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Abstract

Wind induced ovalling vibrations have been reported to oocuseveral empty, flexible silo
structures in group arrangement. The focus in this papertis@numerical prediction of this phe-
nomenon by simulating the wind flow around a single silo akéhtainto account the interaction
of the wind flow with the structural response. The importaoicte 3D turbulent wind flow and
wake effects on the aerodynamic pressures on the silo istigated using 3D CFD simulations.
The wind-structure interaction phenomenon is subsequstildied using a one-way coupling
and a two-way coupling approach. The present results shasonable qualitative agreement
with observations.

1 Introduction

Wind induced ovalling vibrations were observed during arstim October 2002 on several empty silos
of a closely spaced group consisting of 8 by 5 thin-walledssih the port of Antwerp (Doomst al,
2006). To clarify the cause of these wind induced silo vibrat, computational fluid dynamics (CFD)
simulations are an interesting alternative to more expengind tunnel tests or in situ measurements.
In the present paper, the focus is therefore on the 3D CFDlation of the wind flow around a single
silo.

The wind-structure interaction phenomenon is first stutligdpplying the 3D aerodynamic pres-
sures as transient external loads on a 3D finite element noddké silo. In this one-way coupling
approach, no interaction effects are taken into accounpalydorced resonance due to turbulent wind
fluctuations in the incoming or wake flow can be investiga#sitierwards, a two-way coupling simu-
lation is considered where the coupled problem of wind flod stnucture is solved, hence taking into
account possible interaction effects due to the deformirig lomain. Because the computational ef-
fort to perform such fully coupled wind-structure inteiaotsimulation is much larger, it is interesting
to assess the necessity of solving the coupled problem aslawh

2 Wind flow simulations

For the present purpose, 3D CFD simulations are performeétermine the aerodynamic pressures
acting on the silo surfaces exposed to the incoming turbwi@rd. It is important that these pressures
are predicted accurately. Therefore, the numerical treatrof turbulence in the wind flow has to be
considered with care. The governing incompressible N&viekes equations are discretized by means
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of the finite volume method in the commercial software paekialyent 14.0 (2011). Because a high
Reynolds number wind flow is considered, it is impossibledives this nonlinear set of discretized
equations exactly with all details. Instead, turbulencaelet® have to be used. The applied technique
is chosen mainly for accuracy but also in the light of achigwiesults within a reasonable computation
time.

Two turbulence modelling approaches can be consideredrierge The first are the RANS
(Reynolds-averaged Navier-Stokes) procedures wheredRisyaveraging is applied and turbulence
is modelled. The second approach are large eddy simulafidtfS) where a spatial filter is used to
distinguish between large turbulent eddies that are redadwd eddies smaller than the filter size that
are modelled. For highly turbulent flows, it is in practicepossible to use LES simulations because
of the prohibitive grid requirements to model the small tleint eddies in near-wall flows. RANS
methods on the other hand are quite effective in the nearregilbns but yield insufficient accuracy
in separated regions, where large unsteady turbulencessas¢ dominant. For this reason hybrid
RANS/LES methods have been proposed, such as detached ieddgt®ons (DES, Spalart al,
1997). In this work, a delayed DES approach (DDES) is apptieghich a shielding function is used
to ensure that RANS is used in the entire near-wall regionntiste& Kuntz, 2002). A snapshot of
the turbulence intensity in a DDES simulation is shown inrégli. This result shows a much more
realistic modelling of turbulence in the wake of the cylindénen compared to typical RANS simula-
tions where large-scale vortices are artificially presémuith very wide, unrealistic wake regions as
a result.
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Figure 1: Turbulence intensity in the flow around a single structure, calculated with 3D DDES,
for an angle of incidence: = 45° att = 60.0s. The turbulence intensity is shown in a vertical @lan
and a horizontal plane at mid-height of the prismatic bagdbelow the silo.

