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Abstract

A numerical analysis of fluid-body interaction is performed in this work in order to evaluate the influence of
vortex and tornado-like flows on immersed objects. Velocity profile models are adopted to generate vortical
flow fields based on time-dependent boundary conditions and a finite element formulation is used for spatial
discretization, where eight-node hexahedral elements with one-point integration are adopted. In addition, an
arbitrary Lagrangian-Eulerian (ALE) approach is proposed to describe the relative motion between vortex flow
and immersed objects. The flow governing equations are discretized using an explicit two-step Taylor-Galerkin
scheme and tornado flow fields are simulated using the Rankine Combined Vortex Model (RCVM) and the
Vatistas Model. Turbulence modeling is performed using Large Eddy Simulation (LES) with the Smagorinsky’s
sub-grid scale model. Problems involving moving and stationary tornadoes interacting with fixed and moving
objects are analyzed, where significant aerodynamic forces are observed on the immersed bodies, producing
also significant changes in the vortex flow characteristics.
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1 INTRODUCTION

The problem of body-vortex interaction is very important for Wind Engineering applications, where structures are
subjected to vortical flows induced by upstream obstacles or special atmospheric events such as tornadoes and
downbursts. Considering the flow complexity and many other aspects involved in this problem, additional investigations
are required in order to further understand the effects of an impinging vortex impacting on immersed objects. In this
sense, advances observed in computer technology and numerical techniques have contributed to the development of
reliable numerical models for flow simulation and fluid-body interaction.

Numerical models based on vortex velocity profiles take into account vortex motion and immersed bodies in a simple
manner, although all the possible flow patterns observed in a tornado cannot be represented completely. Mathematical
expressions for vortex models can be obtained by solving the Navier-Stokes equations in cylindrical coordinates for particular
situations (Lewellen, 1976). The Rankine Combined Vortex Model (RCVM) (Rankine, 1891), for instance, is deduced by considering
an ideal fluid with a velocity field composed of two regions: the forced vortex region in the inner core and the external free vortex
region, where only the tangential velocity is not null. In the Burgers-Rott Model, the three velocity components and pressure are
considered to form a unicellular vortex (Burgers, 1948; Rott, 1958). A similar approach is also considered in the Sullivan Model
(Sullivan, 1959), but forming a two-cell vortex. In recent years, algebraic velocity profiles have been developed, which try to
approximate all these models simultaneously using a single model (Wood and White, 2011).

A numerical scheme based on the RCVM was first implemented by Wilson (1977) in a finite difference code using a
system of two-dimensional Euler equations to determine loads induced by tornado flows on bodies with square and
rectangular shapes. The RCVM was first utilized in a finite element simulation by Selvam (1985), where a two-dimensional
tornado model was adopted. Later, Selvam (1993) applied his RCVM formulation to a three-dimensional analysis
considering a logarithmic vertical profile, where the effect of viscosity was considered and turbulence was simulated
using RANS and the k-g turbulence model (see also, Kareem and Kijewski, 1996). No difficulty with respect to the
imposition of boundary conditions was reported. The same profile model was employed by Selvam and Millett (2003)
and Selvam and Millett (2005) using a three-dimensional model and LES for turbulence modeling. A sufficiently refined
mesh was utilized and different angles of attack of the tornado trajectory line with respect to the position of a building
model immersed in the flow were considered. Strasser and Selvam (2015b) used the Algebraic Model proposed by
Vatistas et al. (1991) to simulate the vortex-cylinder interaction in a two-dimensional model by varying their relative size
and the impact time. A detailed comparison of vortex velocity models may be found in Alrasheedi (2012) and Strasser
and Selvam (2015a).

A numerical investigation considering vortex and tornado-like flows based on velocity profile models is performed
in this work in order to evaluate the aerodynamic loads produced by tornado flows on immersed structures. In addition,
an arbitrary Lagrangian-Eulerian (ALE) approach is proposed to simulate the effects of relative movement between
vortices and objects. The numerical model adopted here is built using the explicit two-step Taylor-Galerkin scheme in
the context of the Finite Element Method (FEM), where hexahedral elements with one-point integration and hourglass
control are utilized for spatial discretization. Turbulence is considered using Large Eddy Simulation (LES) and the
Smagorinsky’s sub-grid scale model. The flow is supposed to be incompressible, although the pseudo-compressibility
hypothesis is adopted, and an isothermal process is assumed. A mesh movement scheme is utilized to simulate relative
motions between vortices and immersed structures, independently if the moving object is identified with the immersed
structure or the flow vortex. Vortex and tornado-like flows are simulated using the Modified Rankine Combined Vortex
Model (MRCVM) formulation and the algebraic model proposed by Vatistas et al. (1991), in which a translation velocity
is incorporated in order to allow the vortex structure to follow any direction in the computational space. The different
methodologies utilized here are evaluated and tested comparatively using a classical application involving a circular
cylinder submitted to two-dimensional flow. A three-dimensional realistic case is then analyzed using a logarithmic
boundary layer function superimposed to the present vortex profile models to simulate the wind effects on a cubic
building model subject to the flow generated by a moving tornado. Different tornado paths are considered to evaluate
the aerodynamic forces induced on the building surface due to the translating vortex flows simulated in this work.

2 FLOW FUNDAMENTAL EQUATIONS

In the field of Computational Wind Engineering (CWE), wind flows are generally assumed to be incompressible,
turbulent and isothermal, where air is considered as a Newtonian fluid with no gravity effects (see Braun and Awruch,
2009). In this work, an arbitrary Lagrangian-Eulerian (ALE) formulation is adopted for the kinematic description of the
flow field using a Cartesian coordinate system, which leads to a system of equations given by:

Navier-Stokes equations:
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where the flow variables are the components v; of the flow velocity vector v and the thermodynamic pressure p , which
are described as functions of the Cartesian coordinate vector x and time ¢ within the fluid spatial domain Qf and during
the time interval [to,tf] . For dynamic finite element grids and turbulent flows, a mesh velocity vector with components
w; and the eddy viscosity (4 must be defined using special numerical approaches described later. The flow velocity
components v; and the mesh velocity components w; are expressed according to the directions of the orthogonal
Cartesian axes ;. The physical properties that characterize the fluid are the dynamic and volumetric viscosities, © and
A, and the specific mass p , considering that 3 is the pseudo-compressibility parameter, which is sometimes associated
with the speed of sound. The components of the Kronecker delta are denoted by &; (¢6; =1if i = j; ¢; =0if i = j).

Initial and boundary conditions are given by:

Ui[xlax%xii}:vio (1:1a273)7 p[$17$27$3]:p0 (3)
vw=v onl,;, p=p on r, (4)
* 81)1 an aUk ..
s =8 = |=p& +(pw+m)| 75—+ 5|+ A58 |7 onl', (i,j,k=123) (5)
Oz; O omy

where v? and p° are initial values for the velocity and pressure fields, v, and p* are the flow velocity components and

pressure values prescribed on boundaries I', and I', of the spatial domain of, respectively, s; are components of the

flow traction vector prescribed on boundary I'; according to the Cartesian directions z; and n; are components of the

unit normal vector at a point on boundary I', according to the Cartesian directions z;.

