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Summary

There is an ever growing industrial demand for the numericalsimulation of complex industrial

ow problems. Although historically Reynolds-Averaged Navier-Stokes (RANS) methods been
have been widely used for such applications, there are manyow cases for which RANS simu-
lations are unsuitable. These include studies of the e ectof ow control devices on turbulent

boundary layers, as researchers are interested in how suchedces interfere with the structure
of the turbulence. To solve such ow problems, Large-Eddy Sinulations (LES) can be used. In
the current study, the focus was put on providing an objective comparison of in ow modeling
techniques applicable to the simulation of ow control devices in a coarse LES framework, with
a special interest in general techniques applicable to a lge range of ows.

Five dierent type of in ow conditions were implemented in O penFOAM and applied to the
computation of a zero pressure-gradient turbulent bounday layer. The recycling and rescaling
method by Lund, Wu, and Squires (1998) was shown in previous gblications to work well in LES
computations, and was therefore chosen as baseline solutidgo which the other models could be
compared. Similarly, the simpli ed recycling method by Spalart, Strelets, and Travin (2006) was
previously shown to work well in the context of Direct Numerical Simulations (DNS), and was
evaluated together with the method by Lund et al. Both in ows were compared to the highest
quality low Reynolds-number DNS data available.

However, as the recycling type in ows are known to be limitedin application, in ows which
can be used in the simulation of more general ows were also uestigated. The rst of these
was a precursor-like method, implemented by recycling andescaling channel- ow data using the
method by Lund et al. A random in ow was also implemented, and was tuned to match required
Reynolds stresses. As random in ows are know to su er from lmg adaptation lengths, an extra
random in ow with a forcing method by Spille-Koho and Kalte nbach (2001) was tested, to
assess whether it could palliate to the de ciencies of the radom type in ows.

After verifying the quality of the baseline recycling in ow , all the in ows were compared through
an evaluation of their shape-factor and skin-friction evoltion as a function of Re .
The recycling type of in ow by Lund et al. (1998) and by Spalart et al. (2006) demonstrated



adaptation lengths of x= ¢ = 18 and x= o = 22 respectively.

The more general precursor-like method also showed very pmoising results, with an adap-
tation length of x= ¢ = 18, although it slightly underpredicted the shape factor evolution, and
overpredicited the skin friction evolution.

The random in ow without forcing planes was found to be uncompetitive. Its shape factor
and skin friction evolution could not adapt to that of DNS wit hin the current domain size tested.

Finally, the random in ow method with forcing planes was also shown to give good results,
with a slightly longer adaptation length of x= ¢ = 30. After adaptation, it showed a skin
friction evolution similar to the baseline results, albeit slightly underpredicted. The low cost and
exibility of this method make it an interesting candidate f or future developments.
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CHAPTER 1

Introduction

Stimulated by an insatiable demand from the industry to solve complex industrial problems,
there is a large interest for the application of Computational Fluid Dynamics (CFD) to high
Reynolds number external ows. Although Reynolds-Averagel Navier-Stokes (RANS) methods
are widely used for this purpose, these require models for the ects of turbulence on the mean
ow. There exists several important ow classes for which it is di cult to develop adequate RANS
models, including those with separation from a smooth surfae, or those with boundary-layer
control devices. The alternative is to compute rather than model the turbulence dynamics. One
approach, known as Direct Numerical Simulation (DNS), is toresolve turbulence dynamics at all
length scales. Due to the vast range of scales in high-Reyrdd-number ows, however, the cost of
such simulations prohibitive. A more feasible alternativeis Large-Eddy Simulation (LES), where
only the largest scales of turbulence are resolved. Howeveeven with current computational
capacities, LES can only be applied to restricted parts of a ypical problem domain, in which
the range of relevant length scales is su ciently limited.

The reduction of domain size to the snuggest t possible arond the solution of interest
imposes stringent requirements on the arti cial boundary conditions applied to the outer-limits
of numerical domains, to ensure the ow within the domain behaves as its physical, unbounded,
counterpart. Properly assessing the performance of arti ¢al boundary conditions is therefore of
great importance, and calls for rigorous testing using a repesentative ow case. Ideally, such
a reference test case should also be analogous to the problemvhich will be simulated with
the arti cial boundary conditions in question. In the conte xt of external ows with boundary
layer development, the canonical zero pressure-gradienturbulent at plate ow is a suitable
case for this purpose, due to its sensitivity to the quality o the turbulent information within the
boundary layer.
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1.1 Reference Data for the Flat Plate Turbulent Boundary
Layer

Although there exists several sets of experimental resultdor low Reynolds-number at plate
boundary ows, researchers have found these to be dicult to use as reference solutions. For
example, Schlatter andOrls (2010) found that most experimental low Reynolds number at plate
measurements were not supplemented by direct and independeskin-friction measurements, as
well as often not complying to zero pressure-gradient equibrium conditions. This has a direct
e ect on the usability of the experimental results, as the saling relations derived from such data
are not accurate.

The lack of fully established reference data for low Reynold-number at plate experiments
led Schlatter and Orls to investigate whether similar disparities could be found in recent Direct
Numerical Simulation (DNS) data. By comparing six DNS computations made after 2002, the
authors discovered that the simulation of the same canonicia at plate ow also gave surpris-
ingly inconsistent results, even for such basic quantitiesas shape factor, friction coe cient and
uctuation maximum. As all the simulations compared in the study were obtained using reliable
computational methods at high enough resolutions, Schlater and Orls concluded that the dis-
crepancies could not solely be attributed to poor numerics.Instead, they postulated that such
di erences came from di erent choices in numerical domain,such as domain dimension, settling
length, and arti cial boundary conditions.

1.2 A Short History of Arti cial Boundary Conditions

Practical numerical simulation of realistic ows often requires that arti cial computational bound-
aries be imposed between the ow region of interest and the pa of the ow which one would like
to avoid computing. This application of arti cial boundary conditions should ideally be done
without in uencing the solution within the computational d omain. Within the eld of turbulent
numerical simulations, both the in ow and out ow boundary ¢ onditions are of high importance.
The current study focuses on the modeling of arti cial turbulent in ow conditions for numerical
simulations. Discussing arti cial out ow boundary condit ions is beyond the scope of this work.
The interested reader can refer to an extensive review by Cohius (2004) for more information.

Early approaches to turbulent in ow modeling used random veocity uctuations imposed on a
mean ow. As original attempts supplying white noise as velaity uctuation were unsuccessful,
researchers tried to improve on the random in ow method by deeloping stochastic models
using correlation information provided by experimental results. For instance, Lee et al. (1992)
used velocity perturbations with prescribed power spectrum and random phase, and claimed
an adaptation length of 12 o before the ow could be considered realistic. While attemping to
include isotropy information using Fourier-modes based omandom phase and amplitude, Batten
et al. (2004) reported needing at least 20o before obtaining a physically realistic ow. More
successfully, Pames et al. (2009) showed that channel owmean and Reynolds-stress pro les
could be matched accurately by superimposing analytical hapin-like vortical structures on a
mean pro le, resulting in adaptations lengths of 6 .

Another approach to the generation of in ow condition for tu rbulent numerical simulations
makes use of secondary simulations or precursor databases provide turbulent information to
a primary computation, circumventing the problem of in ow ¢ ondition by using an equilibrium
ow computed using periodic boundary conditions. Such an aproach was applied by Schister
et al. (2004) for hybrid RANS/LES computations, and showed good agreement with experimental
results.

F.T. Pronk 2 MSc. Thesis
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A third type of in ow modeling strategy is characterized by t he recycling type of in ows pi-
oneered by Spalart and Leonard (1985). These rely on turbulat information obtained from the
out ow of the computational domain to provide the in ow cond ition, using a coordinate trans-
form to account for boundary layer growth. The quality of the results by Spalart and Leonard
later inspired Lund et al. (1998) to develop a similar recycing method, while circumventing the
need for an unwieldy coordinate transformation by extracting and rescaling a velocity eld from
within the computational domain. They achieved an adaptation length of 8 ¢. Further simplify-
ing the approach by Lund et al., Spalart et al. (2006) managedo decrease the adaptation length
to4 .

The recycling type of in ow by Lund et al. (1998) is currently accepted as being the most ac-
curate turbulent in ow condition for developing boundary | ayer simulations. However, the scope
of application of such in ows is limited by the equilibrium t urbulent ow conditions assumed
when choosing the scaling laws for the rescaling proceduredoreover, they also implicitly re-
quire that the ow state and boundary conditions does not change between the in ow condition
and the recycling plane, to ensure the turbulence evolutionat both location is similar. And
nally, they impose that the position of the recycling plane should be chosen carefully to avoid
coherence problems.

Such limitations are not present when using precursor or radom in ow conditions as their
de nition does not rely nor depend on downstream information, making them attractive when
considering in ow conditions for more general types of ows

1.3 Thesis Outline

The goal of the current master thesis is to make an objective@amparison of recent in ow modeling
techniques applicable to the simulation of ow control devices in turbulent wall-bounded ows.
Due to the ubiquitous nature of computational resources resictions, the in ows will be evaluated

in the context of coarse, Large-Eddy Simulations.

The recycling and rescaling method of Lund et al. (1998) willbe chosen as reference in ow
model, as it was shown in previous publications to work well m LES computations, and will
be tested together with the similar recycling and rescalingmethod by Spalart et al. which was
developed for DNS computations.

It will also be investigated whether more general type of in ow conditions could deliver
performance comparable to that of recycling methods. To ths end, a precursor method will be
tested, and a ow correction method developed by Spille-Kolo and Kaltenbach (2001) will be
applied to a random in ow method, to assess whether it is accrate enough to remedy to the
long adaptation lengths normally associated with random inow conditions.

In the interest of compactness, the baseline results obtaied with the two recycling procedures
will be considered rst. Then, the comparison will be made wih the more general precursor and
random in ow methods, to see how they compare to recycling mehods.

The canonical zero pressure-gradient turbulent at plate ow was chosen as a test case and
the highest quality existing low Reynolds-number DNS data 5 used as a reference solution.

To allow a more straightforward comparison between the di erent in ow methods, two speci c
parameters will be considered. First of all, the evolution d the shape factorH as a function of
Reynolds numberRe will be used. The shape factor, de ned as the displacement titkness
divided by the momentum thickness , allows comparison of two integral properties of a turbulen
ow which do not depend on estimates of skin friction, which can be subject to signi cant
numerical errors in the contexts of LES. The shape factor wasurthermore shown to be a sensitive
indicator of the quality of the boundary layer. Then the evolution of the skin friction coe cient

MSc. Thesis 3 F.T. Pronk
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will be considered independently, as it allows the indirectmonitoring of the local level of turbulent
activity withing the boundary layer.

Using the shape factor and skin friction coe cient evolution, the adaptation length of the
various in ows will be estimated. In this study, the adaptat ion length will be de ned as the
domain length needed before the shape factor and skin friatn coe cient follow a streamwise
evolution similar to that of the DNS results. The longest of the two lengths will then be de ned
as the adaptation length.

As a word of caution, it should be mentioned that a close compdason of the DNS data
by Schlatter and Orls and that by Simens et al. (2009) revealed intriguing di erences between
the two sets of data, which both groups of authors recognize @ being caused by the di erent

strategies chosen when applying numerical boundary condivns. This will be described in more
detail in chapter 3.

F.T. Pronk 4 MSc. Thesis



CHAPTER 2

Turbulence Theory and Numerical
Simulation Technigue

The following chapter will give a succinct introduction to t urbulent ow theory, in a attempt to
make this master thesis more self-contained. As it is only mant as an introduction to the theory
relevant to the current study, readers familiar with the the ory of turbulent wall-bounded ows
and with the implementation of LES can skip this chapter and proceed to the next.

In the following, the notion of turbulent scales will be presented rst, a concept useful to
understand the rationale behind Large-Eddy Simulation, fdlowed by a subsection describing the
speci city of wall-bounded turbulent ows. The focus will t hen shift towards the application
of the Navier-Stokes equations to the numerical simulationof turbulent ows, including a short
review of the most common computational techniques used athe time of writing, together with
a more in-depth description of the simulation strategy which will be used for the current study.

2.1 A Short Introduction to Turbulent Flow Theory

2.1.1 Dierent Scales in Turbulent Flows

Well over 100 years after the rst true statistical analysis of turbulence by Osborne Reynolds,
turbulence is still an outstanding problem of uid dynamics, with no analytical solutions of
turbulent ows available in geometries of interest to engineering applications. Due to the com-
plexity of turbulent ows, much of the knowledge on the ow ch aracteristics have been derived
experimentally, to be completed only recently by more detaled numerical solutions thanks to
advances in computational hardware. Nonetheless, both exgrimental and numerical approaches
generally use the Navier-Stokes equations (NSE) as startip point to study the characteristics
of turbulent ows. The Newtonian uid assumption and the con tinuum assumption used when
deriving the Navier-Stokes equations might be violated loally due to very high velocity gradients
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but comparison between numerical and experimental data shwed the variations observed when
omitting these e ects to be negligible, making the NSE a proger analytical tool for turbulent
ow analysis.

A key word often encountered in the description of turbulent ows is the term \eddy". As
de ned by Davidson (2004), an eddy can be seen as a \blob" of wticity and its associated
velocity eld, or put more simply, a patch of air moving in a ci rcular manner.

The rst modern view on turbulence scales was o cially formu lated by the meteorologist and
mathematician Lewis Fry Richardson. Through observation Rchardson noticed that velocity
elds displayed a broad spectrum of eddy sizes, and that the @sipation of the ow energy was
mainly associated with the smallest eddies. These observains led Richardson to introduce the
concept of energy cascade describing a plausible energy transfer mechanism from théargest
eddies to the smallest structures. His theory was that the lagest eddies in the ow were created
by instabilities in the mean ow, which were themselves alsosubjected to instabilities, leading to
a rapid break-down of the large eddies into smaller vorticesThe smaller eddies would themselves
also be sensitive to instabilities and would break-down inb smaller structures, and the process
would continue until the smallest structure size would be reached, at which point the smallest
vortices would dissipate their energy. Using the eddy size Bynolds number de ned by

Re = . 2.1)

with | the eddy diameter, u the value of the uctuation velocity and  the kinematic viscosity,
Richardson explained that viscosity played no part in the erergy cascade. Indeed, for large Re
the viscous stresses acting on the eddies are negligible atfie whole cascade process is therefore
driven mainly by inertia forces. On the other hand, when the Reynolds number based on the
eddy size is of order unity, the cascade process comes to a hak the viscous forces are no longer
negligible and dissipation becomes dominant.

Based on Richardson's concept, the Russian scientist Koloogorov published two papers
(Kolmogorov, 1941a,b) which had a profound impact on the waythe energy spectrum in turbu-
lence is understood and modelled. He postulated that at su dently high Reynolds number the
directional biases of the larger eddies was lost in the chaat scale-reduction process linked to the
energy cascade and that the small-scale turbulent motions ere therefore statistically isotropic.
Kolmogorov further argued that in the same way the directional information of the largest struc-
tures was lost through the energy cascade, so was the inforrtian about the geometry of the
large eddies, implying that all the information and in uenc e stemming from the boundary condi-
tions and the mean ow eld was similarly lost in the process. An important consequence of this
hypothesis is that the statistical and structural properti es of the small dissipation scales have in
a sense a universal form, and will be similar in all high Reyntdls number ows. The behaviour
of the smallest scales can therefore be considered as onlyithg determined by the energy fed to
them via the energy cascade, and by the e ects of viscosity. fom there, Kolmogorov formulated
his rst similarity hypothesis stating that the statistics of the small-scale motions were uniquely
determined by a combination of the kinematic viscosity and the dissipation rate . He proposed
the following relationship for the smallest relevant length scales present in a turbulent ow

INTS

3
- . (2.2)

Similarly, Kolmogorov proposed a velocity and a time scale dr the smallest structures of the
ow, de ned respectively as

=( )%, (2.3)

ST
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and

(N[

= - (2.4)

A detailed description of the method used to nd these resuls can be found in Kolmogorov
(1941b). For a more tractable approach based on dimensionanalysis, references as Bernard
and Wallace (2002) or Davidson (2004) can be consulted.

