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Abstract: The bullet head plays a principal role in the modern enlargement of an efficient bullet.
A bullet’s main design parameters depend upon the lift and drag forces acting on the head. The
factors in a bullet’s shape design that affect bullets’ lift and drag forces are essential in aerodynamics,
especially in ballistics. Therefore, the effect of wind on the lift and drag forces acting on the bullet,
and the role of the bullet head to allow the bullet to travel efficiently through the wind, need to be
investigated. This work discusses the parameters that affect the lift and drag force on the bullet.
Simulations are performed in Ansys Fluent by varying the key parameters of the bullet head, i.e.,
the length and angle of attack, while keeping the air velocity at 5.2 m/s. The simulation outcome
shows that the size of the bullet and the angle of attack are important factors related to the drag force.
Therefore, this work predicts the inspection of a bullet under distinct wind conditions. An evaluation
is performed to scrutinize the effect of design factors on the system execution of the bullet and its
constructive flight path. It is concluded that when increasing the length of the bullet and its angle of
attack (AOA), the drag force and lift forces increase drastically, contributing to the inefficiency of the
bullet’s accuracy and penetrating power. A new design is also proposed in which the drag forces are
reduced to the minimum.

Keywords: bullet head; angle of attack; drag force; lift force; computational fluid dynamics

1. Introduction

In modern warfare, weapons such as bullets and missiles are the primary means of
hitting targets [1,2]. A bullet is an object created by a metallic component projectile, thrown
or fired by a firearm-like gun. Bullets typically do not contain explosives but can damage
their targets due to their penetration and impact energy [3]. Bullets play an essential role in
modern ammunition. The development of efficient projectile motion is very significant in
the moving path of the fired bullet [4-6]. The flying speed significantly affects the bullet’s
lethality; therefore, the bullet’s rate is related to flight resistance. The design parameters
of a bullet depend on the drag and lift force acting on it [7]. The research work on the
aerodynamics of normal-shaped bullets has been relatively mature, and many have begun
to pay attention to improving the weapon performance of eccentric bullets. A series of
conceptual analyses and hypothetical studies of aerodynamic characteristics have been
conducted in domestic and foreign research on bullet head deflection [8]. Due to the
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extensive use of long-range bullets worldwide, the analysis of the aerodynamic properties
of bullets has become one of the most significant focuses for its improvement [7,9,10].

Within the area of bullet head design, there have been some studies, such as research fo-
cused on increasing the range and accuracy of a target hitting projectiles [11]. By modifying
and improving the design of a projectile (bullet head), its range is increased, but the factor of
drag and lift coefficients for diverse formations remains significant. Some researchers have
used components such as fins, blades, and jets to improve the aerodynamic characteristics
of projectiles by introducing intelligent technologies [12,13]. Moreover, a bow shock wave
in front of a hollow projectile affects drag reduction [14]. Introducing artificial intelligence,
self-driving, and automated ballistic projectiles has been a step forward in this research
direction [15]. However, more investigation is needed to explain the performance of bullets
and the effect of drag forces on their performance. Hence, a detailed simulation is needed
to improve our understanding of the performance of the bullet head against wind [16,17].

In the recent past, there has been an increase in the firing range and impact precision of
small artillery projectiles. The drag factor of jets, fins, blades, and projectiles is an essential
parameter in their aerodynamic properties, because their flight range depends on drag
and their flight declines with increasing drag [18]. In artillery missiles, researchers are
continuously striving to improve the range of a projectile [19]. There are two ways in
which the range is increased. One is the modification of a launcher or a gun; it includes the
modification and redesign of a gun. The other approach is to minimize the drag coefficient
and maximize the lift coefficient by modifying the projectile shape, which is achieved by
reducing its frontal area and improving its aerodynamic properties.

