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Abstract. This paper presents a detailed analysis of the flow around a scaled-down
National Football League (NFL) ball submerged in water, with special attention given
to the velocity field in the wake region behind the ball. The simulation was performed in
a channel with a rectangular cross-section. Laminar and turbulent flows were developed,
where the Reynolds number (Re) ranged from 1,300 to 50,000. An unstructured
tetrahedral mesh with refined regions was used to accurately represent the flow
characteristics around the ball, particularly in high-velocity zones. The CFX module of
the ANSYS software was used to obtain numerical results and the velocity field. The
reduced model of the NFL ball was made in SolidWorks. The simulation results were
validated by comparing the flow around a sphere (ping-pong ball) with widely
recognized experimental and numerical data from the literature. The results reveal the
formation of distinct flow patterns and vortex structures in both laminar and turbulent
regimes, with notable differences in the wake region as the Reynolds number increases.
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1 INTRODUCTION

The flow around bodies in fluids is a crucial aspect in understanding fluid dynamics
and engineering applications involving the flow of air or liquids around solid objects.
Whether it is the aerodynamic design of vehicles, the assessment of ship resistance, or the
analysis of blood flow through vessels, studying the interaction between fluids and solid
bodies plays a vital role in various disciplines.

An NFL ball, with its specific elongated shape, represents a challenging object for flow
analysis. Its unique geometry and possibility of variable angles of incidence make the flow
patterns around it different from those around more conventional shapes such as spheres
or cylinders. Understanding the aerodynamic characteristics of an NFL ball is not only
important for improving sports performance but can also contribute to the broader field of
aerodynamics.
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Historically, researchers have developed numerous methods and models for predicting
and analyzing flow. From basic experiments in wind tunnels [1,2] to advanced numerical
simulations using methods such as finite volumes and finite elements [3,4], scientists strive
to better understand how different factors, such as body shape, fluid velocity, and fluid
properties, influence flow and the forces acting on the body.

Flow around a cylinder is a phenomenon that is often investigated in the field of
aerodynamics and fluid dynamics, where it refers to the situation when the fluid flow
around the cylinder becomes unstable, which can cause the appearance of various effects
such as eddy currents, turbulence and the like.

In 1851, George Gabriel Stokes studied the effects of fluid viscosity on the damping of
a pendulum's oscillations. Stokes analyzed how the internal friction of the fluid (viscosity)
slows down the movement of the pendulum, leading to key conclusions about the drag
force exerted by the fluid on objects moving through it [5]. This research led Stokes to
formulate principles for deriving equations of resistance for a sphere moving through a
viscous fluid, which later became known as Stokes' law.

In 1883, Osborne Reynolds published a paper [6] which made a fundamental
contribution to the field of fluid mechanics by introducing the concept we now know as the
Reynolds number. This became a key parameter in fluid mechanics, enabling the prediction
of flow regimes in various systems.

Today, much attention is paid to the study of flow around a body, especially in the
context of aerodynamics and hydrodynamics. The development of advanced simulation
techniques, such as computational fluid dynamics (CFD), enables a detailed understanding
of how fluids, such as air or water, flow around objects of various shapes and sizes. These
studies are essential for a variety of applications, including vehicle design, the development
of wind-resistant buildings, and in biomedical research where they analyze how fluids flow
around various anatomical structures. In addition, experimental investigations in
aerodynamic and hydrodynamics testing tunnels enable verification of theoretical models
and improvement of facility design to reduce drag and increase efficiency.

Baki¢ [7] presented experimental results for the flow around a sphere, including a
smooth sphere in low inlet turbulence, a sphere with a trip wire, and a sphere in high free-
stream turbulence, at subcritical Reynolds numbers. Mean velocity fields and turbulence
quantities were obtained using laser-Doppler anemometry, and a comparison of velocity
fields and turbulence characteristics for different flow configurations was provided.

In paper [8], the effect of free stream turbulence, wind speed and ship motion on the
airwake frequency spectra of two 1:50 scaled ships with stern flight-decks was investigated
using wind tunnel testing.

Watson et al. [9] described an investigation in which piloted flight simulation was used
to study the effect of turbulent air flow on helicopter recovery to an offshore platform. A
helicopter flight simulation environment was developed in which the unsteady air flow
over a full-scale offshore platform was modeled using time-accurate Computational Fluid
Dynamics.

