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Chapter 1

Introduction

1.1 Goal of the thesis

The flow around bluff bodies such as cylinders or rods in cross-flow is in-
trinsically unstable at high Reynolds numbers found in industrial installa-
tions. Practical examples are fences (architectural engineering), cables in
suspended bridges (civil engineering), landing gears (aeronautical engineer-
ing), train pantographs (automotive) and heat exchanger pipe bundles (pro-
cess engineering and energy conversion) [11, 12].

The flow instability leads to fluctuations in the aerodynamic forces. In
most cases this phenomenon is dominated by periodic vortex shedding,
which is coherent with the structure’s axis orthogonal to the flow over dis-
tances of several reference lengths. The vibrations that result from these
oscillating forces are a threat to the mechanical integrity of the structures.
Moreover, the unsteadiness of the flow generates acoustic waves, which is an
environmental nuisance.

There is a substantial interest in predicting such phenomena during the de-
sign phase by means of numerical simulations. The main goal of the present
project is to predict the sound radiated by the flow over a simplified bluff-
body model in order to evaluate a possible methodology to use in industrial
applications. As a simplified model we use a rod with square cross section
in a uniform cross flow. We solved the problems using a commercial off-
the-shelf software and moderate computing power. Our aim is to identify
the most crucial model parameters that make these simulations industrially
applicable.

The aerodynamicists are mostly interested in the source region and near
field where the lift and drag forces are acting. This, at high Reynolds num-
bers, requires highly refined meshes close to the body surface to resolve the
near-wall viscous layers. Aeroacousticians, on the contrary, are mainly in-
terested in the far-field sound level. Together these requirements lead to
very large computational domains. At low Mach numbers the computa-
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Chapter 1 - Introduction

tional domain should be several times the typical wavelength. For issues
of computational cost, Direct numerical solution (DNS) of the compress-
ible Navier-Stokes equations is limited to low Reynolds numbers and large
Mach numbers. Therefore we consider Large Eddy Simulation (LES), which
combines direct simulation at large scales with a sub-grid turbulence model
for small scales. This allows reaching larger Reynolds numbers for the same
computational cost. Still a direct prediction of the sound radiation involves a
very large computational effort. Such compressible flow simulation involves
advanced higher order numerical integration schemes that minimize damp-
ing and dispersion of propagating acoustic waves. Moreover, avoiding spu-
rious numerical sounds and instabilities in those methods poses a very big
challenge. Numerical boundaries also necessitate special attention to avoid
acoustic reflections or spurious sound generation by vortical structures.

We are interested in the sound observed at large distances from the source
compared to the wavelength. Very large calculation domains are needed to
predict this far field radiation at low Mach numbers corresponding to large
wave length compared to the rod diameter. However the low Mach number
and large wave length imply that the flow is locally incompressible in the
source region where non-linear effects are dominant. We therefore consider
a hybrid approach in which the flow in the source region is assumed to be
incompressible. We limit the LES calculations to this relatively small region
around the rod. We assume that the feedback influence of acoustic waves
on the flow is negligible. The sound radiation is estimated analytically by
means of the aeroacoustical analogy of Lighthill [37, 38] as implemented
by Curle [15]. Our aim is to assess the potential of commercially available
software as currently used in industry. The LES simulation method used
is the one implemented in Fluent [1]. Originally we also explored the DNS
potential of Fluent [42] at very low Reynolds numbers. We however soon
left this option as too costly for the Reynolds numbers present in industrial
applications. One of the main questions is whether a two dimensional model
would be sufficient. In the LES we considered the option of quasi-two dimen-
sional flow in which a slice of a few rod diameters’ thickness is considered
bounded laterally by periodic boundary conditions. The key idea is to obtain
a high resolution of the flow in the viscous boundary layers near the walls
without extremely large grids. In industry it is common practice to go one
step further: the so called Reynolds Averaged Navier-Stokes approximation
is used. When using a two dimensional computational domain the numerical
simulations become quite accessible compared to three dimensional incom-
pressible LES. We therefore compare our results with the unsteady RANS
option (uRANS).
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Framework (1.2)

We restrict ourselves to the prediction of the dominating periodic sounds
(whistling). The same approach can be used to predict broad band noise,
but this is more difficult as it involves much lower sound levels and more
extreme frequencies. This subject is left for further research.

Since the pioneer work of Strouhal in 1878 [59] most of the attention has
focused on cylinders with circular cross sections. We consider here the rod
with a square cross section. This geometry is a generic model for rods used
widely in civil engineering. We limit ourselves to rods with sharp edges. In
this case flow separation obviously remains fixed at these edges. This makes
flow prediction easier than for flow separation from smooth surfaces. How-
ever we observe complex flow behavior such as reattachment and secondary
flow separation, which are strongly dependent on the turbulence. This de-
pends strongly on the angle of attack of the cross flow relative to the side
walls of the rod. Predicting such phenomena is another goal of our project.

1.2 Framework

The present work has been carried out within the framework of the Eu-
ropean project Aether (Marie Curie project MRTN-CT-2006-035713). The
project aims at strengthening the fundamental scientific work in the multi-
disciplinary engineering field of aero- and thermo-acoustical coupling in en-
ergy conversion processes. This means promoting innovative designs for pro-
duction of energy at low cost and low pollutant levels. Evaluating the po-
tential of commercial LES for prediction of noise production is part of this
project.

The Aether network is composed of six universities (Instituto Superior
Técnico, Lisbon; Katholieke Universiteit Leuven; Lule̊aUniversity of Tech-
nology; Technische Universiteit Eindhoven; Technische Universität München;
University of Cambridge), three research centres (Centre Européen de Recher-
che et Formation Avancée en Calcul Scientifique-CERFACS, TNO Science
and Industry, von Kàrmàn Institute for Fluid Dynamics) and five industrial
partners (Arcelor Steel Belgium N.V., Alstom Switzerland Ltd., Gasunie
Engineering and Technology, LMS Internal, Rolls-Royce plc.). The project
was coordinated by Dr. C. Schram of LMS.

The work at the VKI has been initiated under the supervision of Dr. J.
Anthoine. The numerical work has been carried out at the von Kàrmàn
Institute (VKI) under daily supervision of Dr. P. Rambaud. The LES sim-
ulations have been carried out on a cluster financed by LMS. The uRANS
calculations used as reference have been provided by Dr. E. van der Weide
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of the University of Twente (UT). The PIV data of Roosenboom [52] ob-
tained in the group of prof. F. Scarano at the Technische Universiteit Delft
(TUDelft) has been used for comparison of the flow predicted by the LES
and uRANS calculations. The static wall pressure measurements and acous-
tic radiation measurements have been carried out by Dorneanu [16] in the
silent wind tunnel of UT under supervision of prof. A. Hirschberg.

1.3 Outline of the thesis

Chapter 2 of the thesis provides a review of literature on the flow around a
square rod placed in cross flow at various angles of attack. This is the angle
between the incoming uniform flow and the side wall of the rod. Chapter
3 describes the LES and uRANS methods used. For the particular case of
zero angle of attack, a study of the effect of various numerical parameters
in the LES calculation is carried out. In particular we consider the use
of a coarse mesh at the walls of the rod in combination with a so called
“law of the wall” [56]. This corresponds to a non-resolved LES. In order to
reduce the calculation costs, a quasi-two dimensional approach is evaluated
in which we consider a limited length of the rod bounded by lateral periodic
boundary conditions. In the case of a cavity flow Larchevêque et al. [36]
observed that periodic lateral boundary conditions promoted the so-called
cavity periodic vortex shedding mode. This mode is not observed when the
more realistic side-wall boundary conditions are used. We observe then a
shear layer oscillation mode. In the case of the rod, side-walls are used
to hold the rod in the flow. Based on this numerical study a numerical
model is chosen. The LES calculations are carried out at Reynolds 5000
for three angles of attack (0o, 13o, 45o), which correspond to interesting
cases identified in chapter 2. The predicted flow is compared in detail with
the PIV data of Roosenboom [52] in chapter 4. In chapter 5 the static
wall pressure measurement and acoustical radiation measured by Dorneanu
[16] are compared with the numerical results and data from the literature.
This includes lift coefficients and the dominating vortex shedding frequency
characterized by a Strouhal number. Chapter 6 provides an overview of our
main conclusions.
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Chapter 2

Flow around square rod at incidence -
literature review

Bluff body wake flows are of significant engineering interest. The aerody-
namic forces acting on a bluff body are correlated with the properties of
the wake.The alternate vortex shedding in the near wake leads to large fluc-
tuating pressure forces in a direction transverse to the flow and may cause
structural vibrations, which under certain conditions can cause damage of
the structure. Associated flow-induced noise can be a significant nuisance.
Understanding the interdependence between the geometry, the wake and the
forces exerted on a body is very important and has been extensively stud-
ied over many years [13, 19, 24, 26, 33, 45, 60, 64]. We focus on a square
rod as a generic geometry. In this chapter we present a literature review of
experimental and numerical studies of square rod placed in the cross-flow.

The authors who report the experimental mean lift and drag coefficients
in function of angle of attack α are: Vickery [64], Igarashi [26], Knisely [33],
Norberg [45], Chen [13], Tamura [60], Dutta [19], Roosenboom [52]. There
are considerably less numerical studies reporting varying angle of attack
and solving the details of the turbulent flow. In an early paper Taylor [61]
presents numerical results obtained using a discrete vortex method.

At zero angle of attack there is an extensive ERCOFTAC database avail-
able for Laser Doppler Velocimetry (LDV) measurements atReD = UoD/µ =
22000 by Lyn [39]. This is now the main benchmark test case for testing nu-
merical solvers, see for example Rodi [51] and Sohankar [58].

In the present chapter we discuss these data, focusing on the aspects which
will be considered in the following chapters.

2.1 Definitions

2.1.1 Nondimensional parameters

We use the following non-dimensional numbers:

5



Chapter 2 - Flow around square rod at incidence - literature review

• Reynolds number ReD - it characterises the ratio of inertia force to
viscous forces in the bulk of the flow and in consequence quantifies
the relative importance of these two types of forces. It is based on the
upstream mean velocity Uo and the rod width D:

ReD =
ρUoD

µ
(2.1)

In majority of LES cases solved in this work ReD = 5000 was used.

• Strouhal number StD - is a non-dimensional parameter measuring the
ratio of characteristic length to distance travelled during an oscillation
period T. It is used when analysing oscillating unsteady flow problems.

StD =
fD

Uo
(2.2)

where f is the dominating frequency

• Pressure coefficient Cp - it describes the relative pressure in each point
of the flow.

Cp =
p− po
1
2ρU

2
o

(2.3)

where subscript o values correspond to upstream pressure and velocity.

• Correlation coefficient γ - the peak value of coherence as a function
of spanwise separation can be fitted with gaussian distribution. The
value of parameter γ is determined as a width of the gaussian curve
at level 0.5 divided by the rod width D.

The total force component Fi on a wall along the specified direction ni
is computed by summing the projection of the pressure and viscous forces
on each face on that direction. The direction i = 1 corresponds to the main
flow direction. Direction i = 2 is normal to i = 1 and to the axis i = 3 of the
rod. When i = 1 we speak about drag, when i = 2 the force is called lift.

Fi = ~ni · ( ~Fv + ~Fp) (2.4)

We distinguish here the force ~Fv due to the viscous shear stress and force ~Fp
due to the pressure. Formally, both types of wall forces are due to viscosity:
if the body was moving through an inviscid fluid there would be no drag at
all. Pressure forces are the result of symmetry breaking due to flow separa-
tion. Flow separation is a viscous phenomenon. Frictional (viscous) force is

6



Critical angle of attack αcr and flow regime classification (2.2)

important for attached flows, and it is related to the surface area exposed
to the flow. Pressure (form) force is important for separated flows, and it is
related to the cross-sectional area of the body. We furthermore distinguish
the force normal the flow, which is called the lift force (0, F2, 0) and the drag
force in the flow direction (F1, 0, 0).

• Coefficient of drag Cd - is a dimensionless quantity that is used to
quantify drag

Cd =
F1

1
2ρU

2
0DL

, (2.5)

where L is the rod length

• Coefficient of lift Cl - is a dimensionless quantity that is used to quan-
tify lift

Cl =
F2

1
2ρU

2
0DL

, (2.6)

It has to be stressed that throughout this thesis all the non-dimensional
numbers are related to width D of the rod and not to the effective width of
the area facing the flow (area projected on a surface normal to i = 1). The
data from literature is often scaled on the projected area. When necessary
we rescaled it to D.

The root mean square (rms) values of Cl and Cd are calculated using the
Parseval theorem. We integrate the Power Spectrum Distribution (PSD) for
the full frequency content of the signal.

2.2 Critical angle of attack αcr and flow regime
classification

The definitions of angle of attack α and coordinate system can be seen in
figure 2.1. The global coordinate system (x1,x2,x3) is placed in the center
of a square rod of width D. The third axis x3, along the rod axis, follows
the right hand rule. The local coordinate system (x′1, x′2, x′3) rotates with
the rod. The angle of attack α is the angle between direction x1 and the
direction x′1 normal to the rear face D of the rod. Flow around such a square
rod at angle of attack α was classified by Igarashi [26] into four flow patterns
that depend on angle of attack α:

• I - 0o < α < 5o - perfect separation symmetric flow,

7



Chapter 2 - Flow around square rod at incidence - literature review

Figure 2.1: Definition of angle of attack α and rod dimensions. D is the rod
width. (x1, x2, x3) is the global coordinate system. (x′1, x

′
2, x
′
3) is the

local coordinate system associated with the rod. Solid line, α = 0o,
dashed line α > 0o. A - leading face, B - lower face, C - upper face,
D - rear face.

• II - 5o < α < αcr - perfect separation asymmetric flow,

• III - αcr < α < 35o - reattachment flow type,

• IV - 35o < α < 45o - wedge flow type.

Igarashi [26] measured the fluctuating pressure coefficients Cp′= p′/0.5ρU2

at the midpoints of the side (C) and rear (D) faces of the rod (see figure
2.2). The fluctuating pressure coefficient Cp′ decreases from a high initial
value at α = 0o to a minimum value for 10o < α < 15o. In that region a
critical value of the angle of attack α = αcr is observed for which Cp′ has a
minimum. Cp′ on the side face is increasing monotonically with increasing α
for angles 15o < α < 45o. The Cp′ is substantially higher on side face than
on the rear face for α < 5o. One can observe a higher pressure fluctuation
on rear face with respect to the side face for angles α > 15o.

Huang [24] gives in his review the following classification merging the two
first groups of Igarashi [26] into a single one:

• Subcritical flow - 0o < α < αcr - stagnation point at the leading
face, two separation points (at the leading edges). Alternating vortex

8



Critical angle of attack αcr and flow regime classification (2.2)

Figure 2.2: Cp′ at the midpoints of the side and rear faces vs. angle of attack
α measured by Igarashi [26]. Squares ReD = 27000, circles ReD =
41000

shedding in the wake.

• Supercritical flow - αcr < α < 45o - stagnation point is still at the
leading face shifted downwards in direction of the lower edge. Most
of the times a recirculation bubble is formed at the upper face. The
reattachment is particularly strong around α = αcr separating the
subcritical from supercritical regime.

• Wedge flow - α = 45o - flow bifurcation at the leading edge, the flow
follows the rod surface and separates at the top and bottom edges.
This configuration is very sensitive to deviation from the symmetrical
setting of the angle and possible inflow non-uniformity.

Sketches of the two-dimensional flow patterns in those groups can be seen
in figure 2.3. Locations of separation and reattachment of the boundary
layer on the rod surface can be identified by examining the positions of
accumulated oil strips on the rod surface. In the experiment of Huang [24],
those are the dark-blue traces whose normalised locations can be seen in

9
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Figure 2.3: Two-dimensional flow patterns from Huang [24]. S denotes a saddle
and N a node. Measurements at ReD = 5000 to ReD = 120000
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figure 2.4. In the topological terminology a critical point is a point in the
flow where the streamline slope cannot be identified for example a saddle
(see points marked with S in figure 2.3). A separatrix is a streamline which
leaves or terminates at a saddle.

Figure 2.4 (a) shows the position of the so called stagnation line or a
three-way saddle. The free stream impinges on the face A and bifurcates at
that line. The dark oil strip moves towards edge between faces A and B with
the increasing angle of attack. The position of the stagnation point is not
affected by changing the Reynolds number.

Apart from the leading wall we can see the significant discontinuities in
position of oil strips occuring at the critical angle of attack.

Figure 2.4 (b) shows the position of critical points at side B. In subcrit-
ical range (below αcr) there is a dual-ring bubble behind the leading edge,
and the plot shows its downstream second oil strip position reaching the
center of that face at zero angle of attack and then being reduced as the
angle increases. This point is a three-way saddle. When in supercritical re-
gion only one oil strip is visible at the point of flow reattachment and it is
plotted on that range. The reattachment bubble is getting smaller as angle
approaches 45, when it disappears. It can be seen that in subcritical regime
the complicated recirculation zone is changing with Reynolds number, but
the reattachment point position in supercritical range does not depend on
Reynolds number anymore.

At face C there is no clear oil strips, but oil bands appear. In the subcritical
range the figure 2.4 (c) shows the position of the downstream limit of the oil
band. The oil flow directions examined by Huang [24] led him to state that
there exists again a double recirculation bubble which is contained within
this oil band. In supercritical mode there is a recirculation bubble at the
downstream corner whose extent position (three-way saddle) is plotted in
figure 2.4 (c) at angles above αcr.

