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Abstract. Improvement of shooting accuracy of air gun pellets is important in sport
competitions and demanded by shooting enthusiasts. Hence, the performance of a transonic
spherical projectile as an air gun pellet with 4.5 mm caliber under a mechanism known
as hop-up was numerically examined in the present study. Hop-up mechanism resulted
in a rotational motion of spherical projectile, so a Magnus force was generated, which
prevented the altitude loss of the projectile caused by its weight. The motion of the
projectile was assumed in four degrees of freedom, including three translational motions
and one transverse rotational motion. The projectile confronted the continuous variations
of velocity due to the inuence of the aerodynamic forces; therefore, it experienced an
unsteady ow. For numerical analysis of the problem, the 3-D compressible turbulent
Navier-Stokes equations based on \Roe" scheme and dynamic equations of the projectile
motion were solved in a coupled form as a uid-structure interaction and in a moving
computational grid. The results obtained from these studies showed that the proper
rotation of the projectile, to a certain distance, could neutralize the altitude loss. It was
also observed that the momentum of the projectile decreased by increasing its angular
velocity.
© 2019 Sharif University of Technology. All rights reserved.

1. Introduction

One of the most important, challenging, and practical
issues in the mechanics of ying bodies is to study
the performance of projectiles. Prediction of the
performance of a projectile, such as trajectory, velocity
variations, altitude loss, and momentum, requires the
aerodynamic and dynamic analyses by marching in
space and time. Depending on their applications,
projectiles have di�erent shapes and velocities. For
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example, sports balls are usually spherical and have
subsonic speed, and air gun pellets have smaller di-
mensions and transonic speed. Investigations into
the in-ight motion of projectiles are conducted by
researchers and many studies have been carried out
in this regard in the recent years. Nietubicz and
Gibeling [1] investigated the e�ect of thrust force on
the wake area in the range of Mach numbers smaller
than one to about three by numerical solution to
the Navier-Stokes equations, studied the e�ect of fuel
combustion of missile M864, and �nally predicted the
missile trajectory. Chakraverty et al. [2] investigated
the e�ects of initial velocity, angle, and spin rate on
the ight of a rotating spherical projectile. They
computed the aerodynamic coe�cients of the projectile
using some empirical relations. They presented a
simple mathematical treatment of the problem and its
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computer implementation using the Simulink software.
Their results showed that the aerodynamic forces and
moments a�ected the range and trajectory of the pro-
jectile ight in atmosphere. Pechier et al. [3] examined
the e�ect of the Magnus force on the �nned projectiles
rotating around the longitudinal axis under the angle
of attack and supersonic speeds using an unsteady al-
gorithm based on grid movement. The most important
spin-induced phenomenon was the modi�cation of local
incidences, which generated the lateral force on the tail
zone. They concluded that the Magnus force generated
in the �nned area was more than that in the non-�nned
area. Silton [4] solved the Navier-Stokes equations in
the range of Mach numbers smaller and larger than
one at di�erent angles of attack in order to perform
aerodynamic and dynamic analyses, and they could
predict the e�ect of longitudinal rotation of a projectile
on its surrounding uid ow. Despirito et al. [5] in
a computational work showed the e�ect of forces and
torques caused by longitudinal rotation of projectile
on its dynamic stability, roll damping, Magnus, and
pitch-damping moments. Their focus was primarily
on the demonstration of the capability to predict the
pitch-damping moment via steady-state CFD methods.
Yu and Zhang [6] presented a numerical aerodynamic
analysis of a projectile in the presence of the muzzle
and calculated the quantities such as pressure, velocity,
and Mach number of ow behind the projectile as
well as the velocity of output stream of muzzle before
exiting the projectile. The inverse Magnus e�ect on
a rotating sphere was experimentally investigated at
Re = 0:6 � 105 � 1:8 � 105 by Kim et al. [7]. The
velocity �eld measured by Particle Image Velocimetry
(PIV) indicated that the inverse Magnus e�ect resulted
from the di�erences in the boundary-layer growth and
separation along the retreating and advancing sphere
surfaces. Pier [8] investigated the ow past a rotating
sphere for Re � 350 using direct numerical simulation
of incompressible Navier-Stokes equations. He studied
the periodic and quasi-periodic vortex shedding in the
wake of the sphere and found di�erent wake modes
such as low-frequency periodic helical, quasi-periodic
shedding, and high-frequency periodic helical. How-
ever, beyond Re = 350, much �ner spatial meshes
were required to obtain reliable results. Robinson and
Robinson [9] derived the di�erential equations of the
motion of a rotating spherical projectile in the presence
of an arbitrary wind, assuming that the drag and lift
forces were independent from the Reynolds number and
proportional to the square of the projectile speed. They
solved the equations for sports balls and predicted the
trajectories. However, Jensen [10] used a dimensional
analysis to show that the assumption applied in [9] was
incorrect for forces dependent on the angular velocity
of the projectile. Poon et al. [11] studied the ow past
a rotating sphere in the Reynolds number range of 500

