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ABSTRACT 

This paper presents work on CFD simulations for sheet type wind borne debris. Although analytical models of 

debris flight exist, these models do not fully account for the unsteady flow fields around the sheets which 

influence the body forces acting on and the aero-elastic properties of the debris.  2D and 3D CFD models have 

been setup to investigate how processes such as vortex shedding modify the previously assumed form of the 

body forces acting on both static and rotating sheets. In addition plate free-flight is modelled in 2D and solutions 

presented. Different turbulence modelling approaches were applied and the results were verified against existing 

and new (Part II) experimental data with comparisons to analytical debris flight solutions (Part I). The findings 

are guiding by ongoing experimentation and shed more light on the effects of flow unsteadiness on debris flight. 
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Introduction 

While buildings are often designed to withstand the loading imposed by strong winds, 

wind borne debris has been established as one of the principle causes of breaching of the 

building envelope (Minor, 1994). Currently, a number of analytical solutions of the debris 

equations (described in accompanying papers I and II) exist and are based on time averaged 

body force coefficients derived from experimental measurements of static plates. These 

models however do not fully account for the effects of vortex shedding or the aero-elastic 

behaviour of auto-rotating debris sheets.  

Fully coupled Computational Fluid Dynamics (CFD) and Rigid Body Dynamics (RBD) 

codes have been demonstrated as useful tools for the study of similar problems such as the 

shedding of foam debris from Space Shuttle Launch Vehicles during ascent (Murman et al., 

2005), the dynamics of mine drop motion in water (Mann et al., 2007) as well as the 

aerodynamic characterisation and flight simulation of projectiles (Costello et al., 2007). CFD 

simulations of debris flight in combination with experimental verification have the potential 

to add insight into the influence on debris body forces and computed debris trajectories of 

plate auto-rotation and the unsteady flow structures developed around the plate.  

This paper focuses on on-going research at the University of Nottingham involving the 

CFD simulation of sheet type debris body forces in high Reynolds number flows 
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(approximately Re=5.4x10
4
). The study is aimed at gaining insight into the factors influencing 

body forces acting on a debris sheet undergoing translation and rotation with vortex shedding 

in its turbulent wake. The effects of vortex shedding on body force coefficients are 

investigated using unsteady Reynolds Averaged Navier-Stokes (RANS) CFD simulations for 

static and rotating plates in two-dimensional (2D) and three-dimensional (3D) domains, with 

the results compared against experimental data. The forced rotation of a plate about a fixed 

horizontal axis through the plate centre is simulated in order to study the effects of rotational 

speed on plate debris body forces. Finally, preliminary 2D & 3D CFD free flight simulations 

are performed with the results compared to existing analytical model simulations. 

The layout of the paper is as follows; Section 1 of the paper describes the 2D & 3D 

CFD modelling of static plates and the nature of the variation of the body forces with angle of 

attack. Section 2 presents the study on simulated debris body forces experienced by 2D & 3D 

plates undergoing forced rotation at different rotational speeds, laying the background for the 

work on auto-rotation. Finally, section 3 discusses the application of the CFD model to three 

degree of freedom (3DOF) and full six degree of freedom (6DOF) debris free-flight 

simulations. 

1. 2D & 3D Static Debris Plate Simulations 

For the 2D simulations, a computational domain was set up, with an infinitely long 

rectangular plate of side length (L) 0.3 m and zero thickness. The plate is placed in the 2D 

domain described by Figure 1, which is discretised using an unstructured quadrilateral mesh 

of approximately 57,000 cells, with a fine mesh in the boundary layer and wake regions. In 

the static simulations, all regions are held fixed while in the forced rotational and auto-

rotational simulations, the circular inner region centred on the plate centre is free to rotate 

about its centre with the outer region remaining fixed. The two regions are connected by a 

non-conformal interface with the inner region free to rotate at the instantaneous plate angular 

velocity, ω. Simulations were run on successively finer meshes and the solution was found 

not to be mesh sensitive about refinement meshes of up to 200,000 cells.  

 

 

 

  

 

 

 

 

 

 

 

 

For the 3D simulations, the computational domain has a similar setup as shown in 

Figure 1, with a square plate of length (L) 1.0 m, thickness 0.0254 m and mass 3.0 kg. The 

plate is surrounded by a spherical inner region of radius (1.5L) which is centred about the 

plate’s centred. The plate is held 3.5L from each of the top, bottom and side boundaries, 

giving a maximum blockage ratio of approximately 8%. The 3D domain is discretised using a 

structured fully hexahedral grid of approximately 291,000 cells. 

