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The presented study explored the flight characteristics of rod-shaped debris objects in neutrally-stratified at-
mospheric boundary layer (ABL) winds. Despite the fact that rod-shaped debris objects, such as lumbers, are a
common type of debris observed during extreme wind events, their three-dimensional motions had not been fully
characterized and the understanding of their flight trajectories was limited to the outcome of only a few wind
tunnel tests. To address the outlined research gaps, this study established a coupled simulation framework, which
utilized both computational fluid dynamics (CFD) and rigid body dynamics (RBD). After validating this frame-
work using the experimental test data, the flight trajectories of a set of rod-shaped debris objects were first
evaluated in uniform winds. With placing the rod’s longitudinal axis in both along-wind and cross-wind di-
rections, the debris flight motions were characterized for various initial pitch angles. After appropriate verifi-
cations, the simulations were extended to investigate the flight of rod-shaped objects in ABL winds. The main
debris flight properties, including displacement and velocity profiles, were systematically extracted over time,
taking into consideration various influential factors. With the wealth of debris flight data generated through the
conducted CFD-RBD simulations, predictive models were developed for assessing the kinetic energy associated

with the flight of rod-shaped debris objects.

1. Introduction

In high-wind regions, building envelopes are subjected to various
extreme events, such as hurricanes and tornados. Past events show that
wind-induced damage to building envelope components can result in
significant direct and indirect losses every year. Among the main
contributing mechanisms, the impact due to windborne debris is known
to be detrimental, as building envelope components are directly tar-
geted. In Lubbock Storm (1970), windborne debris was reported as the
leading cause of damage, especially to windows. Similar observations
were made following Hurricane Celia (1970) and Tropical Cyclone
Tracy (1974), as reported in Minor (1994). From the reconnaissance
study conducted after Hurricane Alicia (1983), windborne debris orig-
inated from building roofs caused most of damage to architectural
glazing systems. Similar situations concerning the consequences of
windborne debris were observed after Hurricane Charley (2004) and
Hurricane Katrina (2005), which caused extensive damage to buildings
and other structures (FEMA, 2011 and 2015). In the event of debris
impact, the moving debris can penetrate into the building envelope. This
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can create excessive internal pressure, and thus, increase the net load
that the roof and surrounding walls witness. As a result, failed roof and
wall components can become a new source of debris. As more debris
objects are separated from buildings and other structures, more damage
to their surroundings is anticipated. Therefore, it is critical to have a
thorough understanding of the flight characteristics of various debris
objects during extreme wind events.

For the evaluation of the windborne debris impact resistance of
building envelope components, the current design codes and guidelines,
such as ICC 500 (2014), FEMA (2015), and FBC (2017), introduce two
types of missiles, i.e., small and large. The small missile is typically
represented by a spherical steel ball, whereas the large missile is rep-
resented by a wood lumber projectile with the nominal cross-sectional
dimensions of 50 mm x 100 mm (2 in. x 4 in.). In the existing litera-
ture, several studies have focused on the debris flight of compact objects
(e.g., spheres) and sheet-type objects (e.g., roof shingles) (Tachikawa,
1983 and 1988; Wills et al., 2002; Holmes, 2004; Holmes et al., 2006;
Baker, 2007; Visscher and Kopp, 2007; Kordi et al., 2010; Kordi and
Kopp, 2011; Kakimpa et al., 2010 and 2012; Grayson et al., 2012; Baker
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and Sterling, 2017; Uchibori and Tamura, 2019). However, only limited
research has been devoted to the flight characteristics of rod-shaped
objects, such as 2 x 4 lumbers.

As one of the first studies, Tachikawa (1988) experimentally inves-
tigated the free flight trajectories of both sheet- and rod-shaped debris
objects. The referenced study indicated that the spread range increases
with an increase in the aspect ratio of the debris. Later, Lin et al. (2007)
examined the flight trajectories of rod-shaped objects by performing a
set of tests in a wind tunnel with low turbulence characteristics.
Although the experimental program consisted of various rod shapes, the
investigation was limited to only two initial orientations, where the rods
were placed along and across a uniform wind flow. Through wind tunnel
tests, Richards et al. (2008) proposed a trajectory model with six degrees
of freedom based on the aerodynamic coefficients measured for sheet-
and rod-shaped debris objects at various pitch and yaw angles. Although
the proposed model can be employed to determine the flight trajectory
of roofing sheets and balsa rods, it requires a prior knowledge of the
aerodynamic coefficients of the objects of interest in various orienta-
tions. In addition, it is important to note that a debris object interacts
with its own wake and the eddies formed due to surrounding structures
(Andersen et al., 2005). Such effects, which are known to be noticeable,
particularly during debris take-off and early phases of flight, cannot be
captured by the existing analytical models. To address the outlined is-
sues and limitations, the presented study established a coupled
computational fluid dynamics (CFD) and rigid body dynamics (RBD)
simulation framework to obtain high-fidelity predictions of flight char-
acteristics of rod-shaped debris objects, in the absence of any similar
studies on this common type of debris.