to 1000 and rotation rates 0 � 
 � 1:2 using direct
numerical simulation of the Navier-Stokes equations.
They succeeded in discovering a new stable regime
at Re = 500 and 
 = 1, and at Re = 640 � 1000
and 
 � 0:8. In this regime, a stable focus was
observed near the onset of shear layer instability.
Rafeie and Teymourtash [12] numerically examined the
performance of three common samples of pellets in air
gun with relatively complicated geometries in di�er-
ent shooting velocities at transonic regime with two-
dimensional simulation, and concluded that the projec-
tile with domed nose had the best performance among
all the studied samples. It is noteworthy that the
above simulations were done using a set of stationary
solutions, laminar ow assumption, and non-coupled
solid-uid equations. In the same year, Salimipour and
Teymourtash [13] conducted a numerical simulation
and compared the operations of two di�erent sizes of
the air gun pellets with calibers of 4.5 and 5.5 mm.
This simulation was carried out in a non-stationary
form assuming turbulent ow and second-order time
accuracy. They solved the uid and solid equations in
simultaneous coupled form in a moving computational
grid and obtained more accurate results than those
in [12]. Teymourtash and Salimipour [14] investigated
the compressibility e�ects on the laminar ow past
a rotating cylinder via a two-dimensional numerical
simulation. The results obtained in this simulation
clari�ed the importance of the compressibility e�ect
on the ow and demonstrated that disregarding this
e�ect could lead to non-physical results, which had
probably been the case for the previous numerical
studies. The existence of a normal shock wave could
severely inuence the ow �eld. Shrinkage of the
vortex ows around the rotating cylinder due to the
normal shock caused the decrease in the lift growth
and, consequently, for the speed ratios higher than
a critical value, the lift coe�cient reached an upper
bound, unlike the incompressible ows behavior.

Grid generation and ow �eld solution are the
main issues considered in the topic of moving bodies.
Mirsajedi and Hosseini [15] optimized the algorithm
of an unstructured moving grid around an oscillating
airfoil, so that remeshing, interpolation, and searching
methods were not required in the domain. Karim-
ian and Ardakani [16] solved two-dimensional inviscid
compressible ow around a moving solid body using
immersed boundary method for a Cartesian grid and
prevented the accumulation of grid points using an
appropriate method.

In the present study, the e�ect of hop-up mecha-
nism on the performance of a spherical air gun pellet
with the caliber of 4.5 millimeters is examined. Hop-up
is the back-spin to increase the range of pellets via the
Magnus e�ect, which was �rst used for airsoft pellets.
It applies backspin to the projectile, reducing the air
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pressure on its top side. This causes the pellet to fall
less over a given distance than it would without the spin
applied [17]. It should be noted that the numerical
simulation of the hop-up e�ect on the spherical air
gun projectiles has not been discussed in the previous
studies. Accordingly, the trajectory of an air gun
projectile is improved using the hop-up mechanism.
A relation is obtained between the target position
and proper angular velocity generated by the hop-
up mechanism. E�ect of the vortex shedding on the
projectile motion is also analyzed. In this regard, the
Navier-Stokes equations with the dynamic equations of
the projectile are solved for a turbulent non-stationary
compressible ow in a three-dimensional simultaneous
coupled form as an FSI (Fluid-Structure Interaction)
problem. In this solution, a moving coordinates system
is used due to acceleration and non-stationary motion
of the projectile. Aerodynamic loads resulting from
numerical simulation of the Navier-Stokes equations
are placed into the dynamic equations of the projectile
in each time step. Then, the equations as a type of
time-dependent and second-order di�erential equations
are solved, numerically. By solving the equations, the
position and the speed of the projectile are calculated
at any time and, then, the values are used in the next
time step for the uid ow. This trend is continued
until the projectile hits the target and, thus, time of
ight, altitude loss, and hit momentum of the projectile
are examined under di�erent amounts of the hop-up.
In order to validate the operation of the prepared
computer code, the initial results are compared with
the previous experimental data.