On face D there is a single oil strip at all angles α < 45o, marking the
position of a stagnation point induced by the reverse flow from the wake
bubble (three-way saddle). At α = 0o this strip is located in the middle of
face D. It moves towards the upper corner while in the subcritical mode
(α < αcr). Immediately after passing the critical angle αcr the stagnation
point jumps very close to the lower corner and continues travelling upwards
towards the middle of the rear face. However once the rod is placed exactly
at 45o the oil strip on side D disappears.
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Figure 2.4: Normalised critical points positions on cylinder faces - surface-oil
measurements from Huang [24]. (x′, y′, z′) = (x′1, x

′
2, x
′
3), w = D -

rod width.
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Flow in the wake (2.3)

2.2.1 Value of critical angle of attack αcr

In the paper of Tamura [60] the influence of turbulence level and the shape of
the rod edges on the value of the critical angle αcr is discussed. Increasing
the incoming flow turbulence decreases the angle at which reattachment
occurs (from 12o to below 10o [60]). Also having the rod corners chamfered
or rounded can decrease αcr from about 12o down to 7o and 5o respectively.

Chen [13] studied the dependence of αcr on the Reynolds number. At
low Reynolds numbers from 2000 to 3300 he found αcr = 17o. For higher
Reynolds numbers the critical angle decreases gradually to reach 13o above
ReD = 8000.

2.3 Flow in the wake

2.3.1 Instantaneous flow visualisations

In the wake of the square rod at incidence usually periodic vortex shed-
ding shedding is observed [13, 24, 26, 33, 39]. If a circular rod is positioned
upstream of the square one a second non-shedding mode is possible [54]
depending on the distance between the rods. Smoke visualisation of the
shedding and not-shedding modes is shown in figures 2.5a and 2.5b.

2.3.2 Average flow pattern

In figure 2.6 we can see the average flow pattern obtained from PIV mea-
surements by Roosenboom [52]. It agrees with the general classification of
flows introduced above [24]. In chapter 4 we will compare in detail the PIV
data of Roosenboom [52] with our numerical simulations.

2.4 Pressure on the rod surface at different
angles of attack

The average pressure on surface of the rod is also affected by the angle of
attack. An example of a Cp distribution around the rod from Igarashi [26]
can be seen in figure 2.7. Note the difference between the two angles around
αcr α = 10o (black triangles pointing upwards) and α = 15o (white triangles
pointing downwards). Xs and Xr indicate the position of separation and
reattachment respectively.

13
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(a) Vortex shedding [26], ReD = 11000

(b) Non-shedding controlled by an upstream circular rod [54], ReD = 34000

Figure 2.5: Smoke visualisation of the wake of a square rod from Igarashi [26]
and Sarioglu [54].

An example spanwise distribution (along the rod length) of base pressure
from an experiment performed by Bearman [9] is given in figure 2.8. We can
see that due to the effect of the end-plates Cp is not uniform along the span.
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Lift and drag coefficients (2.5)

(a) α = 0o (b) α = 12.5o

(c) α = 30o

Figure 2.6: Average flow pattern from PIV measurements from Roosenboom [52].
The grey area is the rod cross-section, the square line marks the
extent of perspective view of the CCD camera. ReD = 20000

2.5 Lift and drag coefficients

2.5.1 Average lift and drag coefficients at different angles
of attack

In figure 2.9 we see the mean lift and drag coefficients (Cl and Cd) deter-
mined by integrating the mean pressure measurements from Igarashi [26].
The data of Otsuki et al. [48] shown on that plot comes from direct force
measurements. We can see that around αcr ≈ 14o the drag coefficient reaches
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(a) Average Cp

(b) Fluctuating Cp

Figure 2.7: Pressure coefficient Cp at the rod walls for different angles of attack
from Igarashi [26] (not corrected for blockage). ReD = 37000

its minimum value and the slope of lift turns from positive to negative. The
differences of Cd at higher angles of attack between the authors is due to
the effect of blockage, i.e. finite wind tunnel cross-section.

In the work of Tamura [60] the effect of turbulence level on lift and drag
is studied (figure 2.10). As the turbulence intensity increases, the Cd values
decrease. This is especially visible at angles below αcr. At α = 0o the mean
Cd with turbulence intensity I = 14% is 25% lower than Cd with low
turbulence flow (I = 0.4%). For the lift coefficient Cl he finds that the
flow starts reattaching for lower angles with increasing level of turbulence.
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Figure 2.8: Average base pressure coefficient Cpb at rear side of the rod vs.
spanwise coordinate at α = 0o from Beraman [9] (not corrected for
blockage).

Figure 2.9: Mean lift and drag coefficients Cl and Cd from Igarashi. [26] ReD
from 37000 to 56000

The minimum of Cl occurs at a lower angle of attack αcr with increasing
turbulence level.

In the paper of Tamura [60] the influence of sharpness of the rod corners on
the mean and fluctuating forces acting on the rod placed in uniform flow (see
figure 2.11) is considered. He studied the sharp edged-rod, a chamfered one,
and one with rounded corners. The sharp-edged square rod has larger value

17
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Figure 2.10: Influence of turbulence intensity on coefficients of lift and drag for
different angles of attack from Tamura [60]. ReD = 30000

of mean drag than the two other rods (more than 50% for α < 5o - see figure
2.11a). The shape of the edges affects also the value of the critical angle αcr
which is as low as 5o for rounded rod, around 7o for the chamfered one, and
around 12o for the sharp-edged square rod. However it is the fluctuation of
lift that is the most spectacularly affected by the sharpness of the edges (see
figure 2.11b). At angle of attack α = 0o it is more than a factor two higher
for the sharp-cornered rod than in the case of rounded and chamfered ones.

2.5.2 Oscillating lift and drag coefficients at different
angles of attack

Vickery [64] measured for a rod of aspect (length L to width D) ratio L/D =
30 at angle of attack α = 0o the rms of the fluctuating lift coefficient (Clrms)
of 1.32 in a smooth flow and 0.68 in a presence of large scale turbulence. The
corresponding spanwise correlation lengths were 5.6D and 3.3D respectively.

Describing fluctuating lift and drag one has to present amplitude (or rms)
and frequency of the time signal (Strouhal number).

Data concerning the oscillating drag coeffcient as a function of angle of
attack was not found in the literature. It is very difficult to measure accu-
rately. In Vickery [64] we find the Cdrms = 0.17 for zero angle of attack.
Other data available refer to numerical simulations at zero angle of attack
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(a) Mean Cl and Cd (b) Fluctuating Cl

Figure 2.11: Influence of rod edges shape on coefficients of lift and drag for dif-
ferent angles of attack from Tamura [60]. ReD = 30000

and are in the range of 0.1− 0.37 [51, 58] For RANS calculations one finds
typically Cdrms < 0.1 [58]. The data collected by Rodi [51] is obtained
for a three-dimensional domain limited to four times the rod width in the
spanwise direction. This configuration was also used by Sohankar [58].

In figure 2.12 we see the rms of lift from Knisely [33] measured with three-
component load cells and Vickery [64] (with coarse angle resolution). If we
compare the Clrms with Tamura [60] (figure 2.11b for the sharp-edged rod)
there is a good agrement for low angles of attack. At α > 15o the Clrms of
Tamura [60] grows to reach 0.5 at α > 30o, while the data of Knisely [33] is
20% lower at this angle.

The frequency of the oscillation in the lift force is the same as the vor-
tex shedding frequency [26, 33, 45, 60]. Igarashi [26] gives three different
definitions of Strouhal number:

St = fDproj/Uo

Stb = fDproj/Us

StD = fD/Uo

where f is the dominating frequency, Uo is the inlet velocity, Us - veloc-
ity along free streamline at separation point (where Us = Uo

√
1− Cpb).

Lengths: D - rod width or Dproj - rod width projected normal to the wind
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Figure 2.12: Fluctuating lift coefficient Clf from experiments of Knisely [33]
ReD = 22000 to 62000, O - spectral peak value, • - rms value, ∗ -
Vickery [64], ReD = 40000 to 160000

direction. The behaviour of three Strouhal numbers as a function of angle of
attack is shown in figure 2.13. Rounding or chamfering the edges increases
the value of Strouhal number [60].

2.6 Sound produced by a square rod at incidence

Two-dimensional cylinders radiate tonal aerodynamic sound (whistling) re-
ferred to as an Aeolian tone generated by fluctuating lift and drag forces.

Uffinger et al. [62] measured flow field and sound around a wall-mounted
rectangular cross-section rod with various additional shapes added to it. He
ordered them with increasing sound pressure level as can be seen in figure
2.14.

The tonal noise produced by a square rod at incidence depends mainly
on the amplitude of fluctuating lift [21, 25] and on its correlation length
γ as suggested by Phillips [49]. Fujita [21] estimated, using the gaussian
distribution fit, the correlation length coefficient γ of a surface pressure on
a square rod at incidence (see figure 2.15) to be varying between γ = 9 and
12 for most angles of incidence. It has peaks up to γ = 30 around α = 45o

and α = 135o where the flow is considered to be symmetric and most stable.
He finds also considerable increase in spanwise correlation at 10o, 80o, 100o

and 170o. This effect is not understood.
Fujita [21] measured a dramatic loss of sound pressure level (SPL) by

10 dB at the critical angle of attack αcr (see figure 2.16). The results of
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Figure 2.13: Strouhal numbers St, Stb and StD based on rod width D, projected
rod width Dproj and inlet velocity Uo or Us from Igarashi [26],
ReD = 37000
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The motivation for this work was to analyze the flow field around different cylinder geometries 
to gain a better understanding of aeroacoustic sound generation. It was to be checked which 
properties or structures of the flow field have an influence on the radiated acoustic field. Because of 
the above-mentioned lack of data in the literature, the flow field around the geometries displayed in 
figure 2a, 2b and 2c was to be evaluated using experimental methods. Furthermore, these data can 
be used for comparisons with the results of numerical studies that have also been carried out at the 
Institute [2]. 

The setup and the measurement equipment used for the experimental investigations are described 
in Section 2. The results of the measurements are presented in Section 3 and a comparison between 
numerical and experimental investigations is given in Section 4. Section 5 contains a short summary 
of this work. 
 

2. Setup and measurement equipment 
 

The studied geometries are displayed in figure 4, including the dimensions of their cross-sections 
in mm. The basic stump geometry is a square cylinder with a side length D of 20 mm and a length L 
of 120 mm (figure 4c). Two additional geometries are investigated. First an elliptical body is 
inserted into the recirculation area behind the square cylinder (figure 4a) and second a wedge is 

placed in front of the cylinder (figure 4b). The selection was done based on the aeroacoustic results 
and represents, in addition to the basic geometry, the test cases for the quietest and loudest cylinder 

Figure 3: Ranking of geometries referring to the acoustic sound pressure 

level (U∞ = 30 m/s) 

Figure 4: Geometries used for LDA measurements: a) elliptical afterbody; b) 
wedge in front of the cylinder; c) unmodified cylinder (dimensions in mm) 

Figure 2.14: Ranking of geometries referring to the acoustic sound pressure level
at Uo = 30m/s from Uffinger [62], ReD = 37000

measurements by Hutcheson and Brooks [25] at angles 0o 30o and 45o agree
with sound pressure level predicted by Fujita [21]. Hutcheson and Brooks
[25] state that sound generated by the rod is not affected by placing a grit
(roughness) on its surface.
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Figure 2.15: Coherent length coefficient γ of a pressure on a square rod at inci-
dence from Fujita [21]

Figure 2.16: Measured sound pressure level (SPL) from Fujita [21]

2.7 Conclusion

Based on our review of the literature we conclude that:
There is a significant impact of angle of attack on velocity and pressure

field. Flow around square rods can be classified as subcritical, supercritical
and wedge flow regime depending on angle of attack changing the topological
features of the flow.

At the critical angle of attack αcr the strongest reattachment on the lower
side wall occurs. At this angle there is a maximum of vortex shedding fre-
quency. The mean and fluctuating forces have their minimum. The tonal
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sound radiation displays a sharp minimum at αcr. This critical angle of at-
tack depends on Reynolds number (for ReD < 5000), turbulence intensity
of the incoming flow and sharpness of the rod edges.
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Chapter 3

Flow modeling based on LES

The goal of this chapter is to determine the effect of numerical parameters of
Large Eddy Simulation (LES) on the predicted hydrodynamic pressure and
velocity field. We perform this study on square rod at zero angle of attack.

In section 3.1 we give a short description of equations used. In section 3.2
we describe the geometry and discretisation of the computational domain
used in this chapter. Section 3.3 explores the influence of the grid resolution
at the walls of the rod and the eventual use of wall functions. We move
on to study the effect of the spanwise dimension of the domain in section
3.4. In section 3.5 we report the differences between using periodic spanwise
boundary condition and non-slip end-plates.

3.1 Governing equations

We consider the incompressible time-dependent Navier Stokes (N-S) equa-
tions describing the continuity and momentum laws for the spatial domain
~x ∈ Ω as function of time t:

∂ui
∂xi

= 0 (3.1)

∂ui
∂t

+
∂uiuj
∂xj

= −1
ρ

∂p

∂xi
+ ν

∂2ui
∂xj∂xj

(3.2)

where ui(~x, t), i = 1, 2, 3 is the velocity vector component, p(~x, t) is the
pressure, ρ is the fluid density and ν is the kinematic viscosity. We consider
ρ and ν as constants. The Einstein summation convention is used for the
index notation.

3.1.1 DNS

The most straightforward way of solving the N-S equations is to solve them
directly without modeling. In case of a turbulent flow as we expect in our
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experiments, it means that the mesh and time stepping must be fine enough
to resolve the smallest scales down to the Kolmogorov [34] one. These tech-
niques have made available data that had never been measured before: mul-
tipoint and not disturbing the flow. The knowledge gained through simula-
tions allowed for turbulence modeling validation and development, and have
given the new insight into the physics of turbulence [41].

Such a calculation is however very costly and nowadays still prohibitive
for engineering applications. We will therefore consider modeling of the tur-
bulence.

3.1.2 u-RANS

Unsteady Reynolds Averaged Navier Stokes (u-RANS) equations [67] for a
turbulent flow are based on the principle of the Reynolds decomposition of
the velocity ui(and other fluctuating fields like pressure) into a mean ui and
fluctuating part u′i.

ui = ui + u′i (3.3)

ui = lim
T→∞

1
T

∫ t0+T

t0

uidt (3.4)

Where ui is a time average. For turbulence that is both stationary and ho-
mogeneous (i.e. ergodic) the time average is equivalent to ensemble-average.

After applying the decomposition and time-averaging on the standard N-S
equations 3.2 one obtains the RANS set:

∂ui
∂xi

= 0 (3.5)

∂ui
∂t

+
∂uiuj
∂xj

= −1
ρ

∂p

∂xi
+ ν

∂2ui
∂xj∂xj

−
∂u′iu

′
j

∂xj
(3.6)

which has new unknowns forming so called specific Reynolds stress tensor
τij = −u′iu′j .

The system has to be closed by additional model equations. There are
many possibilities of solving this closure problem. One may relate the Reynolds
stresses to the mean flow strain rate Sij using the concept of eddy viscosity.
Unfortunately a universal model coping with all the flows is not known yet.

In this work we used simulations performed with a four-equation v2f tur-
bulence model at UTwente by van der Weide [63]. V2f model was first intro-
duced by Durbin [18] and has become increasingly popular, due to its ability
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Governing equations (3.1)

to correctly account for near-wall damping without the use of ad-hoc damp-
ing functions [31]. This model consists of solving two transport equations in
addition to the standard k - ε model equations. It adds a convection-diffusion
transport equation for the wall-normal stress, v̄2, and an elliptic equation
for a relaxation function, f .

3.1.3 Large Eddy Simulation formulation

Large Eddy Simulation (LES) is an attractive technique for simulating tur-
bulent flows. It follows the Kolmogorov’s [34] theory that the large eddies
of the flow are depending on the geometry while the smaller scales are more
universal. This allows one to explicitly solve for the large eddies in a calcu-
lation and implicitly account for the small eddies by using a subgrid-scale
model (SGS model).

Figure 3.1: Turbulent energy spectrum, from the macroscopic scale lo to the
Kolmogorov scale η, as a function of the wave number k.

Energy (figure 3.1) is extracted from the main flow by stretching of large
vortical structures by velocity gradients. The energy cascades down to smaller
spatial scales until the Kolmogorov scale η is reached at which molecular vis-
cosity becomes dominant and the energy is dissipated into heat.

We separate the velocity field into a resolved and sub-grid part [53]. The
resolved part of the field represents the ”large” eddies, while the subgrid part
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of the velocity represent the ”small scales” whose effect on the resolved field
is included through the subgrid-scale model. The filtering is the convolution
of a function with a filtering kernel G:

ūi(~x) =
∫
G(~x− ~ξ)u(~x)d~ξ, (3.7)

resulting in
ui = ūi + u′i, (3.8)

where ūi is the resolvable scale part and u′i is the subgrid-scale part. Most
implementations of LES use the grid itself as the filter and perform no
explicit filtering. This is the approach used in Fluent [4], which is the LES
solver used for the calculations in this thesis.

