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ABSTRACT

Foreign object debris including bird and/or drone strike debris upon impact, may
cause critical secondary damage to downwind aircraft surfaces. This debris is simplified
in geometry to a flat plate and represented as a rigid body for better comparison with
experimental results. In this study, a coupled computational fluid dynamics (CFD)-rigid
body dynamics (RBD) solver with dynamic meshing was used for numerical analysis of
the flat plate trajectory in a uniform flow field. The computed trajectory of the rectangular
flat plate was validated against available experimental data and compared with existing
numerical results. Less than 10% difference was observed between the simulated
trajectory and the experimental results. Furthermore, a parametric analysis and
probability analysis were conducted to identify the sensitivity of plate trajectory to initial
conditions and to obtain a probability distribution of the location of the center of gravity of
the plate at a distance downstream of the release location. The studies depict the
sensitivity of the path taken by the plate to initial release orientation and to initial angular
velocities of the plate. Additionally, flow field interaction studies were conducted by
simulating the release of multiple plates in the domain to observe the effect of distance
and mass on the plate trajectories. Finally, a single plate was released in the vicinity of a
wing for a qualitative analysis of the effect of change in aerodynamic forces on the plate
trajectory due to the presence of the wing.
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CHAPTER 1
INTRODUCTION

External objects such as birds, hail, windborne debris, loose gravel on the runway,
drones etc., can impact the aircraft and cause damage. This damage is generally referred
to as foreign object debris (FOD) damage [1], [2]. Bird strike requirements of the Federal
Aviation Administration (FAA) and European Aviation Safety Agency (EASA) state that
an aircraft should be designed be able to safely land after being impacted by a standard
sized bird [3], [4]. For this reason, all forward facing components of an aircraft such as
the windshield, leading edge of the wing and tail, engine nacelle, and radomes are tested
as per certification standards to ensure that a bird strike will not cause an emergency
landing or worse.
With collisions involving larger birds or drones, the aircraft structure may incur
sufficient damage to create debris that may cause further secondary damage. The FAA
specifies that although it is good practice to have all parts of the airplane remain attached
after collision, the effects of parts lost on impact should not adversely affect the continued
safe flight and landing of the airplane [3], [4]. Currently, certification relies on engineering
judgement and aircraft history to evaluate the chances of damage due debris released
post bird strike [3], [4].
The airborne debris created by bird and/or drone collisions during flight is affected
by the airflow around the airplane, possibly causing collision with critical parts of the
aircraft. The effect of this airflow on the debris varies to different extents. The size and
mass of the debris plays an important role in the extent to which the debris is influenced
by the airflow around the airplane. Smaller or lighter objects, are greatly influenced by the
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flow and may be carried away past the airplane. Larger or heavier objects on the other
hand, because of their higher inertia, may not be strongly affected by the airflow and may
become more ballistic in the path that they take, eventually colliding with an aft mounted
aircraft surface.
During the design phase of an aircraft, the ability to calculate and predict the
trajectory of such debris can help determine the probability of impact. Additionally,
trajectory calculation can help better evaluate the chances of debris impacting a critical
structure. It would also help in determining the extent of damage and aid in the design of
the aircraft.
The debris created post bird and/or drone impact can be numerically modelled to
simulate the path that it may take. A trajectory tracking algorithm can be used to compute
the path that an object may take due to the effect of the fluid flow around it. Trajectory
tracking algorithms are currently being used to model ice shedding, store separation,
spacecraft heat shield shedding, and to track the movement of windborne debris.
Furthermore, trajectory tracking algorithms are used to study the effect of hydrodynamic
forces on autonomous underwater vehicles (AUV) to create better algorithms for
autonomy.
Various methods are used to simulate rigid body motion in a fluid. These methods
can be classified into database method and coupled method. Chapter 2 will cover the
different methods found in the literature for object tracking. The available methods will be
classified and the advantages observed in the current literature with each approach will
be documented. Among the more recent developments, a robust algorithm that couples
the fluid dynamics solver with the rigid body solver is observed in the literature to provide
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results with a lower computational cost. This method couples the aerodynamic loads
obtained by using computational fluid dynamics (CFD) with the rigid body dynamics
(RBD) equations to obtain real time trajectory data of the object under study. This six
degrees of freedom (SDOF) solver, coupling the CFD and RBD equations, will be used
for the current investigation.
A brief outline of the coupling algorithms found and the mesh method used will be
provided in Chapter 3. With the use of 6 degrees of freedom (DOF) tracking comes the
choice of meshing methodologies. The moving object boundary can be captured using
adaptive Cartesian grids, Overset/Chimera grids or with a moving mesh also referred to
as Dynamic mesh. Various grid generation methods used in the current literature
available for trajectory tracking will be described in Chapter 2.
The object being influenced by the fluid, changes its orientation or motion, which
in turn affects the fluid flow around it. Although this can be captured numerically, very little
experimental data exists for validation. Papadakis et al. [5] conducted one such study for
a flat plate in the Walter Beech Wind Tunnel at Wichita, Kansas using a flat plate and
various ice shapes. This paper is one of a few that can be used for validation of a
numerical simulation and will be used in the current study.
The current investigation aims to establish a methodology to simulate trajectory
tracking using a coupled CFD-RBD solver. Establishing a methodology for such problem
helps with future analysis that may be conducted using varied object shapes in varying
flow fields. The numerical method is first validated using experimental data available in
the literature [5]. Once established, parametric studies were conducted in order to identify
dependencies of the trajectory on various initial conditions. A probability analysis was
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used to detect the amount of variation in the final trajectory and subsequent location of
the object at a predefined distance (downwind) of the release location. Finally, a multiobject study was performed to study the effect of flow field interaction on the path taken
by an object in the uniform flow field.
Chapter 4 will review the general computational setup used for the investigation
and outline the solver and operating conditions used. The results of the investigation are
documented and discussed in Chapter 5. The grid independence study and time-step
sensitivity studies are documented along with results from the comparison with
experimental results. Flow interaction studies and parametric studies will also be
discussed. A probability analysis that produced a point cloud map of the possible
locations of the plate at a distance from the release point is recorded in Chapter 5.
Chapter 6 concludes the thesis with a summary of the results and recommendations for
future study.
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CHAPTER 2
LITERATURE RESEARCH

The path an object potentially takes over time can be calculated by using the rigid
body equations of motion and the aerodynamic loads exerted on the object at each time
level. Currently, trajectory tracking algorithms are being used in ice shedding, store
separation, spacecraft heat shield shedding, and windborne debris from buildings. Two
main trends are observed in the methodology used to obtain the aerodynamic loads
exerted on the object under study. In the current investigation, these methods will be
referred to as follows:


Database method



Coupled method
With the database method, the aerodynamic force and moment data are stored

separately and called upon by the trajectory algorithm for each time-step. With the
coupled method, the aerodynamic forces and moments are computed and subsequently
passed on to the trajectory calculation algorithm.
For a better understanding of the various approaches currently used to predict the
path that an object takes, a review of the two methods and their relevance in the currently
study are discussed here.
Database Method
With the database method, a list of aerodynamic loads experienced by the object
under study is created using various approaches. For every shape and size of an object,
a new database of loads is created for all possible object orientations. These loads are
later used in the rigid body equations of motion to calculate the next location and
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orientation of the object. If the data for any particular orientation is unavailable in the
database, the loads are interpolated from existing data and used in the equations of
motion to determine the next location and orientation. For accurate trajectories, an
extensive database is required. Different methods can be used to create this database of
load. These approaches can be broadly classified into analytical, experimental, and
numerical.
2.1.1 Analytical Approach
A simplistic approach observed in the literature for obtaining the aerodynamic
loads is to use an analytical method. Various simplifications and assumptions allow the
investigators to compute the loads experienced by an object and create a database.
Kohlman and Winn [6] used a 4 degrees of freedom (4DOF) code for a square ice
particle with unconstrained translational motion along the X-, Y-, and Z-axes and freedom
for pitching. The aerodynamic and kinematic forces acting on a square ice particle was
assumed to be limited to lift, drag, pitching moment and gravity (weight) in a uniform,
steady flow field. They concluded that the pitch damping factor, initial release angle of
attack (AOA), area and thickness affect the rotational speeds and extent of lateral
displacement of the object. Santos et al. [7] followed the methodology proposed by
Kohlman and Winn [6] and computed the flat plate rotation of square ice pieces in the XZ
plane.
Both papers simplified the drag experienced by the object and limited the moments
computed. The results did not prove to be promising due to the approximations made.
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2.1.2 Experimental Approach
As the name suggests, the aerodynamic load database for a particular object
shape and size is created by placing the object in a wind tunnel. The tests yield a
database of loads for a predetermined number of grid points constituting various object
orientations for the required flow speeds. This database is later used in the trajectory
calculations to obtain the path that the object may take.
Morgret et al. [8] used a semi empirical approach with FLIP 4 software to simulate
the store-separation trajectory using experimentally obtained aerodynamic load database
of the store present in the vicinity of the aircraft. Missile distributed airloads (MDA) code,
was used to supplement the aerodynamic data when the loads were not available in the
experimental database. This code was used for the store separation simulation [9].
Yeong et al. [10] studied the trajectories of ice particles as well as flat plates using
an experimental aerodynamic database obtained from the work by Papadakis et al. [11]
combined with a 6DOF code. They conducted a Monte Carlo analysis to produce a
footprint of ice particle position downstream at the engine inlet. The database [11] was
used with the 6DOF trajectory code to produce a trajectory footprint consisting of 30,000
data points for the probability analysis. They used a 4DOF simulation with the
experimental database to generate 60,000 data points for an extensive probability
analysis [11].
Unal and Baran [12] generated a store separation envelope using wind tunnel test
results obtained in two modes: offline and online. With offline tests, the wind tunnel tests
produced a database of aerodynamic loads similar to most other experimental
approaches observed in literature. The online approach coupled the 6DOF code with the
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wind tunnel model mount [12]. The aerodynamic forces obtained from the wind tunnel
was reduced and directly fed into the tracking algorithm. The resultant orientation of the
object was input to the wind tunnel mount and the object was adjusted automatically in
the wind tunnel to reflect the new object orientation. The aerodynamic forces and
moments that were recorded for the new orientation was fed back into the trajectory
algorithm and the process was repeated. Both methods are expensive and time
consuming. The other disadvantage is that the aerodynamic loads obtained were in the
absence of an aircraft flow field.
2.1.3 Numerical Approach
In the numerical approach, computational fluid dynamics codes are used to
compute the aerodynamic forces and moments experienced by an object. The forces and
moments are sorted in a database typically consisting of 10,000 to 1 million data points
[13]. Murman et al. [13] used a Cartesian embedded-boundary method to generate mesh
for the geometry used to create an aerodynamic database. The database was coupled
with Newton-Euler equations of motion to obtain trajectory. This paper discusses and
validates the aerodynamic data created and saved in the database. The trajectory
calculated using the aerodynamic data is not compared with any experimental results.
While this paper provides valuable input on the number of data points required and
information about grid generation, the authors do not discuss the simulated trajectory in
detail.
Nguyen et al. [14] used a multi-fidelity analysis technique of aerodynamic data
acquisition for the design of an air-to-ground missile and combined it with a 6DOF
simulation to optimize the missile configuration. Tomaro et al. [15] simulated the release
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of the joint direct attack munition (JDAM) guidance kit from an F/A-18 aircraft using Cobalt
software at transonic speeds. They conducted inviscid and viscous (Spalart-Allmaras
turbulence model) cases for the CFD data. The CFD results were tabulated and input into
the NAVSEP 6DOF trajectory code. With the numerical approach, the aerodynamic data
can be obtained in any required flow field. With experimental and analytical approaches
the velocity flow field that can be used to generate a database is limited to uniform velocity
while a non-uniform flow field can be used for the same using the numerical approach.
In order to use the above-mentioned methodologies, an extensive database of
aerodynamic data for the object being investigated is required. Additionally, the user must
consider all possible object orientations. The flow field in which the object is being
released must also be modeled. Any changes in the object property or surrounding flow
field will require the generation of an entire new database. Another aspect that needs to
be considered is the requirement for an efficient method of going through all the data to
find the correct set necessary for trajectory calculation at each time-step. The process is
otherwise time consuming and tedious.
Coupled Method
The coupled method of calculating the trajectory of an object in fluid flow
incorporates the computed aerodynamic forces and moments directly in the equations of
motion. The calculated object position and orientation is subsequently fed back into the
CFD solver to compute the new loads acting on the object and the process repeats. With
the introduction of the coupled approach, a variety of meshing methods are available
across the literature with each mesh bringing unique advantages as well as
disadvantages to the simulation and computation time.
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Harris et al. [16] simulated rigid body collisions using Loci/CHEM software. A
Chimera mesh was used with the software’s CFD/6DOF solver. This software provided
fairly accurate results with the authors suggesting future work using a fully coupled
solution adaptive refinement to better model the aerodynamic effects of multiple bodies.
In another instance, Liever et al. [17] used the CFD-FASTRAN software’s coupled
CFD/6DOF solver with Chimera mesh to model the separation of the X-43A Hyper-X
research vehicle from the Pegasus Launch vehicle. Results of the coupled simulation
were compared to results from another solver, SepSim, without producing very close
correlation. OpenFOAM software has also been used with overset grids to simulate the
6DOF motion [18] . Free maneuvers of ships with rotating propellers and moving rudders
have been simulated using OpenFOAM with dynamic Chimera mesh to capture the
motion [18]. The authors used Overset grids/Chimera mesh successfully in the simulation
to model complex flows with a relatively coarse grid.
A Cartesian grid can be used to study the motion of objects in a fluid. In a paper
by Murman and Aftosmis [19], the Cartesian grid was used to simulate the spin of a
supersonic missile. The complex geometry of the missile along with the flow from the
canard surfaces interacting with the tail fins created the need to use a simple but robust
and highly resolvable grid system. In another paper, Murman et al. conducted a coupled
6DOF simulation tracking the release of a JDAM missile with Cartesian mesh [20]. They
also compared the computational cost of using the coupled solver with that of using a
database approach, determining that even a coarse database would require far more
computational time than the coupled approach [21]. Furthermore, the simulated results of
a JDAM missile was compared with flight test data, with reasonable correlation up to 0.2
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seconds of travel. The simulation was conducted for a total of 0.45 seconds with 0.0075s
time-steps that took approximately 15 hours (wall clock time) using 32 CPU’s [20].
Sahu [22] simulated the flight trajectory of a finned projectile using the coupled
CFD-RBD algorithm available with CFD++ software. The author compared the simulated
free flight trajectories with that of experimental data with encouraging results. LS-DYNA
software also has a fluid structure interaction (FSI) module that can be used to solve
6DOF problems. This software uses dynamic meshing to simulate the movement of the
structure in fluid flow. The FSI module of LS-DYNA has been use mainly in the two-way
coupled fluid structure interaction problems with the simulation of oscillating airfoils and
in simulating flow in a 2 dimensional (2D) channel to investigate the elastic deformation
of flags in the flow field [23].
Kakimpa et al. [24], [25] and Hargreaves et al. [26] used the coupled approach with
ANSYS Fluent software. Dynamic meshing was utilized to discretize the domain and to
solve and study the pre-determined autorotation, and subsequently, the free flight of low
aspect ratio plates in a uniform velocity flow field. The simulation with auto-rotating plates
showed that the phenomenon was highly sensitive to initial orientation, with a negligible
effect from vortex shedding while showing good agreement with experimental results [24].
With free flight of low aspect ratio plates, the rotational speeds was found to be in good
agreement with experimental data; however, the lateral displacement and trajectory of
the plate was not was not compared with experimental data [25], [26]. The 3 dimensional
(3D) domain was approximately 850,000 tetrahedral elements [24] and structured
hexahedral elements [25] that were remeshed using the solver’s dynamic meshing
module with first order implicit scheme for time.
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The capabilities of the 6DOF module in ANSYS-CFX software was investigated by
Leong et al. [28]. ANSYS-CFX was used with dynamic mesh to examine the re-meshing
robustness of the solver using two spheres moving in a fluid. The authors used prescribed
motion to define the movement and also to allow the spheres to float freely due to
buoyancy, and they compared simulated results with analytical results.
Jasak [29] integrated dynamic meshing in the OpenFOAM software to perform
6DOF computations. He demonstrated the remeshing capability using two sample cases
one involving a free rising bubble and the other involving a barge in an oncoming wave.
In both cases, he used a multiphase fluid method called volume of fluid (VOF) combined
with the 6DOF solver to compute the interaction between the two fluids (air and water)
and the solid object. This paper only demonstrates the ability of the dynamic meshing
algorithm in OpenFOAM but does not provide any comparison with experimental data.
In the current study, the coupled CFD-RBD method was employed to simulate the
movement of an object in fluid flow. It was observed that both dynamic meshing as well
as Chimera grids provide the necessary robustness that is required to model the complex
movement of a free-flying object. Due to the availability of resources for ANSYS software,
this software was used in the current study. However, LS-DYNA was also investigated,
but based on this investigation, it was found to be not as efficient or robust as ANSYS
Fluent in remeshing and solving rigid body movement with respect to larger objects.
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CHAPTER 3
THEORY

