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Abstract

Complex problems, such as the rotor flight in the vicinity of a building, demand an increased
computation time when solved with the URANS method. The aim of this thesis is to
construct a formulation based on the panel method (potential flow combined with a
free-vortex model for the flow separation from the edges of the body) for the simple case of
a building embedded in a free-stream flow. The desired outcome is a valid calculation of the
pressure distribution along the building and not the generation of the exact flow field, since
the viscous terms and turbulence prediction are neglected in this time-efficient approach.

At first, the basic characteristics of wind-building interaction are briefly analysed in order to
comprehend the differences between streamlined - bluff body aerodynamics (panel
methods are widely applied in lifting surfaces). The challenge of this bluff geometry is the
simulation of the flow separation with a free-vortex model. For the solution of the problem
the direct formulation (Morino & Kuo) is applied and two alternative implementations of the
Kutta condition are examined for the calculation of the circulation shed on the near wake
combined with the imposition of the no-penetration condition at the collocation points of
the body (constant potential distributions along each panel). The results are compared with
experimental data and CFD simulations of the same model. For a valid calculation of the Cp
the inviscid method constructed in this thesis can be applied at the complex rotor - bluff
obstacle problem, in order to examine their aerodynamic interaction and obtain the induced
loads in both bodies.
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1. Introduction

Computational Fluid Dynamics (CFD)

The fundamentals of fluid mechanics constitute the starting point to designing a solution for
an engineering flow problem. In order to model the real problem, assumptions for the flow
need to be made. The equations that govern the problem cannot be solved analytically, thus
numerical formulations are structured suitably. The quality of a CFD model lies in the
intersection of its effectiveness and efficiency. Depending on the nature of the problem,
different methods are applied and in some cases hybrid models based on the coupling of
these methods are developed.

The basic laws that govern the fluid motion in general are the conservation of mass,
momentum and energy. For low speed aerodynamics problems, in which the Mach number
is within the range 0-0.3, the flow can be assumed as incompressible. A fluid is characterised
as compressible when its density is altered significantly with the variation of pressure.
Another basic property of the fluid is its viscosity, which is defined as the measure of its
resistance to gradual deformation by shear stress. In simple terms, viscosity is translated as
friction between the elements of the fluid. The Navier - Stokes equations in the differential
form describe the motion of fluids and correspond to the conservation of momentum.

U
Ppr = ~VPTHVU +pg td

In continuum mechanics, the vorticity is a pseudovector field that describes the local
spinning motion of a continuum near some point (the tendency of something to rotate), as
would be seen by an observer located at that point and travelling along with the flow. As
presented in 1.2 the shear stresses are interrelated with the vorticity field. Friction forces do
not only occur due to the viscosity internal property of the fluid, but also due to a
macroscopic development of vorticity (in the region outside the boundary layer).

w=VXxU 1.2

CFD is a branch of fluid mechanics that uses numerical analysis and data structures in order
to solve the equations that govern the flow fields. Aerodynamics has been a catalyst to there
rapid development of this research field. The capacity of CFD is defined by the available
computing power and the numerical behavior of the algorithms used for the solution of the
equations. The set of Navier - Stokes equations is the most commonly used mathematical
model in CFD. The geometry of the body to be analyzed is essential for extracting the fluid
domain. The mesh is designed by the discretization of this domain into cells that can be a
combination of hexahedral, tetrahedral, prismatic, pyramid or polyhedral elements. The
mesh can be uniform or non-uniform, structured or unstructured depending on the problem



and its dimensions extend approximately 10D from the body in all directions, where D is the
characteristic length of the body.

In such methods, where the mesh is fixed, the Eulerian specification of the flow field is
applied. For an unsteady and incompressible flow, at each timestep the unknown variables
u,v,w and p are calculated on the nodes of the mesh. This calculation is a result of the
iterative numerical solution of the Navier - Stokes equations in combination with boundary
and initial conditions. The most common numerical methods that fall into this category are
FVM, FEM and FD. The disadvantage of these methods is the number of degrees of freedom
which leads to a significant increase in computation time. Using finer grid resolution in areas
of low velocity and pressure gradients is a way of reducing the number of degrees of
freedom. Parallel computing, by using simultaneously more than one processor for the
execution of the program, has reduced significantly the computation time of complex
problems.

The non-linear convective term of 1.1 introduces a complexity in the numerical solution of
the equations, since computers are efficient in solving matrices. The linearization of
equations with respect to the physics of the problem is necessary in order to reduce the
computational cost. Another category of methods which are based on the Lagrangian
specification of the flow field are the inviscid panel methods that will be presented in the
next chapter. The main advantage of these methods, is the computation time efficiency due
to the linear nature of the governing Laplace equation and the significantly reduced number
of degrees of freedom. The assumption of inviscid flow is made in cases where the friction
forces acting on the fluid particles are negligible compared to the inertial ones. In cases of
streamlined bodies, the inviscid flow assumption leads to a sufficient approximation of the
real flow and therefore is widely used. Conversely, in aerodynamic problems where
intensive turbulent phenomena occur, such as flow separation and the atmospheric
boundary layer, this assumption does not lead to a valid solution but only to an approximate
one.



Turbulence Models

Almost every real flow is turbulent, with occurring fluctuations around the mean value of
velocity in the micro scale of time, so for a valid solution to be obtained the RANS (Reynold
Averaged Navier Stokes) equations coupled with a turbulence model need to be solved.
Turbulence models are simplified constitutive equations that predict the statistical evolution
of turbulent flows. But even the latter method is considered to be reliable only for attached
flows. For smooth-body separation bubbles in particular, most RANS models are known to
under predict the turbulence levels within the separated shear layer. As a result,
reattachment and subsequent boundary layer recovery is typically delayed.

Especially for atmospheric flows, for an accurate solution to be obtained, the effect of
turbulence cannot be neglected. The field of bluff body aerodynamics is constantly growing
and research is focused on the modelling of turbulence. Experimental data is widely used in
these cases for the validation of the developing methods. In many cases of engineering
problems, the existing methods are being alternated and appropriate formulations are
structured depending on the problem and on its aim of research. Particularly, in the case
examined in this thesis, an approximated formulation is designed and flow turbulence is not
modelled. The purpose of the research is to obtain the pattern of the separated flow around
the building and use it for other aerodynamic problems as the undisturbed flow field. One
case of interest is the flight of a helicopter near a building structure.

Bluff Body Aerodynamics

The aerodynamic simulation of buildings, except from the calculation of loads for
structural analysis (pressure distribution, vortex shedding), is essential for other cases such
as ventilation, air pollutant concentration in cities, pedestrian comfort etc. The
understanding of the basic characteristics of the wind-building interaction is necessary for
constructing the inviscid computational tool which is the subject of this thesis.

The geometry of the building (bluff) is the reason it behaves in a different manner than
an airfoil (streamlined) when exposed to a stream of air. A bluff body is defined as a body
that, as a result of its geometry, has separated flow over a substantial part of its surface and
consequently an increased drag force.

Reynolds number is defined as:

\' 1.3

In the expression above U, represents the freestream velocity, v the kinematic viscosity of
the fluid and D the characteristic length of the body. In the case of the building examined
the lateral dimension (x direction) is considered as the characteristic one.
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Figure 1.1: Extended wake due to flow separation occurs in bluff bodies

Flow separation

Flow separation is a viscous phenomenon and refers to the detachment of the flow from
the solid boundary due to an adverse pressure gradient. The boundary layer thickens at the
separation point and the flow is reversed leading to the formation of vortices and eddies,
consequently the division of the flow field at an inviscid and viscid (recirculation) region
Figure 1.2.

In non-symmetrical bodies as the airfoil presented in Figure 1.1, the different velocities
that occur on the upper and lower side for the same x position correspond to the occurrence
of circulation around the body (I; # 0) and consequently a thin wake (shear surface with
concentrated vorticity) is emitted from the trailing edge of the body. Conversely, in
symmetrical bodies embedded in a zero-incidence flow, such as the sharp-edged prism
examined in this thesis, the flow field is symmetric and thus the potential flow solution leads
to a zero drag force. This potential approach opposed the experimental measurements on
bluff bodies, that denoted the presence of a high drag force acting on the body (D’ Alembert
Paradox).

The inability of the fluid particles to turn around the sharp edge leads to the emission
of a wake and is the explanation of the latter paradox. So, even in the inviscid approach,
which neglects the boundary layer, the separated flow needs to be modeled with a vortex
method. In the case of sharp edges, the separation point position and the emission velocity
of the near wake are known Figure 2.9.



Figure 1.2: Recirculation region and horseshoe vortex (3D)

Vortex shedding

A characteristic of the flow around a bluff body is the Karman vortex street phenomenon,

which is defined as a repeating pattern of swirling vortices caused by a process known as
vortex shedding. This oscillating flow pattern induces vibration on the body and in the

unwanted case of frequency synchronization there is a chance of structural collapse (Tacoma

Narrows Bridge, 1940).

The dimensionless Strouhal number characterizes the oscillation of the flow:

St—fD
=

An important observation is its independence from the viscosity of the fluid.
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The building (single bluff body) corresponds to the case of the two spheres placed in a very
small relative distance that lead to the formation of a single vortex street.

For low Reynolds numbers the shedding of the vortices is stable (symmetric) but as the Re
increases (around 120 for the case of the building), as stated in (1) “the steady configuration
becomes unstable, starting from the downstream end of the recirculating region, and a new
time-dependent equilibrium flow is reached, which is characterized by the regular alternate
shedding of vortices, with a definite frequency f, from the two sides of the body”

Effect of Turbulence

A turbulent flow sustains a smaller wake, since with the intense mixing that takes place
between the fluid particles an amount of kinetic energy is transferred to the region near the
surface and thus the reversion of the flow at the separation point is delayed.
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Figure 1.4: The dimples in a golf ball induce turbulence and a reduced drag force

The building, which is the point of interest in this thesis, is modelled by a rectangular
prism and in reality, is on the vicinity of the surface layer (10% of Atmospheric Boundary
Layer). In this region the turbulence intensity is high and increases as the ground level is
approached. The simplicity of the prism geometry contradicts the complex turbulent flow
characteristics that govern the problem. Thus, the turbulence prediction models used in the
CFD tools need to be verified by comparison with existing experimental data. In the section
bellow results from the bibliography will be presented in order to comprehend the basic
characteristics of the flow around a building.

The source of Figure 1.5, Figure 1.6 is the publication of (2) and the subject is the strong
dependence of the aerodynamic behavior of the bluff geometry on the Reynolds number
and the turbulence prediction model. The case of this research is a 2D rectangular shape
with an aspect ratio 5:1 and the ABL was not incorporated in the freestream. Thus, the
presence of strong turbulent characteristics in the wind-bluff body is independent from the
incorporation of the ABL.
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Figure 1.5: As the Re numbers increases (turbulent flow) the drag coefficient is reduced

C Mannini et al./ Computers & Fluids 39 (2010) 1609-1624

Figure 1.6: SAE model yields an almost steady flow field which contradicts the expected
oscillating vortex shedding phenomenon that is generated with the LEA model

As presented in Figure 1.7, the CFD and experimental results yield the same pressure
distribution on the rear plane and differ on the top plane due to the prediction model of
turbulence as depicted in Figure 1.6.
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Figure 1.7: The graph is obtained from the diploma thesis of (3)

Statement of the Problem

The method applied in this thesis for the simulation of the flow around a building (bluff body
of rectangular shape) is the meshless vortex method and thus no turbulence prediction
model will be included. The motivation is to obtain the pressure distribution over the body
and not the exact flow field. The essential characteristic of bluff body aerodynamics that
needs to be modelled with the EIF method for the desired outcome is the separation of the
flow from the rear trailing edge S (the separation from the side edges is not modeled). The
case of the building examined corresponds to a high Reynolds number flow. As stated above
(1) the instability that triggers the vortex shedding phenomenon is located at the
downstream end of the recirculation region R Figure 1.8. Therefore, the first step is to
achieve the recirculation zone formation with the vortex method and for time efficiency
reasons the system of solutions will be considered symmetrical (Symmetrical Solutions). The
right amount of vorticity shed on the near wake is the key point of the recirculation zone
formation (suction on the rear plane).

