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CAD models of the nose cone were developed, taking into account factors such as
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chassis dimensions, ground clearance, and Formula SAE rulebook constraints.
Computational Fluid Dynamics (CFD) analysis is carried out in ANSYS 2021 Fluent
module. The fluid domain was created and meshed using tetrahedral cells, and the
flow field was predicted using the Realizable k-& turbulence model. The simulation
results revealed essential information including drag and lift coefficients, as well as
pressure and velocity contours. An in-depth analysis of lift and drag coefficients guided
the optimization of the nose cone design. The study ultimately identified a nose cone
design that yielded the most favorable drag coefficient and is found in the range
between 0.2-0.3. The study also observed that the down force is increased by 27%.
Optimization; Aerodynamic; Nose Cone; This design proved highly effective in reducing the vehicle's drag and sufficient
CFD downforce to enhance acceleration.

Keywords:

1. Introduction

The aerodynamics domain deals with the study of the behavior of air around a moving object or
geometry and how it affects performance. Aerodynamics considerations are of utmost importance
in motorsports and race car design as well as commercial vehicles including locomotives. The effect
of moving body and its performance is studied by Guerrero et al., [1] and Stucki et al., [2]. Borello et
al., [3] reported that, as per the laws of viscous and turbulent flow, the friction at the boundary in a
flow increases with an increase in speed proportional to the speed square. Thus, for high-speed
vehicles, there is a force called drag force which acts in the direction opposite to the direction of
motion of the vehicle by Blocken et al., [4]. Therefore, drag force is one of the major setbacks when
it comes to achieving high speeds when the vehicle is in motion. The drag force also increases with
speed proportional to the speed square. This affects the overall efficiency of a vehicle reported by
Nath et al., [5]. Peng [6] used aerodynamic principles in design to impart a pressure force in a vehicle

* Corresponding author.
E-mail address: nitin.ambhore @viit.ac.in (Nitin Ambhore)

https://doi.org/10.37934/cfdl.15.11.161171

161



CFD Letters
Volume 16, Issue 11 (2024) 161-171

without increasing the vehicle weight along with drag force reduction. This helps to improve traction
and cornering and turning ability at high speed. Gupta [7] concluded that the factors affecting the
drag are the density of fluid, the area of contact of geometry with air, and the speed of the vehicle.
Oxyzoglou [8] investigated the effect of aerodynamics on the vehicle's performance and behavior.
The author concluded that an aerodynamic package produces noticeably more drag at all speeds.
Islam et al., [9] investigated the performance of airfoils using 2D CFD. The outcome demonstrates
that, due to greater flow velocities, the wing's lift coefficient increases proportionately as the
Reynolds number rises. But because of an increase in turbulence, this Reynolds number increase also
leads to a higher drag coefficient.

Aerodynamics aims at maintaining minimum contact area and keeping the flow streamlined
around the vehicle. The factors affecting the drag are the density of fluid, the area of contact of
geometry with air, and the speed of the vehicle. Thus, aerodynamics aims at maintaining minimum
contact area and keeping the flow streamlined around the vehicle. The estimation of drag force is
given in Eq. (1).

F=cCdxAx?Z (1)
2

Where, Cd= Coefficient of drag, p = density of air, V = velocity of air, A = area in contact

The study is based on a standard rulebook similar to the Formula 1 car. There are events held by
the Society of Automotive Engineers (SAE) in India and around the world where student teams design
and manufacture formula student-style vehicles based on the rulebook and compete in these
competitions every year at national and international levels. The aerodynamic properties and
handling stability of a race car under various body attitudes were studied by Zhang et al., [10]. The
results showed that increasing cornering causes the car's downforce to increase by 11.39%, drag to
decrease by 2.85%, and lift-to-drag ratio to increase by 14.70%. According to Fudhail et al., [11],
aerodynamic resistance can be greatly decreased by properly arranging vehicles traveling at cruising
speed on highways.