Airborne debris present in the vicinity of an airplane during flight are affected by
the airflow over the aircraft to various extents. Consequently, the debris may collide with
and damage critical parts of the airplane.
This chapter provides information about the governing equations used to
numerically model of the interaction between a solid and its surrounding fluid, also
referred to as fluid structure interaction (FSI). The physics used to simulate the fluid flow
around an object and the equations used to compute the trajectory will also be discussed.
Additionally, this chapter includes information on the integration of the trajectory
calculation algorithm with the fluid flow computation algorithm as performed within
ANSYS Fluent.
Computational Fluid Dynamics Model
For the transient simulation, a pressure based coupled solver was used to obtain
the aerodynamic forces exerted on the plate by the fluid. The algorithm and the equations
used by the solver is provided in the user manual and the theory guide for ANSYS Fluent
[34]. A brief overview of the theory (extracted from the manual and guide) will be provided
in this section.
The pressure-based coupled algorithm solves the continuity and momentum
equations simultaneously, not sequentially. This allows a faster rate of convergence when
compared to the segregated algorithm. A laminar viscous model was used for the
incompressible fluid and the energy equations were not solved. The continuity and
momentum equations are provided in equations (1) and (2) respectively.
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𝜕𝜌

+ ∇ ∙ (𝜌𝑣 ) = 𝑆𝑚

(1)

(𝜌𝑣 ) + ∇ ∙ (𝜌𝑣 𝑣 ) = −∇𝑝 + ∇ ∙ (𝜏̿) + 𝜌𝑔 + 𝐹

(2)

𝜕𝑡
𝜕
𝜕𝑡

𝜏̿ = 𝜇 [(∇𝑣 + ∇𝑣 𝑇 ) −

with,

2
3

∇ ∙ 𝑣 𝐼]

where
𝑝 is the static pressure
𝑣 is the velocity vector
𝑆𝑚 is the source mass added to the continuous phase
𝜏̿ is the stress tensor
𝜌𝑔 is the gravitational body force
𝐹 represents the external forces
Second order discretization was used for both conservation equations (mass and
momentum), and first order implicit discretization was used for the transient formulation.
Rigid Body Dynamics Model
The RBD portion of the simulation is performed by the six degrees of freedom
(SDOF) solver available in ANSYS Fluent. In order to simulate the movement of an object,
a dynamic mesh model is utilized.
The dynamic mesh is used to capture the movement of the object within the fluid
domain. For the current investigation, the unprescribed motion of the plate is determined
by the SDOF solver and the location and orientation of the plate at the current time-step
is calculated based on the forces and moments obtained from the flow solver at the
previous time-step. Each moving and stationary region is specified as zones within the
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dynamic mesh module and the boundaries between moving, stationary and deforming
zones may be defined as conformal or non-conformal. For dynamic meshes, the integral
form of the conservation equations are used.
The forces and moments obtained from the flow solver is used in Newton-Euler
equations of motion to calculate the translational and the angular motion of the plate. The
translational motion is calculated using equation (3), and the angular velocity is calculated
using equation (4). The computed velocities are then used to define the motion and
orientation of the plate at the next time-step for the calculation of aerodynamic forces.
Subscripts “G” and “B” indicate the global reference frame and the body-fixed
reference frame respectively. The moments are transformed from inertial coordinates to
body-fixed coordinates using the transformation matrix given in equation (5). The location
of the center of gravity (CG) of the plate along with its orientation is provided in global
coordinates and can be written to a file for further observation.

⃗⃗⃗⃗𝐺̇ =
𝑣

1
𝑚

∑ ⃗⃗⃗
𝑓𝐺

⃗⃗⃗⃗⃗𝐵 − ⃗⃗⃗⃗⃗
⃗⃗⃗⃗⃗𝐵̇ = 𝐿−1 (∑ 𝑀
𝜔
𝜔𝐵 × 𝐿𝜔
⃗⃗⃗⃗⃗𝐵 )
where
𝑚 is the mass of the plate
⃗⃗⃗⃗𝐺̇ is the acceleration of the center of gravity of the plate
𝑣
⃗⃗⃗
𝑓𝐺 is the resultant applied forces acting on the plate
⃗⃗⃗⃗⃗𝐵̇ is the angular acceleration of the plate
𝜔
𝜔𝐵 is the angular velocity
⃗⃗⃗⃗⃗
𝐿 is the inertia tensor
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(3)
(4)

⃗⃗⃗⃗⃗
𝑀𝐵 is the moment vector of the plate

𝐶𝜃 𝐶𝜓
[𝑆𝜑 𝑆𝜃 𝐶𝜓 − 𝐶𝜑 𝑆𝜓
𝐶𝜑 𝑆𝜃 𝐶𝜓 + 𝑆𝜑 𝑆𝜓

𝐶𝜃 𝑆𝜓
𝑆𝜑 𝑆𝜃 𝑆𝜓 + 𝐶𝜑 𝐶𝜓
𝐶𝜑 𝑆𝜃 𝑆𝜓 − 𝑆𝜑 𝐶𝜓

−𝑆𝜃
𝑆𝜑 𝐶𝜃 ]
𝐶𝜑 𝐶𝜃

(5)

where
𝐶𝑥 and 𝑆𝑥 represent Cos x and Sin x
𝜑 represents rotation about the Z-axis
𝜃 represents rotation about the Y-axis
𝜓 represents rotation about the X-axis
User Defined Function
The properties of the plate are input to the SDOF solver using a user defined
function (UDF). In case of unprescribed motion without external forces, a simple UDF with
mass and moment of inertia properties about the center of gravity (CG) of the plate is
compiled. A predefined DEFINE macro provided in the UDF manual provided is used to
assign the SDOF properties required for the motion of a plate in a fluid domain.
DEFINE_SDOF_PROPERTIES macros was used to specify the properties of the
plate to the six-degrees of freedom solver. The mass, moment and products of inertia and
external forces and moment information can be supplied to the SDOF solver using this
macro. The syntax of the macro is as follows:
DEFINE_SDOF_PROPERTIES (name, properties, dt, time, dtime)
There are five arguments for this macro: name, properties, dt, time, and dtime. The
name is specified by the user while the other four arguments are passed by the flow solver
to the UDF. The property array pointer is used to specify the values of the object mass
and moment of inertia properties for the current investigation (TABLE 1).
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TABLE 1
SDOF PROPERTIES USED IN THE USER DEFINED FUNCTION
SDOF Properties

Details

SDOF_MASS

Mass

SDOF_IXX

Moment of Inertia

SDOF_IYY

Moment of Inertia

SDOF_IZZ

Moment of Inertia

SDOF_IXY

Product of Inertia

SDOF_IXZ

Product of Inertia

SDOF_IYZ

Product of Inertia
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CHAPTER 4
NUMERICAL SETUP AND METHODOLOGY

A general numerical setup that is common among all simulations carried out in the
current effort will be described in detail in this chapter. Unless specified otherwise, the
setup specified in this chapter is the one used for each study conducted. The numerical
setup described outlines the setup used for the case results documented in Section 5.3,
wherein the simulated plate trajectory is compared with the experimental results obtained
from the literature. Slight changes in the setup made for the other cases will be identified
and discussed individually in their respective sections.
In order to be as close to the experimental setup as possible, the domain was
created to mimic the wind tunnel size, with the exception of the length that the plate could
traverse. This length was increased to observe the movement of the plate further
downstream than that observed in the wind tunnel. For the wind tunnel setup, Papadakis
et al. [5] used a release mechanism whereby release arms hold the plate in place until
the desired speed is attained and the plate is then released in the test section. The release
arm geometry is re-created using the pictures available from the paper [5]. Two plates
were used in the experiment— square and rectangular. For the purpose of this thesis, the
rectangular flat plate geometry was used to simulate its trajectory.
Geometry
The cross-section of the domain 2.134 m x 3.048 m (7 ft x 10 ft) represents the
test section of the wind tunnel. The length of the domain is 4.5720 m (15 ft) with the
bottom, top, left and right sides of the domain being modeled as “wall”. A rectangular flat
plate of 0.3048 m x 0.1524 m x 0.01016 m (1 ft x 0.5 ft x 0.4 in) was placed in the domain
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as shown in Figure 1. The flat plate geometry and the domain were generated such that
the center of gravity (CG) of the flat plate was at the global origin. The plate was located
within the domain such that its CG was 0.3962 m away from the top of the domain and
1.1686 m from the inlet as depicted in Figure 1, similar to the experimental setup.

