (2003].
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While the wind profile in the forest floor can be still désed with a
logarithmic law; in the canopy layer, which is a partiallywgged by the fluid,
the wind profile diverges from a logarithmic law and re-assuan logarithmic
behaviour only at 2-3 canopy heights, in the surface layer. Trunks, branches and
foliage establish a complex system of flexible bodies donisi the forest
canopy patrtially obstructing the flow and extracting momenttam fit. Hence
a possible modelling could account for the two features: porosity and extraction
of momentum from the flow by the canopy itself.

The present chapter deals with the implementation of a canopy model in the
CFD code WindSim, a software already introduced in the Chapter ehwhi
solves the RANS equations by a finite-volume solver named RHCE The
studies presented have been partially carried out during teship of the
author at Vector A.S., Tgnsberg, Norway, during the period Apri-R005.

The development of the canopy model in collaboration with Vect&: Aas
continued during the course of the PhD. Part of the results aatiopy model

has been already presented in occasion of the WindSim ussgshmin June
2005, while further works have been also presented during the WindSim
workshop held in Kassel on the™Bebruary 2006 and in the poster session at
the EWEC 2006 held in Athens, see Gravasfdl. [15].

The versions of the code used during the internship were the 4theadd
and the solver available was of segregated type. Startngtfre version 4.6.1
a coupled solver is also available in WindSim, generally lelsgest to diverge
than the segregated one and suggested to be employed when thencadepy
is activated. The turbulence is treated with the stan&agdnodel with the
model’s constants that can assume two different sets wévalready reported
in Table 4.5. All the simulations run with the canopy model weréopaed
with the standard constants of the turbulence model.

The main reason of modelling a forest canopy with numerical tsols
motivated by the need of a more precise description of the figlel round
wind farms located in the vicinity of areas with high e&gion. When flow
simulations When flow simulations over a topography containing woodlands
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are needed, the usual approach with wall-functions like the log8aly for
modelling the ABL bears to a poor prediction of wind energy production.

_u, .z
=—LIn — 6.1
u(z) " (6.1)

Z,

Therefore the need to model the ABL inside and in the proximitypreist
in a more detailed manner. The simplest canopy model could fromethe
introduction of a displacement length d in the logarithmic law.

u z-d
u(z)=—-+1In
@=2n

(6.2)

The equation (6.2) can be used to describe the ABL over a fomstdn
the surface layer, above 2-3 canopy heights of altitude, asskétohed in
Figure 6.1. A canopy model based on the equation (6.2) is considered in
Stangroom (2004) [32] by shifting the wall of a value d and then enmgjdiie
(6.1) in a CFD model constructed with the finite-volume FBABblver CFX.
The concept of the displacement length d is used also in the fioods! of the
code WAsP and tested for instance by Rafttral. [27] for three validation
cases and by using five methodologies to set the parameters ¢ tomir anain
conclusions were that usually WAsP still describes poorly tve fileld around
heavy forestry and shows a general tendency to under predict ceffiegtg,
which means an over estimation of the mean terrain velocity.

A more detailed approach in the modelling of a canopy flow can be
provided discretizing the canopy with few layers of cells ardsiisk terms in
the momentum RANS equation coupled with a volume porosity in the cel
devoted to the canopy flow modelling.

6.2 POROSITY

Two kind of porosities can be set and applied in PHOENICS, and
consequently in WindSim, to each cell of a mesh: one concerningliimae of
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the cell p) and a second one concerning the fabgs Both porosities are non-
dimensional groups since they describe the fluid fraction of the/aeime or
the fluid fraction of the faces bounding the cell.

b - volume occupied by the fluid/volume of the cell (VPOR)
bs — free area/frontal area of the cell (EPOR, NPOR, HPOR)

For each hexahedral cell of a structured grid four poresitieiables can be
assigned, one concerning the volume (VPOR) and three concermeag ar
(EPOR, NPOR, HPOR) bearing in mind that opposite faces have opoaity
bs.

6.3 MOMENTUM SINKS

The main effect of the porosity variables on the flow isgeed-up the flow
passing from a fluid cell to a porous one, in order to satie® rnass
conservation. Therefore, the concept of porosity by itself is wificient to
describe completely the effects of forestry on wind; consequémyforces
exerted by the vegetation on the fluid have to be modelled too, tanaesby
adding sink terms in the momentum RANS equations (6.3). The sink of
momentum in a forest canopy can be modelled by the sum of tws, tera
proportional to the velocity and a second one proportional to theesqtithe
velocity as in (6.4). Both equations (6.3) and (6.4) are for unitary porosity.