Figure 1: General layout of domain used for 2D simulations (left) and a description of 

the plate coordinate system and angle of attack, α (right) 
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In both the 2D & 3D simulations, the inlet was modelled as a velocity inlet while the 

outlet was modelled as a pressure outlet and the top and bottom boundaries were modelled as 

wall boundaries. The inlet turbulence was described by a turbulence intensity and length scale 

of 1% and 0.02 m respectively, which were the recommended wind tunnel test values for the 

ESDU (1970) experimental data used for the initial verification. The sensitivity of plate body 

forces to inlet turbulence intensity and length scale was assessed and the mean drag was found 

to be insensitive to variations of over an order of magnitude in length scale while a 10% 

increase in turbulence intensity gave an approximately 10% decrease in the mean drag values.  

The flow field was computed by solving the unsteady 2D & 3D incompressible 

Navier-Stokes equations with the Realizable k-ε turbulence model and an enhanced wall 

function for the near wall region. A third order MUSCL (Monotone Upstream-centered 

Schemes for Conservation Laws) scheme was used for momentum discretisation with a 

second-order implicit time advancement scheme, a second order pressure discretisation 

scheme and full Pressure-Velocity coupling. The realizable k-ε model was chosen due to the 

nature of the problem involving rotation and boundary layer separation and was found to give 

better performance (with an error of 8% - 14%) compared to the k-ω SST (Shear Stress 

Transport), RNG (Re-normalization Group) k-ε and RSM (Reynolds Stress Model) turbulence 

models which were found to over-predict the body forces (with errors of up to 70%).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The results (Figure 2) indicate for the 2D simulations, significant deviations of the 

mean drag and lift values from the experimental values for α beyond the stall angle 

(approximately 25°), with the largest deviations at 45° for mean lift and 90° for mean drag. At 

these angles, strong vortex shedding from the turbulent shear layers is observed, resulting in a 

regular vortex street characterized by a Strouhal number of approximately 0.15. These 

deviations are attributed to numerical errors, the suppression of lateral break-up of turbulent 

flow structures due to the use of a 2D simulation as well as limitations of unsteady RANS 

turbulent viscosity models in applications involving bluff body flows. The 3D simulations 

results (Figure 3) show better agreement between experimental and CFD simulations except 

at the stall region where the distinct peak represented in experimental graphs is absent. Stall in 

the 3D simulations occurs at a higher attack angle, at approximately 35°, than in the 2D 

simulations. 

 

 

 

 

Figure 2: 2D CFD simulations and experimental data for variation of Lift (left) and Drag 
(right) coefficients with angle of attack for a 0.3m infinitely thin 2D flat plate. 
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2. 2D & 3D Plate Forced Rotation Simulations 

During debris flight, the imposed body forces will create a moment about the plate’s 

centre of mass and induce autorotation in the plate. Initially, to investigate the impact of 

varying rotational speed on the body forces, the plate was subjected to fixed rotational speeds 

of 0.833, 1.667 and 8.333 rpm about its centre of mass. The results obtained (Figure 4) for the 

near static case (0.833 rpm) indicate significant fluctuations in drag, lift and moment 

coefficients due to vortex shedding, which are not adequately represented in the experimental 

time averaged coefficients used by most analytical models. These body force fluctuations 

however can have an impact on the flutter and auto-rotational behaviour of the debris sheet 

during flight. Drag and lift hysteresis is also observed with the rotating sheets, where for 

decreasing angles of attack, lower drag predictions are observed compared to measurements 

taken with increasing angle of attack.  

In the 3D simulations, the ring vortices formed are less idealised with lower strength 

compared to the idealised tubular vortices in the 2D simulations. As a result, body force 

variations due to vortex shedding are stronger in the 2D simulations creating multiple peaks in 

the drag time signal while this is not the case for the 3D simulations.  

