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ABSTRACT
This paper presents the results of numerical and experimental investigations on the force coeffi-
cients and Strouhal numbers of circular segments considering different corner angles or chord to
sagitta ratios. The research is motivated because these geometries are becoming increasingly pop-
ular in several engineering disciplines. The so-called D-section (semi-circular cylinder with a corner
angle of 90◦) has been experimentally studied in the past, since it is a galloping prone geometry.
However, there is a lack of research for cases with different corner angles, and the numerical inves-
tigations related to this topic are particularly scarce. In this work, a 2D Unsteady Reynolds Averaged
Navier–Stokes approach has been adopted aiming to study the circular segments at the sub-critical
regime, considering corner angles from 40◦ to 90◦, and the flow parallel to the rectilinear side. These
sectionswere found to be particularly challenging since they presentmassive flow separation on the
rectilinear side, alongside the inherent difficulties related tomodeling the flowalong curved surfaces
at high Reynolds numbers. The impact of introducing low-Reynolds-number and curvature correc-
tions in the k − ω SST turbulencemodel and the performance of the Transition SSTmodel have been
extensively studied.
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1. Introduction

Fundamental studies on the aerodynamic response
of basic geometries such as circular cylinders (Choi,
Jeon, & Kim, 2008; Sumner, 2010; Williamson, 1996;
Zdravkovich, 1997, 2003; Zhang,Katsuchi, Zhou, Yamada,
& Han, 2016) and rectangular cylinders (Bruno, Coste,
& Fransos, 2012; Bruno, Salvetti, & Ricciardelli, 2014;
Mariotti, Salvetti, Shoeibi Omrani, & Witteveen, 2016;
Patruno, 2015; Ricci, Patruno, de Miranda, & Uber-
tini, 2016) have been a milestone in the foundation
of the experimental fluid mechanics discipline, and
more recently in the development of the computational
approaches. Furthermore, these basic geometries can be
recognized in the built environment such as in build-
ings or structural members (rectangular cylinders), as
well as in power lines, stays in cable supported bridges,
chimneys, mooring cables or high-rise buildings (circu-
lar cylinders). However, in recent years, new engineering
problems in very different fields, and the introduction of
certain non-conventional shapes in construction projects
have demanded the analysis of different geometries,
that have not been so extensively studied in the past.
Circular segment geometries, whose geometry can be
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characterized by their corner angle β or the chord to
sagitta ratio B/H (see Figure 1), are a good example of
this statement.

The semicircular geometry (β = 90◦) has been tra-
ditionally studied aiming to characterize and mitigate
the galloping effects in conductor lines. Furthermore, in
recent years, in the field of vibration-based energy har-
vesting, that is the process of transforming ambient and
aeroelastic vibrations to a usable form of energy with the
objective of developing self-powered electronic devices
(Abdelkefi, 2016), semicircular cylinders attached to
the end of a piezoelectric beam have been studied as
galloping-based aeroelastic energy harvesters. Compre-
hensive reviews on aeroelastic-based energy harvesting
can be found in Abdelkefi (2016) or Rostami andArman-
dei (2017), while some specific references that focus on
the galloping excitation of a semicircular geometry for
energy harvesting are Abdelkefi, Hajj, andNayfeh (2013);
Abdelkefi, Yan, and Hajj (2014); Barrero-Gil, Alonso,
and Sanz-Andres (2010) or Sirohi and Mahadik (2012),
amongst several others. Typical Reynolds numbers of
these galloping-based energy harvesters are between 104
and 105.
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Figure 1. Parametrization of circular segments in terms of width
B and corner angle β .

Another relevant problem for framing this piece of
research is the study of the gliding performance of
the so-called flying snake (Chrysopelea paradise). The
aerodynamic forces acting on the snake’s body, whose
cross-section resembles a circular segment, have been
studied by means of wind tunnel tests and compu-
tational fluid dynamics (CFD) simulations aiming to
understand its gliding behavior. A first attempt was con-
ducted by Miklasz and co-workers (Miklasz, LaBarbera,
Chen, & Socha, 2010) who studied by means of physical
and computational models simplified geometries based
on a circular segment, partially or fully filled, consider-
ing as corner angle β ≈ 60◦, at Re=15,000. As a follow
up of the aforementioned study, Holden and co-workers
(Holden, Socha, Cardwell, & Vlachos, 2014) adopted a
more precise geometry for the snake’s body, where the cir-
cular segment geometry is slightly modified to resemble
a round cornered triangle. In the aforementioned refer-
ence, forcemeasurements and particle image velocimetry
data were used to analyze the force coefficients, and the
wake and vortex shedding characteristics.

If we now turn our attention towards the built environ-
ment, circular segments are being increasingly employed
nowadays in buildings and bridges. Particularly for
footbridges, in recent years a number of realizations
have adopted deck cross-sections whose geometries are
circular segments such as the Lerez River footbridge in

Spain (Hernández, 1998) (see Figure 2), the Igollo de
Camargo footbridge, also in Spain (Pantaleón, Revilla,
& Olazábal, 2014), or the Art Institute Footbridge in
Chicago (USA) (Algaard, Lewis, Lang, & Johnson, 2010).
In the aforementioned realizations, the corner angles of
the deck circular segment cross sections,β , range approx-
imately from 33.4◦ to 84.5◦, that correspond to chord
to sagitta ratios B/H between 6.66 and 2.2, which shows
the very different geometries that are being adopted in
these engineering projects. Some other examples of cross
sections resembling circular segments can be found in
high-rise buildings, such as the Bow Building in Calgary,
Canada (Peak Aerials, 2016; Stapleton, 2017), the pylon
of the Esplanade Riel pedestrian bridge in Winnipeg,
Canada (Winnipeg Architecture Foundation, 2017), or
the Shanghai Great Theater.

In the above paragraphs, the widespread use of cir-
cular segment geometries with an ample range of cor-
ner angles (chord to sagitta ratios), in very differ-
ent engineering problems, has been highlighted. How-
ever, no systematic studies concerning the aerodynamic
response of circular segments in terms of their corner
angle exist in the literature, to the authors’ knowledge.
Due to its propensity to galloping, a number of ref-
erences can be found which report the data of wind
tunnel experiments aiming to characterize the aerody-
namic response of the semicircular geometry (β = 90◦,
B/H = 2.0), also named asD-section. These studies were
mainly conducted between the decades of 1950 and 1970
(Cheers, 1950; Den Hartog, 1932; Harris, 1949; Novak
& Tanaka, 1974; Ratkowski, 1963; Richardson &Martuc-
celli, 1963), reporting data of the force coefficients for a
wide range of angles of attack. However, there is a non-
negligible scattering among the results when they are
compared, as will be discussed in Section 3. Furthermore,
CFD simulations of the aerodynamic response of semi-
circular geometries at different corner angles are scarce
(Ali, Arafa, & Elaraby, 2013). Moreover, for corner angles
different from β = 90◦, only the results for the case β =
60◦ have been reported in Miklasz et al. (2010), and for a
value of β about 48◦ in Zhang and Agarwal (2018).

Figure 2. Pedestrian crossing over the Lérez river in Pontevedra, Spain. (a) General view of the footbridge and (b) Deck cross-section
with circular segment shape.
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2. Research scope

The scope of this research work is to study the aero-
dynamic response of circular segments considering a
wide range of corner angles aiming to establish the rela-
tionship between the parameter β and the aerodynamic
loading. This might be useful at the early stages of engi-
neering projects to estimate the wind induced loads on
these geometries. In the cases that are analyzed in this
work the reference angle of attack, α = 0◦, is that where
the flow is parallel to the rectilinear side of the circu-
lar segment (see Figure 1). This angle of attack is of
interest for simulating the aerodynamic response of foot-
bridge decks, the gliding performance of certain animal
species or the feasibility of circular segments with differ-
ent corner angles, attached to the end of a piezoelectric
cantilever beam, to act as relatively low-drag energy har-
vesters under flow-induced motions such as flutter, gal-
loping, vortex-induced vibration or buffeting (Rostami
& Armandei, 2017).

The particular orientation considered in this work
(α = 0◦) presents some challenging features for its cor-
rect modeling by means of CFD simulations. In fact, it is
anticipated that, two very different aerodynamic behav-
iors are going to take place simultaneously. On one hand,
in the vicinity of the rectilinear side of the circular seg-
ment it is expected to have a large region of separated
flow,with transition to turbulent flow eventually develop-
ing within the separated shear layer, and a large unsteady
wake behind the body, as it happens in the case of rectan-
gular cylinders (Sohankar, 2008). In this study, different
corner angles are considered and therefore the chord to
sagitta ratio of the circular segments is going to change.
Hence, it is argued that the reattachment of the flow
may take place intermittently, permanently, or not at
all, over the rectilinear side, depending on the values
of the corner angle. On the other hand, over the cir-
cular side, the boundary layer may separate under the
influence of a pressure gradient, and the point of flow
separation depends on the characteristics of the upstream
boundary layer and the near wake flow structure (Bear-
man, 1997). The well described behavior of the laminar
boundary layer separating at about 80◦ from the stagna-
tion line at the sub-critical regime must take place at the
Reynolds number considered in this work, Re = 105. As
the Reynolds number increases (Re ≥ 1.5 · 105), and the
shear layer increases its turbulent energy or the boundary
layer itself undergoes transition, super-critical and trans-
critical regimes are reached (Kwok, 1986; Wilcox, 2011).
In summary, for the considered geometries two complex
aerodynamic behaviors along with their mutual inter-
action must be simulated: massive flow separation and
eventual reattachment on the rectilinear side, and the
Reynolds number dependent boundary layer separation

from the circular side of the circular segment. Obviously,
in these two responses, which are interdependent, the
transition phenomenon plays a key role.

The CFD approach based on 2D URANS simula-
tions has been chosen because it is usually favored in
most of the engineering industrial applications due to
its appealing balance between computer power demands
and accuracy. However, the averaging in conventional
RANS procedures eliminates the effects of linear dis-
turbance growth and this makes extremely difficult to
simulate the process of transition from laminar to turbu-
lent flow (Di Pasquale, Rona, & Garrett, 2009; Langtry
& Menter, 2009). Popular conventional turbulence mod-
els employed in URANS simulations, such as k − ω

SST, would predict transition in the boundary layer at
a Reynolds number at least one order of magnitude too
small (Collie, Gerritsen, & Jackson, 2008; Wilcox, 2006).
Hence, the flow regime associated to the boundary layer
transition and separation from the curved side could be
incorrectly simulated for the Reynolds number adopted
here in the analysis cases. This circumstance must be
noted because the Reynolds number adopted in this
study is close to the end of the sub-critical regime,
shortly before reaching the super-critical regime. The
chosen ReB = 105 (with regards to the width B of the
geometry) corresponds to the Reynolds number typi-
cally considered in energy harvesting studies (Barrero-
Gil et al., 2010), some biology applications (Holden
et al., 2014; Miklasz et al., 2010) and the lower range of
wind speeds acting on footbridges and other structures.

Bearing inmind the previously noted limitation in the
conventional RANS turbulencemodels such as the k − ω

SST, the transition phenomenonhas been initially tackled
in the general CFD practice by introducing low Reynolds
corrections in the underlying turbulence model. These
turbulence models have been calibrated for viscous sub-
layer damping and therefore they show difficulties for
faithfully simulate the behavior of transitional flows
(Langtry & Menter, 2009). Furthermore, low Reynolds
number turbulence models are unable to accurately cap-
ture other phenomena that play an important role in tran-
sition such as streamline curvature (Menter et al., 2006).
Hence, rotation and curvature corrections for thesemod-
els have also been developed aiming to improve their
predictive capabilities (Smirnov & Menter, 2009).