Using the rst similarity hypothesis as basis, Kolmogorov went on to formulate a second sim-
ilarity hypothesis by suggesting the existence of an internediate range of scales with dynamics
independent of both the large-scale turbulence-producingddies and the small dissipation scales.
These intermediate scales transferring the energy receidgrom the large scales down the cascade
to the smallest scales, would, according to Kolmogorov, ol depend on the dissipation rate
of the ow and the wave number of the eddies, and not on viscosity. He therefore names this
intermediate range the \inertial range". Kolmogorov furth er argued that this range had an im-
portant in uence on the energy spectrum function E( ), and proposed the following relationship
for the energy spectrum in the inertial range

E()=Cc ¢ 3 (2.5)

where Cy is the Kolmogorov constant and is found to have a value of appoximately 1:4. A
gualitative plot of the three scale regions and their correponding energy spectrum can be found
in gure 2.1.
Universal Equilibrium

Range

EC)

Large-Scale

Range Inertial Subrange Dissipation

Range

1 10 100 1000

Figure 2.1: Qualitative Energy Spectrum of a Turbulent Flow

Despite the fact that some of the underlying assumptions mae by Richardson and Kolmogorov
have been proved to be at least partially incorrect, their canclusions are still very useful concep-
tually. However, due to these awed assumptions it should bekept in mind that the concepts
presented here-above remain an idealisation of the true betviour of turbulent ows. As an exam-
ple, it has been proved in recent years that the energy trangr between scales happens genuinely
in two directions, instead of in the unidirectional fashion proposed by the cascade theory. It has

MSc. Thesis 7 F.T. Pronk
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also been shown that the energy isn't necessarily transmittd homogeneously to all the length
scales through the energy cascade, but that large eddies cloufor instance transmit their energy
directly to much smaller structures in the ow. Nonetheless, Kolmogorov's description still pre-
dicts the correct order of turbulent scales present in turbdent ows, as well as the correct energy
associated with these wavelengths. Similarly, the concepbf Reynolds number independence,
although known to be partially incorrect, allows researches to analyse low Reynolds number
ows and make behaviour predictions for higher Reynolds nunber situations.

For a more in-depth description of Kolmogorov's hypotheses their applications and limi-
tations, the interested reader is referred to the accessibl description by Pope (2000, Chapter
6).

2.1.2 Wall-Bounded Flows

After this introduction to general turbulent ows, the focu s will be shifted to wall-bounded ows.
Although the isotropy condition no longer hold for true wall -bounded turbulence, even in the
smaller scales, the concepts developed in the previous se&mut are still very relevant to make the
analysis of these ows possible.

Boundary Layer Subdivision

When comparing boundary-layer velocity proles in y= coordinates, the di erences between
various types of ows are striking, with each ow displaying distinctive and highly non-linear
pro les, making a comparison between them improbable at rst sight. However, the physical
insight from Luwdwig Prandtl (1933) and Theodore von Karaman (1930) permitted the subdivi-
sion of boundary layers in general regions, making a univeed non-dimensional analysis possible.
Through their analysis they deduced that general turbulent boundary layer pro les could be
subdivided in an inner and an outer layer, with an intermediate overlap region between the two.

The inner layer is a region where the ow dynamics are dominaéd by viscous shear and
where the rate of turbulent energy production exceeds dispation. This leads to part of this
energy being exported towards the higher layers of the ow. The part of the inner layer outside
the overlap layer, commonly called the viscous wall regioncan be further subdivided into two
parts: the viscous sublayer, closest to the surface, and thbu er layer.

In the outer layer the turbulent shear or eddy shear dominates. This is a region where
dissipation exceeds production and turbulence is partly mintained by the energy transported
from the inner layer.

The overlap region, a region of overlap between the inner andhe outer layer, can be seen
as a region of constant stress where dissipation equals pradtion, and where both viscous and
inertial e ects co-exist.

The relation between these di erent regions is illustrated in gure 2.2.

Wall Coordinates

The universal region subdivision by Prandtl and von Karrma n allowed researchers to pinpoint the
parameters describing localized ow conditions, paving the way for a non-dimensional analysis
of boundary layer ows and permitting comparison between vey di erent types of ows. The
key to obtaining dimensionless velocity pro les was to expess ow properties in terms of wall
coordinates. When looking at boundary-layer velocity pro les it is common to use they coor-
dinate normalized with the local boundary-layer thickness as spatial reference. However, this
does not show explicitly the similarity between various ows. By de ning new non-dimensional

F.T. Pronk 8 MSc. Thesis
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. =2

Figure 2.2: Sketch Showing the Various Wall Regions and Layers De ned in Terms of the Wall
Coordinate y* and in Terms of y= . (From Pope, 2000)

parameters based on local ow properties a switch can be mad® a so-called wall coordinate

system.
First a local viscous time scale is de ned as
|
1
@yy:O

whereU is the mean streamwise velocity, andy is the coordinate measured perpendicular to the
wall. Very close to the wall, where the Reynolds stresses areegligible, the wall shear stress is
dominated by viscous contributions. From Pope (2000, p 269the wall shear stress can then be
written as

du
— ; (2.7)
v dy y:()
which, after substitution in equation (2.6), yields the following expression
t = —: (2.8)
w
In a similar fashion a viscous length scale can be de ned as
=P @9)
allowing the computation of the wall-friction velocity as
r
U=l
t
s 2.10
) du (2.10)
) dy y:O

From there, the reference quantities can easily be expresden terms of wall units, also referred
to in literature as viscous lengths. The new distance from tle wall measured in walls units is
de ned by

y === (2.11)

ut = U (2.12)

MSc. Thesis 9 F.T. Pronk
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Boundary Layer Description in Wall Coordinates

Using the newly de ned coe cients, a better analysis of the dynamics of the boundary layer
can be made. Through measurements, scientists have found & in the viscous sublayer and for
y* 6 5, the velocity pro le is linear, that is to say

ut =y": (2.13)

Experimental results have also shown that for high enough Rgnolds numbers, there is a region of
ow in the boundary layer where it can be supposed that viscogty has little e ect, and boundary
layers tend to follow a universal law. This law was rst postulated by von Karnan in 1930, and
is referred to as the logarithmic law of the wall, or simply, the log-law. It is de ned as

1
ut* = ZIny" + B; (2.14)

where and B are constants. Common values for the von Karman constant are 0:41
whereas the range foB varies from 5 to 55. Patel and Head (1969) determined that a necessary
condition to obtain a region where the coe cients of the log-law were universal constants, was
to have Rg > 3000. Extra information on the derivation of the logarithmi ¢ law can be found in
Pope (2000, chap 7).

Finding a simple description for the smooth transition from the viscous sublayer to the log-law
is a little less straightforward. White (2006) mentions the formula deduced by Spalding (1961)
covering the entire wall-related region, and given by

" #
) +13
y"zut+e B e'" 1 u* (u2) (u6) : (2.15)

For the region of the outer layer outside of the log-law range White (2006) suggests using Coles'
law given by

bty s+ Y (2.16)

where is Coles' wake parameter, andf is the wake function normalized to be zero at the wall,
and unity at y = . For more information, the reader is referred to White (2006 chap 6).

As a closing remark, it should be mentioned that the validity of describing the overlap region
using the logarithmic law of the wall presented here above isstill subject to debate. And,
while the main argument of the log law antagonists is the nonuniversality of the \constants"
and B used in equation (2.14), they propose to describe the overfaregion using a power law
instead. Nonetheless, although the debate might of importace for the proper quanti cation of
fundamental turbulent relations, both the power-law and the log-law are of su cient accuracy
for engineering purposes.

2.2 The Navier-Stokes Equations

The following section will brie y describe the Navier-Stokes equations which will be used to
compute the turbulent ow under consideration, as well as the incompressible ow simpli cation
brought to the original set of equations.
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2.2.1 General Set of Equations

The governing equations describing the motion of a uid in space and time are a coupled set
of non-linear partial di erential equations referred to as the Navier-Stokes Equations (NSE).
These equations are often derived by considering a given quéty of matter and its properties,
such as mass, momentum or energy, inside a given control value. From there, a set of integral
equations can be derived, describing the general propertieof the system under consideration,
such as conservation of mass, momentum and energy. Applyin@Gauss' theorem to the set of
equations obtained and assuming the control volume to be innitesimally small then leads to
the following set of coordinate-free di erential equations, where the energy equation has been
neglected

%ﬁ div( u)=0; (217)
X
@(@“t) +div( uu)=  f: (2.18)

These equations are referred to as the continuity and momentm equation, respectively. For
Newtonian uids, where a linear relation exists between vebcity gradient and shear stress, and
neglecting gravity forces, the momentum equation can be wtten as

@(@”t) +div( uu)=div T; (2.19)
where the stress tensolT is de ned as
T= p+§ divu | +2 D; (2.20)
with
1 h [
D= > gradu + (grad u)T : (2.21)
Introducing the Del operator these equations can be re-writen as
@
= 4+ =0: .
at " (u)=0; (2.22)
a v
+ = : :
ot r (u)=r T; (2.23)
with the stress tensor written as
T= p+§r u l+ ru+ru’ (2.24)

For more information on the derivation of the Navier-Stokesequations, one can refer to standard
literature such as Bernard and Wallace (2002), Ferziger andPert (2002), or Pope (2000).

2.2.2 The Incompressible Flow Simpli cation

The conservative equations (2.22) and (2.23) are the most geeral form of the Navier-Stokes
equation and assume that all uid and ow properties change in space and time. For ow
velocities under 0.3 times the speed of sound, these equatis can be simpli ed by considering
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the ow to be incompressible, leading to a constant density. By further assuming isothermal
conditions, the viscosity can also be considered constantThis yields the following simpli ed
continuity equation

r u=0: (2.25)

Similarly, using the incompressibility assumption combined with the new continuity equation,
the momentum equation can be simpli ed to

@ wuy= P4+ 2

@t

where = =

u; (2.26)

2.3 General Overview Of Modeling Techniques

Historically three parallel movements can be recognized inthe analysis of turbulent ows. The
rst analysis of turbulence was done from a purelystatistical viewpoint, considering that it was
of no utility to precisely determine the exact structure of the turbulent ow, and concentrating
instead on trying to characterise its statistical behaviour. Half a century later, experimental
wall-bounded turbulent ow data started to show high correl ation between velocities at di er-
ent temporal en spatial positions. It was then recognized tlat coherent structures must exist
within turbulent ows, implying that such ows could theref ore not be totally random as was
rst assumed. This led to a structural movement, yielding rich phenomenological descriptions
of certain classes of turbulent ows, still of use today whenattempting to model and control
turbulent ow behaviour. A decade later, with the help the Na tional Center for Atmospheric
Research, the rst numerical solutions for models of the Naver-Stokes equations representing
critical properties of turbulent ows started to emerge. Th ese early numerical simulations were
the rst to show that turbulent ows were extremely sensitiv e to initial conditions, with very
slight perturbations developing in highly non-linear responses complex enough to appear as being
random. This was the start of the deterministic approach, viewing turbulence as a complex and
chaotic solution of the Navier-Stokes equations, dependig on the variations in time of initial
perturbations, and void of randomness. The RANS simulationtechnique which will be described
shortly is primarily statistical in nature, whereas the DNS and LES approaches belong to the
deterministic approach.

2.3.1 RANS

Using equation (2.25), and switching to Einstein notation, the motion of an incompressible uid
is governed by the continuity equation

@u _ ..
@(-o, (2.27)

and the momentum equation
@u, @w _ 1@p, Gu
@t  @x @x @x@x’

The impossibility of solving equations (2.28) and (2.27) urder turbulent ow conditions analyt-
ically, except for very simple cases, led researchers to trjo solve the Navier-Stokes equations

(2.28)
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numerically. Unfortunately, computational requirements have long limited such solutions to low
Reynolds number ows. Alternative approaches were sought,and led to a method separating
the ow properties into a mean and a uctuating part, in the ho pe of obtaining a simpler set of
equations, albeit at the price of modelling accuracy. This vas in fact the approach used originally
by Osborne Reynolds at the end of the 19 century in an attempt to de ne a statistical model
for the study of turbulence. The decomposition of the velody can be written as

up = T + ud; (2.29)

where the averagingt; of u; can be done in space or in time. A time average ofl; could be
written as
Zti1=2
Ui(xi;t)= = ui (xj; s)ds: (2.30)
T 722
The same can be done for the pressure. Substituting these dempositions into equations (2.28)
and (2.27) yield the Reynolds Averaged Navier-Stokes equains given by

ai _ ..
il (2.31)

and

@,euw_ 1@, du_

@t @x @x @x@x’
which can be simpli ed according to the Reynolds averaging ules (see for instance Moran, 1984,
p 212) as

@+@1in2 }@+ @u @_HOUF
@t @x @x @x@x @x

These two equations are in the same form as the Navier-Stokesquations, except for theFuJO
term. This term, often referred to as the Reynolds stress beause of its form, is in fact the
representation of the ux of momentum caused by the turbulent uctuations owing in or out
of the volume under consideration. Equations (2.31) and (23) can now be used to simulate a
uctuation-less uid, travelling with averaged velocity. One should notice that the new set of
equations being dealt with is unclosed, as there is no direcineans of relatingu and p to the
Reynolds stress, and a proper closure model has to be found foee the RANS equations can be
solved numerically.

Going further into details on the di erent closure models and limitations of the RANS equa-
tions is beyond the scope and interest of this study, and inteested readers are informed that
more formal and detailed derivations of the RANS equations an be found in various textbooks
such as White (2006), Davidson (2004) or Sagaut and Meneveaa (2006).

Analysing equation (2.32) one can understand that the Reyn&ds Averaged Navier-Stokes
equations do not resolve the small eddies present in turbulg ows, but merely try to model the
e ect of turbulent uctuations on a mean ow. Such an approac h has the advantage of relieving
the user of the need to use a ne mesh to capture the viscid turblent scales present in a ow.
Indeed, only a relatively coarse mesh is needed to capture éhmean ow variations, while the
in uence of the turbulent uctuations on the mean ow are acc ounted for by the turbulence
model.

This intrinsic property of RANS computations therefore limits the scope of simulations to
cases where the macroscale ow dynamics are of interest, andan therefore not be used as a
tool to investigate small-scale turbulence. This renders RNS simulations inappropriate for the
current study.

(2.32)

(2.33)
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2.3.2 DNS

The non-linear and complex behaviour of turbulent ows is the consequence of a fairly simple
set of equations, the Navier-Stokes equations (NSE), desitred in equation (2.28). However, as
most of the analytical solutions available for the NSE are oty of very limited use for engineering
applications, alternative solutions of obtaining a compldge description of ow variables as a
function of space and time have to be sought. This can be doneybsolving the NSE numerically,
through an approach called Direct Numerical Simulations orDNS. When compared to statistical
solutions, or even semi-deterministic solutions like LESDNS computations have the advantage
of not requiring ad hoc models to obtain a closed set of equations or to model the e @6 of a
range of scales not captured by the computational grid. Fromthis point of view, DNS solutions
can be considered exact, as they truly capture all the wavelegths present in the ow.

