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Computational study of a bluff body aerodynamics:
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Abstract

The paper discusses the computational fluid dynamics simulation results of a bluff body. A literature
case regarding a closed box section of a suspended bridge was selected since it is of practical
relevance. An OpenFOAM implementation of a Spalart-Allmaras local correlation based transition
model for Reynolds Averaged Navier-Stokes (RANS) equations was used as flow model. Locally-
formulated RANS transition models were coupled with the Spalart-Allmaras (SA) model to reduce
the computational cost with respect to the SST k — w model. This model, named y — Ry ;-SA, was
successfully applied on airfoil sections and results are given by literature. In this paper, we present a
set of computations of the flow field around a bluff body in order to stress the need to take into
account transition effects in these kind of applications. The measure of the proposed model reliability
was attested comparing experimental pressure coefficients and aerodynamic forces on the bridge
section; besides, the effects of the model predictions on the critical flutter velocity, estimated by FEM

and 2DOF Scanlan model of a pedestrian bridge structure, was examined as case of study.
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31  Main symbols

Y Intermittency
Yeft Effective intermittency
Ao Thawaites’ pressure gradient coefficient
Re Reynolds number
Ry Vorticity Reynolds number
Ro,c Critical Reynolds number
R Transition onset momentum thickness Reynolds number
Rr Viscosity ratio
Y% Molecular viscosity
A% Turbulent viscosity
v Modified turbulent viscosity
¥ Free-stream modified turbulent viscosity
Q Vorticity tensor module
S Strain rate tensor module
® Specific dissipation rate
Rey, local transition onset momentum thickness Reynolds number
Tu Turbulence intensity
Tue Free-stream turbulence intensity
Ug Friction velocity
Y —Ry: Locally-formulated RANS transition models
Yy — Ry —SA Locally-formulated RANS transition models coupled with the Spalart-
Allmaras (SA)
y* Dimensionless first cell height
Up Friction velocity
Tw Wall shear stress
u The velocity vector
p The pressure divided by the density
fw function
d Wall distance
Ysep Separation induced intermittency
Y intermittency function
Freattach function
Fonset function
e function
| -, function
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Vorticity tensor module
Strain rate tensor module
Strain rate tensor
Vorticity tensor
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Constant
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Constant
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Constant

Constant
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Thwaites' pressure gradient coefficient
Pressure coefficient

Maximum of pressure coefficient time history



Com Mean of pressure coefficient time history

Cpmin Minimum of pressure coefficient time history

Cox The pressure coefficient 5% quantile
ac, Standard deviation of pressure coefficient time history
N Number of non-Gaussian processes
lees Excessive kurtosis of pressure coefficient time history
Yep Skewness of pressure coefficient time history

D static pressures measured at each pressure tap

Po the reference flow static pressure po

p Air density

U Flow speed

D Drag force

L Lift force

M Torsional Moment

B Deck chord

Cp Drag coefficient

C, Lift coefficient

Cy Moment coefficient

hi, h2,d;, b1, d2, b2 Deck cross section geometrical dimensions

Fyand F: The drag and lift components in agreement with the x-z system of reference
G Deck cross section center of gravity
U Wind velocity
X critical reduced frequency ratio
) circular frequency of vibration
W1 vertical deck mode circular frequency
W1 torsional deck mode circular frequency
W critical circular frequency
W, torsional circular frequency (wind tunnel model)
Wy, vertical circular frequency (wind tunnel model)
6(x,t) vertical oscillation of the simulated bridge deck
h(x,t) vertical velocity of the simulated bridge deck
K reduced frequency
L distance between the tower foundations
L main cable span
L3 width of the tower foundation legs
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f Bridge main cable sag

Lp(x,t) Aeroelastic lift force per unit length
l Central span length of the simulated bridge
My (x,t) Aeroelastic moment force per unit length
A deck closed box section area
A1- 4 Flutter derivatives per unit length, torsional moment
1-11- 4 flutter derivatives per unit length, lift force
H Distance between the top of the tower and the deck
H Ground level of the deck
t time variable
U, critical velocity
a(x,t) Deck torsional vibration of the simulated bridge
a(x,t) Deck torsional velocity of the simulated bridge
¢ generic structural damping ratio
U mean value
v kinematic viscosity
n the frequency in Hz w/(27)

1. Introduction

Computational Fluid Dynamics (CFD) simulations of the turbulent flows are commonly used in civil
engineering to predict the actions and the effects of wind on structures.

Direct Numerical Simulation (DNS) or Large Eddy Simulation (LES) are the best numerical
approaches to predict flow transition [1] , though they require great computational resources. A
largely used alternative in the mechanical and civil engineering fields is represented by the Reynolds
Average Navier-Stokes (RANS) equations [2-6]. However, these are not always reliable because they
assume a fully turbulent regime and for this reason, they are not indistinctly suitable for all cases.
Locally-formulated RANS transition models have been developed in recent years in order to obtain
numerical computations in an acceptable wall clock time. They can be divided into two main classes:
local correlation-based transition models (LCTM) introduced in [7-8] and eddy viscosity

phenomenological transition models [9] .
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The main drawback of LCTM methods, also named y — Ry models, is in the adoption of empirical
correlations that are not applicable for certain kinds of problems, whereas the k — k; — w technique
has not always produced satisfactory results in flow cases characterized by large pressure gradient
[10] . It should be noted thaty — Ry, models were initially coupled with the SST k — w turbulence
model by its developers, but the y — Ry ; model can be applied to other models too. In [12] the LCTM
approach was coupled with the Spalart-Allmaras (SA) model to reduce the computational cost with
respect to the SST k — w model and the results were very satisfactory in the computation of external
flows [13-14]. However, the SA transitional model was benchmarked against flow over aerodynamic
bodies while bluff body flows have yet to be investigated in open literature.