The approach described above, based upon correcting
the formulation of basic RANS turbulence models, has
proved to be unfeasible for dealing with problems whose
physics is governed by the transition phenomenon such
as the drag crisis of a cylinder or the transition onset loca-
tion over an airfoil (Langtry et al., 2006). In the above
paragraphs, it has been highlighted the remarkable role
that transition is expected to play in the aerodynamic
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responses of circular segments. Hence, in some of the
simulations that are later reported, transition has been
specifically tackled by means of an approach that relies
on the use of experimental correlations and it is known
as Transition SST turbulence model (Langtry et al., 2006;
Menter et al., 2006). This turbulence model is based on
two transport equations, one for the intermittency and
another for the transition onset criterion, in terms of
momentum-thickness Reynolds number. This formula-
tion can be implemented into the general RANS for-
mulation, such as the k − ω SST turbulence model. It
must be borne in mind that the physics of the transi-
tion process is allocated in the experimental correlations
provided to the model (Langtry &Menter, 2009; Langtry
et al., 2006; Menter et al., 2006). This model is more
complex and computationally expensive than conven-
tional or corrected versions of the k − ω SST turbulence
model; however, it has proved its feasibility and accuracy
in different application cases.

In this piece of research, the aerodynamic response of
static circular segments considering corner angles 90◦ ≥
β ≥ 40◦ is studied by means of wind tunnel tests and
CFD simulations. The wind tunnel campaign was con-
ducted considering three different geometries (β = 90◦,
60◦ and 40◦) and angles of attack in the range (−10◦ ≥
α ≥ 10◦) at ReB = 105. The purpose of this experimen-
tal campaign is the supply of the required data (force
coefficients and Strouhal number) for the validation
of the 2D unsteady Reynolds Averaged Navier–Stokes
(URANS) simulations that constitute the core of the
present research. For the computational simulations, six
different geometrieswere studied (β = 90◦, 80◦, 70◦, 60◦,
50◦ and 40◦) at two different angles of attack α = 0◦ and
1◦ at ReB = 105. In this way, in addition to the force
coefficients and Strouhal number, the slopes of the force
coefficients can be obtained and they can be used for
studying buffeting, flutter or galloping responses based
on the quasi-steady approach, in the frame of aeroelastic-
based energy harvesting studies. The selection of 1◦ as the
angle increment to obtain the slopes of the force coef-
ficients at α = 0◦ is due to the non-linear response of
force coefficients as a function of the angle of attack for
these geometries, as it will be shown in the review of the
state-of-the-art reported in Section 3 and in the experi-
mental and numerical results reported in Sections 5 and
7. Considering a larger angle of attack (longer step size)
may provide innacurate values for the slopes at α = 0◦.
Particularly, it will be shown in the simulations reported
in Section 7 that small variations in the angle of attack
modify the length of the separation bubble over the rec-
tilinear side, as well as the streamline curvature, and con-
sequently the transition process in the shear layer. Fur-
thermore, the interaction of the upper shear layer with

the leeward corner may also be affected since the even-
tual reattachment point of the upper shear layer changes
with the angle of attack, and this may also affect to the
turbulence growth over the reattached boundary layer.
Additionally, the interaction between the two shears layer
is also affected.

We have conducted an initial set of simulations based
on the application of the conventional k − ω SST tur-
bulence model for β = 40◦, 50◦, 60◦, 70◦, 80◦ and
90◦ and α = 0◦ and 1◦. It was found that for cer-
tain geometries and angles of attack this CFD results
were very different from the available wind tunnel data.
Hence, additional simulations introducing low Reynolds
(Wilcox, 1993) and-or curvature corrections (Smirnov
&Menter, 2008)were conducted. The ability of these sim-
ulations to properly predict the aerodynamic response
may be qualified as coincidental (Menter et al., 2006),
since in some cases they were successful while in some
others they failed to predict the aerodynamic response
correctly. Consequently, only when the transition phe-
nomenon was explicitly modelled by means of the four
equations version of the k − ω SST turbulence model
(Langtry et al., 2006; Menter et al., 2006), the CFD sim-
ulations were capable of predicting correct force coeffi-
cients results for the cases where the previous turbulence
models had failed.

3. State-of-the-art on the aerodynamics of the
semicircular (β = 90◦) cross-section

The instability of a semicircular, or D-section, cylin-
der was firstly described in Lanchester (1907) and stud-
ied by Den Hartog (1932), and later by Harris (1949),
Cheers (1950), Richardson and Martuccelli (1963), and
Ratkowski (1963). The goal of those research works
was to study the galloping effects (see for instance,
Blevins, 1990 or Naudascher & Rockwell, 1994) of elec-
tric power transmission lines by means of experimental
methods. In that context, the lift and drag coefficients of
the so-called D-section were provided for a wide range
of wind incident angles. In Parkinson and Brooks (1961),
the aeroelastic instability of this geometry is discussed,
and the force coefficients of a short range of attack angles
with the straight side perpendicular to the flow are pro-
vided. Later, Novak and Tanaka (1974) studied the effects
of turbulence on the galloping stability, providing the
force coefficients considering smooth flow and also dif-
ferent values of turbulence intensities and turbulence
length scales. The work of Weaver and Veljkovic (2005)
contributes by studying the flow-induced vibrations of
the cantilever blades of mixing vessels that present
parabolic and semicircular cross-sections. In the latter
reference, the Strouhal number and lift and moment
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coefficients are obtained for the whole range of flow
incident angles. In addition, a more recent work by Ali
et al. (2013), proposes harvesting energy from the gallop-
ing excitation of this section, and analyses this geometry
by means of CFD techniques. Finally, the work of Nikitas
and Macdonald (2014) reviews the results obtained pre-
viously in Den Hartog (1932) and Richardson and Mar-
tuccelli (1963), among others, and discusses the perfor-
mance of the quasi-steady theory for a wide range of
geometries.

A summary of the experimental data in the aforemen-
tioned references is presented in Table 1, where infor-
mation on the Reynolds number of each experimental
campaign and the turbulence characteristics is provided.
A comparison of the lift coefficient as a function of the
angle of attack α, obtained from some of these refer-
ences, is shown in Figure 3, where it can be seen that the
reported results show a non-negligible scattering, even
for results with similar test settings. A similar situation
can be found analyzing the drag and moment coeffi-
cients. These discrepancies in the force coefficients may
be explained by the differences in the incoming flow
characteristics, instrumentation, or degree of sharpness

of the models’ corner angles, among some other causes.
Thismotivates conducting additional experimental stud-
ies of the D-section and two additional corner angles in
this research work, to properly validate the numerical
simulations that are later reported in Section 7.

4. Formulation

4.1. Force coefficients

The goal of this work is to characterize the aerodynamic
behavior of circular segments. With this aim, sections
defined by the corner angle β are studied for various
angles of attack α obtaining the force coefficients (CL, CD
and CM) and the Strouhal number St . These are given by

CL = L
1
2ρU

2B
, CD = D

1
2ρU

2B
, CM = M

1
2ρU

2B2

and St = fH
U

, (1)

where L, D and M are the time-averaged lift and drag
forces and moment per unit of length, respectively, with
the sign criteria indicated in Figure 4. B and H are the

Table 1. Comparison of the test characteristics of the source references depicted in Figure 3.

Test TurbulenceT Incident angle α Provided data∗

Source Method ReB I [%] Lx/H Range Data CD CM St

Novak and Tanaka (1974) smooth Exp. 9.00 · 104 smooth 2 [−90,90] cont. ✓ ✓ ✗
Novak and Tanaka (1974) turb. Exp. 9.00 · 104 11.0 % 2 [−90,90] cont. ✓ ✓ ✗
Novak and Tanaka (1974) Lx/H= 1 Exp. 5.00 · 104 11.0 % 1 [−90,90] cont. ✓ ✓ ✗
Novak and Tanaka (1974) Lx/H= 2 Exp. 5.00 · 104 11.0 % 2 [−90,90] cont. ✓ ✓ ✗
Ratkowski (1963) Exp. 1.03 · 104 – – [−180,0] cont. ✓ ✗ ✗
Weaver and Veljkovic (2005) Exp. 1.00 · 105 ≤ 1.0 % – [−90,90] each 2.5◦ ✗ ✓ ✓
Harris (1949) Exp. – – – [−90,0] cont. ✓ ✗ ✗
Cheers (1950) Exp. 6.45 · 104 – – [−90,90] cont. ✓ ✗ ✗
Ali et al. (2013) Num. 1.03 · 104 5.0 % 0.28 [−180,0] cont. ✓ ✗ ✗

∗ The lift coefficient is always reported. The formulation of the force coefficients is provided in Equation (1).
TI = turbulence intensity; Lx = turbulence length scale; H = section depth; Lx/H = turbulence length scale normalized to the section depth;

− = not reported.

Figure 3. Comparison of the the lift coefficient as a function of the incident angle α for the D-section (β = 90◦) reported by different
authors.
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Figure 4. Sign convection adopted for the force coefficients.

chord and the sagitta of the cross-section, U is the wind
velocity, ρ is the flow density, and f the vortex shedding
frequency.

4.2. URANS governing equations

The numerical assessment of the aerodynamic coef-
ficients is carried out by means of a 2D URANS
approach. General description and specific insights about
this methodology can be found in Anderson (1995),
Wilcox (2005) or Versteeg and Malalasekera (2007)
among several others. Although this approach presents
some inherent limitations such as the assumptions intro-
duced in the turbulence modeling and the instrinsic per-
fect correlation of the flow along the span-wise direction
that prevents the simulation of 3D flow features, it has
demonstrated to be very effective in several engineer-
ing disciplines. For instance, in the work by Sun, Owen,
and Wright (2009), the performance of the 2D-RANS
with regards to its 3D counterpart is analyzed, show-
ing good agreement. In the wind engineering field, some
examples of successful application of this approach may
be found in the works by Šarkić, Fisch, Höffer, and Blet-
zinger (2012), Šarkić, Höffer, and Brčić (2015), Nieto,
Hargreaves, Owen, and Hernández (2015), Nieto, Owen,
Hargreaves, and Hernández (2015), Vairo (2003), Bru-
siani, de Miranda, Patruno, Ubertini, and Vaona (2013),
Chen, Wang, Zhu, and Li (2018), Cid Montoya et al.
(2018) or Maruai, Ali, Ismail, and Zaki (2018), among
many others. In those works, the performance of 2D
URANS to obtain the mean pressure distribution over
the cross-sections analyzed and the force coefficients was
demonstrated. Furthermore, scale-resolved turbulence
models barely improve the quality of these results and
drastically increase the computational burden (see the
works by Bruno, Fransos, Coste, & Bosco, 2010; Bruno
et al., 2012, 2014; Patruno, 2015). Given that the goal
of this work is to obtain the force coefficients, the 2D
URANS approach is an adequate tool for this task. A brief
summary of this approach is outlined below.

The flow around a body in civil engineering
applications can be modeled by the URANS equations
considering incompressible flow, which means that
∂ρ/∂t = 0, where t represents the time and ρ is the den-
sity of the fluid, which is assumed constant in the whole

domain. These equations in conservative form, accord-
ing toWilcox (2006), are expressed in tensor notation for
the three space dimensions as

∂Ui

∂xi
= 0, (2)

ρ
∂Ui

∂t
+ ρUj

∂Ui

∂xj
= − ∂P

∂xi
+ ∂

∂xj

(
2μSij − ρui′uj′

)
,

(3)

where Ui is the averaged flow velocity vector, ui′ is the
fluctuating velocity and ui′ its time average, xi is the posi-
tion vector, P is the mean pressure, μ is the viscosity of
the fluid, and Sij is the mean strain-rate tensor, which is
defined as

Sij = 1
2

[
∂ui
∂xj

+ ∂uj
∂xi

]
. (4)

The term −ui′uj′ in Equation (3) defines the specific
Reynolds stress tensor τij = −ui′uj′, and it is the term
that gives place to the closure problem, which is solved by
means of turbulence models. One way to face this prob-
lem is modeling the Reynolds stress tensor by using the
Boussinesq assumption (Wilcox, 2006)

τij = 2νTSij − 2
3kδij, (5)

where νT is the kinematic eddy viscosity and k is the
turbulent kinetic energy per unit of mass.