Figure 1.8: Stable formation of symmetric vortices at the first timesteps



Thesis Outline

e Chapter 2: The basic equivalent inviscid flow is presented in terms of the panel
method and the free vortex model.

e Chapter 3: Two different formulations based on the implementation of the Kutta
condition and the method of solution are presented along with the numerical details
of the problem.

e Chapter 4: The results of the formulations are analyzed and compared with CFD (3),
(4) and experimental simulations (5).

e Chapter 5: The most important observations of the method and proposals for future
investigation are presented.
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2. Equivalent Inviscid Flow (EIF)

The efficient panel method, usually characterized as inviscid, takes into account the shear
layer of the separation wake in order to approximate real flow. This approach is considered
as EIF since although the viscous terms are being neglected, the effects of viscosity that
affect the pressure field are combined with the potential flow (wake model, Kutta condition,
cut off length parameter etc.).

VORTEX THEORY

The wake region, which in the particular problem simulates the separation of the flow,
cannot be neglected and in order to construct a suitable model the basic vortex theory in EIF
needs to be examined.

Circulation is defined as the line integral around a closed curve C of the velocity field.

r=¢u-dl 21

Kelvin’s Circulation Theorem

According to this theorem the circulation I is materially conserved. The closed curve Cis
considered to lay on the surface of the body spanwise.

DI’
— =0 2.2
DT

At t=0 the circulation around the body Ig is zero. As the flow develops this value increases
and consequently with respect to Kelvin’s Theorem a vortex of equal strength Iz and
opposite sign needs to be emitted from the body, known as the starting vortex. Thus, by
analysing the material derivative the vorticity shed on the near wake at every timestep is
connected with the time rate of change of circulation around the body.

o_ _ dy 2.3
ot at 'w
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Helmholtz’s Theorems

The theorems presented below, describe the three-dimensional motion of fluid in the
vicinity of vortex filaments. These theorems apply to inviscid flows. In observations of
vortices in real fluids the strengths of the vortices always decay gradually due to the
dissipative effect of viscous forces.

1) The strength of a vortex tube does not vary with time.

2) Fluid elements lying on a vortex line at some instant continue to lie on that vortex
line. More simply, vortex lines move with the fluid. Also, vortex lines and tubes must
appear as a closed loop, extend to infinity or start/end at solid boundaries.

3) Fluid elements initially free of vorticity remain free of vorticity.

For the understanding of these theorems a brief description of vortex lines, vortex tubes and
vortex filaments needs to be made. The field lines that are parallel to the vorticity vector are
called vortex lines. The vortex lines passing through a closed curve in space form a vortex
tube. A vortex filament is defined as a vortex tube of infinitesimal cross-sectional area,
which leads to an infinite value for the vorticity. To overcome this singularity and for the
purpose of modeling it is convenient to define a vortex filament with a fixed circulation, zero
cross-sectional area, and infinite vorticity as a vortex filament with concentrated vorticity.
The strength of this element it is the fixed circulation specified through Stokes’s Theorem
2.4.

2.4
Figure 2.1: Vortex tube (6)
The Green’s divergence theorem states that the divergence of the curl of any vector is
identically zero. An application of the divergence theorem leads to
2.5

fw-nd8=f V:-odV=0
S v

12



In the equation above, R is considered the space enclosed in the surface S of the vortex tube
and vorticity q is defined as the curl of velocity. This yields to

2.6
fw-ndS= w-ndS+f w-ndS=0
S Sy S

2

The vector n is the outward normal with its direction shown in Figure 2.1. By defining n,
the normal vector being positive in the direction of the vorticity 2.5 leads to

fw-nUdS:f w - ny dS = const 2.7
S

1 SZ

The equation above is translated to the quantity of 2.6 being the same for any
cross-sectional surface of the tube at any timestep. A consequence of this proof is that
Kelvin’s and Helmholtz’'s theorems are equivalent.

Biot-Savart law

With its roots in electromagnetism, this law is broadly used in inviscid aerodynamics
problems in order to calculate the induced velocity field from a vorticity distribution. In the
general case, the induced velocity in an arbitrary point P from a vortex segment of strength T,
where r is the distance from the influencing point to point C and dl the length of the element,
is given by the following expression.

_ dlxr 2.8
uind—EW

Especially, when the vortex segment is a vortex filament, which is part of a closed vortex line
the induced velocity is written

e = I (ri1 + 1) (11 X rp)
nd = 4m (rirp)(riry + ry°13) 2.9
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Figure 2.2: The Biot-Savart law for a vortex filament (7)

Vortex Lattice Method (VLM)

In this dynamic method the wake is modeled as a free lattice consisting of interconnected
concentrated vorticity elements known as vortex rings Figure 2.3. These singularities are
represented by panels whose sides are vortex filaments forming a closed curve accordingly
to Helmholtz’s second theorem. The segment of each element is defined by two points
known as the Lagrangian markers and because the vorticity is a vector, let (A) be the head
and (B) the tail of the segment Figure 2.2. The vortex lattice is characterized as free, due to
the movement of the wake, which is based on the calculation of the induced velocity
(Biot-Savart law) at each node of the surface. This independent computation of the velocity
at the markers of each panel may lead, in case of numerical instabilities, in the unwanted
deformation of the element and consequently the lattice. By applying Kelvin’s theorem on
the body-near wake material system, the constant strength [,; of each near wake panelis
obtained and conserved over time (Helmholtz’s first theorem) and convicted to the far wake
based on the procedure described above.
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Figure 2.3: Vortex rings structuring the vortex lattice
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Vortex Particle Method (VPM)

The particle method for modelling the occurring vorticity in inviscid flows, is based on
representing the wake region with discrete elements (particles) instead of a continuous
surface (vortex lattice). The particles are modeled as point vortices; thus, the induced
velocity is calculated by the Biot-Savart law.

) 1 wp X (x —xp)

u X)) = — _—

@ 4m Z |x — xp|3 2.10
p

The tendency of a fluid particle to spin is described by the local strength of vorticity w. The
near wake is modelled as a vortex sheet and the vortex rings of the far wake region are
replaced by vortex particles, by concentrating the distributed vorticity to the material points.
Hence, it is possible to replace a set of vortex rings that cover a surface D of the wake region
with a single particle P 2.11 and achieve the reduction of the vortex element. The VPM is
applied in cases where the VLM leads to numerical instabilities, such as the roll up region of
the wake.

wp:f y(x,t) dD 211
D

PANEL METHOD

The Panel Method (PM) is the Boundary Elements Method (BEM) applied to fluid dynamics.
Especially in the field of aerodynamics, panel methods have been sufficiently developed for
routinely analysing even complex geometries. The core idea of this method is the
distribution of singularity elements on small quadrilateral portions, called panels, on the
surface of the body. The flow is generated by the superimposition of source, doublet and
vorticity singularity elements depending on the physics of each problem. The panel method
is applied in cases of the inviscid flow assumption under the assumption of the inviscid flow.
Consequently, important viscous flow behaviour such as separation cannot be predicted by
this method. The objective of this thesis, is to design a panel method formulation that
simulates the separation of the flow over the building and results to an approximated
solution, based on the assumption that separated flow regions can be represented by thin
vortex shear layers (8), (9), (10).
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Helmholtz decomposition

This theorem is known as the fundamental theorem of vector calculus and it states that any
vector field that is finite, continuous and continuously differentiable, can be resolved into
the sum of an irrotational (curl-free) vector field and a solenoidal (divergence-free) vector
field. In fluid mechanics the application of this theorem vyields to the following expression for
the velocity field.

Ux,t) =U,(x,t) + VO(x,t) + V XA 2.12

The irrotational velocity field derives from the divergence of the velocity potential and the
term V X A represents the induced velocity from the wake at a point x on the flow field D.

Potential flow

A potential flow is an ideal flow characterized as inviscid, irrotational and linear. The
condition that describes an irrotational flow field is @ = 0 for every fluid element of the field.
In such cases the disturbed velocity field can be obtained by the dot product of the potential
scalar field 2.10. For an incompressible and irrotational flow the continuity equation
transforms to the Laplace linear equation 2.11 .

u= Vo 2.13

V2 =0 2.14

Singularity Elements

The linear nature of Laplace equation allows the superimposition of basic solutions which in
the method analysed are the boundary element singularities. In many cases it is preferable
to distribute doublet elements which are scalar rather than vortex because surface vorticity
is a vector. Elliptic equations, such as the Laplace equation, have the property that the
presence of a basic solution at an influencing point Q(xq) is felt as a disturbance at any
arbitrary point P(xp) of the flow field, although the effect usually dies out rapidly with
distance, as presented in 2.15, 2.16.

The basic solutions which satisfy the Laplace equation are called unit point source and
doublet and their expressions are presented below:

Point source:
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©,%(xq) = — % 2.15

Point doublet:

1 —RXp, Xq)
u _ _
O e e = 2.16

Where R is the distance between the influenced point P and the influencing point Q and is
given by

2.17
R = J(xQ—xp)2+ Vo —ye)? + (2q — 28)?

A more general approach based on the superimposition of the basic solutions, which is used
to model aerodynamic problems, is Green’s third theorem:

2.18
P, = j [0Ks + 1K, ]dSq
S

In the expression of the velocity potential presented above, o, i stand for the strengths of
the point source and doublet unknown distributions accordingly and Ko, Ku for the
aerodynamic influence coefficients (AIC) of the elements. The surface S represents a surface
of discontinuity, which is discretized in panels of surface dSq. For cases of incompressible
flow, the panels that model the surface are usually flat. The strengths o and p of the source
and doublet elements respectively are known as density functions and are equal to jumps
(discontinuities) 2.19, 2.20 across the panels and are the unknown values of the problem. As
presented in Figure 2.4 the solid boundary Sg divides the problem in an external and an
internal. In the following equations the strengths y, o of the boundary elements are
presented.

w=—[@]] = —(@" - o) 2.19
B [[OCD]] B opt 0o~ 2.20
o= |anl T on on

Figure 2.4: The discontinuity surface Sg (6)
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undisturbed flow

ground (z=0)

Figure 2.5: The elements that generate the disturbed flow field are distributed along the
discontinuity surfaces Sg, S,

A functional form is assumed for o and W over each panel and boundary conditions are
imposed at the control point P of each panel depending on the nature of the problem. For
subsonic flows, as the one examined in this thesis, constant source and doublet distributions
are chosen for each panel, which is a low-order approach.

Wake Model

The wake can be defined as the flow region of vorticity downstream a body which consists of
the fluid particles that have been emitted from the edges of the body since the start of the
flow development. Conversely to the classic CFD methods presented previously where the
wake generation is a result of the solution, in panel methods (inviscid methods) a wake
model needs to be coupled with the potential flow in order to simulate the real problem.
The wake is modeled as a shear stress surface, since a discontinuity of the tangential velocity
occurs and it is characterized as a vortex sheet. Therefore, the design of the wake model is a
core step for the construction of a valid panel method formulation. In unsteady panel
methods, where the Lagrangian field specification is applied, the major factor that leads to
the increase of the computational time is the generation of the wake in every timestep. In
cases of aerodynamic problems where the wake pattern is known, such as the flow over a
wing or a blade, a prescribed wake representation can be used in order to solve a
steady-state problem which reduces significantly the computational time. For cases of a thin
wake, panel methods give valid results. On the contrary, for bluff body aerodynamic
problems, the viscous effect of the flow separation cannot be modelled sufficiently as a
vortex sheet. As stated before, the aim of this thesis is to obtain an approximated solution
for the real problem, so the results of the numerical method are expected to deviate from
the experimental.

The first step in constructing a model of a physical problem is to understand the
fundamental laws that describe its nature. The VORTEX THEORY and the available methods to
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model a surface of concentrated vorticity in EIF Vortex Particle Method (VPM) have been
analysed previously. In this section the modelling of the wake with singularity elements and
the coupling of the potential flow with the wake will be presented. The Kutta condition
corresponds to the incorporation of the viscosity effects on the trailing edge in EIF and is
essential for the unique solution of the problem.

Kutta Condition

In general, the trailing edge is defined as the finite corner of the body from which the wake
is emitted. For an incompressible flow, no normal stresses are acted on the wake surface,
hence at the trailing edge of the body the following condition is applied.

