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Investigation and comparison of
performance of some air gun
projectiles with nose shape
modifications

Seyed Erfan Salimipour, Ali Reza Teymourtash and Mojtaba Mamourian

Abstract
Shooting accuracy of air gun projectiles is very important in sport tournaments and has always been questioned by
enthusiasts. For this purpose, the performance of four samples of air gun projectiles (pellets) with various shapes and
calibers of 4.5, 5.5 and 6.35 mm was studied in this article. The projectiles were four basic shapes: flat nose, sharp nose,
round nose and spherical. After these projectiles were modeled geometrically, the three-dimensional compressible tur-
bulent Navier–Stokes equations and dynamic equations of the projectiles’ motion were solved in a coupled form and in a
moving computational grid. The computed results describe the trajectory, velocity variations and the altitude loss of the
projectiles with time and location. Comparisons indicate that the round nose projectile had the best performance at long
distances compared to the other samples. The flat nose projectile exhibited great performance at short distances, but
behaved weakly at long distances. In addition, the effect of nose shape on the performance of the sharp and round nose
projectiles was studied and the optimum nose shapes were identified.
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Introduction

The motion of projectiles is one of the most important
issues in flight dynamics. It can be achieved by studying
projectile performance such as trajectory, motion velo-
city, altitude loss and hit momentum by aerodynamic
and dynamic analyses of its motion. Depending on
their applications, projectiles have different masses,
shapes, dimensions and shooting speeds. For example,
sports balls are usually spherical and have a subsonic
speed and air gun projectiles have small dimensions
and transonic speeds. Studies on the projectiles’ perfor-
mance have been examined by numerous researchers in
recent years. Silton and Weinacht1 investigated the
effect of rifling grooves on the performance of some
axisymmetric projectiles. Ronkainen and Harland2

used a laser tracking system to measure a soccer ball
trajectory. They claimed that their technique could be
applied to any sports ball or a spherical object.
Burbank and Smith3 numerically simulated the impacts
of sports balls using a finite volume method. They

investigated the softball deformation mechanisms.
Fluid dynamics of cricket ball swing was studied by
Scobie et al.4 Their experimental evidence showed the
formation of a laminar separation bubble on the ball,
which creates the flow asymmetry for reverse swing. A
new method of flow visualization using an infrared
camera was also introduced by Scobie et al.4 for simul-
taneous measurements of pressure distribution and side
force on cricket balls. Hasankhan and Saha5 carried
out a numerical simulation and an aerodynamic analy-
sis of a parabolic-shape bullet in transonic velocities
and concluded that strong shock waves on the projec-
tile at the moment of firing will result in flow
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separation and low-pressure areas behind the projectile.
Kim and Choi6 studied the aerodynamics of a newly
designed golf ball with grooves on its surface in the
ranges of real velocities and rotational speeds. They
compared its drag and lift force with those of smooth
and dimpled balls and found that at non-zero spin the
lift-to-drag ratio of the new ball was higher than that
of a dimpled ball. A two-dimensional (2D) numerical
solution of the Navier–Stokes equations was carried
out in transonic velocities over three air gun projectiles
by Rafeie and Teymourtash.7 They found that a projec-
tile with a domed nose had the best performance com-
pared to other samples. These simulations were done
using a set of steady-state solutions, hypothetical
shooting speeds, 2-degree-of-freedom (DOF) motion,
laminar flow assumption and non-coupled solid/fluid
solution. Salimipour and Teymourtash8 performed the
numerical simulation and performance comparison of
two sizes of air gun projectiles, 4.5 and 5.5mm calibers.
This simulation was carried out in a 2D (axisymmetric),
non-stationary form assuming turbulent flow, second-
order accuracy in space and time, and solved the fluid
and solid equations in 2-DOF, simultaneous and
coupled form in a moving computational grid. Using
this method, more accurate results were obtained com-
pared to those obtained by Rafeie and Teymourtash.7

Liu et al.9 carried out a comparative investigation of
motion by modeling rifle bullet penetration into gela-
tin, which was similar to biological tissue. Salimipour
et al.10 modified the trajectory of a spherical air gun
projectile using a mechanism known as hop-up, which
caused a rotational motion, thereby generating a
Magnus force, which prevented altitude loss of the
projectile.