P e A T (6.3)
1 )l )l 1
S =- C1y, - c2/u u U [N/md (6.4)

In the case of laminar flow, steady state, negligible etitve and diffusion,
the source term can be considered only due to molecular visdesiting to
the Darcy’s law which is generally used to model the flonwugh media with
low porosity as the percolation of a fluid through the terfaimlescription of
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the law is provided in Appendix E). Since the high porosity and tgke h
Reynolds number in the flow inside a forest canopy, the dragsfetoeuld be
more realistically proportional to the square of the velocity.

6.4 ACANOPY MODEL FOR WIND SIM

A canopy model has been therefore introduced in WindSim. The idasic
of the canopy model is to treat the vegetation (or urban caraspg) porous
media, while sink terms are added in the momentum RANS equdtien.
canopy forest is completely characterised by the following parameters:

a ground cover roughnesg z
a volume porositp

the height of the canopy: bh in Figure 6.1)
two resistive coefficients C1 (1/s) and CZ/mr)

The wall functions are therefore still used, and a roughnesshlestigjt
provided, but the z is now used to describe effect of the forest floor. Hence a
logarithmic law as sketched in Figure 6.1 for the forest floathout a
displacement length.

u(z)=n £ (6.5)

ZOf

Several layers of cells are meant to model the canopy titaleest of the
domain is left to model the flow outside the canopy.

The roughness of the terrain was previously treated in WindSim 4y4 onl
with the wall functions based on the logarithmic law (6.1), wherhains the
way to model the roughness of the terrain in those regions wlirereanopy
model is not activated.

The porosity of a forest canopy changes depending on the spepiestsf
their shape and scatter on the ground, hence the estimation of diséypof a
vegetation canopy is quite difficult and furthermore complicatethe fact that
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it changes during seasons and years. An estimation of the poofsi
windbreak can be achieved by optical means, taking black-whitergsodf the
windbreaks against a bright background; an evaluation of the porgsity
therefore obtained by counting the proportion of the white part in the picture.

A list of optical porosities for different species of plaate provided in the
Table 6.1 below; they have been estimated by Wei Li and collasrand
published in internet at [41].

In WindSim 4.4 a first approach to solve the flow through a ponoedia
has been achieved by using the both poroditimsdbs and sink terms.

The model is completed with the use of sink terms (drag $hrddne total
drag force acting on each tree or element of the vegetation ¢hought as the
sum of two terms, one proportional to the velocity (viscous forces) aadamd
one proportional to the square of the velocity (pressure foréasktated in
Kaimal and Finnigan (1994) [17] the Reynolds numbers inside a canepy ar
usually enough high to make dominant the pressure forces and, themefoag,
force proportional to the square of the velocity can probably descri
completely the sink of momentum.

Table 6.1 — Estimations of porosity for severalcép® of trees in winter, from [41]

Specie of tree %
Beech 84
Birch 55
Acacia 40
Mature maple 47
Scots pine 38
Black cherry 77
Lime 54
Ash 48
Spruce 29
Firs 30
Cypresses 15
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The canopy model has been firstly tested in 3D simulations focktemes
in roughness, from a low roughness area (treated with wall fusgttorhigh
roughness (treated with the canopy model) that will be describethe

following paragraph.

6.5 WAND SIM SIMULATIONS

The main purpose of the simulations carried out with the code Wind3i
and 4.5 was to test the new canopy model in a sudden change in roughness
condition where the inlet zone was set with wall-functions andaiirgher with
the canopy model. Different approaches were taken into accountvio teel
canopy layer and compare to experimental and numerical data in litgdatlire

A mesh was built for different canopy parameters, a top wiesiscretised
terrain is given in Figure 6.2, the roughness length at the entratiee domain
is 0,03 m, after 2 km from the inlet the flow reaches eetatpn canopy of
height as specified in Table 6.3. Hence an internal boundary tEyeiops
starting from the forest edge. A top view of the discrdtigerain is shown in
Figure 6.2 while dimensions and characteristics of the mesh emdphryge
reported in Table 6.2.

2km

Z,=0,03m Canopy (Forest):

Zgasin

Xx=0n Xx=2000n X =9000 n

Figure 6.2 — View of the discretised terrain
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Table 6.2 — number of cells and dimensions innedstwise), y (spanwise) and z

(vertical) direction.

Mesh 1

NXx Ny Nz

117 58 40

Lx Ly Lz

9000 m 2000 m 1000 m

A first series of simulations have been performed with Wimd&i4. For
this version of the code a canopy model was not already available and the whole
domain has been meshed vertically with a fixed height distoibutactor
(HDF), which is the ratio between the height of the wall @atja cell to the one
of the highest cell. The first ten layers of cells starfirggn the ground and
from 2 km from the inlet to the outlet have been used to describegetation
canopy.

