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Abstract. Reducing drag on boattail configurations remains a critical challenge in external
aerodynamics. In this work, numerical simulations were conducted to examine the influence
of longitudinal groove depth — represented by the groove-peak distance parameter 4 — on the
flow behavior and drag characteristics of axisymmetric boattail bodies. The parameter 4 was
varied between 0 and 0.3 times the body diameter (D). The computations employed the
Reynolds-Averaged Navier—Stokes (RANS) equation for the similation. The k-w SST
turbulence model at a freestream velocity of 22 m/s. Results indicate that groove depth has
negligible effect on drag at a 14° boattail angle, but at 18° a substantial reduction in drag of
up to 11% was obtained for 4 = 0.3D. Analysis of pressure distribution, skin friction, and
wake structure confirms that deeper grooves help suppress flow separation on the boattail
surface. These findings highlight the importance of groove depth selection for optimizing
aerodynamic efficiency in axisymmetric vehicles.
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1. INTRODUCTION

Aerodynamic drag associated with boattail afterbodies is a persistent issue in the design
of axisymmetric flying vehicles. Flow separation at the aft region generates a broad wake and
significant pressure deficit, which can contribute a large fraction of the overall drag. The near-
wake behind boattails is recognized as one of the most complex flow regions in fluid
dynamics [1]. Previous studies have reported that base drag may approach 50-60% of the
total resistance for bodies with blunt or tapered tails [2,3]. This unfavorable flow also causes
higher fuel consumption, structural vibration, and reduced stability, underscoring the need for
effective drag-reduction strategies.

In unsteady states, flow separation at the tail not only increases drag but also leads to
problems like higher fuel consumption, noise, vibration, structural damage, and instability [4].
For instance, the drag on a truck traveling at 100 km/h can consume up to 60% of its fuel [5].
The blunt shapes of buildings can induce significant oscillations when exposed to wind,
affecting their efficiency, structural durability, and stability [4]. Thus, reducing drag and
enhancing the performance of moving objects is critical in fluid mechanics and has garnered
significant interest from scientists worldwide. Studies show that 10% reduction in drag can
help 3.57% increase to 3.57% velocity [6]. Additionally, a 40% reduction in drag can save up
to 50% in energy consumption.

To reduce drag, a moving object must be designed with a streamlined shape. In their
study [7], Tran et al. demonstrated that incorporating a boattail is an effective method for
reducing drag in blunt models. By examining boattail angles ranging from 0° to 24°, they
found that drag was minimized at an angle of 14°. However, significant flow separation
persisted, particularly at larger angles between 18° and 24°, limiting further reductions in total
drag. As a result, further research is necessary to explore solutions for minimizing flow
separation and drag in boattail designs.

Introducing grooves along the boattail surface has been recognized as a practical
approach for drag mitigation. Howard et al. [8] first suggested applying such grooves to
axisymmetric bodies and, through smoke-visualization experiments, showed that longitudinal
grooves can suppress flow separation and consequently lower drag. More recently, Mariotti et
al. [9,10] investigated transverse grooves on symmetric bodies and reported that they help
delay flow detachment at the tail, thereby improving pressure recovery. Nevertheless, these
studies were limited to certain boattail angles and did not provide a comprehensive
assessment of groove parameters or guidelines for their optimal design.

Quang et al. [11] also developed a research model to study the impact of longitudinal
grooves on drag and wake flow behind axisymmetric boattail bodies. Their results indicated
that using longitudinal grooves smooths the flow, reduces flow separation, and increases
surface pressure distribution on the tail. Consequently, aerodynamic drag was reduced by
approximately 6% for a boattail angle of 14° and up to 24% for a boattail angle of 22°.
However, the characteristics of groove parameters were not fully explored.

