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Introduction

Turbulence modeling has become an essential aspect of many engineering devicesi performances. In
combustion chambers, turbulence increases fuel/air mixing, reducing emissions; in wind turbine design,
the knowledge of the turbulence in the incoming flow and the bladesi boundary layer is essential to in-
crease their energy production. In nautical design, delaying the occurrence of turbulence in boundary
layers over the foil surfaces improve aerodynamic efficiency; in Formula 1 cars design, the generation
and control of turbulent flow features such as wakes and highly vortical structures are vital to increase
the car performance. There is, therefore, a significant demand for new techniques to simulate, predict,
and analyze turbulent flows. However, the representation of these turbulent motions is very challeng-
ing due to significant and irregular variations of the fluid velocity field both in position and time and
the additional practical needs of numerical stability and computational efficiency. Therefore, even the
most complicated models need radically simplifying assumptions about the structure of the underlying
turbulence.

In this context, Computational Fluid Dynamics (CFD) analyses have become an essential tool for
several practical and industrial problems. Analysis of turbulent flows using Direct Numerical Simulation
(DNS) and Large-Eddy Simulations (LES) started almost sixty years ago, with the pioneering work of
Smagorinksy in 1963 [39]. Over the past half-century, they have more and more supplemented exper-
imental measurements, fostered by continuous computer power growth. Nevertheless, the Raynolds
average Navier-Stokes (RANS) models are still the most widely used methods in academia and in-
dustry. These rely entirely on modeling assumptions to represent turbulent characteristics, leading to
lower computational requirements. Moreover, their solutions directly provide the mean flow, making
them computationally very tractable and appealing for engineering applications.

Although new and increasingly complex models are being developed [52, 29], most of the RANS
methods used in industrial and academic CFD solvers were formulated and published in the 1980s,
and 1990s [7, 51]. Surprisingly the hypothesis at the heart of these models dates a century before,
when J. Boussinesq postulated a linear relationship between Reynolds stresses and mean strain rate
tensors, twenty years before Reynolds stresses were even formulated [4]. The averaged equations
are then closed by defining a scalar constant, determining the proportionality between the two tensors,
with independent turbulent quantities, computed with additional transport equations. These closure
models are called Linear Eddy Viscosity Models (LEVM). It is essential to notice that Boussinesqis
assumption is a strong hypothesis, which does not hold in many engineering-relevant flows, such as
those with curvature, impingement, and separation [5]. Even for simple shear flows, it cannot capture
the anisotropic nature of the Reynold stresses. Accuracy is, therefore, a critical aspect of LEVM.

A classical approach to predict these models{ success or failure has relied on domain expertise and
statistical data analysis, possibly switching to more sophisticated closures or high fidelity large-eddy
simulations. However, the recent dramatic improvement in modern machine learning (ML) strategies
has brought a fresh perspective to the problem. Several authors used ML to identify and model Reynold
stress tensor discrepancies between RANS simulation and high-fidelity data. Ling and Templeton [21]
compared support-vector machines, adaboost decision trees, and random forests to classify and predict
high-uncertainty regions in the Reynold stress tensor. Parish and Duraisany [13] used an ML framework
and Bayesian field inversion to build corrective models based on inverse problems. Singh et al. [38]
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later used these models to develop a neural-network enhanced correction for the Spalart-Allmaras
model. Ling et al. [22] developed a deep neural network architecture to model the anisotropic Reynolds-
stress tensor, based on a more general effective-visxosity hypothesis. The architecture is built on the
tensor polynomial decomposition proposed by Pope [31] and it embeds Galileian invariance in the
tensor predictions .

This work aims to study the accuracy of RANS simulations in the formation and evolution of a
wingtip vortex to identify potential approaches to improve Boussinesqis hypothesis using an ML frame-
work. This flow type was chosen because of its modeling complexity and relevance in many practical
industrial applications. The development and interactions of the primary and secondary vortices gen-
erated by the wing cap, combined with the high curvature of the streamlines and the high velocity and
pressure gradients in all three directions, make it particularly challenging to model. Nevertheless, the
characterization of the vortical structures shed from lifting surfaces is of primary importance on wind
turbines, helicopter blades, propeller cavitation in ships, high-lift configurations of aircraft, and the high-
performance automotive industry [2, 35, 34].

This projectis initial objective was to compute and compare LES and RANS simulations of the three-
dimensional turbulent flow over a NACA-0012 half wing mounted at wall to study the accuracy of LEVM
on wingtip vortex, and identify input and output variables to be used in an ML-based model. However,
due to the setup of the simulations and the computing time requirements, we were not able to obtain
statistically steady LES solutions to present in this work. Therefore, the results obtained with a Negative
Spalart-Allmaras [1] and a Menteris Shear Stress Transport turbulent models [26] will be compared with
the experimental data proposed by Chow et al. [8] and the RANS simulations of Churchfield et al. [9] at
a free stream Reynolds number Re = 4:3 x 10° and Mach number M = 0:14. Furthermore, we studied
the effects of the Reynolds number performing the same simulations at Re = 1:2x 106 and M = 0:1,
comparing with the LES results of Lombard et al. [24]. To solve the RANS equations, we use the open
source software SU2 [43].

In Chap.2 we present a theoretical background of turbulence models, providing an overview of
the main challenges and differences between LES and RANS. Chap.3 reports a description of the
flow investigated and the computational setup defined for the simulations. In Chap.4 we analyze the
results obtained with the RANS simulations and compare them with the reference results. Moreover,
we present a qualitative overview of the instantaneous flow computed with implicit LES simulations on
10% of the wing span. The latter can be helpful in the future development of the work to improve the
mesh refinements. Chap.5 is dedicated to discussing future work to enhance turbulence closure using
supervised learning methods, starting from what was observed in the results.



Theoretical background

Turbulence is one of the last unsolved problems of classical physics. Although it can be defined using
physical laws, its description is challenging due to its non-linear, multiscale, chaotic nature. Neverthe-
less, turbulence phenomena play key roles in many practical engineering problems. Engineers rely on
turbulence models to study these complex flows, tring to find the best compromise between an accurate
description of the physics and computational efficiency.

2.1. Turbulence models

In a continuum mechanic framework, the Navier-Stokes equations, complemented by the thermody-
namic equation for the fluid state and empirical laws for the diffusion coefficients dependency on the
other variables, represent a complete mathematical model to study turbulent flows. The solution is
obtained numerically using Partial Differential Equations (PDE) algorithms. A first intuitive approach is
directly applying those algorithms to the unsteady Navier-Stokes equations (DNS). However, one would
need to resolve all the physical flowis space-time scales, equivalent to requiring the numerical resultis
space-time resolution scale to be as refined as the continuous problem one. This can be extremely
constrictive in the case of turbulence, characterized by scales of very different sizes. Researchers have
developed LES and RANS models to overcome this limit. These methods decrease the computational
cost by solving the equation at a coarser level of the fluid system description.

To better understand the multiscale nature of turbulence and the differences in DNS, LES, and
RANS models, we firstly review the basic concepts of Richardsonis energy cascade and Kolmogorov
hypotheses. In Richardsonis view, turbulence is considered a sea of eddies of different sizes. An
feddiel eludes a precise definition. It can be seen as a region of the flow of size |, characterized by a
turbulent motion, which is at least moderately coherent over this area. Besides having a characteristic
size, each eddie is associated with a velocity u(l) and a timescale (I).

A length lp, comparable to the flow scale L, characterize the eddies in the largest scales. Their
characteristic velocity u(lp) is in the order of the root mean square turbulence velocity fluctuations
u' = (%k)“z, comparable to u_, the characteristic flow velocity. The Reynolds number of these eddies
is therefore comparable to the one of the flow (i.e., is large), so direct effects of the viscosity are negligi-
ble. Richardson theorizes that these large eddies, created by the mean flow, are unstable and break up
into smaller eddies, transferring their energy to them. Then the process continues until the Reynolds
number Re = u(1)I/ is sufficiently small that the eddie motion is stable, and molecular viscosity effec-
tively dissipates the kinetic energy. Kolmogorov added to this theory, formulating hypotheses that help
qguantify and characterize these different scales.