2.1 Boundary conditions for generation of vortex and tornado-like flows

According to Strasser and Selvam (2015a), the cross-section of a tornado vortex may be considered as a composition of three
different regions: (1) internal laminar core, (2) transition region and (3) external turbulent region, where the flow velocity field
may be decomposed into translation and tangential velocity components. Figure 1 shows some typical tangential velocity profiles
utilized by different authors (see Kim and Matsui, 2017; Strasser, 2015; Strasser and Selvam, 2015a), which indicates that the
tangential velocity values increase with the distance r to the vortex center where a maximum value is obtained (Vigma) at the
critical radius 7;. . For r > 7. the tangential velocity values decrease as the distance to the vortex center is increased.

The vortex and tornado-like flow fields are generated here using transient boundary conditions according to the
velocity profile models employed in this work, which are defined considering two coordinate systems (see Fig. 2): (a) a fixed
coordinate system XYZ, which is defined arbitrarily, and (b) a moving coordinate system X’'Y’Z’, which is associated with the
tornado vortex and with its origin defined at the vortex center. It is important to notice that " =0 when the tornado vortex
center is located at the closest point of the tornado trajectory with respect to the origin of the fixed coordinate system XYZ.

The position of a boundary node with respect to the vortex center is determined by the radial distance using the
following expression:

*

r’? =2 42 = (a:l —1, —U,t )2 + (372 —1, —U,t )2 with 2§ =23 =0 (6)
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where 7, 75 and z} are the coordinates of a boundary node in the moving coordinate system and x;, T, and z3 are
the corresponding coordinates in the fixed coordinate system, U, = U,.cos¢ and U, = U,.sin¢, where ¢ is the
angle between the vortex path and the longitudinal direction z; and U_, is the free flow speed, which is also associated
with the module of the vortex translation vector U = (U, ,U, ), I, and [, are coordinates of the closest point of the

tornado trajectory with respect to the origin of the fixed coordinate sytem XYZ and £ =t- T}y (see Fig. 2).
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Figure 1: Analytical models for the tangential velocity profile: (a) schematic view of the vortex regions; (b) distribution of the

normalized tangential velocity ( Vg/%)max ) over the relative radius (T’//TC ).

(VipsVap)

Domain B dary

Several vortex models are available in the literature to describe the tangential velocity profile, which are classified
by Strasser (2015) using the following classes: bi-regional profiles, continuous profiles and algebraic profiles. Special
attention must be paid to the algebraic profiles, considering that this class of velocity profile is able to reproduce all
profiles related to the remaining classes. In the present work, the following tangential velocity profiles are utilized:

- The Modified Rankine Combined Vortex Model — MRCVM (Hughes, 1952):

VMROVM (1) = .0/ 0 < T//Tc <1.0 )
VMROVM (1) = 4, (T_‘/) r’/rC > 1.0 (®)
- The Vatistas Model (Vatistas et al., 1991):

l/n
VM (N 2 2
V(') =w-r' o, [_(T/Qn T+ )] ©)

where the Lamb-Oseen/Burgers-Rott (L-O/B-R) tangential velocity profile is obtained when n = 2, and the MRCVM for
n = 100 and z = 1. The Vatistas model is able to obtain more realistic vortices and to reduce the numerical error
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associated with the discontinuity observed in the tangential velocity profile at ' = r. for RCVM models (Strasser and
Selvam, 2015b). The maximum tangential velocity is obtained at 7., where Vj ., (1. ) = wr,, being w the vortex angular

velocity.
In order to obtain the flow velocity components in terms of global Cartesian coordinates, the following equations
are employed:

! !
Ul(t):Um—Vg(r')%; vg(t):UerVg(r')%; v (£) = 0 (10)

The velocity profile models utilized in the present numerical simulations are restricted to the RCVM and L-O/B-R
models, where the distribution of the flow velocity components is defined as follows:

Uoosin¢~t*—|—l — Iy
( 7 )-Vm')Zf(xg)

r

v (t) = |Uy coso +

_l/ _ o] . *
(21 =1, ZTQCOW t>-V9(r') Zs(w3) -

vy (1) = | Uy sing+

vy (£) = 0

where ¥y, Ty and x3 are coordinates of a point of the flow field with respect to the origin of the fixed coordinate system.
In order to develop a three-dimensional flow field for the vortex models, a logarithmic vertical profile is adopted, i.e.:

Zp(x3) = %ln[m] (12)

20

where u" is the friction velocity, which is defined considering that Z; =1 at 23 = h, where h is the immersed object

height, kK = 0.4 is the von Kdrman constant and 2z, = 0.00375 m is the roughness length associated with the
characteristics of the terrain surface utilized in this work.

2.2 Turbulence modeling

Large Eddy Simulation (LES) is adopted here to simulate turbulent flows, where a spatial filtering process is applied
to the flow equations in order to decompose the flow scales into large and small scales. In this context, large scales are
directly resolved considering the elements characteristic lengths of the finite element mesh and scales below the mesh
resolution are modeled using sub-grid closure models. As a result of the spatial filtering procedure, unresolved terms are
obtained, which are usually defined as components of the sub-grid Reynolds stress tensor, i.e.:

7308 = —p(uh]) = 25y (13)

where v/ are the components of the sub-grid scale velocity vector v’ and §ij are the components of the strain rate
tensor described in terms of filtered velocity components ©;, which are given by the following expression:

—  1(ow  Ov;
Si=z|l0—+= 14

1_1_5

Notice that overbars indicate a filtered (or large scale) quantity.
In the present work, the eddy viscosity 4 is determined using the classical Smagorinsky’s sub-grid model

(Smagorinsky, 1963), which may be expressed as:
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L = p(C’SZ>2|§| (15)

where Cy is the Smagorinsky constant,

§| is the norm of the filtered strain rate tensor and A is the filter characteristic

L . . . _ . . X 1/3
length, which is usually associated with the element volume (€2, ) in a finite element formulation, i.e. A = Qe/ .

3 NUMERICAL MODEL

The flow numerical analysis is performed in this work using the explicit two-step Taylor-Galerkin scheme (see, for
instance, Donea, 1984; Kawahara and Hirano, 1983) in the context of the Finite Element Method, where eight-node
hexahedral elements with one-point quadrature and hourglass control are utilized in order to avoid spurious modes. In
the present scheme, the flow variables are approximated over time using second-order Taylor series, which are evaluated

at t"Jrl/2 and t". The time-discretized equations correspond to the form obtained by the well-known Lax-Wendroff

method, which was used formerly in finite difference models. The flow variables at th/Q are evaluated in the first step
using the following equations:

2 o AL O 10p”
Y =v + 9 { (UJ w; )axj p O (16)
i ,LL—F 123 % % Aavﬁ ﬂ no__ ,.n no__ n 62Uin
ox; [ p oz + 0z; + p Oz * 4 (v —wft) (vl — i )axjaxk
nt1: . At o}
p" =t SR s (17)
ntl2 _ _ntl2 lﬁi nt2 g
w =7 o ") (18)
The flow variables at t"*! are finally obtained using:
L AU;LH/Q (19)
pn+1 _ pn + Apn+1/2 (20)
where:
n+1/2
v, 10p O [(pu+m)[0w Ov) Xou Yy
A.H/Q:At_ L ) — — = - 2 | it STt | 227k s 21
E (v wj)&z:j p Oz Ox; p Ox; + o + pOmy Y (21)
) n+1/2
Ap71,+1/2 _ At{—pﬁQ %} (22)
81‘1

Superscripts indicate the time where the corresponding flow variable is evaluated. The time step At = ¢"*! —¢"
is obtained locally using the stability condition At = a.A:z:/(c + U, ), where Az is the characteristic length of the

element, U, is the reference flow speed and « is a safety coefficient (a < 1), while 3 is the pseudo-compressibility
parameter. A unique time step At is utilized throughout the fluid mesh, which corresponds to the minimum value
obtained among all the elements.