The simulations run have been named in the following manner:

Canopy 00: 0,03 m in the whole domain

Canopy 01: step change in roughneg(@3 m to 0,6 m) with the
logarithmic law

Canopy 02: canopy model with only porosities

Canopy 03: canopy model with porosities and drag forces
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Table 6.3 — Characteristics of the grids and oftised canopy models with WindSim
4.4,

Cells in Zos height  porosities DRAG
the canopyh b andbsg
canopy c
Canopy 00 - 0,03m - NO NO
Canopy 01 - 0,6m - NO NO
Canopy 02 10 0,6m 61,0lm b=0,5 NO
bs=0,5
Canopy 03b 10 0,6m 61,0lm b=05 C1=5965E-51/s
bs=0,5
Canopy 03c 10 0,6m 61,0lm b=05 Cl1=101/s
bs=0,5
Canopy 03e 10 0,6m 61,0lm b=05 Cl1=1.0E-021/s
bs=0,5

For the several used canopy models the most important settengsported
in Table 6.3 and Table 6.4.

Table 6.4 — Same grid’s characteristics as in feo further cases (WindSim 4.4).

Cells in the Zot he b andbg DRAG
canopy
Canopy 03f 10 0,6 m 61,0lm b=0,5 C1=0,011/s
bs= 0,37 C2=0.011/m
Canopy 03g 10 0,03 m 61,01m b=0,5 C1=0,011/s
bs= 1,0
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The normalised velocity profile ufuis used to compare the numerical
results to data. The normalised velocity profile for some éxgerts are shown
in Figure 6.3 together with a normalised momentum flux. The cuaves
obtained from Kaimal and Finnigan (1994) [17] and from Garratt (1994) [12
and are relative to data from both wind tunnel and real vegetedioopies.
Walshe (2004) [40] proposed a canopy model based on resistive &mdelse
velocity shear and momentum flux profiles obtained by him have hé&®
compared to data extracted from Kaimal and Finnigan (1994) [17]dongv
good description of the canopy flow, much more precise compared torthe pu
roughness length model (log-law).

Vertical profiles of velocity are extracted at the padhtcoordinates x =
7500 m and y = 1000 m where the flow in the canopy is supposed tdybe ful
developed. The normalized velocity profiles obtained are showngunrd=6.4
for some of the cases run. From the set of simulations rurettiags of the
Canopy 03flf = 0,5;bs=0,37; C1 = 0,015 C2 = 0,01 rif) seems to fit better
the experimental curves from Bordeaux and Uriarra (pine fomestertheless
further investigation was needed and this has been doneheitietver version
of the code, the 4.6.1.
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25 T
Bordeaux

....... eucalyptus forest

— — — — Uriarra (pine forest)

z/ hc

Z/hc

uy &2

Figure 6.3 — Vertical profiles of normalised winltesir (above) and turbulent
momentum flux (below), within and immediately altbeecanopy for several

experiments [17] and [12].
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Figure 6.4 — normalised velocity profiles obtaingith WindSim 4.4.

The simulations performed with the version 4.6.1 were over a 3D dpmai
meant to resemble a 2D condition that is not treatable withd®¥mn. The
dimensions of the whole control volume were in fact 0,1 km x 9 Wnkm, the
grid constructed was uniform horizontally and a grading has beeersieally
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as also summarised in Table 6.5. The flow condition was sti#@ditange in
roughness, the roughness before the forest was set 0,03 mhehitedst edge
has been placed at 2 km from the inlet.

The settings of the canopy model for some of the simulationsrpexd
with the version 4.6 are reported in Table 6.6, whilst in the nesioreof the
code the faces porositibg are always left to one. With the new canopy model
a layer of porous cells is set at a certain height, foamst 10 m, and the
canopy region is discretised vertically in a uniform waylevhbove the canopy
the vertical discretization is characterised by a given grading.

The vertical profiles of wind obtained with the most sigmafit simulations
of the new series are shown in Figure 6.5 and Figure 6.6; the vlorosity
has been set equal to 0,38 in all cases but one since the exparirasults
named Uriarra are referred to a pine forest (with should haeptical porosity
of 38 %). All the reference data have been reported in eithenalaand
Finnigan (1994) [17] and Garratt (1994) [12].

Table 6.5 — number of cells and dimensions inregdsawise), y (spanwise) and z
(vertical) direction.