Optimization is transforming a real-life problem into a mathematical problem or equation and
solving it numerically. The Navier-Stokes equation is considered along with some fundamental
guestions to understand the aerodynamics with molecules of air in random motion. Houge et al.,
[12] presented numerical optimization referring to the method of choosing or selecting the best
element abiding by the design parameters and criterion. Kwak et al., [13] investigated different nose
shapes and found a reduction in aerodynamic drag.

For analytical validation and design optimization of the nose cone, Computational Fluid Dynamics
(CFD) analysis is employed. The CFD analysis involves analytical and numerical analysis of the dynamic
behavior of a fluid around a geometry by applying necessary boundary conditions and flow equations.
The analysis can be conducted to understand the effect of airflow over geometry using which
revisions can be carried out to improve the results.

Nishikawa [14] reported grid optimization in using CFD which refers to the process of refining or
adapting the computational mesh or grid used in a CFD simulation to improve the accuracy and
efficiency of the simulation. Grid or mesh is a discretization of the physical domain and is an
important aspect of the simulation, and the governing equations of fluid flow are solved numerically
as reported by Fellows [15]. Lee et al., [16] studied that grid refinement involves adding more grid
points or elements in areas where high gradients or complex flow patterns are expected. Adaptive
mesh refinement (AMR) is a technique where the grid is dynamically refined during the simulation
based on certain criteria which helps in obtaining accurate results according to Asral et al., [17].
Wang et al., [18] reported overall grid optimization and found that critical step in CFD simulations,
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as it directly impacts the quality of results and the computational resources required. A well-
optimized grid can lead to more accurate and efficient simulations, which are essential for
engineering and scientific applications that rely on CFD according to Wu et al., [19]. Bryant and Ng
[20] utilized RNG k-€ turbulence models to conduct CFD analysis. The model shows good agreement
with experimental data. The author suggested the use of the k-e turbulence model to conduct
simulation for better accuracy.

The nose is a part whose primary function is to cover the cockpit of the vehicle. The nose cone
has to satisfy the rulebook as well. The major ruling for the nose cone is that the edges that can come
in contact with pedestrians during an impact should have a 38 mm fillet. Thus any shape that can be
developed that can satisfy the mentioned two conditions. For analytical validation and design
optimization of the nose cone, CFD analysis is employed. In this paper, the design is created in
Solidworks and has been tested iteratively for obtaining drag and downforce (negative lift) values.
This ratio is employed as a comparison factor between the current design and the design of the nose
of the previous vehicle. The purpose of the study is to minimize drag while simultaneously enhancing
downforce to improve traction and acceleration of the vehicle.

2. Methodology

The governing equations of Computational Fluid Dynamics (CFD) describe the fundamental
principles that govern the behavior of fluid flow. Conservation equations form the foundation of
continuum mechanics and are essential in describing the behavior of physical systems, including fluid
dynamics. The generalized 3D continuity equation is given by Eq. (2) and momentum equations are
given by Eq. (3), Eq. (4) and Eq. (5).

ou ou ou 19p . 9%u 0%u . 0%u

U—+v—tw—=—==+—=+ —S+— 3
dx T ay T dz pdx  9x2 dy2 = 9z2 (3)
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¥y B 1 0, IY Y (4)
ox oy 0z poy  0x? dy? = 0z?
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0x ay 9z pody = 9x2 dy? 0z2

The venturi effect is a phenomenon that occurs when a fluid flows through a pipe and is forced
through a narrow section, resulting in a decrease in pressure and an increase in velocity. This effect
is mathematically described by the Bernoulli equation and can be observed in both natural
phenomena and industrial applications. It is similar to the sensation one experiences when placing a
thumb at the end of a garden hose with the water turned on, where the water's velocity increases as
it passes through the restricted area. However, it is important to note that the pressure increases
over the smaller surface area, but this constriction in the flow ultimately creates a vacuum-like effect
within the water. In the field of fluid dynamics, it's a fundamental principle that as a fluid passes
through a constriction, its velocity must increase in accordance with the principle of mass continuity.
Simultaneously, its static pressure must decrease following the principle of conservation of
mechanical energy. Therefore, any increase in kinetic energy that a fluid gains due to its accelerated
velocity through a constriction is offset by a decrease in pressure. Using Bernoulli's equation in the
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special case of steady, incompressible, inviscid flows along a streamline, the theoretical pressure
drop at the constriction is given by given as Eq. (6).