The weak form of the finite element equations are finally obtained applying the Bubnov-Galerkin weighted residual
method and the Green-Gauss theorem on Egs. (16) to (22), which leads to the following system of matrix equations:
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n A
AN Y Py Tt[(A +B)v! + Dyl — Glp" — t! (23)
12 IR 1 At
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w2 onty2 At g a2 n
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where p and v; are the finite element vectors containing pressure and velocity components (i = 1,2,3 ) evaluated at element
nodes. The element matrices M, and M" are the lumped mass matrix and the modified mass matrix utilized by Kawahara and
Hirano (1983) to stabilize the pressure field, which is given by M"* = eM, + (1 — ¢)M M", where M is the consistent mass

matrix and e is a selective lumping parameter (0 < e < 1). The remaining element matrices and vectors are defined as follows:
A and B are the advection and stabilization matrices, D;; are the diffusion matrices, G; are the gradient matrices and t; are

the traction vectors referring to the boundary terms (i, j = 1,2, 3). Hexahedral elements with trilinear interpolation functions
are employed here for approximation of both, the velocity and pressure fields. By using one-point integration, the finite element
matrices and vectors can be evaluated analytically. However, an hourglass control numerical technique to avoid spurious modes
on diffusive terms must be utilized (see Christon, 1997). Additional details on the finite element formulation employed in this work
may be found in Braun and Awruch (2008) and Braun and Awruch (2009).

The mesh velocity vector W is determined arbitrarily according to the mesh motion scheme adopted. In this work, the mesh
motion is determined considering the components of the mesh velocity vector obtained by the following equation:

Np ) 3
dowl (dy) ™"
_ =1

why = (i=1..N;; k=123 (28)

where Ny and N; are the number of boundary ALE nodes and internal ALE nodes, respectively, d;; is the Euclidian

distance between an internal ALE node (i) and a boundary ALE node ( j), which may be located on the fluid-structure
interface or on an external boundary of the moving region, and n is a user defined parameter to control mesh flexibility.
In the present work, this parameter is set to n = 3 for all simulations where the mesh motion scheme is employed.

4 NUMERICAL APPLICATIONS

4.1 Moving circular cylinder subject to stationary vortex flow

In this example a two-dimensional circular cylinder is submitted to the flow generated by a stationary vortex, where
the cylinder translates in the longitudinal direction of the computational domain with its center aligned with the center of
the vortex. The main objective here is to demonstrate that the present approach is equivalent (in terms of flow-induced
forces) to consider a fixed cylinder submitted to a moving vortex, which rotates and translates simultaneously, as indicated
in Fig. 3. In this case, the ALE kinematic description and a special scheme for mesh motions in the FEM context are proposed
to simulate the present application numerically. The present simulations are performed taking into account idealized flow
conditions, whereas no three-dimensional effects are considered and a two-dimensional LES-type approach is adopted. A
similar analysis was carried out recently by Guo and Cao (2019), but using the Lattice-Boltzmann and Immersed Boundary
methods. Although the LES methodology is an inherently three-dimensional approach, a two-dimensional analysis can also
be adopted approximately in the case of flows with homogeneous longitudinal fluctuations (Bruno and Khris, 2003).
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Flows with different conditions and different numerical approaches for turbulence modeling are simulated here, where two
Reynolds numbers (Re = V..D/v = 10® and 3,9x103; see Table 1 for flow reference parameters) are investigated using LES and DNS
(direct numerical simulation). The computational domains and boundary conditions utilized in the present analyses are shown in
Fig. 4, considering the following flow situations: (a) uniform flow with stationary cylinder, (b) moving (translation + rotation) vortex
with stationary cylinder and (c) stationary vortex with moving (translation) cylinder. For uniform flow, velocity boundary
conditions are imposed at the inflow and lateral walls of the computational domain using the following values: v; = V_, and
v, = 0, where V_, is the free-stream flow speed. At the outflow, a uniform pressure distribution is prescribed withp = 0.

When a vortex is present, the flow velocity components are redefined according to the velocity profile models utilized here to
generate the vortex flow field. At the outflow, no pressure is prescribed in this case and the no-slip condition is enforced on the
surface of the immersed cylinder. Therefore, when the immersed object is stationary, all velocity components are null and when
the object is translating, v; = U, and v, = 0 areimposed, where U, is the cylinder translation velocity. In order to reproduce

a two-dimensional flow field, the third component of the flow velocity vector must be prescribed considering v3 = 0 for all
nodes of the finite element mesh.

Rotation + Translation Rotation

== Circular cylinder Circular cylinder

Vortex (Stationary) Vortex (Translation)

(a) (b)

Figure 3: Equivalent approaches for the vortex flow analysis: (a) moving vortex with stationary cylinder; (b) stationary vortex with
moving cylinder.
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Flarem]
- 120D .

Figure 4: Computational domains and boundary conditions utilized for the moving cylinder analysis. Measurement points — relative
coordinates (with respect to the cylinder center): Point 1 (1.5D, -0.5D, 0.0); Point 2 (1.5D, 0.0, 0.0); Point 3 (1.5D, 0.5D, 0.0). Length unit: [m].

Initial conditions are also specified taking into account the different flow conditions analyzed here. A constant pressure
field p = 0 is considered initially for all simulations carried out here, while the initial conditions for the flow velocity field
are considered as follows: (a) for uniform flow, v; =V, v, =0 and v; = 0; (b) for flow with moving vortex:

n = UI,VPM(I}ag)I Uy = ’UZ,VPM(T;ag) and U3 = 0; (C) for flow with Stationary vortex: v; = UI,VPM(O)I Vy = UZ,VPM(O)
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and v3 = 0, where v ypy(t) and v, ypy(t) are flow velocity components corresponding to a velocity field defined by the
velocity profile models adopted here for vortex flow simulation, considering that 7;,, is a time parameter determined

according to the translation velocity and initial distance between the center of the immersed cylinder and the vortex center.
Flow and numerical parameters utilized in the present simulations are indicated in Tables 1 and 2, respectively, and
constants employed for vortex flow modeling are presented in Table 3. Notice that the fluid kinematic viscosity is given as
function of Reynolds number and flow reference velocity, which is defined as the undisturbed flow speed (1, ) for uniform

flow analysis or translation velocity (U, ) for vortex-cylinder interaction analysis.