The filtered equations are developed from the incompressible Navier-
Stokes equations (3.2). Substituting in the decomposition ui = ūi + u′i and
p = p̄ + p′ and then filtering the resulting equation gives the equations of
motion for the resolved field:

∂ūi
∂t

+ ūj
∂ūi
∂xj

= −1
ρ

∂p̄

∂xi
+

∂

∂xj

(
ν
∂ūi
∂xj

)
+

1
ρ

∂τij
∂xj

. (3.9)

The extra term ∂τij
∂xj

in (3.9) arises due to the fact that

uj
∂ui
∂xj
6= ūj

∂ūi
∂xj

(3.10)

τij = ūiūj − uiuj (3.11)

Subgrid-scale turbulence models usually employ the Boussinesq hypothesis
[23], and calculate (the deviatoric part of) the subgrid-scale (SGS) stress τij
using:

τij −
1
3
τkkδij = −2µtS̄ij (3.12)

where S̄ij is the rate of strain tensor for the resolved scale defined by

S̄ij =
1
2

(
∂ūi
∂xj

+
∂ūj
∂xi

)
(3.13)

and µt is the subgrid-scale turbulent viscosity also written as νt = µt/ρ.
Substituting into the filtered Navier-Stokes equations, we then have

∂ūi
∂t

+ ūj
∂ūi
∂xj

= −1
ρ

∂p̃

∂xi
+

∂

∂xj

(
[ν + νt]

∂ūi
∂xj

)
, (3.14)
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where the incompressibility constraint has been used to simplify the equation
and the pressure p̃ is now modified to include the trace term τkkδij/3.

3.1.3.1 Subgrid-scale turbulence model

In this thesis we chose to use the off-the-shelf commercial CFD solver, Fluent
[1]. This solver has available the following subgrid scale models:

• Smagorinsky-Lilly [57],

• Dynamic Smagorinsky [22],

• Wall-Adapting Local Eddy-viscosity (WALE), [44]

• Dynamic Kinetic Energy Subgrid-Scale Model [32]

We decided not to use dynamic models as they are more computation-
ally intensive and may introduce instabilities [43, 44]. Smagorinsky-Lilly
was ruled out due to poor performance in wall bounded flows. The WALE
model is designed to return the correct wall asymptotic (∝ y3) behaviour of
turbulent viscosity for wall bounded flows and can reproduce the transition
from laminar to turbulent flow.

In the WALE [44] approach used in current calculations the eddy viscosity
is based on a square of the velocity gradient tensor g2

ij = gikgkj :

νt = ∆2
s

(SdijS
d
ij)

3/2

(SijSij)5/2 + (SdijS
d
ij)5/4

(3.15)

∆s = CwV
1/3 (3.16)

Sdij =
1
2

(
g2
ij + g2

ji

)
− 1

3
δijg

2
kk (3.17)

gij =
∂ui
∂xj

(3.18)

(3.19)

where S̄ij is the rate-of-strain tensor for the resolved scale defined (3.13), V
is the volume of the cell.

We use the value of the constant Cw = 0.325, which is the common
practice for this model.
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Figure 3.2: LES computational domain

3.2 Model Problem

To investigate sound generation on flows around bluff bodies or obstructions,
we studied the model problem of a flow around a square rod at angle of attack
α = 0o (figure 3.2). The coordinate system (x1, x2, x3) has its origin in the
center of the rod. The rod is placed in the fluid domain which is restricted
to a box of size (Xup + Xdown + Xb) × H × L in directions x1, x2 and x3

respectively. Xup is the domain extent upstream of the rod, Xdown is the
length of the domain downstream of the rod. Xb is the length of a buffer
zone.

A preliminary study for the CFD outlet conditions was carried out on a
similar geometry with an incompressible laminar flow[42]. It showed that it
is necessary to place a pressure reference cell in a region without fluctuations.
A buffer zone was added to damp out spurious waves due to the crossing
of vortical disturbances at the downstream boundary. It consists of a mesh
stretched in the streamwise direction starting from Xb before the outlet
face. It ensures that vortices are dissipated before reaching the downstream
boundary of the computational box. The stretching ratio is 1.2. The pressure
reference cell is positioned at the downstream end of the buffer zone.

3.2.1 Blockage effects

Most experiments reported in the literature are carried out in a wind tunnel
with a closed test section. Due to the limited size of the wind tunnel cross-
section in x2 direction there is a blockage effect. The aerodynamic coefficients
of lift and drag (Cl and Cd respectively) are corrected for blockage using
the formula [14]:

Cdcorr = Cd(1−Am/As)N (3.20)
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where Am is the model frontal area and As is the tunnel crossectional area.
Knowing both, we can also compute the blockage ratio. N is an empirical
correction parameter and it depends on the length of the afterbody. For a
square rod at α = 0o N is usually taken as 1.3 [14].

3.2.2 Grid topology

LES
The LES grid was created using Gambit 3-d meshing tool [8], where ini-

tially a 2-d mesh was created in the plane x3 = L/2. The mesh features a
refinement close to the non-slip walls of the rod, and is solely composed of
quadrilaterals. In order to control the desired resolution and gradual coars-
ening of the mesh it was built out of subdomains (see figure 3.3). The 2-d
mesh was finally extruded along x3 direction to obtain a hexahedral three-
dimensional grid.

The mesh is cartesian around the rod and in its wake, with stretching
allowing to have more points in the boundary layers next to the walls of the
rod and coarser mesh outside the boundary layers. At distance of 0.8D from
the walls of the rod we start a quadrilateral (non-cartesian) grid providing
a transition from the rod to the channel walls (figure 5.7).

Figure 3.3: Mesh topology

uRANS
The uRANS was solved on a 2-d mesh, consisting of quadrilateral curvi-

linear elements as shown in figure 3.4. The square rod is placed in the center
of a circular domain, where the outer circle has a radius of 50 rod diameters
[63].

3.2.3 Boundary conditions

LES
We group boundaries as follows:

1 - the flow inlet is at the plane x1 = −Xup.
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Figure 3.4: Mesh uRANS

2 - at planes x2 = ±H/2

3 - at planes x3 = ±L/2

4 - the flow outlet at plane x1 = Xdown +Xb

The inlet and outlet boundaries 1 and 4 remain the same in all cases
solved. At boundary 1 we apply uniform inlet velocity [3]. Outlet (boundary
4) has zero gauge pressure condition [5]. Boundary 2 is either a slip- or non-
slip wall [7]. Boundary 3 is either a non-slip wall representing end-plates or
a periodic boundary condition in the direction x3.

The calculations were initialised with uniform velocity (equal to the inlet
velocity) and atmospheric pressure in the whole computational domain.
uRANS
For the uRANS calculations, non-slip boundary conditions were used on

the rod-edges and a far-field boundary condition based on the inlet velocity
was applied on the domain outer boundary.
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3.2.4 Discretisation

LES
The LES solver of Fluent software [1] consists of a cell-centered finite vol-

ume discretisation of the flow equations, formulated on a velocity-pressure
coupling algorithm (PISO). This means that the momentum equations (with
velocity as unknowns) are solved sequentially - segregated from the mass
conservation equation (where pressure is the unknown). Each equation is
discretized implicitly into a linear system which is solved with algebraic
multi-grid (AMG) which uses a standard V-cycle for the pressure and a
flexible cycle for momentum which may or not include coarsest level solu-
tions.

The spatial discretization of the convective fluxes follows a bounded central-
differencing scheme. Central differencing (CD) serves as a good base to con-
struct a scheme for LES, thanks to its low dissipation (2nd order). However
it can introduce unphysical oscillations (sometimes called wiggles), there-
fore Fluent features the Bounded Central Differencing (BCD) scheme which
is considered suitable for LES. The BCD consists of a blending between a
2nd order upwind and the 2nd order central scheme, therefore retains its
formal 2nd order accuracy. Whenever the convection boundedness criterion
(CBC) is violated, the scheme is switched to a first order upwind to avoid
unphysical oscillations [2].

Time is discretized implicitly with an unconditionally stable backward dif-
ference of second order. To speed-up time-stepping, it uses a non-iterative
time advancement (NITA) of the PISO algorithm [1] [28], where each segre-
gated linear system is solved to enough accuracy, but no outer iterations are
performed, thus saving iterations on the non-linear loop. We used a constant
timestep assuring the CFL number to be below 1 for accuracy reasons.

uRANS
The solution of the compressible Reynolds-averaged Navier-Stokes equa-

tions is obtained by solving the flow equations decoupled from the turbu-
lence transport equations. The flow equations are discretised using a cell
centered finite volume approach using upwind scheme with Roe’s approxi-
mate Riemann solver for the inviscid fluxes. To achieve 2nd order accuracy,
a MUSCL approach with linear reconstruction is used to compute the gra-
dient of the solution at the cell interfaces. The viscous fluxes are discretised
with a standard 2nd order central scheme.

Time-stepping is achieved with an unconditionally stable 2nd order Back-
ward Euler Method, where the non-linear system in time is solved using a
pseudo-time stepping method.
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The turbulence transport equations consist of a 4 equation V2F model
cast in quasi-linear form and discretised with cell-centered finite differences
using an upwind scheme for convective terms with a MUSCL discretisation
and a MinMod limiter to clip unphysical over-shots. The viscous terms are
centrally discretised following an orthogonal curvi-linear arrangement of the
grid. This segregated finite difference discretisation ensures strict positivity,
therefore avoiding unphysical oscillations on the turbulence quantities thus
improving overall stability.

The whole iterative solution process is accelerated with a geometrical
multi-grid (3W cycle) for the flow equations, combined with explicit Runge-
Kutta smoothers, with turbulence frozen at the coarser levels. The turbu-
lence transport equations are solved using a diagonal dominant alternative
directions implicit method (DD-ADI) with inclusion of only the sink terms
on the linearised Jacobian.

The above procedures were used at UTwente by E. van der Weide [63] to
provide uRANS solutions used for comparison in this thesis.

3.2.5 Experiment at UTwente

Experiments of the model problem described in section 3.2, were performed
at UTwente by Dorneanu [16]. Both static pressure on the surface of the rod
and the radiation of the sound were measured. These values are compared
to the numerical results in the following sections, where the experiment is
identified as current experiment.

More detailed description of this experimental campaign can be found in
chapter 5.

3.3 The influence of wall resolution and use of
wall functions

In this section we compare simulations performed with different mesh re-
finements in the vicinity of the non-slip wall of the rod.

Friction at the wall causes the fluid to come to rest creating a boundary
layer, as first described by Prandtl in 1904 [50, 56]. In order to characterise
grid resolution at the wall we use a non-dimensional wall distance y+

min. This
dimensionless distance is defined as:

y+ =
uτ y

ν
(3.21)
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where uτ is the friction velocity defined as

uτ =
√
τw
ρ
. (3.22)

where τw is the wall shear stress, y is the distance to the wall, ν is the
molecular kinematic viscosity of the fluid of density ρ. One can also define
the non-dimensional wall velocity u+ = u/uτ .

In figure 3.5 we can see a typical self-similar plot of u+ as a function of y+

in a boundary layer of a channel flow without pressure gradient. It can be
divided in several sublayers. Closest to the wall there is a viscous sublayer
(up to y+ = 5) where we have a linear velocity profile u+ ≈ y+ due to the
predominance of laminar viscosity. In the region above y+ = 30 (called log-
law, or fully turbulent region), where turbulent viscosity outweighs laminar
viscosity, the velocity can be approximated by a logarithmic law of the form:

u+ =
1
κ
ln(y+) +B (3.23)

where κ is the von Kármán constant and B is a constant. The upper limit of
applicability of this law depends on the Reynolds number of the flow. This
logarithmic law can be derived [67] by postulating that the mean velocity
gradient ∂U/∂y correlates to a function of uτ , ν/uτ and y. This function is
experimentally observed in a wide range of cases to be:

∂U

∂y
=
uτ
y
F (uτy/ν) (3.24)

with

F (uτy/ν) −→ 1
κ

as uτy/ν −→∞ (3.25)

which by integration over y, we arrive to equation (3.23).
The transition region in between the viscous and the log-law sublayers at

5 ¬ y+ ¬ 30 is called the buffer sublayer, where neither laminar or turbulent
viscosities are predominant, and therefore none of the above approximations
is valid.

When we perform the numerical simulation it is crucial to properly cap-
ture the boundary layer near the wall, i.e. to accurately represent the bound-
ary layer across its sublayers. Two alternative approaches are possible: solv-
ing the problem using enough mesh points in the boundary layer to resolve
the velocity profile directly (DNS, resolved LES), or using special boundary
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Figure 3.5: Boundary layer regions. Kasagi [30].

conditions that incorporate so called wall functions, that inherently model
the viscous and buffer layers using analytical approximations.

Wall functions are implemented in Fluent software (see [6]) in such a way
that, when the mesh is ’fine enough’ to resolve the laminar sublayer, the
wall shear stress is obtained from the laminar stress-strain relationship:

u+ = y+ (3.26)

If the mesh is too coarse to resolve the laminar sublayer, it is assumed
that the centroid of the wall-adjacent cell falls within the logarithmic region
of the boundary layer, and the law-of-the-wall is employed:

u+ =
1
κ

lnE
(
y+) (3.27)

where κ is the von Kármán constant and E = 9.793. If the mesh is such
that the first near wall point is within the buffer region, then the two above
laws are blended in accordance with Kader [29]:

u+ = eΓu+
lam + e

1
Γu+

turb (3.28)

where the blending function is given by:
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Γ = − a(y+)4

1 + by+ (3.29)

where a = 0.01 and b = 5.
This formula should guarantee the correct asymptotic behaviour for large

and small values of y+ and reasonable representation of velocity profiles in
the cases where y+ falls inside the wall buffer region. In Fluent solver [6],
the wall function is automatically applied when the y+ = y+

min of the first
cell is above 11.

3.3.1 Parameters for the study of wall mesh refinement

The computational domain (fig. 3.2) in this study has the following dimen-
sions (relative to rod width D): Xup = 15D, Xdown = 40D, Xb = 10D and
L = 3D. Blockage, defined as b = D/H, along with other parameters can be
found in table 3.1. The Boundary 2 is a slip-wall and boundary 3 in span-
wise direction is periodic (see paragraph 3.2.3). Case A is wall-resolved LES
with y+

min < 1.5 and without using the wall function. Case B features a grid
with y+

min < 7, and represents a non-resolved LES without using the wall
functions. Case C, where y+

min < 60, uses the wall functions with the loga-
rithmic law as described in (3.27). The x+

min is the mesh size in streamwise
direction on the wall of the rod (top/bottom). It stays within the guidelines
for resolved LES for all the cases [65]. However the z+

min resolution in span-
wise direction is about five times larger than the one recommended for the
channel flow [65].

Case x+
min y+

min z+
min b N ×Nx3 ReD No. of cells

LES - A < 20 < 1.5 < 100 10% 30× 18 5000 1.5 mln
LES - B < 20 < 7 < 100 6% 30× 18 5000 1 mln
LES - C < 60 < 60 < 120 10% 10× 18 12000 0.7 mln

Table 3.1: Summary of simulations in the mesh refinement study, where x+min,
y+min and z+min are the mesh resolutions in streamwise (x1), wall-
normal (x2) and spanwise (x3) directions on the rod walls, b is blockage
and N × Nx3 is the number of cells on the side of the rod in x1 and
x3 direction.
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3.3.2 Discussion of Numerical Results

3.3.2.1 Impact of wall resolution on pressure

Average pressure coefficient distribution around the rod is shown on figure
3.6 using a surface coordinate S defined also in that figure. We present here
both original data calculated in LES, and the ones corrected for blockage
effects using the theory described in Courchesne [14]. It can be seen that the
case with y+

min = 60 gives good prediction in the front and base pressure
(sides A and D in figure 2.1) when not correcting for blockage (figure 3.6
(a)). Applying the correction (figure 3.6 (b)) reveals that average Cp of case
C does not agree well with the experiments away from the front wall A. The
pressure of the lateral sides (sides B, C in figure 2.1) is not well predicted by
wall modelled LES case C. As expected - fine resolved case (y+

min = 1.5) gives
result closer to experimental data (however there is asymmetry between sides
B and C). The y+

min = 7 case (B) has average pressure similar as the resolved
case A.

Looking at the dependence of mean lift and drag coefficients ( Clmean and
Cdmean) on wall resolution (figure 3.7) one can see that Clmean predicted
using wall functions is closest to zero. Coarser mesh induces higher turbulent
viscosity. The predicted mean drag coefficient Cdmean is in very good agree-
ment with literature data [45], [33] using both resolved (y+

min = 1.5) and
unresolved (y+

min = 7) LES. Simulation with wall function and y+
min = 60

underestimates the mean drag by roughly 20%. The Clmean and Cdmean
data from the current experiment of Dorneanu [16] were obtained by inte-
grating the Cp results on walls C and B (top/bottom), and A, D (front/rear)
(following the nomenclature of figure 2.1).

In figure 3.8, we present a comparison of RMS fluctuations of lift and drag
coefficients (Clrms and Cdrms) and we observe the decrease of these param-
eters when using wall function. Using the mesh with y+

min = 60 we have an
error of nearly 30% on the Clrms compared with the direct measurements
of Knisely [33]. The fact that Clrms in case A and B is overpredicted with
respect to experimental data [33], [21] is explained in section 3.4. It is inter-
esting to explore domain models with y+

min ≈ 30 to see how the solution is
affected when the first cell falls within the buffer region.