Local isotropy hypothesis: At sufficiently high Reynolds numbers, the small-scale turbulent
motions ( = | << lg) are statistically isotropic.

First similarity hypothesis: At sufficiently high Reynolds numbers, the statistic of small-scale
motions has a universal form that is uniquely determined by the molecular viscosity and the rate
of dissipation .
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Second similarity hypothesis: At sufficiently high Reynolds numbers, the statistic of the motions
of the length scale I, with << | << Iy, have a universal form uniquely determined by the rate of
dissipation

These hypotheses define three length scale ranges: an energy-containing range and a universal
equilibrium range, divided into an inertial sub-range (Ip; < | < lg}) and a dissipation range (I < Ip,).
The suffixes El and DI stand for the demarkation between the energy range (E) and the inertial sub-
range (I) and between the inertial sub-range and the dissipation range (D). An illustration of these
different scales and the energy distribution within them is presented in Fig.2.1. The energy bulk is
contained in the larger eddies and is transferred to the smaller ones via the inertial sub-range. In the
smaller scales, all the directional bias of the larger scales is lost (local isotropy hypothesis). The length
the velocity u and time , characterizing these scales, can be uniquely defined by the dissipation rate

and the molecular viscosity (first similarity hypothesis). In the inertial sub-range, the viscous effects
are negligible, and inertial effects determine the motions (second similarity hypothesis). A central point
in this formulation is that the rate of energy transfer T (I) to the smaller scales balances the dissipation
rate, i.e., T (I) . That is, the rate of transfer from the larger scales determines the constant rate of
energy transfer to the inertial sub-range, hence the dissipation rate. Or, from a modeling perspective, a
correct definition or modeling of the smaller scales is needed to correctly represent the larger structures
of turbulence, which are the ones of interest.

Energy-containing range Universal equilibrium range
< | |

[ [

Production P : Inertial sub-range : Dissipation range

Vo

Energy transfer

T (1)

Dissipation €

”

Log(E(x))

Lt (Ie) ™ ™" 17" Log(k)

Figure 2.1: lllustration of the energy spectrum for homogeneous isotropic turbulence at high Reynolds number. In the center of
the wave number range, the curve exhibit power-law behavior defined by the Kolmogorov -5/3 law, i.e., E( ) =C /3 5/3
where C is a constant. Common values for Ig; and Ip, are L/6 and 60 , respectively.

To illustrate the critical issues in resolving all the physical flowis space-time scales, let us consider
statistically homogeneous and isotropic turbulence. For this type of flow, the Kolmogorov hypothesis
allows for a quantification of the ratio between the larger and the smaller scales:

E =0 Re3/4
(2.1)
£ =0 Re”?
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Therefore for three-dimensional space, O Re%* degrees of freedom are needed to represent all
the spatial flow scales. Even if the time ratio varies as O Re'/2 | the use of an explicit time-integration
algorithm leads to a linear dependency of the time step to the mesh size. Therefore a Direct Numerical
Simulation would require solving the Navier-Stokes equations O Re® times to calculate the evolution
of the solution for a duration equal to the characteristic time of the most energetic scale. Aeronautical
applications usually deal with large Reynolds numbers (it can reach up to 108). Therefore the computa-
tional requirements would be greater than the resources currently available. To compute the solution,
more tractable models, obtained by introducing a coarser flow system description level, are defined.
Fig.2.2 illustrates an example of this concept. Large eddie simulations reduce the number of degrees
of freedom of the numerical solution by projecting the solution on an ad-hoc function basis and solving
only the low-frequency modes in space. Raynolds Average Navier Stokes models directly compute the
solutionis statistical average. Here the statistical character of the solution prevents a fine description
of physical mechanisms.

4

u(z,y.21t) %

=

T

=

=
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Figure 2.2: Different levels of spatial description for a DNS, LES and RANS channel flow simulation. Adapted from [45].

As illustrated by the energy cascade concept, a dynamic coupling exists between all the scales
(mathematically represented by the non-linearity of the Navier-Stokes equation). Therefore, the cor-
rect representation of the solved scales is obtained only by correctly modeling the non-solved scalesi
interactions by introducing statistical models that reflect the global or average actions. These will be
further discussed in Sec.2.1.1 and 2.1.3.

2.1.1. Large Eddie Simulations

LES formulation aims to reduce the computational cost by solving the equations in a coarser compu-
tational grid. As learned from the Kolmogorov theory, the larger energy-containing scales are directly
affected by the flow geometry and thus are the ones of interest. On the contrary, the smaller scales
have, to some extent, a universal character. When resolving in a coarser grid, the method cannot
describe the smaller turbulent motions (sub-grid scales). As a result, these will be cut off from the solu-
tion, as shown in Fig.2.3. To still solve the larger motions, the LES formulation must correctly represent
the interaction between the larger and smaller scales, which implies accurately expressing the energy
transfer rate at the inertial sub-range.

Because large-eddy simulation implies unresolved energy, two essential points must be considered.
The method must avoid non-linear aliasing (accurately representing energy transfer and destruction)
and correctly describe backscatter (inverse energy transfer from small to large scales). Two primary
ways are identified to address these criticalities: the explicit large eddie simulations approach and the
implicit approach.

In an explicit approach the velocity U (x; t) is decompose into the sum of a filtered (resolved) compo-
nent U (x; t) and a residual (sub-grid scale) component u’(x; t). The filtered velocity U (x; t) represent
the three dimensional and time-dependent motion of the large eddies, the new unknown. The equa-
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Figure 2.3: lllustration of large eddie simulations resolved and cut-off scales in the physical and Fourier space. Three zones
can be defined: the resolved range, corresponding to the larger scales, an under-resolved or sacrificed range, and a sub-grid
range, corresponding to the smaller scales. The cut frequency demarcates the separation between the frequencies present in
the numerical solution and those that are not. For an LES solution, it is usually placed where the scales start to show
self-similarity (dissipation repeats itself at different scales).

tions for its evolution are derived from the Navier-Stokes equations through a filtering operation and
then are solved numerically. This operation can be defined in different ways depending on the model.
The most common is to express the low-pass filter as a convolution product. The derived equations
contain an un-closed term in the momentum equation: the sub-grid tensor (or residual stress tensor),
which arises from the non-linear term of the Navier-Stokes equations. The closure is obtained by intro-
ducing a model for it, which must provide turbulent synchronization (avoid aliasing) and catch the effect
of the smaller scales on the larger ones (backscatter). Because the equations are solved numerically,
alongside the modeling definition, one should consider the numerical method choice. There are two
viewpoints to this end: in one, the filter and model are identified independently of the numerical method,
which implies independently of the grid employed. Hence, the dispersion and dissipation errors of the
numerical method are supposed to be low enough to provide an accurate solution to the filtered equa-
tions. The alternative point of view is that modeling and numerical issues should be combined. In
practice, the two are interwoven to some extent.

In an implicit approach, no filtering is introduced. The unsteady Navier-Stokes equations are nu-
merically solved on a coarser grid by projecting the solution on an ad-hoc function basis. The solution
physics entirely depends on the numerical method. Its dissipation is directly used to model the sub-
grid dissipation rate, such that the model predicts an accurate rate of energy transfer. Therefore, the
dissipation and dispersion errors of the numerical method directly affect the energy spectrum and the
convective terms, respectively. For these reasons, the choice of the numerical scheme has significant
importance. Low-order schemes are usually inadequate due to high numerical dispersion and dissi-
pation. High-order schemes reduce the dissipation localizing it at higher frequencies of the energy
spectrum and decrease the numerical dispersion, accurately representing the turbulent convection.
The Discontinuous Galerkin method (DGM) is a well-suited candidate for developing an implicit LES
approach because they allow for higher order scheme formulation in a finite element framework.
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Figure 2.4: lllustration of the energy spectrum modeled by different numerical schemes. Low-order schemes introduce
numerical dissipation at a broader range of frequencies, resulting in a non-physical description of the energy spectrum, thus of
the larger turbulent motions. Instead, high-order schemes accurately represent the inertial sub-range slope (directly linked to
the energy transfer and dissipation) by adding numerical dissipation only to the higher frequencies of the spectrum.