4.3. Turbulencemodels

The turbulencemodels based on the Boussinesq assump-
tion (Equation (5)) are named as viscosity models.
Some of the most popular viscosity models are the
Spalart–Allmaras model (Spalart & Allmaras, 1994), the
standard k − ε model (Jones & Launder, 1972; Laun-
der & Sharma, 1974), the RGN k − ε model (Yakhot
&Orszag, 1986),Wilcox k − ωmodel (Wilcox, 1988) and
Menter SST k − ω model (Menter, 1994; Menter, Kuntz,
& Langtry, 2003). A brief summary about them can be
found in Xu (2013) for wind engineering applications,
particularly in the field of bridge engineering. Compar-
isons among these models may be found in Hofmann,
Kaiser, Kind, and Martin (2007) for applications in the
field of jets, or in Tucker (2013) for applications concern-
ing turbomachinery, among others. In this work, several
turbulence models and some corrected formulations are
used to characterize the aerodynamic behavior of the
geometries studied, using the open source code Open-
FOAM (Openfoam user guide, 2015) and the ANSYS
Fluent (Ansys fluent theory guide, 2013) software. These
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turbulence models are described next, and the numeri-
cal results are analyzed and discussed by comparing them
with wind tunnel experimental data.

4.3.1. Menter’s k − ω SST
This model was first developed by Menter (1994) and
improved in Menter and Esch (2001). It is similar to
the Wilcox k − ω turbulence model and includes some
refinements from the k − ε model, seeking to take advan-
tage of the robust and accurate formulation of the k −
ω model in the near-wall region and the good perfor-
mance of the k − ε model in the far field (Wilcox, 2006).
This helps to avoid the sensitivity of the results to the
freestream values specified for the k and ω. The use of
the model in the wind engineering field is widespread,
and some interesting applications can be found in Šarkić
et al. (2012), Brusiani et al. (2013), de Miranda, Patruno,
Ubertini, and Vairo (2014) or Nieto et al. (2015) among
many others.

The formulation of this model consists of two trans-
port equations, one for the turbulence kinetic energy k
and another for the specific rate of dissipation ω. These
are

∂

∂t
(ρk) + ∂

∂xi
(ρkui) = ∂

∂xj

(
�k

∂k
∂xj

)
+ G̃k − ρβ∗kω,

(6)

∂

∂t
(ρω) + ∂

∂xi
(ρωui) = ∂

∂xj

(
�ω

∂ω

∂xj

)
+ Gω − ρβω2

+ 2 (1 − F1) ρσω,2
1
ω

∂k
∂xj

∂ω

∂xj
, (7)

where�k and�ω are the effective diffusivity of the kinetic
energy and the specific rate of dissipation, respectively,Gk
and Gω are the production of turbulence kinetic energy
k and dissipation ω, respectively, and μt is the turbulent
viscosity. These terms are given by

�k = μ + μt

σk
, �ω = μ + μt

σω

,

μt = ρa1k
max

[
ωa1
α̃∗ , SF2

] , (8)

Gω = α̃

μt
Gk, G̃k = min (Gk, εc1) , and

Gk = −ρui′uj′
∂uj
∂xi

, (9)

where S is the strain-rate magnitude (Equation (4)) and
the term εc1 is the production limiter (Menter, 1993),
where ε = β∗ρωk and c1 is a constant given in
Equation (14). The definition of the eddy viscos-
ity μt is the only difference in the formulation of

Menter and Esch (2001) with respect to Menter (1994).
Equation (8) presents the version of Menter Esch (2001),
while in Menter (1994) vorticity is used instead of the
strain-rate S. The terms σk and σω are the Prandtl num-
bers, which can be obtained from

σk = 1
F1/σk,1 + (1 − F1)/σk,2

and

σω = 1
F1/σω,1 + (1 − F1)/σω,2

, (10)

while β and α̃ are blended as

β = F1β1 + (1 − F1) β2 and

α̃ = F1α̃1 + (1 − F1) α̃2, (11)

and the blending functions F1 and F2 are obtained from

F1 = tanh
(
4

1
)
;

1 = min

[
max

( √
k

0.09ωy
,
500μ
ρy2ω

)
,

4ρk
σω,2D+

ω y2

]
; (12)

F2 = tanh
(
2

2
)
; 2 = max

[
2

√
k

0.09ωy
,
500μ
ρy2ω

]
;

D+
ω = max

[
2ρ

1
σω,2

1
ω

∂k
∂xj

∂ω

∂xj
, 10−10

]
. (13)

The model relies on dimensional analysis and some clo-
sure constants are required. These closure coefficients are
chosen by reducing the model to simpler well known
cases where relations between the different parameters
of the simplified model are known from experimental
observations, as described for instance in Wilcox (2006).
Thus, the closure coefficients are selected to match these
relationships, and in this case they are:

σk,1 = 1.176, σω,1 = 0.5, σk,2 = 1.0,

σω,2 = 0.8562, κ = 0.41, c1 = 10, α̃∗ = 1,

α̃1 = 0.5532, α̃2 = 0.4403, a1 = 0.31,

β∗ = 0.09, β1 = 0.075 and β2 = 0.0828. (14)

4.3.2. Low-Reynolds-number correction
The low-Reynolds-number correction consists of a set
of functions that delays the turbulence kinetic energy
growth aiming to correct Reynolds-number effects to
simulate the gross aspects of transition from laminar to
turbulent flow. This correction improves the accuracy
when viscous effects are important, and helps to pre-
dict the transition from laminar flow into the turbulent
flow regime, as described in Wilcox (1992, 2006). This is
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carried out by the coefficients α̃∗, α̃ and β∗. The coeffi-
cient α̃∗ damps the turbulent viscosity μt (Equation (8))
and controls the modeling of the effective diffusivity that
determines the transport equations of the k − ω model,
as explained in Wilcox (2006), and can be obtained as

α̃∗ = α̃∗
∞

(
α̃∗
0 + ReT/Rk
1 + ReT/Rk

)
, (15)

while the coefficient α̃ determines the production of ω in
Equation (7), and can be written as

α̃ = α̃∞
α̃∗

(
α̃0 + ReT/Rω

1 + ReT/Rω

)
, (16)

and the coefficient β∗ controls the dissipation of k in
Equation (6), and is given by

β∗ = β∗
∞

(
100β0/27 + (

ReT/Rβ

)4
1 + (

ReT/Rβ

)4
)
, (17)

where

ReT = ρk
μω

, Rk = 6, α̃∗
0 = βi

3
,

βi = 0.072, α̃∗
∞ = 1, α̃∞ = 0.52,

α̃0 = 1
9
, Rω = 2.95, β∗

∞ = 0.09,

β0 = 0.0708, and Rβ = 8, (18)

being ReT the turbulence Reynolds number. It must
be noted that in high-Reynolds numbers α̃∗ = 1. This
approach was originally developed for the Wilcox’s stan-
dard k − ω model (Wilcox, 1988), and its performance
for this model was evaluated in Wilcox (1993) and
Wilcox (2006). Since the k − ω SST model presents the
same formulation in the near-wall region as the standard
k − ω model, the implementation of the Low-Reynolds
correction is the same. Application examples of this
approach in the k − ω SST model can be found in Vil-
lalpando, Reggio, and Ilinca (2012) and Ghahremanian
and Moshfegh (2014), among many others.

4.3.3. Curvature correction
The curvature correction, also known as Sparlart-Shur
correction, may be applied to the two-equation eddy-
viscosity models in order to deal with their insensitivity
to streamline curvature and system rotation, which are
relevant in turbulent flows, by means of modifying the
production term Gk (Equation (9)). It was developed by
Smirnov and Menter (2008), although this work is based
on the original contributions of Spalart and Shur (1997)
and Shur, Strelets, and Travin (2000). The correction
is based on the ‘rotation function’ proposed by Spalart

and Shur, which is an empirical function to account
for streamline curvature and system rotation effect. This
function can be written as

frotation
(
r∗, r̂

) =

= (1 + cr1)
2r∗

1 − r∗
[
1 − cr3tan−1 (cr2r̂)]− cr1, (19)

where the components r̂ and r∗ are given by

r̂ = 2�ikSjk
[
DSij
Dt

+ (
εimnSjn + εjmnSin

)
�Rot

m

]
1
D̂
,

and r∗ = S
�
, (20)

where the strain-rate S and the vorticity tensor � can be
obtained as

�2 = 2�ij�ij, �ij = 1
2

(
∂ui
∂xj

+ ∂uj
∂xi

)
+ 2εmji�

rot
m ,

S2 = 2SijSij (21)

and Equation (4), and the constants of Equation (19)
for the k − ω SST model are defined in Smirnov
and Menter (2008) as cr1 = 1, cr2 = 2 and cr3 = 1. The
rotation function frotation defined in Equation (19) is used
to multiply the production term Gk of Equation (9), giv-
ing place to Gk · frotation. The implementation in ANSYS
Fluent (Ansys fluent theory guide, 2013) sets limits to
the values of the rotation function, from 0 to 1.25. These
values represent, for instance, a strong convex curvature
without turbulence production in the case frotation = 0,
and on the other hand, a strong concave curvature with
high turbulence production when frotation = 1.25.

This formulation has been tested in several recent
works comparing the results of the Sparlart-Shur cor-
rection with other turbulence models. Some recent
references can be found in Da Soghe, Innocenti,
Andreini, and Poncet (2010), Dhakal andWalters (2011),
Ahmad, Proctor, and Perry (2013), Tao, Xiao, Yang, and
Wang (2014) and Zhang, Wray, and Agarwal (2016).

4.3.4. Transition SSTmodel
The Transition SST turbulence model was developed by
Menter et al. (2006) and Langtry et al. (2006). The goal
of this four-equation model is to improve in boundary
layers and separation from the transition from laminar
to turbulent flow. This model is a modification of the
two-equation k − ω SST coupling two additional trans-
port equations to the original equations of the k − ω SST
model (Equations (6) and (7)). The additional transport
equations focus on the intermittency γ and the transition



758 M. CID MONTOYA ET AL.

onset criteria. The first one is given by

∂ (ργ )

∂t
+ ∂

(
ρUjγ

)
xj

= Pγ 1 − Eγ 1 + Pγ 2 − Eγ 2

+ ∂

∂xj

[(
μ + μt

σγ

)
∂γ

∂xj

]
, (22)

where the transition (Pγ 1 and Eγ 1) and destruction or
relaminarization (Pγ 2 and Eγ 2) sources are given by

Pγ 1 = Ca1FlengthρS[γ Fonset]cγ 3 ,

Pγ 2 = Ca2ρ�γ Fturb,

Eγ 1 = Ce1Pγ 1γ , and Eγ 2 = Ce2Pγ 2γ , (23)

where Flenght is an empirical correlation that controls the
length of the transition region. In addition, the transition
onset is driven by

Fonset = max

(
min

(
max

(
Fonset1, F4onset1, 0

)
, 2.0

)

−max

(
1 −

(
RT
2.5

)3
, 0

)
, 0

)
, (24)

Fturb = e−
(
RT
4

)4
, Rev = ρy2S

μ
, ReT = ρk

μω
, and

Fonset1 = Rev
2.193Reθc

, (25)

where y is the wall distance and Reθc is the critical
Reynolds number in which the intermittency first starts
to increase in the boundary layer and is given by an
empirical correlation. The coefficients for these equations
are:

Ca1 = 2, Ce1 = 1, Ca2 = 0.06, Ce2 = 50,

Cγ 3 = 0.5 and σγ = 1.0. (26)

The transport equations for the transitionmomentum
thickness Reynolds number Rẽθt can be written as

∂
(
ρRẽθt

)
∂t

+ ∂
(
ρUjRẽθt

)
xj

= Pθ t

+ ∂

∂xj

[
σθ t (μ + μt)

∂Rẽθt
∂xj

]
, (27)

where the source terms of this expression are

Pθ t = cθ t
ρ

t
(
Reθt − Rẽθt

)
(1.0 − Fθ t) ,

t = 500μ
ρU2 , Fwake = e−

(
Reω
105

)2
, (28)

Fθ t = min

(
max

(
Fwakee

(− y
δ

)4
, 1.0

−
(

γ − 1/50
1.0 − 1/50

)2
)
, 1.0

)
(29)

θBL = Rẽθtμ
ρU

, δBL = 15
2

θBL, δ = 50�y

U
δBL, and

Reω = ρωy2

μ
, (30)

and the constants of these equations are cθ t = 0.03 and
σθ t = 2.0. The boundary conditions for Rẽθ t at a wall is
zero flux. The model contains three empirical correla-
tions to define Reθt (Equation (28)), Reθc (Equation (25))
and Flenght (Equation (23)), that can be found in detail in
Langtry and Menter (2009).