Indeed, in literature we can find several references aimed in the analysis of the flow over bluff bodies
based on standard fully turbulent models, [4-5] or experimental approaches, [6] , in particular in the
mechanical science and mechanical engineering field.

D’Alessandro et al. [12] have discussed the Spalart-Allmaras (SA) local correlation based transition
model for Reynolds Averaged Navier-Stokes (RANS) equation (i.e. in the following y — Rz, — SA
approach) performances. In particular, they investigated results obtained by this model on an air foil
and they showed that this model gives an optimal prediction in the air foil stall regions.

Based on these satisfactory results, the same model was applied to predict the aerodynamics of
sections with edges that produce massive flow separations. In particular, this paper is aimed at
assessing they — Ry, — SA approach performances for computational fluid dynamic simulations of
the flow streamlines around a closed box section of a suspended bridge that exhibits sharp corners in
the transversal section.

The y — Ry ™= SAmodel reliability was proved comparing numerical and experimental results in
regards to pressure coefficients and aerodynamic forces(i.e. drag, lift and moment coefficients). In
addition, a suspended pedestrian bridge was assumed as case of study and its structure was sized

using both, numerical and experimental dataset given by [15]. Finally, the natural frequencies and the
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preliminary critical flutter velocity were used as a measure of comparison. Two numerical models
were used to compare experimental data, the traditional SA — fully turbulent model and the
investigated y — Ry .= SA model.

The flutter instability analyses were carried out by a FE model and by the 2DOF Scanlan’s approach
0. In both cases, the flutter derivatives were estimated according to the quasi-static approach given
by Scalan and Tomko 0. It is important to specify that the flutter critical velocity estimated on a 2DOF
model has to be considered a preliminary investigation of the bridge instability and that the quasi-
static theory was applied considering the low reduced frequency of the case of study [15].

In Section 2, the governing equations of the Spalart-Allmaras (SA) local correlation based transition
model for Reynolds Averaged Navier-Stokes (RANS) equations are given in. The numerical
simulations set up is discussed in Section 3, while the main results of numerical simulations are
discussed in Section 4. Experimental results are summarized in Section 5. The comparison between
experimental and numerical results in terms of pressure coefficients and aerodynamic coefficients are
discussed in section 6. Finally, the flutter critical speed estimated by both experimental and numerical

data sets are discussed in Section 7.

1. Governing equations for fluid mechanics

The complete set of our flow governing equations, largely discussed in D’ Alessandro ef al. [12], can

be written as follows:

V-(u)=0
ou . (1)
E+V.(u®u):—Vp+|7-[(v+vT)(|7u+|7u )]

¥
ot
Where u is the velocity vector, p = P/p is the pressure divided by the density and d is the distance

c 1
+ V- (uw) =P,,—D,,,+%Vv-l7v+gl7-[(v+v)|7v]

from the nearest wall; while v is the kinematic viscosity.
The turbulent viscosity, v, needed to take into account the turbulence, is computed according to the

vr variable as



vr = fia¥ )
91  The production and destruction terms appearing in the # transport equation are defined as follows:

Pv = yeffcb1§°"b

D, = max(min(y,0.5)) [cwl £, (2)2] 3)

92 The term y,sr in Eq. 3 is a term devoted to model the separation-induced transition and it is defined

93  as follows:

)/eff = max(y, ysep) (4)
94  with

R, (%)

ysep = max | 2.0 - max 0, m -1 Freattach' 2.0 FB,t
. ,C

95 and

R\ (6)

Freattach = exp( 20 )

96  The following closure functions are now introduced to complete the definition of the SA equation

97 givenin Eq. I:

_ )(3 =1- L
for = m foz A+ xfi1)
1 ()
. B 1+c8; \o
g=r+c,,@°—1) fw=9 go +ct,
» r v
§=[N+min(0,S -]+ iz fo2 maxgagz<0
r= ] > w
min (Szge o) sz =0

98  Where y = »/v is the dimensionless turbulent variable, 2 = v2W: W is the vorticity tensor module,

99 S =+/2D:D is the strain rate tensor module and § is a function of both vorticity magnitude, S , and

100 . The rmax is a constant positive value typically set at 10. The standard adopted closure constants are

cp, = 0.1355 ¢y, = 0.622 ¢, =71 (8)

1



0=2/3 _Q£+(1+%J ©)

w1 k2 o
Cy, =03 Cpy = 2.0 k = 0.41 (10)

101  The transport equations needed to model the transition are:

ay Vr
—~4+V-(uy) =P, —D, + V- v
at+ (uy) Y y T l(v-}_af) )’l (11)
OR 1
at,t + V - (uR\é’t) = P9,t + E V * [O’g't(V + VT)VREI]
102 The source terms in the y equation are defined as:
Py = CaIS(VFonset)o'S(l - Cel)/)Flength (12)
Dy = CaZ-QVFturb(CeZV - 1)
103 In B, the term Fyy5¢¢ is computed as:
Fonset = max (Fonset,z - Fonset,3) O) (13)
104  with
Fonset,z = min (max(Fonset,lJ F(?nset,l)' 40)
Rpy? (14)
Fonset3 = max |2 — (ﬁ) ,0
R,
F, ="
onset,1 2.193R9'C
105 In Eq. 14 the terms R, and R are obtained as follows:
Sd? _Vr 15
RV = T RT - 7 ( )

106  The Rrparameter is redefined because, for k- @ model, it requires the estimation of . The definition
107  based on the viscosity ratio enables the SA equation to be adopted. The aspects concerning the terms

108 Fiengen and Ry . are described in the following. The coefficient Fy,,, is defined as:

_RT
Frurp = exp <T) A

109  As for the source terms in the transport equation for Ry ¢, Py, , the following equation is adopted:

(16)

C
= ﬂ(R@,t - RE,t)(l - F9,t) (17

110 InEq. 17 the last term Fy . is defined as follows:
10
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—Julz \* y—1/c,.\° (18)
=mi — ) ,1-|——] ],1.0
Fg¢ = min (max (exp (375 - , 1 1/Ce2
The term T appearing in the source term of the Ry ,, equation is also defined as follows: 500 v/|ul|?.