Since the specific atmospheric conditions near the siloggmuAntwerp were not monitored at
the time that the ovalling vibrations were observed, apijpnaxe wind conditions have been set up,
based on the location of the group and statistical wind datatbrm conditions in design codes. For
the atmospheric boundary layer (ABL), realistic power laloeity and turbulence profiles (Tominaga
et al,, 2008) are imposed at the inlet of the computational doméithevior the generation of fluctuat-
ing velocity components, a spectral synthesizer methodesd as proposed by Kraichnan (1970) and
modified by Smirnowet al. (2001).
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3 Structural model and ovalling mode shapes

In order to determine the structural response to a dynamid Veiad, a numerical finite element (FE)
model of the silo structure is introduced. This model al$oved to calculate the ovalling mode shapes
and corresponding natural frequencies of the silo stractur

Ovalling deformations of a thin-walled shell structure dedined as a deformation of the cross
section of the structure without bending deformation wibpect to the longitudinal axis of symmetry
(Paidoussi®t al, 1982). The ovalling mode shapes for the thin-walled emptg fdiameterD =
5.5m and wall thicknestg = 0.07 m — 0.10 m, varying along the height of the silo) arerrefito by
a couple i, n) wherem denotes the half wave number in the axial direction arnslthe number of

circumferential waves (figure 2).
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Figure 2: Selection of ovalling eigenmodes of a single gié):mode®; = (1, 3) at 3.96 Hz, (b) mode
®,=(1,4)at4.11 Hz, (c) mod®s = (1, 5) at 5.34 Hz and (d) modeq1 = (1, 2) at 7.83 Hz.

As mentioned, a FE approach is used to discretize the goestiuctural equations in the Abaqus
software package 6.10 (2010). To accommodate an easydrarighe aerodynamic pressures on the
silo walls to the mesh of the structural model in the coupletitations (section 4), the mesh of the FE
model was chosen conforming to the mesh on the silo wallsar8th CFD simulations. Because the
cone at the bottom of the silo structure is covered by thallmglbelow the silo, no CFD grid is defined
for this part of the structure and a separate mesh is madeattoigowith that of the superstructure.
Shell elements with linear FE interpolation functions asedifor all silo elements and the following
material properties for aluminium are used: dengity 2700 kg/n?, Young’s modulus = 67.6 GPa
and Poisson’s ratie = 0.35. The silo structures are bolted to a steel framewotkénsupporting
building at 4 discrete points.

A list of the mass normalized eigenmod@sof the structure corresponding to the lowest natural
frequenciedegig is given in table 1. Note that most of the mode shapes comeiiis: gag.®, and®;
are both classified as mode shapes (1, 3) but are mutuallyguntial.

The visually detected pattern of vibrations at the lee sidd@silo group during the 2002 storm
is believed to have been ovalling mode shapes (1, 3) and, (&j#h) the lowest natural frequencies of
the silo structure. Measurements during normal wind logdliave also shown that eigenmodes with
3 or 4 circumferential wavelengths have the highest caminh to the response of the silos (Dooms
et al, 2006).
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@ (mn) feigj [Hz] @ (mn) feigj [HZ]  ®; (mn)  feigj [Hz]

® (1,3) 39 ®; (1,5 570 &;3 (2,5)  8.19
®, (1,3) 397 &3 (1,5 571 &4 (2,6f  8.62
®; (1,4 399 &y (1,6) 772 &5 (2,4)  8.85
®, (1,4 411 &9 (1,6) 772 B15 (2,4  9.10
®s (1,5) 534 & (1,2) 7.83 &7 (2,6)  9.62
®s (1,5) 535 &1, (2,5) 818 B15 (2,6)  9.72

Table 1: Structural natural frequencig, of the lowest ovalling mode shapes of the silo structure.
Every mode shapé; is determined by a couplen(n) while for ®14 the notation (2, 6) is used to
characterize its hybrid mode shape combining (2, 6) and)(1, 2

4 \Wind-structure interaction

To investigate the onset of the wind-induced ovalling Milores the coupled wind-structure interac-
tion problem has to be considered as a whole. For this reésth,one-way and two-way coupling
simulations are performed, as mentioned in the introdaoctibis very valuable to assess the necessity
of the computationally much more intensive two-way couplimulations.