The graphs also clearly indicate the effects of increasing rotational speed on body 

forces. Static plate data is added to the 3D body force curves to illustrate the increase in body 

forces. In both 3D and 2D simulations, increasing rotational speed results in proportionate 

changes in the drag and lift forces acting on the plate. This can be explained by the fact that 

higher rotational speed results in a Magnus lift effect that increases or decreases the mean lift 

Figure 3:  3D CFD simulations and experimental data for variation of Lift (Cl) and Drag 

(Cd) coefficients with angle of attack for a 1m square flat plate of thickness 0.0254m in a 

flow of Reynolds Number 3.4 x 10
-5
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force depending on the direction of rotation which explains the . In the case of the drag force, 

increased rotational speed results in the formation of a more stable low pressure region in the 

plate wake which increases the drag force acting on the plate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 4: Variation of 2D CFD drag coefficient, Cd, against time (min) normalized by 

rotational speed, ω (r/min) for plate forced rotation speeds of 0.833, 1.667 and 8.333 rpm   

Figure 5: Variation of 3D CFD drag coefficient, CD (a) and lift coefficient, CL(b) with 

time (sec) normalized by rotational speed (deg/sec) for a flat plate undergoing forced 

rotation at rotational speeds of 0.0, 5.0, 10.0 and 20.0 deg/sec. 
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 Hysteresis of the drag and lift curves is manifested as an asymmetry of the usually (in 

static cases) symmetric body force curves. This hysteresis is explained in part by the delayed 

re-attachment of separated flow when the angle of attack is decreasing compared to the angle 

at which stall occurs when angle of attack is increasing. This asymmetry in body forces is one 

of the contributing factors to plate autorotation. 

3. 2D Debris Free-flight simulations 

The CFD model was also used to perform free-flight simulations in 2D, with three 

degrees of freedom considered. The results have been compared with analytical model results 

for similar plates and demonstrate the comparative advantage of using CFD simulations in 

debris flight modelling. Initially, a 2D model has been used with a 0.3m square plate in a 2D 

computational domain.  

Dynamic meshing was applied to account for the motion of the plate surface, which is 

modelled as a wall boundary. All other domain boundaries are held static and consist of the 

same types as shown in Figure 1. The plate is assumed fully rigid and fluid structure 

interaction is accounted for using an Arbitrary Lagrangian-Eulerian (ALE) formulation to 

allow a region of fluid to translate and rotate monolithically with the flat plate. 

Unsteady aerodynamic drag and lift forces are resolved directly from CFD wall 

pressure and skin friction forces computed at the plate surface at each time step. These forces 

exhibit periodic fluctuations caused by vortex shedding and changing angle of attack as the 

plate auto-rotates. The plate motion is then computed using an additional RBD code based on 

angular and linear momentum conservation principles, with debris aerodynamic and mass 

body forces acting.  

Results are non-dimensionalised according to Baker (2007), with   𝑢𝑖 =  𝑢𝑖 U  ,  

𝜔𝑖   =  𝜔𝑖𝑙 𝑈   and 𝑡 =  𝑡𝑈 𝑙  𝛷, where 𝛷 = 0.5𝜌𝐴𝑙 𝑀 , M is plate mass, l is reference length, 

A is reference area, U is reference wind velocity (20m/s) and ui, 𝜔𝑖  are the plate translational 

and rotational velocities in the respectively in the i-th direction with i = {x, y}.  

Figure 6 describes the non-dimensionalised horizontal, vertical and angular rotational 

velocities for 2D CFD simulations at 0°, 30°, 60° and 90° initial angles of attack (αo). The 

non-dimensionalised velocity and time graphs presented can effectively be broken into two 

main stages. The launch stage (0 < 𝑡 < 5 𝑡𝑜 7), characterised by high accelerations from rest 

conditions before velocity values eventually settles at stable post-launch values. This is 

followed by the flight stage (𝑡 > 7), where the plate continues flight at the stable post launch 

velocities with periodic fluctuations of the vertical, horizontal and rotational velocity 

components. The launch stage behaviour is particular dependant on the initial conditions of 

flow and plate motion.  

In the CFD simulations, for αo= 0°, 30° and 90°, the plate is observed to have a negative 

(clockwise) rotational velocity for both launch and flight stages whereas the 60° plate shows 

changes from negative to positive rotation and then back to negative in the launch stage, with 

only negative rotational velocities in the flight stage. This change in rotational direction 

during launch was also predicted by the analytical solution at initial angles of attack between 

70° and 80⁰. The CFD model also predicts significantly lower rotational speeds, except for the 

90° case where the flight stage rotational velocity in the analytical model is practically zero. 