Finally, the computation of Rg in Eq. 15 is discussed, together with the Fje, 44 coefficient, in the

following.

For the turbulence model, the following closure constants were adopted in order to close Eq. 11

Cq, = 2.0 Cq, = 0.06 Ce, = 1.0 (19)
Ce, = 50.0 cgr = 0.03 or = 1.0 (20)
og¢ = 2.0 (21)

According toy — Ry, approaches available in literature [10-11], the present model contains three
empirical correlations needed to compute Ry ¢, Rg . and Fieng¢n- Rg ¢, which appears in Eq. 14, where
Ry . 1s the critical Reynolds number where the intermittency starts to increase in the boundary layer.
This typically occurs upstream from the transition Reynolds number, Ry . This element relates to the
delay from turbulence onset and the beginning of appreciable turbulence levels within the boundary
layer. It is important to note that this last feature is essential to obtain a significant change in the
laminar velocity profile. Fiopngen, appearing in the production term of the transport equation, is an
empirical correlation that controls the length of the transition region. In this paper, a correlation

developed by [7] and [8] for Ry was adopted:

. {(1173.51 —589.428 - Tu + 0.2196 - Tu?)F(1y)Tu < 1.3
gt = 331.5(Tu — 0.5668)"%671F (1,)Tu > 1.3

(22)
Tu\'®
1—[12.9861¢ + 123.66 - 2% + 405.689 - A3 |exp (— (E) )Ag <0
F(Ag) = T '
14 0.275[1 — exp (—354¢)]exp <W) Ag >0

The correlations in Eqgs. 21 and 22 contain turbulence intensity Tu. In the framework of the k-w

model, Tu can be computed using the solution for &£ equation.

11
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In this work, the approach introduced by [25] was adopted and specifically, we established Tu =
Tu, for all the points of the flow field. Moreover Rg ;was computed by iterating on the value of 0,
since Ry is a function of 0 itself because of the presence of Ao. Differently for Rg . and Fippgepwe
used the correlations introduced by [17] :

Rg. = min (0.615Ry, + 61.5,Ry ;) (23)
Fiengen = min (exp(7.168 — 0.01173Ry ) + 0.5,300)

2. Grid generation and boundary conditions

Boundary conditions were adopted for » = 3v at the free stream and » = 0 at the wall, while the
boundary condition for y at the wall is zero normal flux. At the inlet, the value of y is 1. The boundary
condition for Ry, at the wall is zero flux, while at the inlet Ry ,was calculated from the specific
empirical correlation based on the inlet turbulence intensity. It is also very important to note that, in
order to capture the laminar and transitional boundary layers correctly, the grid has a viscous sub-
layer scaled first cell height, y*, of approximately 1. The value of y* is estimated as y*%¥»/V, where
u, = /Ty,/pis the friction velocity, 7,, is the viscous stress component measured at the wall, and y,,
is the height of the cells next to the wall.

The numerical model was applied to a closed box section of a suspended pedestrian bridge
Ocharacterized by the geometry illustrated in Fig.1 and summarized in Table 1. It is important to note
that this geometry was chosen because it is very similar to geometries discussed in literature [21-23].
The numerical simulations were computed on a 2D O-type domain and the far-field was placed at
about 18 times the chord length as is illustrated in Fig.2a. A fully structured grid having 317934 grid
cells with elements clustering near the walls was employed, as in Fig.2b.

It is important to note that in this study the cross section equipment was neglected although it is
known that these affect the cross section aerodynamics [21-23] in order to compare numerical results

with experimental data set.

12
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Fig. 1 Bridge closed deck section geometrical parameters. Measures are given in Table 1 for the full scale bridge, the

section wind tunnel model and the numerical model.

Table 1

Main geometric properties of the full-scale deck girders, wind tunnel section models and CFD numerical model,

measures in meters.

hi h: di b1 d: b2
Full scale 0.53 1.11 094 1025 1.89 8.36

ind t 1 1 scal
Wind tunnel model scale 13 7 11 250 46 204

¢ 107%)
CFD model scale 053 1.11 094 1025 1.89 8.36

Governing equations were solved by means of simpleFoam which is a steady solver for
incompressible flows available in the official releases of the OpenFOAM (Open-source Field
Operation and Manipulation). The collocated unstructured finite volume method available within
OpenFOAM was adopted for the space discretization; in particular, simpleFoam uses the well-
established SIMPLE algorithm [18] for pressure-velocity decoupling. On the other hand, Rhie-Chow
correction was used to remove oscillations in the solutions [19] , [22]. For all the computations
presented in this paper, the diffusive terms and pressure gradients were approximated with second-
order accurate central schemes. The convective terms for momentum and turbulence equations were
handled with a second order accurate linear-upwind scheme. For the linear solvers a preconditioned
bi-conjugate gradient method (PBiCG) with the DILU preconditioner was used to solve the

discretized momentum, y and Ry, equations.
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Fig. 4 Two-dimensional numerical domain for computational fluids dynamic simulations. The sizes and the
adaptive mesh distribution are shown.

A preconditioned conjugate gradient method (PCG) with a diagonal incomplete-Cholesky
preconditioner was adopted instead for the pressure. In particular, a local accuracy of 107 was
established for the pressure, whereas other linear systems were considered converged when the

residuals reached the machine precision [23].
3. Results and discussions

Numerical simulations were carried out for several angles of attack ranging from a=-10° to 10 in
order to test the reliability of the adopted turbulence modeling approaches compared with
experimental data. Simulations were carried out using a wind speed equal to 8.5 m/s. The Reynolds
number is equal to 1.76-10°, estimated using the kinematic air viscosity equal to 1.45-107.