However, DNS accuracy comes with a heavy computational prie, as capturing all length
scales present in a ow requires a large amount of grid pointglue to two constraints. First of all,
the domain size has to be large enough to capture the largestales of turbulent eddies, which
is not speci c to DNS as it is also a constraint imposed on LESAnd secondly, the grid must be
su ciently ne to capture the dissipation length scales of t he ow, that is to say the smallest
length scales present in the ow. It was shown in section 2.1 that the dissipation scales are on
the order of the Kolmogorov length scale, which is de ned by

3 7
— (2.34)
The energy passed down the energy cascade by the larger edslis of order
u> ol
== (2.35)
and should be equal to energy dissipation, yielding
3
”l—: (2.36)
The Reynolds number of the large eddies de ned as
Re = . (2.37)
and substitution in equation (2.34) yields
| 3 B 4 3 3 B %
w - 'pE TR (2.38)
\ | Re, i,

From there, an estimate of the minimum number of points requred can be made. The mesh
interval should be able to capture the smallest eddy size, memning that the spatial separation of
the sampling points cannot be larger than , that is

3
%.

X I Re, (2.39)
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The number of data points required for a three-dimensional snulation can therefore be approx-
imated by

N < L b;)(x
3 (2.40)
L box 2
, Ny Re*;

with Lpox the length of the domain.

Furthermore, in order to compute the unsteady dynamics of the Kolmogorov scales, the com-
putational time step should be chosen such that t (=u;) with u; the large-scale velocity.
The simulation should further be run for several eddy turnower times, each having a value pro-
portional to I=u;. The number of time steps required for the computations is trerefore equal
to

T T
Neo o=
— (2.41)
) N —R Z;
! |=U| el
leading to a total cost of DNS which scales as
T Lpox °
N / NuNe o =% Ref; (2.42)
=4

or O (Re|)3. Several studies do however specify that the smallest lenbt scales that must be
accurately resolved for an \exact" solution depend on the eergy spectrum present in the ow,
and can sometimes be larger than the Kolmogorov scales, ailling for larger grid spacings. For
instance, Kim et al. (1987) report using a grid spacing of x* =12, y* =0:05 44 and
z* = 7 for a Kolmogorov length scale of 2, and arm their resolution is su cient to

capture all essential turbulent scales present in the ow. $milarly Moser and Moin (1987) note
that most of the dissipation in the curved channel they studied occurred at scales greater than
15 . Spectral DNS methods in particular tend to show very good ageement with experimental
results although the Kolmogorov scales aren't resolved, wéreas on the contrary, nite-di erence
schemes may require a mesh size of half the Kolmogorov lengstale in all directions to obtain
the same level of accuracy.

It can in any case be concluded that the costs of DNS are still phibitive, and that DNS
simulations in the near future will be limited to low Reynold s number ows.

2.3.3 LES

Trying to improve on the accuracy and applicability of RANS w hile decreasing the prohibitive
cost associated with the use of DNS, researchers have deveta a simulation technique interme-
diate between the two, called Large-Eddy Simulation (LES).

Through observation, scientists discovered that the isotopic inertial ranges were more or less
universal for all turbulent ows and that they could be param etrized by using only the energy
transfer rate, through the energy cascade principle. From lhere, they theorized that if this energy
transfer rate could be properly estimated and modelled, thg should be able to avoid computing
not only the e ect of the dissipation scales, but also the scées which could be considered as
approximately isotropic and in equilibrium. As estimated in Pope (2000), more than 99% of the
computational e ort of DNS is devoted to resolving scales inthe dissipation range, making LES
an attractive computational method. It will be described in more detail in the following section.
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2.4 Large Eddy Simulation

As described in the previous subsection, LES is based on theripciple that the large scales
present in the ow are computed directly, while the dissipation scales and part of the inertial
cascade are substituted by speci ¢ models.

Its origin can be traced back to the meteorological communiy in the early 1960's when
computational resources were severely limited and alternigves to resolving all the computational
scales were sought. Based on the theory of Kolmogorov, the satiest scales present in a ow
could be considered as the energy drains from the larger sed, dissipating the turbulent energy
into heat, and were assumed to behave isotropically. Thus, e larger eddy scales could be
considered as being responsible for most of the kinetic engy transport and are therefore also the
most a ected by boundary conditions. This requires the direct computation of the large scales,
whereas the uniform nature of the small scales make them prim contenders for substitution by
simpli ed computational models. This has led to the LES computational technique, where the
large ow scales are computed directly, and where the scaleslose to the dissipation scales are
represented by SubGrid Scale (SGS) models.

2.4.1 Governing Equations

In order to separate the computation of the resolved scalesrém that of the modelled scales, a
Itering operation can be applied to the equations governing the ow motion. Formally, for any
ow variable f, LES elements are composed of a large scale and a small scadattibution which
can be written as

f=f f© (2.43)

with the overbar component representing the larger scalesand the prime denoting the contribu-

tion of the small scales. From there, one can de ne a lter to extract the large scale components.

This can can be done by using a convolution integral over the amputational domain de ned as
I

Fe)= Gxxx%) f x9dx® (2.44)

where is the lter width, and is proportional to the wavelen gth of the smallest scale retained
by the Itering operation, and where the convolution integr al G, or Iter kernel, should satisfy
the following relation

I

G(x;x%)d x°=1: (2.45)

The most commonly applied Iters in LES include the Gaussian lter, de ned as

r__
6 6x2

G(x;)= —exp  —5 (2.46)
and has the advantage of being smooth and di erentiable, andthe top-hat Iter, which is a
simple average over a rectangular region.

The top-hat Iter is a common choice for nite-volume method s primarily because the average
taken is over a grid volume of the nite volume mesh where the wariables are a piecewise linear
function of x. This implies that when the lter width is chosen to be equal to the grid spacing,

the averaged and the local value of will be equal (f = f:). The top-hat lter is de ned as

if x9 =2

G(x)= 0 otherwise.

(2.47)
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Switching to Fourier space allows the use of a lter called the sharp Fourier cuto lIter, elimi-
nating all the wave numbers above a chosen frequency, and isast naturally used in conjunction
with spectral methods. However, it tends to be dicult to app ly to inhomogeneous ows, and
due its nature, it creates a sharp transition between resoled and unresolved scales, which in
practice, might hamper the energy transfer from the larger © the smallest scales, resulting in an
energy build-up in the larger scales. The sharp Fourier cuto Iter is de ned in Fourier space as

1 ifk =
0 otherwise.

G (k) = (2.48)
For extra information on the di erent type of Iters and thei r e ect the reader can refer to LES
literature as Sagaut and Meneveau (2006) and Bernard and Wéace (2002).

It should be noted that many researchers have recently movedway from the ltering concept,
to use the variational multiscale approach. In the variational multiscale method, modeling is
con ned to the e ect of small-scale Reynolds stress, as oppsed to classical LES methods in
which the entire subgrid-scale stresses are modeled. Due t™assical approach implemented in
the CFD packaged used for this simulations of the current stuly, variational multiscale methods
are beyond the scope of this master thesis. For more inform&in on the method, readers can
consult the original paper by Hughes et al. (2000).

Applying the ltering operation given by (2.44), one obtain s the Itered version of the in-
compressible Navier-Stokes equations. The continuity ecgtion becomes

@

— =0; 2.49

@x (2.49)
and similarly, the following momentum equation is obtained

@ + @ = 1‘@ + @ : (2.50)

@t @x @x @x@x

which is identical to (2.32). However, from here, it is important to notice that because
Uit 6 Uibj; (2.51)

and because the quantitytiU; is not easily computed, a modeling approximation has to be fand
for this term. By introducing the di erence between both sid es of the inequality as

U (2.52)
Equation (2.50) can be re-written as

@Ji+@Jin_ 1@ @4_ @ur

@t @x @x @x @x@x

The term j is referred to in LES as the subgrid-scale (SGS) stress tensaand can be considered

as the term accounting for the e ect of the small, unresolvedscales which have to be modelled.

By decomposing the velocity vector asu = U+ u® the SGS stress can be decomposed into
di erent terms as follows

(2.53)

= (T; + U-O) (o + u? Ui U;

1
o
o

0+ UiUJQ"‘ U,QUi + ulu? (2.54)

|
r
+
O
+
Y
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where
Lij =0y Ui U;
Cij =T uJQ+ uJQUi (2.55)
Rij = LIDLIEj

1=

The rstterm Lj is generally known as the Leonard stress, and represents thieteraction of the
large eddies which produces subgrid turbulence. As this quaity is resolved, it can be computed
directly from the velocity eld. The second term, Cj , often referred to as the \cross-term"
stress, is a measure of the energy transfer between the regetl and the unresolved scales of the
ow, and can transfer energy in either direction as a function of the sign of the uctuations u®.
However, following the energy cascade assumption, the avage energy transfer is from the larger
to the smaller scales. The last term represents the interagon of the small, unresolved eddies,
and is know as the subgrid Reynolds stress.

Although (2.54) seems an attractive description of the SGS fgesses, it is quite challenging to
model due to the dependence of the Leonard and cross stressas the type of reference frame
used. As it stands, the total SGS stress and the SGS Reynolddress term are independent
of the reference frame used, while the Leonard and cross ss®ges are not. To make matters
worse, the correlation terms used to model the dierent elenents of this SGS decomposition
tend to be approximations containing substantial errors that largely o set the targeted gain of
accuracy which motivated the decomposing of the subgrid s&ss termin the rst place. Therefore,
although Germano (1986) came with a Galilean invariant redenition of the turbulent stresses
used here-above, modern applications of Itered LES have layely abandoned the decomposition
of subgrid stresses in favour of a modelling of the SGS term; as a whole.

2.4.2 Subgrid-Scale Models

The main role of subgrid-scale models is to remove the energffom the resolved scales in a
manner mimicking the drain associated with energy cascadehieory. This subsection will present
the most commonly used subgrid-scale modelling approaches

Smagorinsky Models

The simplest and oldest approach to subgrid-scale modelingvas introduced by Smagorinsky in
the early 1960's and models the subgrid-stress tensor by ugj an extension of the eddy-viscosity
assumption developed by Boussinesq in the 1870's. The gemridea behind the Boussinesq ap-
proximation is that the turbulent mixing momentum has a cont ribution similar to the molecular
transport of momentum, described by

@Ui
@x@x

term in equation (2.53). From there, Boussinesq postulatedthat the e ect of turbulent mixing
of momentum was to increase the e ective viscosity locally.He therefore proposed to model the
SGS stress similarly to the laminar stress, by introducing a eddy viscosity . Following the
eddy-viscosity model, the subgrid-stress tensor can be wtten as

(2.56)

i = 2 Sj+ % Kk (2.57)
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where the term §ij is referred to in literature as the strain-rate tensor, and an be computed
from the Itered velocity T using the relation

s -1 @ @ .
Si =3 or ox (2.58)

As closure model, Smagorinsky chose to approximate the vissity term  as a function of the
strain-rate tensor, leading to

-

=C§ 2 25S; °; (2.59)

with Cs a dimensional constant referred to as the Smagorinsky conant, and with a measure
of the Iter width. The Smagorinsky model further assumes that the small unresolved scales are
in equilibrium and instantly dissipate all the energy they received from the resolved scales.

When using the SGS tensor de ned in (2.57), the LES momentum 2.53) will be slightly
re-written as

@, @ _._ 1@ @ ,k @u

—+ —(Uhg)= - —_—; 2.60
@t @x( ) @x @x @x@x (2.60)
where p is a modi ed pressure term accommodating the isotropic partof the stress tensor yx

to avoid its computation, and is written as
P =P 3 i kk- (2.61)

For open turbulent ows the Smagorinsky constant takes values between @18 and 023. A
detailed description of one of the methods allowing the evalation of the Smagorinsky constant
can be found in Lilly (1967). However, Bernard and Wallace (D02) warn that the values for
Cs given here above were found to be overly di usive in ows congining mean shear, such as
wall-bounded ows, and that a lower value of Cs should be chosen for those types of ows. They
found that a value of Cs = 0:065 gave better predictions for wall bounded ows.

As can be seen, the major disadvantage of the Smagorinsky medtlis that it requires di er-
ent values for the constantCg for di erent ow conditions, which is a serious drawback when
simulating complex and varying ow conditions. Another weakness of the Smagorinsky model
stems from the assumption of isotropy of the unresolved scab made when choosing for an
eddy-viscosity based model. While the isotropy conditionsholds for a large subset of ows and
Iters, it is far from being universal. For instance, choosing for a large mesh spacing may induce
anisotropic motions in the unresolved scales. Similarly, rar a solid boundary even the smallest
scales do not conform to the isotropy assumptions, with the dded problem that anisotropic
grids will often resolve even isotropic eddies di erently cepending on their orientation. Although
these problems can be reduced by increasing the mesh re nemig the problem as whole is better
addressed by trying to avoid the isotropy assumption.

Adding to the de ciencies named here above, the accuracy oftte Smagorinsky model is fur-
ther degraded the more the ow conditions deviates from the asumption of equilibrium of the
unresolved scales made when trying to nd a relation for the sibgrid eddy-viscosity. Quite unfor-
tunately, non-equilibrium conditions are often encountered in turbulent ows, and are common
in applications ranging from separating and reattaching ows, to boundary layer ows and wall
dominated domains. This e ect is therefore non-negligible
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One-Equation Models

In order to try to improve on the accuracy of the Smagorinsky nodel by dropping the assumption
of equilibrium of the unresolved scales the one-equation faily of models was developed. Most
one-equation models are, as the Smagorinsky model, based ¢ime eddy-viscosity concept. As
an improvement, they try to add a history e ect to the model by solving extra equations, such
as transport equations, for one or more of the subgrid turbuénce characteristics. One of the
guantities often chosen for the extra transport equation isthe subgrid-scale kinetic energy, de ned
as

1 X

3 i 5

K sgs (2.62)

which provides an SGS velocity scale to the model. Other potetial transport equation candidates
include the transported SGS viscosity, or the transported $S vorticity, as presented in de Villiers
(2006, chap 3).
The eddy-viscosity model can then be cast in the form
p

According to Horiuti (1985), the Kgs transport equation then takes the form

3=2
@lggs + Uj @l'ggs - } i gij + Q Ckk p ngJr @'@gs C ngs;
@t @x 2 @x @x
where the di erent constants take the value Cx =0:05,C =1:0 and Cy = 0:1 respectively.

As a whole, the one-equation models mostly su er from the sara de ciencies as the Smagorin-
sky type of models due to the common choice of eddy-viscositgpproach and the consequent
assumption of isotropy of the unresolved scales. The one-agtion models do however have the
advantage of providing a more accurate time scale to the unmolved scale-model through the
independent de nition of the velocity scale in the extra transport equation. As a result, a study
of the performance of di erent SGS models in channel ows by kireby et al. (1997) has shown
the one-equation model to be quite e ective and superior to &gebraic models of the Smagorinsky

type.

(2.64)

Dynamic Models

Unsatis ed with the inability of the previously mentioned s ubgrid-scale models to correctly rep-
resent di erent turbulent elds and ow regimes with a singl e universal constant, researchers
oriented their studies towards dynamical methods allowingthe computation of SGS coe cients
using local ow conditions. The rst of such methods was presented by Germano et al. (1991),
and has the advantage of also being applicable to the previaly described models. In dynamic
models, the coe cients of the SGS models are determined as paof the ow calculations, and
use the energy content of the smallest resolved scales to lalty determine the value of the closure
coe cients. This imposes, however, the assumption that the behaviour of the smallest resolved
scales is analogous to that of the subgrid scales.