Recognizing the potential of using longitudinal grooves to reduce drag in boattail models,
this study extends previous research by conducting a detailed analysis of how groove depth
affects drag and aerodynamic flow characteristics around the boattail of axisymmetric models.
This will provide a clear more comprehensive understanding of the effects of longitudinal
grooves and offer recommendations for their application.
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2. NUMERICAL METHOD

2.1. Model geometry

The axisymmetric boattail configuration and computational domain employed in this
study is presented in Figure 1. The model has a body diameter D = 30 mm and an overall
length L = 251 mm. The forebody adopts an elliptical nose to reduce potential flow
separation, while the afterbody consists of a conical boattail with length L, = 0.7D and angle p
= 14° and 18°. These geometric choices are consistent with earlier investigations [7,12,13],
ensuring comparability of the numerical results. A uniform inlet velocity of U= 22 m/s was
prescribed at a location 17D upstream of the model nose. Based on the body diameter, the
corresponding Reynolds number is Re = 4.34x10* Symmetry conditions were imposed on the
lateral boundaries of the domain.
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Figure 1. Geometry and computational domain.

Table 1. Research models paramters

Diameter of the model (D) 30 mm
Length of the model (L) 251 mm
Boattail length (L) 21 mm
Boattail angles (5) 14°, 18°
Diameter of grooves (d) 6 mm
Groove-peak distance (4) 0+ 9 mm
Number of grooves (n) 12
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Longitudinal grooves were introduced on the boattail surface. Each groove is defined by
its diameter d, the distance from the groove peak to the surface denoted as parameter 4, and
the total number of grooves n. In this work, 4 is treated as the depth of the groove: larger
values of 4 correspond to deeper penetration into the boattail surface. The grooves intersect
the junction between the boattail and the base. To isolate the influence of depth, the groove
diameter and number were fixed at d = 6 mm and n = 12. The parameter 4 was varied from 0
to 9 mm (equivalent to 0—-0.3D). This range was selected to maintain the external shape of the
baseline model while allowing a meaningful assessment of depth effects. The full set of model
parameters is listed in Table 1.

2.2. Numerical scheme and meshing

The aerodynamic flow fields were obtained using the Reynolds-Averaged Navier—Stokes
(RANS) approach with the k—® SST turbulence model [14]. The governing equations can be
represented as follows:

op O
£z = =0 1
o o (o) M
0 0 op 0 | ou, Ou, 0 o
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Here: 7, j = 1, 2, 3; u; is the average velocity component in each direction, p is pressure, p is
air density; u is the dynamic viscosity of air, taken as u = 1.789 x 107 kg/(m.s) at 25°C for the
present simulations; —pu,u, is Reynolds Shear Stress.

Additional equations of parameter k and w are shown as:
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Here, v: is the turbulent viscosity due to eddy viscosity, represented as follows:

o ak
" max(q,0;QF,)
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Where, P denotes the production term of turbulent kinetic energy, while
0,.,0,,, 0, Bk, y are model constants, specified with different values for near-wall and free-

stream regions.
The simulations were conducted using licensed Ansys Fluent software at Le Quy Don
Technical University. The COUPLED algorithm was selected to enhance the accuracy of the

calculations. The simulation residuals reached a convergence level of 1076, thereby increasing
the reliability of the simulation results.
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An unstructured mesh was generated for the computational domain. The surface mesh of
the model is illustrated in Figures 2(a, b). To ensure adequate resolution for the &—w SST
turbulence model, the first cell height adjacent to the wall was set to 8.5x107° m, with a
growth rate of 1.18 applied to the subsequent layers. This arrangement produced wall-normal
resolutions corresponding to y* values on the body surface below 6 in Figure 2(c), which is
appropriate for the selected turbulence model.

The computational volume is discretized using an unstructured mesh. The mesh on the
surface of the model is depicted in Figure 2(a) and 2(b). To accommodate the k- SST
turbulence model, the thickness of the first mesh layer from the model surface is set to
8.5x107° m, with a growth rate of 1.18 for subsequent layers. This configuration results in the
y+ values on the surface of the model, as shown in Figure 2(c), with the maximum value
being approximately 6, suitable for the selected turbulence model.