A partitioned approach is followed in all simulations imiply that both the structural and flow
solver are maintained as separated solvers (e.g. two blaxclsolvers) and the interaction between
both domains is incorporated only at the interface. Thigeggh allows to use the numerical models
in the previous sections without alterations. In this framik, the structural FE solver (section 3) can
be denoted as follows:

S [P(t)] = U(t) (1)

whereU(t) are the displacements of the structure Bt are the aerodynamic pressures acting on the
structure. Similary, the numerical CFD solver for the wir@hfl(section 2) can be expressed as:

F U] =P(@) (2)

4.1 One-way coupling

In the one-way coupling simulations, the 3D aerodynamidaser pressures on the silo walls are
determined first in the CFD simulations (equation 2) withshectural displacements assumed to be
zero in these simulationsF [0] = P(t). Afterwards, the wind pressures are imposed as a transient
external load on the 3D FE model of the silo and the dynamiegiral response of the sild(t) can

be calculated with equation 1. An unconditionally stableditime integration scheme is used in the
structural solver.

The response of a silo to the wind pressures is shown at thegeskots in time in figure 3. The
deformation of the silo structure is clearly dominated bytatic deformation but small amplitude
vibrations are present as well. To determine which mode eshape contributing to the structural
response, it is interesting to calculate the modal defaonanergy of the structural response using
modal projection techniques.

The deformation energlq(t) can be easily calculated from the known structural disgtaents
U(t) and with the knowledge of the stiffness matkixused in the FE model of the structure:

£ =3 UTOKU( @
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Figure 3: Deformation of the silo structure subjected tagrant 3D wind pressures &t 45.350s,
t =46.200s and = 46.675s.

By applying modal decomposition of the structural defoiora U(t) = ®«a(t) where (t) repre-
sent the modal coordinates, the energy content of eachigtaliecnode shape in the response can be
quantified:

Eq(t) = % a'(t) ®TK® aft) = % a' (1) diag{wj} 2 et

1 N N
=3 > _wfof) =) Eqgj®) @)
j=1

=1

Only the lowest eigenmodes are expected to be relevantdafythamic response of the structure
to a typical low frequency wind excitation. It is thereforewise to consider the entire orthonormal
base of mode shapes. Instead, a subset of mode sfigpeih the lowest eigenfrequencies is used
and it can be shown that the above expressions hold if amattee modal projection is used with this
limited subset of mode shapes(t) = ®{ MU (t).

Figure 4 shows the modal deformation enefgy;(t) for the first 20 mode shapes. It is clear
that only some of these mode shapes have a significant aatitiricto the structural response of the
silo. Before considering the different excited mode shdpmsever, a clear distinction should be
made beween static and fluctuating components in the resp@rsthe one hand, it is clear that the
mean, time averaged component of the modal deformatiodatedeto the extent that a mode shape
is excited in the static deformation. In the fluctuating pan the other hand, a further distinction
has to be made between two fluctuating components. The firslaited to the large scale turbulent
eddies present in the incident wind flow attacking the stmagtresulting in bands of low-frequency
vibrations in the structural response. Because of thisethvibrations could also be categorized as
‘quasi-static’ sway of the structure, since no resonargot$f are at play. The second component
contains the higher frequency fluctuations, correspontiinthe eigenfrequency of the considered
mode shape and therefore related to forced resonance.

In this light, it is clear that mainly mode shap®s = (1, 3), ®4 = (1, 4) and®g = (1, 5) have a
significant contribution in the higher frequency dynamispense of the silo structure. The deforma-
tion energy of all these excited mode shapes is oscillatirgfliequency coinciding with their natural
frequencies. Superimposed, there are also low-frequenctufitions, mainly in mode shapé®s and
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Figure 4: Modal deformation enerdiy(t) for the first 20 mode shapes, based on the structural

response in the coarse grid one-way coupling simulation sihgle silo: 1 = (1, 3) (dashed bold

black line),®, = (1, 3) (solid bold black line)®3 = (1, 4) (dashed thin black line®,4 = (1, 4) (solid

thin black line),®5 = (1, 5) (dashed bold grey line®g = (1, 5) (solid bold grey line)®14 = (2, 6)*

(dashed thin grey line}p1g = (2, 6) (solid thin grey line), and the remaining mode shapgssolid

thin light grey lines, with small energy content).

. Furthermore, the latter are also explicitly excited stdly as can be observed in figure 3. By
considering the pressure distribution on the silo surfadg also explained why typically only one of
each pair of orthogonal mode shapes is excited. Dependitigeoorientation of the mode shape with
respect to the wind direction, e.g. from the two mode shapg®)(where mode shapk; is excited
while @1 is not. Somewhat unexpected when the pressure distribatiahe silo surface is consid-
ered is the contribution of mode shapegs = (2, 6)° and, although less pronounced, mode shape
P45 = (2, 6) to the deformation energy. The notation (2,8)used to characterize the hybrid mode
shape combining (2, 6) and (1, 2). The excitation of theseensbdpes is however directly related to
the location of the connections of the silo to the environmBoth mode shape®,4 and®,g have a
mainly ‘quasi-static’ component and are only little exdigyynamically.