The new dynamic model by Germano et al. (1991) is based on theniroduction of two lters.
In addition to the original grid Ilter -also referred to in| iterature as - de ning the resolved
and subgrid scales, a new test Iter bis introduced, which di ers from the original grid lIter by
its smoothing over a larger ow region. The application of the grid Iter to the Navier-Stokes
equations yielded the subgrid-stress tensor found in (2.52which was formally written as

i = WUy Uiuj:
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This equation was then re-written in the Smagorinsky model ly casting the SGS tensor in the
eddy-viscosity form, and led to (2.57). Piomelli and Liu (1995) re-wrote this expression slightly
as

(2.65)
= 2Cgyn i ;

where the quantity Cqyn has replaced the square of the original Smagorinsky coe ciat Cs.
Similarly, the introduction of a new test lter introduces a new set of stresses, or subtest-scale
stresses, de ned formally as

Ty =@ ®W®: (2.66)

In similar fashion to (2.65), this equation can be expresseth terms of a Smagorinsky type closure
as

T g Te= Lo P*SS (2.67)
= 2Cdyn ij
where
!
§ij = 1' @+ @ : (2.68)
2 @x @x
and where typically
b=2 . (2.69)

From there, the major contribution to the subgrid-scale model brought in by Germano et al.
(1991) was to identify that keeping consistency between (&5) and (2.67) depended on a proper
choice ofCgyyn . Although cases where the two values o€q4yn could di er are not di cult to nd,

as in wall-bounded ows where the test lter can experience \ery di erent local phenomena than
the grid Iter, Germano et al. (1991) chose to make no distindion between the two coe cients.
According to various literature references (e.g. Lilly, 192, Piomelli and Liu, 1995 or Bernard
and Wallace, 2002) a proper choice ofCqy, can be made by nding an identity relating the
resolved turbulent stress

Ly = Wy BH (2.70)

to the subgrid and subtest-scale stresses. From the de nittns of equation (2.52) and (2.66), it
follows that the resolved part of the SGS stress can be linkedo the subgrid and subtest-scale
stress by

Ly =Tj G (2.71)
Substitution of (2.65) and (2.67) into (2.71) yields

Lij = 2Cayn § +2Cun j; (2.72)
with

i= 255, (2.73)
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and
i = b2§§ij : (2.74)

However, the set of equations (2.65), (2.67), (2.71), (2.73and (2.74) are ve independent equa-
tions which cannot be solved explicitly for Cqyn because it appearsin a ltering operation through
(2.72). The further assumption that the coe cient Cgyn is only a function of time and space,
and not Iter width allows to write the following

Cuyn i = Cayn i ; (2.75)

circumventing this problem.

The next problem arising when trying to determine Cgyy is the fact that Cgyn is now overde-
termined by the set of 5 equations referenced here-above. Tavoid this problem, Lilly (1992)
proposed to determineCgqyn using the least square approach by minimizing the error prodced
by (2.72). In least-square terms the error is de ned as

2
Q= Lj +2Cayn j 2Cayn § (2.76)

Upon setting @%? =0, the coe cient Cgyn can be determined as

Cayn = (2.77)

2

A later study by Ghosal et al. (1995) found the method develoged above to contain non-negligible
mathematical inconsistencies coupled with numerical insabilities due to possible sharp uc-
tuations in the value of Cgyn. Although not thoroughly documented, a commonly applied
workaround to this problem was to average the numerator and he denominator of (2.77) over
a homogeneous ow direction. Despite the fact that this worlkaround showed in some cases very
good agreement with DNS results, it still has the disadvantaye of being anad hoc procedure
limiting generalization of these types of dynamic models, \ith the added limitation of requiring
a least one homogeneous direction in the ow under considet®n, serious restricting the type
of ows the dynamic model can simulate. An other common workaound only applicable to
isotropic turbulent ows, is to take an average over the whole computational domain, leading to
Cdyn = Cdyn (t).
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CHAPTER 3

Evaluation of Flat Plate Reference Results

Historically, experimental turbulent at plate boundary | ayers have been extensively and thor-
oughly studied by scientists trying to determine non-dimersional scalings for turbulent ow
properties. The wealth of experimental data available madeit a logical step to use experimental
measurements as benchmark results to assess the accuracyeafrly numerical at plate simula-
tions. Over time, as available computational resources beame more signi cant, low Reynolds
number DNS computations started to surpass the accuracy ex@rimental measurements could
o er, due to probe size limitations. In parallel, numerical computations started showing very
good agreement between di erent simulations of channel owtest cases, leading to a general
agreement that low Reynolds number DNS simulations could beconsidered more accurate than
their experimental counterparts.

In order to test the performance of di erent type of turbulent in ows, a representative test
case was sought as a benchmark. As explained in the introduicin, the canonical zero pressure-
gradient turbulent at plate was chosen due to its sensitivity to the quality of the turbulent
information within the boundary layer. At the time of writin g, the DNS data of Schlatter and
Orls (2010) and that by Simens et al. (2009) were consideredhe highest quality at plate data
available, and were both used as reference solution for theucrent study. However, a detailed
comparison of both data sets revealed slight di erences wtltih are illustrative of the sensitivity of
numerical computations to arti cial boundary conditions. This short chapter will therefore try
to highlight the most relevant di erences noticed between both DNS results, but will also serve
as a general warning to researchers by emphasising some ottmismatches which can be expect
in low Reynolds-number experimental and numerical at plate data.

3.1 General Turbulent Flat Plate Discrepancies

As mentioned in the introduction, the lack of independent skin friction measurements has a direct
e ect on the usability of the experimental data as referencesolution, as the scaling relations
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derived from such data will be inaccurate. As an example, thecurrent author was unable to
— [ . . . .
match the u® ~ ¢; =2 scaling derived from experimental data in the reference wd by DeGraa

and Eaton (2000) to DNS data from Schlatter and Orls (2010) or Simens et al. (2009), in spite of
the fact that the two data sets were in the same Reynolds numberange. The scaling in question

was applied as data non-dimensionalization to allow the patial collapse of the e’ stress, when
plotted on a logarithmic y* scale. Unfortunately, no such collapse could be obtained.

As explained in the introduction, . Comparing six DNS computations made after 2002, the
authors discovered that the simulation of the same canonicia at plate ow also gave surpris-
ingly inconsistent results, even for such basic quantitiesas shape factor, friction coe cient and
uctuation maximum.

The lack of fully established reference data for low Reynold-number at plate experiments
led Schlatter and Orls to investigate whether the similar disparities could be found in recent
Direct Numerical Simulation data. After nding surprising ly inconsistent results for such basic
guantities as shape factor and friction coe cient, Schlatt er and Orls further analysed the various
DNS data to conclude that such di erences came from di erentchoices in numerical domain sizes
and boundary conditions. They further concluded that the two computations with the largest
domains, i.e. their own simulation and that by Simens et al. 009), were also the ones that
yielded the most similar results compared to established tdbulent relations and compared to
each other.

3.2 Comparing DNS Data From Schlatter and Orls (2010)
and Simens et al. (2009)

In this section, the relevant di erences between DNS data fom Schlatter and Orls (2010) and
Simens et al. (2009) will be highlighted. The simulation pamameters of both DNS computations
can be found in table 3.1, with the domain sizes normalized by o, the in ow boundary layer
thickness used in the current study. As an indication, the danain size used for the computations
in this master thesis also appear in the table.

Table 3.1: Domain parameters for the DNS computations by Sch latter and Orls (2010), Simens et al.
(2009), and for the current setup

Re (Lx;LysLz)=0 Inlet Outlet Top

Schlatter and | 180 - 4300 5228 174 210 +L1?r';r]|r:ir gremgoen Neumann

Orls (2010) ppINg gor

Simens et al.| 620 - 2140 143 7:74 2352 _Recycled - Convective o o0
Type In ow Out ow

(2009)

Current Study | 620 - 1330 60 4 8 Recycled Zero  \eumann
Type In ow Gradient

For clarity it should be added that all simulations use cyclic-type boundary conditions in
the spanwise direction. However, from table 3.1, one can dactly notice that the simulation by
Schlatter and Orls and by Simens et al. use very disimilar domain sizes andoundary conditions.
Noticeably so for the top of the domain, to which Simens et al.needed to apply suction to obtain
proper boundary layer growth. In contrast, Schlatter and Orls have enough domain height to
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simply apply a Neumann boundary condition to the velocity vector.

Further comparing the DNS results by Schlatter and Orld to that by Simens et al., notice-
able di erences were observed in the streamwise evolutionfaon-dimensional wall-normal mean
velocity V*, as illustrated in gures 3.1 and 3.2.

0.08 T T T T T 0.08 T T T T T

0.06 |- 0.06 |- E
+ +

0.04 | 0.04 - g

> — Rey = 1000 = — Rey = 1100
002 k —— Rep = 1410 002 k — Rep=1551 |

—— Rep = 2000 —— Rep = 1968

0.00 L Il L Il L Il L Il 0.00 L Il L Il L Il L Il

0 1 2 3 4 0 1 2 3 4

y/8 y/8

Figure 3.1: V" for increasing Reynolds Figure 3.2: V* for increasing Reynolds num-

number, from Schilatter and

Orls (2010)

ber, from Simens et al. (2009)

It is clear that, although both simulations represent the same canonical test case, the non-
dimensional wall-normal velocities display a very di erent evolution with increasing Reynolds
number. The simulation by Schlatter and Orls shows a decrease of non-dimensional mean with
increasing Reynolds number, while the simulation by Simenset al. shows the exact opposite
trend. It is also important to notice that all the non-dimens ional velocities from the data by
Schlatter and Orls are constant beyond y= =1:25, a trend which can only be seen in the lowest
Reynolds number mean by Simens et al.. Coincidentally, the ¢p boundary condition of the
domain from Schlatter and Orld is clearly located much further away from the boundary layer
than in the simulation by Simens et al..

One could argue that, because the mean velocity in wall-norral direction is three orders
of magnitude smaller than that in streamwise direction, the changes shown here-above could
be considered irrelevant. However, it was found during thisthesis that the wall-normal mean
velocity had a large in uence on the quality of the boundary layer computed, probably due to its
in uence on boundary layer growth. There is, of course, no garantee that DNS computations
would be a ected in the same way, but it is something worth investigating.

It should also be noted that the non-dimensional units chose in gures 3.1 and 3.2 could
mask a correct dimensional evolution of velocity, due to sijht errors in derived quantities such
as skin friction ¢; and viscous velocityu . No dimensional data was available for the DNS data
from Schlatter and Orls, preventing a dimensional comparison with the data of Simens et al.
(2009). Nonetheless, the data by Simens et al. can be used farone-sided qualitative analysis.
The dimensional velocity from Simens et al. (2009) is shownn gure 3.3. Using Moran (1984, p
200), the mean wall-normal velocity at the boundary layer edje for incompressible ows can be
de ned as

d
Vh= — (U ; 3.1
n= &) (3.1)
with the displacement thickness. Further assuming that the meanvelocity U; is constant
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yields

Vh = U &: (32)

From equation (3.2), one can infer that for zero pressure-gadient boundary layers the mean
velocity in wall-normal direction will decrease going dowrstream, since the derivative of the
displacement thickness is decreasing.

! ! ' ! !

0.003 |- .
= 0.002 [ .
£
>

0.001 —— Reg = 1100

—— Reg = 1551

—— Reg = 1968
0.000 : ; : . : . ,
0 1 2 3 4

Figure 3.3: V for increasing Reynolds number, from Simens et al. (2009)

From gure 3.3, it is clear that the dimensional velocity change as a function of Reynolds
number is not what was anticipated by equation (3.2), as the nean velocity beyond the boundary
layer edge atRe = 1968 is similar to that at Re =1551. This might be an indication of wall-
normal mean velocity mismatch due to the in uence of arti ci al boundary conditions. This
conjecture is supported by the fact that the top of the domain is only located at 1.5  from the
boundary layer at Re = 1968. It is suspected that the DNS results by Schlatter and Orls will
be less in uenced by the top boundary condition, due to the hgher domain available.

Nonetheless, it is important to assess whether both DNS comyttations do have similar bound-
ary layer growth rate. This can be estimated by comparing the evolution of the displacement
thickness Reynolds numberRe as a function of the momentum thickness Reynolds number
Re , as show in gure 3.4. An indirect estimate of boundary layergrowth could also be done, by
comparing the evolution of the skin friction, ¢, as a function of Re . This can be seen in gure
3.5.
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From gure 3.4, one can observe that both boundary layers hae a nearly identical displace-
ment thickness evolution as a function ofRe , which seems to indicate that they are both growing
at the same rate, a comforting thought. Analysing gure 3.5, it can be seen that the two DNS
computations have a slightly di erent friction coe cient e volution when progressing downstream.
Although this could party explain the di erences observed between gure 3.1 and 3.2 through
the in uence of a scaling by u , it cannot explain the mismatch observed in gure 3.3, as the

guantities observed are independent of any viscous scaling
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CHAPTER 4

In ow Boundary Condition Treatment and
Flow Control

Spatially evolving turbulence poses an extra challenge to mmerical simulation approaches, as
in most cases the ow downstream is highly dependent on the caditions at the inlet. Ensuring
the correct development of all turbulent properties therefore imposes stringent requirements on
the in ow condition. Conversely, poorly-de ned in ow cond itions will result in undesirably long
adaptation lengths, wasting useful computational resoures. In this light, the following chapter
will introduce various in ow modeling techniques applied to the Large-Eddy Simulation (LES)
of incompressible at-plate boundary layers.

This chapter will be subdivided into four parts. The rst section will start with a brief
overview of the di erent in ow strategies which can be used for turbulent in ow generation. The
focus will then shift towards describing the dierent inow modeling approaches used for this
master thesis, rst presenting an in ow model developed by Lund et al. (1998), then describing a
simple outer-coordinate rescaling technique and a randonperturbation in ow developed by the
present author, and nally introducing a ow forcing techni que by Spille-Koho and Kaltenbach
(2001) which can be used to improve inaccurate in ow conditbns.

4.1 Generation of Turbulent In ow Data for Spatially De-
veloping Boundary Layers

The simulation of turbulent boundary layers requires detailed and precise in ow information to
ensure all the ow properties in the computational domain ewlve as their physical counterparts.
In the case of LES, the largest of the unsteady and three-dimasional energy carrying eddies
are resolved, requiring that the in ow should represent an @ realistic as possible boundary
condition for those eddies. Failing to deliver the proper stuctural information with the in ow
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condition will result in the ow having to undergo adjustmen ts until eddies are generated with
the correct phase information. This puts stringent requirements on the in ow velocity vector.
Several strategies have been developed to try to come up witkkonsistent in ow condition for
the computation of spatially developing boundary layer ows, and will be presented hereafter.
This section is similar to the short historical review of arti cial boundary conditions made in the
introduction to this thesis, but describes the various in ow strategies in slightly more detail.

Early approaches to turbulent in ow modeling used random veocity uctuations imposed
on a mean ow. Although it is quite feasible to match the dier ent moments and energy spec-
tra per wavelength using random models, the phase informatin is somewhat more delicate to
obtain, as it is strongly dependent on the type of ow and the location within the ow under
consideration. Researchers soon found out that supplying hite noise as random turbulence did
not provide correct energy levels at the right wavelengths,which resulted in a rapid damping
of the turbulence back to laminar conditions. From there, researchers tried to improve on the
random uctuation method by developing better random models with correlation information
provided by experimental results, with varying degrees of access. For instance, simulations by
Lee et al. (1992) using velocity perturbations with a prescibed power spectrum and random
phase information resulted in adaptation lengths over 12 3 before the ow could be considered
physically realistic. Batten et al. (2004) concentrated on building a uctuation eld based on
a superimposition of Fourier-modes with random-based phas and amplitude information also
include anisotropy information, and reported that at least 20 boundary layer thicknesses where
needed to obtain a physically realistic ow. More successflly, Pames et al. (2009) improved
on an approach by Marusic (2001) which showed that channel v mean and Reynolds-stress
pro les could be matched accurately by superimposing analtical hairpin-like vortical structures
on a mean pro le. They achieved realistic friction coe cient and shape factor growth within 6 ¢
of the in ow. For further information one can consult the excellent introduction of the paper by
Pames et al. (2009), the paper by Keating et al. (2004), or br a detailed review, the book by
Sagaut et al. (2006).