P+ =P o ”P”TE 2.21

In the case of inviscid flow around a sharp corner, the velocity tends to infinity. The Kutta
condition is a mathematical formulation which allows to incorporate the significant effect of
viscosity in the inviscid method and smoothens the abrupt change of velocity which opposes
the real flow behavior at that point. For the above statement to be valid the vorticity at the
trailing edge TE needs to be zero.

YTE = 0 2.22

potential flow
Kutta condition

="

,--"“f'

\

Figure 2.6: Unrealistic acceleration at the TE in potential flow

Based on the basic solution of a point vortex, the equivalence presented below emerges,
with the strength of the vortex element Iw= —Hoaw = [|P|lTE. In the 3D case examined in
this thesis, the vortex rings can be replaced by a constant-strength doublet distribution

along both directions of the panel.

19



M = const.

P — r,=u
. AN
o -/ X
X Xa

Figure 2.7: Equivalence between a constant-strength doublet panel and two-point
vortices at the edge of the panel (6)

The wake region has an effect on the whole flow field, including the region over the body.
The equivalence presented in Figure 2.7 makes possible the incorporation of the vortex field
(wake) in the potential expression 2.18. This coupling in the VLM method is achieved by
distributing doublet elements on the wake surface, with the vortex rings being replaced by
doublets of constant strength ., over the panel. For the case of incompressible flow, the
wake source distribution is set to zero and the final mathematical expression of the potential
on the body surface based on Green’s identity becomes (for n pointing on the outward
direction from the body). As it has been stated previously according to Kelvin’s Theorem the
circulation strength T, = ||®||,, of each vortex ring is preserved with time. Therefore,

the values of the doublets along the far wake region are known

d(x) = __fSB (X—S)-n(S) ds — ﬁf o(s) ——

[x—s|? IX SI

2.23
= I 1Pl () =252 s,

x—s|3

Alternative Formulations

The core step of engineering design is to construct mathematical formulations that respect
the physics and the requirements of each problem. Taking this fact into consideration,
alternative formulations can be structured depending on the characteristics of the flow
problem. The solution of the particular problem consists of a unique combination of sources
and doublets and a set of suitable conditions. The potential flow assumption cannot stand
alone in most aerodynamic problems, since a region of vorticity known as the wake is
generated from the flow of air over the body. The modelling of the wake is of major
importance and will be discussed in the next sub chapter.

The condition that imposes the normal component of the velocity at the solid boundary to
be zero is valid in every case, since the fluid cannot penetrate the body. The velocity
expression on the body is obtained by differentiating the velocity potential analytically or
numerically 2.18 .
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U:n=0 2.24

In the equation bellow, U represents the velocity flow field, U, the freestream velocity and
u the disturbance due to the presence of the body in the field

U=U, +u 2.25
Direct formulation

In bodies of substantial thickness which produce a wake, such as the building structure
examined, neither the source nor the doublet distribution can be neglected. A popular
approach (Morino & Kuo 1974) for the boundary conditions imposed is to set the
perturbation potential to zero on the interior side of the panels, since the internal problem
is of no interest, which leads to the direct formulation. The Dirichlet boundary condition is
verified 2.26 and both the distributions of doublets and source elements are maintained on
the boundary. The intensities of the boundary elements are presented in the following
equations:

ux = —llPlx) = —d*(x), x €5 2.26

AP apt 2.27
ox) == ||| ®) = 53— ®), x €5

The Neumann boundary condition 2.28 is applied in order to replace the source distribution
as presented in 2.29. Thus, the unknown strengths are limited to the doublet distribution
which is equal to the potential ® over each panel. The formulation is called direct since the
unknown potential can be obtained directly by 2.18 or in other words there is a direct
correlation between the potential and the density functions 2.26,2.27.

(Up+u)'n=0 2.28

c=u-n=-Ug'n 2.29

Indirect formulation

Source element formulation (Hess and Smith 1962)

The velocity field induced by a point source consists only of a radial component. The absence
of a tangential component corresponds to an irrotational flow, which is produced in cases of
symmetrical (non-lifting) bodies that do not cause the separation of the flow.

pH=0 - ot = o~ 2.30

The Dirichlet boundary condition 2.30 eliminates the unknown strengths of the problem to
the source distribution so in combination with 2.28 and applied for every panel of the body
the solution is obtained.
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Doublet element formulation (Johnson and Rubbert 1975)

In the case of a thin blade where the aerodynamic body is modelled as a lifting surface the
source distribution on the body is set to zero:

c=20 231

The doublet distribution on the body corresponds to a vorticity distribution on the surface
2.32, which leads to the occurrence of circulation at the trailing edge of the body 2.33. In the
set of equations below y(x) stands for the surface vorticity.

y(x) =Vux) X n(x) 2.32
F(xtg) = — utp) = [Pl g 2.33

In this case a Neumann boundary condition 2.28 is imposed and the solution is calculated in
a similar way with the Hess source formulation presented above, with the doublet strengths
being the unknown of the problem.

Separation Conditions

Bernoulli Energy Equation

The Bernoulli equation is applied between the upper and lower side of the trailing edge and
stands for the conservation of energy across the line which connects the two application
points. When separation of the flow occurs and a recirculation area (bubble) forms attached
to the body, the flow is divided in an inviscid and in a viscid area and the distinction surface
is the wake. In the latter case, the energy is not conserved across the line and the transition
from the inviscid to the recirculation zone requires an additional term at the Bernoulli
equation which represents the residual of energy Dh (loss of mechanical energy along the
transition from the inviscid to the viscous region) (11). The unsteady form of the equation is
presented below.

0¢p Up? Py Jd¢p Ug? Py
= —+ Dh
% 2 o T T2 LT 2.34
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near wake

inviscid region

inflow

=

recirculation zone

Figure 2.8: Separation of the flow field in two discrete zones, inviscid and recirculation
(viscous) region

Stagnation condition

As presented in Figure 2.9 in the case of no separation of the flow at the trailing edge, the s
local vector is forced to 90 degrees change of direction. This is inconsistent with the physics
of the viscid fluid because it would lead to an infinite velocity around the corner. Thus, the s
component of the velocity is stagnated at the downstream panel (10), (12).

U -s=0 2.35

Figure 2.9: Emission of the near wake parallel to the upstream panel
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3. Numerical Solution

The theory presented in the previous Chapter is the basis for the analysis that follows, but
for a valid solution to be obtained the design of a mathematical model (formulation) custom
made for the particular case is essential. This process consists of the discretization of the
geometry and equations, the construction of a linear algebraic system and an analysis for
the numerical parameters (timestep dt, vortex core radius, etc). The combination of the
above steps with an appropriate numerical analysis method yields to the solution of the
problem. The fluid flow to be examined is three-dimensional, unsteady, incompressible and
assumed inviscid, thus the panel method is applied for the solution.

Ground effect

The ground effect is modelled with the simple mirror-image method by placing a
symmetrical about the x axis virtual body. This method is based on the fact that the
perpendicular line passing through the midpoint of the segment that connects two
symmetrical point vortices is a streamline of the flow field. The imposition of the boundary
condition 2.24 on the surface of the ground yields only tangential velocities at the z=0 plane,
thus the equivalence presented in Figure 3.1 is proven.

viorbex
vortex

ﬁ streamline (z = )

ground

O

virtual vortex

Figure 3.1: Mirror-image ground model
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System of equations

As stated previously the crucial step in the simulation of a problem is to design an accurate
mathematical model that corresponds to the physics. The model is based on the Direct
formulation, the assumption of constant doublet distributions along each panel and the
simulation of the flow separation (wake region) with the Vortex Lattice Method (VLM).

Figure 3.2: Constant distributions along the panels — trailing edge (lllustration)

Green'’s identity for the potential calculation on a point P x € Sy (Direct formulation):

O = 1= [, D) TED ds - - [, (-U

3.1
s 1@l () 5252 ds,,

The far wake region affects the potential ®(x) and in order to obtain its desired topology,
at the end of every timestep the surface is moved by the calculation of the induced velocity
(Biot-Savart law) at each node of the vortex lattice. The circulation of this region is known,
since it has been calculated in a previous timestep t, (Kelvin’s Circulation Theorem).

”q)”w1t ”q)”w1tn 3.2

t, corresponds to the timestep when the particular vortex ring was emitted from the
trailing edge of the body (near wake).

Consequently, the degrees of freedom at every timestep are limited to the distribution of @
along the body and ||®[|,, along the near wake panels and the construction of the
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algebraic system is held in two alternative formulations (different implementation of Kutta
Condition).

The nature of the mathematical model has to coincide with the numerical approach, so the
system of equations is structured as a linear system.

Ax =B 3.3

The Aerodynamic Influence Coefficients (AIC) are the elements of the square matrix A of
NxN dimensions, x is the unknown vector of N degrees of freedom and B is the known part
of the system and a matrix of Nx1 dimension. In order to reduce the DOFs of the system, the
assumption of equal solutions for the symmetrical panels of the body and the wake is made.
As presented in Figure 3.6 every panel ip has its symmetrical sym(ip) and the new numerical
system with N’= N/2 degrees of freedom is a result of superimposing the AIC of the
symmetrical panels

A(,) =AG ) + A(i,sym()) fori,j =1, NPANB 3.4

Formulation 1

This formulation is based on the classic implementation of the Kutta Condition in panel
codes that include a thin wake model.

YrE=0 = —py = —prg = [Py = &* — &~ 3.5

Thus, the near wake unknown circulation ||®||,, is defined by the potential distribution on
the vicinity of the trailing edge Figure 3.2 and is not considered a degree of freedom for the
algebraic system.

The Aerodynamic Influence Coefficients (AIC) of the doublet and source strengths are
respectively

_ 1r-n@ 3.6
Au(x' s) = 41 |r|3
11

As(X,8) = - 37

In the coefficients presented above x represents the coordinates of the control point on the
panel of the body (influenced point) , s the coordinates of the influencing point (doublet,
source surface elements)and r = x—s.
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The discretized form of the no penetration condition applied at the i =1,..,NPANB collocation
points of the body :

NPANB NPANB

1 1
I ]:ZI d(j) *Au(i,j) ~ I Z —Us () -nG) * Ag(i,j)

j=1

@ (i)

1 PAN(nwake)
+ e Z [Cb(ipanup(jw)) — Cb(ipandn(jw)) 1* A, G jw) 3.8

jw=1

PAN(fwake)

1 N
tom D 0l s A

jw=1

The elements of the matrices A’y , B’y of the linear algebraic system 3.3:

1 L :
5 , j=1 singularity

A'N(G,j) = -A,(1,j)) —Au(G,jw) , jupstream panel

—A,(G,j) +Au(G,jw) , jdownstream panel

1 NPANB 1 PAN(fwake)
By@) = —2= D “Ua® nMAGD + = D [Pl AuGiw)
=1 jw=1

The influence coefficient of the near wake term is embodied in the A'y(i,j) term of the
panels that are upstream and downstream the trailing edge as presented in the figure
bellow.
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i = NPANW

ipanup(i)

ipandn(i)

Figure 3.3: interrelation of upstream — downstream panels with the near wake

Formulation 2

The motivation of constructing an alternative formulation is to consider the near wake
circulation ||®||,, as an independent degree of freedom. The pressure implementation of
Kutta Condition is used and thus the nonlinear Bernoulli Energy Equation needs to be added
to the system. The residual of energy Dh presented in 2.34 cannot be neglected in the case
examined in this thesis which is characterized by flow separation.

P+ =P o ”P”TE 3.9

The unknown distributions of this formulation are the potential @ along the body, and the
||®|l,y and Dh along the panels of the near wake. Therefore, the auxiliary stagnation
condition presented in Separation Conditions is incorporated in order to achieve a
well-defined algebraic system.