In order to verify the influence of the mesh quality on the numerical results, three finite element meshes with
different refinement levels are employed here, which are identified as follows: (a) M604x128, with 90,752 elements; (b)
M1208x256, with 363,008 elements; (c) M1812x384, with 816,768 elements. The smallest element lengths for these
computational grids are 1.38x102 m, 6.94x103 m and 4.63x103 m, respectively. Guo and Cao (2019) utilized a much more
dense mesh (5x10° cells) to fulfill discretization requirements associated with the Immersed Boundary method. The
computational domains used in the present simulations were extended laterally in order to accommodate mesh motions
prescribed by the mesh motion scheme utilized here in conjunction with the ALE formulation.

Table 1: Flow parameters and fluid constants utilized in the uniform flow analysis.

Undisturbed flow speed — uniform flow (V..) 0.001 m/s
Cylinder diameter (D) im
Specific mass (p) 1kg/m3
Kinematic viscosity (v) v =V..D/Re
Volumetric viscosity (4) 0

Table 2: Numerical parameters for flow analysis.

Pseudo-compressibility parameter (8) 0.17 m/s
Smagorinsky’s constant — LES (C;s) 0.2
Safety coefficient (o) 0.44
Time increments (At) M604x128: 3x102 s

M1208x256: 1.5x102 s
M1812x384: 1x10% s
Selective lumping parameter (e) 0.9

Simulation time interval - [t,, t;] 1617 s

Table 3: Parameters for vortex flow modeling.

Vortex critical radius (r) 3m
Vortex origin, vertical coordinate (/,) om
Cylinder (vortex) translation velocity (U,) 0.034 m/s
Time lags (Tia,) 0.0; 1029.41 s
Angular velocity (w) 5.67x1073; 1.13x102 rad/s

Table 4: Stationary cylinder subject to uniform flow: Strouhal number and aerodynamic force coefficients for Re = 10° and 3.9x10°.

Mesh configurations Source 5@ C;nax St
604x128 Present work — Re = 103 (LES) 1.520 1.174 0.214
1208x256 Present work — Re = 103 (LES) 1.536 1.335 0.226
1812x384 Present work — Re = 103 (LES) 1.546 1.404 0.226
1812x384 Present work — Re = 103 (DNS) 1.531 1.533 0.238
1812x384 Present work — Re = 3.9x103 (LES) 1.709 1.818 0.232
1812x384 Present work — Re = 3.9x103 (DNS) 1.445 2.312 0.134
4000x1250 Guo and Cao (2019) — Re = 10° 1.250 - 0.238
200x200 Wanderley and Levi (2002) — Re = 103 1.500 1.370 0.235
180x160 Hernandez and Sphaier (1999) — Re = 103 1.600 1.700 0.225
116x136 Beaudan and Moin (1994) — Re = 3900 1.74 2.165 0.263
120x145 Rajani et al. (2016) — Re = 3900 1.66 - 0.274
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Initial results are obtained considering the immersed cylinder subject to uniform flow. Predictions referring to the
Strouhal number S; and force coefficients acting on the cylinder are presented in Table 4, where numerical results
obtained by other authors using 2D models are also shown. The influence of mesh quality on the numerical predictions
can be observed and a comparison between LES and DNS solutions indicates slight differences when force coefficients
and Strouhal number are evaluated for a Reynolds number Re = 103. On the other hand, when a higher Reynolds number
is considered (Re = 3.9x103), the influence of turbulence modeling on the numerical results becomes clear. One can see
a good agreement among the predictions presented here with respect to the Strouhal number, although some

differences are observed for the time-averaged force coefficient 590 and vertical force coefficient C';"“z (maximum

amplitude). Experimental predictions usually indicate a drag force coefficient and Strouhal number of 1.0 and 0.21,
respectively, for the range of Reynolds numbers analyzed here (see, for instance, Schlichting and Gersten, 2016), where
3D effects are significant. In order to reproduce these effects accurately, a 3D numerical modeling is required.

Flow turbulence characteristics are evaluated here using time histories of flow variables obtained at three different
points in the wake region for the mesh configuration M1812x384, as indicated in Fig. 4. This analysis is performed
considering uniform flow with two distinct Reynolds numbers, Re = 10% and 3.9x103, where LES and DNS are utilized
comparatively. Results are presented in Table 5 for normalized turbulence intensity and normalized Reynolds stress
components, which are calculated as follows:

ol
(29)
k

where v/ are fluctuating flow velocity components and N is the number of samples over the time interval where the
flow variables are collected.

Table 5: Flow turbulence characteristics for circular cylinder submitted to uniform flow.

Point 1 Re = 103 (Uniform) Re = 3.9x103 (Uniform)

DNS LES DNS LES
Normalized turbulence intensity — I, 0.469 0.476 0.654 0.472
Normalized turbulence intensity — I, 0.564 0.550 0.659 0.645
Normalized Reynolds stress — 7 0.220 0.227 0.427 0.222
Normalized Reynolds stress — 7}, 0.121 0.137 0.228 0.138
Normalized Reynolds stress — Too 0.318 0.303 0.434 0.416

Point 2 Re = 10° (Uniform) Re = 3.9x10° (Uniform)

DNS LES DNS LES
Normalized turbulence intensity — I, 0.154 0.154 0.588 0.155
Normalized turbulence intensity — I, 0.990 0.949 0.881 1.037
Normalized Reynolds stress — 71, 0.024 0.024 0.346 0.024
Normalized Reynolds stress — 71, 0.0019 0.0008 0.0056 0.0009
Normalized Reynolds stress — 5, 0.981 0.900 0.776 1.076

Point 3 Re = 103 (Uniform) Re = 3.9x10% (Uniform)

DNS LES DNS LES
Normalized turbulence intensity — I, 0.471 0.473 0.627 0.470
Normalized turbulence intensity — I, 0.561 0.551 0.609 0.627
Normalized Reynolds stress — 7|, 0.222 0.224 0.393 0.221
Normalized Reynolds stress — 71, -0.126 -0.133 -0.140 -0.133
Normalized Reynolds stress — 5, 0.315 0.303 0.371 0.394
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The predictions obtained in the present investigation corroborate observations reported previously, where one can
see that LES and DNS lead to similar results for uniform flow and Re = 103. On the other hand, differences are significant
for a higher Reynolds number, as expected. It is also observed that the measurement points 1 and 3 obtained equivalent
values for the turbulence parameters evaluated here, except for the normalized Reynolds stress component 71, , where

different signs are identified. Nevertheless, this difference is in accordance with the alternate vortex shedding
phenomenon occurring on the cylinder surface. The longitudinal turbulence parameters obtained at Point 2 are relatively
small when compared with the corresponding values evaluated at Points 1 and 3, although transversal components such

I and T4, show higher values at that point. Notice that reliable predictions require here a 3D numerical modeling of

the flow field. Nevertheless, the present results are useful as a first approach to the actual problem, from which
important observation can be obtained, at least qualitatively.