Mesh 2

Nx Ny Nz

360 4 35

Lx Ly Lz

9000 m 100 m 1000 m
Dx Dy Dr

25m 25m Variable
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Table 6.6 — Grid characteristics of simulationsred out with WindSim 4.6.1.

Cells in the Zof he b DRAG
canopy
10 0,05 m 10 m 0,50 Cl10,11/s
10 0,05 m 10 m 0,38 Cl1101/s
10 0,05 m 10 m 0,38 Cl1051/s
10 0,05 m 10 m 0,38 Cl10,21/s
10 0,05 m 10 m 0,38 C10,11/s
10 0,05 m 10 m 0,38 C10,051/s
10 0,05 m 10 m 0,38 C20,51/m
10 0,05 m 10 m 0,38 C20,21/m
10 0,05 m 10 m 0,38 C20,11/m
10 0,05 m 10 m 0,38 C20,05 1/m
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Figure 6.5 — Vertical profiles of wind shear ford¢le cases run with mesh 2 of Table

6.5. (porosity and C1).
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Figure 6.6 — Vertical profiles of wind shear ford¢le cases run with mesh 2 of Table

6.5. (porosity and C2).




If the simulations with porosity 0,38, C1 0,05 1/s and C2 zero is coadider
acceptable for simulating a pine forest then a set hfegaof C1 and are
calculated (the followed procedure is presented in Appendix Eprapdsed in
Table 6.7 for the same species of trees in Table 6.1. The \a@liues andb
needs of course to be validated but they provide a good starting quar
which refine the settings of the canopy model.

If the constant C2 is whished to be used instead of the bibitld be noted
that a constant C2 almost providing the same effect of a @k isne which
gives the same drag force; therefore a method to estifmatecuivalent C2
constant is to compute the sink term S = C1 U using for U tloeityeat h/2
and imposing the equivalence to S = C2 U

Table 6.7 — Drag coefficient Clestimated for thkigs of porosity given in Table 6.1
starting from the value for porosity 0,38 usedha tomputations

) optical porosity C1
Species of tree

(%) (1/s)
Beech 84 0,008
Black cherry 77 0,012
Birch 55 0,028
Lime 54 0,029

50 0,033
Ash 48 0,036
Mature maple 47 0,037
Acacia 40 0,047
Scots pine 38 0,050
Firs 30 0,067
Spruce 29 0,070
Cypresses 15 0,145
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CONCLUSIONS

In the course of the present Ph.D. an analysis of the Atmos@Bmricdary
Layer (ABL) has been carried out with CFD commercades. Two different
codes have been employed, i.e. Fluent and WindSim, both based otea fini
volume solver. The ABL has been always considered with nelglighermal
effects, in neutral stability conditions.

The main interest in investigating the ABL with CFD codesdes in the
assessment of wind energy by more accurate numerical tt@siscommonly
used. It is worthy to note that different applications may befigiih CFD
studies on the ABL, as the assessment of pollutants dispensiahoads on
structures and pedestrian comfort, just to mention few of them.

The first part of the work has been devoted to the applicatiof&ABIS
approach to the ABL simulations. Firstly 2D simulations overtBarains and
an isolated 2D bump provided a full set of parameters to beinsigd 3D
simulations for every kind of terrain roughness. The correct ztwatial and
vertical resolution and the best discretization schemes el@sen. Secondly,
steady RANS 3D simulations over an isolated hill (test chgeskervein) were
carried out, allowing a comparison of the result with experinhefgta. The
flow around the hill of Askervein is quite challenging since diféculties in
reproducing the lee side region, in adverse pressure gradienti@asditith
flow separation likely to occur.

The object of this part of the work was mainly to testedgént turbulence
models and different set of models’ constants. The results showad
turbulence models behave differently in reproducing various tsmuécthe
flow. The ke turbulence model, in its RNG version, provided the more correct
estimation of the velocity profiles compared to standardraatizable version
results. On the contrary, The standard and realizaklenkdels predict better
the turbulence level, even if the peak of turbulence that ieiprasthe lee side
of the hill is always under predicted.

165



The RSM model gave generally better predictions of the fleld fn most
of the simulations, both in terms of velocity and turbulenc# tie drawback
of a need for bigger computational resources. The differemitbsk-e models
are enhanced especially in the lee zone of the hill.

A grid refinement study has been conducted showing the strong dependence
of the results on the correct grid spacing both in the vertioattebn and in the
flow direction. It has been shown that finer grid determine begtarits with a
computational effort to be afforded only by parallel processing.

The not very positive results obtained by using the RANS equaiie
probably due to the possibility that important unsteady phenomer@esent
in the flow over the Askervein hill, like intermittent segi@on in the lee side.
This could result in a unsteady turbulence that can be only appatety
predicted by steady RANS simulations.