Another approach to the generation of in ow condition for tu rbulent numerical simulations
makes use of secondary simulations or precursor databases provide turbulent information to a
primary computation. This is done using a separate calculaibn of an equilibrium ow with peri-
odic boundary conditions, storing the velocity eld of a plane normal to the streamwise direction
at each time step, and then re-using the information obtainel as in ow data for the simulation
of a more complex turbulent ow. This method has the advantage of facilitating the control of
di erent boundary layer parameters, such as the friction coe cient, and the displacement and
momentum thicknesses, but at the considerable cost of havip to run a precursor simulation.
A variant of such an approach was developed by Schister et al(2004) for hybrid RANS/LES
computations, and showed good agreement with experimentalesults. The method had the ad-
vantage of not requiring the precursor simulation to be at the same Reynolds number as the real
LES study, or in the same con guration. An alternative appro ach was implemented by Druault
et al. (2005), who reconstructed data from experimental meaurements to use as in ow condi-
tions for LES simulations. They claimed obtaining good resiis, although they did not specify
the adaptation length needed by their approach.

A third type of in ow modeling strategy includes the recycli ng methods pioneered by Spalart
and Leonard (1985) and relies on providing in ow conditions using turbulent information ob-
tained from within a computational domain. The original met hod by Spalart and Leonard (1985)
was further improved in Spalart (1988), and applied to at pl ate computations. It made use of an
ingenious coordinate transformation allowing for the calalation of spatially evolving boundary
layers while keeping a form of periodic boundary conditions The results published by Spalart
(1988) proved to be acceptable, although the computed fridbn coe cient was overestimated by
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5% compared to experimental measurements, and theuu> and <ww> spectra did not collapse to
the Kolmogorov energy spectrum law of $ when normalized with and u . Their work later

inspired Lund et al. (1998) to develop a similar recycling me¢hod, while circumventing the need
of an unwieldy coordinate transformation. They extracted a velocity eld downstream of the

in ow, and rescaled it to compensate for boundary layer grovth, achieving an adaptation length
of 8 ¢. Simplifying the approach of Lund et al. by only using an oute-coordinate rescaling,
Spalart et al. (2006) managed to further decreased the adagttion length to 4 o, based on skin
friction coe cient evolution.

Although the Lund et al. family of in ows show very promising results, the rescaling pro-
cedures used are based on the assumption of equilibrium tuthent ows, limiting their scope
of applicability. They have also been shown, in some casesptadd unphysical forcing to the
computed ow due to the introduction of a form of temporal periodicity (see for instance Simens
et al., 2009). Simulating more general wall-bounded turbuént ows will therefore require more
versatile in ow conditions.

4.2 Recycling and Rescaling Methods

Based on a personal study, Lund et al. (1998) concluded that galart-type in ows produced
the most accurate in ow condition for the case of spatially developing boundary layers on a at
plate, with the added bene t of also providing the best control over skin friction and momentum
thickness of the ow entering the domain. Their primary complaint about the Spalart method
was that it was slightly di cult to understand and implement , with the added drawback that
the coordinate transformation of the Navier-Stokes equaton, based on boundary-layer growth,
required a special-purpose ow solver. From there, Lund et & decided to develop a recycling
method keeping the skin friction and momentum thickness cotrol o ered by the method from
Spalart, but not requiring a coordinate transformation of t he Navier-Stokes equations. Capital-
izing on the quality of the in ow method by Lund et al., Spalar t et al. (2006) simpli ed it even
further, and also managed to further decrease the adaptatio length in the process.

The following subsections will present the recycling and recaling methods by Lund et al.
(1998) and by Spalart et al. (2006) which will be implementedfor the current research.

4.2.1 The Recycling and Rescaling Method by Lund, Wu, and Squ ires
(1998)

The main idea behind the recycling and rescaling type of in avs is to extract data at a station
downstream from the in ow, and rescale it to account for boundary layer growth. In the approach
by Lund et al., the ow at the extraction station is averaged i n spanwise direction and in time,
to allow the decomposition of the ow eld in a mean an uctuat ing part as

Wiy zit) = ui (xy;z;t) Ui (xy); (4.1)

with X, y and z denoting the streamwise, wall-normal and spanwise directins respectively, and
were the subscripti is part of the so-called Einstein notation, and implies an ogeration on every
component of a variable.

The mean velocities and uctuations are then rescaled accating to the law of the wall in the
inner region, and the defect law in the outer region, and thenblended together using a weighted
average of the inner and outer pro les. For a more detailed dscription of these laws, please refer
to section (2.1.2).
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The perturbations are rescaled according to

0i; ilr:mer = u Erecy yi; 1 Z3t (4-2)
and
u()i: irc:uter = u i(;)recy (in;z;t); (4.3)

with the subscript (ecy referring to the data from the recycling plane, the subscrifi i, to that
from the in ow, and where the parameter is de ned as

U;in

= ;' - : (4.4)
These equations also contain inner coordinateg* de ned as
yt =10 (4.5)
and outer coordinates de ned as
= ¥ (4.6)

with u the local viscous velocity and the local boundary layer thickness.
The rescaling of the mean pro les di ers per velocity comporent. The mean in x direction is
rescaled as

U:i.r;]?ﬁr - Ul;recy yi’; (4_7)
Uf;uitner u 1;recy ( in ) + (1 )Ul ; (4_8)

with U; the freestream velocity. The mean iny direction is rescaled as
Uén?rfr = Uzrecy Yin (4.9)
and

UZO;UitI:EI’ = Uz;recy( in ) (4.10)

The mean velocity in z direction is set to zero, as ows without spanwise gradientsare considered
here.
The velocity pro les are then assembled as

h i

Upin = U+ UG ™ LW (i )
[ (4.12)

+ U + ul, DWW (i )

with the weighting function W ( ) de ned as

1 1 ( b
W()=z 1+ tanh ; 4.12
()= 3 mnh() " @ 20 +b (4.12)

and the coe cients chosen as =4 and b= 0:2. This function was chosen so thatw (0) = 0,
W (b =0:5andW()=1.

F.T. Pronk 32 MSc. Thesis



Recycling and Rescaling Methods

Transposing the data from the recycling plane grid points toinlet grid points might require
interpolation due to a mismatch in grid point location. Lund et al. found a linear interpolation
to be su ciently accurate for use with their second-order scheme.

Similarly, the rescaling operation requires the scaling peametersu and to be known both at
the recycling station and at the inlet. However, it turns out that the problem is overdetermined if
both u and are xed independently at the inlet, therefore an additional compatibility relation
is needed to connect one of these parameters at the in ow to tb solution at the recycle plane.
In the context of zero pressure-gradient turbulent boundar layers, Lund et al. (1998) remarked
that although several relations could be used to achieve thd goal, they obtained the best results
by xing at the inlet and by computing u. i, using

1
recy

8
U:in = U; recy - , (4.13)

n

with , the momentum thickness.
It should speci ed that in the current implemenation of the i n ow method by Lund et al., the
viscous velocity at the inlet was computed slightly di erently, as equation (4.13) also requires an

estimation of j, using empirical formulas. Instead, the friction coe cient at the inlet was rst
determined using

o=

1 .
Re '

infl

G in =0:02

(4.14)

which is a power-law curve- t approximation derived in Whit e (2006, p 433). From there, the
viscous velocity at the inlet follows by

r

Ct: in

U.in = U >

(4.15)

which proved as accurate as the method derived in equation (43).

4.2.2 The Recycling and Rescaling Method by Spalart, Strele ts, and
Travin (2006)

An outer-coordinate rescaling method inspired on that by Sglart et al. (2006) was also imple-
mented, as a simpli cation to the method by Lund et al. (1998). In this method the in ow

velocity eld is simply obtained by rescaling the velocity vector at the recycling station such
that

Uin O;L;Z;t = Urecy Xrecy;L;Z;t ; (4.16)

in recy

where corresponds to the 99%-thickness of the boundary layer. To etermine , a spanwise
and time average of the recycling plane was computed on the y

Contrary to the original implementation by Spalart et al., n o shift in z coordinate was used.
This choice is justi ed by the fact that in the simulations un der consideration, the recycling planes
are located at 400 o from the in ow, which is beyond the eddy coherence length de¢rmined by
Simens et al. (2009) for this type of in ow.
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4.2.3 A Small Note on Applying Recycling Methods to LES

In the context of Large-Eddy Simulations, it is important to make sure that the signal provided
to the inlet of a computational domain does not contain information at a higher frequency than
what the mesh can represent. Failing to do so might lead to an aphysical forcing of the computed
solution.

In the case of recycling and rescaling in ow methods, aliasig might occur when rescaling
from a thicker boundary layer downstream of the in ow to a thi nner boundary layer at the in ow,
due to a possible decrease in boundary layer resolution. Wltleer aliasing can occur would be
dependent of the type of grid used, but if its e ect appeared © be signi cant, a low-pass Itering
of the in ow information would have to be implemented.

It should be speci ed that such e ects were not investigatedin the current study, and that
no lItering was applied to the information provided as recycled in ow conditions. This was
done because neither the original paper by Lund et al. (1998hor the paper Simens et al. (2009)
explicitly mentioned applying any type of Itering to the re cycled ow eld they used as in ow
condition. Theoretically, as the resolution at the recycling station is twice as high as at the
in ow, about 50% of the lower frequencies could be aliased tfough recycling. However, it could
be argued that the high discretization error noticed when usng OpenFOAM, combined with
the SGS model viscosity, would di use the high frequency cotent out of the ow, decreasing or
removing aliasing issues. Unfortunately, due to time congtaints, the assumption that Itering
was not required has not been veri eda posteriori, and would have to be done in a follow-up
study.

4.3 Precursor Method

The precursor method implemented for the current study useddata obtained from a secondary
channel ow simulation which was recycled and rescaled acading to the method by Lund et
al. to provide on in ow condition. The channel ow was driven by a constant pressure gradient
g—f =1, which allowed a few simpli cations to the method by Lund et al.

Considering a channel ow of half-width h and length L, and driven by an average pressure
gradient %, the mean shear stress will be de ned as

-
w @yy:O’

leading to the average force balance in the x direction

This equation simply states that the mean pressure change bh&eenx = 0 and x = L multiplied
by the cross-sectional area counterbalances the mean shestress on the upper and on the lower
wall applied over the domain length. Having a constant presare gradient, the change in pressure
over the domain will be de ned as

. @,
p_ L @>1(

which will lead to
_ L@
w = h@X

F.T. Pronk 34 MSc. Thesis



Random In ow

The friction velocity was de ned in equation (2.10) as being
r

| _
U= o= W
t

Then, by simply choosing

leading to a friction velocity
u =1:

Therefore, the viscous velocity is chosen a8 ; ey = 1. Similarly, the boundary layer thickness
at the recycling plane is chosen as the half-channel width,dading to recy = 1.

No special rescaling was developed to account for the non4zeReynold stresses in the mid-
dle of the channel ow, and it is anticipated that will aect t he adaptation length and the
development of the at plate boundary layer.

4.4 Random In ow

A random turbulent in ow was also implemented, to determine whether it could compete with
recycled-in ow methods. Although quite elaborate random in ow models have been developed
in recent years, a relatively simple method was developed fothe current test case. Since in
most practical problems, very little information is availa ble a priori on the turbulent state of the
ow entering the LES domain. This immediately disquali es t he more elaborate random in ow
models available, as they are calibrated for very specic awv conditions. The current in ow
model is a good example of what can be used in the context of méd RANS/LES simulation,
where the in ow has to be de ned using the limited informatio n available from a RANS solver.

The implementation of the current random in ow is inspired f rom that by Batten et al. (2004),
and is based on the construction of a perturbation eld usingFourier modes with random phases
and amplitudes, and scaled with a tensor scaling based on a @hesky decomposition of the
Reynolds stress tensor. The uctuation eld is computed using

r

W
vi (z;t) = — plcos2' z+2 1! Mt+ (4.17)

n=1
where' is the spatial phase,! the temporal phase, and a random phase shift.

As LES is considered, care was taken to avoid unwanted physit forcing by adding modes
at the in ow beyond what the mesh could represent. A sharp cuto Iter was implemented
by choosing the random spatial phases so that the shortest waelength imposed at the in ow
spanned at least 10 cells. The range of the random temporal @se was determined using a Fast
Fourier Transform of at plate data obtained using the metho d by Lund et al. All variables were

MSc. Thesis 35 F.T. Pronk



In ow Boundary Condition Treatment and Flow Control

computed using random variables uniformly distributed between [Q 1] and then multiplied by
the prescribed range. The in ow velocity eld was then assenbled with

X
ui(y;z;) = Ui(y)+ a5 v (z:t); (4.18)
j

where the amplitude tensora; is related to the Reynolds stress tensor through

ai = R—n;
a1 = Ror=ayy;
q (4.19)
axp = Rxp ai;
p
a3 = Ras;

and were allg; elements not listed above were set to zero, and where valuesrfthe Reynolds
stress were obtained from DNS data. It can be noted that theaz; and az> elements of the
Cholesky decomposition are missing in the equation above. fiis is due to the lack of at plate
DNS Reynolds stress information needed for these terms, wheupon it was decided to set them
equal to zero. Comparing channel ow DNS Reynolds stress dat, for which all the cross-stresses
were available, justi ed this choice, as the Rz; and R3; stresses were found to be 3 orders of
magnitude smaller than the other stresses.

4.5 Controlled Forcing Method by Spille-Koho and Kal-
tenbach (2001)

To decrease the adaptation length of the random in ow, the facing method by Spille-Koho
and Kaltenbach (2001) was used. Applying their method to theLES computation of turbulent
boundary layer on a very short domain using a random in ow with uctuations based of random
Fourier modes with prescribed energy spectrum, the authorsclaimed an adaptation length of
6 o.

The method by Spille-Koho and Kaltenbach compares a time-averaged Reynolds shear stress
<u%% at a location xo to a target Reynolds shear stress, and applies a forcing terrto the normal
momentum equation to amplify or damp velocity uctuations i n the wall-normal direction. The
force was determined using

f (Xo;y;z;t) = r(y;t) u(Xo;y;z;t) hUi*' (xo;y) ; (4.20)
with the amplitude de ned as
z t
r(y;t)y= e (y;t)+ e(y;t%dt® (4.21)
0

The error function e(y;t) was computed using
e(y;t)=  mVIF (xoy5t)  g(Xoy); (4.22)

where the hiz' exponents denote an average in spanwise direction and in ti;y and whereg (xo; y)
is the target stress.
In the current study, an averaging time window of Tayg = 2 =U1 was used, together with
=75and =0.
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To avoid unrealistically large shear stress events, the faring term f are only applied if the
following conditions are satis ed

juj < 0:6U; ;
Vi< 04U ;
ud°< 0;

judy > 0:0015U7 :

(4.23)
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CHAPTER D

Baseline Results and Their Sensitivity

In the context of the current study determining the performance of di erent type of turbulent
in ow conditions, a reference method was sought to give a badine for comparison in the frame-
work of coarse Large-Eddy Simulation. The recycled type inows were knowna priori to be the
most accurate for the simulation of turbulent, zero pressue-gradient at plate boundary-layers,
and were therefore chosen as baseline solutions to which thmore general precursor and ran-
dom in ow methods could be compared. The following chapter wil evaluate the performance
of two recycled in ows developed by Lund et al. (1998) and by Palart et al. (2006), through a
comparison of averaged ow quantities to DNS data.

5.1 Comparison Procedure and Numerical Setup

The following section will introduce the parameters which will be used to compare the recycled-
type of in ows by Lund et al. and Spalart et al., as well as the numerical domain and averaging
used to sample the computed data.