The concept of drag plays a vital role in the external ballistic projectile range [20,21].
For example, a 150 mm artillery bullet head at a muzzle velocity of 950 m/s can travel up
to 100 km. In the presence of air drag, this range can be reduced down to 60 km, which
verifies how vital the air drag is in the range of projectiles [22]. The current need in this
parameter is to calculate the drag of a flight at different conditions, such as speed, height,
humidity, etc., to predict how the drag coefficients can be minimized. Lift is a mechanical
force produced by the movement of an object through the air [21,23]. Therefore, it has a
magnitude and direction. The drag force should be minimized, and the lift force should be
maximized to increase the bullet range [24,25]. Another significant parameter for bullet
range is the base drag, which is a pressure drag due to flow separation at the base of a
projectile or the ending of an aircraft’s fuselage with a flat area [26]. Researchers are striving
to decrease the base drag because it generally contributes to a large part of the total drag
and depends upon the base pressure, due to the resulting wake flow in the base region
being less than the atmospheric air pressure [27,28].

This work focuses on the numerical and experimental investigation of bullets under
the influence of drag force. Three different bullet heads (30 mm, 40 mm, and 50 mm) were
used, and the numerical investigation was performed using software packages, changing
the angle of attack to 30°, 40°, and 50° while keeping the same wind velocity and shape of
the bullet head. Ansys was also used to analyze the wind flow effect on the projectiles. In
this research work, along with numerical testing, small-scaled projectile prototypes were
fabricated and tested in the wind tunnel. Results showed that the length of the bullet head
and the angle of attack of the bullet were directly proportional to the drag force. The frontal
area of the bullet head was decreased to reduce the drag force, which was implemented in
design II of this work.

2. Experimental
2.1. Sample Bullet Head and Its Conditions
In this numerical and experimental investigation, the bullet head was considered.

The bullet head to cartridge ratio was 1:3. Thus, the simulations and experiments were
performed on the bullet head with different lengths and angles of attack.
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2.2. Bullet Head (Design I)

In this research work, the head of an M193 bullet was designed in SOLIDWORKS
(Figure 1) and different simulations were performed in Ansys Fluent at different lengths
and angles of attacks (Table 1) to analyze the drag and lift coefficient behavior. Simulations
and experimental testing were performed to analyze the behavior of the drag force at
three different lengths (30, 40, and 50 mm) and for three different angles of attack (30, 40,
and 50 degrees).

(2)

(b)

Figure 1. Dimensions (a) and geometry (b) of the bullet head in design I.

Table 1. Conditions of bullet head in design I.

Bullet Head Size AOA (Degree) Air Velocity Tapping Points Area of the Blzlllet Head
(mm) (m/s) (mm) (mm*)
30 30, 40, 50 5.2 30 902.4
40 30, 40, 50 5.2 30 1108
50 30, 40, 50 5.2 30 1148.5

2.3. Bullet Head (Design II)

In design II, the bullet head was a modified form of design I, in which only its
frontal area was decreased (Figure 2). Different numerical simulations and experimental
investigations were also performed on it to analyze the behavior of drag force when
reducing the frontal area. Numerical and experimental simulations were performed at only
one length, i.e., 30 mm, but with three angles of attack: 30, 40, and 50 degrees (Table 2).

(@) (b)

Length 22.86

Figure 2. Dimensions (a) and geometry (b) of the bullet head in design II.
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Table 2. Conditions of bullet head in design II.

Bullet Size AOA (Degree) Air Velocity Tapping Points Area of the B;lllet Head
(mm) (m/s) (mm) (mm*)
30 mm 30, 40, 50 5.2 30 629.5

2.4. Experimental Model

Prototypes of bullet head design I and bullet head design II were manufactured to
perform the experimental testing of bullet heads (Figure 3). Aluminum was used as the
material; primary machining operations such as turning, taper turning, and parting were
performed using a lathe machine, whereas a radial drill machine performed the drilling
operation. The wind tunnel used in the experimental investigation of bullet heads is shown
in Figure 4. The details of the fabrication of the bullet heads are briefly presented in the
Supplementary Materials in Figure S1.

Figure 4. Wind tunnel used in experimental investigation of bullet heads.
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Wind tunnel tests were performed to understand the nature of flow around the bullet
head and to analyze the aerodynamic forces acting upon it. They also helped to verify the
numerical simulations with the experimental results and identify the areas of improvement
in the design. The TA 300/300 C (Figure 4) subsonic wind tunnel with an operating range of
0.1 to 0.9 Mach number was used to analyze the aerodynamic effects around the bullet head.
The TA 300/300 C is a computer-based apparatus equipped with the SCADA operating
system. Aerodynamic properties were investigated in the steady-state mode of a wind
tunnel in which the fluid properties remained the same. The bullet head was clamped in
the wind tunnel with the help of a thin aluminum rod inserted along the axis of the head, in
the same way as in a real framework. To analyze the behavior of the flow around the bullet
head precisely, the velocity of air in the wind tunnel was properly adjusted and calibrated.
The complete experimental methodology is described in the Supplementary Materials, in
Figures 5S4 and S5.

