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Abstract
This paper presents a numerical analysis of the trajectories of
plate-type wind-borne debris. Three-dimensional trajectories of
the debris with an aspect ratio of two, released from a simple
pitched-roof structure, are obtained by solving the Newton-Euler
equations in conjunction with a simulated wind field. A series
of simulations are undertaken for five different wind angles, i.e.,
0°, 15°, 30°, 45°and 60°. In addition to the debris trajectories,
the impact velocity at the time the debris strikes the ground is
also calculated. It is noted that the actual trajectory of the debris
and the impact velocity, appear to be a function of the angle of
the approaching wind.
1 Introduction
The impact of wind-borne debris can be significant, as recently
demonstrated by storm Doris in the UK [2]. Events such as this
have led to the appreciation of the importance of this topic and
have driven numerous experimental research in this area
[13,19,21,16,20,1,10,11,4,5,17,18,22,8,9,14].
Initially, debris
was generally considered as a one-dimensional particle [13,19]
and subsequently extended to three-dimensions through the
introduction of drag, lift and side forces [21,16,1,12].
Tachikawa [20] was fundamental in the development of this area
and undertook a series of physical and numerical simulations.
His research subsequently led to the identification of an
important, dimensionless parameter governing the flight of the
wind-borne debris [4], i.e., the Tachikawa number. In 2002,
Wills et al. [24] identified three general categories (compact,
sheet (plate) and rod) which, in general, can be used to describe
the behaviour of wind-borne debris.
Numerical simulations have tended to follow the experimental
research and have provided a greater insight into the complexities
of wind-borne debris flight. For example, see Kakimpa et al.
[7], Moghim and Caracoglia [14] and Huang et al. [6]. Whilst
insightful, these simulations can be resource intensive and it is
suggested that a simpler approach would be of benefit to the
engineer, hence the research outlined below.
In summary, significant progress has been made in the study of
wind-borne debris over the past 40 years. In the current
research, a new approach has been developed and is applied to
plate debris with an aspect ratio of 2. The numerical model is
outlined in Section 2 with initial results shown in Section 3.
Finally, some general conclusions are presented in Section 4.

2 Flight Equations and Initial Conditions
2.1 Flight Equations and Coordinate Systems
The current research applies the classical Newton-Euler
equations to a rigid body subjected to a simulated wind field:
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where m represents the mass of the body, t is the time, V is the
velocity vector, F is the force vector, I is the angular momentum
vector, M is the moment vector and ω is the angular velocity
vector. The subscripts g and p are used to denote a vector
expressed in a global inertial reference frame (Xg, Yg, Zg) and
body-fixed coordinate (Xp, Yp, Zp), respectively. Finally, X, Y
and Z represent the longitudinal, vertical and lateral direction
respectively.
The position of the debris in a fixed-body coordinate system is
transferred to a global inertial reference frame, using the
rotational quaternions method in order to avoid any potential
singularities of parameters with respect to Euler angles [6]. The
normal force coefficients which determine the force on the plate
debris are derived from the study of Richards et al. [18].
In order to solve equations (1) and (2) in conjunction with a
simulated wind field (section 2) the Runge-Kutta method is
employed with a time step of 0.004 s.
2.2 Initial Conditions
In what follows, a mean wind speed of 4.5 m/s has been adopted.
The wind field is simulated based on an approach initially
outlined by Deodatis [3]. In what follows, W denotes the wind
velocity with Wx, Wy and Wz corresponding to the longitudinal,
vertical and lateral components respectively.
Figure 1 shows an example of the simulated longitudinal, vertical
and lateral wind velocity time histories based on the method of
Deodatis [3], whilst figure 2 shows the corresponding spectra.
The turbulence intensity of the three simulated velocity
components are 12%, 6% and 12%, and the corresponding
turbulence integral scales are 0.45, 0.54 and 0.4 m for the
longitudinal, vertical and lateral components respectively. As
indicated in figure 2, the simulated spectra correspond well with
the Von Karman [23] spectra.
In figure 3, the definition of the wind direction and initial
(starting) position of the debris is shown. The low-rise building
model has dimensions (length, height and width) of
0.2×0.213×0.2 m and the plate-type debris has a dimension of
0.02×0.0008×0.04 m. (These dimensions have been chosen, since
the building represents a 1:30 scale model which will
subsequently be used in a series of wind tunnel experiments (not
reported herein)). The building model has a roof pitch of 1:3
and the height to the eaves is 0.18 m. The debris is made from
balsa wood with a weight of 0.2 g and a density of 312.5 kg/m3.
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Figure 3. An illustration showing the model building, definition of the
wind directions and initial position of the debris.
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Figure 1. A sample of the simulated longitudinal, vertical and lateral wind
velocity time histories.
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The probabilistic flight trajectories of the debris are simulated
using the method briefly outlined in the previous section. For
each wind direction, 100 possible trajectories are calculated in
order to analyse the flight characteristics. Figure 4 shows the
flight path of thirty simulations. In figure 4, the centre of the
debris is shown for the sake of simplicity. In figure 4 the colour
represents the debris velocity. It is evident from figure 4 that
the velocity of the debris is relatively low at the early stage of the
flight and subsequently increases to approximately the wind
speed. Figures 4a to 4c illustrate that there is relatively little
spread in the trajectory paths for 0°, 15°and 30°, however, as the
angle of attack increases the variation in trajectories also
increases. In addition, it can be observed that for higher angles
of attack, the debris “climbs” into the air before it starts its
downwards journey—this has implications for the final impact
velocity as can be observed in figure 5 and table 1.
Figure 5 shows the longitudinal, vertical and lateral impact debris
velocities for 100 simulation results with respect to the 5
different wind directions considered. In figure 5a (and table 1),
it is evident that, in general, the mean dimensionless debris speed
is greatest for 0°and decreases as the angle of attack increases,
although there is, little discernible difference in magnitude of the
mean dimensionless debris speed between 30°and 45°. Figures
5b–5d shows the contributions of the various velocity
components to the debris speed. In addition, table 1 shows the
mean, maximum and corresponding standard deviation for the
data in figure 5.
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Figure 2. An example of the simulated of (a) longitudinal, (b) vertical and
(c) lateral wind spectrum.