R-R :g(uzz_ulz) (6)

Where p the density of the fluid, ul is the slower fluid velocity where the pipe is wider, and u2 is the
faster fluid velocity where the pipe is narrower.

2.1 Nose Cone Shape Selection

The nose cone is one of the largest components and the first component coming in contact with
the airflow. Hence it is necessary to optimize the shape for aerodynamic performance. The analytical
results can be validated using the efficiency formula which is the ratio of lift coefficient and drag
coefficient. The aim was to achieve the lowest drag coefficient for the nose cone design. Thus the
iterations were performed and accordingly, the shape was optimized after every iteration until the
optimum drag, lift coefficient, and downforce were achieved. The main function of the nose cone is
to divert airflow away from the cockpit. Design of nose cone is very important aspect of high speed
vehicle according to Moradi et al., [21]. The basic shape of the geometry was created using the chassis
CAD model as a reference and keeping in mind the rulebook. It started with the design with the
primary aim to cover the whole cockpit. Solidworks software is used for modeling the nose of a
vehicle. The initial geometry was created with the dimension constraints of the chassis. The
dimensions are a length of 1130 mm, a height of 550 mm, and a maximum width of 500 mm. A major
effort was put in to make the bullet shape the conical tip of the geometry and keep the curved shape
to maintain a streamlined flow around the geometry. Further, the shape changed as per analysis
results and requirements for several iterations before the final shape was determined. Figure 1 shows
the iterations for the nose cone design.

Fig. 1. Nose cone design iterations

2.2 Design Optimization

The various nose designs were optimized by iterative optimization. Figure 2 depicts the step-by-
step optimization process, where each iteration involves conducting CFD analysis under the same
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boundary conditions. In each iteration, areas with significant drag were pinpointed and subsequently
addressed in the following iteration. The visual representation of this iterative improvement process
can be found in the flowchart presented in Figure 2. In order to investigate the effects of unsteady
vehicle aerodynamics on the vehicle’s motion, conventional analysis of the vehicle’s motion using
quasi-steady aerodynamic forces and one-way coupled analysis with fixed vehicle attitude can also
be conducted.

Input
Preliminary
Design

Geometry
Preparation

A 4

CFD Simulation Design
l Optimization

A

‘ Results ‘

Design goals No
accomplished

Final Design

Fig. 2. Optimization Method
2.3 Simulation

The Simulations were performed using the ANSYS Fluent solver package (2021 R2). The
characteristic length of the nose was maintained at 1.2 meters. Given a flow velocity of 20 m/s, the
resulting characteristic Reynolds Number (Re) is determined to be 1.64 x 10° using the Eq. (7).

pvd
u

R = (7)

These calculations indicate that the airflow around the nose is likely to exhibit turbulent behavior.
Consequently, turbulence models were employed for the simulations. Turbulence models are
designed to solve the Reynolds-Averaged Navier-Stokes (RANS) equations. Multiple turbulence
models aim to solve these RANS equations by making specific assumptions. The assumptions
inherent to a particular model lead to a specific set of equations that are derived from the RANS
equations based on those assumptions. Turbulence models can range from relatively simple to highly
complex. For instance, the SpalartAlmaras model relies on a single equation, the k-epsilon model
uses two equations, and the k-omega model employs two equations. The number of equations in a
turbulence model directly correlates with the model's complexity and accuracy. More equations
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generally result in a more intricate model that offers greater accuracy but demands higher
computational resources during simulations hence k-epsilon model is employed for current study
and given by Eq. (8).