With the increase of computational power over the past years,
coupled CFD-RBD simulations have shown a great promise in deter-
mining the three-dimensional (3D) debris flight trajectories in space-
related studies (Murman et al., 2005; Brown et al., 2006), as well as
the studies focusing on wind events (Kakimpa et al., 2012; Saini and
Shafei, 2021). For the purpose of the current study, the CFD-RBD
simulation framework was designed to obtain the 3D motion of
rod-shaped debris objects by the RBD solver using the flow data
extracted from the CFD solver. Such a framework overcame the draw-
backs of the existing computational methods, as it did not require any
prior knowledge of debris aerodynamics. Therefore, a new capability
was introduced to characterize the trajectories of different debris
shapes/sizes and release conditions. In the presented manuscript, Sec-
tion 2 outlines the details of the developed CFD-RBD simulation
framework, along with the required assumptions. Section 3 provides the
model validation studies performed to ensure the accuracy of pre-
dictions. Section 4 focuses on the free flight trajectories of rod-shaped
debris objects in neutrally-stratified atmospheric boundary layer (ABL)
winds. In particular, the referenced section covers various initial release
conditions. Section 5 investigates the effects of a set of key influential
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factors, such as rod’s geometry, initial orientation, and mean wind ve-
locity, on debris flight characteristics. Finally, based on the wealth of
simulation results collected, Section 6 introduces a series of predictive
models to assess the kinetic energy associated with rod-shaped debris
objects. Such models can be immediately used for the risk assessment of
building envelopes, benefiting from the high-fidelity predictions of the
travel distance and velocity of windborne debris objects.

2. Computational framework setup

This section presents a detailed description of the modeling details
used for the wind flow surrounding the debris object, along with their
interactions. The simulation framework developed to compute the flight
trajectories of rod-shaped debris objects utilized ANSYS Fluent (2018).
In the base CFD model, the wind flow was simulated inside a 3D rect-
angular domain that had an along-wind length of 80.0 m (in the x di-
rection), cross-wind width of 30.0 m (in the z direction), and height of
30.0 m (in the y direction). Fig. 1 presents the main domain, in addition
to the cross-section of the mesh generated around the rod object. For the
benchmark simulation, a rod with a length of 900 mm and a rectangular
section of 50 mm x 100 mm (2 in. x 4 in.) was considered. Given that
the rod was assumed to be made of wood to replicate the lumber pro-
jectile, a total mass of 4.1 kg was assigned to it. Initially, the rod was
positioned at 10.0 m from the inlet (in the x direction) and 15.0 m from
the base surface (in the y direction), while its distance from each side
wall was 15.0 m (in the z direction). With the rod flying in the 3D
domain, the quality of mesh, i.e., skewness and aspect ratio, could be
prone to deterioration. Specifically, the distortion of mesh close to the
rod could have resulted in negative volume, leading to an early termi-
nation of the simulation. To preserve the mesh quality, following the
modeling approach used by Kakimpa et al. (2012) and Saini and Shafei
(2021), the rod-shaped object was placed in a non-deformable spherical
region, which was coupled with the rod’s motion. Outside the spherical
region, however, was regularly re-meshed at each time step to ensure
mesh quality. Upon completing a set of initial simulations, the size of the
spherical region was decided to be 1.5 times of the rod’s length.

The bottom surface of the simulation domain was modeled with a no-
slip assumption. A roughness was also assigned to it, capturing the open
terrain condition. The side walls were set as symmetric walls, which
provided zero shear stresses. The left end and the top surface were
modeled as velocity inlets. The flow profiles were assigned using a user-
defined function for (i) mean wind velocity, (ii) turbulent kinetic energy,
and (iii) turbulent energy dissipation. The right end, on the other hand,
was modeled as a zero-gauge pressure outlet. The mesh discretization of
the computational domain was achieved using a combination of struc-
tured and unstructured meshes. The spherical region was discretized
using a structured mesh, while an unstructured mesh was developed
outside of the spherical region. After completing a mesh sensitivity
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Fig. 1. (a) Details of the computational domain and associated boundaries, and (b) section cut through the computational domain showing the mesh pattern.
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analysis, the entire domain was discretized to a set of 2.84 x 10° cells. In
this study, the finite-volume method of Fluent (2018) was employed to
utilize the unsteady incompressible Navier-Stokes model for capturing
the flow field surrounding the rod-shaped debris object. Turbulence was
modeled using a Realizable k-¢ model with enhanced wall treatment. For
the convection and viscous parts of the models, a second-order dis-
cretization method was utilized. In addition, a second-order interpola-
tion was used for pressure from the centroid to the sides of each
simulation cell.