Figure 1. Representation of plate and domain geometry.
The plate used in the experiment was manufactured to simulate ice particle density
and hence was made of a plastic material with a density of 941 kg/m 3. The same material
properties was assigned to the simulated flat plate, which was placed in the domain, with
the characteristic length of the plate being equal to the breadth of the plate, i.e.,
characteristic length = 0.1524 m.
Flow Solver
The plate and domain boundaries were modeled as solid surfaces with no-slip
condition. As shown in Figure 2, the tunnel entrance and exit were modeled as velocity
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inlet and pressure outlet respectively. The inlet velocity was assigned a value of 71.5 m/s
in the negative X direction with the operating pressure set to 97,216 Pa to account for the
tunnel location. A uniform flow field was used for all the investigations.

Figure 2. Representation of boundary conditions used.
Finite volume formulation in Fluent was used to solve the three dimensional (3D)
Navier-Stokes equations. In order to simplify the computation and hence decrease the
computation time, the effect of turbulence along with the effects of various turbulence
models on the plate trajectory was considered. Therefore, a laminar viscosity model was
used for all cases being simulated. A pressure-velocity coupled solver was used with first
order implicit formulation for temporal discretization. Least square cell based gradient with
second-order upwind discretization was applied for the momentum calculation.
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A tetrahedral mesh was generated using the Delaunay technique in ICEM CFD
software. The mesh generated consisted of about 750,000 elements for a medium sized
grid.
A standard initialization was used, with reference values taken from the inlet to
initialize the entire fluid domain. The flow can also be initialized using a steady-state
solution. Although this method provides a much closer initial approximation, the
computation time increases significantly due to the time required to obtain an initial
steady-state solution for initialization. It was found that obtaining an initial steady-state
solution for dynamic mesh initialization did not improve or vary the final trajectory. For this
reason, the flow was initialized directly using standard initialization with values from
velocity inlet for all simulations presented in this study, thus helping to reduce the
computational time.
The reference parameters used to compute the coefficient of forces were 0.004645
m2 for area and 0.1524 m for length. The moments were calculated about the center of
gravity of the plate. For the case where the simulated plate trajectory was compared with
experimental results, the plate CG was placed at the origin of the inertial reference frame
and hence the moment was computed about the coordinate values of (0, 0, 0). For most
cases simulated in the current investigation, the plate was placed with its CG at the origin,
in order to simplify the case setup.
Trajectory Solver
Dynamic meshing with the 6DOF solver was enabled in Fluent to model the
movement of the plate within the domain and compute the trajectory based on the
aerodynamic loads and moments obtained from the Navier-Stokes solutions. The plate
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was modeled as a rigid body and a user defined function containing the mass and moment
of inertia property of the plate was compiled and loaded into Fluent to supply the
necessary terms for the trajectory calculation. It is important to provide the initial location
of the CG of the object being tracked and because the CG of the plate was at the origin,
the coordinate values of (0, 0, 0) for (X, Y, Z) were specified in the solver.
Remeshing and smoothing parameters were enabled in dynamic meshing in order
to simulate the plate movement. The remeshing and smoothing parameters, specified in
the solver affects the quality of the mesh maintained around the plate while remeshing.
The parameters also affect the frequency with which the volume is remeshed.
Smoothing enables the motion of a wall surface without changing the mesh
connectivity and the number of nodes. This allows the volume mesh around the moving
and/or deforming object to compress and accommodate the movement. In the current
investigation, a spring based smoothing method was implemented. In this method, the
mesh is modeled as a network of springs and the stiffness influences the movement of
the mesh. The stiffness (spring constant factor) varies from 0 to 1 with 0 indicating no
damping. For the current investigation, smoothing was performed utilizing a spring
constant factor of 0.5.
Smoothing aids with smaller motions and reduces the need to remesh for every
time-step reducing the computation time slightly. However, for larger movement of the
plate compared to boundary cell size, the cells tend to collapse inward resulting in
negative volume cells. Generally, the domain is remeshed based on the cell skewness,
minimum and maximum length scale constraints. If the elements violate the preset cell
skewness value, the cells are recreated with better quality and the flow solution is
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transferred to the new cells. This remeshing action occurs locally and can be applied to
both cells and faces for 2D and 3D flows respectively. Remeshing available with ANSYS
Fluent can only be applied to triangular and tetrahedral elements and thus limits the types
of grids that can be used. For the 3D study conducted in this investigation, local cell and
local face remeshing options are enabled. The minimum cell skewness, minimum and
maximum length scales are set using the current mesh scale information available within
the dynamic mesh solver options.
Sizing function was turned on for instances when local remeshing did not produce
sufficiently good quality grid upon remeshing. The sizing function uses size function
variation and size function rate parameters to mark the cells that need to be remeshed.
The size function variation parameter was used to control the size of the remeshed
cell size. The new element size is determined based on the size of the surrounding
element size with the parameter value ranging from –1 to ∞ with 0 indicating a constant
size distribution and 0.5 and –0.5 indicating that the cell marked to be recreated can be
1.5 times and 0.5 times the closest cell size respectively. The solver was set up with a
variation of 0.3 for all cases of the current investigation.
The size function rate parameter controls the rate of growth in the cell size being
recreated. The growth rate is based on the size of the surrounding cells. The size function
rate parameter can be varied from –0.99 to +0.99 with positive values indicating slower
transition rate from the surrounding elements and negative values indicating faster
transition while 0 specifies a linear transition.
For most cases simulated in this investigation, the sizing function variation was set
to 0.3 and the rate was set to 0.7. Generally, when local cell remeshing is enabled, the
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solver checks the mesh for skewness and marks the cells for remeshing at every timestep. The size remeshing interval is a parameter that is used to provide an interval for
which the elements of the mesh are marked for remeshing based on the cell size and
height. For the purpose of this investigation, the size remeshing Interval was set to 1 to
ensure that all three criteria (cell height, size and skewness) were checked at every timestep.
The six degrees of freedom option was enabled allowing the user to save the
location and orientation of the center of gravity of the plate as it moves through the
domain. This saved file was used to plot and track the trajectory of the plate as it moves
through the fluid domain.
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CHAPTER 5
RESULTS AND DISCUSSION

This chapter presents the details of the investigation and a discussion of the
results. A grid independence study and a time-step sensitivity study was conducted to
minimize and quantify discretization errors in Section 5.1 and Section 5.2 respectively.
Numerical results were compared with experimental results [5] in Section 5.3.
Having established a valid methodology, Section 5.4 discusses the parametric
studies performed to investigate the effects of input parameters such as mass, initial
orientation, and initial angular velocity of the plate, on the trajectory. In order to obtain a
distribution of possible downstream locations of the plate with minimal change in the initial
conditions (AOA and inlet velocity), a probability analysis is provided in Section 5.5. Flow
field interaction between plates is discussed in Section 5.6. A study investigating the
effect of flow field interaction due to the presence of a wing body in the vicinity of the plate
upon release is also presented.
Grid Independence Study
The trajectory of a rectangular flat plate in a uniform velocity flow was simulated
using a coupled CFD-RBD method. In this study, the rigid body FSI simulation was
conducted for a laminar flow model and checked for spatial discretization sensitivity. The
trajectory of the plate, represented by the locus of the center of gravity of the plate, was
used as the parameter to measure grid independence.
The numerical setup was similar to that covered in Chapter 4 with a slight change
in the geometry. For the grid independence study, the release arms were not modeled to
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prevent any premature collisions. The size of the domain and the placement of the plate
was left unchanged from that specified in Chapter 4.
During the wind tunnel tests, a slight error was recorded in the plate-release
mechanism. The documentation suggests that the release arms used for the plate release
were slightly uncoordinated and released each side of the plate with a small lag. It is
unclear if any of the runs presented in the paper [5] were subject to this error. This
discrepancy in the release mechanism was categorized into two aspects to be further
studied. First, the delay in release was modeled as an initial angular velocity imparted to
the plate upon release. Second, the delay was simulated by releasing the plate at an
initial angle.
For the current investigation, both categories—initial angular velocity and initial
angle— were considered along the longitudinal axis only, i.e., pitching moment and angle
of attack respectively. Angular velocities of 50 rad/s and 10 rad/s were input to the plate
(Figure 3 (b)). To resolve the angular discrepancy, the plate was placed at –10 degrees
angle of attack with respect to the free stream velocity as depicted in Figure 3 (a).

Figure 3. Representation of plate placed in flow stream.
Three cases were thus investigated for a comprehensive grid independence study,
represented in TABLE 2. For each category, grids of varying coarseness were generated
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using the ICEM CFD software. The node spacing and volume element size were varied
by a factor of 2 to generate coarse to super fine grids ranging from 0.149 to 5.2 million
cells.
TABLE 2
CASES BEING INVESTIGATED TO ACCOUNT FOR DISCREPANCIES
Study

Angle of Attack,α
(degrees)

Initial Angular
Velocity, ω (rad/s)

Study 1

0

50

Study 2

0

10

Study 3

–10

0

A table with the grid details containing information about the number of nodes used
to create a surface mesh on the plate and the domain, the maximum volume element
length (Vmax), and the total mesh size (MT) for each grid type will be presented for every
case being studied. Figure 4 represents a typical grid spacing for a coarse grid type. The
number of nodes used on the domain wall is represented by X, Y, and Z (Figure 4b), while
xp, yp, and zp are used to represent the grid spacing on the plate walls (Figure 4a), for the
three respective axes, in all the grid sizing information tables. The maximum volume
element length is the length assigned while generating volume elements from the existing
surface mesh and is measured in millimeters. This length limits the size that each side of
the tetrahedral element can be and should not be confused with the volume of the
element, which is measured in cubic millimeters.
The remeshing procedure used for dynamic meshing within the solver, creates a
higher mesh density region close to the plate as the plate moves through the fluid domain.
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yp
zp
xp

(a)

Y
Z
X

(b)
Figure 4. Illustration of relevant mesh information for a coarse (type a) mesh.
The larger, coarser elements of the volume are thus remeshed, to create a finer mesh as
the plate trajectory is calculated and the plate moves to an area with larger tetrahedral
volume elements (Figure 5). This process whereby the mesh is updated with a region of
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fine mesh around the plate even as the plate moves through the domain leads to the
conclusion that the volume elements that are away from the plate, initially, can be created
with a much larger size without affecting the solution. In order to detect the effect of the
remeshing process on discretization errors, the maximum volume element length was
varied from 120 mm to 60 mm, thus creating coarse grids — type a and type b,
respectively. This study was conducted to observe if remeshing a larger volume element
size would produce similar final results as compared to a smaller volume element size,
thus enabling the use of larger volume elements and decreasing the computation time.