2.1.2. Discontinuous Galerkin Method
DGM is a finite element method (FEM), which uses a discontinuous interpolation combined with a
Galerkin variational formulation. Considering a general system of N coupled convection-diffusion-
source equations in conservative form, defined in a D dimensional domain

0gm f —0

ot r f,+r dn+sm=0; 8ym2U (2.2)
where the subscript index m = 1;:::;; N corresponds to a variable, q represent the conserved variables,
f 2 UN D the convective flux vector, d 2 UN P the diffusive flux vector, and s 2 UN the source
term. FEM is based upon a mesh (or grid), which approximates the domain by a collection of simple
geometrical elements e:

Algno h= 5 nh=Lee (2.3)

where h is the characteristic mesh size. The solution space UN of Eq.2.2 is then approximated using
the grid as a support, such that:

lim uN = uN 2.4
h®o Un v (2.4)
where U\ is called the trial space. The terms tn, of the solution state vector & 2 UN are expressed as
the linear combination of shape functions j, which constitute a suitable set of basis functions for Up:
Hm  Um = Umi i Up =spanf j;j 2[0;U]g (2.5)
The scalars umi represent the expansion weights associated with the variable m with respect to
the i-th shape function ;. In the trial space U} these basis are chosen as the columns of the matrix

=( 11 123 10 N1 N2 Nu)- We can therefore rewrite the solution as:

U=Umi mi: (2.6)
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Since the solution is approximated, Eq.2.2 can not be satisfied everywhere in the domain. There-
fore the equations are re-defined using the weak formulation as a Galerkin Variational problem, which
requires the equations residual to be orthogonal to all members v of a test space VYN = UN.

L(u;v)= v @—q+r f+r d+s dv =0, 82U} (2.7

0t
where the sum over the variable index m is implied and the test functions v can also be expressed as
linear combinations of the same basis used for u.

V=Vmi mi (28)

Using this framework, Discontinuous Galerkin methods define Eq.2.7 by choosing as trial space
a broken vectorial space (often polynomial). Its elements consist of vectors of functions that are fully
regular within each mesh element but not necessarily continuous across elements. These guarantee
DGM greater freedom of shape function choice than the classical continuous FEM. The possibility
of being discontinuous across elements makes the shape function construction easy and flexible: any
shape function can be supported on a single element, and the interpolation can change from element to
element (usually the order). Another significant difference between the DG and continuous FE methods
is the presence of additional terms in the Galerkin variational formulation, arising from the element
boundary fluxes. Using a Discontinuous Galerkin formulation Eq.2.7 is rewritten as follow:

><% g ><Z ><Z ><Z
v—dV + rv hdv + vsdV + ut;u ;vhv on dS=0; 8sv2UN (2.9)
e © @t e © e © f T
where T represent the element faces, h stand for ¥ or g or their sum, n the normal direction to the
element boundary (for each element + symbol define the outward pointing normal, while - the opposite
direction), and is the interface flux. For consistency the latter should be chosen such that for a
continuous solution u™ =u =Tu), and h(u™) = h(u ), the following relation is satisfied:

ut;u vV oon =JvK h(w): (2.10)

where J K define the jump operator XK = x*n* +x n .

Eq.2.9 provides a general derivation of the Discontinuous Galerkin formulation. The user have great
freedom in the flux function (u*;u ;v*;v ;n) choice. We will now give a brief overview of how this
term can be treated to assure stability in the case of convective and diffusive fluxes.

Considering the hyperbolic subsystem, DGM can be interpreted as an extension of first-order Finite
Volume Methods (FVM) to high-order [19]. FVM uses the integral form of the convection equations to
compute the cell average evolution of the conservative variables g;, for every mesh element i. The
flux balance of every element is then approximated as the sum of the interface fluxes to each of the j
neighbouring cell:

b, <7

v i f nds (2.12)

1
ot jNie; i

where ¥ n is the approximation of the numerical fluxes through the faces. Its computation depends
on two elements: the reconstruction and the flux function. The first defines how the solution at the
faces is extrapolated from the cell average g;, using the neighborhood average cell values g;. The
second specifies the flux estimation through the boundary from the two reconstructed state vectors on
either side of the face. An important observation is that the reconstruction step determines the order
of accuracy of the Finite Volume discretization. We can now see the Discontinuous Galerkin Methods
as an alternative way to increase the order of the method. Instead of reconstructing the solution at the
desired accuracy order from the cells averages, DGM increases the polynomial order in the elements.
Following this philosophy, it can be proven that the DG flux function ¢ of a hyperbolic problem can be
defined as follow:

+

f U U v v on =K nH utu ;n (2.12)
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where H (u™; u ;n)is the Finite Volume flux function. Defined in this way, DGM inherits the consistency
and stability of FVM resulting from the choice of the interface flux H.

Even if historically Discontinuous Galerkin Methods dealt with hyperbolic problems only, several
discontinuous finite element formulations were developed for elliptic problems. These methods are
also now considered DGM. One can distinguish two classes of methods: the Interior Penality Methods
(IPM) and the Lifting Methods. The first can be seen as a generalization of classical continuous finite
element methods. The interface fluxes here are defined using a generalization of the boundary penalty
methods. An additional penalty term (marked in green), penalizing the difference between the desired
solution and the current one, is added to the variational formulation for each element separately to
impose continuity of the solution u across the domain:

> Z > Z
g ut;u ;vtiv ;n dsS = ¢ JvK Jukds
f f f f
> Z
+ ) vaK ffD ruggdS (2.13)

z

>
+ JUKFFD rvggdS
f f

where ¢ isto be chosen such that the positive contribution of the penalty term dominates the boundary
flux term (in red), retained for consistency. Therefore to maintain coercivity, ¢ has to be larger than a
locally defined critical value .. The blue term is added in variation of the classical formulation, if =1
we obtain a symmetric boundary penalty method (the symmetry of the bilinear form a(u; v) is lost in the
classical formulation where = 0). If = 1, the boundary flux no longer impacts coercivity, and ¢,
in theory, does not have a critical value (it should only be greater than zero). The underlying principles
and stability analyses of the Interior Penality Methods are quite close to the standard FEM. The Lifting
Methods use an auxiliary variational problem to obtain an estimate of the solution gradient, which is
then used in a second step to discretize the elliptic equations.

2.1.3. Reynolds Average Navier-Stokes equations
RANS formulation decreases the computational cost of the simulation by introducing statistical models
to compute the statistical solution average directly. The user can solve the modeled equations on a
coarser grid than the one used for DNS or LES computations, significantly reducing the processing time.
However, the statistical character of the solution implies that all the frequencies of the turbulence energy
spectrum are modeled, which prevents a fine description of the turbulence physical mechanisms.

The modeled equations are derived from the conservative form of the Navier-Stokes equations
through a Reynolds decomposition and averaging. The velocity vector is expressed as the sum of two
contributions: the mean velocity U field and an instantaneous fluctuation u® field:

u=U+u" (2.14)

Then the governing equations are rewritten through an averaging operation (usually an average
ensemble [30]). Considering an incompressible flow as an example, one would have:

r u=o (2.15)
DY; 2 @ Uil 1@hpi

— = i = 2.1
Dt r UJ @x; @Xj (2.16)

where is the flow density, the viscosity, p the pressure, h i express the averaging operation, and
D()/Dtis the mean substantial derivative, which expresses the rate of change following a point moving
with the local mean velocity U:

DO _0@(Q) .
5r = gr TY rO: (2.17)
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A consequence of the continuity equation (Eq.2.15) is that r u® = 0. Therefore both U and u’ are
solenoidal fields.