The current study models the neutral ABL wind to further advance
the state of the knowledge of debris flight characteristics for rod-shaped
objects. In a study not related to debris flight, Richards and Hoxey
(1993) proposed a method to simulate the ABL wind flow. Specifically,
the following equations were employed in the developed simulation
framework to model mean wind speed’s vertical profile (U), kinetic
energy of turbulence (k), and rate of turbulence dissipation (¢):

U(y) =m0 @
Karman Yo

k= 2)
ul

= 3

=R ®

where u- is the friction velocity; yo is the aerodynamic roughness length,
which varies based on the terrain condition; y is the elevation above the
ground; Kgarman is the von Karman’s constant; and C, is the constant in
the k-¢ turbulence model, assumed equal to 0.09. For modeling the
ground roughness at the bottom surface, the following expression was
used to determine the equivalent sand roughness (k;):

9.793y,
Ks = . @
where C; is the roughness constant taken as 0.5. From the initial simu-
lations, it was observed that the conditions mentioned in Equations (1)-
(4), in combination with the k-¢ model, successfully produce the ex-
pected horizontal homogeneity of U, k, and ¢ for a neutral ABL wind.

In the 3D space, the rod’s rigid body motion has six degrees of
freedom, i.e., three translational and three rotational degrees of freedom
about the three orthogonal axes. The rigid body motion of the rod-
shaped debris can be defined using classical Newton-Euler equations,
which consist of a series of six differential equations for six degrees of
freedom. Thus, the following equations were used to define the move-
ment of the rod-shaped debris objects:

AV = =
m—5)+ F,= Fo )
dt
— dﬁR — — —
L =Mp— wr X I rop (6)

where m is the mass of the rod-shaped debris; 7Eg is the translational

R
velocity vector measured at the debris object’s center of gravity; F is
the gravitational force vector that acts on the debris object’s center of

gravity in the vertical downward direction; F  is the aerodynamic force

vector that acts on the debris object’s center of gravity; Tg is the
moment of inertia’s vector about the three orthogonal axes of the debris

object; @y is the angular velocity vector; and M r is the aerodynamic
moment vector.

The coupled CFD-RBD simulations were conducted in two stages. In
the first stage, unsteady Reynolds-averaged Navier-Stokes (RANS) sim-
ulations were performed without the dynamic movement of debris to
allow the development of the expected flow. After the flow was devel-
oped, the debris was released in the wind flow. At each time step, the
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RBD solver calculated the dynamic movement of the debris based on the
pressure forces and moments obtained from the CFD solver. Depending
on the movement of the debris, the mesh of the computational domain
was updated prior to the next time step. At each time step, the movement
of the debris was recorded, in terms of translational and angular
components.

3. Model validation and investigations under uniform wind
flows

To ensure the reliability of the developed simulation framework,
rigorous validation studies were performed using the information
available in the literature. In the first step, a series of simulations were
conducted to replicate the flight trajectory of a balsa rod recorded from
the wind tunnel experiments (Richards et al., 2008). In the experiments,
a balsa rod with a cross-section of 10 mm x 10 mm and a length of 200
mm had been considered. Under a uniform wind flow, the rod was
released along the wind flow with a pitch angle of 0°. Fig. 2 shows how
the rod’s angular displacements have been defined for the current study.
In the referenced figure, B is the rod’s dimension measured in the
cross-wind direction, D is the rod’s dimension measured in the vertical
direction, and L is the rod’s dimension in the along-wind direction. The
computational domain was modeled as a 7.0 m x 2.0 m x 2.0 m box,
consistent with the wind tunnel test setup. An average cell size of D/20
was used at the vicinity of the rod. In the regions away from the rod, the
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Fig. 2. A schematic sketch of the rod’s angular movements in the wind flow: (a)
the rod placed in the along-wind direction, and (b) the rod placed in the across-
wind direction. The presented rods have an initial pitch angle of 90°. The pitch
angles are measured in the clockwise direction.
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mesh size was gradually increased. The spherical region was modeled
with a diameter equal to the twice of the rod’s length. Further away from
the spherical region, the outside domain was modeled with a maximum
cell size of 0.2 m. Fig. 1(b) shows a typical mesh pattern developed for
the coupled CFD-RBD model. The rod was kept at 1.5 m from the inlet (i.
e., in the x direction). For modeling the flow field, following the wind
tunnel experiments, a uniform wind velocity of 9.1 m/s was applied to
the inlet with a turbulence intensity of 2.0% and a length scale of 0.01 m.
The rod was kept in its initial orientation for 250 msec to allow the
formation of the flow field around it. After that, the rod was released in
the wind and the free flight trajectories were extracted by calculating the
translational and angular components. Fig. 3 compares the flight tra-
jectory of the balsa rod when it was released along the wind flow. By
comparing the computed results to the wind tunnel test data, it was
noted that the developed simulation framework can produce free flight
trajectories consistent with those from the experiments.