Figure 5. Dynamic meshing process in a medium mesh at time (a) 0 s and (b) 0.018 s.
5.1.1 Study 1: Plate Placed at α = 0°, with ω = 50 rad/s
The number of nodes and elements generated for the variation of the surface
elements along with the volume element sizes are provided in TABLE 3. Two different
types of studies were conducted for the current case. First, the size of the surface
elements on the plate and the walls was varied while keeping the maximum volume
element size constant (coarse type b, medium, fine and super fine meshes). Second, the
maximum volume cell size was varied from 60 mm to 120 mm with a constant surface
element size (coarse: type a and type b). The computational time taken for each grid type
is also provided in Table 3. The computation was performed on an Intel Xenon X5660
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CPU with two 2.8 GHz processors in parallel with 12 cores and 16GB RAM. Similar trends
were observed in the time taken for all other simulations; hence, the computational time
will not be mentioned for any other simulation conducted for the grid independence study.
TABLE 3
STUDY 1: RECTANGULAR PLATE PLACED AT α = 0°, WITH ω = 50 rad/s
Number of Nodes
Type of Grid

Domain Wall

Plate

Vmax
(mm)

MT
(million
cells)

WallClock
Time
(min)

X

Y

Z

xp

yp

zp

Coarse (type a)

40

18

18

15

3

18

120

0.149

446

Coarse (type b)

40

18

18

15

3

18

60

0.688

2562

Medium

80

36

36

30

5

25

60

0.741

2940

Fine

160

72

72

60

10

50

60

1.500

5674

Super Fine

320

144

144

120

20

100

60

5.200

17877

It can be observed from Figure 6 that there is less than 0.5% change in the path
traveled by the plate in all grid types from coarse (type a) mesh to superfine mesh. This
depicts a surprising lack of spatial discretization error. With the volume element size
study, the path traveled by the plate with large volume grids (coarse (type a)) does not
differ perceptibly from the path traveled by the plate with smaller volume grid size (coarse
(type b)).
Although the simulation was three dimensional, the movement in the YZ plane was
minimal and was not considered for the grid independence study. The time taken for the
plate to move through the domain was observed to vary slightly with changing grid size.
Figure 7 shows a plot of the Y location of the CG of the plate plotted with respect to time
measured in seconds.
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Figure 6. Locus of CG of plate released at α = 0°, ω = 50 rad/s depicted in XY plane.

Figure 7. Time history of the locus of Y-coordinate of CG of plate released at α = 0°, ω =
50 rad/s.
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5.1.2 Study 2: Plate Placed at α = 0°, with ω = 10 rad/s
A second, lower angular velocity was added to the plate at the moment of release
to check if the simulation accurately reflected the discrepancy recorded in the
experimental data [5]. Since the previous study resulted in a lack of difference in the
coarse - type a and type b meshes, the coarse (type a) mesh with a larger maximum
volume element length was selected for the study. TABLE 4 shows the grid types
investigated and the element sizes used for the study. Since the previous study produced
similar results for all grid types, only the coarse (type a) grid with larger volume element
size and the medium grid size are compared.
TABLE 4
STUDY 2: RECTANGULAR PLATE PLACED AT α = 0°, WITH ω = 10 rad/s
Number of nodes
Type of Grid

Domain Walls

Plate

Vmax
(mm)

MT
(million cells)

X

Y

Z

xp

yp

zp

Coarse (type a)

40

18

18

15

3

18

120

0.149

Medium

80

36

36

30

5

25

60

0.741

Figure 8 depicts the trajectory taken by the plate released at 0 degrees angle of
attack with an initial angular velocity of 10 rad/s about the Z axis simulated with varying
grid size. The trajectory of the plate starts out the same with both coarse and medium
mesh types, but the final displacement of the plate is lower with the medium mesh. The
maximum difference in the Y-coordinate position of the CG of the plate between the two
mesh types is about 6.2%. The plate simulated with medium grid size reached the bottom
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wall closer to the inlet than the coarse grid type. The trajectory of the medium grid is
shorter and ends at 2.7 m while the coarse grid plate moves all the way to 3.1 m.

Figure 8. Locus of CG of plate released at α = 0°, ω = 10 rad/s shown in XY plane.
The lag taken by the plate to reach the bottom wall with the coarse mesh when
compared to the medium mesh is evident in the time history plot of the Y-coordinate as
shown in Figure 9.

Figure 9. Time history of locus of Y-coordinate of CG of plate released at α = 0°, ω = 10
rad/s.
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Although the grids for both studies (Study 1 and Study 2) were created the same,
the change in initial release condition of the plate varied the results of the grid
independence study greatly. With the first study, the initial release angular velocity of 50
rad/s showed no dependence on spatial discretization. However, the second study with
a lower initial release angular velocity, the simulated trajectory shows grid dependence
with up to 6.2% change in the path traveled.
5.1.3 Study 3: Plate Placed at α = –10°, with ω = 0 rad/s
The number of elements and maximum volume element length used for the grid
sensitivity study is provided in TABLE 5. The plate was placed at an angle of attack of –
10 degrees and no initial angular velocity was given to the plate on release. The initial
angle of attack changes the total mesh size (MT) of all the grid types. However, the
number of nodes used at the plate wall and domain wall to create the surface mesh was
kept the same as the previous two studies for consistency.
TABLE 5
STUDY 3: RECTANGULAR PLATE PLACED AT α = –10°, WITH ω = 0 rad/s
Number of Nodes
Type of Study

Domain Walls

Plate

Vmax
(mm)

MT
(million cells)

X

Y

Z

xp

yp

zp

Coarse (type a)

40

18

18

15

3

18

120

0.149

Coarse (type b)

40

18

18

15

3

13

60

0.695

Medium

80

36

36

30

5

25

60

0.761

Fine

160

72

72

60

10

50

60

1.787

Since the previous two studies showed grid convergence dependency on the initial
release condition of the plate, more grid types were used in this study. This allowed for a
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more comprehensive study of the mesh discretization errors observed with changing the
initial angular velocity.
A change in the path taken by the plate can be observed with the increase in total
mesh size. As observed in Figure 10, the coarse grids (types a and b) do not show much
change in the path traveled by the plate. This result is consistent with the Study 1. On the
other hand, as the element size decreases, a difference in the path taken by the plate can
be observed.
0.50

Y coordinate (m)

0.00

-0.50

-1.00

-1.50

-2.00
0.00

0.50

Coarse (type a)

1.00
1.50
2.00
X coordinate (m)
Coarse (type b)

2.50

Medium

3.00

Fine

Figure 10. Locus of CG of plate released at α = –10°, ω = 0 rad/s as seen in XY plane.
A maximum variation of 12.1% is observed between the trajectory simulated using
the fine grid and the coarse grid. The maximum percentage difference between the Y
coordinate values of the fine and the medium grid type is 8.35% and the medium and
coarse (type a) grid is about 2.86%. The medium and coarse (type b) and coarse (type
a) grids provide similar results.
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The plate trajectories for all grid types start out with the same path, following it up
to 0.064 s (Figure 11). The path traversed by the plate changes past that point in time.
As before, the coarse type meshes provide similar results with divergence from the path
occurring for finer mesh types. The time taken for the plate to travel the same distance
also decreases with increased mesh refinement.
0.20
0.00
-0.20

Y coordinate (m)

-0.40
-0.60
-0.80
-1.00
-1.20
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Figure 11. Time history of the locus of Y-coordinate of CG of plate released at α = –10°,
ω = 0 rad/s.
5.1.4 Summary of Grid Independence Study
For the mesh independence study, three cases were studied: two cases with initial
angular (pitching) moments of 50 rad/s and 10 rad/s and one with an angle of attack of –
10 degrees. It can be observed that with a higher magnitude of initial force, the sensitivity
of the simulation to spatial discretization reduces.
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With the higher initial angular velocity, the plate trajectory remains unchanged with
the variation in mesh size, whereas with a lower angular velocity, the mesh size plays a
greater role in obtaining the trajectory of the plate. Further research is required to better
identify and quantify this phenomenon.
Figure 6 shows minimal change in the path traveled by the plate with 50 rad/s
pitching moment for volume element size variation from 60 mm to 120 mm and constant
surface element size. Variation from coarse to fine mesh (Figure 6) with respect to surface
elements, shows no change in the path taken by the plate with the higher angular velocity.
For the plate released at a lower angular velocity of 10 rad/s (Figure 8), there is a greater
change in the trajectory of the plate with refinement in grid size resulting in a maximum
error of 6.2%. Following a similar trend, less than 12.1% difference in trajectory is seen
between the coarse type b and fine mesh in the third case with the plate at –10 degrees
AOA and zero angular velocity (Figure 10). Grid discretization errors are more clearly
seen with the reduction in initial angular velocity.
From Figure 6 and Figure 10, less than 1.2% error is seen between two coarse
(type a and type b) meshes, indicating grid independence with respect to the size of the
volume elements. Additionally, less than 10% variation in the position of the plate
obtained from the medium size mesh when compared to the fine mesh in both the 10
rad/s angular velocity case (Figure 8) and the –10 degrees angle of attack case (Figure
10) is observed. For this reason, and to reduce computation time, the medium size mesh
with about 750,000 elements was used henceforth.
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Time-step Sensitivity
As with mesh discretization errors, transient simulations are particularly
susceptible to temporal discretization errors. A time-step sensitivity study was conducted
in order to identify errors arising as a result of using a larger time-step, and to quantify
these errors in case it cannot be reduced.
The numerical setup for the time-step sensitivity study was similar to that of the
grid independence study. The release arms were not modeled in the domain while the
plate was placed at the same position, i.e., the origin of the inertial reference frame. Only
one study was conducted with the plate initial condition being that of Study 1, as described
previously in Section 5.1.1. The plate was released with an initial angle of attack of 0
degrees and an initial angular velocity of 50 rad/s in pitch. The Courant–Friedrichs–Lewy
(CFL) number was kept constant at 50 while the time-step size was varied.
Time-step sizes (Δt) of 0.0005 seconds, 0.0001 seconds and 0.00005 seconds
were used to simulate the trajectory of the plate placed at 0 degrees AOA with 50 rad/s
initial pitching moment. From the grid independence study, since results for the medium
grid provided fairly close results to that of the fine grid, with greatly reduced computation
time, a medium grid was used for the time-step sensitivity study. A medium grid with about
750,000 elements was used. Figure 12 clearly shows that the trajectory of the plate does
not show temporal sensitivity within the range of time-steps used: from 5 × 10−5 s to 5 ×
10−4 s.
Time-steps larger than 5 × 10−4 s were tested resulting in dynamic mesh failure.
Since re-meshing and smoothing parameters control the frequency and the minimum and
maximum element size at which the mesh is regenerated, changing these parameters to
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re-mesh at higher intervals was investigated, in order to enable the user to use a larger
time-step. However, this did not change the outcome, and the solver continued to fail
because of dynamic mesh errors.

Figure 12. Time-step sensitivity study for plate released at α = 0°, ω = 50 rad/s in XY
plane.
Throughout these tests, the CFL number was kept constant in order to isolate and
study solely the effect of changing time-step sizes. Since trying different re-meshing
parameters did not allow for the use of larger time-steps, the largest time-step size that
could be used for this simulation with a velocity of 71.5 m/s was 5 × 10−4 seconds. It must
be noted that a significant change in the velocity would require another time-step
sensitivity study. It was been found over the course of the investigation that generally a
time-step size of 0.0001 seconds worked despite the changes in mesh and velocity.
Comparison with Experimental and Numerical Data
For the purpose of comparison with experimental data available in the literature,
the simulation was conducted with the plate placed between the release arms. The
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geometry and flow solver details are the same as those mentioned previously in Sections
4.1, 4.2 and 4.3. The grid was generated with the element sizing equivalent to the medium
size grid with a mesh density box consisting of 5 mm elements created around plate and
the release mechanism to aid with dynamic meshing (Figure 13).