In order to overcome the difficulties found with RANS simulatjom®re
sophisticated and challenging methodologies of turbulence treatmenbéan
analysed. The DES and WMLES techniques have been tested onflatugh
terrains with the code Fluent 6.2. In particular, since the WMkES not
available in the code, a User-Defined-Function (UDF) has bepleinented,
where the Smagorinsky-Lilly model is coupled with wall functidois rough
surfaces. This LES-UDF (WMLES) model shows better reshien tthose
obtained with the SA based DES for a neutral ABL over #atatns. Still an
overshoot in the wind velocity profile is present, which divergesnfthe
logarithmic law. Some trial for grid sensitivity and résurom the literature,
show that this defect can be cured by further refinement efgtid, i.e.
reducing the filter width, and/or with a SGS modelling more advaitizan the
standard Smagorinsky.

In the framework of assess the capabilities of CFD cooles/aluate the
wind energy resources on real sites, a new canopy model hagrbpesed and
tested for the code WindSim. A canopy model was needed to snibkat
effects of forestry on the ABL flow. This new approach issldasn the usage of
porous cells and sink terms in the RANS equations and has beehiteststep
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change in roughness over a flat terrain. Results show a goednagmt with
experimental data, allowing to propose a series of setting p&genfor
different types of woodlands and providing guidelines for forest modelling.

167



REFERENCES

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

Anderson J.D., Degrez G., Dick E., Grundmann R. (1995).
Computational Fluid Dynami¢gdohn Wendt F. (Editor). Springer
Bardina, J., Ferziger, J. H. & Reynolds, W. C. (1983)Improved
turbulence models based on large eddy simulation of homogeneous,
incompressible, turbulent flow3.echnical Report TF-19. Department
of Mechanical Engineering, Stanford University, Stanford, California
Beljaars A.C.M., Walmsley J.L., Taylor P.A. (1987). A mixed
spectral finite-difference model for neutrally stratifiedundary-layer
flow over roughness changes and topograplBoundary Layer
Meteorology, vol. 38, pp. 273-303

BWEA. Workshop on the influence of trees on wind farm energy yield.
Technical report, BWEA-British Wind Energy Association, 2004.
Workshop held at The Arthouse Hotel (Glasgow, Scotland), 17th March
2004. http://www.bwea.com/planning/trees.html

Castro F.A., Palma J.M.L.M., Lopes Silvia A. (2003)Simulation of
the Askervein flow. Part 1: Reynolds averaged Navier-Stokes eqgsiati
(k-e turbulence model)Boundary-Layer Meteorology, vol 107, pp.
501-530

Cebeci T. and Bradshaw. P. (1977Momentum Transfer in Boundary
Layers. Hemispheré&ublishing Corporation, New York.

Chow F. K. (2004).Subfilter-scale turbulence modelling for large-eddy
simulation of atmospheric boundary layer over complex terfamD.
Thesis, Stanford University.

Crasto G., Cambuli F., Mandas N., Cau G. (2004)Simulazione
numerica degli effetti fluidodinamica di una collina artificiale dar
protezione di un parco carbonBroceedings of the BATI Congress.

(in ltalian)

Crasto G. (2006).Investigation of the atmospheric boundary layer
applying large eddy simulationDiploma Course 2005-06 final
project’s thesis, von Karman institute for fluid dynamics, Belgium.

168



[10]
[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Fluent 6.2 User’s Guide

Gardiner B. (2003). Airflow Over Forests and Forest Gaps.
Presentation at the workshop BWEA [4]

Garratt J.R. (1994). The atmospheric boundary laye€ambridge
atmospheric and space science series.

Germano, M., Piomelli, U., Moin, P. & Cabot, W. H. (1991)A
dynamic subgrid-scale eddy viscosity moélysics of Fluids 3 (7), pp.
1760-1765

Grant, A.L.M.. Observations of boundary layer structure made during
the 1981 KONTUR experimer@uart. J. Roy. Meteor. Soc., Vol. 112,
pp 825-841.

Gravdahl A.R., Crasto G., Quinn S., Mandas N., Cambuli F. (2006).
Canopy modelling with a CFD codeWEC, Athens, 2006.

pdf document at:
http://www.windsim.com/documentation/papers_prestoms/main.html
Guénot D., Aupoix B. (2003).Etude de l'approche DES (Detached
Eddy Simulation) pour prévoir les écoulements instationnaires a
grande échelle.16™ Congres Francais de Mécanique, Nice, 1-5
September 2003.