The validation effort was then further extended by calculating the
free flight trajectories of a rod-shaped object with the cross-sectional
dimensions of 50 mm x 100 mm and a length of 900 mm. This rod
size well represents the 2 x 4 lumber projectiles separated from build-
ings during extreme wind events. Studies focusing on the flight trajec-
tories of rod-type objects are scarce in the existing literature. Lin et al.
(2007) conducted wind tunnel tests on the scaled models of 2 x 4 rods
released in a uniform wind flow. The debris models included in the wind
tunnel tests consisted of 8 rods released in two initial orientations, i.e.,
along and across the wind flow. For each orientation, the rods were
released at the pitch angles of 0°, 15° and 45°. Using the test results, Lin
et al. (2007) provided mean fit equations to predict the horizontal dis-
tance and velocity of rod-shaped debris objects. For validation purposes,
the referenced wind tunnel tests were replicated in the current study and
the outcome was compared to the mean fit equations proposed by Lin
et al. (2007) for the cross-wind and along-wind directions, as expressed
in Equations (7) and (8), respectively:

Kx" = 0.4005(K:")* — 0.160(Kz")* + 0.036(Kr")* — 0.0032(Kt")’ @
Kx" ~0.4005(Kt")* — 0.294(Ki")’ + 0.088(Kr")* — 0.0082(Kr")’ (8

where Kx" is the non-dimensional horizontal distance (= Kxg/ U%); Kt
is the non-dimensional time (= Ktg/U); and K is the Tachikawa number.
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Fig. 3. Comparison of the free flight trajectory of 10 mm x 10 mm x 200 mm
balsa rod in a wind speed of 9.1 m/s: (a) images captured by Richards et al.
(2008), and (b) simulation results.
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The Tachikawa number can be calculated by Equation (9):

U*A
K:”2mg 9

where p is the air density taken as 1.225 kg/m?; A is the largest surface
area of the rod, i.e., 0.1 m x 0.9 m in the current validation study; m is
the rod’s mass, equal to 4.1 kg; U is the rod’s mean wind velocity; and g
is the gravitational acceleration, equal to 9.81 m/s%.

The coupled CFD-RBD model was developed based on the procedure
defined in Section 2. From the preliminary investigations on the drag
and lift coefficients of the rod-shaped objects, a mesh size of D/40 was
decided at the vicinity of the rod. To minimize the computational de-
mand, the mesh size was increased gradually outside the spherical re-
gion, following the details explained for the first validation study. From
the time sensitivity analysis, a time step of 0.002 s was determined to be
appropriate for obtaining the results independent of time step. The flight
trajectories of the 2 x 4 rod were simulated for two rod orientations, i.e.,
in the along-wind and cross-wind directions. For both orientations, the
flight trajectories were calculated for two wind velocities of 20 m/s and
30 m/s, further to five pitch angles, ranging between 0° and 90° (at an
interval of 22.5°). For the two wind velocities of 20 m/s and 30 m/s, the
Tachikawa number (K) was calculated to be 0.55 and 1.23, respectively.
The investigations were conducted in a flow condition resembling that
of the low-turbulence wind tunnel. For this purpose, the wind speed was
applied to the inlet, assuming a turbulence intensity of 2% and a length
scale of 0.1 m. For all the simulations, the rod was kept in its initial
position for 2.5 s to develop the flow field around it. The flight trajec-
tories were recorded, in terms of translational and angular components,
as a function of flight time.