Figure 13. Front view of generated mesh with release arms and plate at α = 0°.
A simulation was initially performed with the plate released without the presence
of the release arms. It was discovered that the presence of the release arms affected the
flow over the plate to a large extent, without which the plate tended to fly upward, despite
the weight and the effect of gravity.
The simulated plate trajectory was compared with the experimental plate
trajectory. In Ref [5] the authors have also used a 6DOF code developed using the
database method to compute the flat plate trajectory.
Figure 14 shows the trajectory comparisons of a plate released at 0° angle of
attack without any initial angular velocity obtained in the wind tunnel [5], simulated using
the coupled approach in this study, and numerically computed using the database method
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[5] along with an additional case of a numerically computed trajectory obtained for plate
places at –10° AOA [5]. The coupled method used in this study provides close results to
the experimental data. The numerical data found in literature for cases with plate at α =
0° and α = –10°, were observed to be slightly further apart. The maximum difference in
the simulated plate trajectory and the experimental plate trajectory is about 7.56%.

Figure 14. Comparison of simulated plate trajectory with experimental [5] and numerical
data [5].
The time taken for the plate to move in the wind tunnel was also recorded. This
data was compared with the time history of the X coordinate of the simulated plate
trajectory and the result is plotted in Figure 15. At the final time, the plate in the experiment
is located 2.901 m downstream from the origin, while the simulated plate is located at
2.534 m giving rise to a 12.66% difference in time taken for the plate movement.
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Figure 15. Time history of the X coordinate of the locus of the plate released at α = 0°
from experiment [5] and simulation.
While the results in Figure 14 appear promising, it must be noted that the release
mechanism in the experiment was observed to produce a slight discrepancy. Pitching
moment of 10 rad/s and 50 rad/s were added to the simulation of the plate to account for
the discrepancy in the release mechanism mentioned in the experimental research. Plate
at –10 degrees angle of attack was also simulated for comparison.
Figure 16 plots the different trajectories obtain in this study for various initial
conditions along with the path obtained from experimental data as well as numerical data.
The trajectory of the plate released at 0° AOA with no angular velocity and the plate
released at 0° AOA with 50 rad/s initial angular velocity have the closest paths to the
experimental plate trajectory (Figure 16). On comparing the two numerical methods: the
database method from the literature and the coupled method used in this investigation,
the results vary greatly. The plate released at –10° angle simulated using the coupled
method in this study takes a very different path when compared to the trajectory of the
numerical database study obtained from the literature.
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Figure 16. Comparison of experimental [5] and numerical data [5] with simulated plate
trajectories.
In order to compare and quantify the difference in results between experimental
and numerical (coupled, used for this investigation) data, the Y-coordinate values of the
CG of the plates are compared. The final data point of the experimental results, X = 2.44
m, was considered for this evaluation. Figure 17 shows a representation of the placement
of the plane at which the Y-coordinate values of the plate trajectories are compared.
These differences are tabulated in TABLE 6.
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Figure 17. Representation of plane at which variation in plate location is compared.
TABLE 6 records the change in path taken by the simulated plates with varying
initial conditions from that of the experimental plate as a percentage difference. For the
plate released with α = 0°, ω = 50 rad/s, and without release arms, the percentage
difference of the Y-coordinate value from that of the experimental data is found to be
5.36%. This is the case that shows the least variation in path taken by the plate when
compared to the experiment. The variation in the final placement of the plate with the
most accurate initial conditions (α = 0°, ω = 0 rad/s, with release arms) is computed to be
6.12%. Both results show promise with less than 10% variation in the trajectory.
It can be observed from Figure 16 that the simulation of the plate released at –10°
angle of attack ends before reaching the final position of X = 2.44m. This is because the
plate reaches the bottom wall sooner than that of the other cases. For this case, a point
upstream of the final location at 2.35 m is considered for the evaluation of the difference
in path taken by the simulated and experimental plates. At X position of 2.35 m, the
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simulated plate location varies from the experimental plate location by 34.24% which
translates to difference of about 0.4 m or 1.3 ft.
TABLE 6
DIFFERENCE IN THE SIMULATED PLATE LOCATION FROM THAT OF THE
EXPERIMENTAL PLATE

Initial condition of Plate

% Variation of plate CG from
experiment

α (degrees)

ω (rad/s)

Release
arms

0

0

With

6.12%

0

50

Without

5.36%

0

10

Without

23.67%

–10

0

Without

34.24%

The plate released at 0° angle of attack with similar conditions to that of the wind
tunnel test (including the release arms) has been observed to follow a similar trajectory
to the experiment. The coupled CFD-RBD simulated plate shows a maximum change in
path traveled of about 0.075 m or about 0.25 ft from the experimental results in the Y axis.
This could be due to the lack of turbulence modeling in the CFD results, small geometrical
discrepancies, or due to a non-uniform flow field in the wind tunnel. The laminar viscous
model may be predicting slightly different forces than those observed in the experiment
and may also be the cause of the offset in the final position.
The plate with the release mechanism was released with its center of gravity at the
origin and XY-plane as a plane of symmetry at the time of release (Figure 18). Since the
inlet velocity is uniform, the displacement in the lateral direction (along the Z-axis) is
minimal (less than 0.007 m). Figure 18 (a) and (b) show velocity magnitude contours over
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the plate and the release mechanism in the XY plane at times 0.002 s and 0.012 s
respectively. The contours show the velocity varying from 0 m/s (blue) near the walls to
about 100 m/s (red) over the plate. A slight yaw and roll of the plate is observed along
with a shift in the center of gravity away from zero in the z direction.

Figure 18. Velocity contour over moving plate in XY plate at times (a) 0.002 s and (b)
0.012 s
Parametric Studies
Trajectory prediction is a complex analysis involving several factors including but
not limited to aspect ratio, thickness, mass moment of inertia, and initial release angle,
which affect the trajectory and the final location of the object. Changes in a few initial
conditions and their effect on the final plate trajectory were studied. A parametric study of
mass, initial orientation of plate and initial pitching moment were chosen for this
investigation. While the mass and orientation studies were conducted in 3D flow, the
parametric study with changing initial angular velocity was simulated in 2D to reduce
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computation time. A comparison of 2D and 3D results to identify the variation is presented
in Section 5.4.3.
5.4.1 Mass of Plate
The wind tunnel experiments as reported in Ref [5] investigated ice particle
shedding and hence, used a plastic material to reflect the density of accreted ice. Airplane
skin, on the other hand, is generally made up of aluminum, which is heavier than plastic.
Therefore, to simulate the trajectories of realistic debris, an aluminum plate with increased
weight was investigated. The plate density was changed to that of aluminum (2710 kg/m3)
and a user defined function (UDF) containing the new mass and moment of inertia matrix
was compiled in the solver. Furthermore, in order to exaggerate the effect of weight on
the trajectory, an additional simulation with steel was also conducted. The physical
properties of steel with a density of 7860 kg/m3 was attributed to the plate and the updated
UDF was compiled.
For all three cases, the plate was released from in between the release arms at 0°
angle of attack without any initial angular velocities. All other parameters in the numerical
setup were unchanged from the procedures described in Sections 4.1, 4.2, and 4.3. The
plate trajectories in the XY plane and the XZ plate were tracked along with the time history
of the movement of Y-coordinate of the plate CG.
Figure 19 compares the trajectories taken by plates of different material densities.
The aluminum plate being heavier falls relatively lower than the plastic plate, however,
because the difference in weight is not significant, the resulting trajectory does not move
farther away from the plastic plate. Since this was within the margin of error obtained by
comparing the simulation with the experimental results, no concrete conclusions can be
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drawn from this data alone. A heavier material was used to better observe the effect of
mass on the trajectory. Since the density of steel is significantly greater than that of
aluminum and plastic, a much more steeper decent was expected. This can be observed
in Figure 19 which provides the movement of the Y coordinate through the domain (in X
direction).

Figure 19. Comparison of trajectories of plastic, aluminum & steel plates released at α =
0° plotted in the XY plane.
From Figure 20, it can be observed that the steel plate takes more time to reach
the bottom wall of the domain while the plastic plate falls much quicker and the aluminum
plate moves slower than the plastic plate but faster than the steel plate. The lighter plastic
plate being affected by the flow field is carried quickly through the domain.
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Figure 20. Time history of Y coordinate value of CG of plastic, aluminum & steel plates
released at α = 0°.
Figure 21 depicts the lateral movement of the plates within the domain. With the
observer looking down from the top wall of the domain, the plastic plate does not show
much movement in the lateral direction while the aluminum and steel plates move more
than twice the distance. In the lateral direction, the aluminum plate travels much further
away than the steel plate.
The pitching moment experienced by the plates depict the extent of rotation and
the frequency of rotation experienced by each plate. The aluminum plate rotates at a
higher frequency (Figure 22), indicating a lower inertia. As the mass of the plate
increases, so does the inertia experienced by the plate; slowing down the rate of rotation
experienced by each plate. This is clearly observed in Figure 22 where the rate of rotation
of the steel plate is much slower than that experienced by the aluminum and plastic plates.
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Figure 21. Comparison of trajectories of plastic, aluminum & steel plates released at α =
0° as plotted in the XZ plane.

Figure 22. Pitching moment coefficient comparison of plates with varying densities.
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5.4.2 Initial Orientation
Among other parameters, the trajectory of a flat plate is greatly affected by initial
angle of release [1],[26],[5]. The angle at which the plate is released was varied for a
parametric study. The domain dimensions were increased to 10 x 9 x 9 meters in the X,
Y, and Z directions, in order to prevent collision between the plate and the domain wall
before the trajectory develops. The plates were released at 8 different angles with
orientation changes in angle of attack (alpha or α), beta (β) and gamma (Γ). TABLE 7
depicts the orientation of the plates used for the parametric study. The object orientation
was changed as opposed to changing the inlet velocity components. This was done for
ease of analysis of results when plotting the trajectory of the moving plate.
TABLE 7
CASES BEING INVESTIGATED FOR VARYING INITIAL ORIENTAION
Euler Angle

Initial Orientation of Plate

Alpha (α) (XY Plane)

0°

–10°

+10°

90°

Beta (β) (XZ Plane)

-

–10°

+10°

-

Gamma (Γ) (YZ Plane)

-

–10°

+10°

-

Figure 23 shows the orientation of the plate and the sign conventions used for the
angle definitions mentioned in TABLE 7. The flow direction is along the negative X axis
with gravity pointing in the negative Y direction.
The variation in alpha (α) in the XY plane is plotted in Figure 24. Both positive
angle and zero angle plate can be observed to be following a similar path downstream
moving towards the top of the domain while the negative angle moves downward. The
plate placed at 90 degrees with respect to the flow moves in a more straight path and
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does not travel downward or upward to a large extent. The maximum extent of travel for
plate at α = 90° is about 0.6 m at an X-location of 9.0 m.

Iso View

Side View

Front View

Top View

Figure 23. Plate orientations represented in the inertial reference frame.
The plate at α = 90° encounters more drag and the resistance reduces the rotation
experienced by the plate. This is evident from the time history of the pitching moment
coefficient (Cm) plot shown in Figure 25. Another observation that can be made is that the
pitching moment of the plate released with a negative angle shows a smaller magnitude
of angular rotation about the Z axis than the others. While the 90 degree plate shows less
oscillation, thereby indicating very little rotation, the magnitude of the moment is lowest
with the plate released with a negative angle of attack.
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Figure 24. Trajectories of plates released at varying α in the XY plane.

Figure 25. Pitching moment coefficient comparison of plates with varying orientations.
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Considering the lateral movement of the plates (Figure 26), the plate released at
0 degrees angle of attack moves steadily while the plates released at positive and
negative angles of attack follow a more interesting path behaving similarly to each other.
The plate released at 90 degrees however, stays fairly close to the center of the domain
showing very little lateral movement as expected.