In projectile research, grid generation and flow field
solution are of interest. Rajesh et al.11 simulated non-
stationary aerodynamics of a projectile. A moving
coordinate scheme for a multi-domain technique was
employed to examine the non-stationary flow with a
moving boundary. Karimian and Ardakani12 simulated
a 2D inviscid compressible flow for a moving body
using an immersed boundary method on a Cartesian
grid and prevented the accumulation of grid points
using an appropriate method.

This work investigated and compared the perfor-
mance of four different samples of air gun projectiles
with common calibers of 4.5, 5.5 and 6.35mm, namely,
flat nose, sharp nose, round nose and spherical, using
numerical simulation. In addition, in order to improve
the projectiles’ performance, some changes were applied
to the nose area of the sharp nose and round nose pro-
jectiles. The motion of the projectiles was assumed in 4
DOFs, including three translational motions and one
rotational motion about the longitudinal axis. The
simulation used the actual shooting speeds, masses and
dimensions of the projectiles commonly used in shoot-
ing, sport and hunting. In this regard, the turbulent
non-stationary compressible Navier–Stokes equations
with the dynamic equations of the projectiles’ motion

were solved in a three-dimensional (3D), simultaneous
and coupled form. In this solution, a moving coordinate
system was used due to acceleration and non-stationary
motion of the projectiles. For numerical simulation of
the problem, the aerodynamic loads resulting from
the solution of the Navier–Stokes equations were
substituted into the dynamic equations of the projec-
tiles’ motion at each time step. Then these equations,
which were time-dependent and second-order differ-
ential equations, were solved numerically. By solving
these equations, the position and the velocity of the
projectiles were computed at any time and then these
values were used in the next time step for the fluid
flow. This trend continued until the projectiles hit
the target, and finally their flight time, altitude loss
and hit momentum were obtained and compared.
The performance comparison and nose shape modifi-
cations of the above projectiles with explained accu-
racy have not been carried out in previous studies. In
order to validate the prepared computer code, pri-
mary results were compared with the previous experi-
mental data.

Simulation of the projectiles’ geometry

In order to solve the governing equations on compu-
tational space, the projectiles’ geometry needed to be
simulated. For this purpose, after the accurate photo-
graphy of the actual samples and digitization of the
obtained photos were completed, the simulated mod-
els were achieved. Figure 1 shows the close agreement
between the simulated and actual geometries. For sim-
plification, the grooves on the actual samples have
not been modeled. Silton and Weinacht1 compared
the aerodynamic forces and moments for both smooth
and grooved axisymmetric projectiles. They con-
cluded that for the drag coefficient the differences
were less than 0.6%. For the normal force and pitch-
ing moment coefficients, the differences were less than
1.0% and 2.5%, respectively. Thus, the assumption
was made that these grooves do not affect the aerody-
namic forces.

Assumptions and governing equations

Assumptions used in this study include the following:

� 3D non-stationary compressible flow,
� Turbulent flow,
� Transonic regime,
� Use of the k–kL–v turbulence model,
� Use of a moving coordinate system,
� Applying longitudinal rotation to the projectiles.

3D flow equations

The 3D Navier–Stokes equation in integral form and in
a moving coordinate system, as explained in Blazek,13 is
as follows
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where O is the moving control volume, ∂O is the control
surface, V denotes the flow velocity normal to the con-
trol surface, VS is the velocity normal to the surface ele-
ment dS, Vr is the relative velocity between V and VS,
and ~aO is the acceleration of the moving control vol-
ume. Normal velocities are defined as the scalar prod-
uct of the velocity vector and the unit normal vector as
shown in equation (3)

V[~v:~n= nxu+ nyv+ nzw

VS[~vp:~n= nxup + nyvp + nzwp

Vr =V� VS

ð3Þ

where ~vp is the velocity vector of the projectile motion
coincided with the control volume velocity. The accel-
eration of the moving control volume (~aO) is obtained
from equation (4)

~aO =
~F

m
+~g ð4Þ

where ~F is the vector of the aerodynamic forces acting
on the projectile, m is the projectile mass and ~g denotes
the gravity acceleration vector.