Figs. 4 and 5 show the flight trajectories for initial pitch angles,
ranging from 0° to 90° (in 22.5° intervals) when the rod was released in
the along-wind and cross-wind directions, respectively. Consistent with
the experiments conducted by Lin et al. (2007), the rod’s flight trajec-
tories were found to be influenced by the initial pitch angle. In the case
of rods released along the wind flow, the equation proposed by Lin et al.
(2007) was noted to be in the range but overall underestimated the flight
trajectories compared to those from the CFD-RBD simulations (Fig. 4
(a)). A similar situation was observed in the velocity profiles (Fig. 4(b)).
On the other hand, for the rods released across the wind flow, the
expression proposed by Lin et al. (2007) was found to overestimate the
trajectories compared to those obtained from the CFD-RBD simulations
(Fig. 5(a) and (b)). This can be explained by the fact that the experiments
performed by Lin et al. (2007) consisted of scaled rod models with
lengths between 330 mm and 380 mm, weighing between 5.5 g and
17.9 g. This resulted in Tachikawa numbers between 3.8 and 27.7,
which were significantly higher than those of the representative rod
used in the current simulations. In addition, the L/B ratio in the exper-
iments conducted on the rods in the along-wind direction was between
26.0 and 30.0. However, the L/B ratio for the 2 x 4 lumber projectile
investigated in this study was 9.0. Despite the discussed deviations and
supporting reasons, the trajectories extracted from the CFD-RBD simu-
lations were observed to be comparable to those reported by Lin et al.
(2007), in terms of both magnitude and trend. Thus, based on the
outcome of these detailed model validation studies, it was concluded
that the developed simulation framework can properly predict the flight
trajectories of rod-shaped debris objects.

4. Flight characteristics of rod-shaped debris in ABL wind flows

The flight characteristics of a rod with a cross-section of 50 mm x
100 mm and a length of 900 mm were investigated under the ABL wind.
For this purpose, two initial orientations were considered, i.e., in the
along-wind and cross-wind directions. In the first set of simulations, the
debris for each orientation was released in the wind flow at various
initial pitch angles, ranging between 0.0° and 157.5° (at an interval of
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Fig. 4. Mean flight trajectories obtained for the rod released in the along-wind
direction with a range of initial pitch angles from 0.0° to 90°: (a) comparison of
the recorded non-dimensional horizontal displacements to those reported in Lin
et al. (2007), and (b) comparison of the recorded non-dimensional horizontal
velocities to those reported in Lin et al. (2007).

22.5°). To allow the formation of flow field around the debris, the rod
was held in its initial orientation for 2.0 s. Fig. 6 presents the 3D flow
structures developed using the Q-criterion in the wake of the rod that
had been released with a pitch angle of 135°. The flow structure con-
sisted of edge vortices, which created an asymmetric distribution. The
shedding of the vortices from the rod’s tips caused the rod to rotate with
an increased angular velocity. This is also evident in the flight trajec-
tories captured in Fig. 7, where the rods are found to rotate more in the
ABL wind than in the uniform flow. For each simulation, the rod’s free
flight trajectory was computed by recording the translational and
angular components. To further evaluate the effects of the ABL wind
flow on the free flight trajectories of rod-shaped debris objects, the
displacement and velocity profiles were directly compared to those
extracted from the uniform wind flow. Fig. 7 presents the rod’s flight
trajectories in the uniform and ABL wind flows, considering the initial
pitch angles of 0°, 22.5°, 45.0°, and 67.5°. In both wind regimes, the rod
was released along the wind flow from a height of 15.0 m. The mean
wind velocity at the release height was 30.0 m/s (equivalent to a
Tachikawa number of 1.23).

With plotting the rod’s position in the x-y plane every 100 msec,
Fig. 7 clearly shows that the recorded flight trajectories were signifi-
cantly affected by taking into consideration the ABL wind properties. At
the initial pitch angle of 0°, the rod in the ABL wind traveled a shorter
distance than that in the uniform wind. With increasing the initial pitch
angle to 22.5°, 45.0°, and 67.5°, the deviation of travel distance between
ABL wind and uniform wind increased further. This can be explained by
differences in the lift forces that the rod-shaped object experienced in
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Fig. 5. Mean flight trajectories obtained for the rod released in the cross-wind
direction with a range of initial pitch angles from 0.0° to 90°: (a) comparison of
the recorded non-dimensional horizontal displacements to those reported in Lin
et al. (2007), and (b) comparison of the recorded non-dimensional horizontal
velocities to those reported in Lin et al. (2007).

the ABL and uniform winds. After release, the rod started a downward
movement. In case of ABL wind, however, the mean wind velocity
reduced with the drop of elevation. This caused the rod to travel a
shorter distance in the ABL wind than in the uniform wind. This situa-
tion was magnified with increasing the pitch angle, as captured in Fig. 7
(a) through 7(d). In the next step, the ABL wind effects on the rod’s flight
trajectories were investigated using the horizontal (U), vertical (V), and
angular velocity (w,) components. Fig. 8 compares the velocity com-
ponents of the rod released with the initial pitch angles of 22.5° and
67.5° in the ABL and uniform wind flows. For both initial pitch angles,
the vertical velocity was observed to be higher in the ABL wind than in
the uniform wind. Therefore, the horizontal distance that the rod trav-
eled in the ABL wind was shorter than that in the uniform wind. Among
the three velocity components, the angular velocity components wit-
nessed the most significant difference marked by oscillation in their
profiles.