The influence of the relative motion between vortex and cylinder is evaluated using the RCVM and L-O/B-R velocity
profile models, where two conditions are investigated comparatively: (a) stationary cylinder subject to translating vortex
flow (Vjmax /U, = 0.5) and (b) moving cylinder subject to stationary vortex flow, both considering a Reynolds number

Re =103 and LES. Figure 5 shows results referring to streamline fields, which correspond to time instants when the vortex
core passes the frontal, central and posterior regions around the immersed cylinder. Notice that the streamline fields
obtained for the different conditions analyzed in the present investigation are quite distinct. When the immersed cylinder
is stationary and the vortex is translating, one can see that the streamlines are predominantly horizontal, with curvilinear
lines in the near wake of the immersed object and in the vortex core. The streamline curvature is associated with the
tangential velocity V}, such that the maximum curvature is found next to regions where the maximum tangential velocity

Vimax is identified. On the other hand, when the vortex is stationary and the cylinder is moving, it is observed that the

streamlines are concentric as well as the vortex core and the wake are well defined. No significant differences can be
identified when the streamline fields obtained with the velocity profile models utilized here are compared each other.

(a) (b)
Figure 5: Streamline fields obtained for different time instants and different flow conditions: (a) stationary cylinder with translating
vortex; (b) moving cylinder with stationary vortex.
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A scalar velocity field near the immersed cylinder is presented in Fig. 6 considering different time instants and the
different flow conditions proposed for the present analysis, while the Reynolds number is set to Re = 10% and LES is
adopted. When the flow field referring to the moving vortex is observed, one can see that upstream the immersed object,
the upper region of the computational field shows velocity values smaller than those observed in the lower region, which
is justified considering that the approaching vortex is rotating in the counterclockwise direction. As the moving vortex
enters the wake region of the immersed object, the vortex street is deviated upwards. On the other hand, when the
stationary vortex flow is considered, the vortex core is well identified, with flow velocity increasing along the radial
direction. As the moving cylinder is approaching the stationary vortex, the vortex street in the wake is also deviated
upwards, resembling the flow characteristics observed previously.

(a) (b)

Figure 6: Flow scalar velocity fields obtained for different time instants and different flow conditions: (a) stationary cylinder with
translating vortex; (b) moving cylinder with stationary vortex.

Figure 7 shows the vorticity fields obtained here according to the flow conditions proposed (LES and Re = 103). It can
be observed that the flow fields are identical for both the flow situations analyzed in the present investigation. While the
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vortex core is not interacting with the circular cylinder, the flow pattern in the wake is similar to that observed in uniform
flow conditions, indicating the predominance of the translational flow component. As the moving vortex approaches the
immersed object, the vortex shedding behind the cylinder is modified by the translating vortex flow, which is affected by
this interaction. When the vortex core coincides with the center of the immersed cylinder or when it is localized in the wake
of the immersed cylinder, the vortical structures behind the cylinder are displaced vertically owing to the rotation of the
moving vortex in the counterclockwise direction. One can see that the vortex flow pattern is strongly affected in the wake
owing to strong interactions occurring in that region with vortices shed from the cylinder surface. Notice that eddies are
also observed in the vortex core and the deviation of the vortex street upwards is now clearly identified.
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Figure 7: Vorticity fields obtained for different time instants and different flow conditions: (a) stationary cylinder with translating
vortex; (b) moving cylinder with stationary vortex.

Time histories of the aerodynamic force coefficients C, and C, obtained in the present simulations are shown in

Fig. 8, which correspond to the condition where a stationary cylinder is subject to a translating vortex flow with
Vomax /U, = 0.5. Predictions using computational meshes with different refinement levels are compared here
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considering Re = 10° and LES, where the velocity profile models RCVM and L-O/B-R are utilized to generate the vortex
flow field. The moving vortex center coincides with the cylinder center when X = 0, while positions with X<0and X >0
indicate that the vortex is approaching and leaving the cylinder, respectively. A first comparison is carried out taking into
account two different computational meshes with different refinements levels, M1208x256 and M1812x384. Figure 8a
shows that mesh M1812x384 leads to force coefficients with peak values slightly higher than those obtained with mesh
M1208x256. In addition, one can see that differences between results obtained with the different meshes utilized here
are not significant initially, but they increase as the vortex travels through the computational domain. A second
comparison is presented in Fig. 8b, where results referring to the velocity profile models adopted here are compared
using mesh M1812x384. Notice that the L-O/B-R velocity profile model leads to horizontal force values higher than those
predicted using the RCVM profile. On the other hand, similar results are obtained in terms of force coefficient C, for both
models investigated here, although a significant loss of synchronization can be observed in the respective time histories
as the vortex moves along its trajectory.
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Figure 8: Stationary cylinder subject to moving vortex flow with Vy ;1. /U, = 0.5: (a) force coefficients for different mesh
refinements; (b) force coefficients using the RCVM and L-O/B-R profile models.

In order to demonstrate the equivalence between the flow approaches (stationary cylinder with translating vortex;
moving cylinder with stationary vortex) proposed in this work to simulate the effects of vortex flows on immersed objects,
the respective time histories of force coefficients obtained here are presented in Fig. 9, taking into account a Reynolds
number Re = 10° and LES. In this case, two velocity ratio are analyzed: Vj ;.. /U, = 0.5 and Vj . /U, = 1.0.The RCVM

and L-O/B-R profile models are utilized to generate the vortex flow field, where the computational grid corresponds to mesh
M1812x384. One can see that the force coefficients values for both the flow conditions analyzed here are almost the same
when Vj .. /U, = 0.5, independent of the profile model utilized. On the other hand, some differences in the peak values

and loss of synchronization can be observed between predictions obtained with the different flow approaches proposed in
this work when Vj ... /U, = 1.0, where the mesh refinement plays a more important role. Furthermore, the mesh

motion scheme adopted in this work may lead to element elongation in some mesh regions while the immersed object is
moving, which may also lead to accuracy reductions in the flow velocity field associated with the vortex. Nevertheless, the
similarity between predictions obtained with the different flow approaches utilized here is still very good. One can see that
the flow-induced forces on the immersed object are more significant within the position interval -10 < X < 10 for a higher
velocity ratio, where the rotational component in the vortex flow is equivalent to the translational component. On the other
hand, when the flow rotational component is smaller (Vj .. /U, = 0.5), changes in the magnitude of the force

coefficients are less noticeable, indicating the importance of the vortex rotation intensity in the evaluation of aerodynamic
forces. In addition, it is observed that when the moving vortex (cylinder) is approaching the stationary cylinder (vortex), the
force coefficient C, is increased owing to the counterclockwise rotation of the vortex flow, while C, decreases when the
vortex (cylinder) is moving away from the cylinder (vortex).
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Figure 9: Cylinder interacting with vortex flow, force coefficients for different flow conditions: (a) RCVM profile model; (b) L-O/B-R
profile model.