Figures 3 and 4 show the stream-wise velocity at a between -10° to 0° and from 2° to 10°,

respectively. The figures show a very different pattern of the flow streamlines distribution around the
14
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box section for the two turbulence models. It is noted that the SA - fully turbulent model(Figs. 3a and
3b)completely removes the separation bubble predicted by the LCTM version of the SA model (i.e.
Y — Rg-SA). Besides, a zone with almost a constant pressure coefficient can be noted in the C,
distributions for the y — Ry ¢-SA approach, Figs. 3b and 4b. This is due to the standard SA approach
inability in the prediction of the laminar-to-turbulent transition occurring in the separated shear layer.
Fig.3 shows that the two numerical approaches give a significant difference at o greater than -6°, for
which y — Ry .-SA calculates a larger separation in the detachment zones than SA — fully turbulent.
This is particularly evident at o equal to 0°. In fact, at this angle, dot lines show that y — Ry -SA
estimates the peak of the separation downstream from the corner better than SA — fully turbulent. This
is in agreement with experimental results discussed in Section 5. Similarly, for o greater than 0°
(Fig.4) ¥ — Ry +-SA show a different trend of the streamlines in particular at the lower surface close
to the detachment zone. Fig.4, for a= 6°, shows that at the upper surface, the streamlines given by
Y — Ry -SA are extended for all the sloped side length (i.e. zone marked by a dot line in Fig.4).
Contrarily, the streamlines given by SA — fully turbulent show a reattachment at 2/3 of the sloped
side that seems unrealistic. Fig.5 shows the numerical solution of the vorticity (i.e. the velocity curl
of the velocity % vector in direction z, Fig.2) at a=-10° to 10° computed through SA — fully turbulent
(Fig.5a) and through y — Ry -SA approach (Fig.5b), respectively. Fig.5 shows some significant
differences between the two models; in particular, the differences are evident for positive angles as

for example oo = 10°. The y — Ry (-SA reduces the tendency by flow to be attached on the surfaces.

This is evident in Fig.5 for a=0° and 10° on the top and for a=-6° and -2° on the bottom of the deck.

15



-3.00 -0.75 1.50 3.75 6.00 8.25 10.50

a=0°
(a) Numerical solution contour plots stream-wise velocity (b) Numerical solution contour plots stream-wise
at o from -10° to 0° by SA — fully turbulent approach.  velocity at o from -10° to 0° by ¥ — Ry ,-SA approach.

Fig. 3 Numerical solution contour plots stream-wise velocity at a from -10° to 0° obtained by both SA — fully
turbulent approach and —Rp ,-SA approach are shown. Values range from -3 to 10.5 m/s.
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-3.00 -0.75 1.50 3.75 6.00 8.25 10.50

(a) Numerical solution contour plots stream-wise velocity (b) Numerical solution contour plots stream-wise
at o from -10° to 0° by SA — fully turbulent approach  velocity at o from -10° to 0° byy — R ;-SA approach.

Fig. 4 Numerical solution contour plots stream-wise velocity at a from 2° to 10° obtained by both SA — fully
turbulent approach and —Rp ,-SA approach are shown. Values range from -3 to 10.5 m/s.

Finally, Figs.6 and 7 show the pressure contour plots at wind angles o between -10° to 0° (Fig.6) and
between 2° to 10° (Fig.7). These maps confirm the differences between the two numerical approaches

and in particular Fig.6 for a=-6°.
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(a) Numerical solution contour plots vorticity at a=- (b) Numerical solution contour plots vorticity at
10° to 10° by SA — fully turbulent approach. o=-10°to 10° by ¥ — Ry ,-SA approach.

Fig. 5 Numerical solution contour plots vorticity at a=-10° to 10° obtained by both SA — fully turbulent approach
and —Ry ,-SA approach are shown. Values range from -2000 to 1800 1/s. Measures in 1/s.

199



200

201

202

203

204

205

206

207

208

209

210

211

212

4. Experimental measurements

The pressure coefficients acquisition tests were carried out in the open-circuit CRIACIV boundary
layer wind tunnel in Prato (Italy) featuring test chambers 2.42 m in width and 1.60 m in height, and
an approximately 22 m long wind tunnel . The closed box test model was equipped with 40 pressure

taps located all around its middle section [15]. Fig.8a shows a picture of the experimental setup.

(a) View of pressure tests at CRIACIV Boundary Layer (b) View of aecrodynamic forces measurements at

Wind Tunnel lab. Polytechnic University Wind Tunnel.

Fig. 8 Experimental setup views of the two experimental campaign in wind tunnel on two rigid models. The

pressure tests model pressure taps , the . The models are equipped with end plates.

Wind speed is regulated both by adjusting the pitch of the ten-fan blades and by controlling the
angular speed of the motor ([24-30]). The models were horizontally placed in the wind tunnel with
fixed connections composed of rigid arms, as illustrated in Fig. 2b. The pressure signal sampling
frequency was 500 Hz and the acquisition time was 60 s. The inlet turbulence intensity had a mean
value of about 1%. The standard deviations of speed and turbulence were between 0.1 and 0.2. In
order to investigate the Reynolds number dependence, tests were repeated using three mean flow
speeds U: 3.5, 8.5 and 14.5 m/s. Results did not show a significant dependence by Reynolds number.

The blockage ratio was lower than 1% at a equal to 0° and 4% at a equal to -10°.

19
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Fig. 9 Example of pressure coefficients distribution on the closed box section ([10]) for -10, 0 and 10 angles of
attack. U means wind velocity and the arrow means the wind direction. Negative values mean suction and positive
value mean pressure on the deck surface.