9 0 = O [ (g ) (26
3¢ (Pr) + 5= (pkuy) = ox; [(u + Gk) (axj

2.4 Grid Convergence Analysis

)] + P, — pe + pgk (8)

A grid convergence analysis was done on the nose prior to starting the comparison investigation.
It is a systematic analysis used to evaluate the accuracy and convergence of numerical solutions by
varying the grid resolution as per Edalatpour et al., [22]. This grid convergence study utilized the
ANSYS Fluent Package, employing a Double Precision Serial Solver and the k-epsilon turbulence
model for all simulations. The process began with meshing the geometry at a coarse level.
Subsequently, the simulation results, particularly focusing on the Coefficient of Drag, were
monitored using this initial mesh. The mesh refinement process was then systematically applied,
gradually increasing the level of mesh fineness. This refinement continued until the results reached
a point where further mesh refinement no longer produced significant variations in the outcomes.
The final mesh size selected was 20mm as shown in Table 1.

Table 1

Mesh size study

Number of elements  Mesh size Coefficient of drag
681783 100 mm 0.4284

681783 50 mm 0.3466

3528057 20 mm 0.2956

19201934 10 mm 0.2931

2.5 Post-processing

The analysis was conducted using the Fluid Flow (Fluent) analysis system within the ANSYS
Workbench Software Package. During the pre-processing, a Fluid Domain was created around the
nose cone. In the case of external aerodynamics, the fluid domain takes on the form of a rectangular
box, essentially emulating a virtual wind tunnel. The entrance of the wind tunnel is placed at 1.5m
ahead of the geometry and the inlet velocity is defined on it. The exit of the wind tunnel is placed at
2.5m behind the geometry, it acts as a pressure outlet. The side walls of the tunnel are placed 0.5m
further from the geometry Multigrid techniques are used to accelerate the convergence of equation
RANS.

To establish the total layer height, estimating the thickness of the boundary layer is needed.
Utilizing the ANSA Y+ calculator with a characteristic length of 1.2 meters and a velocity of 20 m/s,
the initial layer height is estimated to be approximately 5.4 x 10* m as shown in the figure.
Consequently, we proceed to create a total of six layers. The first three layers have a fixed absolute
height of 0.5 mm, while the subsequent three layers exhibit a growth factor of 1.2 as shown in Figure
3. The Y+ thickness was calculated using online tools, taking into account parameters such as the
Reynolds Number, Flow Velocity, Geometry, and other relevant factors. Table 2 shows Analysis
settings summary.
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Table 2
Analysis settings summary

Parameter

Description

Method

Tetrahedron

Element size

20 mm

Mesh details Element Size

0.0005 mm

Inflation layer ~ No. of layers

6

Growth ratio

1.2

Inlet

Inlet Velocity, 20m/s, Turbulent Intensity
1% and Viscosity ratio 10

Boundary Outlet

Setu o
P condition

Pressure Outlet, Turbulent Intensity 1%
and
Viscosity ratio 10

Tunnel walls

Stationary walls, No slip condition

Road

Moving Wall, 20m/s horizontal translational
velocity

Methods
Solution

Coupled Solver with Second Order
Upwinded

Momentum and Second Order Upwinded
Turbulence Kinetic Viscosity

Initialization

Hybrid Initialization

Drag coefficient on the Nose surface Monitors.

Lift coefficient on the Nose surface

3. Results and Discussions

The comparative study aimed to optimize the drag coefficient as the primary parameter of
interest. Since the simulations were exclusively conducted on the 2D nose profile and not on the
complete 3D assembled CAD model of the car, the absolute drag values obtained lack meaningful
context. Nonetheless, it effectively assesses the relative performance of the various nose cones in
terms of drag reduction by considering the relative values of the drag coefficients. Table 3 shows the
drag coefficient and drag coefficient for the first three iterations.
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Table 3

Comparison of drag coefficient and drag coefficient
Iteration Drag coefficient (Cd) Drag force (Cl)
1 0.4684 27.51N

2 0.3847 18.83 N

3 0.2834 11.57N

The outcomes of the comparative study indicated that Iteration 3 is the most suitable for the
intended purpose. Consequently, this particular geometry is selected, and additional research into
the flow patterns around this geometry is conducted to fine-tune its shape for drag reduction.
Interestingly, this profile also exhibited the lowest amount of lift, making it the most downforce-
generating geometry. The subsequent stage of the design process entailed the observation of fluid
flow patterns across different contour configurations like pressure, velocity distribution, etc.