It is important to notice that three-dimensional turbulent flow structures are present in the wake of circular
cylinders for flows with the Reynolds numbers simulated in this work. In this sense, although those 3D turbulent
structures are reproduced here, a 2D approach is adopted to evaluate approximately the influence of turbulence effects
on the numerical results. Figure 10 shows a comparison between LES and DNS predictions, taking into account
instantaneous vorticity fields for Re = 103 and 3.9x103, which correspond to the time instant when the vortex is passing
through the circular cylinder. One can observe that the vorticity field in the wake is better defined when LES is utilized,
while the wake region obtained with DNS is modified, especially for Re = 3.9x103.
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Figure 10: Instantaneous vorticity fields obtained with LES and DNS: (a) Re = 103; (b) Re = 3.9x103.
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In order to evaluate the influence of the Reynolds number on the force coefficients acting on a circular cylinder
submitted to a moving vortex, LES and DNS simulations are carried out taking into account two different flow conditions:
Re = 10% and 3.9x103, both using a fixed cylinder and considering a moving vortex flow described with L-O/B-R model,
where Vj ..« /U, = 0.5 and mesh configuration M1812x384 is adopted. Figure 11 shows results referring to the force

coefficients Cc and C, given as functions of the moving vortex position. One can see that the LES and DNS predictions are
similar when a lower Reynolds number is adopted, but significant differences are observed as the Reynolds number is
increased. It is observed that LES leads to better approximations, as demonstrated in Fig. 10, especially when the moving
vortex is traveling over the wake region (X > 0), where flow turbulence is important. Notice that DNS results are close to
LES predictions for Re = 10° and X < 0, indicating that LES is needed to obtain accurately the flow effects on the immersed
structure when the moving vortex is passing through the wake region. From the numerical results obtained with the
computational mesh M1812x384, the following y* values are calculated: for Re = 103, y* = 1.93 (DNS) and y* = 1.45 (LES);
for Re = 3.9x103, y* = 2.88 (DNS) and y* = 1.55 (LES).
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Figure 11: Influence of the Reynolds number on aerodynamic force coefficients: (a) Re = 103; (b) Re = 3.9x103.

4.2 Cubic building model subject to three-dimensional tornado-like vortex

In this application, a cubic building model is subject to a flow field generated by a three-dimensional tornado-like
vortex translating along the longitudinal direction of the computational domain. Four different tornado paths are
considered here to evaluate the aerodynamic forces induced on the building surface due translating vortex flow,
considering three paths aligned longitudinally and an oblique trajectory. The RCVM and L-O/B-R velocity profile models
are adopted to generate the tornado flow field.
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Figure 12: Cubic building subject to three-dimensional tornado-like flow: computational domain and boundary conditions.
Measurement points coordinates: Point 1 (1.5, 0.0, 0.0075); Point 2 (1.5, 0.0, 0.33); Point 3 (1.5, 0.0, 0.67); Point 4 (1.5, 0.0, 1.0).
Length unit: [m].

Figure 12 shows the computational domain utilized in the present investigation and boundary conditions for the
flow fundamental equations, where the tornado trajectories proposed here are also indicated. Notice that time-
dependent velocity boundary conditions (see Eqgs. 6 to 12) are applied on the superior and lateral walls of the
computational domain as functions of the global coordinates in order to induce the three-dimensional tornado-like flow
field internally. The non-slip boundary condition is imposed on the ground and building walls. Initial conditions for the
flow velocity are also defined considering the velocity profile models adopted in this work, where a velocity distribution
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is specified over the computational domain taking into account the initial position of the tornado vortex. Pressure initial
conditions are specified considering p = 0 for all finite element nodes of the computational mesh. Flow and numerical
parameters utilized in the present simulations are given in Tables 6 and 7, respectively, and constants employed for
tornado-like flow modeling are presented in Table 8. The flow field is characterized considering a Reynolds number Re =
VeD/v = 5.5x10°, where LES and the classical Smagorinsky’s sub-grid scale model are utilized for turbulence modeling.

Table 6: Cubic building subject to three-dimensional tornado-like flow: flow parameters and fluid constants.

Reference flow velocity — (V. = Uy + V3 ) 5.5m/s
Building height (h) Im
Specific mass (p) 1 kg/m3
Kinematic viscosity (v) 1x10° m?/s
Volumetric viscosity (A) 0

Table 7: Cubic building subject to three-dimensional tornado-like flow: numerical parameters.

Pseudo-compressibility parameter (8) 55 m/s
Smagorinsky’s constant — LES (Cs) 0.1
Safety coefficient (a) 0.4

Time increment (At) 5x10°s
Selective lumping parameter (e) 0.9
Simulation time interval - [to, tf] 40s

Table 8: Cubic building subject to three-dimensional tornado-like flow: parameters for tornado-like flow modeling.

Tornado critical radius (r.) 3m
Tornado origin, vertical coordinates (/) -3 m (path 1)
0 m (path 2)
3 m (path 3)
0 m (path 4 - oblique)
Tornado translation velocity (U,) 1m/s
Time lag (Tiag) 20s
Tornado angular velocity (w = Vs/r.) 1.5 rad/s

A mesh quality analysis is carried out initially in order to evaluate the accuracy of the numerical formulation proposed
in this work with respect to the determination of aerodynamic force coefficients induced by the tornado flow on the
immersed cubic model, where two mesh resolutions are adopted: mesh M1 and mesh M2. In the present analysis, the L-
O/B-R velocity profile model is adopted for tornado flow generation considering a tornado path aligned with the longitudinal
axis of the reference coordinate system ( z; -axis, see Fig. 12). A comparison regarding the mesh configurations employed
here and the mesh configuration adopted by Alrasheedi (2012) is presented in Table 9. Details of the mesh configuration
utilized in the present analyses are shown in Fig. 13, where a schematic view showing the disposition of finite elements next
to the immersed object is also presented for mesh M1. It is important to notice that the disposition of finite elements along
the longitudinal direction z; is also adopted along the transversal and vertical directions s and z3, respectively.

Figure 14 shows the numerical results obtained in the mesh quality analysis taking into account the aerodynamic
force coefficients C,, C,, and C, (C, = ZZsl/prcA, C, = 2ng/pVOQOA and C, = 2ng/pV320A,where A isthe

area of the cube face; see Eq. 5 for definition of $ and $y) induced by the flow on the cubic building. One can observe

that the mesh resolutions utilized here lead to very similar results while the tornado vortex is moving in regions away
from the building position. On the other hand, some differences are identified within the time interval [15, 25 s], when
the tornado vortex is interacting with the cubic building. In order to quantify theses differences, time-mean results are
presented comparatively in Table 10 considering the time interval [15, 25 s] and the mesh configurations utilized in this
work. Notice that the different mesh configurations employed in this example obtained similar time-averaged values for
most of the force coefficients evaluated, indicating that mesh M1 is able to provide time-mean results with reasonable
accuracy, considering the present formulation taken solely.
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Figure 13: Cubic building subject to three-dimensional tornado-like flow: finite element mesh and grid disposition (for mesh M1)
next to the immersed object.

Table 9: Cubic building subject to three-dimensional tornado-like flow: mesh configurations.

Elements on the cube Smallest element length

Source surface Elements in the computational domain (next to the cubic building) Total nodal points
Present work — M1 35x35x35 139x139x87 0.0075 h 1,684,340
Present work — M2 40x40x40 162x162x100 0.004 h 2,560,400
Alrasheedi (2012) 40x40x20 78x78x56 0.01 h 340,704
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Figure 14: Cubic building subject to three-dimensional tornado flow: mesh quality analysis based on aerodynamic force coefficients,
tornado path /, = 0 with the L-O/B-R velocity profile model.

Table 10: Cubic building submitted to moving vortex flow: time-mean aerodynamic coefficients.