Total energy per unit mass is defined as shown in
equation (5)
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p
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u2 + v2 +w2
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The shear stress components and Yx, Yy and Yz

have been expressed in Blazek.13

Given that the Reynolds number of the flow around
the projectiles is approximately 105, a transitional or
turbulent flow will likely occur. Therefore, a proper
transitional-turbulent model is needed. For this pur-
pose, a three-equation model introduced by Walters
and Cokljat14 is used with the transport equations for
the turbulent kinetic energy kT, the laminar kinetic
energy kL and the specific dissipation rate v, known as
k–kL–v. Formulation of this model in detail with some
modifications is presented in Furst and colleagues.15,16

Equations of motion

The velocity and acceleration vectors of the projectiles
with respect to Figure 2 can be written as shown in
equations (6) and (7)

~v= _xî+ _yĵ+ _zk̂ ð6Þ

~a= €xî+ €yĵ+ €zk̂ ð7Þ

The forces applied by the fluid on the projectiles are
given by equation (8)

Figure 1. Comparison of simulated geometries with the actual
samples.
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~F=Fxî+Fy ĵ+Fzk̂ ð8Þ

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

Based on the vectors plotted in Figure 2, the follow-
ing relationships can be assumed as shown in equation
(9)
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>>:

ð9Þ

where I and Mx denote the mass moment of inertia and
aerodynamic torque about the x-axis, respectively. The
aerodynamic loads Fx, Fy, Fz and Mx are the functions
of time and the parameters of flow such as velocity,
pressure and density. Therefore, the differential equa-
tions (equation (9)) are non-linear. Since the projectile’s
position is assumed to be perfectly horizontal, the aero-
dynamic loads are not functions of the angle of attack.

Numerical solution procedure

The integral equation shown in equation (1) is solved
by a particular technique known as the dual-time-
stepping approach, which is very often employed for
non-stationary flows. This approach is based on the
second-order time accurate and is written for an arbi-
trary control volume and the time level n + 1 as noted
in Blazek13 and shown in equation (10)

3 OMð Þn+1 ~W
n+1 � 4 OMð Þn ~Wn

+ OMð Þn�1 ~Wn�1

2Dt

= � ~Rn+1

ð10Þ

where Dt denotes the global physical time step, M is
the mass matrix and the superscripts n – 1, n and n + 1
denote the time levels. The residual ~R is discretized
using a finite volume scheme based on Roe’s second-
order approximate Riemann solver. The time-stepping
approach can be written as shown in equation (11)

∂

∂t�
ðOn+1 ~W

�Þ= � ~R�ð ~W�Þ ð11Þ

where W* is the approximation to Wn + 1, t* denotes a
pseudo-time variable and R* is the unsteady residual
which is defined in Blazek.13 The flow equations
shown in equation (11) are solved using Jameson’s
four-stage scheme17 and with the equations of the pro-
jectiles’ motion and the turbulence equations k–kL–v in
simultaneous and coupled form using a moving compu-
tational grid.

In order to achieve the location and velocity of the
projectiles, the aerodynamic loads at each time step are
initially obtained by solving the Navier–Stokes equa-
tions and then placed into equation (9) to calculate the
new values of acceleration, velocity and location of the
projectiles using fourth-order Runge–Kutta method
and, therefore, the solution preparations are provided
for the next time step. The solution flowchart is shown
in Figure 3. The velocity obtained by equation (9) is
applied to the inner boundary of the computational
grid and the far-field freestream velocity is kept
constant.

Results

Grid generation, grid study and boundary conditions

For the flow solution, O-type structured grids with the
diameter of 30 times the projectile’s length are used. As
an example, two parts of the grid used for the round
nose projectile are shown in Figure 4. Based on the grid
type, a far-field boundary and an inner boundary coin-
cided with the projectile surface which is shown in
Figure 5. On the outer boundary, the values of density,

Figure 2. Free-body diagram of projectile motion.