The separation-induced transition correction is imple-
mented as

γsep =

= min
(
Cs1max

[(
Rev

3.235Reθ t

)
− 1.0

]
Freattch, 2

)
Fθ t

(31)

Freattch = e−
(
ReT
20

)2
, γeff = max

(
γ , γsep

)
, (32)

where Cs1 = 2.0.
In order to couple the transition model and the SST

transport equations, the k-equation is modified as

∂ (ρk)
∂t

+ ∂ (ρkui)
∂xi

= ∂

∂xj

(
�k

∂k
∂xj

)
+ G∗

k − Y∗
k + Sk

(33)

G∗
k = γeff G̃k, Y∗

k = min (max (γeff , 0.1) , 1.0)Yk,
(34)

where G̃k andYk are the original production and destruc-
tion terms in the SST k − ω model.

Some application examples of this turbulence model
can be found in the recent works by Grabe (2013) and
Lanzafame, Mauro, and Messina (2014).

5. Experimental campaign

5.1. Wind tunnel characteristics

Three sectional models of circular segments correspond-
ing to corner angles β = [40◦, 60◦, 90◦] have been tested
in the aerodynamic wind tunnel of the University of La
Coruña. The wind tunnel is an open circuit tunnel with
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Figure 5. Description of the experimental test set-up and the suspension system. (a) Experimental test set-up for case β = 60◦ and (b)
suspension and measurement system for aerodynamic tests.

Figure 6. Sectional models for sections β = [40◦, 60◦, 90◦], and sectional model elements.

a test chamber of 2 × 1 × 1m3 in open configuration,
which gives place to a test section of 1 × 1m2. This facil-
ity reaches velocities up to 30m/s, achieved with a con-
traction rate of 6:1 in the nozzle after the flow conditioner.
In Figure 5(a)), a picture of the sectional model β =
60◦, fitted with elliptic shaped end-plates, inside the test
section can be seen. Furthermore, the main components
of the experimental set up are identified in Figure 5(b)).

5.2. Sectional models features

The models are 0.97m long and 0.34m wide so that the
spanwise length to width ratio is close to 3. They were
built using aluminum bars to provide internal stiffness
by means of a H-shaped frame structure and foamed
PVC with a density of 0.5 g/cm3 to reproduce the out-
side geometry of the model, as sketched in Figure 6.
The curved surface of the circular segments is achieved
by bending thick foamed PVC plates of 2mm over the
internal curved PVC ribs, 10mm thick, that define the

geometry of the model. Special care was taken to accu-
rately replicate the desired geometry and guarantee a high
degree of sharpness in the corners, given the notable
influence of the latter on the results of the force coeffi-
cients, as it has been remarked for instance, in Tamura
andMiyagi (1999) or Fransos and Bruno (2010). In addi-
tion, the surfaces of the models were treated so that they
can be considered as smooth surfaces, given that vari-
ations in the roughness can lead to strong variations
in the measurements, as described in Achenbach Hei-
necke (1981). Elliptical plates are placed at both sides of
the sectional models to avoid 3D effects in those zones.

5.3. Reynolds number sensitivity

The Reynolds-number dependency of the aerodynamic
response of circular cylinders is widely known and it has
been studied, for instance, in the works of Schewe (1983,
1986). Hence, in order to ascertain the influence of this
parameter in the results, a study on the Reynolds number
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Figure 7. Effect of Reynolds number considering the radius R as characteristic dimension for defining the Reynolds number ReR.

sensitivity of the three testedmodels has been carried out.
The results are shown in Figure 7, where the drag and lift
coefficients of the three models are reported.

Changes in the flow regime in curved shapes are con-
trolled by variations in the location of the flow separation
point in the curved side of the geometry (Schewe, 2001).
This is the case of circular-based geometries, and given
that the three sections under study are circular segments,
the Reynolds number effects should eventually occur
at similar Reynolds numbers when expressed in terms
of a curvature-related dimension. Hence, the results
shown in Figure 7 are expressed as a function of the
Reynolds number considering as reference dimension
the radius of the circular segment (ReR). It can be seen
that the regime change occurs at approximately the same
Reynolds number for the three geometries, about ReR =
2 · 105. The same behavior is found for a circular cylin-
der when changing from the sub-critical to the super-
critical regimes due to the delay in the separation point, as
described for instance in Holmes (2015). This Reynolds
number corresponds to Reynolds numbers in terms of
the section width B between 2.5 · 105 and 4 · 105 for the
three sections considered herein.

It can be also appreciated that there is a significant
increase in CL for the β = 90◦ geometry before the drop
associated to the regime change, around ReR = 1.5 · 105.
This peak in the lift coefficient might be explained by the
asymmetric flow separation associated to discontinuous
transitions in circular cylinders, that has been identified
in Schewe (1983) forReR between 1.4 · 105 and 1.75 · 105.
These discontinuous transitions cause non-zero steady
lift on circular cylinders at a critical Reynolds number

range. When the boundary layer over the curved sur-
face experiences transition from laminar to turbulent,
a laminar separation bubble is formed. This may also
decelerate the flow over the rectilinear side of the D-
section. Further studies on shear layer instability (Singh
& Mittal, 2005) and the interaction between shear layers
would be required for this cross-section due to the lack
of data for non-symmetrical geometries in the flow direc-
tion, as it has been highlighted by Bot, Rabaud, Thomas,
Lombardi, and Lebret (2016). A similar peak has been
described for circular cylinders in smooth flow in terms
of CD in the work by Kwok (1986).

Taking the Reynolds number sensitivity mentioned
above into account, the force coefficients and Strouhal
number that are going to be reported hereafter have been
obtained at (ReB = 1 · 105) (in terms of B), which cor-
responds to a flow speed of 4.4m/s. At this flow speed
the turbulence intensity measured at the inlet of the test
chamber is I = 2%, according to the expression reported
in Holmes (2015).

5.4. Force coefficients and Strouhal numbers

Thewind tunnel results of the force coefficients as a func-
tion of the angle of attack are presented in Figure 8 for the
three circular segment geometries β = [40◦, 60◦, 90◦],
where clear differences can be appreciated. The case β =
40◦ is the most streamlined cross-section and the β =
90◦ is the bluffest geometry. For the β = 40◦ geometry,
the slope of the lift coefficient is positive and the drop
in the CL appears around α = 8◦, the drag coefficient
is more-or-less uniform, about 0.1, and the moment
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Figure 8. Force coefficients of models β = 90◦, β = 60◦ and β = 40◦ for a range of wind incident angle of α = [−10◦, 10◦].

coefficient also shows a positive slope up to α = 4◦.
Conversely, the β = 90◦ case presents a non-streamlined
behavior, easily identified by the lift coefficient curve and
the negative slope in the moment coefficient. In addition,
the drag coefficient presents high values, around 0.5. Sim-
ilar curves can be found inHarris (1949) orCheers (1950)
for the CD and in Novak and Tanaka (1974) for the
CM . The β = 60◦ case presents an intermediate behavior
between β = 40◦ and β = 90◦. The CL curve is simi-
lar to the β = 40◦ case, shifted backwards some degrees,
showing the drop in the CL in an intermediate point
between β = 90◦ and β = 40◦ cases. The CD reaches
also an intermediate value between the other two curves,
closer to the β = 40◦ geometry, as its sag is closer to

the one of that geometry. Finally, the CM curve shows
intermediate values between the other two.

In order to estimate the uncertainty associated to
the experimental results used in this work to validate
the CFD simulations, several tests have been conducted.
They consist of defining the experimental values of the
force coefficients at α = 0◦ and α = 1◦ as themean value
and standard deviation obtained from a sample of 25 tests
carried out consecutively for each case. These values are
reported in Table 2, where the 95% confidence intervals
are also provided (Coleman & Steele, 2009). It must be
noticed that the uncertainty estimated in this manner
do not include all the possible sources of uncertainty
(see Caracoglia, Sarkar, Haan, Sato, & Murakoshi, 2009;
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Table 2. Meanvalue (μ), standarddeviation (σ ) and95%confidence intervals forn= 25 samples (μ ± 1.96 · σ/
√
n) of the experimental

force coefficients of models β = 40◦, β = 60◦ and β = 90◦ at wind incident angle of α = 0◦ and 1◦.

α = 0◦ α = 1◦

Geometry Parameter CL CD CM CL CD CM

β = 90◦ μ 0.681 0.470 0.140 0.591 0.492 0.108
σ 0.010 0.005 0.008 0.022 0.005 0.005

μ − 1.96 · σ/
√
n 0.677 0.468 0.136 0.583 0.490 0.106

μ + 1.96 · σ/
√
n 0.685 0.472 0.143 0.599 0.494 0.110

β = 60◦ μ 0.275 0.231 0.146 0.391 0.235 0.146
σ 0.012 0.005 0.008 0.011 0.005 0.007

μ − 1.96 · σ/
√
n 0.271 0.230 0.143 0.386 0.233 0.144

μ + 1.96 · σ/
√
n 0.280 0.233 0.149 0.395 0.237 0.149

β = 40◦ μ 0.022 0.112 0.103 0.095 0.117 0.122
σ 0.008 0.003 0.006 0.008 0.004 0.007

μ − 1.96 · σ/
√
n 0.019 0.111 0.100 0.092 0.115 0.119

μ + 1.96 · σ/
√
n 0.026 0.114 0.105 0.098 0.118 0.125

Figure 9. Comparison of the Strouhal number as a function of the wind incident angle α for case β = 90◦ obtained by Weaver
and Veljkovic (2005) and the results reported in this work.

Davenport, 1983; Kareem, 1988; Sarkar, Caracoglia,
Haan, Sato, &Murakoshi, 2009), but provides a metric of
deviation that helps to evaluate the agreement between
the experimental and numerical results.

Furthermore, vortex shedding studies are carried out
aiming to provide additional inputs for the validation
of the CFD models which are discussed next. Besides,
Weaver and Veljkovic (2005) reported the Strouhal num-
bers of their tests of the D-section, which is very useful as
a reference for comparison with the experimental results
presented in this work. Figure 9 compares the Strouhal
number of the model β = 90◦ with those obtained for
the same geometry in Weaver and Veljkovic (2005). It
must be noticed that the characteristic dimension used
in Weaver Veljkovic (2005) for the Strouhal number is
the diameter of the geometry. Therefore, those results are
reported divided by 2 in Figure 9, given that the char-
acteristic dimension used in the present work for the
Strouhal number is the sagitta (see Equation (1)). As it
can be seen in Figure 9, there is a general agreement in the
results, particularly for α = 0◦. Moreover, a summary of
the wind tunnel results of the Strouhal number obtained

Table 3. Strouhal number St of models β = 40◦, β = 60◦ and
β = 90◦ for several wind incident angle values α.