Source CI Cy Cz
Present work — M1 0.27 0.14 0.59
Present work — M2 0.32 0.21 0.58

An additional comparison is presented in Table 11 taking into account peak values of the aerodynamic force
coefficients C,, C, and C, and the maximum pressure coefficient C),,,x (normalized with respect to the reference

speed V., = U, + Vj). The present results are obtained considering different mesh configurations, the L-O/B-R velocity

profile model for tornado flow generation and a tornado path aligned with the longitudinal axis of the reference
coordinate system, which are compared with predictions obtained by other authors utilizing numerical and experimental
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techniques. The pressure coefficient is calculated in this work using the following expression: C,, = 2p/pU3 , Where the

tornado translation velocity is adopted as reference speed.

Results obtained here with the mesh configuration M2 are in good agreement with the numerical predictions
presented by Alrasheedi (2012) using a finite difference model and LES. On the other hand, the numerical predictions
obtained by Selvam and Millett (2003), who also employed a finite difference model and LES, are better reproduced
when the mesh configuration M1 is adopted. The force coefficients calculated with mesh M1 are also very similar to
experimental results presented by Sengupta et al. (2008). One can see that the present results show a reasonable
agreement with predictions obtained by other authors, although a large dispersion can be observed among the reference
results utilized here owing to different flow conditions adopted in the different works. It is worth mention that the
tornado flow field is very sensitive to the vortex swirl ratio (ratio between angular and radial momenta) and ground
conditions (smooth or rough). For additional information on this issue, see Cao et al. (2018).

Notice that the mesh resolutions utilized in the present application are similar to that adopted in the moving cylinder
analysis for a smaller Reynolds number but using a finer mesh. This can be explained considering that for immersed objects
with sharp edges, such as a cubic building, the flow separation is well determined, occurring along these sharp edges. As a
result, the evaluation of force coefficients tends to be independent of the Reynolds number for Re > 103, as demonstrated
experimentally by Chien et al. (1951). In this case, the flow pattern around the object is quite independent of viscous
influence and dynamic similarity will be attained at Reynolds numbers even well below that which should be simulated.

Table 11: Cubic building submitted to moving vortex flow: peak aerodynamic coefficients.

Vs/U, Approach Cx Cy Cz CPrmax

Alrasheedi (2012) 4.5 Numerical 0.83 0.94 1.45 -1.80

Selvam and Millett (2003) 4.5 Numerical 0.82 1.36 1.81 -2.20
Sengupta et al. (2008) 15.9 Experimental 1.82* 1.22

Present work — M1 4.5 Numerical 1.05 1.32 1.31 -2.08

Present work — M2 4.5 Numerical 0.89 0.82 1.38 -2.18

*(Cx2+Cy?) Y2

Figure 15 shows some results related to instantaneous pressure fields obtained from the present simulation using the mesh
configuration M1 at ¢ = 20 s, which are defined considering a vertical plane specified by x, = 0. The effects produced in the

surroundings of the immersed building by the flow induced by the different tornado paths proposed here are investigated using
the L-O/B-R velocity profile model. A distinctive suction zone is developed inside the tornado funnel with pressure magnitudes
significantly higher than those identified outside. Notice that the pressure fields obtained for the tornado trajectories defined by
l, = —3.0 m and [, = 3.0 m are not equivalent, although they are equidistant to the immersed building. This behavior can

be explained considering that the tornado vortex is translating and rotating in the counterclockwise direction, which leads to
different interaction conditions between the translating vortex flow and the cubic building. One can see that the vortex core is
usually displaced towards the region where the total velocity (translation + rotation) due to the tornado flow is minimum and the
vortex core diameter for [, = —3.0 m is comparatively larger than that observed for [, = —3.0 m .

Dimensionless pressure fields ( Cp = 2p/,OV020 ; see Table 6 for flow reference parameters) are presented in Fig. 16 in order

to identify the position and instantaneous configuration of the tornado vortex in the computational domain at ¢ = 20 s . Notice
that the flow reference velocity V, utilized here correspond to the sum of translational and angular components of the vortex

flow. The pressure iso-surfaces for €, = —0.35 are shown considering different tornado trajectories and different velocity

profile models, according to Alrasheedi (2012). A first comparison is performed taking into account pressure fields corresponding
to the tornado path /, = 0 and obtained using the RCVM and L-O/B-R profile models (see Figs. 16a and 16b). Notice that the

vortex structure obtained with RCVM is clearly smaller than the vortex structure predicted with L-O/B-R, indicating that the former
profile model experiences higher numerical dissipation due to the sharp discontinuity observed in the RCVM velocity profile
formulation. A second comparison is carried out considering the tornado paths defined with [, = —3.0 m and [, = 3.0 m

and using the L-O/B-R profile model. One can see that the pressure field is more disturbed when the tornado path defined with

l, = 3.0 m is utilized owing to the counterclockwise rotation assumed by the tornado vortex, which leads to maximum flow

velocities acting on the surface of the immersed object in this case. A final comparison is performed using the profile models
RCVM and L-O/B-R and an oblique trajectory specified by 45° (see Fig. 12), where higher dissipation can be identified again when
the RCVM profile model is utilized.
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Figure 15: Cubic building subject to three-dimensional tornado flow, instantaneous pressure fields on plane 7, = 0 at ¢t = 20 s
obtained with L-O/B-R profile model: (a) tornado path l, = 0; (b) tornado path [, = —3.0 m ; (c) tornado path [, = —3.0 m .
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Figure 16: Cubic building subject to three-dimensional tornado flow, dimensionless pressure fields at ¢ = 20 s : (a) tornado path
I, = 0 with RCVM; (b) tornado path [, = 0 with L-O/B-R; (c) tornado path [, = —3.0 m with L-O/B-R; (d) tornado path

I, = 3.0 m with L-O/B-R; (e) tornado path with 45° and RCVM; (f) tornado path with 45° and L-O/B-R.
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Results referring to aerodynamic forces induced by the tornado flow on the immersed object are presented in Fig. 17, where
time histories of force coefficients are shown comparatively according to the different profile models and flow conditions analyzed
here. The vertical yellow lines indicate the time interval when the tornado vortex is passing above the building. A first comparison
considers a tornado path defined with /, = 0 and the predictions obtained with profile models RCVM and L-O/B-R, where the

force coefficients predicted with the RCVM profile model are clearly smaller than those obtained with L-O/B-R. This result indicates
again that the RCVM profile model suffers higher numerical dissipation when compared with L-O/B-R predictions. One can also
observe that all force components show significant variations in their coefficient values around the physical time t = 20 s, which
corresponds to the presumed impact time between the tornado vortex and the immersed body. The influence of the tornado
flow on the aerodynamic forces acting on the body is notably observed within the time interval [10, 30s].

In a second comparison, results related to the tornado paths defined by [, = —3.0 m and [, = 3.0 m are analyzed
considering predictions obtained with L-O/B-R profile model. Notice that the C, values obtained with both tornado

trajectories are similar, but the remaining coefficients present different behavior over time for the different tornado
paths. This is explained taking into account that the tornado vortex is translating and rotating in the counterclockwise
direction, which leads to greater drag forces on the immersed body when the tornado path with [, = 3.0 m is

considered. In addition, the maximum positive value for force coefficient C, is obtained for tornado path with
l, = 3.0 m, while the maximum negative value is obtained for tornado path with [, = —3.0 m . By comparing the C,
peak values obtained with [, = —3.0 m and [, = 3.0 m and the corresponding peak value obtained with [, = 0, itis

observed that the vertical force induced by the tornado flow on the immersed object is smaller in the former cases.