For a general three-dimensional flow, Eg.2.15 and 2.16 are a set of four independent equations
governing the mean velocity field. However, these equations contain more than four unknowns. The
velocity covariances u® u% of Eq.2.16 are un-closed terms, which appear from the averaging operation
of the Navier-Stokes equations due to the non-linear convection term. These new unknowns take the
name of Reynolds stresses. Making an analogy with the viscous stresses, they can be interpreted as
apparent stresses arising from momentum transfer by the fluctuating velocity field. They also charac-
terize the different behavior of the instantaneous velocity field u to its average U. Before analyzing the
Reynolds stress models proposed to close the equations, we briefly review the properties of u?u% .

The Reynolds stresses are the components of a second-order tensor, which is symmetric positive
semi-definite. Its diagonal components hululi are normal stresses, while the off-diagonal components
are shear stresses. The distinction between these two terms is dependent on the coordinate system
choice. An intrinsic tensor decomposition can be made using isotropic and anisotropic stresses. By
defining the isotropic component as %k ij. the deviatoric part is defined as follows:

2

§k i (2.18)
where j;j is the Kronecker delta, and k is the turbulent kinetic energy, defined to be half the trace of
the Reynold stress tensor k = 1/2hu?uli. An important point in this decomposition is that only the
anisotropic component a;j effectively transports momentum.

— 0,0
rij = UjU;j

U?Ug =ajj + %k ij- (2.19)

Eq.2.15 and 2.16 can be closed by introducing a model that relates the Reynolds stress tensor to
averaged quantities. The main closure, used in most of the RANS methods in industrial and academic
CFD solvers, is the turbulent-viscosity hypothesis, or Boussinesqis hypothesis, after Joseph Boussi-
nesq. He proposed it in 1872 during the French Academy of Sciences meeting (the interested reader
can find the meeting report in [4]). According to this hypothesis, the deviatoric Reynold stress R is pro-
portional to the mean rate of strain of the fluid S (symmetric part of the mean velocity gradient tensor)
through a scalar quantity +, called turbulent viscosity:

2 @U; | @U;
0 Zka= i i
Uj 3k ij T o + o

UO

(2.20)

where sjj = % ggji + %% . EQ.2.20 allows to reduce the number of unknowns in Eq.2.15 and 2.16,

the 9 unknown components of the Reynolds stresses are replaced by one scalar unknown 1 (X;t).
The closure is finally obtained with an additional transport equation for the evolution of turbulence
guantities. As example, two-equation models (suchas k " [7]and k I [51]) express the turbulent
viscosity as a combination of two turbulent quantities (k and " or the specific dissipation rate 1) for
which additional transport equations are defined. Empirically defined model constants allow for tuning
the models for different cases. Instead, one equation models (such as Spalart-Allmaras (SA) [41])
provides an equation for the evolution of one quantity, in the case of the SA model, nu, which is then
linked to the effective viscosity .fe(X;t) = + 1(X;t) with a non linear functional relationship. These
models are called Linear Eddy Viscosity Models (LEVM), due to the linear relation imposed by Eq.2.20.

A major advantage of the turbulent-viscosity hypothesis is that by replacing Eq.2.20 in Eq.2.16 one
obtains the Reynolds equations in the same form as the Navier Stokes equations:

DU; _ @ OU; . QU; 1@ .2
Dt = @Xj ef f @Xj + ax; @Xj hpl + 3 k (2.21)
where ¢f is the effective viscosity, and hpi + 2/3 k is the modified mean pressure field. Although it
provides a convenient closure to the Reynolds equations, the accuracy of Boussinesqis hypothesis is
poor for many flows.
The turbulent-viscosity hypothesis can be divided in two parts: an intrinsic assumption and a spe-
cific assumption [32]. The first implies that at each point and time, the Reynolds stress anisotropy




TXUEXOHQFH PRGHOV

FRPSRQH @WW GHWHUPLQHG E\ WKH P H®Y ®k ORFH WWH |JRIIHRSAEIHEHY W H
ORFLW\JUDGLHQWY FKDUDFWHUL]HWKH KLVWRU\RIPHDQ GLVWRUWLRQ \
DVVXPLQJ WKH QRQ ORFDO WUDQVSRUW SURFHVV VPDOO LQ FRPSDULVR
DQLVRWURSLHV FDQ EH IRXQG LQ UHJLRQV ZKHUH WKH ORFDO PHDQ VWUI
DQLVRWURSLHV H[LVW EHFDXVH RI WKH SULRU VWUDLQLQJ KLVWRU\ WR :
DQG WKH QRQ ORFDO WUDQVSRUW SURFHVV LV QRW QHJOLJLEOH LQ WKH
WKH 5H\QROGYV VWUHV VP Q@ VVRVOHDINON HEIORWHG WR W K kP HIDIMWOR H R V
VFDODU TXD QMUIMMK\SRWKHVLYV LV YLRODWHG HYHQ IRU VLPSOH IORZV VX
WKH IDLOXUH Rl WKH OLQHDU DVVXPSWLRQ IRU PDQ\ IORZV RI HQJLQHHU|
VKHDUIORZV DQG MHWV GRHV QRW KDYHLPSRUWDQW FRQVHTXHQFHV IR
IRUWKHVH IORZV WKH SUHGLFWLRQV RI VHFRQG RUGHU PRPHQWV 5H\QF
WLRQ DUH QRW VDWLVIDFWRU\ ORUHRYHU LQ PDQ\ FRQILIJXUDWLRQV RI
KDYLQJ KLJK PL[LQJ UDWHV UHFLUFXODWLRQ UHJLRQV VWDJQDWLRQ OL
EHZURQJHYHQ IRUILUVW PRPHQWYV

7R RYHUFRPH WKH LVRWURSLF YLVEFRVLW\ K\SRWKHVLV OLPLWDWLRQV
LVWLQJ /(90 PRGHOV VXFK D& DVMXG G&758&PRGHOV ZKLFK DWWHPSW WR DF
URWDWLRQDQGFXUYDWXUHHIIHFWYV $QDOWHUQDWLYHLYV SURYLGHE\ 1F
VXFKDV >@ $QRWKHU H[DPSOH LV JLYHQ E\LQYDULDQW @&KIHRWUV VHGFH
RJQL]JHG WKDW LW FDQ EH XVHG LQ WKH IUDPHZRUN RI WXUEXOHQFH PRGH
K\SRWKHVLV ,Q WKLV VEKHPHV WKH 5H\QROGYV VWUHVV WHQVRU DQLVR
WHQVRU SRO\QRPLDO IRUP FRPSRVHG RI QR PRUH WKDQ WHQ EDVLV WHQV

R = ' g( 1 5)Ti

ZKHUH: s DUHIORZ VFDODU LQYDULD QW VT; %RV KMWK Kl H QVR-ZQLVRYULL UDICD E)IWAL B
SOHWHO\GHVFULEHG E\ W ISHDROHD\W® K/WVRIHDD. @ YARHIAYIRRIHAD, GWHDAWRIII H R 1 W K H V
IRUPXODWLRQV LV WKDW WKH ZKROH YHORFLW\ JUDGLHQW WHQVRU QRZ L
DFRQVHTXHQFHWKHLQIOXHQFH R WRKIHWMPIEEHHIGREH ® HFWH U PWR S BIO ROR ZH
PRGHO VWLOO LPSOLHV WKHLQWULQVLFDVVXPSWLRQ ,WVDFFXUDF\LV W
WUDQVSRUW SURFHVV FDQ EH QHJOHFWHG 1RQ ORFDO PRGHOV WKDW W
RI WXUEXOHQFH KDYH EHHQ SURSRVHG WR RYHUFRPH WKLV OL®LWDWLRC
7KH ODWWHU DGGV WR!: IRIRFGRH M@ D UHOD[DWLRQ HTXDWLRQ IRU WKH 5H\QR