Corrections due to the blockage ratio were used to adjust the acquired raw pressure data [16].
Dimensionless pressure coefficients (C,) were estimated from the difference relating to the static

pressures measured at each pressure tap (p;) and the reference flow static pressure po [24], according

to Eq. (24).
__Dbi — Do (24)
C, = T
2PU

According to [31] the gaussianity of the pressure coefficients, time histories were investigated by
|ycp |>0.5 and/or |kcp |>0.5, where ., is the skewness and k,, is the excessive kurtosis of the process.
It was assessed that all series can be considered a Gaussian process, and this is significant because it
allows for a measure of the numerical approach (i.e. ¥ — Ry (-SA and SA4- fully turbulent) reliability

by evaluating the distance between experimental quantiles and numerical data [32].
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Table 2

Pressure coefficients statistics

Surface Comax Cpm Cpmin 9, Yep kep N (%)
Up
Statistics on 21 0.01 -0.90  -3.00 0.04 -0.02 0.15 100
pressure taps
Down
Statistics on 19 1.08 0.12 -0.43 0.03 -0.03 -0.22 100
pressure taps

Aerodynamic forces were measured in the closed circuit wind tunnel of the Marche Polytechnic
University (Ancona, Italy) [15]. The cross-sectional test chamber is a square with side lengths
measuring about 1.8 m. The wind tunnel is equipped with a fan having a constant rotational speed of
975 rpm and 16 blades with adjustable pitch. Fig. 8b shows a picture of the experimental setup. The
load balance sampling frequency was equal to 500 Hz and the acquisition time was equal to 60 s.
The purpose of these tests was to measure the aerodynamic force parallel to the flow, Drag (D), the
aerodynamic force perpendicular to the flow, Lift (L) and the acrodynamic moment around the bridge
longitudinal axis, Torsional Moment (M) of the deck, according to the reference system shown in
Fig.4, and in order to estimate the Drag (Cp), Lift (C;) and Torsional Moment (C,,) coefficients. These
non-dimensional representations of the lift, drag and pitching moment allow one to compare two
aerodynamic bodies of different size, shape, and orientation to one another having normalised the
result to account for the variation in the force produced by the size of the body and the conditions of
flow.

The tests were repeated using three mean flow speeds U: 3.5, 8.5 and 14.5 m to investigate the
Reynolds number dependence: similarly, to the pressure tests, the results showed a non-significant

dependence by Reynolds number.
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Fig. 10 Reference system for the calculation of the aerodynamic forces. L means Lift, D means Drag and M
means Moment respect the center of gravity G; B is the deck chord, Fxand F: are the drag and lift components
in agreement with the x-z system of reference; Uy, is the wind velocity according the direction shown by the

arrow.

The average values of drag, lift and torsional moment coefficients, respectively Cp,C; and Cp;, were

evaluated according to Eq. 25:

D L M (25)
Cp =1—,CL :1—,CM =T
ipUZBW szZBW EpUZBZW
In Eq. 25, U is the flow speed, p is equal to 1.18 kg/m? and, in Table 1, B is the reference length
equal to 2d1+b1= 298 mm and W is the experimental model length equal to 1 m. The model was
placed vertically (Fig. 10b) and twenty-one values of the wind angle of attack () were considered in

the interval between -10° and +10°: positive angles are “nose up”, according to Fig.10.

5. Numerical and experimental data matching
5.1 Comparison with the experimental pressure distributions

The comparison between experimental and numerical results have shown that, y — Ry ;-SA gives an
appreciable and satisfactory prediction of experimental data as

shown in Figures 11, 12 and 13.

Figures 11 and 12 show the experimental pressure coefficient trend and the error strip estimated as

Com,i T Oc, 0 where Cp ,; is the mean pressure coefficient for every pressure tap and ac,,; is the

standard deviation of the pressure coefficient time history. In addition, based on results discussed in
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Section 5 and summarized in Table 2, assuming a Gaussian distribution for pressure coefficients, the

5% quantile (Cpx , 5%) is overlapped to experimental data, and was estimated as Cp, , ; + 1.640Cp -

In order to measure the numerical simulation result reliability for each pressure tap, the number of
numerical values inside the 5% experimental quantile was estimated. A percentage for all wind angles
is summarized in Table 3. Table 3 shows a significant difference between y — Ry .-SA and SA4- fully
turbulent for the specific case of study investigated. In fact, for y — Ry -SA the percentage in the
upper surface is between 72.1% and 95.4%, with a mean value equal to 89.2%, and in the lower
surface it ranges between 58.4% and 98.0%, with a mean value equal to 76.4%. Contrarily, for S4-
fully turbulent, the percentage ranges from 65.8% to 92.2%, with a mean value equal to 78.9 % in the
upper surface and from 26.3% to 91.0 %, with a mean value equal to 45.9%, in the lower one. It was
noted that the percentage decreases from upper to lower surface and this is particularly evident for
SA- fully turbulent approach. On average, the y — Ry ,-SA approach is in the 5% experimental
quantile for 83% of the numerical results.

The accuracy of the y — Ry (-SA approach is shown in Figures 11 and 12 where the pressure
coefficients experimentally and numerically estimated for the upper and lower surface are compared.
In particular, Figs.11 and 12 show a comparison at a equal to -4°, 0° and 4° that is a significant range
around zero degree [24, 33]. A good agreement between experimental and numerical data in this

range gives a satisfactory agreement of flutter derivatives estimated by the quasi-static method.

Table 3

Percentage of numerical values inside the experimental 5% quantile.