Kaimal J.C., Finnigan J.J. (1994) Atmospheric boundary layer flows:
Their structure and measureme@txford University Press, New York,
NY.

Kim H.G., Lee C.M., Lim H.C., Kyong N.H. (1997).An experimental
and numerical study on the flow over two-dimensional hittewrnal of
Wind Engineering and Industrial Aerodynamics, vol. 66, pp. 17-33
Kim S.E. (2004).Large eddy simulation using unstructured meshes
and dynamic subgridscale turbulence modé&kchnical Report AIAA-
2004-2548, American Institute of Aeronautics and Astronautics, 34th
Fluid Dynamics Conference and Exhibit.

Kraichnan R. (1970). Diffusion by a Random Velocity FielBhysics

of Fluids, vol. 11, pp. 21-31.

169



[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Leroy J. (1999).Wind field simulations at Askervein Hill.echnical
Report, Vector CFD Consulting.

Lilly (1992). A proposed modification of the Germano subgrid-scale
closure methodPhysics of Fluids 4 (3), pp. 633-635.

Mandas N., Cambuli F., Crasto G., Cau G. (2004)Numerical
simulation of the Atmospheric Boundary Layer (ABL) over comple
terrains.EWEC 2004, London, November 2004.

Mason P.J. and Thompson D.J. (1987).arge-eddy simulations of the
neutral-static-stability planetary boundary lay€uart. J. Roy. Meteor.
Soc., Vol. 113, pp 413-443.

Mason P.J., Thomson D.J. (1992)Stochastic backscatter in large-
eddy simulations of boundary layedmurnal of Fluid Mechanics, vol.
242, pp 51-78.

Piomelli U., Balaras E., Pasinato H., Squires K.D. and Spalart P.R.
(2003). The inner-outer layer interface in large-eddy simulationghwit
wall-layer modelsint. J. Heat Fluid Flow, vol. 24, pp. 538-550.

Raftery P., LeBlanc M., Manning J. (2004) WAsP Validation Study
of Forestry EffectsPresented at the Workshop [1].

Shur M., Spalart P. R., Strelets M. and A. Travin (1999)Detached-
Eddy Simulation of an Airfoil at High Angle of Attadk. 4th Int.
Symposium on Eng. Turb. Modeling and Experiments, Corsica, France.
Smagorinsky J. (1963).General circulation experiments with the
primitive equationsMonthly Weather Review, vol. 91, pp. 99-152.
Smirnov R., Shi S., and Celik I. (2001)Random Flow Generation
Technique for Large Eddy Simulations and Particle-Dynamics
Modeling.Journal of Fluids Engineering, vol. 123, pp. 359-371.

Spalart P.R., Jou WH, Strelets M., Allmaras S.R. (1997).
Comments on the feasibility of LES for wings, and on hybrid RANS/LES
approach.1® AFSOR International Conference on DNS/LES, Aug. 4-8
1997, Ruston.

170



[32] Stangroom P. (2004).CFD Modelling of Wind Flow Over Terrain
Civil Engineering. Nottingham, University of Nottingham

[33] Stull R.B. (1988).An Introduction to Boundary Layer Meteorology.
Kluwer Accademic Publisher

[34] Sullivan P.P.,, Mc Williams J.C., Moeng Chin-Hoh (1994).A
subgrid-scale model for Large-Eddy simulation of planetary boundary-
layer flows.Boundary-Layer Meteorology, Vol. 71, 1994, pp 247-276.

[35] Taylor P.A., Teunissen H.W. (1983)ASKERVEIN 82: Report on the
September/October 1982 Experiment to Study Boundary-Layer Flow
Over Askervein, South UiRResearch Report MSRB-83-8, Atmospheric
Environment Service, Downsview, Ontario, Canada

[36] Taylor P.A., Teunissen H.W. (1985).The Askervein Hill Project:
Report on September/October 1983 Main Field Experimetérnal
Rep. MSRB-84-6, Atmospheric Environment Service, Downsview,
Ontario, Canada

[37] Taylor P.A., Teunissen H.W. (1986).The Askervein Project:
overview and background datBoundary Layer Meteorology, vol. 39,
pp. 15-39

[38] Tennekes, H. (1982)Similarity relations, scaling laws and spectral
dynamics. Atmospheric Turbulence and Air Pollution Modeling
(F.T.M. Nieuwstadt and H. van Dop, Eds.).Reidel, Hingham, MA, pp.
37-68

[39] Troen I., Lundtang Petersen E. (1989)European Wind AtlasRisg
National Laboratory, Denmark.

[40] Walshe J. (2004)Effects of Forestry — A CFD resistive volume model.
POWERGEN Power Technology Center.