JORZ 'HVFULSWLRQ DQG &R
6HW XS

7KLV ZRUN VWXGLHV D WKUHH GLPHQVLRQDO WXUEXOHQW IORZRYHUD 1$
DURXQGHG HQG FDSDQG WUDLOLQJHGJH 7ZR IReRZ:BREMWLRIQV ZHUH L
DQRe=1:2[10° M =0:1 7KH 5H\QROGY QXPEHU UHIHUV WR WKH IUHH VWUHDP
GHILQHREDY ¢ ZKHUWHLY WKH XQSHUWXUEHG | & FAHKWHWEUK IR ) 5 XOHHARIFLKA \D Q C
WKHNLQHPDWLF YLVFRVLW\ 7KH 0D BK @ X PZEHHENADW W IGH M.SHHEERY VRX QG F
WKHXQSHUWXUEHG IORZ 7KHIORZLV FKDUDFWHUL]JHG E\D SUHVVXUH GLI
SUHVVXUH DQG VXFWLRQ VLGH RI WKH ZLQJ 7KH ODWWHU FDXVH D KLJK W
7KH SUHVVXUH JUDGLHQW JHQHUDWHV IORZ ZKLSSLQJ DURXQG WKH WLS
VWUHDPOLQHV RXWERDUG RQ WKH SUHVVXUH VLGHDQG LQERDUG RQ WKI

$W WKH ZLQJ FDS WKH IORZ VHSDUDWHY DQG UROO XS LQWR D YRUWH
FORVH WR WKH WLS $V WKH YRUWH[PRYHV GRZQVWUHDP LW UROOV XS P
FLUFXODWLRQ LV QRPLQDOO\ HTXDO@ B MSKROMVR IWKKCHAZ L QR | WIKREZFPL UF X O
WKH WLS YRUWH[ ZLWKLQ RQH FKRUG RI WKH WUDLOLQJHGJH 6HYHUDO D
DQG WHUWLDU\ YRUWLFHV ZKLFK DV WKH\EHFRPH ZUDSSHG XS LQWR WKI
RI GLUHFWLRQ RI WKH YRUV@H [TKRVHEHKDYLRU LV UHSRUWHG LQ WKH OLWH
7KH YRUWH[ FHQWHUOLQH XQGHUJRHV D VXGGHQ VSDQZLVH FURVV IORZ
NLQN DQG DW LWV HQG LW UHVXPHV LWV RULJLQDO GLUHFWLRQ 7KH ZL.
YRUWLFHVY ORFDWLRQ DQG WKH QX®E MYLRILY& D\ GFH\L QR.U PAGU BHS B U W
WKDW D fPRUHY D[LV\PPHWULF YRUWH[ VKHGV IURP D URXQGHG ZLQJWLS
FRPSDUHG WR D VTXDUH WLS ZLQJ

5$16 VLPXODWLRQV ZHUH FRQGXFWHG XVLQJ WKH ILQLWH YROXPH RSHC
IORZ )XUWKHUPRUH LPSOLFLW /(6 FRPSXWDWLRQV ZHUH FDUULHG RXW F
ERXQGDU\FRQGLWLRQV XVLQJ WKH 'LVFRQWLQXRXV *DOHUNLQ VRIWZDU

&RPSXWDWLRQDO GRPDLQ

7TKHUHFWDQJXODU KDOI ZLQJ QXPHULFDOO\LQYHVWLIJDWHG KDV D 1%$&$%$
DQGWUDLOLQJHGJH AR/¥0D/G SHEF® WD MWL RRXQWHG PLGZD\ XS D ZDOO DW L!
SLWFKHG@AO0fS E\

7TKH FRPSXWDWLRQDO GRPDLRV EPNAHG IR)WKH WHVW VHFWLRQ RI WKH
WXQQHO XVHG E\ & KRZ ORFDWHG LQ WKH)OXLG OHFKDQLFV /DERUDWRU\R
QXPHULFDO WHVW FDVH H[DFWO\ UHSUHYVHQ6&/[ MK A KHOQBVWWXIQH BIOUR B RV V
FKRUG +RZHYHU LW XVHV D JUHDWHULVWR BD P XAH W IGR\R DALKQHHA R/FHSPIW H G
I[UHH RI ERXQGDWXBVINHWMFWHG VXFK WKDW WKH GRPDLQ PLPLF &KXUFKI
FRPSXWDWLRQVDQG WKDW RI/RPEDUG IRUWKH /(6 VLPXODWLRQV

7TKHUHIHUHQFH IUDPH XVHG LQ WKH VLPXODWLRQ¥WW¥ D, S\ADWRMHMILIDQ FF
LV ORFDWHG DW WKH ZLQY¥ WUV LYLDAHQHG ZKWK WKH VWY BpPR ZVMVH GLU



&RPSXWDWLRQDO GRPDLQ

7THVW EFD\ L I P
&KRZ HW DX8B13c 0:396¢c 1:417c

&KXUFKILHOGS¢W @2Gc 3c

/IRPEDUG HWI1D®O 3c 7c
5$16 68 55c¢c 2:5¢ 3c
/(6 $5*2 10c 3c 7c

7DEOH 6WUHDP ZLVH GRPDRQ BLWMHQWQW WH VW I D\OHVF RKBHAERQGO/WR WKH GLVWDQFH RI W
TXDUWHU FRUG WR WKH LQIORZ DQG RXWIORZ ERXQGDU\ UHVSHFWLYHC

GLUHFWHG WRZDUGV WKH ZLQJ WLS DQG\LV GLUHFWHG RUWKRJRQDO W
DV VKRZQLQ)LJ

,Q KLV SDSHU &KRZ ZDUQV DJDLQVW VLJQLILFDQW LQYLVFLG HIIHFWV
RIWKH ZDOOV ZKLFK PRVW OLNHO\LQIOXHQFH ERWK WKH SULPDU\DQG VI
WKDW WKH VLJQLILFDQW EORFNDJH FUHDWHG E\WKH ZLQJLV OLNHO\WR F
DURXQG f KLJKHU WKDQ WKH RQHLPSRVHG E\ WKH JHRPHWU\ 7KH QXPHU
WKH ERXQGDU\ OD\HU WULSSLQJ PHFKDQLVP XVHG LQ WKH H[SHULPHQWD
WXQQHO VHFWLRQV XSVWUHDP DQG GRZQVWUHDP RI WKH WHVW VHFWLRQ
DUH QRW PRGHOHG OF$OLVW® U P RBUAD N\VKKODAY KIKH WULSSLQJ RI WKH ERX
OHDGLQJ HGJH LQFUHDVHV WKH YRUWH[TV GLDPHWHU E\ DQG GHFUHD
SULPDU\ YRUWH[DORQJ WKH VSDQ

JLIXUH 6LPXODWLRQV FRPSXWDWLRQDO GRP D IxQD [LIKH [GXKR{ZONODIGLEINDHH @ & H VB K WKBIQ FH R
WKH ZLQJ TXDUWHU FRUG WR WKH LQIORZ DQG RXW 0 R ZDERXRK®IUH U H @ SHFODLW HROQ W R HVE HI
FDVH FRQVLGHUHG VHH 7DE



%RXQGDU\FRQGLWLRQV

7HVW FD\ ,QIORZ WXL 7XQQHO 2XWIORZ
&KRZ HW DO I< 15 QR VOLS
&KXUFKILHOG H®ODO QR VOLS &RQVWDQW PDVV ARZ UDWH
/RPEDUG HW DO 1RW AREH¥I®EGS 'RQJHW DO RXWEDRZ %& >
5$16 68 =01 IUHH VOLS  &KDUDFWHULVWLF@®EDVHG 5LH
/(6 $5*2 1RW PRGHOHGHH VOLS OHVK FRDUVHQLQJ