5.1.1 Comparison Procedure and Parameters

The performance of the in ow method by Lund et al. (1998) and that by Spalart et al. (2006)

will be evaluated using coarse incompressible Large-Eddyi®ulation (LES) computations of a

turbulent at plate boundary layer, and compared to DNS data by Schlatter and Oris (2010)

and by Simens et al. (2009). To get a feel for how well each metid performed, velocity means
and Reynolds stress averages were sampled, and compared teetDNS data. From now on, to
avoid ambiguity in the plots, the current implementation of the method by Lund et al. will be

refered to as \Recycling-I" in plot legends, and the implementation of the method of Spalart

et al. will be refered to as \Recycling-II".
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As discussed in the introduction, two speci ¢ parameters alowing a straightforward compari-
son between di erent in ow conditions will be considered. First of all, the evolution of the shape
factor H as a function of Reynolds numberRe will be used, as it allows the comparison of two
integral properties of a turbulent ow which do not depend on estimates of skin friction. The
shape factor was furthermore shown by Chauhan et al. (2009)a be a sensitive indicator of the
quality of the boundary layer. The evolution of the skin friction coe cient will be considered
independently, as according to Schlatter andOrls (2010), it allows the indirect monitoring of
the local level of turbulent activity withing the boundary | ayer.

For compactness, only the mean and Reynolds stress pro lesfdhe in ow from the method
by Lund et al. will be extensively presented, as they showedhe best match with DNS. The mean
and Reynolds stress plots of the method by Spalart et al. willnot be included in this chapter,
as it was observed that they did not contribute to more information than what the plots of the
shape factor and skin friction coe cient already described.

Using the shape factor and skin friction coe cient evolutio n, the adaptation length of the
in ows by Lund et al. and Spalart et al. will be estimated. As de ned in the introduction to this
thesis, in this study, the adaptation length will be de ned as the domain length needed before
the shape factor and skin friction coe cient follow a streamwise evolution similar to that of the
DNS results. The longest of the two lengths will then be chose as adaptation length. Formally,
the adaptation length could be de ned as the length after which

dH dH )

dRe , dRe s’
and

dc dc )

dRe , dRe s

5.1.2 Computational Procedure

LES computations were performed on a 60 4 o 8 o domain using a second-order nite-
volume method. A mean freestream velocityU; = 20 m=s and a viscosity = 0:001937m?=s
were chosen such that a Reynolds numbeRe = 620 was reached at the inlet, for the chosen
initial boundary layer thickness ¢ = 0:5m. This combination of domain size and ow parameters
also ensured that the domain height was at least twice that ofthe maximum boundary layer
thickness in the domain, while capturing at least 5 to 6 low-peed streaks in spanwise direction.
The domain was also long enough to ensure that the two lower Raolds numbers stations from
Schlatter and Orla, Re =670 and Re = 1000, could be reached, without being too close to the
out ow boundary.

The grid used was uniform in all directions, with a resolution of 320 64 64 cells. Periodic
boundary conditions were used in spanwise direction. Neunta boundary conditions were im-
posed on the outlet and the top of the domain for the velocity,and on the inlet and the outlet
for the pressure. A Dirichlet boundary condition was applied for the pressure on the top of the
domain.

The extraction plane for the recycling methods was placed a8 ( from the in ow, or 400 o,
beyond the eddy coherence length determined by Simens et a2009).

During the simulations, velocity means and perturbations were sampled and time averaged
at planes located at every 2 o in streamwise direction. The mean velocities were rst samped
for 5 time units before starting the perturbation sampling, which were sampled for another 35
time units. This is equivalent to the 1400 inertial timescales =U; used by Lund et al.
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Due to under resolution in the viscous sublayer, the skin frction coe cients, computed using
nite di erence applied to equation (2.10), were underpredicted by about 10%. This was also
observed by Sagaut et al. (2004) and Spyropoulos and Blaisti€1998). To overcome this under-
prediction, new friction coe cients were determined using a Clauser chart technique, in which
the mean velocity pro le is tted to the logarithmic law of th e wall. This t yields a viscous
velocity u , from which a new friction coe cient can be determined. This method is often used
in experimental at plate boundary layer measurements, although there is some debate on the
exact values to be used for the law of the wall. Other methods &sed on velocity pro le tting
have also been investigated, but proved cumbersome and lesscurate. More details on the
Clauser chart technique can be found in Wei et al. (2005).

Readers interested in reproducing the results presented ithe current chapter can nd the
exact solver and domain settings used for the current in ow sudy in appendix 8.

5.2 A Detailed Analysis of the Results Obtained Using the
In ow by Lund et al. (1998)

In this section, more insight will be given into the quality of the results obtained using the
recycling and rescaling method by Lund et al. (1998).

The following plots will show the mean ow averages in streamvise and wall-normal direction
and the Reynolds stress averages corresponding to a samgirstation were the local averaged
Reynolds number isRe = 670. As the sampling planes are located every 2, it is highly
probable that such a Reynolds number would be reached betweetwo sampling planes, in which
case a linear interpolation between two adjacent planes isplied. For the current in ow case,
the Reynolds numberRe =670 was reached atx= ¢ = 3:55 from the in ow.

The mean velocity in streamwise and wall-normal direction 8 shown in gure 5.1 and 5.2
respectively, together with the mean pro les from Schlatter and Orls (2010) at the same Reynolds
number. From those gures, it can be seen that the streamwisemean velocity pro le is well
captured by the grid, even though the mesh resolution near tle wall is relatively low. On the
other hand, the wall-normal mean velocity pro le appears to match the DNS data less accurately,
especially close to the wall were numerical oscillations athe grid frequency are observed, and
just above the boundary layer where the mean velocity is sligt over-estimated.

The cause of the oscillations could not be determined with ceainty, and similar oscillations
were also observed in streamwise direction, as will be illdeated when comparing integral quan-
tities in later gures. Several stabilizing discretization schemes were tested to try to remedy to
this problem, but without success. However, it was observedhat the numerical oscillations in
wall normal direction decreased when increasing the grid reolution, as illustrated in gure 5.3.

The time and spanwise-averaged Reynolds stresses can bersée gure 5.4. As can be seen,
the U andw@ are slightly overpredicted, with a noticeable peak close tadhe wall. This peak
is attributed to mesh under-resolution close to the wall, asthe peaks were shown to decrease
with increasing grid resolution. Further analysing gure 5.4 shows that the w0 stresses are
well captured by the mesh, although being very slightly ovepredicted in the upper half of the

boundary layer. Similarly, the V& show a good match to DNS results, albeit with a small
underprediction.
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Figure 5.1: U™ Mean velocity as a function of y=

008 T T T T T T T
+++F+++++F+++H—}—0-++H:::::“-...........:::::
0.06 i
0.04 -
002 —— DNS, Schlatter et al.
-~ ’ +  Recycled-1
0.00 -
—0.02 | i
+
—0.04 l l l l l l l
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
y/é
Figure 5.2: V* Mean velocity as a function of y=
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Figure 5.3: V* Mean velocity as a function of y=, on a 420 80 80 grid

Figure 5.4: Reynolds stresses as a function ofy= . The lines are from DNS data by Schlatter and
Orls.
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5.3 Pressure Gradient and Outer Mean-Velocities

The following subsection will analyse the pressure gradignand the mean velocity components
on the top of the computational domain for the simulations made using the in ow procedure by
Lund et al. The general idea behind this analysis it to verify that the simulation ran conforms to
zero-pressure gradient ow conditions, where the mean velaty in streamwise direction should
be constant, and equal toU; , and where the mean velocity in wall-normal direction shoudl
follow a certain decay. The pressure gradient and mean quaittes were averaged in spawnwise
direction, and averaged in time over 1400 inertial timescats =U; .

Figure 5.5: Evolution of streamwise pressure gradient g—’x’

From the pressure gradient plot shown in gure 5.5, one can ntice two pressure gradient drops
in the in ow and out ow regions of the computational domain, where the pressure gradient
departs from a uctuating average around zero, to small negéive pressure gradient values of
around g—)ﬁ’ = 0:001. The pressure gradient change at the in ow of the domain an be linked
to the adaptation region of the ow. Interestingly, the pressure gradient seems to stabilize
back around zero after a development length of 8y, which is the adaptation length Lund et al.
(1998) observed when using this type of in ow. The pressure gadient change at the end of the
computational domain is caused by an adaptation of the ow to the numerical out ow boundary,
of Neumann type, which creates an abrupt truncation of the vatices leaving the domain. It is
legitimate at this point to ask oneself in how far a better out ow condition would help increasing
the useful length of the computational domain. Using a convetive boundary condition, Simens
et al. (2009) report loosing the last 15 exit boundary layer thicknesses of the domain to out ow
in uences, which is about half the length lost here with a sinple Neumann boundary condition.
Combined with the fact that the in uence of the pressure gradient is probably neglegible, the
gain seemed minimal, so the Neumann boundary condition on tb out ow was kept. Other

F.T. Pronk 44 MSc. Thesis



Pressure Gradient and Outer Mean-Velocities

solutions tried to decrease the e ects of the out ow boundary on the numerical results will be
further discussed in section 5.5, when comparing the shapadtor and skin friction evolutions.

Figures 5.6 and 5.7 display the evolution in streamwise and all-normal mean velocity at the
top of the computational domain, going downstream. The empiical wall-normal mean velocity
evolution shown in gure 5.7 is based on data from an externalcode for the boundary-layer
equations, and is only used to have a qualitative comparisorof what the decay in wall-normal
velocity should look like.
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Figure 5.6: Evolution of streamwise mean ve- Figure 5.7: Evolution of wall-normal mean ve-
locity Ui locity V1

From gure 5.6, it is clear that the mean velocity U; can be considered constant, a good
indication that no signi cant streamwise acceleration is present in the computational domain.
On the other hand, the wall-normal mean velocity evolution, as show in gure 5.7, is clearly
not matching the theoretical evolution. This mismatch highlights one of the most important
unsolved challenges encountered when applying Lund's recling procedure to the computation
of a zero pressure-gradient boundary layer. It proved di cult to match both the zero pressure-
gradient boundary condition, without ow acceleration in s treamwise direction, and the correct
wall-normal mean velocity. This is probably due to the proximity of the upper-boundary with
the boundary layer being computed, which imposes stringentrequirements on the numerical
boundary condition to accurately reproduce physical e ects which would normally take place
beyond the edge of the computational domain. Unfortunately various attempts at improving on
the upper boundary condition, mostly focusing on applying siction on the top of the domain,
proved unsuccessful. They either led to numerical instabities, for example when trying to
impose a prescribedv; with a xed pressure, or proved generally ine ective, as wha imposing
both U; and V; on the top boundary, while allowing the pressure to change. tiwas therefore
to chosen to impose a Dirichlet type boundary condition on the pressure, and a Neumann type
boundary condition on velocity for the upper boundary, ensuing the ow did not accelerate in
streamwise direction, at the cost of having a mismatch in themean wall-normal velocity.

It may appear that the mismatch obtained in wall-normal velocity due to the current choice
of boundary conditions is trivial, as the wall-normal mean \elocity V* is 3 orders of magnitude
smaller than the mean ow velocity U; . HoweverV™ is thought to have a signi cant in uence
on the turbulent solution as it evolves downstream in the domain. This solution discrepancy will
be further discussed in the next section.

Another unresolved issue which can be conceptually highligted by gure 5.7 is that equation
(4.10) imposes the exterior mean velocity extracted at the ampling plane as in ow condition,
without accounting for streamwise decay inV; . This problem could be simply resolved by scaling
the entire mean pro le at the inlet until the exterior veloci ty matches a certain value. However,
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no accurate estimation ofV; as a function of boundary layer thickness was found, makinguch a
rescaling di cult. Indeed, di erent models were implement ed, and were found to produce more
inaccurate results than when just leaving the boundary condgtion how it originally was.

5.4 Revisiting Means and Reynolds Stresses

A closer look at gures 5.1 to 5.4 would show that the y coordinates are non-dimensionalized
by the local boundary layer thickness, yielding so called oter-coordinates. In terms of non-
dimensionalization of turbulent boundary layer ows, two straightforward choices are possi-
ble. One can either choose to compare data using the inner-oodinates introduced in equation
(2.11), which allows to compare small-scale or viscous-rated phenomena, or choose to use outer-
coordinates, as in the gures above, to compare ow e ects inuenced by larger scales. The choice
of outer-coordinate scaling made here-above is logical inhe context of zero pressure-gradient
boundary layer computations, due to the form of self-similaity which then emerges for certain
ow quantities. It has the disadvantage, however, of maskirg slight mismatches appearing as the
ows evolves going downstream. The switch will now be made tonner-coordinates to discuss
the mismatches in question.

Figure 5.8: Mean streamwise velocity at two sampling statio ns Re = 670 and Re = 1000, in y*
coordinates

Comparing the Re = 670 averages in gures 5.8 and 5.1, it can be seen that althogh the
mean pro le seems like a very good match with DNS iny= coordinates, the same pro le iny*
coordinates su ers from a slight velocity defect in the uppe part of the boundary layer. It would
be legitimate to think that the mismatch is only due to an error made in estimating the viscous
velocity u with the Clauser plot technique, but the non-dimensional U* mean velocity shows a
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very good intercept of the DNS data in the freestream part of he ow, proving the right viscous
velocity was estimated. This indicates that the mismatch olserved is due to a mismatch in the
oW properties.

Shifting to the Re = 1000 data in y* coordinates, it can be seen that the velocity defect on
the top part of the boundary layer is much more pronounced. Ths time, the intercept of the
non-dimensional mean velocityU* in the freestream region shows that viscous velocityy was
slightly overpredicted, which will also a ect the y* coordinate scaling. Nonetheless, the slight
overprediction in u is not su cient to explain the large velocity defect observed in the upper
part of the boundary layer, betweeny* = 150 and y* = 400. Such a defect is a clear indication
that the solution is diverging from DNS results going downstream.

This divergence e ect can also be found in the Reynolds streses, as shown in gure 5.9. Once

more, the match at Re = 670 is excellent, and comparable to the Reynolds stress®  match
in gure 5.4. And identically, an important mismatch can be seen atRe = 1000 in the upper
part of the boundary layer. Similar mismatches were noticedin all the Reynolds stresses.

>

Figure 5.9: V& at two sampling stations Re =670 and Re = 1000, in y* coordinates

From both gures presented in this section can be observed tht the computed solution
diverges from DNS results going downstream. As the match wh DNS at the sampling station
of Re = 670 is excellent, it can be concluded that the mismatch is né a result of in ow
modeling errors. The di erences can also not be attributed b under-resolution, as, once more,
the upstream results were a good match to DNS, and because theelative resolution in the
boundary increases going downstream. It was therefore cohaled that the solution divergence
observed was probably caused by the in uence of the arti cid top boundary condition, which
was not de ned accurately enough to supply a physical wall-ormal mean to the domain going
downstream. Such an e ect would becomes more important as ta ratio between domain height
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and by boundary layer thickness decreases as the solution elves downstream. This can be
illustrated by the plot of the wall-normal mean velocity fro m the sample station at Re = 1000,
shown in gure 5.10, where the non-dimensional wall-normalmean velocity was shown to be
overpredicted. This observation, combined with an overpréliction in u at higher Reynolds
number, implies that the dimensional wall-normal mean velaity is at least 10% larger than
what it should be to accurately simulate a at plate ow.

o A s A A e 1 A o 1 A

Figure 5.10: V* Mean velocity as a function of y=

To try to substantiate this conclusion that the mismatch observed is due to the in uence
of the top boundary condition, a new simulation was run on a denain twice as high as the
baseline domain, keeping the same grid stretching. Such a dwain should have had the e ect of
decreasing the in uence of a poorly de ned top boundary condtion on the computed solution.
Unfortunately, the results obtained could not support the postulate claim that the mismatches
were due to the top arti cial boundary condition, as the mismatch with DNS was only increased
at Re =1000 compared to the solution on the baseline domain. In fat; the wall-normal mean
on the top part of the boundary was found to be worse than that an the baseline domain,
as illustrated in gure 5.11. Since a placing of the outer-baundary far enough away should
eliminate this source of error, this result indicates that the solution is still quite sensitive to the
approximations on the upper arti cial boundary.

