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Abstract 

Windborne debris causes extensive damage to buildings and 
other structures during extreme wind storms. In order to 
understand the damage potential of such debris it is desirable to 
be able to model their flight behaviours. Such trajectories 
generally involve full 6 degree-of-freedom motion. In order to 
facilitate such analysis steady forces and moments have been 
measured on three plate and three rod geometries which represent 
generic examples of windborne debris. It is shown that these 
forces and moments are complex functions of the angle of attack, 
the tilt angle and the geometry. With plates some of the 
characteristics can be related to the effective aspect ratio for a 
particular orientation. Methods for transferring the data into a 
trajectory program and allowing interpolation are outlined. 

Introduction  

During extreme storms, such as tropical cyclones, many 
buildings are initially damaged by windborne debris. Breakage of 
windows or doors can then lead to internal pressurisation and 
possible loss of roofs. Such failures generate further debris which 
damages more buildings downstream. It is hence important to 
consider what types of debris are likely to occur, what are their 
likely masses, how far they are likely to travel and what fraction 
of the wind speed they are likely to attain before impact. In order 
to do this appropriate models for the aerodynamic forces and 
moments are required. Willis et al. [18] provide a useful 
classification system of debris into compact objects, with all 
three dimension of a similar scale, plate (or sheet) type objects 
with one dimension much smaller than the other two and rod type 
objects with one dimension larger than the other two. 

Holmes [4] has considered the trajectories of compact objects, 
but recognises that this is the simplest type of object to consider 
since only the drag force is relevant and hence the only 
aerodynamic data required is the drag coefficient. Since these are 
readily available in the literature compact debris will not be 
considered further in this paper.  

Plate type debris has been considered by a number of authors 
[1,2,5,6,9-11,14-17]. Although some of the experimental results 
show the motions to be three dimensional (see for example 
Visscher and Kopp [16]), most of the trajectory models used have 
only considered the two dimensional situations where one of the 
axes of symmetry of rectangular plates lies in the plane of 
motion. In such 2D cases the only aerodynamic data required is 
the normal force coefficient and the centre of pressure location as 
a function of the angle of attack. The most frequently used data is 
that for a square plate obtain by Flachsbart [7] and reported by 
Hoerner[3]. Very similar data is reported by Holmes et al. [6] 
from a number of sources. However this data is restricted to 
plane motion where one edge of the plate remains perpendicular 
to the plane of motion.  

Although rod type debris, such a roof frame timbers, is quite 
common there has been relatively little research related to rod 
type debris, Tachikawa and Hara [13] measured the force 

coefficients of several rectangular cylinders and Lin et al. [8] 
report the trajectories of rod-like debris, but even these were 
always released with the wind parallel to one plane of symmetry 
and so the resulting trajectories are planar. It is only Tachikawa 
[15] who has experimentally studied the three-dimensional 
motion of both sheet and rod type debris. However, it is this three 
dimensional motion that is most likely to occur in real situations. 

While 2-dimensional trajectory models can demonstrate many 
basic principles, planar motion is a special case that is unlikely to 
occur in a real storm situation. In these simplified cases the force 
coefficients and the position of the centre of pressure on each 
face are only functions of the angle of attack. In addition the 
centre of pressure is always located on the plane of symmetry. 
However the real situation is significantly more complex. 

Wind tunnel measurements at the University of Auckland, for 
both plate and rod type debris, have sought to provide force and 
moment information for more general situations including all 
possible orientations of several generic shapes. Richards et al. 
[12] present wind tunnel measurement of the forces acting on 
plates with aspect ratios of 1, 2 and 4 at a wide range of 
orientations representing most possible angles in general 6 
degree-of-freedom flight. They show that while the square plate 
data is very similar to that reported by other researchers the other 
plates demonstrated strong asymmetries depending on 
orientation. In addition force data was obtained for rods 1.5m 
long and 45mm thick but with widths of 45, 90 and 135mm. 
While these data show some interesting behaviours it was 
recognised that the angular increment used in these tests was 
quite coarse and that the remote force balance used could not 
reliably measure the moments applied to the rods. As a 
consequence new wind tunnel measurements have been 
conducted for both plates and rods using a JR3 force balance with 
the objects directly attached to the balance. These new 
measurements provide both force and moment data at angle of 
attack intervals of 5º and tilt angle intervals of 15º. 

It is recognised that these aerodynamic force and moment 
measurements are for a steady situation, whereas in free flight 
these will be modified by rotation of the plate or rod. However in 
the early stages of a flight the projectile will probably only be 
rotating slowly and it is during this period that the relative 
velocity is at its maximum and hence the forces and moments are 
most significant. It is therefore suggested that such steady forces 
and moments may be used in the early stages of a trajectory 
although rotational affect would need to be taken into account in 
the later stages of a flight. 
 