Wind incident angle α [◦]

Model −4◦ −2◦ 0◦ 2◦ 4◦

β = 90◦ 0.206 0.208 0.207 0.178 0.161
β = 60◦ 0.215 0.210 0.198 0.185 0.172
β = 40◦ 0.238 0.234 0.228 0.220 0.202

for the threemodels considering different angles of attack
is presented in Table 3. The general trend is the decrease
in the frequency of vortex shedding as the angle of attack
increases. In the samemanner, the lower the corner angle
β is, the higher the frequency of the vortex shedding has
been identified.

6. Numerical modeling, geometry andmesh
description

6.1. Flow domain boundary conditions and
numerical settings for OpenFOAM solver

The flow domain used in the CFD analyses is 40B wide
and 30B high, being B the width of the cross-section. A
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Figure 10. Definition of the flow domain and boundary condi-
tions (not to scale).

conceptual sketch is presented in Figure 10, where the
boundary conditions are also shown. At the left side of
the flow domain is located the inlet, where Dirichlet con-
ditions with a constant velocity of 4.4m/s (ReB = 1 · 105)
and low turbulence intensity characteristics are imposed.
At the right side, a pressure outlet is placed with imposed
atmospheric pressure. The lower and upper limits of the
flow domain are considered slip walls.

The wall boundary condition on the surface of the
studied body can be modeled by wall functions (Vie-
gas & Rubesin, 1983) or by integration to the surface
by means of a low Reynolds number wall modeling
approach (Jones & Launder, 1972). In all the cases stud-
ied in this work the second approach was employed. The
geometry of the cases under study follows the sketch
of Figure 1, for the values of the corner angle β =
[40◦, 50◦, 60◦, 70◦, 80◦, 90◦]. The corners of the cross-
sections have been modeled as sharp.

An initial set of simulations were conducted using
the k − ω SST turbulence model without corrections,
using the OpenFOAM solver aiming to complete the
verification studies that are reported next and obtain-
ing a preliminary validation. The numerical schemes
adopted in the simulations conducted in this investiga-
tion using the OpenFOAM CFD solver have been suc-
cessfully applied in a previous published work by Nieto,
Owen, et al. (2015). A summary is provided next. The
PIMPLE algorithm has been used as transient solver.
The interpolation of values from cell centers to face cen-
ters are conducted by a linear scheme. The gradient
terms are discretized applying the Gauss scheme, adopt-
ing linear interpolation. For the divergence terms, the
Gauss scheme is used, considering linear upwind and
linear interpolation schemes. For the Laplacian terms,
the Gaussian with a linear interpolation scheme and
a limited normal surface gradient were employed. The
first-order boundary implicit Euler scheme imposing a
maximum Courant number of 1 was applied for the first

time derivative terms aiming to obtain a robust per-
formance while keeping temporal diffusion at low lev-
els (Guerrero, 2013). This approach has been success-
fully used in several research works, such as in Brusiani
et al. (2013), Cid Montoya et al. (2018), Nieto, Har-
greaves, et al. (2015), Nieto, Owen, et al. (2015), and
Patruno (2015).

6.2. Verification of the finite volume grids

The design of the computational mesh plays an impor-
tant role in the accuracy of the CFD results, and con-
sequently it is a common practice to carry out veri-
fication studies. Verification aims to identify the grid
for which the CFD model results are not sensitive to
the chosen spatial discretization (see for instance, Man-
nini, Soda, & Schewe, 2010). In this work, six meshes
have been generated for the geometries considered in
this study (β = [40◦, 50◦, 60◦, 70◦, 80◦, 90◦]), and three
of them have been verified in order to assess the indepen-
dence of the results with the spatial discretization, which
correspond to the geometries analyzed experimentally
(β = [40◦, 60◦, 90◦]). The verification studies were car-
ried out adopting the Menter’s SST k − ω turbulence
model and the OpenFOAM solver.

Three different regions can be identified in all of
the meshes considered in the verification study (see
Figure 11). The first region (Region 1) consists of a block
structured mesh made of hexahedral elements that cover
roughly 90% of the flow domain, which is divided in a
number of subdomains with higher element densities in
critical regions, such as the wake of the circular segment
or the vicinity of the body. Another region is the bound-
ary layer mesh (Region 2), that presents the highest mesh
density since a low Reynolds wall modeling approach is
adopted. In this region a structuredmesh is adopted. The
third region is the so-called buffer region mesh (Region
3), which covers the area close to the circular cylinder,
linking the block structuredmesh and the boundary layer
mesh. This is an unstructured mesh, where triangular
prisms have been adopted.

The refinement strategy adopted to carry out the ver-
ification studies was conducted as follows. In the gen-
eral block structured mesh region (Region 1), the num-
ber of elements along the edges has been systematically
increased by a factor of 100/82 and 122/100 which is
roughly 1.22. The scale distribution is kept constant for
the three meshes in the grid-refinement study. In the
boundary layer mesh region (Region 2) the number of
elements around the section was systematically changed
according to the following factors: 660/540 and 804/660
along the rectilinear side of the section, and 1060/864 and
1292/1060 along the curvilinear side, which gives also a
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Figure 11. Mesh used for section β = 90◦.

growth ratio of about 1.22, as in Region 1. The width to
depth ratios of the elements in the first row attached to
the body vary between 5.463 and 3.67 depending on the
mesh density and the rectilinear or curved side of the
section. The height of the boundary layermesh, the num-
ber of rows and the growth ratio has been kept constant
(Roache, 2009) because in this manner it could be guar-
anteed that the limitations concerning mean and maxi-
mum allowable values of y+ were uniformly satisfied for
the three cases studied. In the buffermesh region (Region
3) no systematic refinement was conducted due to the
user-interaction-based definition of this mesh, and the
need to produce smooth transitions between elements in
Region 1 and Region 2.

The refinement approach adopted is not a system-
atic strategy given the co-existence of structured and
unstructured grid regions and the required user inter-
vention for the refinement in the unstructured buffer
region. This kind of meshes and refinement approaches
are commonly used in civil engineering applications (see
for instance Cid Montoya et al., 2018; Mannini, Šoda,
Voß, & Schewe, 2010; Nieto et al., 2015) where standard

methods of grid-convergence studies are difficult to apply
rigorously (Mannini et al., 2010), and may require grid
densities higher than those typical of practical compu-
tations (Pelletier, 2008; Salas & Atkins, 2009). Conse-
quently, the Grid Convergence Index (Roache, 2009) was
not used for the verifications studies reported in this
work.

The result of the study for β = 90◦ geometry consid-
ering an angle of attackα = 0◦ is shown in Table 4. In this
table, the total number of cells and the number of cells in
the boundary layer (BL) mesh around the deck section
are indicated, as well as the values of the effective grid
refinement index Effective r (Roache, 2009), defined as

Effective r =
(
N1

N2

)1/D
, (35)

where N1 and N2 are the number of elements in the
fine and coarse meshes, and D is the dimensionality of
the problem. The force coefficients and Strouhal num-
ber provided in this table and in the following sections
of this work are obtained considering an averaging cycle

Table 4. Properties and results of the grid-refinement study for the D-section (β = 90◦).

Grid BL cells Total cells Effective r St CL CD CM CL ’ CD ’ CM ’

Coarse 70200 199689 – 0.217 0.676 0.440 0.153 0.314 0.041 0.049
Medium 86000 270098 1.16 0.211 0.672 0.437 0.153 0.314 0.041 0.049
Fine 104800 362789 1.16 0.210 0.677 0.442 0.155 0.321 0.041 0.050

Experimental 0.207 0.681 0.470 0.140 – – –

Table 5. Properties of the meshes for each geometry, where Reg. 1 is the boundary layer (BL) mesh, Reg. 2 is the buffer region mesh,
Reg. 3 is the wake region mesh, pmeans number of elements in the perimeter, δ1 is the height of the first element, h is the height of the
boundary layer mesh, No. is the number of rows in the BLmesh, r̂ the growing ratio, ARr the first row aspect ratio over the rectilinear side
and ARc the first row aspect ratio over the curved side.

Number of cells Boundary layer definition y+

β[◦] Total Reg. 1 Reg. 2 Reg. 3 p δ1/B h/B No. r̂ ARr ARc Mean Max y+ > 4 [%]

40 321,050 135,000 113,680 72,370 1960 3.24 × 10−4 3.82 × 10−2 58 1.023 3.435 3.167 1.498 6.037 0.102
50 318,809 135,000 113,680 70,129 1960 3.24 × 10−4 3.82 × 10−2 58 1.023 3.434 3.322 1.451 6.220 0.102
60 296,846 135,000 99,760 62,086 1720 3.24 × 10−4 3.82 × 10−2 58 1.023 4.683 3.526 1.256 6.446 0.174
70 314,927 135,000 113,680 66,247 1960 3.24 × 10−4 3.82 × 10−2 58 1.023 3.435 3.791 1.242 6.472 0.204
80 272,288 135,000 86,000 51,288 1720 3.39 × 10−4 3.82 × 10−2 50 1.030 4.479 3.955 1.306 5.932 0.174
90 270,098 135,000 86,000 49,098 1720 3.39 × 10−4 3.82 × 10−2 50 1.030 4.482 4.383 1.350 6.384 0.291
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of aminimum of 25 non-dimensional time units after the
results can be considered periodic.

Small discrepancies in the three verification stud-
ies have been found between the coarse and medium
meshes. Differences between medium and fine meshes
are mostly negligible. Consequently, the mediummeshes
have been adopted hereafter for further analyses. The
characteristics of the six meshes adopted in this study
are reported in Table 5, where the mesh properties of
the geometries β = 50◦, 70◦ and 80◦ are established
based on the results of the verification studies previously
reported. These meshes are the ones adopted for all the
CFD simulations that are discussed in Section 7. The
number of cells in each region of the mesh is provided
in Table 5, presenting an average total number of cells
of 3 · 105. These regions can be identified in Figure 11,
where the mesh used for the case β = 90◦ is shown.
Moreover, Table 5 describes the boundary layer mesh
defined for each geometry and the dimensionless wall
distances y+ = (δ1u∗)/ν, where u∗ is the friction velocity
and δ1 is the height of the first element. These dimen-
sionless wall distances present mean values lower than
1.5, and the maximum values are below 6.5 for the con-
sidered Reynolds number (ReB = 1 · 105). A maximum
Courant number of Co=1 was imposed, which leads
to mean non-dimensional time step values in the range
�̄s = �̄tU/B ≈ 2.2 · 10−4, depending on the particular
simulation being considered.

6.3. Turbulencemodeling alternatives

The results obtained from the CFD simulations con-
ducted with the OpenFOAM solver and the k − ω SST
turbulence model during the verification studies were
unable to match the wind tunnel results at α = 0◦ for
β = 60◦ and β = 40◦ geometries. It has already been
commented upon in Section 2, that the ability of a CFD

model to properly simulate the aerodynamic responses
of interest is dependent on the ability of the turbulence
models to properly emulate the complex phenomena that
take place, such as turbulent transition or the effects of
streamline curvature. Therefore, alternative turbulence
models, or corrected versions of the k − ω SST, have been
considered: k − ω SST with low-Reynolds-number cor-
rection (LRNC), k − ω SST with low-Reynolds-number
and curvature corrections (LNRC & CC), and four-
equation Transition SST models.

The simulations where the LRNC, LNRC & CC and
Transition SST turbulence models are applied have been
conducted using the commercial ANSYS Fluent solver
(Ansys fluent theory guide, 2013).