Thus, it is believed that an arti cial boundary condition re presenting a more physical con-
dition for the top of the current computational domain will | argely remedy to the solution mis-
matches observed in this section. It is unfortunate that the attempts at implementing such a
boundary condition were unsuccessful, as mentioned in sdonh 5.3.
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Figure 5.11: Evolution of wall-normal mean velocity V; for two domains of di erent height

5.5 Adaptation Lengths

Using the shape factor and skin friction coe cient evolutio n, the adaptation length of the in ows
by Lund et al. and Spalart et al. will be estimated. The comparison procedure outlined in
subsection 5.1.1 will be used.

Figures 5.12 and 5.13 show the evolution of shape factét = = and skin friction coe cient
G =2(u =y )2 as a function of Re. Figure 5.12 also includes an empirical shape factor t,
based on experimental data, and taken from Monkewitz et al. 2007), together with DNS data
points from Schlatter and Orls (2010) and Simens et al. (2009). It is important to underline
that this empirical formula was derived using medium to high Reynolds number experiments,
and therefore solely serves as a qualitative approximatiorof the shape factor evolution. The
empirical t was plotted with a 2% tolerance. Similarly, gure 5.13 plots the recomputed
friction coe cients estimated using the Clauser plot technique, together with DNS data points,
and with an empirical friction coe cient t by Smits et al. (1 983). This t, based on a power
law, estimates the friction coe cient as ¢ = 0:024Re ™™, and is plotted in gure 5.13 with
a 5% tolerance. It was shown by Schlatter andOrls to be a surprisingly accurate t to low
Reynolds-number DNS friction coe cients.

Although both shape factors show a very di erent evolution in the rst 100 Re of the compu-
tational domain, they tend to following a similar evolution after around Re = 860, and arguably
also the same evolution as DNS from the same point onwards. Tik corresponds to an adaptation
length of x= ¢ = 18 for the method by Lund et al. and an adaptation length of x= ¢ = 22 for
the method by Spalart et al., base on shape factor.

Turning to gure 5.13, a much smoother and comparable evoluton of the friction coe cient
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Figure 5.12: Shape factor evolution as a function of Re

as a function of Reynolds number is shown for both in ow methals. A clear jump in skin friction
can be observed at aroundRe = 700 for the method by Lund et al., after which it arguably
more or less follows the DNS evolution A closer inspection athe data averages places the jump
at x= o = 6:5. The skin friction of the method by Spalart et al. also show aclear in ection
point at Re =670, after which it follows an evolution similar to the meth od by Lund et al. The
Reynolds number at the in ection point corresponds to an adgtation length x= ¢ = 8. Contrary
to the shape factor adaptation lengths, the adaptation lenghs determined from the skin friction
are comparable to that determined by the authors of the orighal in ow methods.

It should be noted that both gure 5.12 and 5.13 show oscillatons in their value at higher
Reynolds numbers, going downstream. This is caused by the inence of the numerical out ow,
of Neumann type, which creates an abrupt truncation of the vatices leaving the domain. To
try to remedy to this problem, both an advective and a convecive type of out ow boundary
conditions were tested, and proved e ective in reducing theoscillations at the outlet, at the cost

of creating oscillations at the inlet. The original Neumann boundary condition was therefore
kept.

56 A Summary of the Sensitivity of the Results to the
Domain and Grid

From the baseline 609 4 o 8 o domain with uniform 320 64 64 mesh, several di erent
domains were tested:

A60 ¢ 4 o 16 o domain with uniform 320 64 128 mesh, doubling the domain width
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Figure 5.13: Skin friction coe cient evolution as a functio n of Re

while keeping the grid spacing constant, to test whether thedomain was large enough. No
changes were noticed in mean velocities, Reynolds stresseshape factor or skin friction
coe cient evolution.

A60 o 84 ¢ 8 odomain with uniform 320 128 64 mesh, doubling the domain height
and keeping the grid spacing constant, to test what the e ect of increasing the distance
between the upper-boundary and the solution would be. Althaigh it was expected that the
results would improve, it was found that the mean velocity averages and Reynolds stresses
were actually slightly worse than those obtained on the baskne domain.

A60 ¢ 4 o 8 (domain with uniform 400 80 80 mesh, keeping the domain constant

while uniformly increasing the grid resolution. It was found that the U@ andw®' where
a slightly better match to DNS than the baseline domain, mainly through a small decrease
of their overprediction near the wall. The mean velocities ad other Reynolds stress were
found to be only marginally more accurate. It was noticed, havever, that the shape factor
curve was shifted upward, and was more accurately followinghe DNS results. Similarly,
the skin friction coe cient curve was shifted downwards, closer to the DNS results. To

illustrate those e ects, a plot of the u®" stress and shape factor evolution are shown in
gures 5.14 and 5.15.

A60 o 4 ¢ 8 odomain with a very lightly stretched 320 64 64 mesh, to assess
the e ect of grid stretching on the solution. The grid stretc hing was hyperbolic, chosen
such that the largest cell on top of the domain was twice the sie of the small cell next to
wall. The results were unexpected, as all quantities were a och worse match to DNS than
the baseline domain. The wall-normal mean velocity V was lagely underpredicted, and a
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Figure 5.14: UZ" stress on two domains with di erent uniform mesh resolution

velocity defect appeared in the streamwise mean velocity. igilarly, the Reynolds stresses
where underpredicted and more smeared out in wall-normal dection, a good indication
of numerical di usion. To illustrate those e ects, a plot of the wall-normal mean velocity
and skin-friction coe cient evolution are shown in gures 5 .16 and 5.17.

Finally,a60 ¢ 4 o 8 (domainwas used, and three test cases were compared with e@h

a doubling of resolution in wall-normal, or in streamwise, @ in spanwise direction, keeping

the grid uniform. This was done to assess the sensitivity oflie solution to cell aspect-ratio.

The results were once more unexpected, with variations up t®20% in Reynolds stresses,
and again, a noticeable smearing-out in wall-normal direcion. This e ect is illustrated for

the W& Reynold stress in gure 5.18, for a sampling station atRe = 1000.
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Figure 5.15: Shape factor evolution on two domains with di e rent uniform mesh resolution
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Figure 5.16: Wall-normal mean velocity, without and with gr id stretching
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Figure 5.17: Shape factor evolution on two domains, without and with grid stretching
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Figure 5.18: Sensitivity to cell aspect ratio
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5.7 Placement of the Recycling Plane

In this section, the e ect of placing the recycling planes atthe alternate locations used by the
original researchers will be presented. In their original at plate computations, Lund et al. (1998)

placed their recycling plane atx = 8 ¢, while Spalart et al. (2006) placed their recycling plane
at x =5 (. As the means and Reynolds stresses were very similar to thesalready presented
in this chapter, they will not be reproduce here, for compachess. The shape factor and skin
friction evolution, did, however, show di erent evolution s to those shown in the previous section.
They can be seen in gures 5.19 and 5.20 respectively.

Figure 5.19: Shape factor evolution as a function of Re

As can be seen from the shape factor plot, both shape factor arnow much atter, and follow
the evolution of the DNS shape factor much more closely. Thexfore, both adaptation lengths
are much shorter. The method by Spalart et al. follows the DNSevolution from Re = 700
onwards, corresponding to an adaptation lengthx= o = 6. Similarly, the method by Lund et al.
follows DNS evolution from Re =800 onwards, yielding an adaptation length x= o = 12.

The plots of the skin friction coe cient evolution, althoug h being straighter than their coun-
terparts of the previous section, show very similar adaptaton lengths, so will new adaptation
lengths will not be re-estimated here.

The interesting observation brought by the plots in this sedion is that placing the recycling
plane close to the in ow, in the part most susceptible to creding high correlation in the ow,
seems to produce a more usable solution, due to the shorter agtation lengths, and more
\physical" shape factor and skin friction evolution. However, such observations are more likely
to be created by fortuitous mutually canceling e ects. In fact, Simens et al. (2009) warn that
placing the recycling plane in the rst x= o = 60 would create arti cial periodicity in the ow,
which can be detected even in instantaneous velocity maps. #the recycling plane for the method

MSc. Thesis 55 F.T. Pronk



Baseline Results and Their Sensitivity

Figure 5.20: Skin friction evolution as a function of Re

by Spalart et al. was placed atx= o = 40 in the current case being discussed, such e ects should
be expected. It cannot be stressed enough that solution pesidicity should be avoided at all
costs, since it will lead to unphysical forcing of the soluton, and unphysical results. Simens
et al. determined that the eddies in the current type of ows would probably stay coherent for
200 to 300 g, which implies that recycling plane should be put beyond ths coherence region.

5.8 On The Need Of Determining The Correlation Length

The observations made at the end of the previous section motate the need for a proper corre-
lation length determination when using the recycling and rescaling type of in ows, to ensure the
recycling plane is placed beyond the correlation length ofie in ow to avoid unphysical forcing
and arti cial periodicity. The capability of such in ows to create highly periodic ows should not
be underestimated. Nikitin (2007) showed that a periodicity with less than 1% deviation could
be maintained for more than 70 pipe radii when rescaling infomation from a periodic domain
to a pipe ow.

Unfortunately, no convincing correlation length determination was obtained for the current
in ow study due to a lack of time. Early correlation plots of u n Itered data proved inconclusive.
Therefore, a proper correlation length determination would have to be done to conrm that
the recycling plane was, indeed, put beyond the coherencendgth of the in ow. Very detailed
guidelines for such a study are outlined in the paper by Simes et al. (2009), and extra information
on coherence in turbulent ows can be found in Marusic and Heer (2007). It should be mentioned
that such a study is not a trivial one to do, and, that when doing such as study, one should not
forget that the eddies in the ow correlate with local y=, as this is often overlooked when
determining correlation lengths of spatially evolving boundary layers.
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In ow Generation Comparison

In this section, the more general precursor, random in ow ard random forced methods will be
compared to the baseline results obtained with recycling. Beci cally, the following types of
in ows will be considered: an in ow using the recycling and rescaling method by Lund et al.,
an in ow using the outer-coordinate recycling method by Spdart et al., a precursor-like method
using channel- ow data rescaled according to the method by lund et al., a random in ow method
using the approach described in chapter 4.4, and a random irow method using the approach
described in chapter 4.4 augmented with the forcing plane minod by Spille-Koho and Kalten-
bach.

6.1 Inow Comparison and Numerical Setup

The comparison procedure to assess the performance of the ri@us in ows is similar to that
outlined in subsection 5.1.1 for the baseline study, and wilnot be repeated here. It should be
mentioned that only the shape factor and skin friction coe c ient evolution plots will now be
used as comparison tools.

The same numerical setup was used for all test cases, and iseidtical to that described in
subsection 5.1.2. Some extra parameters will be added hererfcompleteness. The channel ow
simulation for the precursor method was run with a 642 mesh ona 129 4 o 8 (o domain,
with the same viscosity = 0:001937m?=s, ensuring the grid resolution was identical to that
of the at plate, at similar physical ow conditions. Period ic boundary conditions were used in
spanwise and streamwise direction, and the ow was driven bya source termdp=dx= 1, added
to the Navier-Stokes equations.

When running the forcing method by Spille-Koho and Kaltenb ach (2001), 4 forcing planes
where used at locationsx= ¢ = 0:6, 1:3, 26 and 52, with an averaging window of Tayg =2 =U1 ,
together with weight factors =75and =0.
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Readers interested in reproducing the results presented ithe current chapter can nd the
exact solver and domain settings used for the current in ow sudy in appendix 8.

6.2 Results

Figures 6.1 and 6.2 show the evolution of shape factoH = = and skin friction coe cient
G =2(u=UY )2 as a function of Re, with the rst sampling points located at a distance
x= ¢ = 2 from the in ow. Both gures also include the empirical sha pe factor and skin coe cient
ts described in section 5.5.

Figure 6.1: Shape factor H evolution as a function of Re

As presented in chapter 5, the recycling method of Lund et al. and that by Spalart et al.
show very similar shape factor evolution in gure 6.1, although the Reynolds number at the rst
sampling station of the recycling method of Spalart appeargo be slightly lower than the expected
value ofRe = 620. Nonetheless, both methods show a reliable shape faatgrowth. The e ect of
the forcing method by Spille-Koho and Kaltenbach on the random in ow is also clearly visible.
Compared to the in ow without forcing, the random in ow with  forcing planes displays a much
more realistic evolution of the shape factor. Interestingy, despite underpredicting the absolute
shape factor when compared to the recycling method by Lund eal., the precursor method seems
to result in a shape factor following the correct growth trend.

Similar trends can be observed in the evolution of the skin fiction, as shown in gure 6.2.
The recycling methods by Lund et al. and Spalart et al. produe very similar results, although it
can be argued that recycling method by Spalart et al. needs alightly longer adaptation length
before following the same evolution trend as the recycling rathod by Lund et al. For the random
in ow, once again, the e ects of the forcing planes are subsantial, that with forcing planes having
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Figure 6.2: Friction coe cient ¢ as a function of Re

a more realistic skin friction evolution than the unforced random in ow. It is interesting to notice
that after adaptation, the skin-friction coe cient evolut ion of the random in ow with forcing
is almost parallel to that of the recycling type of inows. And nally, the precursor method
correctly simulates a decreasing skin friction as a functia of increasing Reynolds number, albeit
with an over-estimation of the skin-friction.

From gures 6.1 and 6.2, a qualitative adaptation length can be determined, following the
de nition introduced in subsection 5.1.1. The adaptation lengths of the recycling in ow methods
by Lund et al. and Spalart et al. were previously determined n chapter 5 to be equal tox= o =18
and x= o = 22 respectively.

From the shape factor plot of the random in ow, no true adaptation length can be determined,
as with the current domain length no part of the evolution reaches a point where it follows
shape factor evolution of DNS. From the current evolution, it could be expected, however, that
the random in ow would converge towards DNS evolution, given enough adaptation length.
Switching to the random in ow with forcing, it can be argued t hat its shape factor evolution
follows DNS from Re = 900 onwards, corresponding to an adaptation length ofx= ¢ = 30.
The shape factor evolution of the precursor method shows a siilar evolution to DNS relatively
rapidly, at around Re = 700. This corresponds to an adaption length ofx= ¢ = 18, which
is similar to the adaptation length determined for the method by Lund et al. (1998), based on
shape factor.

When analysing the skin friction coe cient evolutions, it i s once more di cult to determine
an adaptation length for the purely random in ow, as it does not yet follow the DNS evolution.
The random in ow with forcing planes, on the contrary, rapid ly shows a stable evolution, from
Re = 600 onwards. This corresponds to an adaptation length ofx= ¢ = 8. The adaptation
length of the precursor method is also slightly dicult to de termine as it does not follow a
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slightly curved decay which a correct evolution should have However, the evolution of the skin
friction seems to follow a smooth trend fromRe =550 onwards, which would correspond to an
adaptation length of x= ¢ = 8.

Choosing the longest of the two adaptation lengths for everytest case, it can be determined
that the precursor method has the shortest adaptation lengh, on par with that from Lund
et al., at x= o = 18, followed by the random in ow with forcing which has an ad aptation length
of x= ¢ = 30.

It is interesting to notice that, although the shape factor of the random in ow with forcing
planes needed a relatively long adaptation length, the skirfriction coe cient followed a physical
evolution relatively rapidly, especially when compared tothe purely random in ow.

6.2.1 Turbulence Evolution

In this section, a qualitative comparison of turbulence evdution within the computational domain
will be made, by visualising planes of instantaneous veloty magnitude extracted at di erent
streamwise locations. 4 planes where extracted per domairgt locations x= ¢ = 0, 10, 20 and
30. The results from the method by Spalart et al. (2006) are orited here, as they were similar
to the method by Lund et al. (1998).

Figure 6.3: Streamwise turbulence evolution, Lund et al.