Figure 26. Trajectories of plates released at varying α in the XZ plane.
The plates released with initial yaw (β) and roll (Γ) angles travel in varied
trajectories compared to the plates released with varying angles of attack (α). The
trajectory of the plates released with initial yaw (β) and roll (Γ) angles in the XY plane and
the XZ plane is plotted in Figure 27 and Figure 28 respectively.
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Figure 27. Trajectories of plates released at varying β & Γ in the XY plane.
All four plate orientations resulted in an upward trajectory in the XY plane. The
plates followed a similar path compared to each other and end at a point close to that of
the plate released at α = 0 degrees. The Y coordinate value at X = –4 m with plate
released at α = 0 degrees was found to be 0.85m while that of plate released at β = 10
degrees was 0.92m. Further studies in angle variation are required to determine if there
exists a correlation between the angle of release and trajectory taken by the plate, and to
evaluate the correlation, if any exist.
The pitching (Cm), rolling (Cl) and yawing (Cn) moment plots of the cases with β
and Γ initial release orientations are plotted in Figure 29. The pitching moment coefficient
(Cm) (Figure 29 (a)) is high for cases when the plate was released at an initial side angle
(β) as expected. However, the plate released with a yaw angle is seen to eventually
develop a pitching moment with increasing intensity.
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Figure 28. Trajectories of plates released at varying β & Γ in the XZ plane.
The rolling (Cl) moment coefficient (Figure 29 (b)) is seen to be greater when the
plate is released with an initial roll angle (Γ). The plates released at positive and negative
roll angles move through the domain with opposing signs for rolling moments. While the
rolling moment coefficients are as expected for plate released with both β and Γ angles,
the yawing moment coefficient (Cn) turns out to be much higher than expected.
Additionally, the yawing moment coefficient plot (Figure 29 (c)) depicts high yawing
moments for the plates released with an initial roll angle (Γ) rather than for the plate
released with an initial yaw angle (β). Further investigation is necessary to gain a better
understanding of the behavior of plate when released with varying angles.
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(a)

(b)

(c)

Figure 29. Time histoy of Cm, Cl & Cn for plates released at varying β & Γ.
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5.4.3 Initial Angular Velocity
Foreign object debris or bird strike debris may separate from the airplane with an
initial force. In store separation, this initial force is deliberately given to the store and is
called ejector force. This small force may be in the form of rotational velocities and will
affect the final path taken by the object.
Sensitivity to initial angular velocity was observed from the grid independence
studies. While the simulations performed in this study are mainly three dimensional, for
this current parametric study case, a two dimensional problem was simulated. The
parametric studies were conducted in 2D for two reasons: to decrease the computation
time and obtain a preliminary result, and to isolate the pitching moment from the three
dimensional effects and the effect of aspect ratio on the trajectory simulated using varying
initial angular velocities. The aspect ratio is a crucial variable that affects the path taken
by a plate along with the tip speed ratio. Eliminating this variable from the angular velocity
study was essential for a controlled study. The time taken by 3 dimensional solver to
compute the trajectory of a flat plate when released in a flow field, with release arms and
750,000 elements, is around 56.3 hours. The time taken for the 2 dimensional solver for
the simulation of the same problem with a mesh size of around 85,000 elements was
around 42 minutes.
For this reason, a 2D plate was used to study the effect of initial angular velocity
on the path taken by the plate. The 2D numerical setup is similar to that of the 3D setup
mentioned in Sections 4.1, 4.2 and 4.3. The velocity moves from left to right with the
gravitational force acting downwards.
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In order to conduct a parametric analysis, the 2D plate was first simulated while
being released in uniform flow field with an angle of attack, α, of 0 degrees and 50 rad/s
initial angular velocity (ω). These results were compared with trajectory results simulated
using the 3D solver. This comparison helps establish the variation in trajectories between
the 2D simulation and the 3D simulation. To minimize wall effect and change in path taken
by the plate due to flow interaction between the plate and domain wall, the domain size
was increased to 9.144 m in the x and y (in 2D) and X, Y and Z (in 3D) axes for better
comparison. Figure 30 depicts the change in geometry of the domain. Although the study
is 2 dimensional, the same material property as that of the 3 dimensional aluminum plate
was assigned to the 2 dimensional 6DOF solver.

Figure 30. Increased domain size.
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Figure 31 compares the trajectories traveled by the 2D and the 3D plate released
at 0 degrees angle of attack with 50 rad/s initial angular velocity. The change in path taken
by the 3D plate and the 2D plate is shown in Figure 31. The deviation observed in the 2D
trajectory from the 3D trajectory is calculated at specific X-coordinate values of 0.5 m, 1.5
m and 2.5 m. The percentage deviation in the 2D trajectory when compared to the 3D
trajectory at these specific X locations are 0.6%, 0.14% and 0.04% respectively. The
study isolates the 3D effect of flow past a rectangular plate and the effect of these forces
in the final trajectory of the plate. Without the effect of vortices, the forces that affect the
path of the plate are larger in 2D than in 3D flow. For this reason, more movement is
observed in the trajectory of the plate in 2D flow when compared to 3D flow. Figure 31
clearly depicts this phenomenon.

Figure 31. Comparison of 2D and 3D plate trajectories α=0° and ω=50 rad/s.
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Having established the change in movement of the 2D plate from that of the 3D
plate, the effect of initial angular velocity was investigated in two dimensional flow. Using
two dimensional problem description also eliminates the effect of lateral and directional
moments, thus enabling the study of one variable (angular velocity in pitching). The size
of the domain was set to the original size of the wind tunnel test section described in
Section 4.1. The trajectories taken by the plate when released with varying initial angular
velocities are plotted in Figure 32.
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Figure 32. 2D plate trajectories at α=0° and varying ω.
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The plates with the lowest angular velocities of 0 rad/s and 0.5 rad/s tended to fly
upward towards the top wall. This occurs due to the interaction between the top domain
wall and the plate wall. The aerodynamic forces and moments acting on the plate are
greater than the initial angular velocity that was added. Thus, the small angular velocity
added to the plate was overpowered by the lift and pitching moment generated due to the
wall effect, effectively moving the plate upwards. A slightly larger magnitude of moment
added to the plate was sufficient to counteract the wall effects observed in the simulation.
Therefore, considering the remaining cases, it can be observed that, with increasing
angular velocities, the path that the plate takes is increasingly straight (Figure 32) and the
final location of the CG of the plate tends to move upward.
For the rest of the investigation of the effect of angular velocity, the smallest inputs
of 0 rad/s and 0.5 rad/s will not be considered for analysis and discussion. It can be
observed form Figure 32 that, with the increase in initial angular velocity from 2 rad/s to
60 rad/s, the final position of the plate moves from –1.65 m to –1.35 m in along the y-axis.
The final position of the plate moves higher with increase in initial angular velocity of the
plate.
Upon examination of the lift force acing on each plate, it is observed that the first
peak seen in the lift force, decreases in magnitude with the increase in initial angular
velocity as highlighted in Figure 33. This reduced magnitude of lift acting on the plate,
indicates less movement in the plate and hence the plate is clearly seen to move upwards.
It must also be noted that the lift force experienced by the plates with angular velocities
of 0 rad/s and 0.5 rad/s does not follow the trend and increase to a positive value first
before decreasing. This concurs with the prior mentioned observation.
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Figure 33. Lift forces experienced by the 2D plate in motion at varying ω.
Probability Study
The trajectory of an object is highly sensitive to initial conditions. A small change
in the initial condition may create a large different in the path taken by the plate as it
moves through the flow field. For this reason, a probability study was conducted using
EnginSoft’s optimization software called modeFrontier to observe the change in path
traveled by the flat plate due to minimal changes in input. A comprehensive study requires
data points on the order of 50,000 or more. However, this is an extensive process and
the computation time builds up rapidly.
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In the case of 2 dimensional problems, each simulation takes approximately 42
minutes, which translates to roughly 3 days for every 100 cases, thus providing the user
with 100 data points for analysis. Two variables— initial angle of attack and free stream
velocity— are varied individually, and the trajectory of the plate is obtained for each initial
condition. When conducting wind tunnel experiments, it is well known that the free stream
velocity within the test section is not always uniform and the speed cannot always be set
to an exact value of 75 m/s. Furthermore, the angle of attack of the plate may also show
small deviations from 0 degrees when being set up in the wind tunnel. For this reason,
the initial angle of attack and the free stream velocity were chosen as key input
parameters to vary in order to conduct a probability analysis. The geometry of the domain
was increased (Figure 30) to accommodate all possible trajectories and prevent early
collision. In order to obtain a reasonable probability distribution, a 2D problem was solved
for 1,500 data points for the velocity study, and for about 830 points for the angle of attack
study.
ModeFrontier is primarily a multidisciplinary design optimization tool used in
engineering design for multi-objective optimization. However, this software can be utilized
to conduct a simple probability analysis by omitting the optimization step. ANSYS
Workbench and MATLAB, among other software packages, can be integrated into the
design process and thus was used to conduct the analysis. Figure 34 depicts the workflow
created within modeFrontier to conduct a probability analysis of the plate trajectories
obtained from varying the initial angle of attack in the current investigation.
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Figure 34. Workflow within modeFrontier for probablity analysis of plate trajectories.
The workflow consists of various nodes. ANSYS Workbench (CAE Node) was
used to define the initial problem. A 2D plate released in the uniform flow field with the
geometry as described in Section 5.4.3 was simulated in ANSYS Workbench. The input
and output parameters were first defined within Workbench and linked to the data nodes
within modeFrontier. The upper and lower bounds for the input variable were also defined
in modeFrontier. Monte Carlo algorithm with uniform distribution, available within the
design of experiments (DOE) module of the software was used to create a data set of the
initial variable. The required number of data points were generated within the pre-defined
bounds creating a DOE sequence. These data points were utilized by ANSYS Workbench
as the initial variable and the plate trajectory was simulated for each input. Apart from
outputting the lift, drag, and moment characteristics, the motion history file for each
simulation was provided to modeFrontier using a file node. This motion history file was
linked with a MATLAB application node which reads each output file and the required x
coordinate and y coordinate values of the plate for each simulation.
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A simple script was written in MATLAB to read the output motion history file and
obtain the plate position in the y axis for a given x value. This effectively creates a plane
downstream of the release location at which the location of the plate would be plotted for
each input. Plotting all the final y coordinate values of the CG of the plate provides a
distribution of all possible locations of the simulated plate trajectory, downwind of the
release point. Thus a probability distribution of the plate placement at a distance
downwind was generated for small variations in the initial variables revealing a point cloud
map.
The probability study was conducted by varying two input parameters: freestream
velocity and angle of attack. The details of the individual problem setup in modeFrontier
and the resulting distribution and its analysis will be discussed in detail in Section 5.5.1
and Section 5.5.2.
5.5.1 Inlet Velocity
For the first study, the inlet velocity was varied and its effect on the trajectory of
the 2D plate was simulated using ANSYS Workbench within modeFrontier. For the
variation in inlet velocity, 1,504 data points were created using the Monte Carlo algorithm.
Although the Monte Carlo algorithm creates a random set of data points between the
upper and lower bounds, a uniform distribution was selected thereby creating a uniformly
random dataset.
The upper and lower bounds for the inlet velocity were defined such that 𝑉∞ = 71.5
m/s was considered to be the midpoint thereby allowing the comparison with a 2D case
simulated separately for the purpose of validation. The upper and lower values of velocity
were set to 70.5 m/s and 72.5 m/s with a delta of ± 1 m/s.
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The MATLAB script was set to record the CG location of the plate at a preset ‘x’
value along the length of the domain. This creates a type of plane (Figure 35) in 2D about
which the CG locations of the plate can be obtained in order to create a probability
distribution.
9.144m

9.144m

y
x

2.134m

2m

Location at which the probability distribution is created

Figure 35. Representaiton of the computational domain and 2D plane (x = 2 m).
Since the progress of the simulation in ANSYS occurs in time-steps, and the locus
of the CG (motion history file) records data at every time-step, it is not possible to obtain
the CG location of the plate at a predefined x-location precisely. For this reason, the
MATLAB script was set to record the point closed to the preset x value rounded off to the
unit value.
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The x location about which the CG of the plate is recorded is set to 2 m downwind
of release location (set to be the origin) for the velocity study to better compare with the
results obtain from the individual simulations and to better compare with experimental
values.
ModeFrontier obtains the y-coordinate value of the CG at 2 m through which the
plate passes from MATLAB, and this recorded y-coordinate value was used to create a
probability distribution and conduct a probability analysis.
Prior to conducting the probability analysis, the y coordinate value of the CG for a
freestream velocity of 71.5 m/s was extracted from the data seen in the scatter plot in
Figure 36. This data point was compared to the location of the plate obtained using a
simulation performed separately using ANSYS Fluent for the same conditions.

y coordinate value of plate CG (m)

-1.00
71.50 m/s, -1.187 m

-1.05
-1.10
-1.15
-1.20
-1.25
-1.30
70.0

70.5

71.0
71.5
72.0
Inlet velocity (m/s)

72.5

73.0

Figure 36. Scatter plot of y coordinate value of the CG of the plate for all inlet velocities
at x = 2 m.