Still in figure 3.8, the experimental data of Knisely [33] was measured
directly by pressure transducers on the rod surface. The Clrms of Fujita [21]
and the experiment in UTwente by Dorneanu [16] are computed using the
microphone measurements in the far field and processed by the following
formula (rearranged from Fujita [21]):
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Clrms =
pref × 4ar2 × 10SPL/20

ρU3
oStDx2L

√
1 + 1

(2πStDM r/D)2

(3.30)

where pref= 2 · 10−5Pa, a is the speed of sound, r is the distance from the
rod axis to the microphone, SPL is the measured sound pressure level, x2 is
the second coordinate of the microphone, M is the Mach number, L is the
rod length and D is the rod diameter.

All the Cl and Cd coefficients obtained by LES computation and discussed
in this section were corrected for blockage effects using formula (3.20). The
current experiment by Dorneanu [16] was performed on a semi-confined jet
and was not corrected for blockage.

3.3.2.2 Impact of wall resolution on velocity field

The LES computations without wall models provide good prediction of
streamwise velocity Umean , Urms and the normal direction x2 (lift direction)
Vrms. There is no significant difference between the resolved (y+

min = 1.5)
and the under-resolved (y+

min = 7) mesh cases, as shown in figure 3.9. On
the other hand we can see clearly that in the case of y+

min = 60 the solution
neither agree with experiment [39] nor with numerical LES results from the
literature [58]. It is especially important for Vrms which peak is 30% lower
than expected. In case of spanwise velocity fluctuations Wrms (figure 3.9d)
the under-prediction of velocity is mostly due to the domain size which is
discussed in the section 3.4.

In figure 3.10 we show the velocity statistics in the wake, at x1 = 2.5D.
This profile can be compared with data from literature. The velocity is well
predicted using finer meshes. Wrms is predicted in agreement with LES data
available from literature when using wall function (LES - C, y+

min = 60) and
the finest mesh resolution case gives the poorest fit with the reference data
[58].

3.3.3 Conclusion

We assessed the impact of wall resolution at the rod surface on velocity and
pressure fields. A domain of limited span dimension (L = 3D) was used
to allow a full resolution of the boundary layer with the available computer
power. We observe significant errors in mean and fluctuating force prediction
when using a coarse mesh (LES - C, y+

min = 60) and log-law type of wall
function (3.27).
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Figure 3.6: Time- and spanwise average Cp distribution on the rod surface at
α = 0o depending on wall resolution y+min for L = 3D and periodic
boundary conditions in the x3 direction. Side A (front) is between
edges 3 and 4. Side B is between edges 2 and 3. Side C is between
edges 0 and 1. Side D (rear) is between edges 1 and 2. Not corrected
(a) and corrected (b) for blockage. Chen [13], ReD = 5300, Current
experiment [16], ReD = 46000
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Figure 3.7: Clmean and Cdmean vs. y+min at the wall of the rod. Numerical results
compared with experiments. Norberg [45], ReD = 5000, Knisely [33].
ReD = 22000 to 62000, Current experiment [16], ReD = 46000. LES
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0 50 100

0.8

1

1.2

1.4

y+

C
l rm

s

 

 

Knisely exp.
Fujita exp.
Current exp.
Numerical

(a)

0 20 40 60

0.16

0.18

0.2

0.22

0.24

y+

C
d rm

s

 

 

Numerical

(b)

Figure 3.8: Clrms and Cdrms vs. y+min. Numerical results compared with experi-
ments. Knisely [33] ReD = 22000 to 62000, Fujita [21] ReD = 10000,
Current experiment [16], ReD = 46000.
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Figure 3.9: Time averaged streamwise velocity Umean and RMS velocity
Urms, Vrms, Wrms at centerline (x2 = 0, x3 = 0) at different wall
resolution y+min, for L/D = 3 and periodic boundary conditions in x3
direction. Scaled with inlet velocity Uo. Lyn et al. [39], ReD = 22000,
Sohankar et al. [58], ReD = 22000.
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Figure 3.10: Time averaged streamwise velocity Umean and RMS velocity
Urms, Vrms,Wrms at x1 = 2.5D at different wall resolution y+min
(L/D = 3). Scaled with inlet velocity Uo. Kurtulus [35] ReD =
5000, Lyn et al. [39], ReD = 22000, Sohankar et al. [58], ReD =
22000.
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3.4 The influence of domain size in spanwise
direction

A bluff-body wake often displays periodic vortex shedding like the von
Kármán vortex street for cylinders. These are essentially 2-d instabilities.

Turbulent bluff-body wakes are more complex. They are not only deter-
mined by 2-d instabilities but 3-d vortical instabilities also play an important
role. Already in the work of Phillips [49] we can find the formula predict-
ing acoustic pressure taking into account the spanwise correlation length. It
accounts for three-dimensional character of the flow at high Reynolds num-
bers. In this section we show the influence of the computational box width
L on flow velocity, pressure and integral aerodynamic parameters.

3.4.1 Study parameters

The parameter of this study is the L dimension, as described in the figure
3.2 of the computational domain. It varies from zero (2-d case) till 17D. The
summary of simulations can be found in table 3.2.

Case L/D b y+min Nx3 ReD Boundary 2 Boundary 3
uRANS 2-d 0 2% < 0.02 0 144000 far field bc -
LES - D 1 6% < 1.5 10 5000 non-slip wall periodic
LES - A 3 10% < 1.5 18 5000 slip wall periodic
LES - E 8.5 6% < 1.5 50 5000 non-slip wall periodic
LES - F1 17 6% < 1.5 120 5000 non-slip wall periodic

Table 3.2: Summary of simulations with different L/D spanwise size of the com-
putational domain, b is blockage, y+min - the wall normal cell resolution
around rod walls, Nx3 - number of cells in x3 direction.

3.4.2 Discussion of Numerical Results

All simulations discussed in this section were performed at angle of attack
α = 0o. The uRANS results are provided by van der Weide (University
of Twente). All the LES results were processed from time signals recorded
during 10 periods of the dominant von Kármán vortex shedding. In all cases
y+
min < 1.5 and Reynolds number ReD = 5000 (with exception of uRANS)

as described in table 3.2. Taking into consideration this value of y+
min, we

can consider the LES simulations to be wall-resolved.
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3.4.2.1 Impact of domain width on pressure field

Mean pressure
The average wall pressure coefficient (figure 3.11) is reproduced well at

the pressure side and under-predicted after the separation of the flow. There
is no significant difference between the LES cases solved. URANS does not
compare well with the experiment at the lateral walls B and C.

As this study was performed for angle of attack α = 0o, it is noteworthy
that this particular configuration is widely reported in the literature (espe-
cially for numerical studies), yet it presents significant difficulties due to high
sensitivity to symmetry of the inflow and the positioning of the rod. In a per-
fectly symmetric set-up (be it experiment or numerical grid) the expected
mean lift force should be equal to zero. Both experiments and numerical
results deviate from Clmean = 0. LES - D and LES - A (with L/D = 1
L/D = 3 respectively) present roughly 3 to 5 times larger difference than
the other predictions and experiments (see table 3.3). The mean drag coef-
ficient (Cdmean) is generally over-predicted in numerical simulations when
compared with experiments (see table 3.3).

Case Clmean Cdmean
uRANS 2-d -0.019 2.125
LES - D -0.057 2.065
LES - A 0.067 2.059
LES - E 0.012 2.147
LES - F1 -0.010 2.130
Current exp. [16] 0.027 1.925
Knisely [33] 0 2.017
Norberg [45] -0.005 2.055

Table 3.3: Mean lift (Clmean) and drag (Cdmean) coefficients, comparison of nu-
merical predictions with the experimental data

Unsteady pressure
In figure 3.12, we can see that by using an LES with span lower than

L = 8D we over-predict the rms of lift by more than 10% reaching more than
50% for case with L/D = 1 compared with the direct pressure measurements
of Knisely [33]. What is worth noting is that the 2-d URANS calculation
over-predicts fluctuations of unsteady lift by only 20% which is better than
resolved LES - A with L = 3D
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Figure 3.11: Time- and spanwise average Cp distribution on the rod surface at
α = 0o as a function of the length L of the calculation domain in
the x3 direction. LES ReD = 5000, uRANS by van der Weide [63]
ReD = 144000, Chen [13], ReD = 5300, Current experiment [16],
ReD = 46000.
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Figure 3.12: Clrms and Cdrms vs. L/D. Numerical results compared with ex-
periments. LES ReD = 5000, L/D = 0 refers to 2-d URANS,
ReD = 144000. Knisely [33], ReD = 22000 to 62000, Fujita [21],
ReD = 10000, Current experiment [16], ReD = 46000.
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Unsteady lift frequency (Strouhal number)
In the available literature the non-dimensional Strouhal number for the

lift force, StD, varies between 0.115 and 0.13. Figure 3.13 shows that for
L/D < 3, we are clearly over-predicting as we find StD = 0.137.
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Figure 3.13: Strouhal number for Lift force at α = 0o for ReD = 5000. L/D = 0
refers to 2-d URANS [63]. Knisely [33], Fujita [21], Current experi-
ment [16]

3.4.2.2 Impact of domain width on velocity field

When comparing the predicted average and RMS velocities with the exper-
iments [35], [39] and other simulations [58] we note the importance of the
spanwise size of the computational domain. Figures 3.14b and 3.15b show
that both in x1 and x2 directions the Urms is overpredicted when using a
model with a length in the x3 direction of L = 1D. The mean streamwise
velocity Umean and Vrms are not affected by the spanwise computational
box size. The spanwise velocity W could be compared only with other LES
results [58]. We can see in figures 3.14d and 3.15d that computations with
x3 ¬ 3D underpredict the velocity in the spanwise direction. The kinetic
energy from spanwise direction x3 (which is too narrow) is transferred to
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the streamwise x1 direction not affecting the transversal x2 direction.
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Figure 3.14: Time averaged streamwise velocity Umean and RMS velocity
Urms, Vrms,Wrms at centerline (x2 = 0, x3 = 0) for different width
L of the calculation domain in x3 direction. Scaled with Uo. LES,
ReD = 5000, Lyn et al. [39], ReD = 22000, Sohankar et al. [58],
ReD = 22000.

3.4.3 Conclusion

We studied the influence of the size L of the calculation domain for the
case of angle of attack α = 0o and periodic boundary condition in the x3-
direction. Increasing the calculation domain width L, we observe an asymp-
totic behaviour of force coefficients and Strouhal number at α = 0o ap-
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Figure 3.15: Time averaged streamwise velocity Umean and RMS velocity
Urms, Vrms,Wrms at x1 = 2.5D (downstream of the rod) for
ReD = 5000. Scaled with Uo. Kurtulus [35] ReD = 5000, Lyn et al.
[39], ReD = 22000, Sohankar et al. [58], ReD = 22000.

proaching the experimental results. The narrower the size of the compu-
tational box the higher are the coefficients of mean and fluctuating forces
acting on the rod. Calculation with L = 1D resulted in 50% overestimation
on lift fluctuation, which was reduced to a value comparable with litera-
ture for the computational domain of 8.5D with the further decrease for
L = 17D. The same behaviour was observed for drag fluctuation.

A satisfactory prediction of the velocity field is reached with L = 8.5D,
while doubling the size of the computational box did not significantly affect
the velocity field. This prediction was achieved with LES using the WALE
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subgrid model. The velocity V in transversal x2 direction is not affected by
a narrow computational box in x3-direction. The RMS of the velocity in
streamwise direction Urms increases when L decreases, at the expense of the
RMS of the spanwise velocity Wrms.

3.5 The influence of end-plates and their wall
resolution

So far we were considering the numerical simulations of a model with peri-
odic spanwise boundary conditions, therefore simulating an infinite rod and
domain in the x3 direction. In the experiments and in industrial installa-
tions comprising rods, they are usually attached to side walls or end-plates.
In this section we will examine the effect of including the end-plates and
thus assessing the influence of a finite domain in the flow field simulations.

3.5.1 Study parameters

For this analysis we used the widest case solved in section 3.4 with spanwise
dimension L = x3 = 17D. The computational domain can be seen in figure
3.2 and has the following dimensions (relative to rod width D): Xup = 15D,
Xdown = 40D, Xb = 10D, L = 17D and H = 17D. The mesh has 5 mln
elements and resolution of y+

min < 1.5 near the rod surface. This means that
we are considering wall-resolved LES for the rod surface. The streamwise
resolution at the surface of the rod is x+

min < 20. The mesh in spanwise
direction is stretched to allow for better refinement close to the end-plates.
The z+

min varies between 30 and 100.
Boundary 2 is a slip-wall. The parameter of this study is the boundary

3 in spanwise direction. The simulation is run first applying the periodic
boundary condition (LES - F1 discussed already in section 3.4) and then
run again using the same mesh, but applying non-slip wall boundary at
planes x2 = ±L/2 (LES - F). The mesh resolution at those end-plates is
compromised to z+

min < 30 so a blended wall function (3.28) is used there.

3.5.2 Discussion of Numerical Results

3.5.2.1 Impact of end-plates on pressure field

Mean pressure
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In figure 3.16 we show the impact of using end-plates on the mean pressure
field. On the left (figure 3.16a), one can see the distribution of mean Cp on
the surface of the rod at periodic case (LES - F1). On the right (figure
3.16b) we see the map of mean pressure for case LES - F with end-plates.
Two symmetric regions of low mean pressure at the rear of the rod are visible
in the case LES - F. In the next figure 3.17, we plot detailed profiles of the
mean pressure coefficient at the centerlines of the leading wall (stagnation
line x1 = −0.5D x2 = 0) and trailing wall (rear center line x1 = 0.5D
x2 = 0). It shows that in the case without end-plates the profiles are rather
uniform, and introducing the end-plates causes two minima at the rear wall
of the rod. According to the measurements of Fujita [21] the correlation
length on a square rod at zero angle of attack is of the order γ = 7 − 9. In
this case the computational domain has L = 17D spanwise, which means
that it is enough to contain twice the correlation length.

(a) Periodic (b) End-plate

Figure 3.16: Map of averaged Cp for LES case F1 and F (L = 17D) - effect of
end-plates. Coordinate system (x, y, z) = (x1, x2, x3)

The two symmetric pressure minima at the rear wall explain the difference
between LES with end-plates and periodic LES visible in figure 3.18 which
shows the profiles of Cp averaged not only in time but also in spanwise
direction.

When calculating Clmean and Cdmean we integrate the pressure and vis-
cous forces acting on the whole surface of the rod. In this way we obtain
the plots in figure 3.19. In terms of average Lift and Drag both cases are in
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Figure 3.17: Spanwise evolution of averaged Cp for LES cases with and without
end-plates

reasonable agreement with the literature, however the case with end-plates
is closer to the experimental data.

Unsteady pressure
By defining the root-mean-square of pressure fluctuations Cprms as:

Cprms = prms/(0.5ρU2
o ) (3.31)

in figure 3.20, we observe that higher intensity fluctuations are happening
on walls parallel to the flow (x2 = const). Two maxima of the pressure
fluctuation are positioned at the same spanwise location as the minima of
average pressure in figure 3.16 for the case with end-plates.

In figure 3.21 we examine the influence of introducing the end-plates on
integral Clrms and Cdrms. We can see that there is around 10% difference
for both integral fluctuation of lift and drag. We have some data of Clrms
measured directly on the surface from Knisely [33] and the ones retrieved
from acoustic measurements using the equation (3.30) (current experiment
[16] and Fujita [21]).

3.5.2.2 Impact of end-plates on velocity field

When analysing the impact of the end-plates on the velocity profiles in the
wake (figures 3.22 and 3.23), we see that there is no significant impact due

53



Chapter 3 - Flow modeling based on LES

0 1 2 3 4
−2.5

−2

−1.5

−1

−0.5

0

0.5

1

Surface coordinate S/D

C
p

 

 

LES, L = 17D, periodic

LES, L = 17D, end−plates

Chen

Current exp.

0,4 1

3 2

(a) Not corrected for blockage effects

0 1 2 3 4
−2.5

−2

−1.5

−1

−0.5

0

0.5

1

Surface coordinate S/D

C
p

 

 

LES , L = 17D, periodic

LES , L=17D, end−plates 

Chen

Current exp.

(b) Corrected for blockage effects

Figure 3.18: Time- and spanwise average Cp distribution on the rod surface
at α = 0o. LES ReD = 5000, Chen [13], ReD = 5300, Current
experiment [16], ReD = 46000.54
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Figure 3.19: Clmean and Cdmean in case with and without end-plates. Com-
parison with literature. Norberg [45] ReD = 5000, Knisely [33]
ReD = 22000 to 62000, Current experiment [16] ReD = 46000

(a) Periodic (b) End-plate

Figure 3.20: Map of Cprms for LES cases - effect of end-plates (L = 17D)

to different spanwise boundary condition. However, behind the rear wall of
the rod (x1 = D/2 + 0.0033D, x2 = 0), if we look on spanwise behaviour of
velocity fluctuations (figure 3.24), we see a difference between the periodic
and non-slip wall boundary condition. All the RMS components of velocity
have two maxima in the case with end-plates, which is not clearly visible in
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Figure 3.21: Clrms and Cdrms in case with and without end-plates. Comparison
with literature. Knisely [33] ReD = 22000 to 62000, Fujita [21]
ReD = 10000, Current experiment [16], ReD = 46000

periodic case.

3.5.3 Conclusion

In this section a study of the impact of end-plates is presented. Both mean
and fluctuating pressure distributions on the walls of the rod are affected by
the end-plates. Two symmetric minima of mean pressure on the rear wall
are identified in the presence of non-slip end-plates and the spanwise dimen-
sion L = 17D. Similarly two maxima of fluctuating pressure are present on
top and bottom walls. This might be associated with the spanwise correla-
tion length observed in the experiment of Fujita [21]. However the integral
coefficients of lift and drag do not show significant differences.