The flight trajectories of rod-shaped debris objects were observed to
have significant differences from those recorded for plate-shaped ob-
jects. In a separate investigation, Saini and Shafei (2021) reported that
plates can achieve a horizontal velocity approximately equal to the
mean wind velocity. This, however, was not the case for rods, owing to
their higher mass and lower surface area. The outlined observation was
further confirmed based on the lower drag and lift forces recorded for
rods compared to plates. To obtain a holistic perspective, the horizontal
and vertical distances traveled by rod-shaped debris objects were stud-
ied further in the ABL wind. For the pitch angles between 0° and 157.5°,
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Fig. 6. Instantaneous iso-surfaces of Q-criterion colored by velocity magnitude (m/s) around the rod released in the along-wind direction of ABL flow fields (with an
initial pitch angle of 135°) after (a) 0.0 s, (b) 0.5 s, (¢) 1.5 s, and (d) 2.0 s.
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Fig. 9 presents the rod’s free flight trajectories, in terms of
non-dimensional horizontal and vertical distances, as a function of
non-dimensional time. The rod’s initial orientation was determined to
significantly influence the obtained distributions. Specifically, the hor-
izontal distance that the rod traveled was noted to be minimum when
the rod’s longitudinal axis was placed along the wind flow, i.e., a pitch
angle of 90°. Fig. 9(b) shows that the rod tended to move downward for
all pitch angles. Specifically, despite an initial upward movement for the
pitch angles greater than 90°, the lift forces were not enough to move the
rod above its initial position. This was different from the plate-shaped
debris objects, which were found to experience an upward movement,
depending on the initial pitch angle.

5. Investigation of key influential factors

To study the key factors that affect the flight characteristics of rod-
shaped debris objects, a series of CFD-RBD simulations were per-
formed with a focus on the following parameters: (i) mean wind ve-
locity, (ii) rod’s length to depth ratio (L/D), (iii) rod’s width to depth
ratio (B/D), and (iv) rod’s initial orientation with respect to the wind
flow. For each of the selected factors, a wide range of pitch angles, i.e.,
between 0° and 157.5° (with an interval of 22.5°), were simulated. The
simulations performed to capture the effect of mean wind velocity
covered three mean wind velocities of 30 m/s, 40 m/s, and 50 m/s. The
listed velocities were defined at the elevation of 15.0 m, where the rod
was released. The Tachikawa numbers calculated for these three ve-
locities were 1.23, 2.19, and 3.43, respectively. For this set of in-
vestigations, all the simulations were conducted using a rod with a cross-
section of 50 mm x 100 mm, a length of 900 mm, and a mass of 4.1 kg.
Fig. 10 presents the horizontal and vertical distances that the rod object
traveled over time. The obtained profiles show that the horizontal and
vertical distance traveled by the rod were both affected by the mean

wind velocity. In particular, for the mean wind velocity of 50.0 m/s, the
rod was observed to experience lift forces. This was further studied by
making a side-by-side comparison of the debris flight profiles, as shown
in Fig. 11. While the rod subjected to the mean wind velocity of 30.0 m/s
had a straight-line trajectory, the trajectory started to show a nonlinear
profile, as the mean wind velocity increased to 50.0 m/s. This obser-
vation was further confirmed by noting that the flight trajectory depends
on the Tachikawa number.

To evaluate the effect of the debris length on flight trajectories, the
rod object considered in the current study was modified. For this pur-
pose, the cross-sectional dimensions were kept unchanged, representing
those of 2 x 4 lumber projectiles. However, three new rod lengths, i.e.,
600 mm (L/D = 6.0), 750 mm (L/D = 7.5), and 1200 mm (L/D = 12.0),
were introduced, in addition to the base case, which had a length of 900
mm (L/D = 9.0). The simulations were conducted for a mean wind ve-
locity of 40 m/s at the release height of 15.0 m for all the cases. The
Tachikawa number remained the same for all the four rods, i.e., 2.19.
This was because the change of length proportionally changed the mass
as well. Fig. 12 presents the flight trajectories of the four rod objects
released with the two pitch angles of 45° and 135°. The obtained tra-
jectories showed how the rod’s length affects the trajectories. Despite
the fact that no notable difference was observed in the flight trajectories
for the pitch angle of 45°, the difference became apparent for the pitch
angle of 135°. The next parameter examined was the rod’s width to
depth ratio (B/D ratio). In addition to the B/D ratio of 0.50 considered
for the base case, two additional rod shapes with the B/D ratios of 0.25
and 0.75 were investigated. For this purpose, the depth was maintained
at 50 mm, while the width was changed. The simulations were con-
ducted in the ABL wind, assuming a mean wind velocity of 40 m/s at the
release height of 15.0 m for all the cases. With the change in the rod’s
width, the mass also proportionally changed, resulting in a range of
Tachikawa numbers. Specifically, the Tachikawa numbers calculated for
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Fig. 9. Mean flight trajectories obtained for the rod released in the along-wind
direction with various initial pitch angles: (a) non-dimensional horizontal dis-
tance versus non-dimensional time, and (b) non-dimensional vertical distance
versus non-dimensional horizontal distance.