7DEOH 3ULQFLSDO ERXQGDU\FRQGLWLRQV GLIIHUHQFHV IR W WU QX PHIH MDXQ BRGHQSHU L |
LOQWHQVLW\LZKHKIMHURRW PHDQ VTXDUH RI WKH W X U B X.O&HQRAH YPHDRFILOWR\Z & K DR K DW\L R Q V

%RXQGDU\FRQGLWLRQV

7DE UHSRUWV WKH SULQFLSDO GLIITHUHQFHV LQ WKHERXQGDU\FRQGLWI
DWWHQWLRQ LV JLYHQ WR WKH RXWIORZ ERXQGDU\ FRQGLWLRQ FKRLFH
YRUWH[ FRUH ,I D FRQVWDQW SUHVVXUH RXWARZ ERXQGDU\ LV XVHG W
DQG FRQYHFWHG GRZQVWUHDP RXW RI WKH GRPDLQ ZRXOG HQFRXQWHU
QXPHULFDO VLPXODWLRQ RI &KXUFKILHOG HW DO PRGHOV WKH ZLQG WXC
IUHH VOLS ERXQGDU\FRQGLWLRQVLQ WKHRWKHU FRPSXWDWLRQ LV MXV!
LVVXIILFLHQWO\IDUIURP WKH ZDOOV VR WKDW WKHLQWHUDFWLRQ ZLWK
WKHZLQJVXUIDFHYLD WKHVHFRQGDU\VWUXFWXUHYV 7KHLQYLVFLGLQW
WXQQHO ZzDOO LVDVVXPHG WREHVLPLODUWRWKHH[SHULPHQWDO RQH
ERXQGDU\DQG LQLWLDO FRQGLWLRQV XVHG IRUWKH QXPHULFDO VLPXOD

5$16 ERXQGDU\FRQGLWLRQV

JRU WKH WHVWR-‘eDVBM@?QDQIW=O:14 WKHIUHH VWUHDP FRQGLWLRQV ZHUH F
WR PDWFK WKRVH RI&KR%?\A:IG[[SOqUDLQM-I:QO/.\AS 2QH VKRXOG QRWLFH WKDW &
UHIHUHQFHXOR FDIBALRYG- 0:3423 DQA>=0:0969 LV MXVW XSVWUHDP RI WKH VXFW
WKH ZLQJ +HUH WKH ARZ KDV DFFHOHUDWHG PRUH WKDQ WKHRQH DW WK
VWUHDP FRPSXWDWLRQDO5H\QROGYV DQG ODFK QXPEHU VKRXOG EH XVHG
I[UHH VWUHDP 3UD@PGEW O QOB HAKIHW HY WKH WKHUPDO GLIIXVLYLW\

$Q DGLDEDWLF YLVFRXV ZDOO FRQGLWLRQ LY LPSRVHG DW WKH ZLQJ \
XVHG IRU WKH WXQQHO ZzDbOOV $ FKDUDFWHULVWLFV EDVHG 5LHPDQQ E
HW DO@ +V LPSRVHG DW WKH RXWIORZ 7KLV ERXQGDU\ FRQGLWLRQ DXV
ERXQGDULHVIRUK\SHUEROLF V\VWHPVY IROORZLQJWKHDSSURDFK SURSH
> @ 7KHQ XVLQJDQ HLIJHQYDOXH DQDO\WLY WKH ULJKW QXPEHU RI HQII
DQG WKH YDULDEOHVY WKDW FDQ EHVSHFLILHG DW WKH ERXQGDU\DUH DX
WUDQVSRUWHG IURP WKH ERXQGDULHY WRZDUGYV WKH LQWHULRU DUH HC
HI WUDSRODWHG IURP WKH LQWHUQDO VROXWLRQ 2Q WKH 68 VXLWH W
VHWWLQJ WKH WRWDO WHPSHUDWXUH DQG SUHVVXUH DW WKH LQIORZ DC
ZHUH FKRVHQ WR REWDLQ WKH GHVLUHG IUHH VWUHDP.GOFRIOPXPEHU 7KH
DQG=298. ZKLOH WKH VWD W -HEBRBIYY XUH LV

/(6 ERXQGDU\DQG LQLWLDO FRQGLWLRQV

7KH /(6 ERXQGDU\ FRQGLWLRQV ZHUH VHW WR PDWFK WKH 5H\QROGV DQG
Re = 1:2 [106 DQ® =01 7KHIUHH VWUHDP 3UDRYGWQO2Q $REWHKHMQIORZ WRW
FRQGLWLRQV DRYyH- LIS EE ® PJfs=288:15. ZKLOH DW WKH RXWIORZ ZH LPSRVI
SUHVVXEH002773D 7R DYRLG ODUJH SUHVVXUH JUDGLHQWYV DW WKH RXW
GRPDLQ HIWHQW LV XVHG FRPELQHG ZLWK D FRDUVHU PHVK WRZDUG WKI
PHWKRG FRDUVHQLQJ WKH PHVK LV HTXDO WR DGGLQJ GLVVLSDWLRQ DV
ZKLFK GLVUXSWV WKH YRUWH[ EHIRUH DUULYLQJ DW WKH RXWIORZ ERXQUC
LVLPSRVHG DW WKH ZLQJ VXUIDFH ZKLOH D IUHH VOLS FRQGLWLRQ LV XVI

7TKH IORZ LV LPSXOVLYHO-UWWB YWHEJ RMRIKRXW WKH GRPDLQ H[FHSW D



IXPHULFDO VFKHPHYV

ERXQGDULHYV 7KHQ WKH YHORFUWX34D EFXDROOLODQAWULBDDVHIWMRYXUH DQG W|
D UPH= 1013253 D D @ 6288:15 .

I1XPHULFDO VFKHPHYV

68 VROYHU

7KH 68 5$16 FRPSUHVVLEOH VROYHU ZDV XVHG IRU WKH /(90 FRPSXWDWL
ZHUHLQYHVWLJDWHG WKH 1HJDWLYH 6SDODUW $OOPDUDVDQG WKH OHQ)
ILUVW LV D YDULDWLRQRIWKHVWDQGDUG RQHHTXDWLRQPRGHO GHYHOR
JULGV DQG QRQ SK\VLFDO WUDQVLHQW VWDWHV ,W LV IRUPXODWHG WR
ZHOO UHVROYHG IORZ ILHOG EXW KDV D PRUH UREXVW QXPHULFDO EHKD"
HTXDWLRQ PRGHO WKID VKR P EXQIHYJ WKH ILUVW LQ WKH LQQHU UHJLRQ RI
DQG VZLWFKLQJ WR WKH VHFRQG LQ WKH IUHH VKHDU IORZ

7KH IROORZLQJ VHW XS ZDV XVHG IRU ERWK WXUEXOHQFH PRGHOV DQt
7KHLPSOHPHQWDWLRQ SDUDPHWHUWKBUBHMHSRWWBB YQOEBY GHILQHG L
DUH QRW RQO\ XVHG DV ERXQGDU\ FRQGLWLRQV EXW DOVR IRU IORZ LQL"
7KH IORZ SK\VLFDO GHILQLWLRQ LV EDVHG RQ WKH IUHH VWUHDP GHVFUL
FRQVWDQW YLVFRVLW\DVVXPSWLRQV

7KH FRQYHFWLYH IOX[HV WKURXJK WKH IDFHV Rl WKH GXDO JULG FRQW
FHQWUDO VFKHPH WKH -DPHVRQ 6FKPLGW 7XUNHO -67 PHWKRG ZLWK P
WKHFODVVLFDO-67 LPSOHPHQWDWLRQYV VHFRQG D ORIRXUMKFROGIBU G L
E\WKH IOX[ -DFRELDQ ZLWK WKH PLQLPXP HLJHQYDOXH O:IHPEMRNHE\ WK H
WKLY DOWHUQDWLYHIRUPXODWLRQEHFDXVH LW JLYHV EHWWHU YLVFRXV
FODVVLF RQHJHSEUWY WKH OLVW RI SDUDPHWHUV XVHG LQ WKH FRPSXWD