3.6 General conclusion

In this chapter we evaluated the impact of different computational param-
eters on the velocity and pressure fields at the walls of the rod in order to
identify the most crucial parameters for accuracy. In order to predict the
tonal sound produced by the rod in a cross-flow we are interested in the
accuracy of the forces acting on the walls of the rod.

We examined the influence of mesh resolution close to the rod surface
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Figure 3.22: Time averaged streamwise velocity Umean and RMS velocity
Urms, Vrms,Wrms at centerline (x2 = 0, x3 = 0) with and with-
out end-plates. Scaled with Uo. LES, ReD = 5000, Lyn et al. [39],
ReD = 22000, Sohankar et al. [58], ReD = 22000.

and using wall functions (section 3.3). It showed that having the first cell
within the log-law layer (y+ = 60) gives serious under-prediction of lift and
drag fluctuations on the rod. In this study we were limited to thin spanwise
domains. This leads to another issue: the domain spanwise width L.

In section 3.4 we explored the influence of the domain span dimension by
varying it from L = 1D to L = 17D. For this study we used the finest wall
resolution from the previous section. It turned out that having L ¬ 8.5D
the fluctuating forces were overpredicted by up to 50% in the case of L =
1D. Nonetheless, 2-d uRANS performed quite well when predicting pressure
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Figure 3.23: Time averaged streamwise velocity Umean and RMS velocity
Urms, Vrms,Wrms at x1 = 2.5D with and without end-plates. Scaled
with Uo. Kurtulus [35], ReD = 5000, Lyn et al. [39], ReD = 22000,
Sohankar et al. [58], ReD = 22000.

fluctuations on the rod.
In the last section, 3.5, we analysed the effect of the end-plates. Their

presence organises the flow into two spanwise regions visible in both the
mean and fluctuating pressure and velocity fields. The average lift and drag
coefficients were comparable with the literature data.

Given those results the recommendation for the simulation of the flow
around a square rod as a source of tonal sound would be the following:

• Grid resolution at the wall should be enough to model directly the
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Figure 3.24: Spanwise evolution of velocity fluctuations behind the rear wall of
the rod for LES cases with and without end-plates. Scaled with Uo.
, ReD = 5000

boundary layer and avoid the usage of wall functions. In Fluent [6], this
means using y+

min < 11 such that the wall-functions are not activated.

• The spanwise dimension of the domain should be at least of the order
of the spanwise correlation (L ­ 7D to 9D at α = 0o).

• The end-plates introduce a spanwise distribution of flow variables
which might be important when the rod is not acoustically compact.

A more in-depth study of the dependence on various angles of attack α is
presented in the following chapters.
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Chapter 4

Flow around square rod at incidence -
LES results and comparison with PIV

In this chapter we describe the results of the LES computations at ReD =
5000 on two mesh resolutions for three angles of attack: α = 0o, α = 13o and
α = 45o. We simulated full span of the square rod using non-slip endplates
as spanwise boundary condition. We compare the LES results with uRANS
and with data available from the literature for the above selected angles of
attack.

Flow

α A

B

C
X

D

2

1

0,4
1

2
3

Figure 4.1: Definition of angle of attack α

Definition of angle of attack α used in LES computations can be seen in
figure 4.1. It is oriented counter-clockwise.

In this chapter we will consider only the velocity field. In chapter 5 we
will compare predicted pressure fields, lift and drag with experimental data.
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4.1 Computational model

X_b

L

H

D

x1

x2

x3

X_up X_down

Figure 4.2: LES computational domain

In figure 4.2 we see the geometry of the computational model. The rod
is placed in the middle of the domain which is restricted to a box of size
(Xup +Xdown +Xb) x H x L. Xb is the length of a buffer zone consisting of
stretched a mesh, as explained in chapter 3, section 3.2. In this chapter the
results of two LES models are presented - unresolved LES - G and LES - F
resolving the boundary layers around the rod surface.

We provide results for three angles of attack: α = 0o, α = 13o and α =
45o. The rod is rotated about its axis (x3). The geometric dimensions of
the computational box for LES - G and LES - F for all angles of attack
are provided in table 4.1. The span and rod dimensions of case LES - G
correspond to the experiment from UTwente [16], and case LES - F to the
experiment of Kurtulus et al. [35]. LES - F at zero angle of attack was
described already in chapter 3, section 3.5.

D [m] L/D H/D Xup/D Xdown/D Xb/D
LES G 0.036 12 10 18 40 15
LES F 0.03 17 17 10 30 10

Table 4.1: Computational domain dimensions in LES - G and LES - F. For def-
inition of L,D,H, Xup, Xdown and Xb see figure 4.2

Boundary conditions
We apply the following boundary conditions:

1 - uniform inlet velocity Uo at the plane x1 = −Xup giving ReD = 5000.

2 - a slip wall at planes x2 = ±H/2
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3 - a non-slip wall representing endplates at planes x3 = ±L/2 and on
the surface of the rod

4 - the flow outlet as zero gauge pressure condition at plane x1 =
Xdown +Xb

The calculations were initialised with uniform velocity (equal to the inlet
velocity) and atmospheric pressure in the whole computational domain.

4.1.1 Mesh & near wall resolution

The conclusions of chapter 3 provide the following guidelines for the mini-
mum LES requirements:

• The grid resolution close to the rod wall with y+
min < 11, in order not

to use wall functions,

• Domain spanwise dimension L ­ 8.5D

• Using end-plates with grid resolution also y+
min < 11

The size of the mesh for case LES - G (see table 4.2) follows those re-
quirements. However the spanwise mesh resolution in case G is ranging from
z+
min < 14 near the end-plates to z+

min < 100 in the middle of the rod. Its
dimensions correspond to the experimental set-up in UTwente [16] which is
described in more details in the next chapter 5. LES - G under-resolves the
boundary layers, but still avoids using wall functions close to the surface
of the rod and the end-plates. Most importantly though, we compute on a
model that spans more than 8 times the rod diameter D which should allow
for a reasonable prediction of fluctuating forces on the rod surface.

We also solved on a finer mesh case LES - F (discussed in detail in chapter
3 for angle of attack α = 0o). In this case we resolve the boundary layer
around the rod with y+

min < 1.5 ,but use blended wall functions on the end-
plates where the first cell y+

min is below 30. The spanwise dimension of case
LES - G is L/D = 17 which corresponds to the wind tunnel measurements
from Kurtulus et al.[35]. The spanwise mesh resolution in case F is ranging
from z+

min < 30 at the end-plates and reaching z+
min = 100 in the middle of

the rod. This means that case F has poorer spanwise resolution than case
G.

Running LES - G it is possible to obtain converged statistics of the flow
after 1 week of computing on 8 processors per case. It takes 3-4 weeks on
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16 processors per case to obtain comparably converged results for case LES
- F.

The mesh characteristics are summarised in table 4.2. It can be seen that
in LES - G at angle of attack α = 0o the y+

min near the rod surface exceeds
the limit of 11. In that case the solver automatically activated the use of
wall functions [6]. All the other cases solved in this chapter do not employ
wall functions near the surface of the rod.

LES - G LES G LES G LES F LES F LES F
α 0o 13o 45o 0o 13o 45o

x+min at the rod < 20 < 20 < 20 < 20 < 20 < 20
y+min near rod < 12 < 8 < 9 < 1.5 < 1.2 < 1.1
y+min near end-plates < 9 < 11 < 11 < 30 < 30 < 30
Nx3 80 80 80 128 128 128
z+min near end-plates < 14 < 14 < 14 < 30 < 30 < 30
z+min middle of the rod < 100 < 100 < 100 < 100 < 100 < 100
No. of cells (mln) 0.975 1.485 1.475 4.7 4.7 4.7

Table 4.2: Mesh characteristics LES - G and LES - F. x+min, y+min and z+min are
the streamwise, transverse and spanwise mesh resolutions, Nx3 is the
number of cells in spanwise direction

In order to construct a quadrilateral mesh a block structure seen in figure
4.3 is used. The mesh we see is a surface mesh which then is extruded in
spanwise direction (x3) creating a volume mesh. The detailed mesh view for
LES - G can be seen in figure 4.4 for all three angles of attack solved.

4.2 Average flow

The PIV measurements, with which we compare our simulations, were per-
formed in a low speed open wind tunnel (W-tunnel) of the Aerodynamic
Department of the Faculty of Aerospace Engineering of Delft University of
Technology by Roosenboom [52]. The Reynolds number based on the rod
width D is ReD = 2·104. For each angle of attack (here we show 0o, 12.5o and
45o) 1000 images at rate of 3.3Hz were acquired. Roosenboom [52] processed
the images using the PIV software package WIDIM [55].

The results of uRANS from van der Weide [63] (ReD = 165000) were
sampled at each timestep with frequency of 40kHz and time-averaged over:

• 2 periods of vortex shedding for 0o angle of attack,
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(a) α = 0o

(b) α = 13o

(c) α = 45o

Figure 4.3: Models’ block structure for three angles of attack solved (LES - G)

• 9 periods of vortex shedding for 13o angle of attack,

• 4 periods of vortex shedding for 45o angle of attack,

The results of LES - G (ReD = 5000) were sampled at each timestep with
frequency of 20kHz and time averaged over:

• 100 periods of vortex shedding for 0o angle of attack,

• 40 periods of vortex shedding for 13o angle of attack,

• 25 periods of vortex shedding for 45o angle of attack,

The results of LES - F (ReD = 5000) were sampled with the same fre-
quency as LES - G and acquired over 40 vortex shedding periods for 0o angle
of attack and over 20 periods for angle of attack α = 13o and α = 45o.

In figures 4.5, 4.6 and 4.7 we can see the average streamlines and vorticity
in the plane x3 = 0 obtained using uRANS and LES compared with PIV
[52]. The dark grey square in PIV results is the rod cross-section. The light
grey color marks the region where the PIV results were not reliable due to
reflections from the surface of the rod.

For the angle of attack α = 0o (figure 4.5) all the numerical simulations
predict well the near wake recirculation zone length. The average flow is
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symmetric with respect to the horisontal plane (x2 = 0). The surface-oil flow
visualisations by Huang [24] suggest the presence of a recirculation bubble
on top and bottom walls. The resolved LES - F reproduces this recirculation.
However using uRANS and LES not resolving the boundary layer (LES -
G) we do not obtain the secondary recirculation bubble on top and bottom
walls of the rod. This bubble is not visible in PIV due to reflection from the
wall.

At angle of attack α = 13o the uRANS averaged over 9 shedding periods
gives a streamline pattern (figure 4.6) that disagrees with the the experi-
mental data and the LES results. The average flow is no longer symmetric.
Both LES cases show the vortex shed from the left (upstream) corner on
the top and right (downstream) corner on the bottom of the rod. In LES -
G we see two recirculation bubbles on the top wall which are not present in
refined LES - F case.

At angle of attack of 45 degrees (figure 4.7) the average flow is again
symmetric. When using uRANS the near wake length has half the length
observed in experiment and LES. uRANS and LES show a secondary recir-
culation at the rear sides, which does not appear in the perfect wedge flow
described by Huang [24] and is not visible in PIV results from Roosenboom
[52]. The data set length for numerical simulations at this angle is relatively
short.

In general LES - F provides the best comparison of after-rod recirculation
length, while u-RANS tends to give a short wake which is twice shorter than
PIV results for angle of attack 45o.

4.3 Flow statistics

In figures 4.8, 4.9 and 4.10 we present the time averaged velocity magnitude
for the three angles of attack considered. The recirculation zone is longer
with increasing angle of attack. The uRANS gives a reasonable time averaged
velocity only at zero degree angle of attack.

At all angles of attack the speed-up zones and the low velocity zones are
best predicted by LES - F. Case LES - G yields a shorter zone of low velocity
in the wake than LES - F and PIV.

When considering the root mean square of fluctuations in the velocities,
we see that LES has maxima of Urms close to the downstream corners of
the rod at α = 0o which is not so pronounced in PIV and uRANS (figure
4.11). At angle α = 13o the LES - F predicts a peak of Urms close to
the lower down-stream corner of the rod - this is not visible in other cases
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(figure 4.12). At α = 45o (see figure 4.13) the uRANS fails to predict Urms
giving the maximum values about three times lower than in LES and the
experiment.

The LES prediction of the fluctuation of stream-wise (Urms) and trans-
verse (Vrms) velocities is about 10% lower than the experimental data (see
maps in figures 4.11, 4.12, 4.13, 4.14, 4.15, 4.16). Wrms data is not available
from the two-dimensional uRANS [63] and PIV [52]. At angle 45o the Wrms

obtained in case LES - G is twice higher than that of LES - F.

4.4 Instantaneous flow pattern

Figures 4.18, 4.20 and 4.22 show the instantaneous flow pattern calculated
with LES - F for three angles of attack α = 0o, 13o and 45o for one oscillation
period. These flow patterns are quite similar to the phase averaged flow
snapshots presented by Roosenboom shown in figures .
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Figure 4.4: Models’ mesh for three angles of attack solved (LES - G)
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(a) PIV [52], ReD = 20000 (b) uRANS [63], ReD = 144000

(c) LES - G, ReD = 5000 (d) LES - F, ReD = 5000

Figure 4.5: Average streamlines on background of vorticity. Angle of attack α =
0o
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(a) PIV [52], ReD = 20000 (b) uRANS [63], ReD = 144000

(c) LES - G, ReD = 5000 (d) LES - F, ReD = 5000

Figure 4.6: Average streamlines on background of vorticity. Angle of attack α =
13o
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Instantaneous flow pattern (4.4)

(a) PIV [52], ReD = 20000 (b) uRANS [63], ReD = 144000

(c) LES - G, ReD = 5000 (d) LES - F, ReD = 5000

Figure 4.7: Average streamlines on background of vorticity. Angle of attack α =
45o
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(a) PIV [52], ReD = 20000 (b) uRANS [63], ReD = 144000

(c) LES - G, ReD = 5000 (d) LES - F, ReD = 5000

Figure 4.8: Mean velocity magnitude. Angle of attack α = 0o
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Instantaneous flow pattern (4.4)

(a) PIV [52], ReD = 20000 (b) uRANS [63], ReD = 144000

(c) LES - G, ReD = 5000 (d) LES - F, ReD = 5000

Figure 4.9: Mean velocity magnitude. Angle of attack α = 13o
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(a) PIV [52], ReD = 20000 (b) uRANS [63], ReD = 144000

(c) LES - G, ReD = 5000 (d) LES - F, ReD = 5000

Figure 4.10: Mean velocity magnitude. Angle of attack α = 45o
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(a) PIV [52], ReD = 20000 (b) uRANS [63], ReD = 144000

(c) LES - G, ReD = 5000 (d) LES - F, ReD = 5000

Figure 4.11: Urms. Angle of attack α = 0o
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(a) PIV [52], ReD = 20000 (b) uRANS [63], ReD = 144000

(c) LES - G, ReD = 5000 (d) LES - F, ReD = 5000

Figure 4.12: Urms. Angle of attack α = 13o
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(a) PIV [52], ReD = 20000 (b) uRANS [63], ReD = 144000

(c) LES - G, ReD = 5000 (d) LES - F, ReD = 5000

Figure 4.13: Urms. Angle of attack α = 45o
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(a) PIV [52], ReD = 20000 (b) uRANS [63], ReD = 144000

(c) LES - G, ReD = 5000 (d) LES - F, ReD = 5000

Figure 4.14: Vrms. Angle of attack α = 0o
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(a) PIV [52], ReD = 20000 (b) uRANS [63], ReD = 144000

(c) LES - G, ReD = 5000 (d) LES - F, ReD = 5000

Figure 4.15: Vrms. Angle of attack α = 13o
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(a) PIV [52], ReD = 20000 (b) uRANS [63], ReD = 144000

(c) LES - G, ReD = 5000 (d) LES - F, ReD = 5000

Figure 4.16: Vrms. Angle of attack α = 45o
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(a) LES - G, ReD = 5000, α = 0o (b) LES - F, ReD = 5000, α = 0o

(c) LES - G, ReD = 5000, α = 13o (d) LES - F, ReD = 5000, α = 13o

(e) LES - G, ReD = 5000, α = 45o (f) LES - F, ReD = 5000, α = 45o

Figure 4.17: Wrms computed by LES.
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Figure 4.18: Instantaneous flow pattern. Angle of attack α = 0o. φ = 90o at
minimum lift.
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Instantaneous flow pattern (4.4)

Figure 4.19: Low-order phase reconstructed flow obtained using PIV [52]. Angle
of attack α = 0o. Time sequence increasing in columns.
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Figure 4.20: Instantaneous flow pattern. Angle of attack α = 13o. φ = 90o at
minimum lift.
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Instantaneous flow pattern (4.4)

Figure 4.21: Low-order phase reconstructed flow obtained using PIV [52]. Angle
of attack α = 12.5o. Time sequence increasing in columns.
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Figure 4.22: Instantaneous flow pattern. Angle of attack α = 45o. φ = 90o at
minimum lift.
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Instantaneous flow pattern (4.4)

Figure 4.23: Low-order phase reconstructed flow obtained using PIV [52]. Angle
of attack α = 45o. Time sequence increasing in columns.
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4.5 Conclusion

We compared the velocity field measured experimentally by means of PIV
by Roosenboom [52] to the numerical results.

The two-dimensional compressible uRANS calculation gives acceptable
flow statistics only at zero degree angle of attack. The uRANS near-wake
recirculation length is considerably smaller than observed in experiments.