YD

(a) Mesh around boattail (b) Surface mesh

y" T T
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Figure 2. Mesh structure and y* values.

To verify mesh convergence, the research team conducted a grid independence check by
progressively increasing the number of mesh elements from 0.64 million to 4.95 million. This
check was performed for the boattail model with f = 20° and without grooves (4 = 0 mm).
This configuration was chosen because experimental results for the same 20° boattail model
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are available from Tran et al. [7], enabling direct comparison and validation of the numerical
approach. The mesh independence study confirmed that beyond 3.70 million elements, the
solution remained essentially unchanged (Table 2). Consequently, the grid with 3.70 million
cells was adopted for subsequent simulations, providing a balance between accuracy and
computational efficiency.

Table 2. The influence of mesh cells on drag force.

Number of cells 0.64 1.4 2.0 2.7 3.7 495

Drag coefficient (Cp) 0.25893  0.25576 0.25399 0.25286 0.2519 0.25171

The validation in this study was performed by comparing with experimental data from
Tran et al. [7], obtained using a magnetic suspension and balance system (MSBS) in a low-
speed wind tunnel at Tohoku University, Japan. This facility enables free-levitated drag
measurements without support interference, providing high-accuracy aerodynamic data. The
validation model used was a boattail without grooves (baseline model). The validation results
are shown in Table 3. It can be observed that the error of the computational model in this
study is very close to the published results of Tran et al., with errors for the 14° and 18°
boattail angles being only 1.7% and 1.3%, respectively. This confirms the reliability of the
computational model used in this study, making it fully applicable for calculations involving
grooved models.

Table 3. Validation of drag coefficient against the findings by Tran [14].

Boattail angle (f) 14° 18°
Tran et al. [13] 0.22633 0.24438
Current work 0.22247 0.24123

Error (%) 1.7 1.3

3. RESULTS AND DISCUSSION

3.1. Influence of groove-peak distance A on drag coefficient

The graph showing a influence of the drag on the distance A for the axisymmetric boattail
models is presented in Figure 3. Here, the model without grooves corresponds to 4 = 0D,
while the grooved model has 4 values ranging from 0.1D to 0.3D. It can be observed that,
while the drag coefficient does not change significantly for the 14° boattail angle, it decreases
considerably for the 18° boattail angle as 4 increases. The drag reduction reaches up to 11%
when 4 = 0.3D. This is quite interesting and may be due to the fact that longitudinal grooves
have a more significant effect at larger boattail angles. These findings align closely with those
of Quang et al. [11], where longitudinal grooves were found to be most effective at larger
boattail angles, offering minimal benefit at smaller angles, particularly below 14°. However,
this study reveals that the extent of drag reduction depends on variations in the groove depth
parameter. As A increases, drag decreases, but the rate of reduction diminishes progressively,
as shown in Table 4. From these results, designers can select appropriate groove parameters,
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such as choosing 4 = 3 mm to achieve a 7% drag reduction, rather than tripling 4 to 9 mm for
only an additional 4% reduction. Similarly, for smaller boattail angles, increasing A provides
negligible improvement in drag reduction.
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Figure 3. Influence of parameter 4 on drag coefficient.
Table 4. Drag reduction by 4 for 18-degree boattail model.
A (mm) 3 4,5 6 7.5 9
Reduction (%) 7.0 8.9 9.9 10.5 10.9

Figure 4 shows how the drag components vary with changes in 4. As A4 increases, the
skin-friction drag component grows slightly, while the pressure drag component reduces
significantly, driving the overall reduction in total drag for the model.
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Figure 4. Drag components of 18-degree boattail model.
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3.2. Distribution of skin-friction coefficient along the boattail surface