Figure 3. Simulation flowchart of projectiles’ motion.
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pressure, temperature and velocities are given as shown
in equation (12)

r = r‘; p= p‘; T=T‘; u= v=w=0 ð12Þ

The subscript ‘ indicates the freestream. On the inner
boundary, the velocity components are equivalent to

those of the projectiles’ motion, and the normal gradi-
ents of density, pressure and temperature are equal to
zero.

In order to study the computational grid indepen-
dency, three grids with 450,000, 800,000 and 1200,000
cells were tested and their results were compared.
Figure 6 shows the comparison of the trajectory of the
round nose projectile in the x–y plane obtained by the
mentioned grids. This projectile had a caliber of
4.5mm, a mass of 0.536 g, a shooting Mach number of
0.89 and a shooting Reynolds number of 135,000. The
results for 800,000 and 1200,000 cells are very similar.
Thus, in this study, a grid with N=800,000 cells was
used. A result with a diameter ratio of 40 is also shown
in Figure 6.

Code validation study

Before using the present solver for simulation of the
projectiles’ motion, it has been tested for some primary
results. First, compressible flow past a sphere is consid-
ered. Several empirical relations have been provided by
Carlson and Hoglund,18 Crowe,19 Korkan et al.20

and Henderson21 to calculate the mean drag coefficient
on a stationary sphere in the viscous compressible
flow conditions. According to the comparative
studies, Henderson21 relation has more conformity
with experimental data. This relation is valid for
1004Re4 10,000. Accordingly, the mean drag coeffi-
cients (Cd) obtained by the numerical simulation for a
Reynolds number of 8000 and several Mach numbers
are compared to the results obtained by Henderson21

which are shown in Figure 7 and appear to be in good
agreement.

In the next case, flow around a secant-ogive-cylin-
der-boattail (SOCBT) projectile is solved and the pres-
sure coefficient (Cp) is compared with the measured
data by Kayser and Whiton.22 Figure 8 shows this com-
parison at MN=0.91 and zero angle of attack. It is
observed that a good agreement is obtained between
the results by the present solver and the measured data.

Figure 5. Boundaries of the computational domain.

Figure 6. Comparison of round nose projectile trajectory with
different computational grids at MN = 0.89 and Re = 135,000.

Figure 4. A grid part used in flow computations for a round
nose projectile.
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Based on the above validations, using the solver
appears to be reliable for the present research.

Investigation and comparison of the projectiles’
performance

In this section, the performance of the mentioned four
air gun projectiles is studied and compared. The shoot-
ing speed of a projectile depends on the amount of
energy from the gun that is supplied by a spring or a
capsule containing the compressed air which is
embedded in the gun body. This energy in fact is the
projectile’s kinetic energy when exiting the gun barrel
which is usually presented in joule or foot-pound units
in the manufacturer catalogs. The shooting speed is
computed as shown in equation (13)

Up =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2KE� Iv2

m

r
ð13Þ

where m, I and v denote the mass, mass moment of
inertia and the angular velocity of the projectiles,
respectively, and KE is the kinetic energy and its
amount is usually in the range of 5–50 J. In this work,
the kinetic energy of the air guns is assumed to be 25,
40 and 50 J for 4.5, 5.5 and 6.35mm calibers,
respectively.

In order to investigate the projectiles’ performance,
the required data such as mass and length of the projec-
tiles are extracted from manufacturer catalogs and the
shooting speeds computed by equation (13) are pre-
sented in Table 1. Longitudinal rotation of the projec-
tiles is applied in the simulation as the ratio of the

rotational speed to horizontal velocity and is assumed
to be 0.04 based on Silton and Weinacht.1

Caliber of 4.5 mm. Figure 9(a)–(c) shows the drag, lift
and lateral force coefficients, respectively, with respect
to the horizontal motion component (x) up to a dis-
tance of 40m. The round nose and flat nose projectiles
had the least and greatest drag coefficients, respec-
tively. Therefore, the round nose projectile had a better
aerodynamic shape than the other types of projectiles.
In addition, the sudden variation and oscillation of
the aerodynamic coefficients of the spherical projectile
at x . 35m may be the result of the vortex shedding
incidence behind the projectile.