2.5. Mathematical Model and Simulations

Mathematical equations and principles required in calculating the lift and drag coeffi-
cient are described briefly. The total force that acts on a single segment of a projectile was
calculated from the following equation.

F=Px AProjected @

where F is the force, P is the pressure acting at the tapping, and Apygjecteq is the area of the
projectile, calculated by using SOLIDWORKS modeling.
The pressure acting at the pattering of the projectile was calculated from the
following equation.
P = dhypig @)

where P is the pressure, dhy is the manometer reading, py is the density of kerosene, and g
is the gravitational acceleration of the projectile.

As in the numerical investigation, the bullet head was sectioned into 30 segments,
so the total force acting on it was calculated by adding the individual forces of all thirty
segments, as illustrated below.

F=FR+EKB+FK......... F3 3)

When the air is incident at 0° to the axis of the bullet, the only force that acts upon the
bullet is the force of gravity; however, when the bullet head is subjected to air at a certain
angle of attack (1) greater than 0°, the total force acting on the bullet must be divided into
two components, i.e., the drag force acting along the horizontal direction and the lift force
acting along the vertical direction The horizontal and vertical forces were calculated from
the following set of equations.

Fp = Fcos(a) 4)

F; = Fsin(a) )
The pressure coefficient Cp, lift coefficient C;, and drag coefficient Cp from forces

were calculated from the equations given below.

dap
= ©)

2

Cp=

CL = W (7)

Cp = (8)
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where Fy is the lift force, Fp is the drag force, V is the freestream velocity, p is the air density,
and dP is the difference between ambient and static pressure. The details of the calculation
of the bullet’s total surface area are provided in the Supplementary Materials S1, and the
details are provided (equations a, b) in Figures S2 and S3.

Ansys Fluent software was used to perform the numerical simulations and for the
problem analysis of the studied k-e turbulence. The geometries of the bullet head were
sketched in SOLIDWORKS and were imported into Ansys Fluent for the simulations.
Figure 5 depicts the geometric enclosure on both the bullet geometries, required to achieve
a finite volume.

i

0.000 0.025 0.050(m)
| I ]

(a)

0.000

0.013

0.025 0.050(m)
0,038

0.013 0.038

(b)

Figure 5. Geometric enclosure of (a) design I and (b) design II of the bullet head in Ansys software.

The numerical simulations were performed according to the experimental conditions,
where the air inlet condition was the “velocity inlet” at 5.2 m/s. The outlet condition was
the “pressure outlet” at atmospheric pressure, and the remaining surface was considered
a wall. Boundaries chosen for simulation were at the left, right, top, and rear, up to 10D,
10D, 10D,10D, and 15D, respectively, from the model exterior, where D is the downstream
radius of the bullet head. In the simulations, a 16.0 unstructured grid was first adopted to
improve the numerical simulation’s precision and a sphere influence approach was used to
conceal the grid around the model.

Figure 6a shows the grid independence test for the lift and drag forces. Figure 6b shows
the mesh sample for both designs. Initially, the mesh generated had 2,143,024 elements and
2,871,033 nodes for simulation, but the results were obtained in a grid dependency test as a
finer mesh composed of 2,143,024 elements and 2,871,033 nodes, as compared to a coarse
mesh with the number of elements of 192,991 and with 64,312 nodes. In the numerical
simulations, the variation in the pressure coefficient for the finer mesh fluctuated with
the coarse mesh by 0.55%, which was consistent with the dependency test. The y+ value
adopted in the numerical simulations was 36; however, the y+ plot is shown in Figure 57 in
the Supplementary Materials. Figure 6¢c shows the computational domain, which comprised
the inlet, where the flow entered the domain, and the outlet, where the flow left the domain
after flowing around the bullet head, while the remaining boundaries were the walls and
symmetry at which the symmetrical head was placed. The geometric enclosures of design I
and design II of the bullet head are shown in Figure 5. A description of the organization of
the computational domain is provided in Figure 56 in the Supplementary Materials.
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Figure 6. (a) Mesh independence test for lift and drag; (b) mesh diagrams of design I and design II of
the bullet head; (c) computational domain.