Le and Hong [10] utilized numerical computation to investigate the hydrodynamic
characteristics of a torpedo-shaped underwater glider. The physical model of this glider
was developed using Myring profile equations and analyzed through a computational fluid
dynamics approach.
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Constantinescu and Squires [11] compared LES and DES predictions, focusing on
important flow characteristics such as the drag coefficient, wake frequencies, the position
of laminar separation, and the distribution of pressure and skin-friction along the sphere.

In this study, the focus is on the analysis of the aerodynamic flow around an NFL ball.
The goal is to gain a deeper understanding of the flow mechanisms around an NFL ball and
to identify the key parameters that influence its aerodynamic performance. The authors'
main motivation for writing this paper was to analyze the flow around an NFL ball in water.
Previously, the research on the topic of the flow around various bodies was conducted in
air. In paper [12], an experimental and numerical investigation of the flow around an NFL
ball in a wind tunnel was carried out.

Through research like this, scientists and engineers are constantly advancing our
understanding of fluid dynamics, leading to innovations in various industries.

2. METHODOLOGY

The numerical simulation was conducted using the ANSYS software package, which
provides advanced tools for modeling and analyzing fluid flow phenomena [13].
Specifically, the CFX module, an integral part of the software suite, was employed for
Computational Fluid Dynamics (CFD) simulations due to its robust capabilities in handling
complex fluid flow problems. The CFX module is particularly well-suited for simulating
turbulent flows and offers advanced turbulence modeling options, making it ideal for the
present study.

The development of advanced software such as ANSY'S, particularly its CFX module,
has significantly advanced the ability to solve the Reynolds-Averaged Navier-Stokes
(RANS) equations that describe fluid flow. The RANS equations are a form of the Navier-
Stokes equations where the instantaneous quantities are decomposed into mean and
fluctuating components. Solving these equations requires discretizing the partial
differential equations that govern fluid flow, which is accomplished using a finite volume
discretization method in ANSYS CFX.

2.1 Model

Two cases were considered: the flow around a ping pong ball and a scaled-down model
of an NFL ball. The objects being studied were placed inside a rectangular channel of
sufficient length to allow the development of the selected flow profiles.

For the first part of the analysis, the geometry of a ping pong ball was considered. The
model was generated using the actual dimensions of the ball, with a diameter of d = 40 mm
and a perfectly smooth surface. This was done to validate the numerical results, which will
be explained in detail below.

For the second part of the analysis, the geometry of an NFL ball was considered. An
NFL ball has precisely defined dimensions according to the standards of the National
Football League (NFL) [14]. For the purposes of the simulation, a model was created at
23.65% scale of a real NFL ball. The SolidWorks software was used to create both models.
Table 1 presents the characteristic dimensions of the NFL ball and the model used in the
simulations.

The rectangular channel used in the simulation was specifically designed to provide
sufficient space for both objects and to facilitate the development of accurate flow profiles.
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Its cross-sectional dimensions were scaled relative to the characteristic diameter d of the
objects, with a height of 3d, a width of 2d, and a length of 50d. These proportions ensured
that the flow around the objects could be fully developed and that any boundary effects
from the walls of the channel were minimized.

Table 1 Characteristic dimensions of the NFL ball

Dimensions  Dimensions
of the ball of the model

Length [mm] 280 66.23
Circumference (longitudinal) [mm] 700 164.4
Circumference (lateral) [mm] 530 125.66

To avoid difficulties with mesh generation and subsequent simulation results, it was
necessary to adapt the model by removing unnecessary details on the ball itself. This
approach created conditions that realistically represent the flow around an NFL ball, which
is important for obtaining accurate results.

wall

inlet O outlet
— —

Fig. 1 Model and boundary conditions for flow around a sphere

wall

inlet Q outlet
—» —»

Fig. 2 Model and boundary conditions for flow around an NFL ball

Depending on the Reynolds numbers, which ranged from 1,300 to 50,000, different
models were used. For Reynolds numbers less than 2,000, a laminar flow model was
employed. For higher Reynolds numbers, the k- turbulence model was selected due to its
robustness and wide acceptance in engineering applications. This model calculates the
turbulent kinetic energy (k) and the specific rate of its dissipation (®), which are essential
for determining the turbulent viscosity and closing the RANS equations. The k-w model is
particularly effective for simulating high Reynolds number flows where turbulence plays
a significant role.

