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Abstract. The study of projectile aerodynamics plays a crucial role in the development and optimization of am-
munition, particularly in enhancing range and accuracy. In this context, the present work aims to investigate the
effects of varying the boat tail length of a 155 mm artillery projectile on its aerodynamic drag coefficient. The
methodology involved computational fluid dynamics (CFD) simulations in which several geometric configurations
of the projectile’s boat tail were analyzed. These simulations allowed for a detailed evaluation of the pressure and
velocity fields around the projectile’s surface, leading to the determination of aerodynamic coefficients for each
configuration. Initially, the numerical results were validated against data from another reference on the subject,
and subsequently, the mesh was employed to generate new numerical results. It was observed that specific ge-
ometric proportions result in a noticeable decrease in the drag coefficient, thus confirming the efficiency of the
boat tail design technique in aerodynamic optimization. Moreover, the study underscores the relevance of rear-end
geometry in the overall aerodynamic performance of artillery projectiles. The results provide valuable technical
insights for the design and improvement of future ammunition, contributing to the broader field of external bal-
listics. The findings also highlight the importance of computational modeling as a powerful tool for evaluating
structural modifications and guiding design decisions aimed at reducing aerodynamic resistance and improving
projectile efficiency.
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1 Introduction

The study of projectile aerodynamics and its impact on external ballistics, particularly accuracy and range, is
essential to advance ammunition performance and artillery development in the Brazilian army. The aerodynamic
drag that acts on the projectiles can be divided into two main components: shear stress and surface pressure. The
drag generated by shear stress is viscous in nature and results from air friction (Fox [1]). The drag associated with
pressure differences includes two main types: wave drag, produced by high pressure at the projectile’s front, and
base drag, caused by low pressure at the rear. Base drag plays a major role in overall aerodynamic performance, as
it arises from flow recirculation behind the projectile, leading to reduced pressure at the base and creating a force
opposing its motion (Dali and Jaramaz [2]; Suliman et al., [3]).

To mitigate base drag, one of the most common design strategies is the application of a boat tail, which
consists of reducing the projectile’s rear section. Modifying the boat tail geometry (length and angle) significantly
influence drag and range. Previous studies, such as The Engineering Toolbox [[4], analyzed different boat tail
angles to optimize drag reduction for low-speed models, showing that optimal configurations at low velocities
differ considerably from those at high Mach numbers. Even when the boundary layer separates across the base,
the boat tail has been shown to significantly reduce total drag.

In addition, Suliman et al. ([3]) conducted computational simulations on the 155 mm M549 projectile, varying
parameters such as Mach number and boat tail angle to assess efficiency. Their results indicated that, while optimal
angles depend on specific flow characteristics, all configurations produced significant drag reduction.

In this context, the present study investigates the effect of boat-tail length variation on the drag and range
of 155 mm artillery projectiles. To this end, Computational Fluid Dynamics (CFD) techniques are employed to
analyze the airflow around modified projectile geometries and to determine the corresponding drag coefficients.
Initially, the numerical model is validated against data available in the literature (Anderson [5]), and once validated,
the computational mesh is used to generate additional numerical results. Figures 1 and 2 illustrate the flow at the
projectile base for configurations with and without a boat tail.
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Figure 1. Projectile base flow without boat tail Figure 2. Projectile base flow with boat tail

2 Methodology and Methods

2.1 Mathematical Modeling

Governing Equations

The airflow around artillery projectiles involves relatively high velocities, so it is not possible to disregard the
variation in density. Thus, the equations governing the flow are: conservation of mass, conservation of linear
momentum, and conservation of energy. These equations are expressed, respectively, as follows:

∇ · (ρu) = 0 ; ∇ · (ρuu)−∇ · µ(∇u+∇uT ) = −∇p ; ∇ · (ρuCvT )−∇ ·
(

k

Cv

)
∇(CvT ) = p∇ · u (1)

Turbulence Model

To study turbulent flows, Reynolds decomposition is applied to the Navier-Stokes equations, analyzing the mean
values of flow properties. To approach this problem computationally, it is necessary to incorporate models de-
signed to estimate the Reynolds stress tensor. In this case, the SST k − ω model was chosen (Menter, [6]), which
is suitable for simulating flows characterized by adverse pressure and velocity gradients and boundary layer sepa-
ration.