The flow considered in the analysis was steady and incompressible, and a pressure
outlet condition was applied to the outlet. In the computational domain, the air entered
with a velocity of 5.2 m/s and an air density of 1.225 kg/m3. In contrast, the viscosity of
air was 0.0000178 kg/ms. The finite volume method (FVM) solver was used to solve the
numerical CFD model, in which the upwind-based multidimensional linear construction
approach was used. Default solver settings were selected to solve the steady-state problem.
An upwind discretization scheme was used to solve the pressure, kinetic energy, and
turbulence dissipation equations. In FVM, once these conditions were achieved in a
controlled volume in a particular mesh, a system of linear equations was obtained that was
utilized in the calculation.

3. Results and Discussion

The simulated and experimental results of the drag and lift coefficients of bullet heads
of 30 mm, 40 mm, and 50 mm, at different angles of attack, are shown in Figures 7-10. The
results showed that the bullet head’s drag coefficient and lift coefficient increased when
enhancing the angle of attack and the span of the bullet head at a constant air velocity. The
drag coefficient of the bullet head decreased when decreasing its frontal area. Simulations
were performed in Ansys software, whereas experimental testing was conducted in the
wind tunnel. Simulation drag and lift forces were calculated using Ansys software, and
experimental drag and lift forces were calculated in the wind tunnel. The numerical and
experimental values of the lift and drag coefficient are shown in Tables 3 and 4, respectively.
The abovementioned equations were used to calculate these forces’ lift and drag coefficients.
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Figure 7. Simulated values of drag coefficient of 30 mm, 40 mm, and 50 mm bullet heads (design I) at
30°,40°, and 50° angle of attack.

0.0040

0.0035

0.0030

0.0025

Drag Coefficient
g
S
1

0.0015

0.0010

0.0005

0.0000

30

40

50

—

30

Bullet Lenght (mm)

40

Figure 8. Experimental values of drag coefficient of 30 mm and 40 mm bullet heads (design I) at
30°,40°, and 50° angle of attack.
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Figure 9. Simulated values of lift coefficient of 30 mm, 40 mm, and 50 mm bullet heads (design I) at
30°,40°, and 50° angle of attack.
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Figure 10. Experimental values of lift coefficient of 30 mm, and 40 mm bullet heads (design I) at
30°,40°, and 50° angle of attack.

Table 3. Simulated and experimental values of drag coefficient of bullet heads of 30 mm, 40 mm, and
50 mm at varying angles of attack.

Angle of Attack 30 mm 40 mm 50 mm 30 mm 40 mm
(Degrees) (Simulation) (Simulation) (Simulation) (Experimental) (Experimental)
30 0.000720 0.000820 0.003987 0.000732 0.000897
40 0.000825 0.002045 0.004091 0.000900 0.002990
50 0.001145 0.003235 0.008957 0.001681 0.003871
Table 4. Simulated and experimental values of lift coefficient of bullet heads of 30 mm, 40 mm, and
50 mm at varying angles of attack.
Angle of Attack 30 mm 40 mm 50 mm 30 mm 40 mm
(Degrees) (Simulation) (Simulation) (Simulation) (Experimental) (Experimental)
30 0.000170 0.000370 0.002287 0.000260 0.000463
40 0.000221 0.000444 0.005591 0.000349 0.000598
50 0.001545 0.002835 0.003051 0.002168 0.003309

The obtained results showed that the bullet heads’ lift and drag coefficients were
directly proportional to the length and angle of attack. The drag and lift coefficient increased
when increasing the length and angle of attack. This is because, when increasing the angle
of attack, the air resistive forces increased [29]; when increasing the length of the bullet head,
its surface area increased due to their combined effect, and its drag coefficient increased.