The equations applied in the formulation need to be linear, in order to compose an

efficiently solvable numerical system. The term U*? in the Bernoulli equation introduces a
non-linearity in the system that needs to be handled. The expanded expression of the
non-linear term yields

U+2 — Us+2 + Ut+2 _ (Uoos+ + u5+ )2 n (Umt_,_ n llt+ )2 _
= (UOOS +2 + 2U g +us+ + ugt? ) + (Uoot+2 n 2Uoot+ut+ + ut? ) _ 3.10

= (UOOS 2y 2Uqs Tugt + ugotugt ) + (Uoot‘L2 42U Tuet +ugptut ) =

2 2
= st (2Uos "+ uget) + wt (2Uoh" + ™) + (Uoos T+ Ut 77)
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The expression above is incorporated in the Bernoulli equation and the numerical analysis
method chosen for the convergence of the linearized system is the fixed-point iteration:

u“= up-u 3.11
The velocity is initialized uy = 0 and for the next iterations ug! = u'~t .
The convergence criterion is :
Up=1u < Yypor X'—X")2=0

NDOF represents the number of degrees of freedom X and i the convergence
iterations in the pseudo-time.

In a similar manner, the non-linear velocity term U~? of the first spanwise row of panels
downstream the trailing edge is analyzed. The velocity needs to be expressed through the
unknown strength of the potential in order to construct the desired linear system.

The linearized form 3.10 of the above equation yields the coefficients presented below of
the algebraic system. The discretized form of the no penetration condition is presented in
Formulation 2.

For i = NPANB 4+ NPANW,NDOF (line of the matrix)

(G*(i)+G‘(i))*ﬁAUu , j €[1,NPANB]
Ag(i.) = (G*M+G ®)*--Ay, + o, j=ipanup(i)
(G*@) +G () *--Ayy — = , j=ipandn(i)

—1 , j > NPANB + NPANW

o) (ip)t—Dt_ cb(id)t—Dt

B’B (l ) == D + Dt
NPANB nfarwake
4o 1 . ~ Tipj .
G x| —Ux () - n(j) 3~ |®]lw (W) Ay,
b =1 |rip.j | jw=1
NPANB nfarwake
1 . ~ Tidj .
+G7 (1) * el —Uw () -n() 7 — P |lw(Gw)Ay,
j=1 |rid.1'| jw=1
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ip = ipanup(i)

id = ipandn(i)

AUu _ dl x ripiw
|Tip ]

Cs = 2Uqs + ugg

Ci = 2Uq¢ + uyg

D(i) = 5 (— Usos 2(iP) = Uoor 2(ip) + Usos 2(id) + Uor *(id))

1
G* (i) = — ~(s(ip) * Cs(ip) + t(ip) * Cc(ip))

G () =+ %(s(id) * Cs(id) + t(id) * C(id))

I''m = X] — Xy, , linfluenced and m influencing point

Table 3.1

The discretized form of the separation condition yields the coefficients of the algebraic
system ( id = ipandn(ik) )

For i = NPANB+ 1,NPANB + 1 + NPANW (line of the matrix)

1

—s(id)- ~Ay, , j €[1,NPANB]
AG,j) = s(id) 'ﬁAUu , j € [NPANB + 1, NPANB + 1 NPANW]
0 , j € (NPANB + NPANW, NDOF]
P — . . 1 . . id,j
Bs() = ~Useo™(id) + (id) - - EPPP U () n () (= 145
1d,)

+ Xy el @llwAy,)

The two formulations are presented briefly in the table below:

Formulation 1 Formulation 2
NDOF NPANB NPANB + 2*NPANW
Unknown | @y,,4,(NPANB) ®y,54,(NPANB) || @l (NPANW) | Dh(NPANW)

Table 3.2: Methods of solution
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Geometry

The specification of the global coordinate system G (x, y, z) is the first step when inputting
the body geometry in the aerodynamic problem.

T axis

main body

imflow

. f______,-"'*? ¥ axis

cover -
-P-.--

T x axis

Figure 3.4: Input geometry — global coordinate system

In panel methods, the computational mesh is designed by discretising the body surface in
panels. The building structure examined in this thesis is a case of simple geometry
assembled by straight surfaces (planes), hence the panels are modelled as quadrilateral
rectangular elements. A local coordinate system L (s, t, n) lies on each panel. As will be
presented below the restriction that needs to be respected is the normal vector n to point
outward the panel surface. The discretisation of the geometry affects the degrees of
freedom of the system.

The geometry of the real body Figure 3.4 is an assembly of the main body and the covers
(symmetrical about xz plane). The main body is discretized by placing strips of panels at the
spanwise direction, that is considered the y axis and the covers consist of strips of panels at
the z direction. Each panel and its local system are defined by the nodes that form it. Thus,
the count of the nodes has to be taken in careful consideration when structuring the input
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geometry. The computational tool developed in this thesis, generates the virtual body
geometry, with respect to the rule mentioned previously for the local system of each panel.
The geometry immersed in the flow for the simulation of the problem is presented in Figure
3.5 as an assembly of the different parts described above.

Parameter Description
NFETES nodes of main body at the y direction
NODEPF nodes of main body for a constant y coordinate
NFETEC nodes of cover for constant x coordinate
NODEPC nodes of cover for constant z coordinate
NODET Total nodes of the body
NPANB Panels of the body

Table 3.3: Basic parameters of input geometry
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Figure 3.5:Body geometry, local systems at the discrete parts of the assembly, node counters

The normal component n of the local system is obtained by the right-hand rule and it is not
illustrated in Figure 3.5 for simplicity reasons. The surface is considered parametric S (s; , t;)
with the incorporation of the local system in the problem.

The global coordinates X (I, n) (I = 1,2,3 three-dimensional global system, n=1,.., NODET) of
the real body nodes are imported as input in the code. The next step is to structure the
counting of the nodes of the geometry (main body, covers, virtual body) in a way that leads
to the desired local systems for each panel. The count (TE) of the local system nodes for
each panel derives from the count of the global nodes (n) that form the panel
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TE(kip) =n, k=1,..,4, ip=12,..,NPAN, n=12,.. NODET 3.12

The geometric characteristics of each panel are essential for calculating the coefficients in
the system of equations (Green’s identity). Thus, each panel needs to be numbered for the
formation of a data structure in the code and the control point coordinates, coordinates of
the edges, surface area etc. are the variables of the structure.

The wake is gradually generated in time, as the flow develops and is considered as a vortex
sheet (VLM), divided in the near and the far wake regions. The near wake is emitted in every
time step from the trailing edges of the body. As stated before, the aim of this thesis is to
research the characteristics of the flow around a bluff body and set the basis for an
approximative formulation, so the exact flow pattern is not desired. Thus, for time efficiency
reasons the simple case of wake emission from the rear edge is modelled, as presented in
Figure 3.6. The near wake panels are formed by the extension lines of the body at the
spanwise direction (y axis) and their length Al,, is defined by the numerical parameters dt
and u,,, thatwill be analyzed in Numerical Parameters. A general rule for this length is to
have the same order of magnitude with the panels of the body at the vicinity of the trailing
edge.

Al rw = NFETES
-a,d'*"“"c ,‘__.-"" _'__'_,-""_— _,.-”‘—'F ______.-"" _/—"' ’___'__.-‘-
/ _— /
. | e = 3"MFETES + 1 =1
inflow //r-/

//// | Fw = MFETES +1
. _:,//i / /
symi{ip) / / i /

mar = F"NFETES

near wake
far wake

Figure 3.6: Wake discretization (VLM) & symmetrical panels

The count of the nodes defines the local coordinate system of the wake panels, as presented
in the illustration figure above. Conversely to the body discretization that is constant in time,
the wake nodes are moved at the end of each times step (free wake model) based on the
Biot-Savart law. Hence, a free wake pattern is obtained. In the vortex particle method, the
near wake and even a region of the far wake is modelled as a lattice.
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Numerical Parameters

The emission velocity of the near wake from the trailing edge is uy,, and its direction is
parallel to the upstream panel as presented in Figure 2.9. A general expression for this
velocity is

ut + u-
Unw = 2 3.13

The length of the wake panel is essential for the calculation of the near wake AIC and is
given by

dly, = upydt 3.14

Thus, u,,, has to be specified before the numerical solution of the matrix and is considered
a numerical parameter of the problem. A valid assumption is

= Uy 3.15

The timestep dt and the freestream velocity U, are input parameters for the solution of
the problem. An empirical rule for the selection of the timestep is the length of the near
wake to be the same order of magnitude with the panels of the body near the trailing edge.

Cut off-length

k(r)

rfE
Figure 3.7: Mollifier function and cut-off length € (vortex core radius)
I
Jew =1- e 10

The calculation of the velocity (Biot-Savart law) in an arbitrary point P of the flow field
induced by a vortex element j (surface doublet) when the relative distance r — 0 leads to
a singularity. A mollifier function Jery Figure 3.7 is multiplied with the induced velocity in
order to overcome the singularities that occur. In that way the velocities induced in points
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close to the vortex core are normalized. In reality, the viscosity maintains the fluid particles
consistent and moderates the strong effect of vorticity. The challenge in bluff body
aerodynamic problems (thick wake) solved with inviscid methods is to find the right
combination of numerical parameters that simulate the strong viscosity effects that
characterise the extended separation zone.

Velocity Calculation

The analytical and numerical (Gauss Theorem) expression for the derivative of the velocity
potential (constant @ distributions - V& = 0 along each panel dS) are presented in 3.17,
3.18 respectively.

3.17

1 dl - -
uw = = fre Ty fo((x Dyis

u(x) = [, ®(s) - nds 3.18

Dimensionless Pressure Coefficient Cp

The pressure coefficient Cp is a dimensionless number that characterizes the flow and is
essential in order to compare the results of similar aerodynamic problems with different
parameters (aspect ratio, U, dt, €). The Cp number is used for the validation of a
formulation when compared with results from experiments or alternative formulations.

P— Pw 3.19
2P

Cp =

The relative pressure p — po, ata point C of the flow field is calculated by applying the
Bernoulli energy equation. As stated in Bernoulli Energy Equation, this equation represents
the conservation of energy along a line that connects C with a point far from the flow field.
In cases when point C lies in the viscid region and consequently the line intersects the wake
surface, that divides the flow field in two zones (inviscid — recirculation) Figure 2.8, the
residual of energy term Dh needs to be considered in the calculation of C,,.

0®.  pc, UF 0P | Poo , Uoo” 3.20

ot p 2 - ot p 2

00

. . . . Do .
The region far from the flow field remains undisturbed so the unsteady term . lssetto

zero. The discretized form of the above equation for a timestep and for i indicating a point
in the flow.

m-—pw=:p<————-¥—— ——:—4—————-th“0>, j=12,..,NPANW 37

d
Xi € Sinviscid Dhj(1 V=0
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4. Results

The aim of this thesis is to investigate the validity of panel method algorithms for the
approximative solution of bluff body aerodynamic problems. From the results presented in
this section, the characteristics of the flow around bluff geometries are analyzed and the
assumptions made are evaluated. The validation of the results is held through comparison
with experimental data and CFD (viscid) methods.

The external flow conditions and the dimensions of the building model examined will be the
same with existing experiments (Model 2) in order to compare the results and validate the
accuracy of the direct formulation. The atmospheric boundary layer is characterized by the
unsteady stochastic phenomenon of turbulence and a transverse gradient of the horizontal
velocity component u at the z direction that represents the viscosity effects near the solid
ground and satisfies the no slip boundary condition

This formulation is an approximate method and turbulence modelling will not be included.
The distribution of the boundary elements at the surface of the model, eliminates
significantly the DOFs of the problem. The mesh consists only of the discretized model in
contradiction to the classic Navier- Stokes method where the mesh consists of the body and
a space that surrounds it which extends at a distance approximately 10H from the body. The
fundamental difference of the two methods is the specification of the flow field (Lagrangian
vs Euler).

In the validation stage, the distribution of U, (z) will be chosen to be constant in order to
neglect the atmospheric boundary layer. As will be shown below, because of the extended
thickness of the ABL compared to the height of the building, this assumption is not a valid
simulation of the physical problem. Thus, a distribution of U, (z) that corresponds to
experimental data will be chosen as input to the problem.

As presented in Alternative Formulations two alternative methods are examined in this
thesis based on the direct formulation (Morino & Kuo). The results of parametric analysis
(cut off length, aspect ratio, dt) will be presented in this section.

The distributions of the flow characteristics (Cp, U) along the body presented below refer to
the central path of the body and Modell.