Up Down

a Y — Rﬁ,t—SA SA- fully turbulent Y — Rﬁ‘t—SA SA- fully turbulent
-10° 95.3% 92.2% 59.1% 55.6%
-8° 89.8% 89.5% 58.4% 41.9%
-6° 92.9% 86.9% 59.7% 32.1%
-4° 94.8% 84.2% 64.9% 26.3%
-2° 95.4% 81.6% 70.2% 24.3%
0° 94.7% 79.0% 75.4% 26.3%
2° 92.8% 76.3% 80.7% 32.2%
4° 89.5% 73.7% 86.0% 42.0%
6° 85.0% 71.0% 91.2% 55.8%
8° 79.2% 68.4% 96.5% 73.4%
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10° 72.1% 65.8% 98.0% 91.0%

Fig.12 shows that y — Ry -SA exhibits the best prediction in regards to experimental behavior, in
particular in the detachment zone where the differences between y — Ry .-SA and SA-fully turbulent
are more evident; an exception has to be underlined for a= 4°,where both models are quite distant
from the experimental curve, although they — Ry .-SA is slightly better than the other. For the lower
surface, the trend is similar to the upper one; in particular, the y — Ry -SA approach gives a better

approximation of the higher-pressure coefficient values.
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(¢) Comparison between experimental and numerical pressure coefficients on the upper surface at oo = 4°
Fig. 11. Pressure coefficients distribution on the upper surface for angles of attack equal to -4°, 0° and 4°.
Results given by the ¥ — Ry ,-SA and the SA — fully turbulent models are compared with experimental results

and the 95% level of confidence of the experimental data. The error strip means the 95% level of confidence.
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(a) Comparison between experimental and numerical pressure coefficients on the bottom surface at o = -4°
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(c¢) Comparison between experimental and numerical pressure coefficients on the bottom surface at a = 4°
Fig. 12 Pressure coefficients distribution on the bottom surface for angles of attack equal to -4°, 0° and 4°.
Results given by the y — Ry ,-SA and the SA — fully turbulent models are compared with experimental results

and the 95% level of confidence of the experimental data. The error strip means the 95% level of confidence.

286  Contrarily, the SA-fully turbulent approach overestimates pressure coefficients in the maximum

287  suction peak zone. Finally, at o equal to 0° (Figs.11b and 12b) the y — Ry .-SA approach gives a very
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precise approximation of the experimental data. Globally, the differences between the two numerical
approaches are significant and they induce a structural sizing variability as will be discussed in

Section 7.

5.2 Comparison with the experimental aerodynamic coefficient distributions

A comparison between experimental and numerical coefficients is shown in Fig.13. The experimental
aerodynamic coefficients were calculated using both pressure and load balance static tests described
in Section 5. The uncertainty given by the standard deviation (i.e. interval of confidence of 95%
assuming a Gaussian distribution) of the experimental forces time histories acquired in wind tunnel
with pressure tests (P) is also reported [15, 24, 33]. The comparison between experimental and
numerical models shows that y — Ry .-SA is closer to the experimental values than SA-fully turbulent.
Fig.13 shows that the y — Ry -SA approach trend is between experimental coefficients obtained by
pressure and static tests. This is particularly evident for a in the range between -10° to -6° and 6° to
10°. In the range around zero (i.e. for o from-4 to 4°) the two models are very close even if the y —
Ry +-SA is slightly closer to experimental values than the other is. In particular, the numerical values
estimated by they — Ry .-SA approach are very close or often they are inside the error band of the
aerodynamic coefficients estimated by pressure tests. Contrarily, values estimated by the SA-fully
turbulent approach are not satisfactorily close enough to experimental results, especially concerning
higher negative and positive angles of attack. However, both methods give a satisfactory
approximation of the experimental data around zero. This is a very important result because it means
that the numerically estimated aerodynamic coefficients shall give a good approximation of flutter
derivatives following the quasi-static approach [24, 34].

The global forces coefficient trend confirms once again the goodness of the y — Ry (-SA numerical

approach for the section assumed as case of study.
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(c) Comparison between experimental and numerical Moment coefficient.

Fig. 13 Aerodynamic coefficients of drag, Cp, lift, C; and moment, Cu, are shown. The 95% level of confidence
of values estimated from experiments is compared with values given by the ¥ — R -SA and the SA — fully

turbulent models.

311  Inthe following section, the incidence of the numerical method differences on the critical flutter speed

312 as a measure of the numerical approach reliability will be exploited [35-38]. The case study of a
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suspended pedestrian bridge made of steel given by Owas taken as reference and designed according
to [39].

6. Sensitive structural analyses

7.1 Structural design

The three sets of pressure coefficients data (i.e. by experimental, ¥ — Ry ,-SA and by SA-fully
turbulent numerical approaches) were used to size the section deck and the structure of the towers of
a pedestrian bridge assumed as case study [15]. The aim was to show the differences in terms of
structural performances due to the different three pressure input data sets as a preliminary design of
a suspended pedestrian bridge. Fig. 14a shows the geometry of the case of study investigated. H; and
H> are respectively equal to 45 m and 15 m; L, L; and L3 are equal to 494 m, 584 m and 45 m,
respectively. Finally, fis equal to 3 m. The center-to-center distance between the two main suspension

cables is about 10 m.

(b) View of the FE local model of the deck (c) View of the FE global model of the bridge structure.

structure.