6.4. Assessment of the impact of different solvers,
mesh typology and numerical settings forthe ANSYS
solver

When an aerodynamics problem is studied by means of a
numerical simulation, differentmodeling and setup alter-
natives are available. Consequently, certain dispersion in
the numerical predictions of different quantities must be
expected (Bruno et al., 2014). This means that a certain
problem can be addressed adopting different numerical
setups, different spatial and temporal discretizations and
different modeling approaches obtaining, for well posed

Table 6. Comparisonof the results for the caseβ = 90◦ using the
k − ω SST turbulence model with the open source solver Open-
FOAM using the settings described in Section 6.1 and the ANSYS
Fluent solver with the settings described in Section 6.4.

Solver Mesh CL CD CM St

OpenFOAM M1 0.672 0.437 0.152 0.211
OpenFOAM M2 0.716 0.443 0.157 0.211
ANSYS Fluent M2 0.636 0.421 0.153 0.217

Note: Two different meshes are also used, which are described in Sections 6.2
and 6.4.

Figure 12. Details of the non-structured quadrangular mesh with parabolic flow domain shape identified as ‘M2’ in Table 6.
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models, correct results within the limits of the logical dis-
persion in the quantities of interest. With the purpose of
making clear that the dramatic differences in the results
that are reported in Section 7 are due to the different tur-
bulence models adopted, and not the solver, the numer-
ical settings or the spatial and temporal discretizations,
for the same reference case (β = 90◦ atα = 0◦) three dif-
ferent numerical simulations have been set up and the
results are reported in Table 6. The first simulation corre-
sponds to the mediummesh case reported in Section 6.2,
(mesh ‘M1’ in Table 6) where the turbulence model is the
standard version of Menter’s k − ω SST and the solver of
choice has been OpenFOAM. In the second simulation,
the same solver, turbulence model and numerical set-
tings as in the former one are adopted; however a 420,000
cells non-structured quadrangular mesh identified as
‘M2’, with a parabolic flow domain shape, as shown in
Figure 12, is adopted (δ1/B = 1.66 · 10−4), aiming to
assess the effect caused by a different spatial discretiza-
tion. Finally, in the third simulation, the non-structured
quadrangularmesh (M2) is chosen alongwith theANSYS
solver. For the CFD simulations conducted with ANSYS
the numerical settings adopted are based on the previous
experience of the authors with this CFD solver (Nieto,
Hernández, Jurado, & Baldomir, 2010; Nieto, Kusano,
Hernández, & Jurado, 2010). The pressure–velocity cou-
pling is carried out adopting the PISO scheme with
neighbor and skewness corrections. The interpolation
values from cell centers are based upon the Green-Gauss
gradient scheme. The discretization for the momen-
tum, turbulence kinetic energy and turbulence dissipa-
tion rate are conducted adopting second-order inter-
polation schemes. The solver considers second-order
unsteady formulation. The non-dimensional time step is
�s = �tU/B = 1.5 · 10−3 (Nieto, Hernández, Kusano,
& Jurado, 2012), and the Standard version of the k − ω

SST turbulence model is adopted. The similitude in the
results obtained for the force coefficients and Strouhal
number when the turbulence model is the same in the
three numerical simulations, signals the adequacy of the
numerical settings, solvers, and spatial and temporal dis-
cretizations adopted in the simulations whose results
are discussed in the next section. In Table 6 only the

lift coefficient shows small differences depending on the
CFD model considered. Consequently, the discrepancies
in the results that are reported in the following section,
can be attributed solely to the different turbulencemodels
considered, andmay therefore be used as the basis for the
assessment of the reliability of the considered turbulence
models in this particular problem.

7. Results and discussion

The numerical results obtained for the six geometries
of circular segments under study at 0◦ and 1◦ angles
of attack are reported in the following subsections. The
meshes described in Section 6.2 and Table 5 are the ones
adopted for each geometry in all the simulations reported
in this section. The CFD-based results are validated
with the available experimental data previously reported
in Section 5. As a first approach, all the considered
geometries of circular segments have been analyzed by
means of the standard version of Menter’s k − ω SST
turbulence model using the OpenFOAM solver and the
settings reported in Section 6.1. The limitations of this
approach to properly simulate the complex aerodynamic
phenomena that take place in some geometries and
angles of attack are evident when the numerical results
are compared with the wind tunnel data. Therefore, cor-
rections in the k − ω SST turbulence model or other tur-
bulence models capable of accurately simulate transition
must be adopted for improving the predictive capabili-
ties of the CFD models. For these simulations adopting
the LRNC, LRNC&CC and Transition SST turbulence
models, the solver of choice has been ANSYS, and the
numerical settings adopted are the ones described in
Section 6.4.

7.1. β = 90◦ case

The β = 90◦ geometry (B/H = 2, ReR = 0.5 · 105) has
been the first case to be analyzed by means of the k − ω

SST turbulencemodel.Hence, a first step in the validation
process is to compare the experimental results reported
in Section 5.4 with the numerical ones obtained using
the k − ω SST model for angles of attack α = 0◦ and 1◦.
Table 7 presents a comparison between these results and

Table 7. Summary of the force coefficients obtained experimentally (Exp) and numerically bymeans of the k − ω SST turbulencemodel
(k − ω SST) and their relative (δk−ω SST) and absolute (�k−ω SST) errors for the geometry β = 90◦ considering angles of attack α = 0◦
and 1◦.

β = 90◦ (α = 0◦) β = 90◦ (α = 1◦)

Case CL CD CM St CL CD CM St

Exp 0.681 0.470 0.140 0.207 0.591 0.492 0.108 0.205
k − ω SST 0.672 0.437 0.152 0.211 0.648 0.450 0.129 0.206

δk−ω SST [%] 1.322 7.021 8.571 1.932 9.645 8.537 19.444 0.370
�k−ω SST 0.009 0.033 0.012 0.004 0.057 0.042 0.021 0.001
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also the relative (δ) and absolute (�) errors between the
experimental and numerical data.

The β = 90◦ geometry, for both angles of attack (α =
[0◦, 1◦]), presents low values of absolute errors, and a
maximum relative error of 19.4% for the CM at α = 0◦,
which must not be overemphasized, since it corresponds
to an absolute error in the moment coefficient value of
0.02. The CL, CD and St values show reduced relative and
absolute errors. In general, it can be assumed that the
results present fair agreement for this geometry.

Figure 13 shows the instantaneous flow velocity U
and turbulence kinetic energy k fields obtained for this
case at both angles of attack, using the k − ω SST tur-
bulence model. In the representation of the flow veloc-
ity field, the streamlines are shown to help identifying
the flow fundamental features. The instantaneous fields
correspond to a maximum lift coefficient instant in the
time history. It can be seen that the separation point over
the curved side is close to 90◦ (considering anti-clockwise
direction and 0◦ at the windward corner of the cross-
section). This is similar to the classical flow structure in
the sub-critical regime, as described in Schewe (2001),
Zdravkovich (1997), Achenbach and Heinecke (1981)
andKwok (1986) for circular cylinders. Itmust be noticed
that, taking the results of the Reynolds-number sensitiv-
ity studies into account, reported in Figure 7, this is the
expected flow structure for this section. This coincidence
shows the ability of the k − ω SST turbulence model to
reproduce the experimental results for this geometry, as
reported in Table 7. In the rectilinear side, the separa-
tion point is located at the windward corner, generating
a bubble of roughly the same length as the width of the
section. The flow structure on the rectilinear side can be
qualitatively compared to the flow structure of the rect-
angular 2:1 cylinder (since this is theB/H ratio of the β =
90◦ section), which shows a separated-type behavior, as
described in Shimada and Ishihara (2002). Although the
flow structures for both angles of attack are similar, it can
be appreciated that the bubble at α = 1◦ is larger than at
α = 0◦.

The turbulence kinetic energy instantaneous fields
show the growth in the turbulent energy along the shear
layer on the rectilinear side, reaching themaximumvalue
close to the leeward corner. On the other hand, the turbu-
lent energy in the shear layer detached from the curved
side grows smoothly, reaching a maximum value about
half of the one in the upper shear layer. Besides, these flow
fields allow to visualize the interaction between the two
shear layers in the wake of the D-section.

7.2. β = 40◦ case

In this section, the CFD-based simulations of the geom-
etry showing the lowest value in the corner angle and

chord to sagitta ratio are studied. Due to the low B/H
ratio, a permanently reattached shear layer is expected
on the rectilinear surface, which is completely different
from the aerodynamic behavior of the β = 90◦ geome-
try. The results of the β = 40◦ case (B/H = 5.5, ReR =
0.778 · 105) at 0◦ angle of attack obtained using the
k − ω SST turbulence model present unacceptable abso-
lute and relative errors for all the force coefficients and
Strouhal numbers when they are compared with wind
tunnel tests. In fact, the strong decrement in the lift coef-
ficient obtained in the CFD simulations (see Table 8), in
combination with the also low value in the drag coef-
ficient, are indicative of this circular segment showing
a super-critical regime behavior at a too low Reynolds
number. This is typical of two-equation turbulence mod-
els in the absence of Low-Reynolds corrections. Con-
sequently, further numerical analyses of this geometry
should be conducted adopting alternative formulations
for the turbulence model.

A first approach for improving the predictive capabil-
ities of the CFD model has been to adopt low-Reynolds-
number corrections (LRNC) in the k − ω SST turbu-
lence model, given its ability to grossly simulate transi-
tion (Wilcox, 1993). It can be seen in Table 8 that when
the low-Reynolds-number corrections are introduced in
the k − ω SST turbulence model, the improvements are
remarkable, since all the coefficients present now accept-
able similitude when they are compared with the experi-
mental results. Themain improvement has been obtained
in the CL, where the absolute error has been decreased
from 0.361 to 0.087. Relevant improvements have also
been obtained for the CD and the St , and the accuracy
in the CM value is similar.

These improvements in the force coefficients and
Strouhal number are caused by a better prediction of
transition, which avoids the anticipation of the Reynolds-
number effect that switches the flow regime from sub-
critical to super-critical, as it can be appreciated from the
values of the averaged force coefficients (see Section 5.3).
This can be analyzed by studying the flow structures
simulated by the k − ω SST turbulence model with and

Table 8. Comparison of the results for the case β = 40◦ for an
angle of attack α = 0◦ using the k − ω SST turbulence model
with and without low-Reynolds-number correction (LRNC).

β = 40◦ (α = 0◦)

Case CL CD CM St

Exp 0.022 0.112 0.103 0.228

k − ω SST −0.322 0.056 0.064 0.310
δk−ω [%] 1563.636 50.000 37.864 35.965
�k−ω 0.344 0.056 0.039 0.082

LRNC −0.049 0.105 0.116 0.243
δLRNC [%] 322.727 6.250 12.621 6.579
�LRNC 0.071 0.007 0.013 0.015
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Figure 13. Flow velocity U and turbulence kinetic energy k fields obtained for β = 90◦ with angles of attack α = 0◦ and α = 1◦ using
the k − ω SST turbulence model. The instantaneous fields correspond to the maximum lift in the periodic time history (θ = π/2).

without low-Reynolds-number corrections, which are
reported in Figures 14 and 15.

In Figure 14, the instantaneous velocity field obtained
applying the k − ω SST model with and without low-
Reynolds-number corrections are compared at an instant
in the time-history close to the maximum in the lift
coefficient during one cycle of the lift coefficient time
history (θ = π/2). In this figure, it can be appreci-
ated how the k − ω SST turbulence model without
corrections anticipates the change of flow regime to
super-critical (high Re), as it has been described in

Schewe (1986). In the curved side, the separation point
is located further downstream because the boundary
layer undergoes transition and the fluid closest to the
surface has increased its momentum. Over the rec-
tilinear side, the reattachment point is located about
0.25B, consistently with the response of the flow in the
rectilinear side of the cross-section of the Great Belt
approach span deck reported by Schewe (2001) for the
super-critical regime. The permanent reattachment on
the rectilinear side is consistent with the flow struc-
ture reported for rectangular cylinders with aspect ratio

Figure 14. Flow velocity U field obtained for β = 40◦ at α = 0◦ using the k − ω SST turbulence model without corrections and with
low-Reynolds-number corrections. The instantaneous fields correspond to the maximum lift in the periodic time history (θ = π/2). The
reattachment point in the straight side and the separation point in the curved side are indicated for comparative purposes.
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similar to this geometry B/H = 5.5, as reported in Shi-
mada and Ishihara (2002) and Bruno et al. (2014) among
others.