Under-resolving the boundary layer (LES - G) causes some loss of flow
features. At zero degree angle of attack having y+

min reaching 12 (LES - G)
a secondary recirculation bubble on the rod side walls is not captured.

The wall resolved LES - F are in fair agreement with available PIV data
[52]. However the cost of this simulation is considerably higher than case G.

The pressure and force analysis of the cases presented in this chapter will
be described in the next chapter together with the sound prediction based
on fluctuating lift.
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Chapter 5

Aerodynamic tonal sound generated by
square rod at incidence - experiment and
numerical prediction

5.1 Introduction

Flow around bluff bodies is intrinsically unstable. This results into a fluctu-
ating force exerted by the flow on the body. The reaction to this force acting
on the fluid is a source of sound. It is a dipolar source of sound which will
dominate at low subsonic flow speeds.

Under certain conditions the instability of the wake results in periodic
vortex shedding characterised by a nondimensional Strouhal number StD =
fD/Uo, product of frequency f and convection time D/Uo, where D is
the characteristic width of the body and Uo the main flow mean velocity.
Whistling of cylinders in cross flow has been extensively studied since the
early work of Strouhal[59]. More recently the sound produced by rods with
rectangular or square cross sections have received considerable attention
in view of applications in civil engineering. We consider here the generic
case of a rod with square cross-section to explore our ability to predict
the sound production by such complex unsteady flow using a commercial
incompressible LES solver. On the longer term we would also like to predict
the broad band noise, but we focus here on the tonal sound.

Computing aerodynamic sound by solving directly the compressible Navier-
Stokes equations is still prohibitive for industrial problems [66]. Flows with
high Reynolds number require very small time steps and very large grid res-
olutions. Furthermore, at low Mach numbers the acoustic far-field begins at
large distances from the source region and requires the meshing of a large
domain. We consider therefore an alternative hybrid approach suited to low-
Mach number applications, where the computation of the flow is decoupled
from the acoustic propagation problem.

We discuss here in detail the pressure and sound field of two cases already
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described in chapter 4 where we analysed the velocity field. We call them LES
- G and LES F. We have also the uRANS data obtained by van der Weide
[63]. We compare our numerical simulations with data from the literature
and our measurements obtained in the silent wind tunnel of UTwente [16].

The aerodynamic sound is generated by unsteady reaction forces of the
rod on the fluid. These forces on the rod can be characterised by integral co-
efficients of lift (Cl) and drag (Cd). Mainly the configuration of a square cross
section rod at zero angle of attack has been researched and there is informa-
tion about mean and fluctuating drag as well as the charecteristic frequencies
available in numerous experimental and numerical papers [9, 27, 35, 47, 58].
Knisely [33], Norberg[45] and Taylor[61] provide the information on Cl and
Cd as a function of angle of attack (see fig. 5.1). The oscillating forces
are dominated by periodic vortex shedding at specific Strouhal numbers
reported by Okajima[47], Norberg[45], Knisely[33] and Chen[13]. There is
some information in literature on the amplitude of fluctuating Cl and Cd
as a function of the angle of attack [33]. The sound generated by a square

Flow
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1

0,4
1

2
3

Figure 5.1: Definition of angle of attack α

rod at incidence was studied previously by Fujita[21] and Hutcheson[25]. For
more complete literature review of the flow aspects see chapter 2.

In section 5.2 we describe the experimental facility and measurement pro-
cedure.

In section 5.3 we describe the numerical simulations: LES and uRANS.
In section 5.4 we compare the numerical results to the experimental data

such as the time averaged pressure coefficient Cp, the whistling Strouhal
number StD, the amplitude of the fluctuating lift and drag forces and the
coherence of these fluctuations along the rod. The flow field has been com-
pared to PIV measurements of Roosenboom [52] in chapter 4.
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In section 5.5 we describe a procedure for the prediction of the radiated
tonal sound.

In section 5.6 we compare the predicted whistling tone amplitude and
frequency to the measurements and literature data.

5.2 Experimental set-up

The aim of our experiment is to obtain quantitative information about the
sound generated by a rod with square cross section placed with its axis nor-
mal to the flow. We focus on the whistling sound generated by the oscillation
in the lift force. The rod cross section width is D=0.036 m. The rod length
is L = 12.5D = 0.450m. Its surface is polished and edges have been kept
as sharp as possible. The surface of the rod has been painted in black to
allow future PIV measurements. This paint limits the radius of curvature of
the edges to 0.1 mm. The rod is hollow, with a wall thickness of 2 mm. 26
holes of diameter 0.5 mm are drilled in the rod in the plane x3 = −0.18m
(figure 5.2a) and x3 = 0.09m (figure 5.2b). The positions of the static pres-
sure holes are indicated in figure 5.2. The coordinate system (x1, x2, x3) can
be seen in figure 5.6. Each hole is connected to a metal tube and a silicon
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39 mm

49 mm
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90 mm101 mm105 mm
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115 mm

162 mm

137 mm
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A                               D
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(a) plane x3 = −0.18m
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39 mm

111 mm
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A                                D

B

C

(b) plane x3 = 0.09m

Figure 5.2: Position of static pressure holes. Upper left corner is where the sur-
face coordinate S has origin.

hose connected to a manometer. This Esterline pressure scanner delivers the
static pressure measurements to a Chell CANdap pressure acquisition sys-
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tem. These static pressure measurements are used to characterize the flow.
The rod is mounted horizontally to two vertical plexiglass plates fixed to

Figure 5.3: Set-up with plexiglas end-plates

the sides of the nozzle exit (0.45 m x 0.35 m) of the silent wind tunnel of
UTwente (Figure 5.3). The plates have a length in the flow direction of 0.575
m and a height of 0.350 m. The trailing edge of the plates forms a semi-
circle of 0.175 m radius. The rod is placed at the centre of this circle, which
corresponds to a distance of 0.400 m from the nozzle outlet. The trailing
edges of the 12 mm thick side-plates are rounded in order to reduce broad
band flow noise. The rod can be rotated around its axis to change its angle
of attack α (for definition see figure 5.1). This angle is measured within 0.1
degree by means of an electronic level meter using the bottom plate of the
nozzle as a reference.

The silent wind tunnel of UTwente (Figure 5.4) is a closed circuit free jet
facility driven by a centrifugal fan. The noise from the fan is attenuated by
two silencers located on either sides of the fan. Upstream of the downstream
silencer a water cooling system controls the temperature of the flow. The
small nozzle (0.45 m x 0.35 m) allows reaching a velocity of 75 m/s. The
turbulence level of the flow at the nozzle exit is 0.2%. The center of the nozzle
exit is at 1.10 m from the vertical wall and at 1.70 m from the floor of the
anechoic room (V=4 m x 6 m x 6 m) used for the acoustical measurements.
On the opposite vertical wall there is a flush circular intake. The intake has
an edge radius of curvature of 0.5 m and leads to a duct of 1.4 m cross
section radius.
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Figure 5.4: Silent wind tunnel and anechoic room of the Univeristy of Twente

The acoustic measurements are obtained by means of two LinearX mi-
crophones (type M51). The position ~x = (x1, x2, x3) of the microphones is
determined with respect of a coordinate system with the centre of the rod as
origin. The x1 axis is directed in the main flow direction. The x2 axis is nor-
mal to the flow and the rod axis pointing in the vertical direction. The x3

axis is along the rod axis following the right hand rule. The microphone
positions are ~xI = (0.21m, 0.55m, 0m) and ~xII = (0.21m,−0.55m, 0m).
These positions have been chosen within the reverberation radius of the
anechoic room associated with the whistling frequencies. For the velocity
range considered 20m/s ¬ Uo ¬ 75m/s the whistling frequency is in the
range 63Hz ¬ f ¬ 315Hz. The corresponding 60 dB reverberation time of
the room is in the range 1.77s ­ T60 ­ 0.15s. The reverberation radius rr,
within which the acoustic field corresponds to free field conditions, can be
estimated from the formula rr ≈

√
55.3V/(16πT60c0), where c0 is the speed

of sound in air. We find 0.5m ¬ rr ¬ 1.8m. Placing an unflanged loudspeaker
(representing a dipole) directed towards the x2 axis, we found that indeed
in the x3 = 0 plane, the free field conditions are well approximated within a
distance rr ≈ 1m. For this dipole in the x2 direction reflections by the nozzle
and the settling chamber were negligible (0.1dB). When the loudspeaker is
placed in the flow direction, we observe a resonance of the settling chamber
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around f = 220Hz, for which deviations of 3dB from free field conditions
are observed. Reflections of sound on the side plates supporting the rod are
significant. We propose a theoretical correction for this effect based on the
method of images in section 5.5.

Microphones were calibrated by using a BK reference source (1 kHz) be-
fore each experiment.

By correlation of the signals of opposite microphone pairs as proposed by
Blake [10] we are able to focus on the sound production by the rod.

SpIpII (ω) = pI(ω)p∗II(ω) (5.1)

SpIpII is the cross-spectra density of the Fourier transforms of the pres-
sures pI and pII registered by microphone xI and xII , respectively. Using
Parseval’s theorem the root mean square of the time dependent discrete
signal prms can be expressed as:

prms =
∑
n

|SpIpII |
n2 (5.2)

where n is the number of frequency samples. Without rod the broad-band
Sound Pressure Level (SPL) measured by microphone xI at a distance of
0.59m from the rod is 76dB at 20m/s and 97dB at 60m/s. The sound
pressure level is defined by:

SPL = 20log10(
prms
pref

) (5.3)

where prms is the root mean square amplitude of pressure fluctuations and
pref = 20µPa

We will later discuss the broad band flow noise in absence of the rod in
more detail. The SPL of the whistling tone is determined by integration of
the cross-spectrum of the pressure measured by microphones xI and xII
over the frequency range 0.5Hz < f < 100kHz. The whistling peak SPL
does not differ more than 0.5dB for all velocities (integrated within 10dB
drop see figure 5.5) from the one integrated over the whole frequency range.
We present the sound pressure level as integration of the complete spectrum,
unless explicitly stated otherwise.

We performed hot-wire measurements in the wake in order to verify the
spanwise coherence length of vortex shedding reported by Fujita [21].
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Figure 5.5: SPL of sound measured at U0 = 20m/s and α = 0o. Red lines show
the region of integration. The difference between the power contained
within that region and full spectrum is lower than 0.5dB.

5.3 Numerical simulations

Details of the simulations parameters are provided in chapter 3 and 4. We
use here data corresponding to cases LES - G and LES - F described in
chapter 4. We recall here some essential aspects.

We use a hybrid approach to predict the acoustic pressure. The incom-
pressible Large Eddy Simulation (LES) provides time history of unsteady
pressure and velocity fields around the rod. In the LES approach we solve the
filtered Navier-Stokes equations resolving directly the most energetic flow
features. The aerodynamic calculations were performed using Fluent version
6.3[1]. Filtering is accomplished implicitly by the mesh sizing. The smaller
eddies are modelled by a Boussinesque-like analogy of subgrid scale viscosity.
In this work we used a Wall-Adapting Local Eddy-Viscosity (WALE) model
[44], which is suited for solving wall bounded flows (see section 3.1.3.1).
Geometry and Mesh
The computational domain of an LES case can be seen in figure 5.6. A

rod with square cross section of width D and length L is positioned in a
fluid domain extending Xup upstream the rod, Xdown downstream + Xb of
buffer zone. The angle of attack is set to 0, 13, and 45 degrees (see figure
5.1).The parameters are the same as in the previous chapter (see table 4.1
in chapter 4). Due to limited computational resources it was only possible
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Figure 5.6: Computational domain for LES, dimensions relative to rod width D,
fore details see table 4.1 in chapter 4.
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Figure 5.7: LES computational mesh topology near the rod
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to run relatively short time series.
The mesh was generated using the Gambit code [8]. A detailed compar-

ative study of mesh and domain size dependency can be found in chapter
3.

In order to use the required mesh resolution at the wall and having limited
computing resources it was decided to perform calculations for Reynolds
number = 5000. We have access to verification PIV data for α = 0o for this
flow regime [35].
Discretisation and boundary/initial conditions
We use a Fluent pressure-based solver to solve the unsteady incompress-

ible Navier-Stokes equations. Velocity and pressure are coupled using the
non-iterative PISO method. The discretisation in space and time is of the
second order. In order to avoid wiggles a Bounded Central Differencing
scheme for convective terms is used. The pressure term is discretised with
second order interpolation.

The Courant-Friedrichs-Lewy condition (CFL) is a necessary condition
for convergence of unsteady equations when using explicit timestepping.
Implicit timestepping employed here is unconditionally stable (is not limited
by CFL). Even so, we set the timestep such that the CFL number is lower
than 1 for accuracy reasons.

The flow inlet is at the plane x1 = Xup. Air at uniform velocity gives
Reynolds number ReD = 5000 (based on rod width D). Planes x2 = ±H/2
have a zero friction slip wall condition. In spanwise direction at planes x3 =
±L/2 and on the surface of the rod a non-slip wall condition is used. Finally
the outlet at plane x1 = Xdown + Xb has zero gauge pressure condition.
Before the outlet a buffer zone of elongated elements is applied. It ensures
that any vortical structure is damped before leaving the domain [40, 42].

The calculations were initialised with uniform velocity and atmospheric
pressure in the whole computational domain.

5.4 Flow properties

5.4.1 Steady flow

In a recent paper Huang et al.[24] discussed the flow pattern around a square
rod with incidence angle of attack α (see figure 5.1). Flow visualisations
suggest the existence of three two-dimensional flow topologies depending on
the angle α:
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• 0o < α < αcr - Subcritical - stagnation point at the face A, separation
at the front edges 0 and 3. Alternate vortex shedding in the wake.

• αcr < α < 45o - Supercritical - stagnation point is still at the face A
shifted downwards in direction of edge 3. Most of the times a recircula-
tion bubble is formed at the face B. This reattachment is particularly
strong around α = αcr. Different authors indicate that a critical value
of α = αcr varies from 11 to 17 degrees depending on Reynolds number
and turbulence levels in the approaching flow [13, 45].

• α = 45o - Wedge flow - bifurcation at the leading edge 3, the flow
follows the rod surface and separates at the edges 0 and 2. This con-
figuration is very sensitive to deviation from the symmetrical setting
of the angle and the inflow non-uniformity.

Such rod placed in a cross flow generates sound whose level also depends
on the angle of attack. Experiments carried out by Fujita [21] show a sharp
decrease in SPL by about 15dB around α = 13 degrees corresponding to
αcr.

5.4.2 Steady Pressure

In case of a sharp-edged body, for which the separation points are fixed at
the leading edges, the aerodynamic characteristics are relatively insensitive
to Reynolds number [11]. This was documented for Reynolds numbers up
to order 104[45, 47]. However, below ReD = 5000 a significant Reynolds
dependency has been observed by Chen[13]. Current experiments are carried
out for the Reynolds number range 46000 < ReD < 115000. In this range
the static pressure distribution is independent of Reynolds [16].

Figure 5.8 presents the circumferential distribution of mean pressure coef-
ficient Cp at different angles of incidence. At angle 0 (fig. 5.8a), the current
experiment agrees well with the data published by Chen[13]. The LES - G
simulation gives accurate prediction of the base pressure at downstream side
but presents lower pressure on the sides than both experiments (see table
5.1). LES - F shows good agreement with the experiment at zero angle of
attack. Also uRANS predicts well the average pressure.

The pressure distribution on the upstream face changes with the rotation
of the rod: as α increases, the position of the stagnation point moves from
center to the lower corner (3).

In the experiment of Chen[13] the αcr = 14o for ReD = 5300 . Our LES
was solved at α = 13o at a similar Reynolds number. The mean pressure
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predicted by LES - G at α = 13o agrees fairly well with data of Chen. The
LES - F agrees well with the experiments with exception of the reattachment
wall (2 < S/D < 3) (fig. 5.8b). The LES - F at this angle of attack does
not provide as high pressure recovery (Cpmax−Cpmin) on the reattachment
wall C. The current experiment showed the critical angle to be αcr = 13o

for 46000 < ReD < 115000. It seems that the fact that case F has poorer
spanwise resolution than case G plays a major role at critical angle of attack
αcr.

At the angle α = 45o (fig. 5.8c) there is no detailed Cp data for comparison
in the literature. There is a significant difference in the downstream pressure
predicted by uRANS and found in experiment. Both LES cases seem to cope
with the prediction of average pressure at the rod surface at angle 45 degrees.

Case α Mean Cpb Mean Cl Mean Cd blockage ReD

LES - G 0 -1.54 0.080 2.228 6.0% 5000
13 -1.24 0.576 1.852 7.0% 5000
45 -1.87 -0.039 3.088 8.3% 5000

LES - F 0 -1.54 0.080 2.228 6.0% 5000
13 -1.24 0.576 1.852 7.0% 5000
45 -1.87 -0.039 3.088 8.3% 5000

uRANS [63] 0 -1.32 0.024 2.0% 140000
13 -1.50 0.401 2.4% 140000
45 -1.97 -0.023 2.8% 140000

Current exp. [16] 0 -1.19 0.027 1.925 - 46000-115000
13 -0.88 0.950 1.439 - 46000-115000
45 -1.03 0.220 2.145 - 46000-115000

Bearman[9] 0 -1.59 5.5% 22000

Chen[13]. 0 -1.44 6.6% 5300
14 -1.17 8.0% 5300

Knisely[33]. 0 0 2.017 2.0% 22000-62000
13 0.876 1.437 2.4% 22000-62000
45 -0.023 2.158 2.8% 22000-62000

Norberg[45] 0 0.0 2.197 5% 5000
13 0.897 1.693 5% 5000
45 0.01 2.261 5% 5000

Table 5.1: Comparison of mean coefficients, LES not corrected for blockage.