Numerical Method

For the Computational Fluid Dynamics (CFD) analysis, the Finite Volume Method (FVM) was employed to
discretize the flow domain. This method subdivides the space into discrete control volumes, forming a computa-
tional mesh over the studied region, where the Navier–Stokes equations are solved for each element according to
the defined boundary conditions.

The commercial CFD software ANSYS Fluent was used to perform the numerical simulations. A second-
order upwind scheme (Setzwein et al., [7]) was applied for the discretization of the convective terms, ensuring
improved accuracy of the results. The density-based algorithm (Singh and Mukhopadhyay, [8]) was adopted to
solve the system of differential equations iteratively at each computational step, while the multigrid method (Lien
and Ryan, [9])was implemented to accelerate convergence.

2.2 Problem Conditions

Computational Mesh and Boundary Conditions

The flow around the projectile is axisymmetric, allowing the problem to be simplified to a two-dimensional model
using a longitudinal plane with its origin at the center of the projectile base. The projectile profile used in the
simulations is shown in Figure 3. Table 1 illustrates the boat tail lengths that were varied to optimize the projectile
design to reduce drag and increase range.

Owing to symmetry about the axis, only the upper quadrant is analyzed. The downstream extent of the
computational domain ensures that flow disturbances do not reach the boundaries (Silva et al., [10]). A structured
mesh is employed, refined near the projectile surface to accurately capture local gradients. Based on a mesh
refinement analysis (Paulo et al,[11]), a configuration with 385,200 control volumes was selected. The refinement
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was carried out until the drag coefficient showed no variation in its third decimal place, defining the optimal
discretization level. Boundary conditions include Mach numbers ranging from 0.6 to 3.0 at the inlet, atmospheric
static pressure at the outlet, and an adiabatic no-slip wall condition on the projectile surface. Along the axis of
symmetry, the radial velocity and all radial gradients are set to zero. Gauge pressures are used, with an operating
pressure of 101,325 Pa and a constant ambient temperature of 288.15 K. Figure 4 illustrates the computational
mesh and the boundary conditions applied in the simulations.

Figure 3. Schematic drawing of the projectile.

Table 1. boat tail length and angle for simulations

L (mm) θ (degrees)

- 0
70.100 8.5

119.844 5
85.393 7
66.200 9
53.941 11

Figure 4. Mesh and boundary conditions used
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3 Results and Discussion

Mesh and boundary conditions validation

Based on a mesh refinement analysis (Paulo et al.,[11]), a configuration with 385,200 control volumes was
selected. Figure 5 shows the CFD simulations for the 155 mm projectile with an 8.5° boat tail, included for com-
parison. The drag coefficient is plotted against Mach number and compared with reference data (Suliman et al.,[3])
to validate the mesh. All simulations were considered converged when the residuals of the variables dropped below
10−6 .

Figure 5. Drag coefficient comparison for the simulated 155 mm projectile and the Suliman et al. [3] results.

Based on this comparison, the maximum percentage error observed was 7.8% at Mach 2.75, while the mini-
mum was 0.08% at Mach 1. These results indicate that the approach closely matches the reference values, showing
good agreement with the simulations by (SULIMAN M. A; MAHMOUD, 2009). With the obtained results, it was
possible to validate the simulation using the cited reference, thereby enabling the proposed variations in boat tail
length to be carried out as intended in this study.

CFD Results

To analyze the impact of varying the boat tail length on the drag coefficient, Computational Fluid Dynam-
ics (CFD) was employed using the FLUENT software. This tool enables detailed modeling and aerodynamic
simulation of projectiles, making it suitable for high-speed flow studies. The CFD simulations allowed for the de-
termination of aerodynamic coefficients (Cd) for different boat tail configurations across a range of Mach numbers,
covering subsonic to hypersonic regimes.