Figure 6.4: Streamwise turbulence evolution, precursor-like method

Comparing the precursor-like method to the baseline in ow by Lund et al., one can unmis-
takably recognize the truncation of the channel- ow boundary layer in gure 6.4, at y = .
Clearly, the structure of the channel- ow boundary layer is di erent to that from the at-plate,
as the perturbations do not, on average, decrease back to zetowards the boundary-layer edge.
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Figure 6.5: Streamwise turbulence evolution, random in ow without forcing planes

Figure 6.6: Streamwise turbulence evolution, random in ow with forcing planes

This explains the extensive patches of high velocity, in redin the upper part of the boundary-
layer. Nonetheless, the turbulence seems to be similar in eotic content and intensity variation
as that from the baseline solution. This illustrates once moe the quality and usability of the
precursor-like in ow method.

Evaluating the streamwise evolution of the random-in ow method without forcing planes,
show in gure 6.5, one can see that the frequency limit imposéd on the method may have been
slightly conservative, as little \chaos" is observable at the in ow compared to the baseline in ow.
Nonetheless, the turbulence seems to adapt reasonably qliy, as the chaotic content in the third
plane already seems quite physical. A slight sideways biasao be observed in the second plane,
which is due to the random in ow implementation. This bias was observed in every run of the
random in ow, and might be due to the solver trying to impose a divergence-free condition on
in the inlet.

The e ect of the forcing planes on the random-in ow method case are also apparent, as can
be seen in gure 6.6. The sideways bias has been removed, to beplaced by a more chaotic and
turbulence-like boundary layer. It should be noted that there are few di erences visible visually
between the two random in ows in the last two planes.

Comparing both random in ows to the baseline in ow by Lund et al., it seems that in the last
two planes of the random in ow methods the turbulence does nb quite approach the chaotic
intensity that can be seen in baseline results. This might beremedied by including higher
frequency content at the in ow.

To further illustrate the di erences between the various in ows, their Reynolds stresses at
a speci c downstream extraction plane are also plotted. Theplane location chosen was at

= o = 16, corresponding to the in ection point in skin-friction coe cient evolution of the
random in ow. In gure 6.2, this corresponds to the point at Re = 630. The Reynolds stresses
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can be seen in gures 6.7 to 6.10.

Figure 6.7: uz Reynolds stresses, atx= o Figure 6.8: ve' Reynolds stresses, atx= ¢ =
16 16

Figure 6.9: we' Reynolds stresses, atx= ¢ = Figure 6.10: e’ Reynolds stresses, at
16 X= 90 = 16

The Reynolds stress plots concur with what was illustrated n the shape factor and skin-
friction evolution plots, as well as the qualitative streamwise extraction planes, namely the
quality of the precursor-like simulation, and the e ect of t he forcing planes on the random-in ow
solution. Indeed, the Reynolds stress of the precursor metthd shows to be similar to that of the
recycling type of in ows, albeit very slightly underpredic ted. In contrast, the Reynolds stresses
of the random in ow appear to be largely underpredicted, although showing the correct trend.
However, the e ect of the forcing method by Spille-Koho and Kaltenbach is clearly visible on
the Reynolds stresses, as they are much closer to the refemmsolution. Is is important to notice
that the best Reynolds stress match by the random in ow method with forcing is obtained for
the uv9 stresses, which is consistent with the implementation of tle forcing method, as it is
based on a correction term calculated using the di erence othe computed w9 with a target
stress.

The Reynolds stresses of an extraction plane further downseam located atx= ¢ = 32, are
shown in gures 6.11 to 6.14, to illustrate the streamwise ewlutions of the di erent in ows.
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Figure 6.11: uz Reynolds stresses, atx= o Figure 6.12: Ve’ Reynolds stresses, atx= ¢ =
32 32

Figure 6.13: we' Reynolds stresses, atx= o = Figure 6.14: @’ Reynolds stresses, at
32 X= 0 =32

From those plots can be seen that the Reynolds stresses of thecycled type in ows, the
precursor method and the random in ow with forcing planes are now very similar. It is also
encouraging to note that the random in ow solution is converging towards the baseline solution
from the in ow by Lund et al., which con rms the convergence t hat was suspected by the shape
factor and skin friction evolution plots.

6.2.2 Practical Remarks on the Forcing Method by Spille-Koh o and
Kaltenbach (2001)

There are a few points worth mentioning when applying the focing method by Spille-Koho and
Kaltenbach to a ow problem.

First of all, it should be realised that the force term added to the Navier-Stokes equation
does not have the correct physical units. By setting =0 in equation (4.21), the force term can
be determined to have dimensions%;, whereas, in incompressible ows, the force term should
have dimensionsZ;:. This illustrates that the relations relating the error in R eynolds stress to
the forcing term are purely empirical, and can perhaps be impoved by trying to link the forcing
terms to more physical quantities from the ow.

Another major de ciency of the original method by Spille-Koho and Kaltenbach is that
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when determining the amplitude of the forcing term
z t
ry;it)= e (y;t)+ e(y;t9 dt’
0

the integral multiplied by the  coe cient is supposed to act as a form of \memory" and lter,
avoiding high frequency changes between time steps. Howayesuch an approach implies that
the error term e(y;t) also becomes negative, to avoid an error accumulation thragh the integral
term. In the current study, the integral term only increased over time, leading to an unbounded
amplitude for the forcing term, and subsequent solution divergence. So ideally, a new type of
Iter should be implemented to avoid high frequency changesn the forcing terms.

Yet another disadvantage of the forcing method is that the and coe cients have to be
adjusted by trial and error until a reasonable solution is oltained, which is unpractical. Similarly,
the number of forcing planes, and their location, is also tescase dependant, and also has to be
adjusted by trial and error.

Nonetheless, the current forcing method shows very promisig results with a very simple

implementation based on theuvd” Reynolds stresses, applying forcing terms in the wall-norral
direction. It could probably be made more e ective by including comparisons with other Reynolds
stress components. A preliminary study by the current autha showed that including forcing in
streamwise direction, with the current determination of the forcing terms, also proved e ective.

6.2.3 Comparison Conclusions

The results shown in the previous section con rm that both the recycling procedure by Lund
et al. (1998) and that by Spalart et al. (2006) performed well in the context of equilibrium
turbulent ows. The boundary-layer ows obtained from thos e two recycling methods both
showed a correct shape factor and friction coe cient evolution, within 5% of DNS results.

Moreover, the forcing method by Spille-Koho and Kaltenbach (2001) proved to be a useful
tool to improve upon the quality of random in ows. The change in shape factor and friction
coe cient as a function of Reynolds humber compared to the oiiginal random in ow was shown
to be signi cant. The boundary-layer properties of the random in ow with forcing planes are
acceptable, and could be improved further by tweaking the méhod by Spille-Koho and Kal-
tenbach. Therefore, the random in ow with forcing planes might be considered a valid in ow
alternative when more challenging ow conditions render the rescaling procedure by impractical
to apply.

The precursor method was found to under predict the boundarylayer shape factor and over
predict its skin friction coe cient, although doing so with approximately the correct rate of
change. In light of the e ectiveness of the forcing method bySpille-Koho and Kaltenbach, it
might be useful to combine forcing planes with the channel av precursor method to improve on
its de ciencies. Similarly the random in ow with forcing pl anes, it could also be used to simulate
more challenging ow conditions, albeit at the increased cat of having to run a secondary
channel- ow simulation.
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Conclusions and Recommendations

7.1 Conclusions

The goal of the current master thesis is to provide an objectie comparison of recent in ow mod-
eling techniques applicable to the simulation of ow control devices in turbulent, wall-bounded
ows, in a coarse Large-Eddy Simulation framework. Of particular interest is the e ectiveness of
general techniques such as random in ow an precursor simuten relative to recycling methods,
which are known to be reliable. Five type of in ow conditions were tested: the recycling and
rescaling method by Lund et al., the simpli ed recycling method by Spalart et al., a precursor-
like method using the method by Lund et al. to rescale data extacted from a channel- ow
simulation, a random in ow method without forcing planes and a random in ow augmented
with the forcing plane method by Spille-Koho and Kaltenbac h.

These were applied to the simulation of the canonical zero4@ssure gradient turbulent bound-
ary layer, and compared to the highest quality existing low Reynolds-number DNS data.

The most consistent results were obtained using the recyalig type of in ow by Lund et al.
(1998) and by Spalart et al. (2006), which showed to have an aaptation length of x= o = 18
and x= ¢ = 22 respectively. These su ered from slow convergence of # shape factor as the ow
evolved downstream.

However, this work was also oriented towards the testing ofn ow methods which are inde-
pendent of the ow conditions within the domain, as these canalso be applied to the simulation of
more demanding types of ows, where no equilibrium turbulerce region exists. The precursor-like
method showed a very promising adaptation length ofx= o = 18, albeit with an underprediction
of the shape factor and an over prediction of the skin friction evolution.

The random in ow method with forcing planes was also shown tobe competitive, although
this was poorly re ected by the long adaptation length of x= ¢ = 30, which was also due to a slow
convergence of the shape factor evolution. In contrast, theskin friction adaptation was similar
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to that of the recycling methods, albeit slightly shifted downwards. The random in ow has the
added advantage over the precursor method to be easily usablin coupling with a RANS solver,
as it can use the Reynolds stresses from the RANS turbulence adlel as input for the in ow.

As expected, the random in ow without forcing planes was found to be uncompetitive, as its
shape factor and skin friction evolution did not approach that of DNS with the current domain
size tested.

Using the recycling in ow method of Lund et al. (1998) as basdine result, it was also shown
that the solution within the computational domain was subtl y in uenced by the top arti cial
boundary condition, which appeared not to be physical enouf to ensure a proper wall-normal
mean was achieved in the domain. This indicates that speci@éed treatments are also required
for this arti cial boundary.

7.2 Recommendations

The random in ow method combined with the forcing method by Spille-Koho and Kaltenbach
(2001) showed very promising results when applied to the coputation of a zero pressure-gradient
turbulent boundary layer. However, as highlighted in section 6.2.2, the method by Spille-Koho
and Kaltenbach su ered from a few drawbacks which should bedrther investigated. Similarly, a
better de nition of the \memory" term used in the amplitude d etermination should be developed,
to avoid possible high frequency temporal oscillations.

Nonetheless, the promising results obtained by using only avall-normal forcing term based

on the uv0' stress give good hopes that further developing the method,a include a streamwise
component for the forcing term and perhaps a correction termbased on other components of
the Reynolds stress, would yield even better results. The eect of allowing a higher frequency
content in the random in ow signal should be investigated, to determine if it could improve the
random in ow e ectiveness by decreasing its adaptation lergth. This should be investigated in
a follow-up study.

In light of its e ect on the random in ow, the forcing method b y Spille-Koho and Kalten-
bach (2001) could also be applied to the precursor method, tanvestigate whether it would be
e ective in decreasing its adaptation length. In addition, if more research was to be done in the
framework of zero pressure gradient at-plate boundary layers, a better de nition of the upper
arti cial boundary condition would have to be developed, to ensure the correct wall-normal mean
velocity evolution is simulated.

And nally, although not mentioned in the text, the use of Ope nFOAM for carrying out this
research proved to be a major impediment. The modi cations equired to carry out this work
placed the author in a position where there was limited suppa available from mentors of the
Aerodynamics group. In addition, many behaviours observedduring the current study remain
unexplained, even by lead developers of OpenFOAM. It is strogly recommended that contin-
ued use of OpenFOAM within the faculty be accompanied by a sigi cant allocation of sta
and resources to its support and development, so that studels are not drawn into detailed
implementation problems which have little connection with the research topic at hand.
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CHAPTER 8

OpenFOAM Settings

8.1 Domain Used

A domain size of 60y 4 o 8 o was used, in streamwise, wall-normal and spanwise directio
respectively, as illustrated in gure 8.1. The domain was mehed with a uniform grid, with
320 64 64 cells, resulting in very low aspect ratio cells, of relatie size 3 1 2.

8.2 Numerical Setup

A free stream velocity ofU; =20 m=swas chosen, together with a viscosity of = 0:001937m?=s
and an in ow boundary layer thickness ¢ = 0:5m. The recycling plane of the recycled methods
was placed at 48 o from the in ow.

The incompressible, unsteady, turbulent PISO solver was usd, with 4 PISO corrector steps,
and with a time step of 0:0008 seconds yielding a maximum Courant number of @. The homo-
geneousDynSmagorinsky turbulent model was used, correspding to the dynamic Smagorinsky
model with domain averaging of G values, together with the cubeRootVol lter.

A central discretization scheme (Gauss linear) was chosemf the computation of the gradient
and divergence terms, except for the turbulent quantities which were discretized with a limited
central discretization scheme (Gauss linearLimited 1). The time marching was done using a
second-order implicit backward Euler scheme (backward in @enFOAM). The Geometric Alge-
braic MultiGrid (GAMG) linear solver with Gauss-Sidel smoo thing was used to solve the pressure
equation, to a tolerance of 10 8, and with a relative tolerance (relTol) between iterations of 0.
The Preconditioned Bi-Conjugate Gradient (PBiCG) linear solver with Diagonal Incomplete LU
(DILU) preconditioner was used for the other equations, to atolerance of 10 7, and once more
with a relative tolerance (relTol) between iterations of 0.
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OpenFOAM Settings

60 o

Recycling
Plane

49
8 o
Figure 8.1: Domain used for in ow comparison
Table 8.1: Flow settings
Settings
U 20 [m=g]
0:001937 fn2=g|
0 0:;5 [m]
Table 8.2: Solver Settings
Settings
Turbulent Solver Piso
Corrector Steps 4
nonOrthogonalCorrectors 0
Time Step 0.0008 §]
Max Courant 0.3
8.3 Validation

To validate the di erent SGS models implemented in OpenFOAM, a channel ow simulation was
runona6 2 4 domain, with a 64° grid resolution. A short summary of the results will be
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Validation

Table 8.3: SGS Model Settings

Settings
SGS model homogeneousDynSmagorinsky
cubeRootVol
Iter simple

Table 8.4: Linear Solvers Settings

Settings
variable p, pFinal
solver GAMG
smoother GaussSidel
tolerance 10 8
relTol 0
variable Uk, B
solver PBIiCG
preconditionner DILU
tolerance 10 7
relTol 0

made here after. The plots of the mean velocity,u_@+, V& and w@" Reynolds stress can be
found in gures 8.2 to 8.5.

As can be seen from gures 8.2 to 8.5, the domain averaged Smadnsky (homogeneous-
DynSmagorinsky) model performs best, followed by the locatlynamic one equation model (loc-
DynOneEq) and the domain averaged one equation model (homapneousDynOneEq). Strangely,
the local dynamic model seems to overpredict the mean velotgi

The e ect of grid stretching was also investigated with the channel ow, using a uniform 100°
grid, and a stretched 106 grid, where the smallest cell next to the wall was 10 times smiter than

the largest cell in the middle. The results can be seen hereft@r. The V& and w@' Reynolds

stresses were not found to display an other trend than theu®" , SO were left out.
As can be seen from gures 8.6 and 8.7, grid stretching tendsa slightly overpredict the mean
velocity, while not signi cantly increasing the Reynolds stress accuracy.
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I I I I
—— Jimenez
X X homogeneousDynOneEqu
=t homogeneousDynSmagorinsky s
v locDynOneEq
oneEq
y/o

Figure 8.2: Channel- ow mean capture, for various SGS models
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Figure 8.3: Channel- ow uz capture, for various SGS models
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v
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—— Jimenez
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homogeneousDynSmagorinsky
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<
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Figure 8.4: Channel- ow ve' capture, for various SGS models
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Figure 8.5: Channel-ow w® capture, for various SGS models
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Figure 8.6: Channel- ow mean capture, uniform and stretche d 100° grid
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Figure 8.7: Channel- ow uz capture, uniform and stretched 100° grid
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