We define blockage as:

blockage = Awind−tunnel/Arod (5.4)

Where Awind−tunnel is the area of cross-section of the windtunnel at constant
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x1, and Arod = L∗D∗(sinα+cosα) is the effective area of the rod. While the
values of Cp at the front of the rod are quite independent of the blockage
effect, the values in the wake depend strongly on blockage effects[9, 58].
We corrected the LES data for blockage effects for all angles of attack using
method proposed by Courchesne [14] described in paragraph 3.2.1 in chapter
3. The uncorrected Cp data for LES - F can be found in figure 3.18 (chapter
3).

There is however one very interesting deviation between our measurements
and the literature: in the range 25o < α < 45o we observe two meta-stable
flow modes which we discuss in the next section.

5.4.3 Two wake modes

For angles of attack in the range 0o < α < 25o the wake is always unstable
and periodic vortex shedding occurs corresponding to whistling. We call this
the tonal mode. For angles of attack in the range 25o < α < 45o next to
the tonal mode a stable silent wake mode is observed.The occurence of this
mode depends on the history of the flow. Pressure coefficient measured for
two modes can be seen in figure 5.9 for ReD = 46000 and ReD = 92000.
As we can see there is no significant dependence on the Reynolds number.
However the difference in Cp between the modes is evident.

In figure 5.10 we show the spectra of the microphone signal at U0 = 20m/s
and U0 = 60m/s. We see that the tonal mode displays a sharp peak close to
StD = fD

U0
= 0.1. The silent mode does not show this peak and the broad

noise in this case is close to the noise measured in the set-up when the rod
has been removed. This is why we call this the silent mode.

For 25o < α < 45o the silent mode prevails when the wind-tunnel is
started. We can switch the tonal mode on by disturbing the flow upstream
of the rod. The tonal mode is then stable. Perturbing the wake of the rod
with the hand enables to switch back to the silent mode. Placing a tuft in
the flow indicates that the wake is much broader in the silent mode than in
the tonal mode.

None of the simulations described in this paper predicted the silent wake
mode. It was present at the initial stage of the simulation for 45 degrees
angle of attack. After a characteristic time t∗ ≈ 56D/U the alternate vortex
shedding appeared and remained stable.

The current experiment is semi-open, the rod is mounted between two
endplates and is not constrained otherwise. Hutcheson [25] did experiments
in a similar set-up but did not report the occurrence of a silent mode. Also
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Figure 5.8: Mean pressure coefficient Cp, tonal mode. Corrected for blockage eff-
fect. LES, ReD = 5000, Chen [13], ReD = 5300, Current experiment
[16], ReD = 46000. 101
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Figure 5.9: Cp at α = 45o, tonal and silent mode

NLR measurements in a similar set-up were not able to reproduce our silent
mode in an experiment similar to ours[46].

5.4.4 Mean lift and drag

An overview of the results for the lift and drag is provided in table 5.1 for
α = 0o, 13oand45o.

Figures 5.11a and 5.11b present the mean lift and drag as a function
of angle of attack calculated from signals of pressure at the rod surface
obtained from numerical simulations. For α = 0o there is an excellent agree-
ment between numerical results and literature. As mentioned already while
discussing the Cp distribution the reattachment at α = αcr = 13o is not
properly captured by our simulation F which results in 50% lower Clmean
at α = 13o (fig. 5.11a).

For α = 45o there is a significant difference in the downstream pressure
measured by uRANS and experiment which results in Cd (fig. 5.11b) 60%
higher than the ones found in the literature[33, 45]. The resolved LES - F
agrees well with the current experiment data [16].

5.4.5 Fluctuating part of lift and drag

To calculate the root mean square of the lift and drag as function of time, the
mean is removed from the signals for lift or drag obtained from numerical
simulation (see figures 5.12 and 5.13). Then it is clipped to contain full
periods based on zero crossing. Integration of power spectrum distribution
gives the overall rms value for all frequencies resolved in LES.
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Figure 5.10: Comparison of tonal and silent mode
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Figure 5.11: Mean lift and drag coefficients. Corrected for blockage effects. LES,
ReD = 5000 Norberg [45] ReD = 5000, Knisely [33], ReD = 22000
to 62000, Current experiment [16], ReD = 46000
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Figure 5.12: Lift and drag signals from LES - G, - - Cd(t), �Cl(t), ReD = 5000
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Figure 5.13: Lift and drag signals from LES - F, - - Cd(t), �Cl(t), ReD = 5000
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Figure 5.14: Lift and drag spectrum from LES - G, ReD = 5000 107
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The LES-predicted lift fluctuations agree well with experimental data of
Knisely[33] for all angles of attack investigated (see fig. 5.16a). The uRANS
simulation performs especially poor for angle of attack of 13 degrees giving
nearly 50% difference with the values measured by Knisely[33] and computed
by LES. The overestimation of uRANS lift fluctuation at α = 45o is 40%.

It is important to note that all the data from LES are corrected for block-
age using the method of Courchesne [14] which was proposed for a rod at
zero angle of attack. We use it for other angles as well. We did not correct
the uRANS results because it was solved using a large domain (b = 1/50)
and far field boundary condition. The corrected and uncorrected values can
be seen in table 5.2.

angle blockage Clrms Clrms corrected correction
LES - G

0 10% 0.9516 0.8263 15%
13 12% 0.3660 0.3084 18.5%
45 13.5% 0.6758 0.5509 22.5%

LES - F
0 6% 0.9523 0.8802 8%
13 7% 0.3991 0.3629 10%
45 8.3% 0.5286 0.4721 12%

Table 5.2: Clrms predicted with LES (ReD = 5000) with and without corrections
for blockage

The Clrms of Fujita [21] (ReD = 11000) and the results from our ex-
periment are computed from the tonal sound pressure level results using
formula (3.30) explained in chapter 3. We will be looking at tonal noise
originated by lift fluctuations at fundamental frequency. In figure 5.17 we
compare the value of spectral peak of lift coefficient Cl (integrated in region
StD(peak)± 0.02) and its full spectrum integration which is the root mean
square by definition. For numerical simulations the value of spectral peak
is 40% to 50% lower than the full spectrum rms at α = 0o and α = 45o,
meaning 2-3dB lower sound pressure level. The situation is different for LES
- G at α = 13o. The time-series of numerical simulations is relatively short
in comparison with the experiment. The short time-series obtained in LES
- G at α = 13o (figure 5.12b) results in 80% difference which would result
in 7dB difference in sound pressure level. Knisely [33] reports quite good
agreement between peak and full spectrum rms for angles higher than 7o
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Figure 5.16: RMS of lift and drag vs. angle of attack. Corrected for blockage
effects. LES, ReD = 5000, uRANS [63], ReD = 144000, Knisely
[33], ReD = 22000 to 62000, Fujita [21], ReD − 10000, Current
experiment [16], ReD = 46000.
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(especially around critical angle αcr this agreement is best). However at zero
angle of attack Knisely reports the difference of 30% between the peak and
full rms value.
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Figure 5.17: Comparison of Clrms and spectral peak value. Knisely [33] (ReD =
22000), uRANS [63] (ReD = 144000)

It is difficult to find literature data about drag fluctuations as a function
of the angle of attack α. In principle in our acoustic experiment we could
obtain for α = 0o and α = 45o the drag because due to symmetry the even
harmonics of the fluctuating lift vanish and the drag oscillates with 2f .

Unfortunately the acoustic reflection by the settling chamber is significant
for the drag so that there is a large uncertainty in these results and we will
not discuss them in detail.

The Strouhal number is based on the mean inflow velocity U0 and rod
width D. The influence of the angle of attack on the Strouhal number of
vortex shedding (coincident with lift frequency) can be seen in figure 5.18.
One can see a maximum around α = 13o in all available data. The paper of
Chen[13] indicates that the variation of the angle of attack corresponding
to the maximum Strouhal number with the Reynolds number is important
below Re = 5000. At Re=5300 he states that αcr = 14o. Below α = 25o, our
experiment agrees well with the one of Fujita[21]. However for the angles
25o < α < 45o it is progressively lower than other literature data being 17%
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α LES - G LES - F uRANS Current exp. Literature
StD(Cl)

0 0.133 0.125 0.135 0.115 0.12 - 0.13
13 0.144 0.126 0.148 0.143 0.14 - 0.155
45 0.133 0.121 0.127 0.106 0.120 - 0.125

StD(Cd)
0 0.036 0.007 0.263 - -
13 0.155 0.129 0.156 - -
45 0.267 0.253 0.255 - -

Table 5.3: Strouhal number StD = fD
U0

of Cl and Cd as a function of α, ReD =
5000, uRANS [63], current experiment [16], literature [21, 33, 45]

lower than Fujita’s at α = 45o. Table 5.3 shows also the Strouhal numbers
of oscillation of drag force calculated by LES. We see that case F gives 20%
lower Strouhal number at α = 13o. It is difficult to define the dominating
frequency of Cd at 0o angle of attack (see also figure 5.15a) - it is not the
expected double of vortex shedding frequency f . Interestingly at α = 13o the
oscillations in Cd(t) are determined by the fundamental oscillation frequency
close to StD(f) controlling the oscillations in Cl(t) (see table 5.3 and figure
5.15b). This is in contrast with oscillation of the drag at α = 45o which is
dominated by the second harmonic 2f of the lift oscillation frequency.
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Figure 5.18: Strouhal numbers at different angles of attack for the lift force os-
cillation. uRANS [63] ReD = 144000, Norberg [45], ReD = 5000,
Knisely [33], ReD = 22000 to 62000, Fujita [21], ReD = 10000,
Current experiment [16], ReD = 46000
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Figure 5.20: Coherent length coefficient γ vs. angle of attack α. Measured by
Fujita [21] by means of wall pressure and our experiment based on
a hot wire measurent.

Following Fujita[21] the lift fluctuations are coherent along the rod. The
magnitude square coherence of velocities v1(t) and v2(t) at two points along
the rod can be calculated using formula:

|Ck(f)|2 =
|Sv1v2(f)|2

Sv1v1(f)Sv2v2(f)
(5.5)

where Sv1v2 , Sv1v1 and Sv2v2 are cross- and auto-spectra of velocity. The
peak value of |Ck(f)| as a function of spanwise separation can be fitted with
gaussian distribution. The value of parameter γ is determined as a width of
the gaussian curve (at level 0.5) divided by the rod diameter. Our measure-
ment at 13o confirms the coherent parameter γ measured by Fujita[21] (see
figure 5.20). From the data of Fujita we conclude that:

γ =

 10 α = 0o

11 α = 13o

30 α = 45o

The spanwise coherence of LES case G (seen also in figure 5.20) is compa-
rable with Fujita [21] and current experiment at angles 0o and 13o, however
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it is significantly lower than in the experiments of Fujita at α = 45o.

5.5 Sound propagation - theory

The sound production by a flow as observed by a listener immersed in uni-
form stagnant fluid with speed of sound c0, density ρ0 and pressure p0,
has been derived by Lighthill[37]. Lighthill starts from the exact mass and
momentum equations written for convenience in the index notation:

∂ρ

∂t
+
∂ρvi
∂xi

= 0 (5.6)

and
∂ρvi
∂t

+
∂ρvivj
∂xj

= − ∂p

∂xi
+
∂τij
∂xj

+ fi (5.7)

where vi is the flow velocity, τij the viscous stress tensor and fi the force
density of an external field acting on the fluid. Repetition of an index implies
summation following the convention of Einstein as in the divergence ∂vi

∂xi
=

∇ · ~v.
Taking the time derivative of the mass conservation law 5.6 and subtract-

ing the divergence of the momentum equation 5.7 we obtain:

∂2ρ

∂t2
=
∂2(ρvivj − τij)

∂xi∂xj
+
∂2p

∂x2
i

− ∂fi
∂xi

(5.8)

A wave equation is obtained by subtracting from both sides of this equation
the term c20

∂2ρ
∂x2
i

and introducing the perturbation in pressure p′ = p−p0 and

density ρ′ = ρ− ρ0:

∂2ρ′

∂t2
− c20

∂2ρ′

∂x2
i

=
∂2(ρvivj − τij)

∂xi∂xj
+
∂2(p′ − c2oρ′)

∂x2
i

− ∂fi
∂xi

(5.9)

With this choice of reference state the equation of Lighthill describes
the acoustic wave propagation around the listener if the right hand side of
the equation can be neglected, which is reasonable for the flow conditions
considered. Because we consider low Mach number flows at high Reynolds
numbers, the sound production by the rod is dominated by the reaction
force of the rod to the force of the flow on the rod. Typically the sound
pressure due to this force scales at M3 while the other terms (due to the
fluctuation in Reynolds stresses) scale as M4. We will use the force field fi
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to represent this reaction force. As we are focusing on the whistling due to
periodic vortex shedding we have StD ¬ 0.14 and M ¬ 0.2, hence the rod
width D is small compared to the acoustic wave length c0/f = D/(MStD).
Neglecting the variation of emission time in a cross section of the rod, we
can lump the force field into a line force along the rod axis, represented by
a line force density σi:

fi(x, t) = σi(x3, t)δ(x1)δ(x2). (5.10)

where δ(xi) is the Dirac delta function. Neglecting the effect of flow on the
wave propagation, the formal solution of the wave equation for free field
conditions is given by Dowling[17]:

p′(~x, t) = c20ρ
′(~x, t) = − 1

4π
∂

∂xi

∫∫∫
V

fi(~y, te)
|~x− ~y|

dy1dy2dy3 (5.11)

where the retarded time is defined by:

te = t− |~x− ~y|
c0

(5.12)

and we use the assumption that at the position of the listener ~x the acoustical
approximation p′(~x, t) = c20ρ

′(~x, t) is valid. In terms of the line force density
(5.10) we find:

p′(~x, t) = c20ρ
′(~x, t) = − 1

4π
∂

∂xi

∫ Leff/2

−Leff/2

σi(y3, te)
|~x− ~y|

dy3 (5.13)

The integration in equation (5.13) extends from −Leff/2 to Leff/2. Leff
is so called effective rod length. It allows to take into account the reflection
of the acoustic waves at the side plates supporting the rod and the spanwise
correlation.

Neglecting diffraction effects at the edges of the plate we find L∗, which
is an effective length allowing to account for reflections from the endplates,
using the method of images (figure 5.22):

L∗ = L+
RL

r −R
(5.14)

where r =
√
x2

1 + x2
2 = 0.59m is the distance from the rod to the micro-

phone and R = 0.175m is the radius of the plates (figure 5.22).
Following the measurements of Fujita[21] the vortex shedding is coherent

along the rod (see previous section). The effective length of the rod taking
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into account the images and coherence can be expressed following Fujita [21]
as:

Leff =
√
LγL∗ (5.15)

We assume Lγ = γD if γD ¬ L∗ otherwise we assume Lγ = L∗. The
line force density is only a function of the retarded time. For harmonic
oscillations in the complex notation we have:

σ2(~x, t) =
1
2
ρ0U

2
√

2|Clrms|Deiωt (5.16)

where
√

2Clrms is the amplitude of the lift fluctuations (figure 5.16a). Sub-
stitution into equation 5.13 yields:

p′(~x, t) =
ρ0U

2
√

2|Clrms|D
8π

iω

c0
eiωt

∫ Leff/2

−Leff/2
(1+

c0
iω|~x− ~y|

)
x2

|~x− ~y|2
e−i

ω
c0
|~x−~y|dy3

(5.17)
where |~x− ~y| =

√
x2

1 + x2
2 + (x3 − y3)2.

We find the formula for the amplitude of sound pressure generated by
2N + 1 point forces distributed along the rod axis:

p′(~x, t) =

√
2ρ0U

2|Clrms|D
8π

iω

c0

N∑
n=−N

(1 +
c0
iωrn

)
x2

r2
n

e−
iωrn
c0 M y3 (5.18)

where

M y3 =
Leff

2N + 1
(5.19)

and using x3 = 0:

rn =
√
x2

1 + x2
2 + (n M y3)2 (5.20)

Then

p′rms =
|p′(~x, t)|√

2
(5.21)

In figure 5.21 we find the difference of SPL computed for one point force
(SPLpointforce, N = 0) and n equal forces distributed along the rod axis
(SPLnpointforces, n = 2N +1). Lumping the oscillating force into one point
leads to overestimation of SPL. It is enough to divide the point force into
n > 11 equally spaced forces to obtain a result of converged numerical
integral of equation (5.17).
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Figure 5.21: Convergence of numerical integration with increasing number of
segments along the axis of the rod.
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Figure 5.22: Determination of the corrected length of the rod L∗ due to reflec-
tions of waves on the side plates. We use geometrical acoustics.

5.6 Sound pressure level

Figure 5.23 shows the angle of attack dependency of the SPL generated at
all Mach numbers measured in our experiment. As expected it follows the
same trend as the lift fluctuations (figure 5.16) and Strouhal number (figure
5.18). It can be scaled with M6(1+( D

2πrStM )2) taking into account near and
far field influence. All the scaled curves collapse within 1-2 dB accuracy for
all angles of attack(figure 5.24).