2. How to create hop-up

To create a transverse rotation perpendicular to the
trajectory in spherical projectiles as pellets of air guns,
a mechanism is needed in the gun barrel known as
hop-up. In this mechanism, a frictional sheet may be
located on the upper surface of the barrel, where it
makes contact with the projectile, as shown in Figure 1;
therefore, a frictional torque is created, which leads to
rotation of the spherical projectile. This mechanism

Figure 1. Projectile rotation in the barrel due to the
hop-up mechanism.

Figure 2. Magnus force generated by the hop-up
mechanism.

and the generated Magnus force are shown in Figures 1
and 2, respectively. The rotational velocity of the
projectile can be controlled by changing the sheet
length, so that the rotational speed is increased by
increasing the sheet length and lower rotational speed is
applied to the projectile by decreasing the sheet length.

3. Governing equations

3.1. Three-dimensional ow equations
Integral form of the three-dimensional compressible
Navier-Stokes equations in a moving coordinate system
as explained in [18] is as follows:
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where 
 is the moving control volume, @
 is the
control surface, VS is the control volume velocity, Vr
is the relative velocity normal to the surface element
(dS), and �!a 
 is the acceleration of the moving control
volume. The mentioned normal velocities are de�ned
as the scalar product of the velocity vector and the unit
normal vector of control surface as follows:
V � �!v � �!n = nxu+ nyv + nzw; (3)

VS � �!v p tr � �!n = nxup tr + nyvp tr + nzwp tr;

Vr = V � VS ; (4)
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where �!v p tr is the translational velocity vector of the
projectile. E is the total energy per unit mass and is
de�ned as:

E =
p

�( � 1)
+
�
u2 + v2 + w2

2

�
: (5)

The shear stress components are:
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�x, �y, and �z are de�ned as [18]:
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A three-equation model for transition from lam-
inar to turbulent ow is introduced in [19,20], which
includes transport equations for the turbulent kinetic
energy (kT ), the laminar kinetic energy (kL), and the
speci�c dissipation rate (!), known as k � kL � !. In
this study, to simulate the transitional turbulent ow,
this model is used as follows:
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3.2. Dynamic equations of projectile
The velocity and acceleration relations of the projectile
with respect to Figure 3 can be written as:
�!v = _xî+ _yĵ + _zk̂; (18)

�!a = �xî+ �yĵ + �zk̂: (19)

The forces applied by uid to the projectile are given
by:
�!
F = Fxî+ Fy ĵ + Fz k̂; (20)

where Fx, Fy, and Fz are the drag, lift, and lateral
forces, respectively.

Based on the vectors plotted in Figure 3, it is clear
that:8>>><>>>:

m�x = �Fx
m�y = �mg + Fy
m�z = Fz
I �� = Mz

(21)

where I and Mz denote the mass inertia moment and
aerodynamic torque about the z axis, respectively. It
should be mentioned that the aerodynamic loads Fx,
Fy, Fz, and Mz are functions of time and some of the
ow parameters, such as velocity, pressure, and density.
Therefore, di�erential Eqs. (21) are nonlinear.

4. Numerical solution procedure

The integral Eq. (1) is solved by a particular technique

Figure 3. Diagram of the projectile motion.
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Figure 4. Simulation owchart of the projectile motion.

known as the dual time-stepping approach, which is a
common approach for considering non-stationary ows.
This approach is second-order time-accurate written for
an arbitrary control volume and the time level n + 1
as [18]:

3(
M)n+1�!Wn+1 � 4(
M)n
�!
Wn + (
M)n�1�!Wn�1

2�t

= ��!Rn+1; (22)

where �t denotes the global physical time step, M the
mass matrix, and the superscripts n�1, n and n+1 the
time levels, respectively. The residual

�!
R is discretized

using a �nite-volume scheme based on the second-order
Roe's approximate Riemann solver. The time-stepping
approach can be written as:

@
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where W � is the approximation to Wn+1, t� denotes a
pseudo-time variable, and R� is the unsteady residual,
which is de�ned as:
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(
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The ow equations (23), dynamic equations of the
projectile (21), and the turbulence equations (15)-
(17) using a moving computational grid are solved
simultaneously by Jameson's four-stage scheme [21].