On the other hand, when the low-Reynolds-number
corrections are introduced in the k − ω SST turbulence
model, the flow structure corresponds towhat is expected
inside the sub-critical region. It can be seen in Figure 14
how the separation point in the curved side has moved
upstream in the simulation using the k − ω SST turbu-
lence model with low-Reynolds-number corrections, as
described in Wilcox (2011) for circular cylinders, which
has a dramatic effect on the lift coefficient (see Figure 7).
Similar flow patterns for circular cylinders can be found
in Van Dyke (1982). In this simulation, the reattachment
point on the rectilinear side is located farther than 0.5B
from the windward corner. Similar response is found by
Schewe (2001) for the sub-critical regime of the Great
Belt approach span cross-section.

As a consequence of the different location of the sep-
aration and reattachment points and turbulent energy
content in shear layers and boundary layers, differences
in the wakes of both simulations can be found. This can
be noticed in Figure 15 by comparing the instantaneous
turbulence kinetic energy k fields at the maximum lift
instant during one cycle of the lift timehistory (θ = π/2).
In the k − ω SST simulation without corrections, the
wake is narrower than when the low-Reynolds-number
correction is included, which is typical of the response
at high Re (Schewe, 2001). This phenomenon is also
described in Schewe (1986) and inWilcox (2011) for cir-
cular cylinders. In addition, it can be appreciated from
the wake structure reported in Figure 15 that the St grows
in the super-critical regime (see also Table 8 and refer
to Figure 7), as it has also been reported by Schewe

and Larsen (1998) for several bluff bodies. Similar com-
parisons can bemade for theCD, that decreases inside the
super-critical region.

Hence, the low-Reynolds-number correction applied
to the k − ω SST turbulence model has successfully
avoided the anticipation of transition in the boundary
layer and in the shear layer, responsible for the changes
in the flow regime from sub-critical to super-critical,
as described in Section 5.3. Similar performance of this
correction has been reported in the work by Collie
et al. (2008) for flat plates at small angles of attack.

However, the aerodynamic behavior of the β = 40◦
case when the incident angle is α = 1◦ is still inade-
quate even though low-Reynolds-number corrections are
included in the k − ω SST turbulence model, as shown in
Table 9. This points towards the coincidental ability of the
corrected versions of the k − ω SST turbulence model to
simulate transition (Menter et al., 2006) as it had been
remarked in the Introduction of this work (Section 1).
Hence, further corrections in the turbulence model have
been considered.

The inclusion of the Spalart–Shur correction when
modeling body geometries with curved shapes has shown
good results in several published works. For instance, it
was found in Ahmad et al. (2013) that this correction
helps to obtain better predictions in the wake region of
the flow around an airfoil. Therefore, the Spalart–Shur
correction is adopted in the k − ω SST turbulencemodel,
togetherwith the low-Reynolds-number correction, aim-
ing to improve the numerical results for the β = 40◦
case when the angle of attack is α = 1◦. The results are
reported in Table 9, where the force coefficients and
Strouhal numbers obtained by the k − ω SST turbu-
lence model without corrections are compared with the

Figure 15. Turbulence kinetic energy k field obtained forβ = 40◦ atα = 0◦ using the k − ω SST turbulencemodel without corrections
and with low-Reynolds-number corrections. The instantaneous fields correspond to the maximum lift in the periodic time history (θ =
π/2).
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Table 9. Comparison of the results for the case β = 40◦ for an
angle of attack α = 1◦ using the k − ω SST turbulence model
with and without low-Reynolds-number correction (LRNC) and
curvature correction (CC).

Case CL CD CM St

Exp 0.095 0.117 0.122 0.219

k − ω SST −0.151 0.063 0.094 0.281
δk−ω [%] 258.947 46.154 22.951 28.311
�k−ω 0.246 0.054 0.028 0.062

LRNC∗ 0.350∗ 0.100∗ 0.135∗ 0.229∗
δLRNC [%] 268.421 14.530 10.656 4.566
�LRNC 0.255 0.017 0.013 0.010

LRNC & CC 0.048 0.112 0.134 0.238
δLRNC & CC [%] 49.474 4.274 9.836 8.676
�LRNC & CC 0.047 0.005 0.012 0.019

*Results at a non dimensional time of t̄ = tU/B = 143 once it was clear
the tendency of the simulation towards incorrect values and stationary
response.

results achieved when both corrections are considered.
It can be seen that the simulation including simultane-
ously the curvature and low-Reynolds-number correc-
tions in the k − ω SST turbulence model provides results
in agreement with the experimental ones. The lower
value obtained for the lift coefficient is consistent with

Table 10. Comparison of the results for the case β = 60◦ for an
angle of attack α = 0◦ using the k − ω SST turbulence model
with and without low-Reynolds-number correction (LRNC).

β = 60◦ (α = 0◦)

Case CL CD CM St

Exp 0.275 0.231 0.146 0.198

k − ω SST 0.287 0.137 0.126 0.022
δk−ω [%] 4.364 40.693 13.699 88.889
�k−ω 0.012 0.094 0.020 0.176

LRNC 0.280 0.247 0.169 0.210
δLRNC [%] 1.818 6.926 15.753 6.061
�LRNC 0.005 0.016 0.023 0.012

the numerical result obtained for α = 0◦ using the k − ω

SST turbulence model with the low-Reynolds-number
correction (see Table 8). The flow fields and their inter-
pretation for the β = 40◦ case at α = 1◦ are substantially
similar to those obtained for α = 0◦ that were shown in
Figures 14 and 15.

7.3. β = 60◦ case

This corner angle (B/H = 3.46, ReR = 0.577 · 105) rep-
resents the intermediate case in the geometries that have
been experimentally tested. In this case, some of the val-
ues of the force coefficients obtained with the k − ω SST
turbulence model present non-negligible discrepancies
with the experimental data (see Table 10). This is the
case of the Strouhal number, where the wind tunnel test
value is about 0.20, and the numerical simulation at α =
0◦ produces almost stationary results (St = 0.022). In
addition, although the results for the CL and CM can be
considered acceptable, CD values present also noticeable
discrepancies.

The aerodynamic response of the β = 60◦ section at
α = 0◦ is in general very much improved by using the
low-Reynolds-number corrected version of the k − ω

SST turbulence model. The improvement in the CD is
noticeable, increasing its value and therefore reducing the
absolute error from 0.082 to 0.028. Furthermore, the flow
is not stationary, reporting a value of Strouhal number of
St = 0.21. The absolute error in the CM is again small,
�CM = 0.046.

The differences in the flow structure provided by
both simulations can be appreciated in Figure 16 where
the instantaneous flow fields are provided for θ = π/2
during one cycle of the lift time history. As it can
be anticipated from the value of the Strouhal number
reported in Table 10, the k − ω SST turbulence model

Figure 16. Flow velocityU and turbulence kinetic energy k fields obtained forβ = 60◦ atα = 0◦ using the k − ω SST turbulencemodel
without andwith low-Reynolds-number corrections. The instantaneous fields correspond to themaximum lift in the periodic timehistory
(θ = π/2).
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Table 11. Comparison of the results for the case β = 60◦ for an
angle of attack α = 1◦ using the k − ω SST turbulence model
with and without low-Reynolds-number correction (LRNC) and
curvature correction (CC).

Case CL CD CM St

Exp 0.391 0.235 0.146 0.191

k − ω SST 0.319 0.150 0.117 0.024
δk−ω [%] 18.414 36.170 19.863 87.244
�k−ω 0.072 0.085 0.029 0.166

LRNC 0.572 0.220 0.148 0.190
δLRNC [%] 46.292 6.383 1.370 0.524
�LRNC 0.181 0.015 0.002 0.001

LRNC & CC 0.517 0.274 0.157 0.201
δLRNC & LRNC [%] 32.225 16.596 7.534 5.236
�LRNC & LRNC 0.126 0.039 0.011 0.010

provides a stationary response, which differs from the
non-stationary results obtained experimentally. When
the low-Reynolds-number corrections are introduced,
the simulation produces a flow structure characteristic of
the sub-critical regime, as described in Section 7.2. This
general improvement when LRNC are introduced to the
k − ω SST turbulence model at α = 0◦ is consistent with
the data previously reported for β = 40◦.

When the angle of attack is α = 1◦, the standard ver-
sion of Menter’s k − ω SST turbulence model also pro-
duces an almost stationary response, and non-negligible
differences in the force coefficients are apparent. Intro-
ducing the low-Reynolds-number corrections is insuf-
ficient to properly simulate the aerodynamic response
of the section. This is also reflected in the lift coeffi-
cient, which presents a relative error of �CL = 40.5%
when compared with the experimental value as shown in
Table 11.

As it happened with the β = 40◦ case at α = 1◦, the
inclusion of the curvature correction in the turbulence

Table 12. Results obtained for geometriesβ = 80◦ andβ = 70◦
at α = 0◦ and α = 1◦ using the k − ω SST turbulence model.

Section Method Angle α CL CD CM St

β = 80◦ k − ω SST 0◦ 0.406 0.294 0.145 0.206
1◦ 0.489 0.353 0.160 0.201

β = 70◦ k − ω SST 0◦ 0.368 0.201 0.130 0.180
1◦ 0.363 0.222 0.124 0.182

model gives place to a more reliable modelization of the
phenomenon, providing a set of force coefficients closer
to the experimental results. Furthermore, it can be seen
in Figure 17 (θ = π/2) that the structure of the flow
corresponds to the sub-critical regime with characteris-
tics similar to the ones described for β = 90◦ and β =
40◦ cases.

7.4. β = 80◦ and β = 70◦ cases

For the sections for which experimental data were not
available to validate the numerical results, the selection
of the most adequate turbulence model has been made
based on the performance of the turbulence models in
the closest geometries that had been tested in the wind
tunnel. Hence, geometries β = 80◦ (B/H = 2.38, ReR =
0.508 · 105) and β = 70◦ (B/H = 2.85, ReR = 0.532 ·
105) are numerically studied adopting the k − ω SST tur-
bulence model that showed good performance for the
β = 90◦ case. The obtained results are judged as adequate
when they are compared with experimental and numer-
ical data for geometries β = 90◦ and β = 60◦. Further-
more, the CFD force coefficients are not stationary and
therefore clear periodic patterns are present in the force
coefficients time histories, in agreementwithwind tunnel
tests. These results are provided in Table 12.

Figure 17. Flow velocity U and turbulence kinetic energy k fields obtained for β = 60◦ at α = 1◦ using the k − ω SST turbulence
model without and with low-Reynolds-number and curvature corrections. The instantaneous fields correspond to the maximum lift in
the periodic time history (θ = π/2).
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Table 13. Comparison of the results for the case β = 50◦ for
angle of attack α = 0◦ using the k − ω SST turbulence model
with and without low-Reynolds-number correction (LRNC) and
curvature correction (CC), and Transition SST turbulence model.