Modell
D(m) — x direction 0.125
H(m) — z direction 0.100
B(m) — vy direction 0.150
Uy (m/s) 4.5
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Figure 4.1: Central path y=0 (13)

Grid Independence

The optimum density of the mesh combines grid independence and the minimum number of
nodes in order to achieve reduction of the computational cost and accuracy of the solution.
A general rule in computational mechanics is to increase the density of the grid in regions of
high gradients. A characteristic of this rectangular shape that needs to be taken into account
is the behaviour of the inviscid flow around the sharp-edge which tends to an infinite
velocity in this region. Based on the above fact, grid independence cannot be achieved so at
first a uniform grid is used in an ideal (potential) steady flow simulation without a wake
model.

In the grid independence simulations, Formulation 1 is applied to the solution of the flow.
Formulation 2, cannot correspond to the steady potential flow problem since it is based on
the physics of bluff body aerodynamics which is characterized by the unsteady separation
phenomenon (wake model cannot be neglected).
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Figure 4.2: Grid Independence at the steady state — potential flow

350

300 -

250 x

200 =

150 ~

100 ~

Computational Time (s)

50 -

0 T T T
500 1000 1500 2000 2500

NDOF

Figure 4.3: Exponential increase of the computational time (1 dt) depending on the DOF’s

The panels of the body in the simulations presented in this chapter and for Modell are
NPANB = 1484.
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Symmetrical Solutions

The main interest of this thesis is the specification of the flow pattern of the unsteady
problem and an approximative solution is desired. Thus, the structure of a numerical system
with reduced DOF'’s is essential. The assumption of the symmetrical solutions 3.4 is valid
(before the instabilities of the wake occur) (Vortex shedding) as presented in the figures
bellow. By using the equivalent symmetrical system for the solution, the DOF’s are reduced
to the half leading to a significant reduction of the computational time Figure 4.3. The vortex
shedding phenomenon (non-symmetric solution) develops after the roll up of the wake.

40 dt

1 preeormmieg, — ' ' NDOF
0.8 | * | 2NDOF

0.6 - . I

0.2 - FH e AR

Pressure Coefficient Cp
#*

-0.4 # i
-0.6 - i

'0.8 T £ T T
0 0.2 0.4 0.6 0.8 1

Dimensionless Length

Figure 4.4: Formulation 2

Separation characteristics (Form1)

In Figure 4.5 the expected stagnation of the velocity at the panel (y=0) downstream the
trailing edge occurs for a simulation of 30 dt. At the central panel the symmetrical flow has
2D characteristics and thus the velocity at the t direction(crossflow) is zero. The unsteady
nature of the problem and the generation of the wake at every time step makes the
observation of the flow development from t = 0 s until the steady state essential.
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As presented in the Cp distribution above, the incorporation of the residual of energy Dh

Velocity (m/s)

Pressure Coefficient Cp

Uine = 4.5 m/s

5dt ——
10dt — L
20dt ——
30dt ——

-
T T T T

0 0.2 0.4 0.6 0.8 1

Dimensionless Length

Figure 4.5: Stagnation downstream occurs as the flow develops
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Figure 4.6: Effect of energy residual Dh on Cp (20 dt)

(3.20) at the viscid region, is consistent with the Kutta Condition for the incompressible fluid

at the TE.
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Comparison of formulations

Formulation 2 imposes the stagnation on the first row of panels downstream the trailing

edge and the vorticity shed on the wake ||®||,, is considered unknown for the solution of

the system. The two formulations yield to similar results after the stagnation at the

downstream row of panels (Figure 4.5).
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Figure 4.8: Comparison of formulations with CFD (3) and experimental simulations (5)
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Cut off length analysis

The vortex core radius € (cut off length) is a parameter that determines the effect of vorticity
induced a vortex segment. In Figure 3.7, the smoothing rate of the induced velocity at a

point, which is at distance r from the vortex segment, is presented depending on the E .

The results of the cut off length analysis confirm the importance of this parameter for the
wake pattern and the flow field at the viscid region.

Formulation 2

dl,,/dx 1

Uy, = Ujpf (m/s) 5
dt= dl,/uy (s) 0.0014

Timesteps 50

Table 4.1: Conditions of cut off length analysis simulation

eps,, = 0.5dl,

z(m)

Figure 4.9
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Figure 4.10
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epsy, = 2dly,

z(m)

-0.1 0 01 0.2 03 04 05
x{(m)

Figure 4.11

The wake pattern that corresponds to € = 0.5 dl,, is inconsistent with the real physics
problem, as the wake surface has no continuity which is contrary to the presence of viscosity.
Even if the method is inviscid, the physical norms cannot be contradicted. Thus, a smaller
effect of the vorticity induced by the doublet elements that model the wake surface needs
to be chosen. The expected wake pattern (separation bubble) is illustrated in Figure 2.8. In
Figure 4.11, the effect of vorticity € = 2dl,, is underestimated and the solution declines
from the real problem. In order to obtain the effect of the wake on the flow field, the
Biot-Savart law is applied for the calculation of the velocities. The velocity profiles for y=0
are presented below for three positions downstream the body (x=0.01, x=0.05, x=0.1) and
compared with the potential flow results. The different effect of wake vorticity is addressed

through parameter d = dli .
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Flow Field

Figure 4.15: Wake topology at 30 timesteps

The calculated velocity distribution along the z direction (Biot-Savart law) is compared with
the potential flow and CFD (4) results at the same position. The results are compared only in
the vicinity of the near wake, since the desired recirculation region has not been generated
(simulations of more than 30 timesteps have been held).

The VPM method at the height of the building Z=0.125 yields a similar result with the CFD
simulation and the desired cancelation of the potential acceleration is achieved.

0.18 | | J
0.15
0.12
0.09

Z(m)

0.06 - potential ——
VPM —=— |

0.03
CFD ——
0 I I i I I I

-1 0 1 2 3 4 5 6
Ux (m/s)

Figure 4.16: Downstream velocity distribution at the vicinity of the near wake (x=0.1D, y=0)
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Incorporation of ABL (Atmospheric Boundary Layer)

Free atmosphere

~2000m e e Gr E‘j.F!‘_‘f‘?E"l _________
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£ Ekman I
E layer
=2 e Planetary
7]
T boundary

layer
1

Figure 4.17: At the height of buildings a strong transverse gradient of Uy occurs

As presented in the illustration above, the freestream velocity is not constant along the
height of the body. Despite the fact that the turbulence and viscosity terms of the ABL are

not part of the inviscid method, a velocity profile Uy (z) will be incorporated as input for
the code for a better approach of the real problem.

Model2
D(m) — x direction 0.110
H(m) — z direction 0.110
B(m) —y direction 0.110

Table 4.2: Uwake = 3.5 m/s

For the validation of the ABL simulation, the results are compared to CFD (3) and
experimental (5) simulations. Thus, the input vertical velocity distribution corresponds to the

ABL profile used in the latter cases and is estimated by the log wind profile that
characterizes the surface layer.

u * Z
Uoox(Z) = ?ln(z_) a1
o .
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Parameter Description Low shear High shear
(case 4a) (case 4b)
Zo(mm) surface roughness 0.05 0.7
u*(m/s) friction velocity 0.19 0.27
K Von Kaarman constant 0.41 0.41

Table 4.3: Log wind profile parameters
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Figure 4.18: Input U, = U,x(z) and near wake emission u,,, = U,x(z = H)
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Figure 4.21: high shear, steady state 30 dt, y=0

As presented in the figures above, the incorporation of a U, x(z) in the code does not
affect the pressure distribution significantly, since the viscous and turbulent terms that
characterize the ABL are neglected in the inviscid method. Despite the later fact, an
improvement of the method is achieved as the stagnation point in the front plane is shifted
from the ground (z=0) to point A, which occurs in the real flow around a building.

Miscalculation of velocities

The pattern of the Cp distribution is similar with the experimental data and the results
of the CFD simulation (Figure 4.8), but the deviation is significant even for an approximative
method. Thus, in order to identify the root of the deviation and to obtain a valid solution, if
possible, the assumptions of the method need to be investigated. As presented in Figure 3.2,
a constant distribution of the surface elements (o, 1) along the panels is chosen. The doublet
elements are placed in the surface of the body for the generation of vorticity. Therefore, the
potential flow case can be modelled by adjusting only source distributions at the boundary
Sg. This formulation is consistent with the symmetrical geometry of the bluff body. In reality,
despite the symmetrical geometry, circulation occurs due to flow separation at the edges of
the body (D ‘Alembert Paradox).
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Figure 4.22: Miscalculation of velocity due to the doublet constant distributions

It is obvious that the discontinuities on the nodes of the body that occur due to the constant
distribution assumption are inconsistent with the physics of the problem due to the
neglection of the surface vorticity on the calculation of velocity. The correct velocity
calculation can be achieved by a linear interpolation of the constant potential distribution
(direct approach pg = —®) at the body nodes after the algebraic system is solved
(Neumann boundary condition U-n = 0 at collocation points) at each timestep.
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5. Conclusions

The most important observations from the method developed are listed bellow

Stagnation point at the front plane shifts from ground to A and reversed flow
upstream occurs with the incorporation of ABLas a U,x(z) distribution. Figure
4.21

Desired constant pressure distribution at rear plane (Separated flow region) Figure
4.20

Improvement of the potential flow Figure 4.16,Figure 4.20.

An interpolation of the potential from the collocation points to the surface nodes is
essential for the correct calculation of the velocity Figure 4.22

From the results of the CFD simulation it seems that the separation that affects
significantly the pressure field upstream is from the rear edge (wake model). In
reality the flow separates from the front and side edges due to the sharp corner but
the presence of a solid surface aligned with the free stream leads to a reattachment
of the flow. Despite the recirculation that occurs in these surfaces, because of its
limited area its behavior is similar to an attached boundary layer as far as the Cp
distribution is concerned. This is the reason the Cp distributions are similar even if
no wake is emitted from the front and side edges at the simulation of the code
developed in this thesis. Of course, the strong turbulence that occurs in these
regions, which is neglected in the inviscid method, yields a different Cp pattern as
presented in the experimental results in Figure 4.8.

As presented in Figure 4.20 although the Cp pattern is the same with the results from
the CFD simulation, the distribution is shifted and the desired suction at the rear plane is
not obtained. This observation combined with the fact that the expected recirculation
region (bubble downstream) could not be generated leads to the assumption that the
deviation from the expected results is probably due to the miscalculation of the
circulation shed on the wake. It is important to note that expected stagnation at the first
row of panels downstream the trailing edge occurs with Formulation1 (Figure 4.5 ).

Recommended cases for future investigation

The interpolation of the potential from the collocation points of the body (Neumann
boundary condition) at the nodes is an essential issue to be resolved for an accurate
calculation of the velocity. The stagnation condition presented in Formulation 2 can
be used in order to define the potential of the downstream node ®~.

— 1
P = E(cbipdn - cDipdn+1)

The region of the vortex lattice that represents the far wake can be converted to
vortex particles. In cases of wake roll up (strong vorticity) the lattice may be
deformed and thus numerical instabilities occur. The modelling of the far wake area
with particles is preferable for simulating a turbulent flow. An important advantage
of this conversion, is the reduction of the computational cost since the point vortices
can be merged into groups.
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e Rearrangement of the domain. The definition of the problem can be made based on
the flow separation and the division of the flow field in an inviscid and viscid region
Figure 5.1.

undisturbed flow

ground (z=0)

Figure 5.1: Rearrangement of the domain

b} b osw

Sa
ground z=0

Figure 5.2: Different element distribution in Sa, Sb, Sw depending on the physics of the
region
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Ektevnc eMnVikn mepiAndn
EISATQrH

H aepoduvapikn peAETn KTiplwy elval XpAOLLLN YLO TOV UTTOAOYLOMO TNG KOTAVO NG
Tiieong emi TN emLdAVELAG TOUG KOL CUVETIWGE TwV aokoUupevwy doptiwv (avtoxn,Sieioduon
agpa..). Emiong elvat anapaitntn oe eninedo mOANG yla AOyoug AVeoNG KL yLoL EKTILNON TWV
peVUATWY o€ UPNAOUC avEUOUG. KaTA TNV KATAOKEUH KTLPIWV LEYAAWY SLOOTACEWV Elval
anapaitntog o UTTOAOYLOUOC TG eMidpacng Tou vortex shedding, kaBwg To dpatvopevo
propel va 08nynoeL To KTiPLO 08 GUVTOVIOUO KO O€ QKPOLEG MEPLTTWOELG aotoyia. TEAOG, N
TiPOoopoiwan TNG Pong YUpw amo Ktiplo xpelaletol o€ TpoPARUATA OTIOU UTTAPXEL
oAANAeTibpacn Spopéa e TNV KATAOKEDUN, OTWG Tt EALKOTITEPO TIOU €KTEAEL XOUNAN TTTAON.
Jtnv teheutala mepimTwon, ou sivalt n e€etalopevn TNG SUTAWMIOTLKAC, APKEL pLa
TPOOEYYLOTLKA AUon TG pong, SnAadn va mpokV et Stakpitr {wvn omokOAANGNC yLla Tov
UTTOAOYLOUO TWV A0KOU LEVWV TILEGEWV Kal OXL TO aKpLBEC tedio pong.