68

The y coordinate points were seen to match between the plate release simulated in Fluent
and the plate release simulated by Fluent within ANSYS Workbench using modeFrontier;
thus validating the modeFrontier approach.
The probability distribution of the y-coordinate value of the CG of the plate is shown
in Figure 37. It resembles an almost normal distribution. The number of designs simulated
were 1,504 with about 54 designs failing due to errors in remeshing (3% failure rate). The
remaining 1,450 designs were used in the probability analysis and the arithmetic mean of
the y-coordinate value was found to be –1.19 m with a standard deviation of 0.034 m.
Furthermore, it can be observed from the scatter plot in Figure 36 that upon release, the
plate travels downward for all values of inlet velocity between 70.5 m/s and 72.5 m/s.

0
-1.30 -1.28 -1.26 -1.24 -1.22 -1.20 -1.18 -1.16 -1.14 -1.12 -1.10 -1.08 -1.06 -1.04 -1.02

Figure 37. Probability distribution of y coordinate value of the CG of the plate for all inlet
velocities at x = 2 m.
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The 95% confidence interval was found to be within a small range of –1.193 m and
–1.189 m indicating that there is a 95% chance of the mean falling between these values
for any given inlet velocity. From the available data, it can be observed that for a small
change in velocity of the order of magnitude of 1 m/s, the plate released will most likely
pass through around (2 ± 0.01, –1.19 ± 0.033) m in (x, y).
Figure 38 provides a visual representation of all possible y locations of the CG from
the given dataset of inlet velocities used to conduct the probability analysis. The various
y-coordinate values obtained from changing the inlet velocity are plotted as a range. Each
colored line represents the final location of the plate and the inlet velocity corresponding
to this plate location can be obtained by following the line back towards the velocity range
on the left.

Figure 38. Distribution of y coordinate value of the plate CG for all inlet velocities.
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From Figure 38, it can be observed that there is no particular trend seen for the location
of the plate with varying inlet velocity. For example, the blue lines indicate a y-value
between –1.26 m and –1.28 m. Following the blue line from the y-value on the right, to
the velocity values that produced this range of plate motion on the left, it can be observed
that the blue lines scatter across the range of inlet velocities.
The study shows that for the given range of inlet velocities, a clear correlation
between inlet velocity and plate movement and subsequent location downstream, cannot
be obtained. The plate movement was observed to be fairly random with changing
freestream velocities. However, a much larger data set will need to be considered before
drawing any final conclusions.
5.5.2 Angle of Attack
A similar study to that of varying velocity was conducted using modeFrontier by
varying the initial angle of attack of the plate at release. For this study, in order to model
a change in initial angle, the geometry modeler, ICEM CFD (for mesh generation) and
Fluent solver were linked within ANSYS Workbench. The angle of attack of the plate was
set as an input parameter in the geometry modeler, and the changed geometry was input
into ICEM CFD for meshing and then to Fluent for simulation. The geometry modeler
required a different definition of angle of attack wherein a 0° angle was considered to be
180° and the input parameter was required to be in radians. For this reason, the rest of
the angle of attack study will refer to 0 degree angle of attack as 3.141 radians.
With variation in the AOA parameter input from modeFrontier to the Geometry
modeler, a new mesh was created in ICEM CFD and subsequently fed to the Fluent solver
within Workbench. In order to maintain consistency in the grid generation process, a
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journal file was used in ICEM CFD to recreate the same grid settings for geometries with
plate placed at different angles. The new mesh was used in Fluent to simulate the 6DOF
movement and obtain the trajectory of the plate through the domain. With a change in
mesh for each angle, the minimum and maximum length scale values, required as an
input for the dynamic mesh solver, could not be altered within Fluent using a script. This
resulted in a 5.2% failure rate within modeFrontier during the probability study.
A total of 825 data points were used in angle of attack for the probability analysis
and, despite the few cases that failed, a total 740 cases were used for the final analysis.
The upper and lower bounds of the angle of attack were set to be 3.316 radians (190
degrees) and 2.967 radians (170 degrees) respectively with a delta value of 10 degrees.
This effectively translated to ±10° change in angle of attack.
Similar to the inlet velocity study, a uniformly random data set was created using
modeFrontier’s Monte Carlo algorithm for input angles. Due to the complexity involved in
each simulation with changing angles of attack, the time taken for each data point to
complete increased to about 64 minutes each. The x location at which the CG of the plate
was recorder by MATLAB was moved further back to 6 m as depicted in Figure 39.
As opposed to the results seen in the velocity study, a trend was observed in the
final y-coordinate location of the CG of the plate for varying initial angles of attack. The ycoordinate distribution is shown with respect to initial release angle in Figure 40. It can be
observed that for positive angles of attack, the final plate location is positive, i.e., the plate
moves upwards with the final location at 6 m downwind being above the initial release
location. With negative release angles, the plate is seen to move downward, thereby
generating a negative y-coordinate value for the location of the CG of the plate.
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probability distribution
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Angle of Attack (radian)

Figure 39. Representaiton of the computational domain and 2D plane (x = 6 m).

y coordinate (m)

Figure 40. Distribution of y coordinate value of the plate CG for all AOA.
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Since a clear grouping can be observed in the final location of the CG of the plate
based on the initial angle of attack (input data), the probability analysis was conducted by
grouping all results from positive angles of attack with values ranging from 3.141 radians
(representing 0 degrees) to 3.316 radians (representing +10 degrees) and by grouping
all results obtained using negative angles of attack ranging from 2.965 radians
(representing –10 degrees) to 3.141 radians (representing 0 degrees). The scatter plots
for each set of data, positive AOA (Figure 41(a)) and negative AOA (Figure 41(b)) is
depicted in Figure 41.
The probability distribution of the y-coordinate values of the CG of the plate at the
x = 6 m location for positive angles of attack is provided in Figure 42. The arithmetic mean
was found to be 3.474 m with a standard deviation of 0.0187 m for a dataset consisting
of 378 data points. The 95% confidence interval was found to be between 3.472 m and
3.476 m, thus indicating that a plate released with an angle of attack between 0° and 10°
will most likely pass through (6 ± 0.001 m, 3.47 ± 0.02 m) location in (x, y).
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Figure 41. Scatter plot of y coordinate value of the CG for (a) positive and (b) negative
angles of attack at x = 6 m.
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Figure 42. Probability distribution of y coordinate value of the CG of the plate for positive
AOA at x = 6 m.
The probability distribution of the y coordinate values of the CG of the plate for
negative release angles as seen at the 6 m x location is shown in Figure 43. The
arithmetic mean was found to be –3.537 m with a standard deviation of 0.003 m for a data
set size of 262 points. The 95% confidence interval was found to be between –3.540 m
and –3.534 m indicating that a plate released with an angle of attack between 0 and –10
degrees has a much smaller window through which the plate will likely pass with the range
being (6 ± 0.001 m, –3.53 ± 0.003 m) in (x, y).
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Figure 43. Probability distribution of y coordinate value of the CG of the plate for
negative AOA at x = 6m.
Similarity in the final location of the plate was seen with the probability analysis
conducted for varying initial AOA. The general trend was observed with respect to the
effect of release angle on the location of the plate at 6 m downstream of the release
location. The plates released at positive angles were found to move upward, while the
plates released with negative angles were found to move downward. A large data set for
each angle set is required to draw better conclusions. However, with a sufficiently large
data set, there may be potential to produce a response surface model (RSM) for the plate
trajectory. Once a valid RSM is established, it will be possible to predict the trajectory of
the plate for changing angles of attack without the need to conduct the entire simulation
process.
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Flow Field Interaction Study
Foreign object debris can be of varying size, shape, and weight. With bird or drone
strike, there may be multiple debris in the vicinity of the aircraft. Flow field interaction is
an important aspect in modeling the movement of debris close to the airplane. The fluid
around the aircraft will affect the trajectory of any foreign object in its vicinity, including
bird strike debris. A qualitative analysis of flow field interaction effects between objects
was investigated. This section discusses the flow field interaction between two objects
and the effect of the flow field interaction on the object’s trajectories. Three cases were
conducted to examine different aspects of the flow field interaction. Of the three cases,
two cases investigated the release of multiple plates in a uniform flow field and the third
was conducted with a plate released in the presence of a wing to observe the change in
trajectory.
The first case was conducted to identify the minimum and maximum distance of
interaction observed between two similar plates. This provides an assessment of the
extent that a flow field will affect an object. The study was carried out by simulating the
release of two plates of equal mass at various horizontal distances and comparing the
change in path taken by the plates with that of a single plate released individually. The
second case focused on the effect of changing mass on the flow field interaction observed
between plates. The third case investigated the change in path taken by a plate when
released in a pressure flow field. The interactions were quantified using the change in the
path taken by each plate due to the interference of the flow from the presence of another
object.
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5.6.1 Distance of Flow Interaction
The extent of flow field interaction on the trajectory was investigated by placing two
aluminum plates at varying horizontal distances within the domain to observe the change
in the path taken by the plates as they move through the domain. This study will aid in
determining the effect of distance between two objects on the extent of the interference
perceived in the trajectory followed. This was accomplished by simulating the free flight
of two plates having the same physical properties placed in a uniform flow field at varying
horizontal distances.
The domain size was increased from that stated previously in Section 4.1 to a cube
with sides of length 9.144 m. The plates were assigned the property of aluminum and
input to the 6DOF solver using a UDF specifying the mass and moment of inertia
properties of both plates. Although there were two plates, a single UDF can be compiled
containing the properties of both plates identified separately. The plates were released at
0° AOA without any initial angular velocity.
The plates were placed at incremental distances within the domain and released
to observe the interaction of the flow field generated around the plates and the trajectory
of the plates. The distance between the plates was documented to be the measured
distance between the CG of each plate. The aluminum plates were first released with a
distance of 1.2192 m between them (about eight times the characteristic length of 0.1524
m). This distance was increased in intervals of 0.1524 m and the simulated trajectories of
both plates were compared to that of a single plate released within the same domain.
Each plate was placed on either side of the XY plane as shown in Figure 44. For
each case, the trajectory of the plate placed with its CG on the positive side of the Z-axis
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was labeled as positive and the plate placed on the negative size of the Z-axis was labeled
as negative. For example, the plate with a positive Z-coordinate value is referred to as
Case # - positive and the plate with the negative Z-coordinate is referred to as Case # negative.

-X +Y
-Z
+Z
negative

-Y
positive
+X

Figure 44. Representation of two plates placed within the domain and the nomenclature
used.
Although the distance between the two plates was increased in steps of 0.1524 m,
for brevity, only three of the simulations are documented for comparison with results from
the single plate release. The three distances documented in this investigation (TABLE 8)
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represent an initial, intermediate and maximum distance found, wherein a clear
interaction can be observed between the plates.
TABLE 8
CASES CONSIDERED FOR INVESTIGATING INTERFERENCE
Case No.