[41] Wei Li, Fan Wang, Simon Bell.
http://www.sbe.hw.ac.uk/research/buildingeng/wind_modelling/gui_wi
ndbk.html

171



[42]

[43]

Wong V. C., Lilly D. K. (1994). A comparison of two dynamic subgrid
closure methods for turbulent thermal-convectiBhysics of Fluids 6
(2), pp- 1016-1023.

Zang, Y., Street, R. L., Koseff, J. R. (1993)A dynamic mixed
subgrid-scale model and its application to turbulent recirculating flows.
Physics of Fluids 5 (12), pp. 3186-3196.

172



APPENDIX A. MODIFICATION OF SKE MODEL’S CONSTANTS

The constant fis computed taking into account measures of turbulent
kinetic energy at a given height, in conditions of neutraliBt@ion and fully
developed boundary layer the vertical profile of TKE can be ibestrby
equation (3.2) considering the height of the ABL equals to the eigkhe
domain, for instance 1000 m.

If kipis the TKE measured at 10 m height thanjss@iven by:

4
c,=Y 1. 10m

0 dABL
Given the transport equation for k:
Trm+e i kg)= m+2 X i e
1t ix 1% S T
For a steady flow:
l(rkq):l /77+ﬂ K +Gk -re
1 1% s Tx
And fully developed flow (2D):
O:1 m+ T +G, - re

Ty P %

T % _ T m%k

=— m— — +G, - re
iy Ty Ty s Ty

_ Tk, 11 Sk

0 — +G, - re

wos ty Ty
ﬂ>>mimp|iesO:il mﬂ—k +G, - re
Sk sy Ty

And since the first term of the RHS of the equation is ndgégtompared
to both the destruction and production terms it folldds= re .
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Transport equation for &

l )l )l e e é
ﬁ(re)+ﬂ—)§(reui) :K m+s—nz I +QEGk—k- CZer—k
For steady flow:
1 _ T m fe e é
L ) =— +-_t = 4+ G, — - -
ﬂ)ﬂ (feul) ﬂx m se ﬂ)|( Cle k Kk CZer k
Fully developed boundary layer:
o= A I o6 rf
iy s, Ty K k
ﬁ>>m O:l ﬂﬂ_e +CleGk_e_ CZeré
S, v s. 1y k k

2
The eddy viscosity with the algebraic equatiop= /ka— that can be
e

substituted in the transport equation for the TDR:

rC k?
021 . E +CleGk_e_ CZeré
v se Ty k k

rc, K
0o=—2= 1 EE +C1eGk_e' Czéfé
s. Ty ely K K

And considering the previous equilibrium hypotheSis = re :

2
0= rC,K 1 1E +Clefﬁ_ Cu ﬁ
s. Ty efly k k
k2
(Co- ) r E= LSO T 116

k s, Tyefy
)ez_ CK 1 19e

(C,-C
k s, Ty ety

Tv ety € Ty ey
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Considering the TDR inversely proportional to the wall

u*?
<9(y)—ky
fey) _u* 1 __ e
v &k ¥ y
Te(y) _u*® 2 _2e
W kY Y
hence

That can be substituted in the transport equation for TDR,

€ _CK 9 1
(CZe_ Cle) = ﬂ ﬂe

kK s, Tyefy

2
u*? C,K 1
(CZe_ Cle) /(y = S 7
ux®_ CK

K s

(CZe - Cle)

*2
which leads to:

u
In proximity of walls the TKE is given bk =
JC.,
U*G Cm u* 6
(Coo- C) = o

(Cse- Cle)k_lzz S_F

distance

And finally a relation is found linking the constant Cm the diffee G, —

Cic and the turbulent Prandtl number for TDR.

k2
Coe- Cm m
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APPENDIX B. DERIVATION OF FORMULA (2.33).

Let’s consider equations (1.3) and (2.32) reported below,

B — (1.3)

x

in(y")+B-DB (2.32)

Now, using the definition of wall coordinates and the relation linkng B,

ut =4y =YY wall coordinatesB =%In(E) the (2.32) becomes:
uf

LI YRS L/ In(E)- DB

u kK m

Since the produc€ K¢ is expected to be much greater than 1 it follows:

u 1 ryu, 1 1 +
—»—In —— +=InlE)- —In|C<K
. Lin(e)- Linfeyk)

r rK
i»1| I yu +1In(E)-1In CS—Suf
u, m Kk Kk
i))lln Ey
u k CgKg

Comparing the last expression to the (1.3) and considering thett ¥ are the

wall normal coordinate in both cases results the equation (2.33).