In order to achieve the location and velocity of
the projectile, the aerodynamic loads in each time
step are initially obtained by solving the Navier-Stokes
equations and then placed into Eqs. (21) to calculate
the new values of acceleration, velocity, and location of
the projectile using fourth-order Runge-Kutta method;
therefore, solution preparations are provided for the
next time step. The solution owchart is shown
in Figure 4. It should be noted that the velocity
obtained by Eqs. (21) is applied to inner boundary
of the computational grid and the far-�eld free-stream
velocity is kept constant.

5. Results

5.1. Grid generation, grid study, and
boundary conditions

For the ow solution, a spherical grid with a diameter
of 30 times the projectile diameter is used, which is
shown in Figure 5. According to the grid type, there is
a far-�eld boundary and an inner boundary coinciding

Figure 5. (a) A grid part used in ow computations. (b)
A close-up view of the projectile and the grid around it.
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Figure 6. Boundaries of computational domain.

with the projectile surface, which is shown in Figure 6.
On the outer boundary, the values of density, pressure,
and velocity are as:

�=�1; p=p1; T =T1; u=v=w=0: (26)

Subscript 1 implies the free-stream.
Velocity of the inner boundary (�!v ib) is equal to

the projectile velocity, including the translational and
rotational motions, and normal gradients of the density,
pressure, and temperature are equal to zero as follows:

�!v ib = �!v p tr +�!v p rot;�
@�
@n

=
@p
@n

=
@T
@n

�
ib

= 0; (27)

where �!v p rot is the rotational velocity of the sphere.
To study the computational grid independency,

three grids with 400000, 720000, and 1100000 cells
are examined and the results are compared with each
other. Figure 7(a) and (b) compare the drag coe�cient
and the trajectory of a projectile with the diameter
of 4.5 mm, mass of 0.53 gr, and angular velocity of
55 rad/s in the mentioned grids under the shooting
Mach number of 0.895 and shooting Reynolds of 90000.
It is observed that the results for 720000 and 1100000
cells are much close to each other. So, in this study, a
grid with 720000 cells has been used.

5.2. Code validation study
Figure 8 shows the time variation of the drag and
lift coe�cients obtained by numerical solution at the
shooting Mach number of 0.8 and shooting Reynolds
number of 8000, as an example. Increase in the drag co-
e�cient after a certain time as well as oscillations of the
drag and lift coe�cients illustrates the vortex shedding

Figure 7. Comparison of (a) drag coe�cients and (b)
trajectories of a projectile for di�erent computational grids
with respect to time for M1 = 0:895 and Re = 90000.

Figure 8. Temporal variations of drag and lift coe�cients
obtained by the present solver for M1 = 0:8 at Re = 8000.

in the ow behind the sphere. Mean drag coe�cient
Cd is obtained by averaging the drag coe�cient curve,
which is shown in Figure 8. Several empirical relations
are provided by Carlson and Hoglund [22], Crowe [23],
Korkan et al. [24], and Henderson [25] to calculate the
mean drag coe�cient on a stationary sphere in the
viscous compressible ow conditions. According to the
comparative studies, Henderson's relation [25] has more
conformity with experimental data. This relation for
ows with M1 < 1 and 100 < Re < 10000 is as follow:

Cd = 24
�
Re+S

�
4:33+1:567 exp

�
�0:247

Re
S

����1
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where S = M1
p
=2 is the molecular speed ratio and

 is the ratio of speci�c heats.
Accordingly, the drag coe�cients obtained by the

numerical simulation at Reynolds number of 8000 for
di�erent Mach numbers are compared with the results
achieved by Eq. (27), which are shown in Figure 9; a
good agreement is obtained.

In the next step, validation of the drag and
lift coe�cients generated by a rotating sphere in an
incompressible ow is examined. The mean drag
and lift coe�cients at speed ratios of � = 0:2, 0.3,
0.4, which indicate the ratio of rotational speed to
translational speed of the sphere, at Re = 60000 are
compared with experimental results provided by Kim
et al. [7]. This experiment has been carried out on
an incompressible ow and, thus, the calculations for
this validation are performed at Mach number of 0.1
to prevent the inuence of ow compressibility in this
comparison. The comparison is presented in Table 1.
It is seen that a good agreement is observed between
the results by the present computer code and the
experimental data.

Figure 9. Comparison of mean drag coe�cients obtained
by the present solver and experimental data at Re = 8000.