Case CL CD CM St

Expected+ 0.089 0.139 0.135 0.210

k − ω SST −0.241 0.099 0.102 0.446
δk−ω [%] 370.787 28.777 24.444 112.381
�k−ω 0.330 0.040 0.033 0.236

LRNC 0.520 0.138 0.140 0∗
δLRNC&CC [%] 484.270 0.719 3.704 100.000
�LRNC&CC 0.431 0.001 0.005 0.210

LRNC & CC −0.404 0.199 0.150 0.230
δLRNC&CC [%] 553.933 43.165 11.111 9.524
�LRNC&CC 0.493 0.060 0.015 0.020

Transition SST 0.068 0.127 0.135 0.221
δTransitionSST [%] 23.596 8.633 0.000 5.238
�TransitionSST 0.021 0.012 0.000 0.011

*Stationary response.
+These values were obtained from the numerical estimation of the response
at β = 50◦ provided in Figure 19. All relative and absolute errors provided in
this Table are referred to these expected values.

7.5. β = 50◦ case

This geometry represents an intermediate case between
β = 60◦ and β = 40◦ geometries that have been

previously analyzed, which showed the difficulties of the
standard version of the k − ω SST turbulence model
and the k − ω SST turbulence model including LRNC
to properly simulate the aerodynamic responses. It has
been found that in the case of the geometry β = 50◦
(B/H = 4.29, ReR = 0.653 · 105), a deeper study had to
be conducted. In order to provide a set of reference values
for the force coefficients and Strouhal number to vali-
date the results obtained for this geometry, a numerical
approximation considering all the results obtained in this
work for each value of beta, that is reported in Figure 19,
is used, giving place to CL ≈ 0.089, CD ≈ 0.139, CM ≈
0.135 and St ≈ 0.21. It is reported in Table 13 that
the results obtained adopting the k − ω SST turbulence
model without corrections and introducing LRNC and
CC corrections are far from those. This is indicative of
the turbulence model being unable to properly simulate
the aerodynamic phenomena in this geometry. Hence,
simulations were also carried out using the four-equation
Transition SST turbulence model that has been devel-
oped aiming to properly simulate the transition phenom-
ena. This model was described in Section 4.3.4, and has
shown good performance in several works, for instance,

Figure 18. Flow velocityU and turbulence kinetic energy k fields obtained forβ = 50◦ atα = 0◦ using the k − ω SST turbulencemodel
without corrections, with low-Reynolds-number corrections, with low-Reynolds-number and curvature corrections, and the Transition
SST turbulence model. The instantaneous fields correspond to the maximum lift in the periodic time history (θ = π/2).
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Table 14. Comparison of the results for the section β = 50◦ for
angle of attackα = 1◦ using the k − ω SST turbulencemodel and
Transition SST turbulence model.

Case CL CD CM St

Expected+ 0.259 0.153 0.144 0.210

k − ω SST 0.025 0.098 0.123 0.015
δk−ω [%] 90.347 35.948 14.583 92.857
�k−ω 0.234 0.055 0.021 0.195

Transition SST 0.305 0.129 0.146 0∗
δTransitionSST [%] 17.761 15.686 1.389 100.000
�TransitionSST 0.046 0.024 0.002 0.210

*Stationary response.
+These values were obtained from the numerical estimation of the response
at β = 50◦ provided in Figure 19. All relative and absolute errors provided in
this table are referred to these expected values.

in Lanzafame et al. (2014), when compared with the
k − ω SST turbulence model.

It has been found (Table 13) that the use of the Transi-
tion SST turbulencemodel provides force coefficients and
Strouhal numbers for α = 0◦ with intermediate values
referring to those obtained in thewind tunnel for theβ =
60◦ and β = 40◦ geometries as indicated in the above
paragraph (see Tables 8 and 10), which is the expected
behavior for this intermediate geometry.

The flow structure provided by each turbulencemodel
can be appreciated in Figure 18 where the instantaneous
flow fields correspond to the maximum lift during one
cycle of lift time history (θ = π/2). The k − ω SST tur-
bulence model produces a flow structure in agreement
with a super-critical regime, as studied in the previ-
ous sections for β = 60◦ and β = 40◦. When the LRNC
is included in the turbulence model formulation, the
response obtained is stationary with a large bubble on the
rectilinear side that generates an increase in the lift coef-
ficient (see Table 13). The inclusion of the curvature cor-
rection is not capable of properly resolve the wake region
and the separation from the curved side, which affects
the force coefficients, increasing the CD and providing a
very low value of the CL. Nevertheless, the four-equation
Transition SST turbulence model simulates adequately
the flow structure in agreement with the expected sub-
critical regime (see Figures 14–16), which is reflected
in the consistency of the force coefficients and Strouhal
numbers provided in Table 13 when they are compared
with the expected values.

For the angle of attack α = 1◦, the k − ω SST tur-
bulence model produces again the previously described
anticipation of the super-critical regime, with low CL
and CD (see Table 14), and delayed separation point on
the curved side, as shown in Table 14. The transition
turbulence model reproduces more accurately the sub-
critical regime characteristics and offers values for the
force coefficients consistent with the expected values

accordingly with the results obtained for β = 40◦ and
β = 60◦. The steadiness in the flow found for the α = 1◦
angle of attack may be explained by the more important
relative contribution of the stochastic fluctuations, that
may damp the fluctuating motion of the flow around the
body as it has been analyzed in Bruno and Khris (2003)
for turbulencemodels based on the isotropic eddy viscos-
ity hypothesis.

7.6. Summary of the numerical results

This section summarizes the results obtained for the
whole set of geometries analyzed in this work aiming to
characterize the aerodynamic response of circular seg-
ments depending on their corner angle.

Figure 19 contains the whole picture of the aero-
dynamic responses, comparing the numerical values
with the wind tunnel experimental data. In this figure,
the numerical values are approximated by second-order
polynomials aiming to approximate the trend of the aero-
dynamic response of the circular segments for corner
angles in the range β = [40◦, 90◦]. These curves may
be helpful for establishing at the initial design stage the
static loads on structural elements with these shapes and
approximating some aeroelastic responses that may be
estimated by means of the force coefficients and their
slopes, such as buffeting and flutter in the frame of energy
harvesting studies.

The aerodynamic loads can be estimated from the
information provided in Figure 19 for the mean force
coefficients at α = 0◦. It can be appreciated that the CL
and CD values increase as the corner angle β grows from
the β = 40◦ geometry to the D-section case (β = 90◦),
since β enhances the curvature and the depth of the
cross-section. Therefore, for high values of β , the lift
and drag forces are high, as expected. In the case of the
CM , the behavior is different. Although this coefficient
grows slightly with β in the range β = [40◦, 60◦], for val-
ues of the corner angle higher than β = 60◦ the value
of the moment coefficient turns nearly constant, around
CM ≈ 0.14.

The behavior of these geometries for an angle of attack
α = 1◦ presents a similar trend as that shown for α = 0◦
in the domain of values of β under study. In general,
the values of the force coefficients for α = 1◦ are higher
than for α = 0◦, particularly in the range β = [40◦, 70◦],
which results in positive slopes for the force coefficients.
However, it can be seen that the value of the CL at α = 1◦
when β > 85◦ is higher than the value at α = 0◦, which
leads to a negative slope of the CL. The same analysis can
bemade for theCM for values of the corner angleβ higher
than 75◦. Negative slopes for the lift and moment coeffi-
cients are related with aeroelastic instability at low flow
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Figure 19. Comparison of the CFD and experimental results of the force coefficients in the domain β = [40◦, 90◦] for α = 0◦ and α =
1◦. The numerical results reported herein were obtained with the use of the most adequate turbulence model in each case.

speed, which is of utmost interest in energy harvesting
applications.

The trend in the force coefficients and slopes as a
function of the shape of a generic cross-section can be
useful when considering shape variations in the design
of buildings, footbridges or bridges (Mou, He, Zhao,
& Chau, 2017). Particularly, in Hernández, Cid, Nieto,
and Jurado (2016), an optimization of a long span bridge
is proposed considering variations of the shape of circu-
lar segments as the ones studied in this work. In addition,
some recent references propose the shape optimization of
tall buildings cross-section, such as the works by Bernar-
dini, Spence, Wei, and Kareem (2015) and Elshaer, Bit-
suamlak, andElDamatty (2017), anddeck cross-sections,
such as Cid Montoya, Hernández, and Nieto (2018),
taking advantage of the use of surrogate models. Deter-
mining the sensitivity of force coefficients with respect to
shape variations of the cross-section under study is one
of the current challenges in the wind engineering field.

Therefore, the study of the effects on the aerodynamic
response of shape modifications in structural elements is
a key aspect in the structural design field.

8. Conclusions

Circular segments are increasingly present in different
engineering fields, however, the existing literature on the
aerodynamic response of this type of geometry is scarce.
Only the so-called ‘D-section’ (semi-circular cylinder)
has traditionally attracted the attention of the research
community, mainly due to its equivalence to ice-accreted
conductors. Experimental-based research has focused on
galloping-related studies, and the available force coeffi-
cients shown a certain scattering.

This piece of research has studied several circular
segments, considering changes in the geometry from
the semi-circular shape to circular segments whose
behavior can be assumed to be closer to a streamlined
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cross-section. The numerical simulations have been con-
ducted using 2D URANS and several turbulence models.
A number of meshes have been made for the differ-
ent geometries under study, combining structured mesh
regions with a non-structured buffer zone. The used CFD
solvers were OpenFOAM, for the simulations where the
standard version ofMenter’s k − ω SST turbulencemodel
was adopted, and ANSYS, for the simulations where the
LRNC and LRNC&CC versions of the k − ω SSTmodel,
and the Transition SST model, were used.

Numerical simulations of the aerodynamic response
of the considered geometries present important chal-
lenges related with the correct modeling of flow sepa-
ration transition and interaction between shear layers.
For validation purposes, wind tunnel tests have been
conducted for obtaining the Strouhal numbers and the
force coefficients and their slopes for the cases β =
[40◦, 60◦, 90◦]. Menter’s k − ω SST turbulencemodel has
provided accurate results in the range of corner angles
β = [70◦, 90◦]. However, for corner angles β = 60◦ and
β = 40◦, low Reynolds and curvature corrections were
required in order to obtain results providing a close
match with experimental data. For β = 50◦, the appli-
cation of the four-equation Transition SST turbulence
model was needed in order to obtain values for the
force coefficients in agreement with the expected data
for this geometry. The global consideration of the results
reported herein points to the inability of the k − ω SST
turbulence model to simulate transition for medium and
low corner angles since the transition phenomena is not
properly addressed, and the coincidental ability of cor-
rected two-equation turbulence models to reliably simu-
late transition-related problems (Menter et al., 2006). The
success of the transition SST model in the case where the
other considered turbulence models had failed remarks
its good performance in complex transition-related prob-
lems since this model specifically models transition.

The studies conducted in this work have allowed to
identify the trend for the force coefficients and their
slopes in terms of the shape parameter β , which is the
corner angle, for two angles of attack. These studies pro-
vide information about the aerodynamic forces acting on
the considered geometries, along with some insights on
their aeroelastic stability and their main flow features.
From the aerodynamics point of view, in general the
force coefficients grow as the corner angle β increases.
Regarding the aeroelastic stability, for high values of β ,
the slopes of the lift and moment coefficients are nega-
tive and consequently these geometrieswould be prone to
aeroelastic excitation at low flow speeds. However, given
the degree of bluffness of these geometries, proper aeroe-
lastic analyses must be conducted to precisely identify
their aeroelastic behavior.

The information provided by this study might be very
useful for those involved in wind-resistant or energy-
harvesting design of structural elements with cross-
sections of circular segment geometry with different
chord to sagitta ratios. An interesting future line of
research could be the consideration of more wind angles
of attack, in order to extend the aerodynamic characteri-
zation of these geometries. Also transition could be stud-
ied considering 3D geometries and Large Eddy Simula-
tion (LES) models. This would be of utmost interest for
researches and engineers involved in both wind-resistant
or energy-harvesting problems.
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