To Ktiplo povreAomoleital pe owpa KUPBLKAC YEWUETPLAC TTou Bewpeltal pn
agpoduvapko (bluff body). Qg un agpoduvaptkd yopoktnpilovrol Ta cwWUaTa ou e€altiog
NG YEWUETPLAC TOUC TIPOKAAOUV aTtOKOAANON TN PONC armod TIG OKUEC. To armokKoAANUEVO
TUAMA TNG PONC TPOOKOAAATAL O€ PLeYAAO HEPOC TNG eTLdAveLaG TOUC (separation bubble) pe
QTMOTEAEG A TOV OXNUATIONO {wvng avakukAodopiog ( Figure 0.1). H
TIPOOKOANON auTH odpelAETAL OTIC CUVEKTIKEC SUVAELG TTOU CUYKPOTOUV Ta oTolXela Tou
peVoTOU Kal eV EMITPEMOUV TNV HeTAPOPA Toug Kal tnv Staluon-andoPeon (dissipation)
TWV SWVwv armokoAAnong. Xto nedio yupw amd autd ta cwpata epdavileTal SLoKpLTo 0pLo
METAEY OUVEKTIKAG - LN OUVEKTLKAC TIEPLOXNCG . Z€ LN OUVEKTLKEG peBodoloyieg amartteital
Aerttn) Slaxeipnon autig tng Lwvng Kol N HETABaon amo TV JLa TEPLOXN oTNV AAAN TIPETEL
va povtelomnotnBel kataAAnAa. Ot avahoyieg Twv Slaotdoswv Tou opBoywvikou 3D
owpatog mailouv kaBoploTtikd pOAO OTNV YEWUETPLA TG {WvNG amokOAANGCNG.

Figure 0.1: Zwvec avakukAodopilog Adyw armokdAAnong

Y& owpota Owe N odaipa Kal o KUPOG yla TV WBavikn epinmtwon 6mnou
napouotalouv aspoduvaplkni cuumnepipopd, SnAadn n por Bewpeital acuumieotn,un



OUVEKTLKI KoL 0oTPOBIAN, AOyw TNG CUUUETPLOG TOUG LoXUEL Mpody = O KAl Fprag = 0. Opwg
OO MELPOUATIKA SeSOUEVA YO POEG O UeYAAOUG aplBoUC Re, OTIOU OL CUVEKTLKEG
SUVAELG UTtopoLV va apeAnBoUv, TPOKUTTEL WG O AUTA TA CWHATO OLOKELTOL
onuavtikn Forag. AUTH N duoikn avtidaon ovoudletal mapadofo D’Alembert kot
ekPppaoOnke to 1752 amnd tov OpwVUPOo FAAAO HaBnUaTIKO.

To mapandavw ¢uolkd mapddofo e€nyeital amod tnv amokoAAnon Tng Pong Tmou
eudpaviletal oe TETOOU £iboug yewpetpie¢. H amokOAAnon tNg pong amoteAel
daALVOUEVO CUVEKTIKO. QG 0plLaKO OTPWHA OpLleTal n AEMTH TEPLOXN) KOVTA OTO OTEPED
Oplo OTou n emidpoon TNG OUVEKTIKOTNTAG Oev eival aueAntéa Kal evtormiletal
oTPOBAOTNTA KOVTA OTNV ETLPAVELD TOU owHaToG. Otav epdaviletal peyain kAion
niieong dp/dx, €KTOG MO TEPUTTWOEL TIOAU OUVEKTIKWY PEUOTWY, TPOKAAsltal n
avTLOTPOdN TNG PONG OTNV TEPLOXN EVTIOC TOU OPLAKOU OTPWATOG KOVTA OTO OTEPED
oplo. To onueio amokOAAnoNg tng pong eival ekeivo oTo omolo cuykpoUovtal oL POEG
Twv 00 avtiBetwv KatevBUVoEWVY €Ml TNG OTEPENC EMIPAVELOG, LE ATIOTEAECUA VA
efavaykaletal TO pPeUOTO va KlvnBel ka&Beta oto OTEPEO Oplo, OaAANG oOTnV
TPAYUOTIKOTNTA TO onpelo amokoAAnong amotelel onpeio avakomng (mini stagnation
point). Ta tupPwdn oplokd oTpwpoTa Tapouctdlouv PeYaAUTEPN avtiotaon otnv
geudavion NG amokoAAnong amd to oTPWIA, KABWE AOyw TNG £Viovng OVAUELENG
HETADEPETAL  KWVNTIKN €EVEPYELDL  TIPOG TO OTEPEO Oplo  KabBuotepwvrag tnv
avtLotpodn TG pong.
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/
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turbulent flow

Figure 0.2: TupBw&eC 0PLAKO OTPWHA — TIEPLOPLOUOG ATIOKOAANEVNG TIEPLOXNG —
pelwon omoBéAkouoas Fppag

Ektdé¢ amo tnv amokoAAnon mou epdavileTal o0 CWHOTA U OEPOSUVALKNG
YEWUETPLOC, éva GAAO XaPAKTNPLOTIKO TNG pong eival to vortex shedding, to omoio
napatnpnoe o Von Karman. Amotelel meplodikd ¢alvopevo Kal meplypddetol wg
EVOAOOCOOUEVN amoBoAr oTpofidwv avtiBeTng évtaong amo TG AKUES TOU oWUATOG. H
HEAETN AUTAC TNG TOAQVTOUHEVNG PONG Elval KPLoLUN KATAd TV aepoSuvaplikn eniluon
KTIplokwv Oopwv, kabwg n koataokeunp umopel va odnynbel oe ocuvtoviopd. O
adlaotatog aplOuog Strouhal amotelel YETPO TNG TTEPLOSIKOTNTOG Kal OMwE daivetol
armd v mopakATw oxéon s€aptatal amd tov Re. Mo onuavtiky mapotipnon sivat otL
N N WBLOTNTA TNG CUVEKTIKOTNTOG Tou peuotol Sev Aappavetal umoPLy oTny MOPOKATW
oxéon :

fH

T 0.1



Omnou f n ouxvotnta Tou neplodikol davopévou, H To XOpOKTNPLOTLKO UAKOG TOU
owpartog (otnv mepinmtwon tou ktipiou Aappavetal to Pog) kat Uy, n adlatapoaytn
TayutnTa.

MEOOAOAOTIA

Oplopog nediou

JUudwva pe to BepeAlwdeg Bewpnua SlaxwpLoPoU TNG SLOVUCUATIKAG AVAAUGONG
(Helmholtz), ortolodnmote Stavuopatiko nedio menepaouévo, cuveXEG Kot Stadopioluo
propel va SlaxwploBei o éva actpoBiAo Kal Eva oTPOPIAG TUNO. ZUVETIWG, TO edio
TaxutnTag Unopei va ekppaobel wq :

U, t) =U,(xt)+ VO + V XA 0.2

H pon aépa mou peletdtal Bewpeital acuumnieotn, adou o aplOudg Mach avrikel oto eUpog
0-0.3.

V-u=0 0.3

Baoet tng Stavuopatikng tdiotntag VxV =0  £va aotpofiro nedio (y = 0) ekdpaletat
we:

u=Vvo 0.4

Q¢ bavikn xapaktnplleTal n N CUVEKTIKN, 0CUUTILECTN KOl AoTPORIAN por| EMOUEVWG OL
0.3, 0.4 06nyoUv otnv ypaupkn e€lowaon Laplace (M.A.E eM\eumTikoU TUTOU).

V2 =0 0.5

TNV un cuvektikn (panel) peBodoloyia mou edpapudletal, to actpofilo nedio Vd
avtiotolyel otnv Wbavikn pon Kot To otpoPflo V X A otov eAeUBepo SuVOULKO OLOPPOU

Sw-

MéEB0b0og GUVOPLOKWV CTOLXELWV

H pn mAeypatiki pEO0S0¢ Twv cCUVOPLAKWY OTOLXELWV BOoIleTaL OTNV KATAVOI OTOLXELWV
(mnyég, dimoAa) ayvwotwy eviacswv (o,u) oto oplopéva clvopa tou poBARuatog. Ta
obvopa Sy , Sw , Sw amotelolv emudaveleg (3D) acuvexelag kat Staxwpilouv To
MPOBANUa o TtepLloXEG (eowTepikn, e€wTeptkn, adlatdpaytn). H ypapuikotnta tne e€lcwong



Laplace kaBiotd Suvartr thv unepBeon otolelwbwv AUoEwWV (OLAUCELS @), W,0 LKAVOTIOLOUV
v 0.5)

1
®p = XA 1+ As0) 0.6
Itoeio OUVTEAEOTAG A €vtoon Edapuoyn
Mnyn _ i o= V|[®]|-n CWLOTO LE TIAXOC
|r|
Aimoho _r-n n= —||®| napaywyr otpoBoTnTaC
|r|?

Table 0.1: otoiyewwdelg Avoeig Laplace

undisturbed flow

ground (z=0)

Figure 0.3: Oploudg nebiou (2D)

Movtélo opbdppou

O opoppouc anotelel tnv otpoPLAn rteployn (emidaveta Siatpnong) mou anofdlletal and
™V akun ekduyng tou cwpatog. Movtelomoleital wg ocuvexeg GUAAO oTpoBAOTNTOC
Snhadn we mAgéypa StvoowAivwy Kot n laxeiplon tou givatl kaBoploTikn yla tnv opaln
£€EALEN TNG ponG (LN HOVIHO TIPOPBANUA). H emaydpevn taxltnTa o £va onueio A TTOu amexeL
anoéotacn r amno tov afova evog viua otpoBlotntag pnkoug dl kot évtaong I
umoloyiletal péow Tou vopou Biot-Savart:




I dixr 0.7
41t |r|3

Ujpg =

H toobuvapia tou mapakdtw oxnuatog (6) ,kablotd ebLktr TNV povieAomnoinon tou
OUOPPOU LLE OTABOEPEG KATOVOUEC SUTOAWVY U 0 KAOE TETPAESPO TOU MAEYUATOC
SwoowAnvwv.

[y = —Uy = ”(p”w 0.8

M = const,

Figure 0.4: looSuvapia petafl otabeprg KATOVOUNG U KATA HAKOC evog panel kat Suo
ONUELOKWYV OTPORBIAWY OTIG aKUES ToU (6).

Emopévwg sivatl Suvath n evowpaAtwon thg oTpoBLARG TEPLOXAC OTNV €Kdpacn Tou
SuvaptkoL Kal n tautotnta Tou Green (0.6) yla TOV UTTOAOYLOMO TOU SuvapLlKoU o€ €va
onpelo P tng emupdavelag tov cwpatog Sy Aapfdvel tnv €€ng popdn
1 1 rn 1 rn
= —— ((= I -2 0.9
q)p 4'1Tf(|l‘| o + |I‘|3 p’) dSB 4-T[f |I‘ 3 uW dSW
ItV NePMTWON ACUUTILECTOU PEUCTOU, OTIWG N e€eTAlOUEVN, O 6pOG Ty, UNndevileTal
KaBw¢ n emudpavela Tou opoOppPou Sev pmopet va apardPel opOEG TAOEL.