(YHQ LI ZH SHUIRUP D VWHDG\ FRPSXWDWLRQ ZH QHHG WR GHILQH D W
WKH VROYHU XVHV D SVHXGR WLPH LWHUDWLRQ 7KHUHIRUH ZH XVHG D
"FHQWUDO MDFRELIVDIQYR¥WRUWR LPSURYH WKH QXPHULFDO SURSHUWI|
LQ WKHLPSOLFLW WLPH PDUFKLQJIRUPXODWLRQ VR WKDW KLJKHU &RXUL
XVHG &)/ DGDSWDWLRQLV HPSOR\HG WR DFFHOHUDWH FRQYHUJHQFH WR
WKH &)/ LVLQLWLDOL]H® BMWDLYDOKBHEYH DW HDFK LWHUDWLRQ LV GHWHUP
YDOXH DW Wédi MXQIBISIQNEYL RWWUDWLREO\&)D &)/ €q)® 7KH YD®XWRI
FKRVHQ GHSHQG L Q®kR Q\VZ KHIIKMHHIU R &0 ROHFWWEDIQQJ LW E\IDFWRU XS RU G
LW E\IDFWRU GRZQ

$5*2 VROYHU

,Q WKH /(6 FRPSXWDWLRQV WKHIORZSURSHUWLHY ZHUHPRGHOHG XVLQJ
DVVXPSWLRQ 7KHLQLWLDO SUHVVXUH DQ GZW H P KB BWMRIGI FGH I IQAHHRMVQ. R K
WKH XQVWHDG\ 1DYLHU 6WRNHV HTXDWLR QW RKHFR QR A FWKLHY B VE RQ WIL Q
*DOHUNLQ IRUPXODWLRQ LV GHILQHG XVLQJD 6LPSOH/RZ'LVVLSDWLRQ
6/$8 ZKLFK HVVHQWLDOO\VROYHV DS5LHPDQQ SUREOHP DW WKH HOHPH
(T DUHLQVWHDG GLVFUHWL]HG XVLQJD 6\PPHWULF,QWHULRU 3HQDOV
6,3'* 7KH VROXWLRQ LV GLVFUHWL]HG E\ XVLQJ QRGDO VKDSH IXQFWLR
LQWHUSRODQWY RQ HTXLVSDFHG FRQWURO SRLQWY 7KH VLPXODWLRQ SI

7KHVROXWLRQIVWHPSRUDOHYROXWLRQLV GLVFUHWL]HG XVLQJDEDF
FRPSXWDWLRQDO UHVRXUFHV ZHRQO\FRPSXWH WKH-DFRELDQ PDWULJ[ H
RWKHUV 7KH FKRLFH Rt WIXW GMLFRMDWWHESE\ VWDELOLW\ DQG FRPSXWDWLR
7KH YDOXH XVHG LQ WKH FRPSXWDWLRQ FRUUHVSRQG\HWRWLREYVRXKKU]
WKH WKURXJK 1@ RZCMILPIHV GHILQHG DV WKH WLPH UHTXLUHG E\ D IORZ SI
ZLQJ FKRUG 7KH QRQ OLQHDU V\VWHP RI SDUWLDO GLIIHUHQWLDO HTXD\
DSSURDFK ZLWK D OLQH LPSOLFLW SUHFRQGLWLRQHU ZKHUH *05(6 VWD
PHWKRG ,Q WKH ODWWHU WKH VROXWLRQ RI WKH OLQHDU VA\VWHP JHQHU
LVDSSUR[LPDWHG E\WKHYHFWRULQD .U\ORYVXEVSDFHZLWKPLQLPDO Ul
VFKHPH WKH -DFRELDQ PDWUL[ FRPLQJIURP WKH 1HZWRQ VFKHPH LV RC
VDYH FRPSXWDWLRQDO UHVRXUFHV 7KH LQWHJUDOV FRPSXWHG ZLWKLQ
VHYHQWK RUGHU *DXVV /HIHQGUH TXDGUDWXUH UXOH 7KHTXDGUDWXUH
ZLWK KLJK JUDGLHQWYV



OHVKJIJHQHUDWLRQ

3DUDPH 9DO
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0:.02
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PD(nL) 30
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7DEOH /LVW RI SDUDPHWHUV XVHG LQ WKH $5*2 \
7DEOH /LVW RI SDUDPHWHUV XVHG LQ WKH 6HVURIGY LV WKH PD[LPXP QXPEHU RI LWHUDW
"KHUHDQGDUH VHFRQG DQG IRXUWK RUGHU RILWHKIQWQRMLQHDU VROYHU UHTXLUHG WR UHD
FRHIILFLHQWYV R -6YQMKRBHIL[ FRHIILFLHQW RWKLQ D WLPH VWHhS LK WXH PPID[[L P X P
WKH PDWUL[ Gi VY MSCHMIR@W UDO MDFRELDQ QRXPEMMRI LWHUDWLRQV RI WKH *05(6 VFKHPH V
DQG IDFWRU XS |IDFWRIHGROLDRIWHUV RI WKH FRQYHUJHQEMBEB®LPH VWHS
&)/ DGDSWDWLRQ VWUDWH J\

OHVK JHQHUDWLRQ

5$16 PHVK

7KH QXPHULFDO JULG XVHG WR FRPSXWH WKH 5$16 VLPXODWLRQV LV D OL
WKH FRPPHUFLDO PHVK JHQHUDWRU $16<6 ,&(0 7KLV VRIWZDUH SURYLGH\
ZKLFK RITHUV KLJK FRQWURO RQ WKH GHILQLWLRQ RI WKH HOHPHQWYV 7K
PRGHOV DQG 5H\QROGYV QXPEHUV LQYHVWLJDWHG

,Q ,&(0 WKH JULG JHQHUDWLRQ LV EDVHG RQ WKH GRPDLQ GLYLVLRQ LC
DURXQG WKH ZLQJ WR KDYH PRUH FRQWURO RYHU WKH ZLQJWLS PHVK RQ
RWKHU LQ WKH UHPDLQLQJ SDUW 'XULQJ WKH PHVK FRQYHUJHQFH VWXG
GHQVLW\ LV UHTXLUHG LQ WKH ZLQJWLS DQG LQ WKH ZLQJ VXFWLRQ UHJL
YRUWH[ 7KHUHIRUH WKH VSDQ ZLVH HO HPHDQW W & B RIRIBINHRHGWRHG |UR
ZLQJWLS VWDUWV LWV UHYROXWLR:Q57KKHOBDGELSJIDDRG WSDFLLMLIQNH G JH
LV PRGHOHG UHGXFLQJ WKH HOHPHQW VS D FL:0Q WIKID25 R M/ WWKUHHL D FO R EDRV LR
7KH SODFHPHQW RI WKH ILUVW JULG FHOOV FORVH WR+WKH ZKBUMXUIDFH
yt= un/ ZLWWKHGLUHFWLRQ QRUPD@ W R WK MVWXU LDLFFHWV IDRYQE ¥ HDKRHFE L W \
ZDOO VKHDU VWUHVV :KHQ PDUFKLQJJULGV RXW IURP D VXUIDFH WR FU
HTXDO WR DQG $ ODUJHU VWUHWFKLQJUDWLRRIDERXW LV XVHG
UHSRUWY WKH WRWDO QXPEHU RIJULG SRLQWV XVHG DW WKH SULQFLSDO