1 E

—_—»
z, CsKg

or Cg Kg» Ez,
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APPENDIX C. FURTHER 2D DES CASES ON ROUGH WALLS

Both the sensitivity to the model constapi§£and the four settings listed in
Table 5.1 have been tested on rough walls. Velocity and SGS eddgitys
profiles are shown in Figure 6.7 and Figure 6.8. The constgatir@luences
clearly the position of the interface URANS/LES and thtueveof the SGS

eddy-viscosity.

In Figure 6.9 and Figure 6.10 are plotted velocity profiles obtained with the four

settings of Table 5.1.

1000
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100 ; d)ggo@
5 B /
2 f / —log-law
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0
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Figure 6.7 — vertical profiles of velocity, sendity to the Ggs constant.
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Figure 6.8 — vertical profiles of SGS eddy visggsiensitivity to the £ constant.
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Figure 6.10 — velocity profiles for DES case 2 dnd
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APPENDIX D. LES-UDF TEXT

/***************************************************************

UDF that specifies a standard Smagorinsky-Lilly SGS model

by Giorgio Crasto (DC 2005-2006) - 27th April 2006

***************************************************************/

#include "udf.h"

DEFINE_TURBULENT_VISCOSITY (user_mu_t,c,t)
{

real S;

real Cs =0.1; /* Smagorinsky constant */

real mu_t;

real rho;

rho = C_R(c,t);

I*S = sqrt (2 ( Sij * Sij ) ) */

#if RP_3D
S = sqrt((
(C_U_G(c,H[1]+C_V_G(c,)[0D*(C_U_G(c,)[1]+C_V_G(c,h[on+
(C_U_G(cH[2]+C_W_G(c,1)[0]*(C_U_G(c,)[2]+C_W_G(c,h[0D+
(C_V_G(c,h)[2]+C_W_G(c,H[AD*(C_V_G(c,)[2]+C_W_G(c,)[1])
)+
2%(
(C_U_G(c,H[op*(C_U_G(c,vop+
(C_V_G(c,)[1D*(C_V_G(c, 2D+
(C_W_G(c,)[2)*(C_W_G(c,1)[2])
) ;

#else
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S =sgrt((

(C_U_G(c)[1]+C_V_G(c,hnop*(C_U_G(c,hH[1]+C_V_G(c,1[0])

)+

2%(
(C_U_G(c,H[oD*(C_U_G(c,n[on+
(C_V_G(c,H[1D*(C_V_G(c,v[1]
)

#endif

#if RP_3D

mu_t = rho*pow(Cs,2.0)*pow(C_VOLUME(c,t),2.0/3.0)*S;
#else

mu_t = rho*pow(Cs,2.0)*C_VOLUME(c,1)*S;
#endif

[* real L_s = min; mixing length */

return mu_t;

}
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APPENDIX E. COMPUTATION OF DRAG COEFFCIENTS C1 OF
TABLE 6.7

First of all the optical porosity of the porous medium (Horest) has been
considered equal to the volume poroslty The value of C1 0,05 1/s is
considered acceptable for the pine forest.

Now taking into account the definition of permeability by the dyar law
itself:

Where, given a tube of flow of length L and cross sectional Arga a
porous region, as sketched in Figure 11.:

[m?] is the permeability;
[m¥s] s the flow rate;
[Pas] isthe dynamic viscosity;

%gpm

[Pa] is the pressure drop along the length L

The ratio of the flow rate q to the cross sectional areaehlyithe Darcy’s
velocity or superficial velocity, while considering the porosifythe medium
the interstitial or actual velocity, always space avataggegiven by the ratio of
the superficial velocity to the porosity

Figure 11 — sketch of a tube of flow in a porousliméor the definition of the Darcy’s

law.
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Uparey = Darcy’s (or superficial) velocity

>|a

U= % :% actual (or interstitial) velocity

A relation is proposed in order to link the permeabdityo the porosity of
the mediunb:

2

1- 27

_C (AE.1)

Where the following relation defining the drag coefficient C1 holds:
c1=—2"
ra

Being:

[m?] the permeability;
[] the porosity;

3 ©T o

[Pa s] the dynamic viscosity;
[kg/m’] the density;

-

According to the proposed equation when the porosity equals omg (flu
cell) the permeability is infinite and drag coefficiesra, when the porosity is
zero (solid cell) also the permeability equals zero and thg cefficient is
infinite.

Since for a pine foresb(= 0,38) the constant C1 is found to be around 0,05
1/s and assuming valid the equation (AE.1) the constant C is #hemated
equal to 6,9529E-04 fnhence the values of C1 proposed in Table 6.7.
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