The CFD model also predicts slightly lower mean horizontal velocities than the analytical 

model, with both models predicting velocity fluctuations, except for the analytical 90° degree 

case which has no velocity fluctuations. The analytical y-velocity components however, differ 
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considerably from those of the CFD model which predicts consistently low vertical velocities. 

The CFD model also predicts notably higher magnitude fluctuations with a lower frequency 

in all cases compared to the analytical model. Table 1 contains a quantitative summary of the 

results for all cases, considering the flight stage data (𝑡 < 7), with estimates of the non-

dimensionalised frequency of the velocity fluctuations (𝑓 = 1 ∆𝑡   ), where ∆𝑡  is the period of 

oscillation in non-dimensionalised time. 

 
Table 1: Comparison of Analytical and CFD predictions 

 ANALYTICAL CFD ANALYTICAL CFD ANALYTICAL CFD 

𝒇𝑨𝑵. 𝒇𝑪𝑭𝑫 

αo  𝒖𝒙     
 𝒖𝒙    𝒓𝒎𝒔 

× 𝟏𝟎𝟒 

 𝒖𝒙     

 

 𝒖𝒙    𝒓𝒎𝒔 

× 𝟏𝟎𝟒 
 𝒖𝒚      

 𝒖𝒚     
𝒓𝒎𝒔

 

× 𝟏𝟎𝟒 
 𝒖𝒚      

 𝒖𝒚     
𝒓𝒎𝒔

 

× 𝟏𝟎𝟒 
 𝝎   

 𝝎  𝒓𝒎𝒔 

× 𝟏𝟎𝟒 
 𝝎   

 𝝎  𝒓𝒎𝒔 

× 𝟏𝟎𝟒 

0° 0.92 9.67 0.80 14.4 -0.44 3.68 -0.07 13.3 -0.73 19.0 -0.47 17.7 1.48 0.99 

30° 0.93 4.82 0.79 19.3 -0.44 2.48 -0.08 18.3 -0.75 20.0 -0.40 17.5 1.51 0.85 

60° 0.93 5.85 0.86 15.2 -0.46 3.80 -0.07 11.4 -0.55 47.2 -0.71 12.6 1.11 1.48 

0° 0.81 - 0.78 18.2 -1.53 - -0.10 19.2 - - -0.41 32.6 - 0.85 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 6: Analytical and CFD predictions for horizontal, vertical and rotational velocities of a 

1.0𝑚×1.0𝑚×0.005𝑚 plate of uniform material density, 800kg/m3 and 0°, 30°, 60° and 90° 

initial angles of attack in a flow of Ω=Mg/(0.5ρAU2)=0.16016. 
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Conclusion and Way Forward 

CFD simulations using URANS turbulence models have the potential to model debris 

body forces resulting from unsteady flow structures created in the wake of flying debris. 

However, limitations exist with applications for bluff body flows involving high strain rates 

and strong flow separation; therefore modifications are required in order to improve their 

accuracy.  

 

For the initial part of the study, 2D CFD simulations have been used, these however 

suppress the 3D break-up of the flow, resulting in more idealized vortex structures and this 

partly explains the drag and lift over-prediction observed. However, 2D simulations offer the 

advantage of lower computational cost.  

It has also been demonstrated that plate rotation, which is a result of aerodynamic 

forces can in turn influence the aerodynamic forces. This aero-elastic behaviour can be 

captured using CFD auto-rotational simulations based on quasi-steady CFD body force 

computations and angular momentum conservation to give a more accurate depiction of 

debris flight behaviour in this respect. Finally plate translation is also included with dynamic 

meshing and estimated trajectories obtained. The results of these simulations are compared 

against analytical solutions.  

However, in some cases limitations might exist in 2D modelling due to the fact that 

lateral displacements and rotations are suppressed, which would have an impact on flight 

predictions for low aspect ratio plates. For the CFD case, limitations exist due to drag and lift 

over-estimation as a result of the supersession of 3D breakup of the flow by a 2D model and 

difficulties in the application of RANS turbulence models to bluff body flow. The existing 

analytical models attempt to represent aero-elastic effects on body force coefficients using the 

Magnus effect; however the limitations of this approach need to be fully evaluated. 

Experimental data is required in order to calibrate the CFD models, while more work is 

needed to assess the impact of other non-linear effects such as vortex shedding, and flow 

separation and reattachment.  
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