Angles of 0°, 5°, 7°, 8.5°, 9°, and 11° were tested to evaluate the influence of each configuration on aerody-
namic drag. The results showed that the 7° angle was the most efficient, presenting the lowest drag coefficients in
the Mach range from 0.6 to 3.0. This configuration demonstrated a significant reduction in drag compared to the
other angles tested. The analysis confirmed the effectiveness of the boat tail technique in reducing drag, validat-
ing the choice of the 7° angle as the optimized configuration to enhance the range and accuracy of the 155 mm
projectile.

Figure 6 illustrates the behavior of the drag coefficient as a function of Mach number based on the CFD
results.

Figure 7 illustrates the variation of the drag coefficient as a function of boat tail angle, based on data obtained
from FLUENT. The results indicate a trend toward optimal performance at a 7° angle, where the lowest drag
coefficient is observed.
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Figure 6. CFD-based drag coefficient as a function of Mach number

Figure 7. CFD-based drag coefficient vs boat tail angle

Figure 8 presents the pressure contours obtained at Mach 2 for boat-tail angles of 0°, 5°, 7°, 9°, and 11°.
As expected, all configurations exhibit a distinct low-pressure region at the projectile base, which is particularly
pronounced in the geometry without a boat tail. This phenomenon is consistent with the formation of a separated
wake flow downstream of blunt bodies. Among the analyzed cases, the configuration with a 7° boat-tail angle
stands out by producing the highest base pressure. This result is in agreement with the numerical predictions
discussed earlier and provides further evidence of the stabilizing effect of this geometry on the flow field. The
increase in base pressure directly implies a reduction in pressure drag, which is a major component of the overall
aerodynamic resistance acting on the projectile. Therefore, the 7° configuration can be considered the most efficient
among those evaluated, since it minimizes drag while maintaining stable flow behavior, reinforcing its suitability
for applications involving transonic and supersonic regimes.

The most relevant practical implication of these findings is that the correct application of the boat-tail geom-
etry leads to an increase in the projectile’s range. By reducing the base drag through a more favorable pressure
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Figure 8. Pressure contours for the configurations: (a) 0°, (b) 5°, (c) 7°, (d) 9°e (e) 11°.

distribution, the aerodynamic efficiency of the projectile is significantly improved. This reduction in drag not only
decreases energy losses during flight but also allows the projectile to maintain higher velocities over longer dis-
tances, thereby extending its effective range. Consequently, the optimization of the boat-tail angle is not merely
an academic exercise, but a crucial design feature with direct impact on the overall performance of long-range
ballistic systems (Paulo et al.,[12]).

4 Conclusions

In conclusion, this study provided a detailed numerical analysis of the influence of boat-tail geometry on
the aerodynamic behavior of projectiles. The findings confirmed the decisive role of base pressure in determining
total drag, demonstrating that relatively small variations in the boat-tail angle can produce significant differences
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in aerodynamic performance. Among the configurations evaluated, the 7° geometry yielded the most favorable
results, increasing base pressure, reducing drag, and consequently extending the effective range of the projectile.
This highlights the importance of correctly applying boat-tail design principles, as improvements in aerodynamic
efficiency directly translate into operational advantages in terms of accuracy, stability, and range.

Beyond the technical outcomes, it is important to recognize the broader context in which this work is situated.
Research in defense engineering is often strategically sensitive, and consequently, the open scientific literature in
this field remains relatively scarce and fragmented. This limited availability of accessible references can hinder
the advancement of knowledge and the dissemination of innovative methodologies. By adopting a rigorous com-
putational fluid dynamics approach, validated against established studies, this work contributes not only to a better
understanding of boat-tail effects but also to the methodological framework available for future investigations.

Ultimately, the present study seeks to encourage further research in the area of defense-related aerodynamics,
promoting dialogue between academic institutions and applied engineering sectors. Expanding investigations of
this kind is essential to foster innovation, strengthen technological independence, and support the continuous de-
velopment of more efficient and reliable systems. In this sense, the results presented here should be regarded not as
an endpoint, but as a foundation upon which more comprehensive studies—incorporating experimental validation,
multidisciplinary integration, and broader operational scenarios—can be built in the future.
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