Figure 4 shows the convergence for the drag coefficient. It is revealed that the drag coefficient
for nosel does not change substantially after 40 iterations and is found as 0.4684. Figure 5 shows
the convergence for the lift coefficient. It is revealed that the lift coefficient for nosel does not
change substantially after 20 iterations and is found as 1.2.
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Fig. 4. Convergence for Cd of selected nose cone
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Fig. 5. Convergence for Cl of selected nose cone
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The velocity contour in Figure 6 illustrates the variation in airflow velocity between the upstream
and downstream sections. Eq. (5), which represents the continuity equation, defines the connection
between fluid area and velocity. It is crucial to note that as per the law of conservation of mass, the
airflow velocity, specifically air in this context, should be higher in the lower portion of the nose
surface to reduce pressure in that area. In Figure 6 the red-colored region signifies an increase in
velocity below the lower section of the nose, in comparison to the flow velocity over the nose. Within
this red coloured region, the highest velocity observed in the flow field is recorded as 24.87 meters
per second. This maximum velocity value indicates the peak speed in that particular area of increased
flow velocity below the lower section of the nose. The information provided in the description of
Figure 6 suggests that there is a region beneath the nose of some object where the flow velocity
increases notably compared to the flow velocity observed directly over the nose. This observation of
increased velocity, highlighted in red, indicates a specific flow pattern or phenomenon occurring in
that area of the flow field.

Ve!oci1¥

Vectori
2.487e+01
1.865e+01
12430401

6.217e+00

™. 0.000e+00
[msr1] :

Fig. 6. VIciy contour

Figure 7 represents a visualization, such as a pressure contour plot, illustrating the pressure
distribution around an object in a flow field. The pressure contour displays a notable contrast in
pressure between the upper and lower boundary layers of the surface. Following the stagnation of
air at the boundary layer near the tip of the nose, the airflow divides, spreading in both the upstream
and downstream directions. The airflow moves with high velocity at the lower portion of the nose as
seen in Figure 7, ultimately decreasing the air pressure in that certain area. The airflow at the upper
portion of the nose is found as very high. The pressure difference of 420 Pa is generated which
creates strong downforce.

Fig. 7. Pressure contour
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Figure 8 depicts a velocity vector representation of the flow field around an object. The velocity
vector representation indicates that there is an attached flow characterized by high stability around
the nose. This stability is a direct consequence of the streamlined shape of the body. This is needed
to designed and promote smooth and stable airflow, minimizing turbulence and enhancing
aerodynamic performance. The maximum velocity is observed as 24.06 m/s. This is observed in the
flow field and object's streamlined shape.

) i
| Ansys
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Fig. 8. Velocity vector contour
4. Conclusion

Numerical optimization for the aerodynamic performance of the nose cone of the FSAE vehicle
is presented. The drag coefficient and lift coefficient have been studied using CFD simulation by
varying element sizes. The drag coefficient for an element size of 100 mm is found as 0.4684 and for
an element size of 10 mm, it is observed as 0.2931. The drag coefficient for an element size of 20
mm is observed as 0.2956. It is concluded that the drag coefficient for element sizes of 20 mm and
10 mm gives almost similar results. Hence, it is recommended to use a 20 mm element size to save
computational time and memory and obtain the optimum results. For the aerodynamic effect, a
significant reduction in the drag force of the geometry is observed. For nose shape 1, the drag force
is observed as 27.51 N, and corresponding the coefficient is observed as 0.4684, which has reduced
to around 18.83 N for a drag coefficient of 0.3847. For nose shape 3, the drag force has dropped
significantly to 11.57 N with a drag coefficient is 0.2834. The velocity and pressure contours give an
idea about how the effect of shape change and addition of curvature has contributed to the
reduction of drag and also pointed shape of the tip affected reducing the stagnation point at the tip
of the nose cone.
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