The decision to employ the k- turbulence model stemmed from a comprehensive
evaluation of alternative models to ensure accurate and efficient simulation of the flow
conditions under consideration. While the k-¢ model is commonly applied in industrial and
free-shear flow scenarios, it was deemed unsuitable for this study due to its limitations in
resolving near-wall phenomena, which are critical for capturing the intricate flow patterns
around the NFL ball and within the channel. Similarly, the k~w SST model, known for its
enhanced accuracy in boundary layer predictions, introduced additional complexity
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without offering significantly better results compared to the standard k- model for the
studied flow regime. The selected k- model provided the best balance between accuracy
and computational efficiency, demonstrating excellent agreement with experimental data
and reliable predictions of turbulence characteristics across the range of analyzed Reynolds
numbers.

Boundary conditions were carefully defined to accurately represent the physical
scenario. The inlet boundary condition was set as a uniform velocity profile corresponding
to the desired Reynolds numbers to simulate different flow regimes. The outlet boundary
condition was specified as an opening boundary condition with zero relative static pressure
to allow for the smooth exit of fluid from the computational domain. No-slip wall
conditions were applied to the surface of the NFL ball and the walls of the channel to
accurately simulate the viscous effects. The convergence criteria for continuity,
momentum, and transport (model) equations were always less than 10”. The boundary
conditions used in the numerical simulations are represented in Table 2.

Table 2 Boundary conditions

Boundary Condition
Inlet Velocity (Depending on the Re number)
Outlet Opening boundary condition
Walls No slip

2.2 Meshing

The meshing process is crucial for the accuracy and precision of the simulation. A fine
mesh was created around critical areas of the NFL ball, especially at the front and rear,
where complex flow patterns and vortex structures were expected to form. Furthermore, an
adaptive mesh was used to ensure high resolution in areas with large pressure and velocity
gradients.

For the simulation, a tetrahedral mesh with an inflation layer and zones with a higher
number of elements was used. This choice of mesh was made due to the complex geometry
and the need for more efficient problem-solving, especially in the boundary layer.
Tetrahedral control volumes allow easier adaptation to complex shapes, particularly for an
NFL ball. They are especially useful for domains with complex geometric details where
maintaining flexibility in cell distribution is necessary. Initially, there were some issues
with the mesh quality, which could have affected the accuracy of the simulation results. To
achieve a certain level of accuracy and to ensure the stability of the simulation, cell sizes
had to be appropriately adjusted. Setting the maximum cell size to 10 mm and the minimum
cell size in zones of special importance to 0.5 mm was used to ensure the stability of the
simulation. The mesh details for both models are provided in Fig. 3 for the sphere and Fig.
4 for the NFL ball.

As a result of these considerations, the mesh for the simulation of flow around the
sphere consisted of 2,932,317 elements. For the NFL ball, due to its more complex
geometry and intricate flow patterns, an even finer mesh with 3,522,120 elements was
utilized. The increased number of elements in the mesh for the NFL ball was necessary to
precisely capture detailed flow characteristics, especially in areas with high pressure and
velocity gradients.
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Fig. 4 Mesh for an NFL ball

A detailed mesh analysis was conducted, including parameters such as orthogonality,
skewness, and aspect ratio. These parameters indicated that the mesh quality was
satisfactory, leading to minimized numerical error and ensuring simulation stability. This
mesh generation allowed for:

1. Accurate analysis of turbulent flow in the boundary layer, which is crucial for
understanding different types of flow around an NFL ball as well as other
geometric bodies.

2. Efficient use of computational resources through mesh optimization, enabling the
numerical simulation to be performed within an acceptable time frame.

2.3 Validation

The study presented in [15] was used to validate the results obtained from the numerical
simulation. In this study, the authors presented both experimental and numerical results of
the flow around a sphere (ping-pong ball), providing detailed data on velocity profiles.
Their observation on the flow around a sphere serves as a benchmark for validating
computational fluid dynamics (CFD) models of spherical objects.

By comparing the numerical results with the experimental and numerical data from
paper [15], the accuracy and reliability of the simulation approach were assessed. The close
agreement between the obtained results and those presented in [15] confirmed that the
modeling techniques and computational settings were appropriately chosen. This
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validation step was crucial to ensure that the simulation of the flow around the NFL ball
yielded trustworthy and meaningful results.
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Fig. 5 Results of the flow around a sphere

Fig. 5 shows the numerical results of the flow around a sphere. These diagrams are
almost identical to the diagrams presented in [15]. The diagrams display the relationship
u/uave (dimensionless velocity, where u is the instantaneous velocity and uqy. is the average
velocity) versus y* (dimensionless transverse coordinate). In diagram (a), the velocity
distribution is shown for a cross-section located at a distance of L=3d/2 (where d is the
diameter of the ball experiencing flow around it, d = 40 mm); in diagram (b), the
distribution is shown at a distance of L=2d/3; and finally, diagram (c) represents a cross-
section that coincides with the forward stagnation point. The cross-sections were selected
to correspond to those in [15].