The current experiments and the ones found in the literature were per-
formed in different set-ups, at different velocities and the sound was reg-
istered at different position of the microphone ~x. In order to compare the
data we use the scaling to account for these differences:

SPLscaled = SPL− 10log10(
num

den
) (5.22)

num =
M6St2y2L2

eff

r4 (1 + (
D

2πrStM
)2) (5.23)

den =
M6
FujitaSt

2
Fujitay

2
FujitaL

2
Fujita

r4
Fujita

(1 + (
DFujita

2πrFujitaStFujitaMFujita
)2)

(5.24)
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Figure 5.23: SPL vs. angle of attack - experiment [16]
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Sound pressure level (5.6)

In figure 5.25 we scale all the data with reference to the SPL of Fujita [21]
using a formula (5.22). For this scaling we assumed that the experiments
of Fujita [20] were performed at M = 0.0235 (ReD = 10000) using rod of
D = 0.02m and L = 0.2m. The position of the microphone is ~xf = (0, 1m, 0).
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Figure 5.25: SPL vs. angle of attack - comparison with literature. Numerical
results based on Clrms (by integration of the full spectrum). Fujita
[21], Current exp. [16], uRANS [63]. All plots scaled to ReD = 10000

We compare the resulting theoretical SPL based on the formula (5.18)
(Clrms obtained by integrating respective full spectra seen in figure 5.16)
with the measured sound level (also full spectra). We take into account Leff
defined in (5.15). The SPL generated by one oscillating point force placed
in ~y = (0, 0, 0) is higher than the one computed by numerical integration
in 2N + 1 equal segments (details in figure 5.21). Figure 5.26 shows the
theoretical value computed on 2N + 1 = 13 segments. One can see the devi-
ation between the measured sound pressure level and the theory at different
angles of attack versus Mach number for LES G, LES F and uRANS. This
is also summarised in tables 5.4 5.5 and 5.6 adding also the SPL computed
using Clrms and StD obtained in all numerical simulations described in this
thesis. At zero angle of attack, the worse prediction of the tonal sound is
obtained using the case with narrow domain and wall functions - case C.
The best result is given by a periodic case F1. At critical angle of attack
αcr = 13o we observe that uRANS and cases with narrow domain (A and
B) overpredict the tonal sound by 9 and 5 dB respectively. Cases F and G
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described in this chapter provide the sound prediction within 1dB differnce
from the measured one. At angle of attack α = 45o the importance of span-
wise dimension of the domain is even more crucial. uRANS overpredicts the
SPL by 10dB. Considering the narrow domain LES cases A and B, we see
also that the effect of under-resolving the boundary layer is important at
this angle of attack. Best results are achieved using a wide domain (case
F and G described in this chapter) with wall-resolved case F agreeing with
measurements within 1dB.

y+min L/D blockage SPLdiff (full spectrum) Notes
Section 3.3
LES - A 1.5 3 10% 3.0dB resolved BL
LES - B 7 3 6% 2.5dB unresolved BL
LES - C 60 3 10% -4.5dB wall functions
Section 3.4
uRANS 1.5 0(2d) 2% 2.0dB two-dimensional
LES - D 1.5 1 6% 2.0dB spanwise periodic
LES - E 1.5 8.5 6% 1.5dB spanwise periodic
LES - F1 1.5 17 6% -0.5dB spanwise periodic
Section 3.5
LES - F 1.5 17 6% -2dB end-plates
Section 4.1
LES - G 12 12 10% -2.5dB unresolved BL

Table 5.4: Summary of SPL predicted by numerical simulations described in this
thesis for α = 0o

y+min L/D blockage SPLdiff (full spectrum) Notes
Section 3.3
LES - A 1.5 3 10% 5.0dB resolved BL
LES - B 7 3 6% 5.0dB unresolved BL
Section 3.4
uRANS 1.5 0(2d) 2% 9.0dB two-dimensional
Section 3.5
LES - F 1.5 17 6% 0.5dB end-plates
Section 4.1
LES - G 12 12 10% -0.5dB unresolved BL

Table 5.5: Summary of SPL predicted by numerical simulations described in this
thesis for α = 13o
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Figure 5.26: SPL difference between current experiment [16] and theory vs. Mach
number. Theoretical level based on Clrms (full spectrum)
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y+min L/D blockage SPLdiff (full spectrum) Notes
Section 3.3
LES - A 1.5 3 10% 5.0dB resolved BL
LES - B 7 3 6% 9.5dB unresolved BL
Section 3.4
uRANS 1.5 0(2d) 2% 10.0dB two-dimensional
Section 3.5
LES - F 1.5 17 6% 1dB end-plates
Section 4.1
LES - G 12 12 10% 3dB unresolved BL

Table 5.6: Summary of SPL predicted by numerical simulations described in this
thesis for α = 45o

5.7 Conclusion

Using incompressible LES at Reynolds 5000 over a rod length 12D and 17D
with no-slip end-plates boundary conditions we predicted the static pressure
distribution on the rod, the fluctuating lift and drag forces and the Strouhal
number for periodic vortex shedding.

5.7.1 Flow prediction

At zero angle of attack, α = 0o, the prediction agrees within the accuracy of
the data presented with the literature. The Reynolds number dependency is
marginal for ReD > 5000.

At α = 13o the flow is difficult to simulate because we are close to the
critical angle αcr at which reattachment of the flow occurs on the lower face
of the rod. Yet the mean flow prediction is in fair agreement with the data
from literature. For example the predicted Clmean is 20% (case F) lower than
reported literature data at ReD = 5000. We suspect the numerical method
to be unable to describe accurately reattachment or practical differences
such as the effect of inflow turbulence level.

At α = 45o we observe spectacular difference between our experimental
results, literature and numerical results. Firstly the experiments display two
meta-stable flow modes: a silent mode and a tonal mode. Both can appear
depending on the flow history in the range 25o < α < 45o. In literature there
is no mention of a silent mode and the numerical results did not reproduce
it.

Also for the tonal mode our experiments show significantly lower Strouhal
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number in the range 25o < α < 45o than data reported in the literature.
The numerical model prediction is close to literature data. The Cdmean and
Clrms are overestimated by the uRANS numerical model.

5.7.2 Tonal noise

For 0o and 13o the predicted SPL based on LES flow calculations agrees
within 2dB with our experiments. After corrections for scaling our experi-
mental data agree well with results from literature (Fujita [21] and Hutcheson[25])
except for the strong dip of −10dB displayed by Fujita’s results around αcr.
This difference might be due to Reynolds number dependency.

At zero degree uRANS predicts SPL within 2dB. For 13o and 45o the SPL
predicted using uRANS is 10dB higher than experimental results.

5.7.3 General conclusion

Except for the necessary correction for blockage the incompressible LES
calculations provide a fair predictions of both mean flow and tonal noise
production of a square rod.

The significant deviations between our experiment and literature for 25o <
α < 45o such as the appearance of a silent flow mode is not yet understood
and deserves further study.
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Chapter 6

Concluding remarks

The goal of this work was to provide some general guidelines for an industrial
simulation predicting tonal sound generated by a bluff body in cross flow.

A review of literature concerning the flow around a square rod in cross flow
has been provided (Chapter 2). Depending on the angle of attack α, between
the main flow direction and the bottom wall of the rod, three types of flows
have been identified. For 0o ¬ α < αcr the flow separates at both front
edges of the rod resulting into periodic vortex shedding along the bottom
and the top walls. These vortices form in the wake a von Kàrmàn vortex
street. For αcr ¬ α ¬ 45o the flow reattaches at the bottom side wall, so
that the wake is dominated by vortex shedding from the upper front edge
and from the lower downstream edge. At α = 45o the front stagnation point
is at the front edge. Literature reports separation from the bottom and top
side edges. This results into periodic vortex shedding forming a von Kàrmàn
vortex street in the wake. For low flow speeds (ReD < 5000) the critical angle
of attack αcr depends weakly on the Reynolds number. It also depends on
the upstream turbulence level and on the sharpness of the edges. Rounded
edges result into a lower critical angle than sharp edges. We focus here on the
higher Reynolds numbers (ReD > 5000), sharp edges and a low-turbulence,
laminar incoming flow, corresponding to αcr = 13o.

Dynamic wall pressure measurements by Fujita [21] indicate that the peri-
odic vortex shedding is coherent over at least ten rod widths D. Furthermore
Fujita [21] observes a sudden decrease of the radiated sound pressure level
(SPL) by 10 dB around αcr. Using the measured wall pressure fluctuations
in combination with Curle’s analogy [15], Fujita [21] predicts the radiated
sound pressure level within 3 dB.

In chapter 3 we provided a study of the influence of various numerical
parameters on the LES predictions of the flow and fluctuating forces. It
appears that an accurate prediction of the drag and fluctuating lift can only
be obtained by simulation of the flow over the entire rod length. Quasi two-
dimensional numerical simulations of three rod widths with periodic lateral
boundary conditions gave disappointing results. In Fluent it is sufficient to

127



Chapter 6 - Concluding remarks

use a size of the first cell in the boundary layer of y+
min < 11. However, the

use of a law of the wall, which is automatically activated for larger y+, does
not provide accurate results. The spanwise dimension of the computational
domain should be at least of the order of the spanwise coherent length. The
presence of side-walls supporting the rod appears to have a significant impact
on the results especially at higher velocities, when the rod is not acoustically
compact. Based on these results it was decided to carry on with an LES of
the full rod with side walls. As a consequence only a limited number of
simulations could be carried out with at most forty vortex shedding periods
in the wall-resolving cases.

An extensive parametric study is not possible with the available comput-
ing power. We limited our calculations to ReD = 5000 and three angles
of attack (α = 0o, 13o, 45o) corresponding to three extreme flow types. We
compare the LES and uRANS results in chapter 4 with the detailed PIV flow
measurements of Roosenboom [52] at TUDelft for α = 0o, 12.5o and 45o. We
consider time-averaged flow patterns, fluctuations and instantaneous flow
patterns. LES provides good quantitative information, while uRANS results
are rather poor. In chapter 5 the same LES and uRANS results are com-
pared to the steady wall pressure data and acoustic radiation measured by
Dorneanu [16] at UTwente. These pressure data agree globally well with the
available literature data. However, there is a spectacular difference for the
results in the range 25o ¬ α ¬ 45o. In contrast to the literature we observe
two metastable wake modes, which can be reached depending on the history
of the flow. Upon start of the wind tunnel the wake is in its silent mode;
there is no periodic vortex shedding. Perturbation of the incoming flow in
front of the rod triggers periodic vortex shedding. This whistling mode can
be stopped by perturbing the wake within a few diameters of the rod. The
silent mode prevails then. This silent mode is most stable for α = 45o.
However it does not appear spontaneously in our LES. The LES results do
predict reasonably well wall pressure and radiated sound pressure levels in
the whistling mode at all angles of attack. A simplified model considering
the sound source as a set of point forces (in phase) allows a prediction within
2 dB difference from the experiment. It is interesting to notice that uRANS
at zero angle of attack gives similar accuracy of tonal sound prediction. It
is much more efficient than LES, but does not perform well at higher angles
of attack.

From these results we conclude that tonal noise from bluff bodies such
as a square rod at low Mach number can be predicted fairly accurately
by means of the proposed hybrid procedure: resolved incompressible LES
simulation of the full-span geometry combined with Curle’s analogy. This
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has been accomplished with a commercial LES code as commonly available
in industry. Such calculations are, however, still quite demanding in terms
of required computational power, so that a parametric study is still very
expensive. Furthermore the complex non-linear flow behaviour can involve
different wake modes, which are not easily detected by means of numerical
simulations. It is therefore essential to combine the numerical simulation
with physical experiments. The advantage of numerical simulation is that
it does provide access to extremely detailed flow information, which cannot
be obtained experimentally. A further study should now assess the potential
of this approach to predict broad-band noise. This is expected to be more
difficult, as this corresponds to much lower sound pressure levels.
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Glossary

Each entry is followed by the list of the pages where it is refered.

α

Angle of attack [deg] [5, 7-9]

αcr

Critical angle of attack [deg] [i, 8, 13]

a

Speed of sound [m/s] [39]

Cpb

Base pressure coefficient (pressure coefficient at the middle of the rear
side of the rod) [−] [17]

Cd

Drag coefficient[−] [15]

Cdrms

Root mean square of drag coefficient [−] [18, 19]

Cl

Lift coefficient [−] [15]

Clrms

Root mean square of lift coefficient [−] [18]

Cp

Pressure coefficient [−] [6, 13]

Cp′

Fluctuating pressure coefficient [−] [8]
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γ

Spanwise correlation length coefficient [−] [6, 21]

D

Rod width [m] [7]

Dproj

Rod width projected in wind direction [m] [19]

δ(xi)

Dirac delta function [−] [118]

η

Kolmogorov scale [−] [27]

f

Dominating vortex shedding frequency [Hz] [19]

H

Computational domain dimension in direction x2 [m] [30]

k

Wave number [−] [27]

L

Computational domain dimension in direction x3, or rod length [m]
[7, 30]

L∗

Length of the rod taking into account the correction of sound reflected
from the side-walls [m] [118]

Leff

Effective length of the rod [m] [118]

M

Mach number [−] [39]



ν

Kinematic viscosity [m2/s] [25]

νt

Subgrid-scale turbulent viscosity [m2/s] [28]

p(~x, t)

Pressure [Pa] [25]

pI

Pressure signal registered by microphone I [Pa] [96]

pII

Pressure signal registered by microphone II [Pa] [96]

pref

Reference pressure [Pa] [39]

prms

Root mean square amplitude of pressure fluctuations [Pa] [96]

ReD

Reynolds number based on inlet velocity and rod width D [−] [6]

ρ

Density [kg/m3] [25]

r

Distance from rod axis to the microphone [m] [39]

rr

Anechoic room reverberation radius [m] [95]

S

Surface coordinate [m] [38]

SPL

Sound pressure level [dB] [21]



St

Strouhal number based on inlet velocity and projected width of the
rod (St = fDproj/Uo) [−] [20]

StD

Strouhal number based on inlet velocity and width of the rod (St =
fD/Uo) [−] [6, 20]

Stb

Strouhal number based on velocity along free streamlineat separation
point and projected width of the rod (St = fDproj/Us) [−] [20]

S̄ij

Rate of strain tensor for the resolved scale [m/s] [28]

σi

Line force density [N/m] [118]

T60

Anechoic room reverberation time [s] [95]

τij

Subgrid scale stress [Pa] [28]

t

Time [s] [25]

Uo

Inlet velocity [m/s] [19]

Us

Velocity along free streamline at separation point, Us = Uo
√

1− Cpb
[m/s] [19]

ūi

Resolved velocity vector component in direction i [m/s] [28]

ui

Average velocity vector component in direction i [m/s] [26]



u′i
Fluctuating velocity vector component in direction i [m/s] [26]

ui(~x, t)

Velocity vector component in direction i [m/s] [25]

Umean

Mean streamwise velocity [m/s] [39]

Urms

Root mean square of streamwise velocity [m/s] [39]

Vrms

Root mean square of velocity in direction x2 [m/s] [39]

Wrms

Root mean square of velocity in spanwise direction x3 [m/s] [39, 42]

Xb

Length of the buffer zone [m] [30]

Xdown

Computational domain dimension downstream the rod [m] [30]

Xup

Computational domain dimension upstream the rod [m] [30]

~xI

Position of microphone I [Pa] [95]

~xII

Position of microphone II [Pa] [95]

x1

Streamwise coordinate [m] [7]

x2

Transverse coordinate [m] [7]

x3

Spanwise coordinate [m] [7]





Summary

We consider the prediction of the flow around a square rod as a generic bluff
body at low Mach number (below 0.3) and high Reynolds number (above
5000) and the corresponding tonal noise. Instability of such flow is crucial
for potential mechanical vibrations and noise production.

Due to the presence of sharp edges the flow separation along a square
rod is relatively easy to predict. The flow remains however quite complex
as it involves re-attachment and secondary vortex shedding. Depending on
the angle of attack, between the main flow direction and the bottom side
wall of the rod, three flow types are observed. Firstly at low angles of at-
tack the flow separating from both upstream edges forms a periodic vortex
street in the wake. Secondly above a critical angle of attack around 13o, the
flow re-attaches to the bottom side wall. The wake is dominated by vortex
shedding from the upper front edge and the lower downstream edge. At 45o

the stagnation point is on the front edge and flow separation occurs from
the two lateral edges. In the literature the wake is reported to display a
von Kàrmàn vortex street corresponding to a whistling mode. For angle of
attack between 25o and 45o, we observe experimentally a second mode in
which the wake is stable and the rod does not whistle. We call this the silent
mode. One can switch from one mode to the other by perturbing the flow
in front or behind the rod.

Direct Numerical Simulation of the radiated sound is extremely difficult
and certainly not feasible for industrial applications. We assess the potential
of a hybrid method in which the flow is modelled by means of an incompress-
ible Large Eddy Simulation (LES). The flow data is then used to estimate
the sound radiation by using the Lighthill-Curle aeroacoustical analogy. In-
compressible resolved LES obtained with a commercial code provides a fair
prediction of the flow if the full length of the rod is taken into account includ-
ing the side walls used to support the rod in the experiments. Combining
the LES results with the aero-acoustical analogy provides a prediction of
observed tonal noise within 2 dB. The prediction of broad band noise was
not considered.

The use of quasi two-dimensional LES calculations or two-dimensional
Unsteady-Reynolds Averaged Navier Stokes (URANS) models appears to
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be much less accurate. These LES calculations are unfortunately still much
too demanding to allow a systematic parametric study. They also do not
capture the observed silent mode.
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