7KHPHVK FRQYHUJHQFH VWXG\ L VIKHAVWARQGIHE G Y @ RIQIGXFWHG RQ WKH ZL
DQG YRUWH[ FHQWHUOLQH PHDQV TXDQWLW L HA i IGIHIK B HVCR E HUDIGIBR\R H:
WKH PHVK XVHG LQ WKH VW XG\ D H HISRIJARHBVIKQFKIREVHQ LV “PH VK

W VKRXOG EH REVHUYHG WKDW WKH PHVKIRYHE GO WKHH T URH Vb D MG\RP X (
ZKLOH WKH JULG XVHG E\ &KXUFKILHOG 138 FIRFP SRVREY R U Y HPRKBIW WKH X\
RI YLVFRXV WXQQHO ZDOOV ERXQGDU\ FRQGLWLRQV LQ WKH FRPSXWDWLTF
UHTXLUWPHOQWW HYHU\ ZDOO ZKLFK LPSOLHV D KLJKHU QXPEHU RI JULG €S
FDVH ZLWK LQYLVFLG ERXQGDU\FRQGLWLRQV 7KHUHIRUH GHVSLWH WKH
RIGHJUHHV RIITUHHGRP RIWKHJULG WKHPHVKUHILQHPHQW RIWKH SUHV|
YRUWH[ FHQWHUOLQH ORFDWLRQV LV FRPSDUDEOH WR WKDW XVHG E\ &K
WKH WRWDO QXPEHU RI GHJUHHV RI ITUHHGRP XVHG LQ WKH SUHVHQW VW X ¢
E\RWKHU DXWKRUV WR REWDLQ JULG @QGHSHQGHQW EHKDYLRU >

/(6 PHVK
7TKHDSSURDFKFKRVHQ WR GHILQH WKH IX0O0O ZLQJPHVK ZDV WR ILUVWO\ G
PHVKH[WUXGHGLQWKHVSDQGLUHFWLRQ ZKHUHWRVWXG\WKHLQLWLD
,QWKLV VHFWLRQ ZH ZLOO IRFXVLQ WKLVLQWHUPHGLDWH VWHS PHVK



OHVKJIJHQHUDWLRQ

H

|
JLIXUH OHVK FRQYHUJHQFH VWXG\ D BWDWLF SUHVVXUH FRHIILA&+H QWMIEEL\EBWULEXWLRQ D
BWDWLF SUHVVXUH FRHIILFLHQW G LV WHUd=E X0/023R QFD O\R Q WWK &5 ZH QU ¥ KIREBHIW.FLHQW HYRO X
YRUWH[ FHQWHUOLQH G $[LDO YHORFLW\HYROXWLRQ DORQJWKH YRUWH[FHQWHUOLQH

I9RUWH[ FHQWHUOLQH SRVLWLRQ RQ WKH [ ]SODQH 7Kdf ‘—‘\/(VPDW.JefF)/S)UB—LVé\()XUHKFFRHIILFLHQWL
UHIHUHQFH TXDQWLWLHYcBU H:BRAQY ¢ S0H3I428® RDWc=0:0969 VDPH UHIHUHQFH ORFDWLRQ DV &KR.
&KXUFKILHOG

7KHUHIHUHQFH IUORH UDHVXKR XY IMKRZQ DUH WKH RQH REWDLQHG XVLQJ Wk



OHVKJIJHQHUDWLRQ

D:LQJDQG OHIW SODQH PHVK

E6WUHDP ZLVH SODQH FXW DW WKH ZLQJ PLG FKRUG

F:LQJVXUIDFH PHVK

JLIXUH 2YHUYLHZ RI WKH PHVKJHQHUDWHG ZLWK ,&(0



OHVKJIJHQHUDWLRQ

OHVK "2)
6WUHDP ZLVH JULG OLQ@HOZDNH PHVK 0:79 [10f
6SDQ ZLVH JULG OLQH ZIENH PHVK 095 [10°f
6WUHDP ZLVH JULG OLQIB0ZLQJ PHVK 1:14 [10°
6SDQ ZLVH JULG OLQH 35Q1J PHVK 27 [10°

/HDGLQJ HGJH 28 PHVK 32[10°
7UDLOLQJ HGJH 28 PHVK 4:03[10°
'LQJ WLS UHYROXWLR® PHVK 47 [10°

7TDEOH 1XPEHU RIJULG SRLQWV RIWKH ILQDO PEERKXVYHIGGIRG MWIKIHHHY RI ITUHHGRP XVHG IRU W
5$16 FRPSXWDWLRQV "PHVK "~ RI7DE FRQYHUJHQFH VWXG\

'KHQ FRPSXWLQJ KLJK RUGHU VLPXODWLRQV DQ DFFXUDWH UHSUHVH
HVVHQWLDO WR UHSURGXFH WKH SK\VLFV WKDW IRUPV QHDU WKH ERXQG
WKH /(6 FRPSXWDWLRQV ZHKDYH UHOLHG XSRQ WKH RSHQ VRXUFH PHVK
KLJK RUGHU HOHPSIQMMH QMIV DQ RYHUYLHZ RI WKH XQVWUXFWXUHG PHVK

7KH PHVK ZDV FUHDWHG E\ GHILQLQJ D WZR GLPHQVLRQDO PHVK ZKLFK
GLUHFWLRQ VR WKDW SHULRGLFERXQGDU\FRQGLWLRQVFRXOGEHLPSRV|
OD\HU UHJLRQ SUHVHQWY D VWUXFWXUHG PHVK ZLWK FXUYHG HOHPHQW"
FXUYLQJ DOJRULWKP ZDV XVHG WR RSWLPL]H WKH KLJK RUGHU HOHPHQW
ZLQJVXUBBFH MWKHQ WKH JULG VSDFLQJLVLQFUHDVHG ZLWK D VWUHWFKL
EHWZHHQ WKH ILUVW DQG ODVW FHOO RI W K5 ERX-QIEDHIR 1©0Q WHWSIDHALKY JZLDQ/
VSDQ ZLVH J WG O HWKH VWUHDP #00% H7& HWHSDWFILRQ LV VHW DW WKH C
DQG WUDLOLQJ HGJH WR RGH)RIL W ISIRL § WUHY A \G LV F M+H3200 DA R Q ZH KD
y+=2 5 RQ DYHUDJH+ZKHWH ZLWWKH GLUHFWLRQ WDQJHQWH GBI MR MEKH VXU
DV H[SODLQHG LQ WKH 5$16 PHVK x4 ® @8 H®ML\W P IRAXWKHRQ RYHU WKH DLU
REVHUYHG LQYQWKRXJIK ZH UHFRJIQL]H W KIDMWQWR KWL R SWDIOPTCHOR WKH PHVK ZI
IXUWKHU UHILQHG GXH WR FRPSXWDWLRQDO FRVW OLPLW86QRQV 7KH ER
KH[DKHGUD ZKLOH WKH UHVW R 1480834 PUHMKP VMV BRDRH® EWKH FRPSXWDW L
WKLUG RUGHU SRO\QRPLDOV WKH @78\WDOGHRYHHY RI ITUHHGRP DUH

7KH PD[LPXP HOHPHQW VL]H LQ WKH "ERXQGDU\ OD\HU" PHVK DQG WKH
DLUIRIOD LAKH PHVK LV SURJUHVVLYHO\ FRDUVHQHG WRZRPUFEBKWKE WXQQF
OHQJWKV JRLQJ WR WKH RXWOHW 7KH VL]H RI WKH FRDWYHUHMOHPHQWV
REVHUYH WKDW WKH PHVK ZDV JHQHUDWHG ZLWKRXW SULRU NQRZOHGJH
LW VKRXOG EH QRWLFHG WKDW WKH H[WHQVLRQ RI WKH KLJKO\UHILQHG U
WR DGG PRUH UHVROXWLRQ LQ WKH WDQJHQWLD D ZUMRK RXGN. D6 EW WR @ @
FRPSXWDWLRQDO FRVWYV
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