Figure 5 shows the streamwise skin friction Crin the grooved region for models with
grooves at different distances 4 from the groove peak and compares it with the baseline model
without grooves at the same location. It is observed that, for the grooved cases, the Crtends to
peak at the groove peak and then decrease over the boattail region but still maintains positive
values. This indicates that no flow separation is generated on the boattail surface in the
presence of grooves. However, differences arise in the baseline case. For the model of 14°,
flow separation only occurs in a small area near the boattail peak, while for the 18° boattail
angle, complete flow separation occurs over the entire boattail. This explains why drag
changes significantly with the presence of grooves at the 18° boattail angle.
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Figure 5. Distribution of skin-friction coefficient along the boattail surface.
3.3. Flow structures in the boattail region

To further investigate the impact of grooves with different groove-peak distances 4 on
drag, we analyzed the flow over the boattail surface and afterbody, as presented in Figure 6. It
can be seen that at a 14° boattail angle, there is no significant difference in flow structure as A4
changes. However, for the 18° case, the flow becomes smoother and the size of the wake
vortex behind the boattail significantly reduces when grooves are present compared to the
baseline case. This again confirms the effectiveness of longitudinal grooves at larger boattail
angles.

In Figure 7, the velocity profile along the centerline is presented. It is observed that as the
value of 4 increases, the change in the velocity profile remains minimal. The location of the
recirculation point, in which the relative velocity shifts from negative to positive, is nearly
identical across all grooved cases. However, for the 18° boattail angle, the distance between
the recirculation points of the grooved and ungrooved cases is larger compared to the 14°
boattail angle.
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Figure 6. Flow structure around boattail for 14-degree models (left) and 18-degree models (right).
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Figure 7. Velocity at centerline for different parameter 4.

3.4. Pressure distribution on the boattail region

The pressure coefficient C, of the models with boattail angles of 14° and 18° is plotted in
Figure 8 at the plane passing through the groove, as the groove-peak distance A varies. It can
be observed that the pressure coefficient C, reaches its lowest value near the boattail peak
before rising again. As A changes, the corresponding bottom region shifts forward, which is
understandable due to the geometric alterations of the body when 4 increases. However, it is
also noted that the minimum C, tends to increase as A increases. This is because increasing A
reduces the boattail angle at the groove region, leading to smoother flow over the boattail
peak, thereby increasing C, in that area and narrowing the low-pressure region.
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Figure 8. Pressure distribution along boattail region.

Additionally, it is observed that although the pressure at the boattail peak region in the
models with an 18° boattail angle is lower than in the 14° case, the pressure on the boattail
surface rises more quickly and reaches a higher value at the base. This growth in base
pressure is the main reason for the decreasing drag in the 18° boattail case.
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4. CONCLUSION

This work has examined how the depth of longitudinal grooves, expressed by the groove-
peak distance parameter A, influences the aerodynamic performance of axisymmetric boattail
bodies. Simulations were performed for boattail angles of 14° and 18° with 4 varying up to
0.3D. The analysis of pressure distribution, velocity field, and wall shear stress provided
physical insight into the resulting drag trends.

The results show that for the smaller boattail angle of 14°, changes in groove depth have
little effect on overall drag. In contrast, at 18°, increasing A4 substantially alleviates separation
and reduces drag, reaching a maximum reduction of about 11% at 4 = 0.3D. This confirms
that groove depth is a critical parameter governing the effectiveness of drag reduction for
steeper boattails.

From a design perspective, longitudinal grooves offer a practical means of improving
aerodynamic efficiency without altering the external shape significantly. The present findings
highlight the role of groove depth in tailoring such modifications. Nonetheless, other
geometric factors — including groove diameter, number of grooves, and boattail angle — also
merit further investigation to identify optimal configurations. In addition, because the present
work relied on steady RANS simulations, future studies employing URANS or LES are
recommended to capture unsteady wake structures and validate the robustness of these
conclusions.
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