ErwutAéov, LoxUeL To Bewpnpa tng VALKAG Statripnong tng kukAodopiag tou Kelvin :

DI
Dt 0 o [1Pllwit = l1Pllwit-at 0.10
JUVENWCG, 0 OHOPPOUC SlaxwplleTal 0TOV HAKPLVO, E EVTAOELG YVWOTEC Ao TTPONYOoUUEVA
Brpata Bacel tou Bewprpatog Kelvin kat otov kovto. O UTIOAOYLOUOG TNG EVIAONG
||®@|l,w TOU KOVTLVOU OpOppOU eival KaBOoPLOTIKAE yla TNV cwaotr eniluon tou mediou Kal
e€aptartal, onwe Oa avaluBel otnv cuveéxela, and tnv duvapiky cuvenkn Kutta:

lplle =0 © yee =0 0.11



Wbavikn aotpofidn upe = @ opahr ekduyn Kutta
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Figure 0.5: Auvapikni cuvBnkn Kutta

Onwc pailvetal oto mapanavw oAU, OTNV MEPIMTWON TG LOAVIKAG PONG N TaxuTnTa yUpw
oo  TEMEPACUEVN ywvia Telvel o€ TTOAD HEYAAEC LN PEAALOTIKEG TILEC. H ouvBnkn Kutta
amoteAel Eva paBnuatiko avaAoyo Tng EVIovng EMSPAaNG TWV CUVEKTIKWY OpWV OTNV aKUNA
ekduynge.

TNV TPOYHATIKOTNTA N por aroKoAAATAL amo OAEG TIG aKUEG Tou opBoywvikol cwpatog. H
OMOKOAANGN TIOU eMLSPA ALoONTA OTNV KOTAVOLN TNE TEONG KOL LOVTEAOTIOLELTAL UE TOV

e\elBepo SuVALKO OPOPPOU OTO TTAALGLO TNG SUTAWMATLKAG EpYyOOLaC amelkovileTal oTo
Figure 0.6.

Neplmtwon armokoAANGong

H emBupuntr tomoloyia Tou opOPPOU ATELKOVIIETAL OTO TTOPAKATW OXAHA, KaBwg Kot oL Suo
SLOKPLTEG LWVEG TIOU TIPOKUTITOUV artd TNV arokOAANon TnG PonG.
near wake

inviscid region

far Wéke

inflow

=t

recirculation zone

Figure 0.6: AtokOAANGN TNC PONG Kal Slaxwplopog tou rediou o §U0 meploxéG A, B

To nedio méoewv cUVSEEETAL e TIC TaXUTNTEG PEow TNG e€lowang Statrpnong evépyeLog
Bernoulli. Ztnv e€etalopevn meplntwon, KATA TNV LETABAGCN ATIO TNV 1N GUVEKTLKN A oTnVv
OUVEKTLKN Tteploxn B n pnxovikn evépyela dev Statnpeital (Ah = 0) (14).

a(PA_l_ Ua? Py J¢p Ug 2

Py
— = —+ Ah
Jt 2 + p at + 2 + p + 0.12
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Figure 0.7: H pon} aduvartel va aA\déel SievBuvon 90° kat amokoANdtal

H mapamdvw cuvenkn avokomng anoTeAsl XapakTnpLoTIKO TNG ArmokOAANong Kal
eudaviletal otnv mpwtn oelpd panels KATAVTL TG AKUAG ekdUYAG (12)

rav.o lns
// / / et - k=3
vd |
pd
] 0%
v  avis
vd
| //
//
7

0.13

Figure 0.8: AlakpLtomoinon Tou oTePE0U CWHATOC O€ TETPATAEUpa oTolxela (panels).

Y10 KEVTPO eAéyyou KaBe panel emiBAAAETAL N CUVONKN KN ELOXWPNONG

0.14



Awtinwaon nnywv

H W8avikn por yUpw amo TO CUMMETPLKO CWHLA KOTA TNV OTOLAl LOXUEL Mhogy =0 pmopet va
eMAUOEL apeAdvtag Ta SimoAa Kal CUVETWG N AyVWOTN KATOVORN €lval auTh TwV TINYWV o.

n=llell=0 0.15
- _Ltri 0.16
cbp an |r|0' dSB

Me tnv emBoAn tng cuvlnkng KN eLoxwpnong o€ kaBe panel tou cwpatog kal Sedopgvou

ot U=0U,+ V(—ﬁfl—ilc dSg) mpokumrel to emBuUUNTO Tedio.

Apeon Slatunwaon (Morino & Kuo)

H amokoAAnon amotelel To PACIKO XOPOKTNPLOTLKO TNG £€eTalOUEVNC YEWHETPLOC KaL Sgv
umopet va apeAnBei, kabBwg emnpedlel aloOnNTA TNV KATAVOUNA TNG Ttieong onwg Ba
TIAPOUCLACTEL OTA AMOTEAECUATA TTOU TIPOKUTITOUV altd TNV UTIOAOYLOTLKI TtpOcopoiwon.
Emopévwe, katavépovtal Simola Kat mnyEg otnv eMLpAVELD TOU CWHATOC Kal SimoAa otov
ouoppou. MNa va oplabei to alyeBpiko cuotnua KataAAnAa (e€lowoelg = ayvwaotol)
unéeviletal to ecwteptkd MPOPANUa (TeTplupévn Abon Laplace @~ = 0 ) kat pe thv
gmBoAn TG cuvBONKNG KN ELOXWPENONG N £vTaoh Twv thywv kaBopiletal:

+
o= ¢ - U, n=0 0.17
on
L= — ot 0.18
1 1 rn 1 rn
Dy === [ (U m) = = @) dSp + [ =Pl dSw 0.19

lNa tov npoodloplopo tng évtaong || Pl xpnoipomotolvtal 800 eVOANAKTIKES
Slotumwoelg TnG ouvBnkng Kutta (kKAaotkn — Bacilopévn otnv mepintwon anokoAnong).

EvaAlaktikég Statunwoelg Kutta

H khaowkn pébodog (forml) Baoiletal otov undeviopod tng otpoBAOTNTAC TNV OKLL
ekpuyng:

Yy=VuXn 0.20



Yie =0 = [[®fly = [ Plle = ¥ — &~ 0.21

Emopévwe, n dyvwotn KukAodopia oTov KOVTLVO OpoppoU poacdlopileTal Aueca Ao thv
Sladopd Tou SuvapLKoU HETOED TNG MPWTNG OELPAC panel avAVTL Kol KATAVTL avtioTowa TG

QKUAG EKPUYNG.

i= NPANW

ipanupl(i)

ipandni(i)

Figure 0.9: E€aptnon |[|P|ly, OO TG EVIATELG TOU SUVALKOU GTNV TIEPLOXH TNG AKKAG
ekduyng

H evaAAlaktikn Statunwon (form2) mou KOTooKEUAOTNKE O0TO MAALOLO QUTHE TNG
SUMAwUATIKAC BaoileTal oTa YOPAKTNPLOTIKA TNG AOKOAANONG Kal omw¢ Ba davel
TOPAKATW 0SNYEL OE €va TILO TTEMAEYUEVO 0PLOUNTIKO cUOTNUAL.

H e€iowan Bernoulli epapuoletal otnv meploxn TN akUNg ekPuUyNG KaL 0 CUVSUACUO e
tnv ouvOnkn Kutta ||p|le = 0 AauBdvel tnv mapakdtw popdn:
opt Ut? ov~ U-2

= Ah
ot t ot Tt 0.22

Omou T CUUBOAA  +,- QVTIUTPOCWTEVOUV TNV MPWTN OELPA panels avavtL Kot KoTavTL
QVTLOTOLXO TN AKUAG EKPUYNG.

Otdpot U? eivat pn ypoppikol emopévwg yia va ypappikonotndei n efiowon, epdoov to
aAyeBpLko ocuotnua emiluong sival tng popdng AX = B ( A untpwo NXN, X NX1 kot
edapuoletal n apOuntiki pEBodog Tou otabepol onueiou yla tnv TtaxvTNTA SloTapaxn :

u’=ug-u 0.23

Ztnv npwtn emavaAndn AapBdavetal n apywonoinon uy = 0 , EVw OTLG ETIOUEVEG
Uy = ul~1. H emavainmrikn Stadikacia cuykAivel Gtav

U= u < anof (Xi _Xi_l)z =0

omnou ndof to mAnBog twv Babuwv eheubepiag (B.€) Tou cuotrpatog X kaL i ot
enavaiiyetg oclykAlong otov Peudo-xpovo.



H Stadikaoia ypappikonoinong :

2 2
U = U7+ U7 = (U™ + ug™) 4 (U™ + ) =
= (U "+ 2Uss gt + 0t 2 )+ (Uoe ™ + 20U e+t 2 ) =
= (UOOS *2 42U tugt + ugtugt ) + (Uoot+2 + 2Ug Tuet +uptut ) =

2 2
= st (2Uos "+ uget) + ut (20" + uget) + (Uoos T+ U ¥7)

Aebopévou ot n Taxutnta Slatapaxng ekppdletat wg  u(dp;, [|Plwj) = Op(@pi, [[P[lw;)
Kot AapBavovrac umoPty otL to mNdnua evépyelag Ah eival ayvwoto, to alyeBpLko
cuotnua dev eival KatdAAnAa opLopévo

B.e: Oy, [|P|l, AN (NPANB+2NPANW) < un eloxwpnong, Bernoulli (NPANB
+NPANW)

Emopévwe, kpivetal avaykaia n evowpatwon plag akopn e€lowong n omnoia ivat n cuvonkn
ovakormng 0.13 mou amoTeAel YO PAKTNPLOTIKO TNG AmoKOAANoNG.

AwatOnwon Kutta ®llw | ayvwotoy ndof) eflowoelg eniluong
form1 Yie =0 ||®|lte | NPANB N ELOXWPNONG
Hn ELOXWPNONG
form2 llpllte = 0 | dyvwotn | NPANB+2NPANW | Bernoulli (un ypappiky —
ETAVAANTITLKA)
QVOKOTAG

Table 0.2: ZUykpLon eVOANAKTIKWY SLATUTIWOEWY

ApBuntikég Napapetpol

H un povipotnta tng porng odelAeTal 0TO MPATUTIO TOU eAsUBEpPOU OUOPPOU, TTOU
povtehomoleital wg GUANO oTPOPIASTNTAG KAL N YEWHETPLA Tou KaBopiletal amnd
OPLOUNTLKES TTAPAPETPOUCG.

Ye KAOe Xpovikd Brpa dt, n yewpeTpio TOU KOVTIVOU OpOppoU eivat (Sta kaBwg To HAKOG TwV
panels emAéyetal va gival tng i6Log ta€ng neyéBoug e To UKog Twv panels Tou cwpotog
OTNV YELTOVLA TNG akpNG ekduyng kat n taxutnta anoBoAng Uy, Tou emAEyETOL WG :

dl,, ~ dx 0.24
U,y = Uy 0.25
it = dl,,

t= Upw 0.26
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O HaKPLVOC OOPPOUC TIAPAYETAL UE UTIOAOYLOUO TN EMAYOUEVNG TaXUTNTOC Tou Ttediou og
KABe KOUBO TOU MAEYUATOC KOl LE avTioTolyn KeTakivnon autol. H avefaptntn petakivnon
KABe kOUBoU avTLtiBeTaL oTNV LOVIEAOMOLNGN TOU OUOPPOU WC CUVEXH ETLPAVEL KOl O
TIEPUTTWOELG EvTovng otpofldotntag (ry roll up), mapatnpouvtal aplBuNnTIKEG AoTABELEG
AOyw tng mbavng oTp£PAWGCNE TOU TAEYUOTOC.

Onwcg £xel avadepbel kot mponyou LéEVwG ULa otabepr katavour SumoAwv os éva panel
Looduva el Pe pLa KAELOTH KAUTIUAN (TETpATTAEUPO) TTOU ammoteAeital and viuota
otpoBrotntag évtaong I, = || P|l,,. ZTOoV A€ova eVOG VALOTOG KaL OF Lo TIEPLOXH QKTIvVaG
£ yUpw amod aUTOV N EMAyOUEVN TOXUTNTA AoUBAVEL TTOAU PEYAAEG [N PEOALOTIKEG TLLEC,
YEYOVOC TTou e€nyeltal amo TV opEANGCN TWV CUVEKTIKWY OpwvV. Mol auTov Tov Adyo
EVOWUATWVETAL pLa cuvaptnon GIATPoU Jg (), KOTA TOV UTIOAOYLOMO TNG ETTAYOUEVNG
TaxUTNTOC O€ €va onUelo A ou BplokeTal og andotaon ' amd Tov Afova ToU VAHATOC , N
orola TPOCOUOLWVEL TNV CUVEKTIKOTNTO OTNV TIEPLOXI] TOU TIUPNVA E.

e =1-€e@ > U= JgU 027
(r) (r)

H aktiva tou mupriva.  emA\éyetat wg € ~ dl,, kabBwg, énwg Ba napouolaotel ota
anoteAéopata, To emayouevo nedio TaxuTATWY gival evaiocOnto otnv PeTaBoAr te.