As seen in the above validations, accuracy of the
present solver is very good. This may be due to the high
resolution of the discretization method, high quality
grid generation, and the use of a robust turbulence
model.

5.3. Investigation of the projectile
performance

In this section, the performance of a 0.53 gr spherical
projectile with 4.5 mm diameter �red by an air gun
without rotation and under the hop-up mechanism
with various rotational speeds is investigated. Shooting
speed of the projectile depends on the energy amount
of the gun supplied by a capsule containing the com-
pressed air, which is embedded in the gun body; this
energy is in fact the kinetic energy of the projectile at
the exit of the gun barrel, which is presented as joule
or foot-pound units. The shooting speed is obtained
by Eq. (28):

up =
r

2KE� I!2

m
; (29)

where KE, m, I, and ! denote the kinetic energy,
projectile mass, mass inertia moment, and angular
velocity of the projectile, respectively. In this study,
assuming that the kinetic energy of the gun is 25 joules
and due to the negligible value of I!2, the shooting
speed (up) is approximately 307 m/s.

Contours of horizontal velocity component (u) in
two-dimensional view and instantaneous streamlines
around the non-rotating sphere, drawn in Figure 10(a)
and (b), indicate the pattern of the wake behind the
mentioned projectile at x = 40 m. In Figure 11,
the variations of the drag and lift coe�cients of the
non-rotating projectile are shown at various horizontal
distances (x). Increase in the drag coe�cient and the
lift coe�cient oscillation at distances greater than 30 m
indicates the e�ects of the vortex shedding behind the
projectile. As seen in Figure 11, the vortex shedding
e�ects are not observed on the lift and drag coe�cients
for x � 30. Thus, it can be concluded that the
vortex shedding formation takes time. Mittal et al. [26]
showed that by increasing the Reynolds number, the
vortex shedding was begun in less time.

Table 1. Comparison of the computed mean drag and lift coe�cients with experimental results for a rotating sphere at
Re = 60000.

�
0.2 0.3 0.4

Cl Cd Cl Cd Cl Cd
Present study 0.145 0.53 0.218 0.545 0.281 0.561
Kim et al. [7] 0.14 0.525 0.21 0.54 0.27 0.555
Deviation (%) 3.5 0.95 3.8 0.9 4 1.08
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Figure 10. (a) Contours of horizontal velocity component in two-dimensional view. (b) Instantaneous streamlines around
the non-rotating projectile at x = 40 m.

Figure 11. Variations of drag and lift coe�cients of
non-rotating projectile with respect to horizontal motion
component.

5.3.1. Trajectory modi�cation of the projectile
One of the problems in hitting the target using air guns,
which is signi�cant in competitions, is altitude loss of
the pellet due to gravity. The hop-up mechanism can
generate the lift force by creating a rotational speed to
overcome the gravity force. Accordingly, it is necessary
to adjust the hop-up applied to the projectile in a
way that can compensate for the altitude loss of the
projectile when hitting the target. For this purpose,
di�erent values of the rotational velocity are applied to
the projectile to specify at which distance these values
neutralize the altitude loss of the projectile. It should
be noted that, as shown in Figure 12, the initial angular
velocity applied to the projectile is nearly constant
during the motion. In fact, the change of the angular
velocity is negligible due to the small aerodynamic
torque.

In Figure 13, the projectile trajectory is shown for
di�erent values of angular velocity in the x�y plane. If
the target is located on the hollow circles shown in the
�gure (y = 0), the projectile will exactly hit the target
without vertical deviation. For example, if the target

Figure 12. Variation of angular velocity at
! = 136 rad/s.

Figure 13. Projectile trajectory at various angular
velocities in x� y plane.

is located at x = 29:5 m, the projectile will hit the
target without altitude loss by applying proper angular
velocity of ! = 15 rad/s.

As previously mentioned, the exit kinetic energy
of the projectile is assumed 25 joules. To study the
e�ect of the exit kinetic energy on the projectile per-
formance, some results are also obtained with the exit
kinetic energy of 12.5 joules. The hop-up mechanism
behavior is similar to the case of 25 joules kinetic
energy; however, more altitude loss is observed in the
trajectory of the projectile due to less shooting speed.
The result at ! = 15 rad/s is shown in Figure 14.
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Figure 14. Projectile trajectory at two di�erent kinetic
energies at ! = 15 rad/s.

Figure 15. Relation between target position and proper
angular velocities.