For the numerical simulations of the flow around the NFL ball, the same velocity
distribution was ensured in the undisturbed part of the stream in front of the object being
studied.

3. RESULTS

The results obtained from the numerical simulations of flow around the NFL ball are
presented and analyzed in this section. These results include detailed visualizations of the
velocity fields and vortex trails for the laminar flow case at a Reynolds number of
Re=1,300, as well as for two turbulent flow cases at Reynolds numbers of Re=16,000 and
Re=50,000. By examining these different flow regimes, we aim to understand how the flow
characteristics around the NFL ball evolve with increasing Reynolds numbers.

Fig. 6 shows the velocity field of laminar flow at a Reynolds number of Re=1,300.
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Fig 6. Velocity field for laminar flow (Re=1,300)

The stagnation point on the front side of the ball can be clearly observed from Fig. 6.
Furthermore, the velocity field shows a regular pattern where, at a distance of //d from the
body, the velocity profile re-establishes to one identical to that in front of the body. Fig. 7
presents the vortex wake on the rear side of the ball, where the recirculation zones are
clearly visible.

Fig 7. Vortex flow on the rear side of the ball (Re=1,300)

Fig. 8 shows the velocity field of turbulent flow at a Reynolds number of
Re=16,000.

=

Fig 8. Velocity field for turbulent flow (Re=16,000)

The stagnation point on the front side of the ball can once again be clearly observed.
Additionally, the flow disturbance in the region behind the ball is significantly smaller
compared to the laminar flow case (Re=1,300). However, the velocity field in the
undisturbed flow region re-establishes at a distance of approximately /6d, which is greater
compared to the laminar flow. Fig. 9 presents the vortex wake on the rear side of the ball
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(Re=16,000). Unlike the previous laminar model, we can now observe that the recirculation
zones are significantly less pronounced and are mainly localized in the lower part of the
ball.

Fig 9. Vortex flow on the rear side of the ball (Re=16,000)

Fig. 10 shows the velocity field of turbulent flow at a Reynolds number of
Re=50,000.

o2

Fig 10. Velocity field for turbulent flow (Re=50,000)

The stagnation point on the front side of the ball can once again be clearly observed.
Additionally, it can be seen that the flow disturbance in the region behind the ball is
significantly smaller compared to both the laminar flow case (Re=1,300) and the turbulent
flow case (Re=16,000). However, the re-establishment of the velocity field in the
undisturbed flow region occurs at a much greater downstream distance compared to the
previously considered turbulent flow case (Re=16,000). Fig. 11 shows the vortex wake on
the rear side of the ball, where the recirculation zones can now be clearly observed. These
zones have moved significantly closer to the center of the ball, resulting in a much narrower
wake compared to the previous two cases.
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Fig 11. Vortex flow on the rear side of the ball (Re=50,000)

3. CONCLUSION

The use of the ANSYS CFX software, along with an unstructured tetrahedral mesh,
enabled precise modeling of the flow characteristics and detailed representation of
phenomena such as vortex shedding and velocity distributions.

The results showed that at lower Reynolds numbers (Re=1,300), the flow remained
laminar with a well-defined wake, and the velocity profile reestablished at a distance of
approximately 11 times the ball's diameter downstream. As the Reynolds number increased
to turbulent regimes (Re=16,000 and Re=50,000), the wake region showed reduced
disturbances, and the re-establishment of the undisturbed flow profile occurred at greater
downstream distances. The vortex structures behind the ball became increasingly complex
as the Reynolds numbers rose, indicating the onset of turbulent flow and the dominance of
inertial forces over viscous forces.

This study improves the understanding of fluid flow around complex geometries like
the NFL ball and emphasizes the significant impact of the Reynolds number on flow
behavior. The insights gained from this study can guide the design and optimization of
objects moving through fluids, such as sports equipment, underwater vehicles, and
aerodynamic bodies, where controlling flow separation and reducing drag are crucial for
improving performance.

Future work could expand this analysis by incorporating the effects of surface
roughness, varying angles of incidence, and unsteady flow conditions to more accurately
simulate real-world scenarios.
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