Wind Tunnel Testing 

The steady force and moment measurements were conducted in 
the University of Auckland’s “Twisted Flow Wind Tunnel”. This 
tunnel is specifically designed to create the twisted flow 
encountered by a moving yacht; however for the current tests the 
turning vanes were moved to the side and can just be seen on the 
right of Figure 1(a).  The wind tunnel is normally 7m wide and 



3.5m high, but for these tests contractions were use in order to 
reduce the width to 3.5m. Since the maximum blockage ratio was 
only 2% and it is an open jet tunnel no blockage corrections have 
been made. The mean wind speed used was 7.5 m/s. The plates 
and rods were mounted directly onto the JR3 6-component 
balance which was help by a central pivot at the top of a 1.3m 
high post.  For the earlier testing [12] the sub-floor 6 component 
force balance was used but in the current tests this balance was 
only used for spot checks. During testing the floor level support 
structure was covered by a false floor, which shielded it from the 
wind. The angle of attack (α, see Figure 1(b)) was varied by 
rotating the complete setup on the turntable. The zero crossing of 
the normal force has been used to correct for small angular 
misalignments. The tilt angle (γ) was varied by rotating the plate 
or rod and the JR3 balance about a horizontal axis. 

Due to the limited load capacity of the JR3 balance the weight of 
the plates and rods had to be restricted. In order to achieve this 
7mm plywood sheets were used. Each plate had an area of 
0.25m2 but the side length ratios (SR) were 1, 2 and 4. For the 
rods a hardboard and polystyrene foam sandwich was used in 
order to keep the weight low while providing sufficient stiffness. 
All rods were 1.5m long and 45mm thick, while the widths were 
45, 90 and 135mm.  

The axis system used in this paper has the X axis perpendicular 
to the largest face and the Z axis along the largest dimension. For 
the plates the side length ratio SR=ℓz/ℓy while the thickness 
ℓx=7mm is constant, whereas for rods the cross-section ratio 
CSR=ℓy/ℓx while the length ℓz=1.5m is fixed. The force and 
moment coefficients have been calculated by using the largest 
face area and largest dimension as normalising parameters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.(a) One of the plates (SR=2) in the wind tunnel, (b) definition of 
the angles α and γ for the wind tunnel situation. 

Forces and Moments on Plates 

For plates the only significant force is that normal to the largest 
face (Fx). Figure 2 shows the way in which this normal force is 
affected by both the angle of attack and the tilt angle. For a 
square plate the tilt angle has very little affect and the force 
increases almost linearly until the plate stalls at about 35º and is 

almost constant thereafter. These results are similar to those 
presented by Holmes et al. [6], who suggest that for a square 
plate the normal force coefficient can be modelled by a linear 
variation from zero to 1.7 over the range 0-40° and a constant 
1.15 at higher angles, as illustrated by the dashed line in figure 
2(a).  The current results do not show the very high values near 
40º, which are possibly lower due to the thickness of the plate, 
but are very similar elsewhere. 

 

 

 

Figure 2. Normal force coefficients as a function of the angle of attack 
and tilt angle for plates with (a) SR =1, (b) SR=2 and (c) SR=4. 

While the square plate is relatively insensitive to the tilt angle the 
SR=2 plate (figure 2(b)) shows quite distinct differences between 
the behaviour when the tilt angle γ≤15º and γ≥60°, with the data 
at 30° and 45° forming a transition between the two groups.  It 
appears that with the higher aspect ratios the initial gradient is 
higher but stall occurs at a lower normal force coefficient and at a 
lower angle of attack. The SR=4 plate (figure 2(c)) shows as 
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Figure 5. Major force coefficients for a rod with CSR=2, (a) CFx, (b) CFy 

The moment data for the rods also showed consistent variations 
with both α and γ, but since these are in general created by 
multiple forces they cannot be interpreted in terms of centre of 
effort locations and hence will not be discussed in the limited 
space available in this paper. 

Data Transfer and Interpolation 

In order to transfer the data into a trajectory program and to allow 
interpolation each force and moment has been fitted using bi-
directional short Fourier series which have been chosen to match 
the zeroes, symmetries and anti-symmetries of the particular 
force or moment function. For example the normal force 
coefficient is given by 

∑ ∑
= =

=
M

m

N

n
nmFx mnDC

..5,3,1 ,..4,2,0
, )sin()cos( αγ                          (3) 

where choosing M≈12 and N≈19 seemed adequate. This 
guarantees that the X-direction force coefficient is zero and anti-
symmetric at 0°, symmetric with respect to α at 90° and -90° and 
symmetric with respect to γ at 0, 90, 180 and 270°.  

Conclusions 

Steady forces and moments have been measured on three plate 
and three rod geometries which represent generic examples of 
windborne debris. It has been shown that these forces and 
moments are complex functions of the angle of attack, the tilt 
angle and the geometry. With plates some of the characteristics 
can be related to the effective aspect ratio for a particular 
orientation. Methods for transferring the data into a trajectory 
program and allowing interpolation have been outlined. 
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