Fig. 14 The global geometry of the bridge is shown. H; and H> are respectively equal to 45 m and 15 m; L;, L> and L3
are equal to 494 m, 584 m and 45 m, respectively. Finally, f'is equal to 3 m. The center-to-center distance between
the two main suspension cables is about 10 m. The local FEM model of the deck and the global FEM model of the

bridge used to compute the bridge structural response are shown.
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The selected design simulates a deck structure built by hollow-structural steel pipes (Fig.14b). A
wood deck surface and a thin sheet metal coating were used to simulate the deck superstructure. Finite
Element (FE) analyses on a FE model (Fig.14c) were performed to design the bridge structure 0, [38]
using the pressure coefficients to evaluate the wind actions; all the calculations were carried out
according to [39] . The steel elements (i.e. fy = 275 MPa) were modelled using truss finite elements
whereas cables (i.e. fy = 1100 MPa) were modelled using the rectilinear cable finite element.
Geometric non-linear analyses were carried out using the noncommercial program TENSO 0 which
enables non-linear dynamic analysis of wind-structure interaction at flutter. The bridge deck is
simplified by a beam model located in the deck section’s center of gravity and two massless rigid
links to simulate the connection of the deck to the hangers and cables. Modal analysis was carried out
to estimate natural frequencies [15]. All calculations were performed using a structural damping ratio
¢ equal to 0.3%. This value was preliminarily set knowing that the damping ratio closely affects the

flutter critical speed value 0.
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(c) Deck vertical displacements for significant modes.  (d) Rotations of the deck about the longitudinal bridge

axis (o) for significant modes.
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Fig. 15 The 1" symmetric vertical and torsional mode shapes are shown. It is shown the deck vertical
displacements for the most significant modes (i.e. in term of participating mass ratio); modes respectively are #7,

#8, #13 and #14.

It was estimated that the deck mass varies 759.42 kg/m using experimental values, 685.19 kg/m using
Y — Rg-SA (-10%) and 1092.37 kg/m (+47%) using SA-fully turbulent approach. This mass
variability is significant and spreads on the global bridge performance because it affects the natural
structural frequencies. In fact, it was estimated that the first symmetrical vertical frequency (wp, 1)
varies from 0.34 Hz using experimental data (i.e. pressure tests) to 0.36 Hz (+5%) and 0.27 Hz (-
22%), using y — Ry -SA and SA-fully turbulent approaches, respectively. Similarly, the first
symmetrical torsional frequency (w, ;) varies from 0.56 Hz using experimental data, to 0.59 Hz
(+4%) and 0.44 Hz (-21%), using ¥ — Ry (-SA and SA4-fully turbulent approaches, respectively.

The first asymmetrical vertical frequency (wp, ;) varies from 0.33 Hz using experimental data (i.e.
pressure tests), to 0.35 Hz (+5%) and 0.26 Hz (-23%), using ¥ — Ry +-SA and  SA-fully turbulent
approaches, respectively. Similarly, the first asymmetrical torsional frequency (w,, ;) varies from 0.55
Hz using experimental data (i.e. pressures tests), to 0.58 Hz (-4%) and 0.43 Hz (+21%), using y —
Rg -SA and SA-fully turbulent approaches, respectively.

These results evidence that the y — Ry (-SA is a (reliable) affordable approach to evaluate the natural
frequencies.

The symmetrical modal shapes estimated, using experimental values, are illustrated in Fig.15a and b,
whereas panels (c) and (d) show the vertical displacements (0) and rotations (o) of the deck regarding
the longitudinal bridge axis for significant modes 0. The modal shape functions were normalized so
that the norm of the discrete eigenvector is equal to one. The difference in terms of mass and natural
frequencies given by y — Ry (-SA is between 5% and 10%, while it is between 21% and 47% using
SA-fully turbulent, respectively. These structural quantities (i.e. mass and frequency) affect the flutter

critical speed that in this paper is also used as measure of variability of the structural performance
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predictions by using the two investigated numerical approaches. Since the pressure distribution
analyses and the load balance measurements were carried out as a static test, the flutter critical speed
was estimated using quasi-static equivalent method [37] , [41] .

In particular, the critical flutter speed was estimated using two different approaches: firstly, nonlinear
dynamic analysis by three-dimensional finite element models and quasi-static approximation of the
unsteady wind loads (i.e. lift, drag and moment derived from the wind tunnel tests) were employed;
secondly , a two-mode (2-DOF) generalized numerical model of the deck motion in the frequency

domain and flutter derivatives were considered to better examine bridge aeroelasticity.
7.2 Deterministic flutter analysis.

7.2.1 FEM analysis

The first set of MDOF (i.e. Multi Degree of Freedom) analyses were carried out on a FEM model
using experimental aerodynamic coefficients both directly estimated by the wind tunnel tests (Section
2.2) and evaluated from pressure coefficients (Section 2.1) [41]. Analyses were then repeated using
aerodynamic coefficients resulting from the numerical CFD approaches (Fig. 9). As previously
discussed, the critical flutter speed was estimated using a non-commercial nonlinear geometrical
analysis software and by calculating dynamic analyses using step-by-step integration of the nonlinear
three-dimensional structure with geometric nonlinearities. The global stiffness matrix was updated at
each load step by assembling the stiffness sub-matrices of the elements, updated to account for the

strain calculated at the previous time step.
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(a) Vertical displacements under critical flutter (b) Rotations of the deck about the longitudinal bridge
instability. axis under critical flutter instability.

Fig. 16 The time history of the deck vertical displacements and the rotation along the bridge longitudinal axis under
the flutter instability is shown. This condition is estimated varying step by step the wind velocity and repeating non-
linear analyses.

The under gravity loads solution was subsequently used as the initial step of the dynamic wind load
analysis. The Newmark-Beta method with Rayleigh damping was used for numerical integration of
the dynamic equations. Wind loads on the bridge deck were simulated by applying the aerodynamic
coefficients (i.e. Cp, Cr and Cu) as a function of the time-dependent angle of attack and by setting
the appropriate values of kinetic wind pressure at a given U. The program evaluated displacements
and rotations of the bridge deck at progressively increasing values of U, and recorded the velocity at
incipient flutter when reference deck rotations exceeded +4° 0. As an example, Fig. 16 illustrates time
histories of flutter instability in terms of vertical deck displacement () and rotation (), for the

middle span section estimated using experimental values [40-46].