4.2 Two-way coupling

For the two-way coupling, the fluid and structural solvers imteracting in every time step so that
the structural deformation is influenced by the wind pressun every time step and vice versa. To
ensure equilibrium at the wind-structure interface in guéne step, several Gauss-Seidel coupling
iterations between the solvers are performed. For the presseulations, five iterations per time
step are needed to reach convergence. Because of thesagatgrhtions between the solvers, the
computational effort for the two-way coupling simulatiaasnuch larger than in the one-way coupling
approach. It is therefore interesting to assess the nécesgierforming these computationally much
more imposing simulations.

Other computational issues as a result of the two-way cogphclude possible interpolation
issues at the interface for the transfer of displacemertgperssures on the one hand and the solution
of the wind flow simulations on a deforming domain on the ottiend. The first issue is bypassed
by using identical meshes at the interface in both the stracaind the flow solver. For the second,
the mesh movement of the computational grid in the flow sak/erade possible using the arbitrarian
Lagrangian-Eulerian (ALE) description as implemented irsys Fluent 14.0 (2011).

Similarly as for the one-way coupling approach, the dynastractural response is calculated and
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the modal deformation energy is determined. The result$hi®itwo-way coupling simulations are
shown in figure 4. Although the modal deformation energy meiteed for the one-way (figure 5)
and for the two-way simulations (figure 5) are not identicgialitatively the results correspond very
well. The same mode shapes are found to contribute to thefstaliresponse with similar amplitudes.
Furthermore, it has to be noted that due to the ‘random’ ctaraf the transient incoming turbulent
wind flow, the two signals are not expected to be identicakesErresults were found in two separate
simulations and should therefore only be compared in telfretatistical agreement.
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Figure 5: Modal deformation enerdyg;(t) for the first 20 mode shapes, based on the structural
response in the coarse grid two-way coupling simulation single silo: 1 = (1, 3) (dashed bold
black line),®, = (1, 3) (solid bold black line)®3 = (1, 4) (dashed thin black line®,4 = (1, 4) (solid

thin black line),®5 = (1, 5) (dashed bold grey line®g = (1, 5) (solid bold grey line)®414 = (2, 6)°
(dashed thin grey line}P1g = (2, 6) (solid thin grey line), and the remaining mode shapgssolid

thin light grey lines, with small energy content).

The vibration amplitudes in the two-way coupling simulasare in the same order of magnitude
as in the one-way coupling simulations (maximum total dispments of about 4 to 5 cm). Although
smaller than the the observed vibration levels (order ofmitade 10 cm dynamic displacement), it is
possible that vibrations computed here for a single isdlatie will be larger in the group arrangement
(Hillewaereet al., 2012).

5 Conclusions

In order to clarify the observed ovalling vibrations in agpmf 8 by 5 silos during a storm, 3D wind-
structure interaction simulations are performed. Firsttéep understanding of the wind flow around a
single silo is investigated by performing 3D DDES simulataf the turbulent wind flow around the
single silo structure. Afterwards a FE model is set up fordite structure to numerically determine
the ovalling mode shapes and to be used in the coupled windtste interaction problem.

Both one-way and two-way coupling simulations are perfatma the one-way coupling simu-
lations the aerodynamic pressures are applied as a traesiennal load on the FE model of the silo,
without feedback of the structural deformation to the wirmhfldomain. In the two-way coupling
simulations, this feedback is given in each time step angloay iterations have to be performed to
ensure equilibrium on the wind-structure interface. Bqgtlpraaches yield very similar results: the
same mode shapes with low natural frequencies are excitbdtinmodels and structural displace-
ments are similar as well. Although the observed vibrateuels are still small when compared to the
vibrations observed during the 2002 storm, they coincidf thie observed vibration patterns in the
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group. For the single silo configuration, the more cumbegsand time-consuming two-way coupling
simulations do not yield a better prediction of the ovallingrations. However, it is possible that this
two-way coupling may be more important for the closely spag®up of silos.
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