ANOTEAEZMATA

Eddoov emidéxBnke armoBoAr OLHOPPOU HOVO ATIO TNV MAVW AKUA KoL OXL oo Ta MAGYyLa, Ta
OMOTEAECHATA TIOU TTOPOUGCLATOVTAL OE AUTH TNV EVOTNTA adhOPOUV TNV KAUTUAN TTOU
amelkovileTal oTov MaAPaAKATW CXIHOL.

Figure 0.10: y = 0, 2D povtehomnoinon anokoAAnong (13)

Modell
D(m) — x atovog 0.125
H(m) — z a€ovag 0.100
B(m) —vy dgovag 0.150
Uypx (m/s) 4.5
Table 0.3

11



[6avikn pon

AOYw TNC 0pBoYywWVLKNAC YEWUETPLAC SEV UTIAPYXEL TTUKVWON OTNV OTolal GUYKALVEL N AUon OTLC

OoKUEC. Emopévwg, emiéyetal opolopopdo mMAEyua Kot yivetal n emiluon Tou LloodUvopou

CUMUETPLKOU ouoTUaTOC (Uelwaon urtoAoyloTtikol xpovou Figure 0.12) péxpl va oxnUatioTel

n {wvn avakukhogopiag. Ot Babuol eAeuBepiag petwvovtal otoug piooug NDOF = 1484.

Pressure Coefficient Cp

1

0.5

NDOF = 605
NDOF = 684
NDOF=1445

NDOF=2354

2500

N TN, L]
[] | ]
' '
. ¥, .
i i
i i
] [}
[ ] [ ]
L [}
0 0.2 0.4 0.6 0.8 1
Dimensionless Length
Figure 0.11: AvaAuon svaloBnoiag mAéypartog
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Figure 0.12: ekBetikn av&naon umoAoyLoTIKOU XpOvou cuvapThoel Babuwv eAeubepiag

AOKOAANON — KN HOVLUN pon

H edappoyn tng kAaoikng péBodou (forml) anodépel Ta XopaKTNPLOTIKA TNG ATIOKOAANGCNG
HE TNV e§ENEN TNG PONG.

30 dt

1 - | |
[a) 05 ] [
Q
]
c
Q
£ 0+ -
<))
(]
Q
g
= — .
§ 0.5 Dh
o Dh=0 ——

-1 - .

T T I T
0 0.2 0.4 0.6 0.8 1

Dimensionless Length

Figure 0.13: O 6pog Ah (mAénua evépyelag) sival amapaitntog otnv mepimtwaon Tng
amokOAAnong < emoaAnBeuon ocuvOnkng Kutta
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Uine = 4.5 m/s

v, | | |
Edt ——
6 | 10dt —— |
20dt ——
5 30dt — |
Q)
E 4- I
oy
R :
(]
>
2 - L
1 L
0 I I I T -
0 0.2 0.4 0.6 0.8 1

Dimensionless Length

Figure 0.14: Eudavion Tng aVaUEVOUEVNG avaKomng (12) pe tnv e€EALEN TNG ponC.

MNebdio pong

Ta anoteAéopata adopouv enihuon os 30 xpovika Bripata Kot epapuoyn TNG KAAGLKAG
peBodoAoyioc. To mpodiA TaxUTNTAC CUYKPIVETAL PE TNV TIEPIMTWON TNG LBAVLKAG PONG KoL
ue avtiotolya anoteAéopata ano CFD (4) mMpoCOUOLWOELC.

MapoAo mtou n tomoAoyia Tou opoppou Sev éxel TNV erlBuuntn popdn (oxnuatiopdg {wvng
avakukAodopiag), n mpooopoiwon TNG anmokoAAnong odnyet o€ LKAVOTIONTIKA
OMOOTEAEGUATO OTNV TIEPLOXH TOU KOVTLVOU opodppou, Omwe dpaivetal oto Figure 0.16.

Figure 0.15
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Figure 0.16
MNpooopoiwon AOZ

2TNV Un CUVEKTIKN peBodoloyia mou edpappodletal, Sev eival Suvatov va mpocopolwBouy Ta
OUVEKTIKA KoL TUPBWEN XAPAKTNPLOTLKA TIOU GUVAVTWVTAL OTO ATHO0dALPLKO OPLOKO
otpwpa (AOZ), al\G umnopet va eloaxBel pa katavoun taxutntag Uy, (z) avaloya pe tnv
UTTOAOYLOTIKI KOLL TIELPOLATLKN TIPOCOKOLWaN GUYKPLONG.

To npodiA taxuTnTag (XapunAn dtatunon) mpokUumteL and tov AoyaplBuLKo VOO Ue oTabepEg
k=0.41, z, = 0.05 mm kot u* =0.19.

u*x z
Uox() = ~=In) 028
Model2
D(m) — &€ovag x 0.110
H(m) — &ovag z 0.110
B(m) — afovagy 0.110
Upw (m/s) 3.5

Table 0.4: Taxutnta adiactatonoinong Uy, Kat dlaotdoelg povtélou (3)
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Figure 0.18: ZUykplon Cp pe CFD (3)kal MEpAUATIKES (5) TPOCOUOLWOELS
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Figure 0.19: Neblo poNC KAl LETATOTLON ONUELOU avaKoTAG A

H katavoun tng taxlTnTag mou Xpnotpomnolnonke wg elcodog otov kwdika, Sev odnyel oe
onpavtikég Slapopég oto Cp. Napolauta epdavileTal n LETATOTILON TOU ONUEIOU AVOKOTIAG
oo 1o £6adog oto onpelo A yeyovog ou odnyel otnv dnuoupyia otpofilou avavtl tng
METWTUKNAG EMLPAVELAG TOU KTLpiou.

BeAtiwon unoAoylopol taxutntag

ATIO TO ATOTEAECLOTA TIOU €XOUV TTOPOUGCLAOOEL KOl GUYKEKPLULEVA ATTO TNV TOTIoAoY(a Tou
opoppou (bev epdaviletal avakukhodopia) o€ cUVOUACHO PE TNV AVETILOUUNTN UTEPTILEDN
OTNV UTIAVEUN TTAEUPA, KPLVETAL QOPALTNTOC 0 EAEYXOC TWV OPXIKWYV tapadoxwv.Mia ano
TIG TAPASOXEG IOV eMNPeAlEL AUECA TO AMOTEAECUA €lval n UTOBeoN TwV oTtaBepwv
KOTAVOLLWV SUVAULKOU KOTA UAKOG TWV OTOLXEIWV TOU CWUATOG. a To EAEyX0 EYKUPOTNTAG
™G mapadoxn¢ €yLVe MPooopoilwan TG LOOVIKAG LOVLUNG PONG UE TNV SLoTUMwon Twy
TINYWV KOLL TIPAYLATL OTIWE GOUVETAL OTO TTOPAKATW OXHHA UTIAPXEL LEYAAN OTTOKALOT HETOEY
Twv 600 SLATUTIWOEWV.

Enopévwg, n mapadoyn Twv oTabepwV KATOVOUWY TOU SUVOHLIKOU (OUVORKN 1N ELoXwpnong
OTa KEVTPA eAEYXOU) KOTA UAKOG TWV OToLXElwV 08nyel oe AaBog umtoAoyLlopd TN ToxUTNTOC
av 8ev yivel n katdAAnAn mapepBoAn otoug koppoug Figure 0.17.
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OL TILO ONUOVTIKEG TTAPATNPNOELG Ao TNV HEB0So mou avaAlBnke HeTA ThV edapUoyn TNG
OTNV UTIOAOYLOTIKN Ttpocopoiwon tou mpoPAiuartog ivat :

OL otaBepég Katavoueg ¢ KaTA PLAKOG KABe panel TOU CWHATOG ELOAYOUV
OLOUVEXELEG 0TOUC KOUPBOUG yeyovog mou odnyel o AdBo¢ UTTOAOYLOMO TNG TAXUTNTOG
Figure 0.21 .

H mtieon otnv untvepun mAeupad sival oxedov otabepn (XapaKTNPLOTIKO
amokoAAnpévne Lwvng) Figure 0.18

H kAaowkn Slatunwon (form1) o6nyel ota xapaKTNELOTIKA TG amokoAAnong Figure
0.14 kot oxedov ota (bla anoteAéopata Pe TNV evalhaktiky Statunwon (form2) n
orola gival o emAeyEvn KOl apyr).

Metatomnion Tou onueiou avaKomr§ oTNV UETWTTLKY TIAEUPA UE Tipocopoiwon A.0.2
Figure 0.19

H katavour tou Cp €xeL mapopola** popdn pe ta anoteAéoparta tng CFD
npocopolwong. Aodntr Sladopd otnv mieon Pe TNV HovIeAOMoLnGn TG
QOKOAANGCNC LE TOV EAEVBEPO SUVALKO OUOPPOU (CTPOPIAN LN CUVEKTLKA
pebodoloyla). Figure 0.18

** H tomoloyia Tou opdppou Tou MPOoKUTITEL Sev lval n emBUUNTA LE amMOTEAECHA
va pnv dnutoupyeital n {wvn avakukhodopiag (bubble), yeyovog mou odnyet otnv
averbountn uneprieon (petatomniopévo Cp og oxéon Ue eMBUUNTO).

Eddoov n katavour tou Cp €xel mapopoLa popdr e TNV AVAEVOEVN
TipoTeivovtol U0 MEPUTTWOELS YL LeAAOVTLKA Slepelivnon :

MovteAomoinon TUUATOG TOU LOKPLVOU OUOPPOU e oTolxela otpoBAdTnTag
(particles), yLa TV QvTLLETWTILON APLOUNTIKWY OCTABELWVY TTOU TILBAVOV TIPOKUTITOUV
E To ouvexEg MALypa StvoowAnvwy Kat o8nyouv os AdBo¢ urntoAoyLopo tou riediou
ToxuTnTag. Eva AANO ONUOVTLKO XOPOKTNPLOTIKO TwV particles ival n peiwon tou
umoAoyloTikol KdoTtoug, kabwg eivat Suvatr n opadomnoinon panels Tou MAEYUOTOC
KOlL N LETOTPOTH TOUG o€ éva oTolxelo otpopotntag évtaong I,P .

KatdAAnAn mapepfoAn tou Suvapilkou amod Ta KEVTPA EAEYXOU TOU CWHOTOG OTOUG
KOUBouC. H ouvBnkn avakormnig (evoAlaktikr pébodoc form2), umopei va
EVOWHATWOEL péow Tou aplBpnTKoL UTOAOYLOMOU TNG TaxUTNTAG yLa va TPoKUEL

i i , ' , _ 1
N T otov kOUBO KatdvTL TG akpng ekdpuyis @7 = ~(Pipan — Pipdn+1)

H enopevn npotaon Baoiletal otnv avabewpnon Tou oplopou Tou mediou Kal
CUVETIWC o€ pia SladopeTikn dlatunwaon Thg HEBOSOU TwV CUVOPLAKWY OTOLXELWV
T(POCOPUOCUEVN OTOV SLOXWPLOUO Tou Tiediou oTic U0 SLoKPLTEG LWVEG (OUVEKTLKN —
avakukAodopiag)
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MPOTEINOMENH AIATYNQXH

undisturbed flow

ground (z=0)

Figure 0.20: AlopopeTIKOG 0pLOUOG TOU Ttediou

b} b osw

Sa
ground z=0

Figure 0.21: os kaBe emidavela Sa, Sb, Sw katavépovtal otolxeio avaioya e TV puoikn
NG TEPLOXNG
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