the rods with the B/D ratios of 0.25, 0.50, and 0.75 were 4.38, 2.19, and
1.46, respectively. Fig. 13 presents a side-by-side comparison of how the
rods with different B/D ratios fly, assuming an initial pitch angle of 45°.
The rod with the highest Tachikawa number, i.e., B/D ratio of 0.25,
traveled farthest. With increasing the B/D ratio, the rod object witnessed
more rotation, which correlated well with the fact that the rod was
traveling at a lower horizontal velocity. The horizontal distance that the
rod traveled also consistently increased with decreasing the B/D ratio.
The last parameter studied in this section was the rod’s initial
orientation. In the previous simulations, the rod had been placed in the
along-wind direction. To investigate the consequences of debris orien-
tation, a second orientation was considered in which the rod’s longitu-
dinal axis was placed in the cross-wind direction, as reflected in Fig. 2
(b). All the simulations were conducted in the ABL wind, assuming a
mean wind velocity of 40.0 m/s at the release height of 15.0 m. To
obtain an in-depth understanding of flight trajectories, the flow struc-
ture was first analyzed at regular time intervals during the flight. Fig. 14
presents the 3D flow structures developed using the Q-criterion in the
wake of the rod placed across the wind flow with an initial pitch angle of
90°. This figure captured tip vortices at the time of release. As the rod
started moving forward, the tip vortices were combined with leading
and trailing edges. Fig. 14(c) and (d) showed that the interaction be-
tween the vortices led to a weak shedding of the vortices. In contrast to
the rod placed in the along-wind direction, a symmetric flow structure
was observed for the rod placed in the cross-wind direction. This elim-
inated the magnification of the rod’s angular velocity, as observed when
the rod was released in the along-wind direction. The flight trajectories
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Fig. 10. Effect of mean wind velocity on the flight trajectories recorded for the
rod released in the along-wind direction: (a) horizontal distance as a function of
time, and (b) vertical distance as a function of horizontal distance traveled by
the rod.

of the rod placed in the cross-wind direction were further studied for the
three pitch angles of 0.0°, 45.0°, and 90.0°. Fig. 15 presents the mean
flight trajectories, in terms of the horizontal distance traveled by the rod
and its corresponding horizontal velocity. The initial pitch angle was
determined not to be a dominant factor as similar trajectories were
obtained for the investigated pitch angles. This was in contrast to the
trajectories obtained for the rod placed in the along-wind direction.

6. Prediction of flight trajectories

To perform a wind hazard analysis that involves windborne debris
impact, it is critical to predict the possible impact location and corre-
sponding impact energy (Saini and Shafei, 2020a,b; Kulkarni and Shafei,
2021). The impact location can be directly determined by computing the
debris flight trajectory, while the debris velocity can be employed to
assess the impact kinetic energy. This study investigated the flight tra-
jectories of rod-shaped debris objects with a wide range of geometric
properties, initial release conditions, and flow regimes. Therefore, the
original data generated from this study was further utilized to develop
the predictive equations that capture the horizontal travel distance and
velocity of rod-shaped objects during their flights. Because of flight
complexities, both the horizontal distance and velocity were observed to
have notable variations, as also reported by Lin et al. (2007). Thus, the
horizontal trajectories were presented as a function of non-dimensional
horizontal distance versus non-dimensional time. Based on the collected
data points, Equation (10) was found to predict the mean trajectory of
rod-shaped debris objects:
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two initial pitch angles of (a) 22.5°, and (b) 67.5°.