Distance between CG’s of the
two Plates (m)

1

1.2192

2

1.5240

3

2.1336

The two plates were released simultaneously and the resulting simulated
trajectories are given in Figure 45. Without the effect of flow interference, the trajectory
followed by both plates, released in the same flow field, should be similar to the trajectory
followed by a single plate. Three planes along the X-axis were selected for the
assessment of the change in trajectory. The three planes are at X-locations of 1 m, 4 m
and 6 m.
It can be observed from Figure 45 that for all three cases, both plates placed on
positive and negative sides of the Z-axis take different paths when compared to each
other. Although both plates were placed at equal distances from the XY plane, an
asymmetric behavior can be observed in the paths taken by the plates. Further
investigation is required to determine the reason for this phenomenon since the densities
of both plates are exactly the same.
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Plane 1

Plane 2

Plane 3

Figure 45. Trajectories of two plates released simultaneously at varying distances
between the CG of each plate.
The percentage difference in the path taken by the plates when compared to the
single plate at the three planes is given in TABLE 9. For the first case, the positive and
negative plates take different paths. It can be seen from TABLE 9 and Figure 45 that as
the plates get further away from the point of release, the trajectory traversed by each
plate varies from being released on the positive and negative side of the XY plane. The
difference in paths taken by the plates from that taken by the single plate also becomes
larger. Considering the second case, the overall difference in paths taken by each plate
(positive and negative) is closer to the trajectory of the single plate as observed in TABLE
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9. However, the positive and negative plates still follow asymmetric trajectories. The third
case shows the least variation in path taken by the plates when compared with the single
plate study. The plates also show the least asymmetric motion through the fluid domain.
TABLE 9
PERCENTAGE DIFFERENCE IN PATHS TRAVELED BY TWO PLATES AS
COMPARED WITH SINGLE PLATE

Percent difference between CG of Two Plate Study and CG of Single Plate
Study
Case 1

Case 2

Case 3

Positive

Negative

Positive

Negative

Positive

Negative

Plane 1

11.6

10.7

4.7

11.6

2.3

12.3

Plane 2

5.2

3.3

6.4

2.0

5.1

2.8

Plane 3

0.9

0.8

1.4

1.9

1.5

1.4

Considering the first meter of travel (Figure 46) Case 3 can be seen to take the
path closest to that of the single plate. Consequently, upon release all three cases can
be observed to be traveling in similar trajectories as the single plate. However, as the
plates get closer to the pressure outlet and the domain walls, flow field interference may
be causing a shift in the trajectories.
Taking into account the lateral displacement (Figure 47) of the plates in each case
as compared to that of the single plate, it can be ascertained that the Case 3 plates placed
about 2.1336 m apart follow the most similar path. Both Case 3 positive and negative
plates follow a similar trajectory to that of the single plate, while Case 2 and Case 1 results
are not as close.
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Figure 46. Cutout view of figure 45 depicting the trajectories upto 1 m along X-axis.
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Figure 47. Locus of CG of plates as seen on XZ plane.
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8.00

5.6.2 Mass of Plate
The mass of the two plates released in a uniform flow field was varied to investigate
the effect of varying mass on the flow field interaction and the subsequent change in
trajectory due to this varied flow field interaction. The trajectories of the plates when
released simultaneously within the domain were compared to the individual plate
trajectories to observe the change if any in the paths taken due to plate flow field
interference.
The exact setup used for the study documented previously in Section 5.6.1 is
utilized for the current study. The geometry of the plates and the domain was similar to
the distance study for flow field interaction. The plates were placed at a distance of 1.2192
m (Case 1 study from Section 5.6.1) in order to clearly see the effect of flow field
interaction on the trajectory. An initial condition of 50 rad/s angular velocity was set for
both plates. The plate mass and moment of inertia properties were changed to aluminum
and plastic with densities of 2710 kg/m3 and 941 kg/m3 respectively. The plate properties
were written in a single UDF with separate names. When compiled, different material
properties were chosen for each rigid body entry in the dynamic mesh settings. It is
important to note that when choosing the plate and the property assigned to the plate, the
CG location be specified correctly for each plate. This location will be used as the origin
when computing the trajectories as well as when outputting the motion history files for
each plate.
Individual plate trajectories were first simulated and recorded for comparison. The
combined plate trajectories is expected to be altered due to the presence of the second
plate in the flow field. Figure 48 represents the two plates (aluminum and plastic) placed
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in the domain with a uniform flow field. All the boundary conditions used were similar to
that used for the individual plate trajectory simulation.

-X +Y
-Z
+Z
Aluminum

-Y
Plastic
+X

Figure 48. Representation of two plates in domain to study effect of flow field.
Figure 49 represents the trajectories of the two plates (aluminum and plastic) when
released simultaneously within the same domain. It can be observed that the plastic plate,
being lighter, travels a longer distance in the same amount of time than the aluminum
plate (Figure 49), reaching the domain boundary before the aluminum plate, thus causing
the simulation to end. This is clearly seen by the distance traveled by the aluminum plate
in the domain.
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Figure 49. Effect of flow field interaction between plates of varying density.
The trajectory of the aluminum plate, being heavier, does not change much from
being in the presence of the plastic plate as shown in Figure 50 (a). The path taken by
the aluminum plate, when placed individually in the domain is similar to the path taken by
the aluminum plate that is placed in the domain with the plastic plate. However, this is not

0.5

0.5

0.0

0.0

Y coordinate (m)

Y coordinate (m)

the case for the plastic plate in the multi-object study.
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Figure 50. Comparison of individual plate trajectory with the multi-object plate trajectory
released in a uniform flow field.
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As observed in Figure 50 (b), the plastic plate placed in the vicinity of the aluminum plate
takes a slightly different path than the trajectory of the plate when released as a single
plate in the domain. A maximum displacement of 0.15 m in the Y direction is seen at the
X-coordinate value of 3.24m.
5.6.3 Interaction with Wing
The flow field interaction between a small wing and the plate was examined for the
study and a qualitative analysis of the change in trajectory of the plate due to the presence
of the wing was conducted.
For the current study, the open source ONERA M6 wing geometry was used
because of its availability [36]. The simulation was performed with the plate release in
ahead of the wing geometry, with wing root dimension of 0.8059 m, span of about 2.3926
m and a symmetric ONERA D airfoil section. The plate was placed with its center of
gravity about 1 m away from the leading edge of the wing (Figure 50). The plate material
was assigned to be aluminum and was modeled as a rigid body while the wing was

0.3048 m

2.3926 m

modeled as a stationary object.

1.00 m

0.8059 m

Figure 50. Top view of plate and wing geometry within the domain.
87

The domain geometry, size and boundary conditions used for this study are
depicted in Figure 51. The top, bottom, and side walls of the domain were specified as
velocity inlet in order to eliminate any wall boundary effects from the trajectory of the plate.
Two boxes of higher element density (also called size box) were used to better compute
the flow behind the wing. The first size box encompassed the wing and the plate and was
created with smaller volume element sizes. A second size box was created behind the
wing, in order to better capture the wake.

9.5704 m

Pressure
Outlet

Size
Boxes
Wing
Plate
Velocity Inlet

R = 4.7827 m

Figure 51. Geometry and boundary conditions of numerical model.
A UDF specifying the properties of the plate was compiled to compute the
trajectory of the plate. The wing was specified as “stationary” when defining the dynamic
zones within Fluent while the plate was defined as a rigid body and assigned the UDF.
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The SDOF module outputs the motion history file of the plate for post processing. The
plate was released at 0 degrees AOA without any initial angular velocity.
The plate motion obtained from this study was compared with the plate trajectory
when released individually without the wing. Although the ONERA M6 wing was designed
for compressible flows, for the current study, low subsonic speed of 71.5 m/s was used
to create a flow field around the wing so as to better compare the trajectories of the plate
with and without wing.
The single plate trajectory obtained when released within the domain in the
absence of a wing geometry is represented as single plate in Figure 52. The plate when
released in the vicinity of the wing is also depicted in Figure 52 along with the cross
section of the wing root airfoil. When released in the vicinity of the wing, the plate moved
downward because of the influence of the flow field around the wing.
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Figure 52. Trajectories of plate when released with and without wing geometry in
domain.
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The lateral motion of the plates (seen from the top view) can be observed in Figure
53. The plate, when released with the wing geometry present in the domain, followed a
straighter path, ending up less than 0.1 m away (laterally) from the release location. The
single plate, however, moved further away along the Z-axis from the point of release with
a final location about 0.33 m away along the Z-axis. The flow field around the wing
combined with the forces experienced by the plate in the wake region of the wing may
have caused the plate (when released in the vicinity of the wing) to follow a path close to
the wing wake.
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Figure 53. Trajectories of plate when released with and without wing geometry in XZ
plane.
The lift and drag forces experienced by the plate when released with and without
the presence of the wing in the domain are shown in Figure 54(a) and Figure 54(b)
respectively. The lift coefficient experienced by the plate released with a wing in the
domain shows a complete change in phase. This provides evidence for the movement of
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the plates previously observed in Figure 52. The drag forces on both plates were only
slightly out of phase, with the single plate experiencing less drag than the plate released
with the wing.
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Figure 54. Time history of the (a) lift and (b) drag coefficients experienced by plates
released with and without wing in domain.
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Figure 55 shows the time history of the pitching (Cm), yawing (Cl) and rolling (Cn) moment
coefficients experienced by both plates.
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Figure 55. Time histoy of Cm, Cl & Cn for the plates released with and without wing in the
domain.
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While the pitching moment coefficient was more or less the same for both plates (single
plate and plate with wing), the rolling and yawing moments experienced by the plate when
released in the vicinity of the wing was much lower in magnitude than those of the single
plate. These lower moment forces experienced by the plate when released with the wing
in the domain, resulted in a lack of deviation of the plate trajectory from the wake region
of the wing. However, without the presence of the wing and thus with the lack of flow field
interaction, the single plate experienced a greater magnitude of yawing and rolling
moments resulting in larger horizontal displacement of the plate.
Qualitatively, these results clearly show that a plate of mass 1.279 kg, being
affected by the wing flow field, tends to stay within the wing wake region. Consequently,
debris released post bird and/or drone strike may tend to remain within the vicinity of an
aircraft thereby damaging the empennage or an aft-mounted aircraft surface.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

Conclusions
A coupled CFD-RBD approach with dynamic meshing was used to simulate a flat
plate trajectory. Results from the numerical approach was compared with experimental
data and found to be in good agreement.
Parametric investigations of inlet velocity, initial angular velocity and the effect of
mass were conducted. It was found that with change in mass, the plate trajectories
behave predictably and heavier plates are clearly perceived to experience less change in
their path due to higher inertia. The plate trajectories were found to be highly sensitive to
the orientation of the plate with respect to the inlet velocity at the time of release. With
change in angular velocity, it was observed that the plate trajectories became increasingly
more ballistic. It can be deduced that if a plate is subject to an external angular (pitching)
velocity at the time of release, the magnitude of the angular velocity influences the
trajectory of the plate with higher angular velocity resulting in the plate moving further
away laterally from the initial release location.
To aid in a comprehensive study of the trajectory of a flat plate with small change
in initial conditions, a probability study was conducted with varying inlet velocities and
angles of attack. The probability study provides a point map of the final locations of the
CG of the plate at a distance downwind of the release location. While the probability study
shows low variance values for variation in both inlet velocity and angle of attack, there is
a clear trend observed in the trajectory of the plate with the change in AOA, whereas the
same cannot be concluded for variation in the inlet velocity. Thus, it may be possible to
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produce a response surface model for varying angles of attack of the plate, in order to
predict its final location at a predetermined distance downstream from the release
location.
Flow field interaction was also observed by releasing two plate within the domain.
Two aspects were successfully investigated with this study. The maximum length at which
the effects of flow field interaction on the plate trajectory is clearly observed was found
and documented. The effect of mass on the flow interaction was also discussed. Finally,
a study investigating the change in the path followed by a plate moving in the vicinity of a
wing was documented and discussed. A clear change in the plate trajectory was observed
due to the change in forces experienced by the plate when released in the vicinity of the
wing. It was also found that, further downstream, the plate follows a path within the wake
region of the wing, and does not tend to move away from the release point (laterally) as
observed in the plate released without the presence of a wing.
The coupled method with dynamic remeshing that is available using ANSYS Fluent
was found to be robust. Good correlation with experimental data obtained with the
methodology used in this study is encouraging.
Future Studies
Parametric studies that further investigate the effect of initial orientation on the path
of the plate along with effect of aspect ratio may lead to a better understanding of the
influence of various parameters and sensitivity of the trajectory to each parameter.
Autorotation can be investigated and validated against experimental data using 1DOF
rotational motion with dynamic meshing. Finally, experiments tracking the trajectory of
other simple geometries will help provide a wider data set that can be used for validation.
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