7.2.2Equivalent 2-DOF Scanlan’s numerical model

It is worth noting that the main aeroelastic forces, that are induced by the motion of the deck and that
affect the flutter instability, are the L lift force and the M, overturning moment (Eqgs. 26 and 27);
they are usually expressed per unit deck length, measured on a model of span length / and based on
the formulation by Scanlan and Tomko (1971) [16]. The H;" and 4;" quantities (with i=1,...,4) are the
flutter derivatives that depend on the reduced frequency K=wB/U with @ being the angular vibration

frequency of the deck and n=w/(27) the frequency in Hz.
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Ly =2pU?B [KH1 (K) % + KHy (K) 22+ K2Hy (K)a + K2H, (K) g] (26)
M, =2pU2B2 [KA, () %+ KA, ()25 + K245 (K)a+K?A, (K) ). 27)
In Egs. 26 and 27, p is the air density, U the mean wind speed perpendicular to the bridge model axis,
B is the deck width; the over-dot symbol denotes derivation with respect to time ¢. Eqs. 26 and 27
must be modified to enable estimation of critical flutter speed in the frequency domain. Critical flutter
is determined from a coincident condition with the simple harmonic motion of the deck, coupled with
vertical and torsional motion (DOFs). This condition is determined by the total damping of a 2-DOF
generalized model, which takes into account aeroelastic load contributions and simulates the two
fundamental vertical and torsional modes of the deck. The procedure of the critical flutter speed
calculation is recursive and the method is described in [16]. In the present paper, results were

estimated using the quasi-static approximation of flutter derivatives, proposed by [37] . This allowed
for an estimation of the H; AA; , derivatives with i = 1,2,3 (Eqs.26 and 27) as a function of
K=2/mB/U and aerodynamic coefficients. Flutter calculations were conducted by neglecting the

contribution of H, H, and A, . Solution to the flutter problem using the 2-DOF generalized model
([16]) can be obtained by transforming the differential system into a system of two complex-valued
algebraic equations. After imposing the flutter condition, the roots of these two algebraic equations
([16]) can be found numerically.

The procedure provides a recursive method: at first setting the value of the K reduced frequency and
then finding the root of each equation assuming Xvariable; the w. quantity is the critical angular
flutter frequency and w; is the natural angular frequency of the vertical DOF or deck mode. The
procedure is repeated until the same root X is found in both equations.

As was expected, there was a significant difference in critical flutter speed (U ) values between
MDOF and 2DOF calculations since there is a significant difference between results obtained
applying experimental aerodynamic coefficients calculated by pressure coefficients (Figs.11 and 12)

or aerodynamic forces (Fig.13). Table 4 lists the U. values respectively for MDOF and 2DOF

34


http://context.reverso.net/traduzione/inglese-italiano/the+procedure+provides+for

418

419

420
421

422
423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

calculations using both the experimental datasets (i.e. pressure and aerodynamic forces) and the two

CFD numerical data sets.

Table 4
Flutter critical speed U. (m/s).

analyses
Data set MDOF 2DOF
Aerodynamic forces wind tunnel experiments 129.0 164.2
Pressure wind tunnel experiments 107.4 138.3
Y — Rg-SA 105.2 134.5
SA — fully turbulent 114.7 152.2

As expected, results showed that the critical flutter speed estimated by CFD approaches is more in
agreement with those estimated using experimental pressure tests than experimental load balance
static tests. This is because the force loads derived from the CFD (Fig.14) were estimated integrating
2D pressure distributions around the deck in a similar way to pressure distributions from experimental
tests. The fact that there is good agreement between experimental and numerical by y — Ry (-SA
pressure coefficients trend is confirmed by flutter analyses results too. The y — Ry ,-SA slightly
underestimated the critical flutter speed using both MDOF FEM analyses (-2%) and 2DOF
calculation (-3%) because it gave a slightly smaller mass. On the contrary, the significant difference
of the deck mass given by SA — fully turbulent and its overestimation of pressure coefficients (Figs.12
and 13), affected the flutter analyses results. It gave greater values than experimental values for both,
MDOF and 2DOF calculations, +7% and +10%, respectively. In the specific case study, the flutter
critical speed was very high and this excluded the risk of flutter instability phenomena. However, the

overestimation of critical condition reduces reliability.

7. Conclusion

This paper presents, for the first time, numerical computations based on Spalart-Allmaras local
correlation based transition model (i.e. y — Ry (-SA) for Reynolds Averaged Navier-Stokes (RANS)
equations for the flow past a bluff body. In particular, the numerical model was applied to a closed

box section of a suspended bridge tested in two different wind tunnels. Experimental data were
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compared both with numerical results given by the proposed y — Ry (-SA approach and also a Spalart-
Allmaras fully turbulent model: results show a very good agreement for the y — Ry -SA model,
although the fully turbulent model also seems to be able to capture the deck global behavior. In order
to give a measure of error propagation due to the difference between numerical and experimental data
on structural design, the critical flutter speed was evaluated using both pressure and aerodynamic
coefficients given by numerical and experimental data. The critical flutter speed was estimated using
both nonlinear analyses on a three-dimensional FEM model and numerical calculations of a 2DOF
simplified model. Results showed that the y — Ry ,-SA model gives a critical flutter speed value
closer to the experimental one with an error equal to about 8% less than SA-fully turbulent. In fact,
the mean error percentage given by y — Ry .-SA ranged between -3% to -2%, whereas the mean error
in percentage given by SA-fully turbulent ranged between 7% to 10%. Results encourage researchers

to extend comparisons with other case studies in order to confirm the accuracy of the y — Ry -SA.

Data Availability

Some or all data, models, or code that support the findings of this study are available from the

corresponding author upon reasonable request.
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