In theory, if the geometry is completely symmetric
and the surrounding is assumed without disturbance
and local variation of the pressure, a perfectly symme-
trical flow without vortex shedding would be formed
around the projectile. In nature, some factors disturb
the flow symmetry and thus cause the vortex shedding.
In numerical solutions, an asymmetric flow may be cre-
ated due to the solution procedure and the existence of
computational errors and, consequently, show the vor-
tex shedding. It is clear that the manner and beginning
of the vortex shedding in nature and numerical solu-
tions are accidental and not necessarily consistent. In
other words, the numerical results in the range of the
vortex shedding may not coincide with reality.

Figure 8. Comparison of pressure coefficient obtained by the
present solver and the measured data from Kayser and
Whiton22 for the secant-ogive-cylinder-boattail (SOCBT)
projectile.

Table 1. Physical data for the sample projectiles for three different calibers.

Projectile name Flat nose Sharp nose Round nose Spherical

Caliber (mm) 4.5 5.5 6.35 4.5 5.5 6.35 4.5 5.5 6.35 4.5 5.5 6.35
Mass (g) 0.448 0.820 1.260 0.538 0.980 1.500 0.536 0.980 1.500 0.530 0.960 1.480
Length (mm) 5.00 6.30 7.50 7.25 9.10 10.70 6.75 8.40 10.00 4.50 5.5 6.35
Up (m/s) 334 312 281 305 286 258 306 286 258 307 288 260

Figure 7. Comparison of mean drag coefficients of a sphere
obtained by the present solver and experimental data for
Re = 8000 with respect to Mach number (MN).
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Therefore, the study on the spherical projectile, refer-
ring to Figure 9(a)–(c) should only be performed in the
range of x4 35m, prior to vortex shedding.

Contours of the pressure coefficient around the pro-
jectiles are shown in Figure 10(a)–(d) in a 2D view at a
distance of 40m (x=40m). Contours’ symmetry in the
upper and lower areas of the flat nose and sharp nose
projectiles are well observed. For the round nose pro-
jectile (Figure 10(c)), a slight difference exists between
the upper and lower sides. However, the symmetric
flow behind this round nose projectile indicates that the
vortex shedding did not occur. However, the contours
around the spherical projectile (Figure 10(d)) were
entirely asymmetric, indicating vortex shedding. Figure
11(a)–(d) shows the instantaneous streamlines past the
projectiles at x=40m. Smaller vortices behind the
round nose projectile shown in Figure 11(c) may be a
result of the lower drag coefficient. The aerodynamic
coefficient is not the only variable that affects the pro-
jectiles’ performance because the mass and shooting
speed also play a role.

Parameters of the air gun projectiles’ performance
such as flight time, altitude loss and hit momentum
were compared in this study. The flight time and alti-
tude loss were proportional, but the hit momentum
also depends on the projectiles’ mass. An increase in
the hit momentum caused an increase of the projectiles’
target. The performance comparison of the projectiles
at the distances of x=10, 25 and 35m is presented in

Tables 2–4, respectively. The best performance in each
table is highlighted. At x=10m (Table 2), the flat nose
projectile had less flight time and altitude loss, while
the round nose projectile had more hit momentum than
the other projectiles. Because the flat nose projectile
had a higher shooting speed, little impact was made on
the drag force at a short distance. This projectile had a
lower hit momentum compared to the other samples
because of its lower mass. At the distances of 25 and
35m, the round nose projectile had reached the best
performance in terms of flight time, altitude loss and
hit momentum due to the lower drag force than the
other projectiles. Based on the data, the sharp nose
projectile had closer performance to the round nose
projectile, while the spherical projectile data varied
from the other projectiles.