K — —0.141K¢" + 0.803Kr> — 0.1489K7" + 0.006
= Ki* + 0.85

(10

Fig. 16(a) shows the mean equation fitted, in addition to the 95%
confidence intervals. The prediction bounds included in the referenced
figure capture variations in recorded debris flight trajectories. This was
computed using the inverse of the Student’s t cumulative distribution
function. Since the kinetic energy is required to estimate the loading
demand induced to building envelopes by impacting windborne debris,
the horizontal velocities obtained from the simulations were utilized as
well. For this purpose, the recorded horizontal velocities were normal-
ized by Uy, where Uy is the mean wind velocity recorded at the debris
release point. Fig. 16(b) shows the non-dimensional horizontal velocity
for a range of rod objects and flow conditions. From the data generated
during the simulations, Equation (11) was derived to predict the hori-
zontal velocity of rod-shaped debris objects:

U/ Uy = 0.840(1 — ¢~ V3015K") an

The combination of Equations (10) and (11) can predict the kinetic
energy of rod-shaped debris objects in the ABL wind. The obtained
predictive models are expected to assist with the evaluation of the
likelihood and energy of windborne debris impact, especially where the
rod-shaped objects are the dominant type of debris.

7. Conclusions

The presented study explored the flight trajectories of rod-shaped
debris objects in the ABL wind flow. Considering that the relevant
literature was limited in scope and only focused on the flight charac-
teristics of rod-shaped objects in the uniform wind, the current study
developed a high-fidelity CFD-RBD simulation framework to capture the
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Fig. 13. Effect of B/D ratio on the mean flight trajectories of the rods released
with an initial pitch angle of 45°.

flight trajectories of various rods released with a wide range of initial
orientations. Appropriate validation studies were first performed to
ensure the accuracy of predictions. The developed simulation frame-
work was then utilized to compute the flight trajectories of lumber
projectiles commonly observed in the extreme wind events. The
outcome was reported, in terms of horizontal and vertical distances
traveled by the debris, further to the linear and angular velocities that
the debris experienced. The simulation matrix was then extended to
cover the effects of several influential factors, including mean wind
velocities, rod’s length to depth ratio, rod’s width to depth ratio, and
initial orientation. The following main conclusions were drawn from this
study:
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Fig. 15. Mean flight trajectories obtained for the rod released in the cross-wind
direction with three initial pitch angles of 0.0°, 45.0°, and 90.0°: (a) non-
dimensional horizontal displacement versus time, and (b) normalized hori-
zontal velocity as a function of non-dimensional horizontal displacement.

Fig. 16. (a) Non-dimensional horizontal trajectories of the rod-shaped debris
objects as a function of non-dimensional time, and (b) normalized horizontal
velocity versus non-dimensional horizontal travel distance.

wind for the range of pitch angles investigated. This was attributed to
the lower drag and lift forces in the ABL wind, in contrast to those in
the uniform wind.

e From the comparison of the flight trajectories of rod-shaped debris
objects with those of plate-shaped debris objects, it was observed

e Focusing on the flight trajectories of rod-shaped objects, it was
revealed that the distance traveled by the debris can differ signifi-
cantly, depending on the wind regime. Specifically, the rods were
noted to travel a shorter distance in the ABL wind than in the uniform
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that the rod’s velocity never reached (or exceeded) the mean wind
velocity, in contrast to plates. This was primarily due to the fact that
plates (owing to their larger surface areas) experience significant lift
forces compared to rods. As a result, rods did not move in the upward
direction above their initial positions.

The investigations on the effect of mean wind velocity revealed that a
complex flight pattern, including notable rotations, can be created
for high mean wind velocities. Specifically, a linear trajectory was
recorded for the rod under the mean wind velocity of 30 m/s.
However, the rod trajectory became nonlinear when the mean wind
velocity increased to 50 m/s. This highlighted the importance of
Tachikawa number, as the rods with a higher Tachikawa number
traveled faster and farther than those with a lower Tachikawa
number.

The effect of rod’s length to depth ratio was investigated by changing
the length of the lumber projectile. This consisted of four rods with
the length to depth ratios of 6.0, 7.5, 9.0, and 12.0. The Tachikawa
number remained the same for all the four rods, as the rod’s mass
changed proportional to its length. Although the difference in the
trajectory pattern was not significant, the distance traveled by the
rods varied.

The investigations on the effect of rod’s width to depth ratio were
conducted by varying the width of the rod, generating a range of
ratios, i.e., 0.25, 0.50, and 0.75. Change in the rod’s width to depth
ratio proportionally changed the Tachikawa number. The horizontal
distance that the rods traveled consistently increased by decreasing
their width to depth ratio. Further to the changes recorded in the
travel distance, the rods showed considerably more rotations with
the increase of their width to depth ratio.

Based on the wealth of data obtained from the CFD-RBD simulations,
the current study developed two predictive models to estimate the
mean horizontal distance traveled by rod-shaped debris objects and
their corresponding mean horizontal velocity. This was paired with
95% confidence intervals to provide the input necessary for the
assessment of building envelopes prone to the windborne debris
hazard.
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