As shown in Figure 11, there was a lower drag coefficient in the case of design II
compared with design I. This phenomenon could be due to the smaller frontal area [30].
The frontal area of the bullet head exerted a significant influence on the drag coefficient,
and the drag coefficient decreased with the decrease in the frontal area of the bullet head.
A comparison of the simulated drag coefficients of design I and design II for bullet heads
at varying angles of attack is shown in Figure 12, whereas the values of the drag coefficient
for design II are listed in Table 5.
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Figure 11. Simulated drag coefficient of bullet head (design II) at 30°,40°, and 50° angle of attack.
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Figure 12. Comparison of simulated values of drag coefficient of design I and Design II of bullet
heads at 30°,40°, and 50° angle of attack.

Table 5. Simulated and experimental values of drag coefficient of design II of bullet heads at varying
angles of attack.

Angle of Attack 30 mm 30 mm
(Degrees) (Simulation) (Experimental)

30 0.000416 0.000598

40 0.000489 0.000672

50 0.000522 0.000921

The findings showed that the drag and lift coefficients of design II of the bullet head
were directly proportional to the length and angle of attack.

The simulated pressure contours of design I and design II are shown in Figure 13. The
pressure contours showed that the pressure was more dominant at the front of the bullet
head, because the frontal area determines the pressure. The pressure that is created by a
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ballistic impact means that the pressure is more significant at the frontal side as compared
to the rear side, because the projected area subsides at the frontal side. The pressure is
the resistive force per unit area, so the force exerted by the bullet on the medium must
be greater than the force exerted by the medium on the bullet, as per Newton’s third law.
There is a direct relationship between the projected area and the resistive drag force; the
proposed geometry of the bullet head lessens the resistive drag force by decreasing the
projected area and, as a result, the fluid separation point is decreased. The distribution of
the pressure coefficient along the chordwise bullet length is depicted in Figure S8 in the
Supplementary Materials.

Figure 13. Pressure contour of (a) design I (105 mm) of bullet head at 30° angle of attack, (b) design I
(130 mm) of bullet head at 40° angle of attack, and (c) design II (105 mm) of bullet head at 30° angle
of attack.

In an incompressible simulation with an operating pressure of 0 Pa (to reduce rounding
errors), it could be possible to achieve regions of negative pressure. This phenomenon
could be due to the pressure gradient entering the Navier—Stokes equations and pressure
differences driving the flow. Therefore, the low pressure inside the separated flow region
relative to the system’s lowest fixed pressure might become negative. When the gauge
static pressure was negative, it was revealed that it was below the operating pressure but
positive (Figure 14).

The velocity streamlines of design I and design II are shown in Figure 15. The velocity
streamline plot showed that the streamline was flowing over the 30 mm bullet head. The
40 mm bullet head and 50 mm bullet head showed no streamline flowing over them.
Therefore, the drag forces could be higher for larger bullet heads. Design II revealed more
velocity streamlines than design I; as a result, higher drag forces acted on it. The velocity
was highest at the muzzle and decreased steadily due to drag. If the bullet was shot at an
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angle between 0 and 90 degrees relative to the horizontal ground, the trajectory formed
an arch. The vertical velocity component was zero at the highest point in the arch. For
a constant density flow, the velocity increased wherever the area between streamlines
decreased. It could be observed that the pressure was highest at the front surface of the
bullet, and the velocity was minimal.
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Figure 14. The plot between static pressure and position.
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Figure 15. Velocity streamlines of (a) design I (30 mm) of bullet head at 30° angle of attack, (b) design
I (40 mm) of bullet heat at 40° angle of attack, and (c) design II (30 mm) of bullet head at a 30° angle
of attack.
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The air speed used in this simulation was below the subsonic region; however, the
results could be more accurate if the simulations were performed in the supersonic region.
Therefore, the simulations were again performed in the supersonic region to analyze the
behavior of the lift and drag coefficients. The values were different but the results followed
the same trend: the values of the lift and drag coefficient increased when enhancing
the angle of attack and the length of the bullet head [24]. Moreover, the values of the
drag coefficient decreased (Figure 16) and the lift coefficient (Figure 17) increased when
decreasing the frontal area of the bullet head.

0.6 -
30
40
0.5 - 50
2 04-
o
©
=
8 034
O
(@)]
o
QO 02-
0.1
00 T x T X I
30 40 50

Bullet Length (mm)

Figure 16. Simulated value of the drag coefficient of bullet head (design II) at supersonic speed at
30°,40°, and 50° angle of attack.
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Figure 17. Simulated value of lift coefficient of bullet head (design II) at supersonic speed at
30°,40°, and 50° angle of attack.