A final comparison is performed considering an oblique tornado trajectory and the profile models proposed in this
work, i.e. RCVM and L-O/B-R. It is observed that all the force components are significantly reduced when compared with
the respective values obtained with the tornado paths investigated previously. In general, the maximum values predicted
with the L-O/B-R model are greater than those obtained with RCVM, indicating that the L-O/B-R approach can maintain
a tornado vortex with larger radius without excessive numerical dissipation.

Instantaneous velocity vector fields are now presented on plane 2, = 0 mat ¢t = 20 s according to the different

path trajectories analyzed here and using the L-O/B-R velocity profile model. Figure 18a shows a recirculation zone in
front of the immersed object, where a region with high velocity values can be identified. At the upstream vertex of the
cubic model one can also see a flow separation point, which leads to high vertical velocity values in its vicinity and a
recirculation zone above the building top surface. Figure 18b presents a velocity field with relatively lower values than
those observed in Fig. 18c, where the tornado trajectory leads to a velocity distribution in which the combination of
translation and tangential velocities obtains its maximum values owing to the vortex rotation in the counterclockwise
direction. This explains the high velocity field developed around the building, especially above the building position. In
this case, intense recirculation can be identified on the lateral and superior walls of the immersed body.

Flow turbulence characteristics are evaluated here using time histories of flow variables obtained at four different points in
the wake region of the cubic building, as indicated in Fig. 12. Results are presented in Table 12 for turbulence intensity and
Reynolds stress components, which are calculated using the expressions given by Eq. (29), but without normalization, and tornado
path [, = 0 with L-O/B-R, velocity profile. In this case, a centered moving time-average is adopted to better represent the flow

turbulence variables, considering that the influence of the moving vortex on the flow characteristics is significant within a specific
time interval. The moving time-average is calculated in this work using the following expression:

n—1

j=i+

where g, (t;) is the moving time-average associated with a flow variable ¢ and evaluated at a time instant ¢;, which is

defined considering n data samples. Notice that the number of data samples 7 is an odd number and represents a discrete
time interval where the time-average is calculated, such that the time instant ¢; is always located at the center of the discrete

time interval. The discrete time interval n is obtained here taking into account the nearest integer calculated from
n = (f,.At)"', where f, is the vortex shedding frequency and At is the time increment (see Table 7). In the present analysis,
the time interval [15, 30s] is adopted for evaluation of flow turbulence characteristics, as demonstrated in Fig. 19. Time-histories
of the flow variables evaluated in the wake of the cubic model are presented in Fig. 20.
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Figure 17: Cubic building subject to three-dimensional tornado flow, aerodynamic force coefficients: (a) tornado path I, = 0 with
RCVM; (b) tornado path [, = 0 with L-O/B-R; (c) tornado path [, = —3.0 m with L-O/B-R; (d) tornado path /, = 3.0 m with L-
0/B-R; (e) tornado path with 45° and RCVM; (f) tornado path with 45° and L-O/B-R.
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Figure 18: Cubic building subject to three-dimensional tornado flow, velocity vector fields on plane 2, = 0 at ¢t = 20 s: (a)
tornado path [, = 0 with L-O/B-R; (b) tornado path l, = =3.0 m with L-O/B-R; (c) tornado path l, = 3.0 m with L-O/B-R.
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Table 12: Turbulence characteristics for cubic building submitted to moving vortex flow.

Miguel Angel Aguirre et al.

Point 1 Point 2 Point 3 Point 4
Turbulence intensity — Tvl 0.287 0.707 0.753 0.744
Turbulence intensity — TvQ 0.232 1.113 1.160 1.038
Turbulence intensity_ ‘TU3 0.010 0.675 0.860 0.792
Reynolds stress component — 7 0.0825 0.499 0.567 0.553
Reynolds stress component — 7_-{2 -0.0131 -0.170 -0.321 0.00429
Reynolds stress component — 7_'{3 -0.000538 -0.0170 -0.106 -0.138
Reynolds stress component — T, 0.0540 1.238 1.345 1.077
Reynolds stress component — 7__£3 0.000512 0.0409 0.0989 -0.0328
Reynolds stress component — 7_-§3 0.000107 0.456 0.739 0.628
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Figure 19: Centered moving average applied to the flow velocity component v; evaluated at point 4.
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Figure 20: Time-histories of flow variables evaluated at different points in the wake of the cubic building.

5 CONCLUSIONS

In the present work an efficient finite element formulation was proposed to simulate vortex and tornado-like flows
by using velocity profile models and linear hexahedral elements with one-point quadrature techniques. In addition, an
ALE approach with automatic mesh motion scheme was utilized to describe interactions between vortex flows and
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immersed objects. Flow fields induced by tornado-like vortices were generated here considering time-dependent
boundary conditions imposed on the computational domain according to the RCVM and L-O/B-R profile models, where
LES was adopted for turbulent flows. Some applications with idealized flow conditions were initially simulated in order
to verify the numerical formulation presented here and a final example was analyzed considering a cubic building subject
to three-dimensional flow conditions.

In a first application, a two-dimensional circular cylinder was submitted to the flow generated by a stationary vortex,
where the cylinder translates in the longitudinal direction of the computational domain. It was demonstrated that this
approach is equivalent to consider a fixed cylinder submitted to a moving vortex, which rotates and translates
simultaneously. The ALE formulation with the mesh motion scheme proposed here was able to simulate the flow
characteristics expected in this case and the equivalence between the approaches was proved considering comparative
predictions of force coefficients and vorticity fields. However, some differences were observed as the tangential velocity
was increased indicating that mesh refinement plays a more important role when the tangential velocity is higher and
the vortex core is small. In addition, mesh distortions due to the mesh motion scheme may lead to accuracy reductions
in some mesh regions of the flow field.

In the second application, a cubic building subject to three-dimensional tornado-like vortex flow was analyzed,
where four different tornado paths were considered. The aerodynamic forces induced by the flow on the building surface
and flow conditions around the immersed object were obtained using the RCVM and L-O/B-R velocity profile models. It
was observed that the vortex structures obtained with RCVM were generally smaller than the vortex structures predicted
with L-O/B-R. The vortex diameter was continuously reduced during the time interval where the tornado vortex traveled
through the computational domain and a significant change in the vortex structure was identified after it interacts with
the immersed body. When the tornado vortex was passing the building zone, very high pressure suctions were developed
on the building walls and a significant increase in the aerodynamic forces acting on the immersed body was observed
according to the vortex rotation direction and rotation intensity. From the numerical investigations performed here, one
can conclude that the flow rotational component has a significant influence on the magnitude of flow-induced forces for
bodies immersed in a tornado-like flow, where the velocity ratio Vj .. /U, plays a major role. In a future work, the ALE

approach proposed in this paper should be applied to three-dimensional tornado flow conditions in order to validate the
present approach considering relative motions between immersed structures and tornado vortex.
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