Figure 12 shows the temporal variations of the pro-
jectiles’ Mach number up to x’ 35m. The Mach num-
ber variation of the flat nose projectile is much more
than that of the other samples because it has more drag
force, less mass and consequently more deceleration.
The projectiles’ trajectory in the x–y plane and up to
x=35m is plotted in Figure 13. Based on this figure
and data from Tables 2–4, flat nose projectiles are more
accurate at short distances, while the round nose projec-
tiles are more accurate at longer distances. Figure 14
shows the projectiles’ trajectory in the x–z plane up to
x=35m. The horizontal deviation of the projectiles is
negligible, which was also confirmed by the small values

Figure 9. Comparison of aerodynamic coefficients of 4.5-mm-caliber projectiles with respect to horizontal motion component:
(a) drag coefficient, (b) lift coefficient and (c) lateral force coefficient.

Salimipour et al. 7



Figure 10. Contours of pressure coefficient around 4.5-mm-caliber projectiles: (a) flat nose, (b) sharp nose, (c) round nose and
(d) spherical.

Figure 11. Instantaneous streamlines past 4.5-mm-caliber projectiles: (a) flat nose, (b) sharp nose, (c) round nose and (d) spherical.
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of the lateral force coefficients in Figure 9(c). It should
be noted that the vertical axis of Figures 13 and 14 has
been magnified for better observation.

Calibers of 5.5 and 6.35 mm. Analysis of the other stan-
dard calibers indicated that the behaviors of the aero-
dynamic coefficients were similar to those of the 4.5-
mm-caliber projectile. The projectiles’ trajectory for the
calibers of 5.5 and 6.35mm in the x–y plane and up to
x=35m is plotted in Figures 15 and 16, respectively.
By comparing Figures 13, 15 and 16, the difference
between the projectiles’ performance decreased when

the caliber size increased. The results for the caliber of
6.35mm show that the performance of the flat nose
projectile is better than the spherical one at x=35m.

Table 5 shows the best projectile in terms of the alti-
tude loss at the distances of x=10, 25 and 35m.
Among all the three calibers, the round nose projectile
had the least altitude loss at x=35m.

Nose shape modifications

To improve the projectiles’ performance, the effect of
nose shape on the performance of the sharp and round

Table 2. Comparison of projectiles’ performance at x = 10 m and 4.5-mm caliber.

Projectile name Flight time (s) Altitude loss (cm) Hit momentum (kg m/s)

Flat nose 0.0333 0.544 0.126
Sharp nose 0.0339 0.564 0.155
Round nose 0.0338 0.561 0.156
Spherical 0.0352 0.608 0.144

Table 3. Comparison of projectiles’ performance at x = 25 m and 4.5-mm caliber.

Projectile name Flight time (s) Altitude loss (cm) Hit momentum (kg m/s)

Flat nose 0.0911 4.07 0.107
Sharp nose 0.0879 3.789 0.145
Round nose 0.0864 3.660 0.150
Spherical 0.0927 4.21 0.132

Table 4. Comparison of projectiles’ performance at x = 35 m and 4.5-mm caliber.

Projectile name Flight time (s) Altitude loss (cm) Hit momentum (kg m/s)

Flat nose 0.135 8.89 0.097
Sharp nose 0.126 7.75 0.139
Round nose 0.123 7.40 0.146
Spherical 0.134 8.77 0.126

Figure 12. Temporal variation of 4.5-mm-caliber projectiles’
velocity.

Figure 13. Trajectory of 4.5-mm-caliber projectiles in the x–y
plane.