The uncertainty calculation of the numerical and the experimental values is shown in
Table 6.
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Table 6. Uncertainty calculation of both the geometries of the bullet head.

Normal Section Dimpled Section

CFD CFD

CL = 0.0002207 CL = 0.000354

CD = 0.00031 CD = 0.000265

Experimental Experimental

CL =0.000278 CL =0.000391

CD = 0.00037 CD = 0.000256

Uncertainty Uncertainty

e  %Age uncertainty of lift coefficient = e %Age uncertainty of lift coefficient =
(0.0002207 — 0.000215)/0.0002207 = 3.1% (0.000354 — 0.000304)/0.000354 = 12%

e  %Age uncertainty of drag coefficient = e %Age uncertainty of drag coefficient =
(0.00031 — 0.0029)/0.00031 = 7% (0.000265 — 0.000223)/0.484355 = 8.76%

The uncertainty in the values of the lift coefficient was greater than the uncertainty in
the drag coefficient. The results have uncertainty due to the following reasons: the boundary
conditions are constant in CFD and are assumed to be constant in experimentation, but, in
actual scenarios, these conditions do not remain constant.

1.  The wind tunnel may have some adjustment errors that cause a difference between
the CL (EXP) and CL (CFD).

2. The wind tunnel may have blockage effects that cause a difference between the
experimental and CFD coefficients.

4. Conclusions

In this research work, a numerical and experimental investigation was performed on
a bullet. Similar conditions were applied in numerical and experimental testing to analyze
or to measure the factors that are not possible to visualize in real time, and efforts were also
made to analyze the factors on which the drag coefficient is dependent and how it should
be minimized. The following are some important conclusions drawn from the study:

1.  The above research work focuses on the drag and lifts coefficients of a bullet head
because these are the parameters on which the hitting precision and range of a bullet
head are dependent.

2. The above numerical and simulation results show that the lift and drag coefficients
of a bullet head are directly proportional to the angle of attack and length of a bullet;
when increasing these parameters, the lift and drag coefficients also increase.

3. Velocity streamlines are inversely proportional to the drag coefficient because there
are no streamlines at a 50 mm bullet head, due to which a large drag force act on it.

4. When increasing the angle of attack, the increase in the drag coefficient is greater than
the increase in the lift coefficient. Hence, we can state that these two parameters are
due to the combined effect of the size, shape, and angle of attack.

5. In the real-time framework, the flight of a bullet is in the supersonic region, whereas
this research work focused on the simulation of the subsonic region because it presents
the initial flight scenario; however, when numerical simulations were performed in
the supersonic region, we observed the same trend.

6.  The drag coefficient of the modified design of the bullet head is smaller than the drag
coefficient of the original design of the bullet head under the same conditions, because
the modified design of the bullet head has a smaller projected area, so, according to
the results, the drag coefficient is inversely proportional to the projected area.

The future scope of this research work is as follows:

1.  Numerical and experimental investigation of a bullet head will be performed in the
future, in which the behavior of a bullet head will be analyzed and interpreted at
multiple points in its trajectory.
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2. Experimental and numerical investigation of a bullet head will be performed with the
optimization of its shape so that it has less drag and a greater lift coefficient.

3. Inthe actual framework, both the wind and bullet heads are moving; to evaluate this,
numerical and experimental testing can be performed in the future at different speeds.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/aerospace9120816/s1, Figure Sla. Jig and Fixture utilized in the
drilling; Figure S1b. Multiple processes in the fabrication of the bullet head; Figure S2 Projected area
of Design I by SOLIDWORKS.; Figure S3 Projected area of Design I by SOLIDWORKS; Figure S4.
SCADA interface of the Wind Tunnel; Figure S5. Bullet head clamped in the wind tunnel; Table S1.
Specifications of the Wind Tunnel T300/300C; Figure S6(a) Enclosure accomplishing (b) Boolean
creation (c) Applying symmetry (d) Applying the boundary conditions; Figure S7. Line plot of the y+
values a; Figure S8. Distribution of the pressure coefficient along the chordwise bullet length.
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