The proper angular velocity versus position (xt)
is plotted in Figure 15. The squares in this �gure
correspond to the hollow circles drawn in Figure 12.
A straight line crosses the squares with very little
deviation. The equation of this line can help to �nd
the proper angular velocity. Based on the logarithmic
divisions on the vertical axis, linear equation (29) is
achieved.

ln (!) = �0:224xt + 9:33; (30)

or:

! = 11285e�0:224xt : (31)

It is also observed that by moving the target away,
lower angular velocity is required.

Figure 16 shows the lateral force coe�cients Cz on
the projectile. These values are negligible compared
to the lift and drag coe�cients, which are shown in
Figure 11. Therefore, they will have little e�ect on
the horizontal motion of the projectile. The oscillatory
behavior of Cz illustrates the vortex shedding presence.
It can be seen that by increasing the angular velocity,
the vortex shedding onset shifts forward.

Figure 17(a) and (b) show the locations where
the projectile hits the target for di�erent values of the
angular velocity at x = 20 and 30 m, respectively. As

Figure 16. Lateral force coe�cient with respect to
horizontal motion component.

shown in these �gures, there is no sensible horizontal
deviation in the projectile trajectory. Figure 17(a)
also demonstrates that the angular velocities less than
55 rad/s do not a�ect the altitude loss at x = 20 m;
but, referring to Figure 17(b), this is not applicable to
x = 30 m.

5.3.2. Investigation of the projectile momentum
Impact momentum of the pellet speci�es its e�ective-
ness on the target. Given the �xed projectile mass, the
e�ectiveness is higher and the time for the projectile
to hit the target is less when the hitting speed is
more. Figures 18 and 19 show the variations of the
Mach number and the projectile momentum at the
distance of 25 m for various angular velocities. It is
seen that the Mach number and projectile momentum
are more decreased by increasing the angular velocity.
The variations of the drag and lift coe�cients of the
projectile versus the horizontal distance are shown in
Figures 20 and 21, respectively. As shown in these
�gures, increase in the angular velocity causes the
increase in the drag coe�cient; therefore, more angular
velocities face larger drag coe�cients and this results
in more decrease in the velocity. In other words, the
ight time of the projectile increases. According to
Figures 20 and 21, it is observed that the variations
of the drag and lift coe�cients are di�erent in various
distances due to the pattern of the vortex shedding
onset. For example, the di�erence between the drag
coe�cients at angular velocities of 136 and 55 rad/s at
the distance of 20 m is more considerable than that at
the distance of 23 m. This is also true in the case of
lift coe�cient. Thus, the lift coe�cient of the projectile
with the angular velocity of 136 rad/s is lower than that
with the angular velocity of 55 rad/s at the distance of
23 m. To address this issue, contours of the pressure
coe�cient for the mentioned distances are compared
in a two-dimensional section and shown in Figures 22
and 23. The pressure di�erence between the front of the
projectile and behind it causes the drag, and pressure
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Figure 17. Locations where projectile hits the target at di�erent angular velocities in (a) x = 20 m and (b) x = 30 m.

Figure 18. Projectile Mach variations at various angular
velocities.

Figure 19. Projectile momentum variations at various
angular velocities.

di�erence in upper and lower parts of the pellet brings
the lift, which con�rms the above explanations.

6. Conclusion

In this study, the performance and modi�cations of
the trajectory of a spherical projectile used in air guns

Figure 20. Drag coe�cient with respect to horizontal
motion component.

Figure 21. Lift coe�cient with respect to horizontal
motion component.

with the caliber of 4.5 mm were investigated. Primary
results by the developed code were compared with
experimental data and the comparisons showed a good
agreement. The hop-up mechanism with several ro-
tational velocities in transverse direction of trajectory
was used to prevent the altitude loss of the projectile
due to Magnus e�ects. variations of the drag and lift
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Figure 22. Contours of pressure coe�cient in two-dimensional view at x = 20 m.

Figure 23. Contours of pressure coe�cient in two-dimensional view at x = 23 m.

coe�cients were di�erent in various distances due to
the pattern of the vortex shedding onset. By increasing
the angular velocity, the vortex shedding onset shifted
forward and drag coe�cient increased; thus, the projec-
tile momentum decreased and the ight time of the pro-
jectile increased. In addition, a relation was obtained
using data interpolation to calculate the proper angular
velocity to compensate for the altitude loss of the
projectile in the desired distances. It was also indicated
that there was no considerable horizontal deviation in
the projectile trajectory when hitting the target.
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