Salimipour et al. 9



nose projectiles with 4.5, 5.5 and 6.35mm calibers was
studied. Since the change in geometry influences the
mass, shooting speed and drag force, different perfor-
mances will be expected. For the round nose projectile,

the nose curvature assumed as semi-ellipse was altered
and, for the sharp nose projectile, the nose angle was
changed. The target was placed at x=35m. Figure 17
shows the revised nose shape configurations. When the
altitude loss (L) is decreased and the hit momentum
(M) is increased, the performance of a projectile will be
improved. However, the altitude loss is more significant
for shooting sport. Figure 18(a) and (b) shows the var-
iations of the altitude loss and the hit momentum for
the sharp nose projectile, respectively. These figures
indicate that at a certain nose angle each altitude loss
curve (Figure 18(a)) reaches a minimum value and then
rises. However, the hit momentum curves (Figure
18(b)) have a descending behavior when the nose angle
increases. If the importance of the altitude loss and hit
momentum are assumed to be identical, the maximum
value of M/L will indicate the optimum nose angle
which is shown in Figure 19. Table 6 presents the opti-
mum angles which lead to minimum altitude loss and
maximum M/L.

Figure 15. Trajectory of 5.5-mm-caliber projectiles in the x–y
plane.

Figure 16. Trajectory of 6.35-mm-caliber projectiles in the x–y
plane.

Table 5. Best projectile in terms of altitude loss at the
distances of x = 10, 25 and 35 m.

Caliber (mm) x = 10 m x = 25 m x = 35 m

4.5 Flat nose Round nose Round nose
5.5 Flat nose Round nose Round nose
6.35 Flat nose Flat nose Round nose

Figure 17. Nose shape configurations: (a) sharp nose and
(b) round nose.

Figure 14. Trajectory of 4.5-mm-caliber projectiles in the x–z
plane.
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Similar to the above, the effect of nose curvature on
the round nose projectile was studied. Figures 20(a)

and (b) and 21 show the variations of the altitude loss,
hit momentum and M/L with respect to the nose curva-
ture (h= a/b) for the round nose projectile, respec-
tively. Table 7 presents the optimum curvatures which
lead to minimum altitude loss and maximum M/L.

The results reported in Tables 6 and 7 indicate that
by modifying the nose shape the performance of the
projectiles can be improved.

Conclusion

The performance of four popular projectiles used in air
guns with 4.5, 5.5 and 6.35mm calibers was investi-
gated by the coupled and simultaneous numerical solu-
tion of the equations of the fluid and the projectiles’
motion in a non-stationary form using a moving com-
putational grid. Results show that the round nose and
flat nose projectiles had the minimum and maximum
drag coefficients, respectively, up to a distance of 40m.
In a 10m target distance, the flat nose projectile had
less flight time and altitude loss, while the round nose
projectile had more hit momentum than the other sam-
ples. At 25 and 35m distances, the round nose projec-
tile had reached the best performance in terms of flight
time, altitude loss and hit momentum compared to the
other projectiles at 4.5 and 5.5mm calibers. It was

Figure 18. Variations of (a) altitude loss (L) and (b) hit momentum (M) for the sharp nose projectile with respect to nose angle.

Figure 19. Ratio of hit momentum to altitude loss for the
sharp nose projectile with respect to nose angle.

Table 6. Optimum nose angles which lead to minimum altitude
loss and maximum M/L for the sharp nose projectile.

Caliber (mm) Optimum
nose angle
for minimum
altitude loss (�)

Optimum
nose angle
for maximum
M/L (�)

4.5 45 42
5.5 50 40
6.35 55 40

Table 7. Optimum curvatures, h, which lead to minimum
altitude loss and maximum M/L for the round nose projectile.

Caliber (mm) Optimum
curvature
for minimum
altitude loss

Optimum
curvature
for maximum
M/L

4.5 1.75 1.4
5.5 2 1.5
6.35 2.25 1.5
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observed that the vortex shedding occurred behind the
spherical projectile for longer distances of 35m which
caused the sudden variations in the aerodynamic coeffi-
cients. Based on the results, the flat nose and round
nose projectiles are more accurate for short and long
distances, respectively. The performances of the sharp
nose and round nose projectiles were similar. Thus, the
sharp nose projectile may be suitable for hunting at lon-
ger distances due to its deeper penetration. The spheri-
cal projectile did not have any noteworthy advantages
compared to the other projectiles. Study on the nose
shape modification indicated that the performance of
the sharp nose and round nose projectiles improved.
Therefore, it is recommended that these modifications
be applied to standard projectiles.
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