Figure 4. Thirty examples of positions of debris center and flight velocity
of debris (a) 0°, (cont. over)
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Figure 4 (cont.). Thirty examples of positions of debris center and flight
velocity of debris (b) 15°, (c) 30°, (d) 45°, (e) 60°.

Figure 5. Dimensionless (a) resultant, (b) longitudinal, (c) vertical and (d)
lateral impact velocity at landing positions of 100 simulations under 5
wind directions.

Impact velocity

Mean

Max

Std

V/W
Vx/W
Vy/W
Vz/W
V/W
Vx/W
Vy/W
Vz/W
V/W
Vx/W
Vy/W
Vz/W

0°
0.98
0.93
-0.31
-0.02
1.07
1.02
-0.38
0.04
0.04
0.04
0.03
0.02

Wind direction
15°
30°
45°
0.90
0.78
0.83
0.84
0.71
0.72
-0.30 -0.29 -0.39
-0.02 -0.02 -0.01
1.02
0.93
1.09
0.98
0.85
0.99
-0.39 -0.49 -0.57
0.08
0.17
0.26
0.07
0.07
0.11
0.07
0.07
0.10
0.04
0.07
0.09
0.04
0.09
0.12

coupled CFD–RBD models, Part II: Free and constrained
flight, J. Wind Eng. Ind. Aerodyn., 111, 2012, 104-116.
60°
0.85
0.75
-0.36
0.00
1.02
0.93
-0.55
0.24
0.09
0.09
0.10
0.12

Table 1. Dimensionless debris impact speed and corresponding velocity
components.

4 Conclusions
This paper analysed the three-dimensional positions of plate-like
debris subjected to a simulated wind field. For wind directions
of 0°and 15°, the debris flight trajectories are all predicted to be
reasonably flat and quick, whereas the trajectories for 30°, 45°,
and 60° cases appear to be more complex.
The mean
dimensionless longitudinal impact velocity has its maximum and
minimum value of 0.93 and 0.71 under wind directions of 0°and
30°, respectively. The maximum mean dimensionless vertical
impact velocity is -0.57 at 60°. The maximum dimensionless
total and lateral impact velocity can reach 1.09 and 0.26 at 45°.
The paper sets forth a simple and possibly highly effective
approach, which could subsequently be used in a design
framework to invest wind-borne debris loading.
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