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Abstract

In this study, flow behavior around an axisymmetric boattail model was presented at different Mach number from
subsonic to supersonic flow. Reynolds averaged Navier-Stokes equations with k-ow SST model was applied for the
simulation. Results were validated with previous relevant experimental data for validation. The results indicated that the
numerical model can provide high accurate results. The different in drag coefficients of the current and relevant studies
is less than 3%. Pressure distribution showed that at supersonic flow, pressure becomes nearly flat on the boattail surface
due to generation of shock wave. Skin-friction indicated separation bubble is formed only for low-speed conditions at
boattail angle of 14°. At higher Mach number, separation positions occurred at the base edge for all models and flow
conditions. The pressure trend, position of shock wave, and flow pattern around the model was indicated details in this
study. The relation between shock-wave structure and drag of the model was obtained.
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1 Introduction

In engineering, many flying objects were designed
with blunt base such as missibles or projectile. The
design is satisfied for insert engine or initial lauching
conditions. However, the blunt base model forms a
large wake during the flight, which results in
increasing drag and reduce aerodynamic performance.

The methods to reducing wake structure includes
active and passive devices . Active methods, which
include external burning or base bleed, provide a
significant power source to eliminate the wake [1].
However, the design of active control device is quickly
complicated and it is suitable for missible only during
the working state of engine. In constract, the passive
devices reduce intensity of the wake by modified the
base configuration. The candidate of passive devices
includes backward step, locked-vortex afterbody,
cavity and boattail geometry [2]-[5]. The boattail is
seemingly a high effective method for reduce the drag
and it has been applied widely in engineering.

Previous studies for boattail model were conducted
by Platou et al. [6], Visnawath et al.[7][8], Tran et al.
[9] and the others. The optimization configuration,
which showed minimum drag level at supersonic flow,
has angle of around 7° and the boattail length of around
one diameter. For low-speed flow, Tran et al. indicated
that the optimization angle was much higher than the
case of supersonic conditions. Exception of many

studies, previous investigations focured only drag of
the model. The relation between flow fields and drag
reduction was not taken attention.

The limiation of previous studies was probably
linked with the cost of experiments in supersonic flow.
In fact, experimental study is quitely expensive and
devices for the measurement are limited. In fact, only
some parameter can be measured for different
experiments. Additionally, time for measurement at
supersonic flow is ofter short. Consequently, it is
challenge for obtaining all parameters in some limited
measurements.

Presently, the development of computational
technology provide a tool for analyzing aerodynamic
characteristics of the moving vehicles. The finite
volume methods are applied to solve Navier-Stokes
equations, which could provide different accurate
level of the flow fields. In fact, combining with
experimental results, numerical methods could extend
study and provide prediction of the aerodynamic
phenomenon. In fact, numerical methods have been
widely applied in previous studies for analyzing flow
behavior and drag of boattail model [10]-[12].

In this study, the flow behavior around
axisymmetic boattail models was investigated at
different free-stream conditions. We focus on two
conical boattail angle of 7° and 14° for the
investigation. The two models are featured for
optimization drag at supersonic and subsonic
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conditions. Reynolds averaged Navier-Stokes (RANS)
equations with k- SST model was applied for
analyzing flow fields and drag. The numerical setup
and validation methods are presented in section 2 of
this study. Next, section 3 shows the results of this
study. Finally, the paper is conclused in section 4.

2 Numerical setup and validations

2.1 Numerical model

For numerical simulation, we use the same model
as it was presented in previous study by Platou et al.
[6]. The diameter D of the model is 57 mm and its total
length is 228 mm. The model has elliptical shape of the
nose and cylinder part for the main body. The boattail
part has conical shape with fixed length of 1D. The
shape of the model is indicated in Fig. 1. Two conical
boattail angles of 7° and 14° were used in this study.
Note that two models of 7° and 14° are optimization
boattail angles for flow at subsonic and supersonic

conditions, respectively.
3D
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Fig. 1. Model geometry

2.2 Numerical algorithm

In this study, RANS equations with k- SST
turbulence model is applied for the simulation. To
obtain the RANS equations, averaged filters are
applied to Navier-Stokes equations, which contain
continuous equation, three momentum equations and
the energy equation. As the results, only averaged flow
fields can be obtained. The k- SST turbulence model
contains two additional equations for simulation of
turbulent characteristics [13]. The model allows to
obtain high accurate results near the model surface and
reduce the numerical time. The Navier-Stockes
equations are shown as:
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where U =(u, v, w) is velocity vector, p is pressure p is
air density, x is viscosity and 1 = -2/3u .7jj is stress
tensor of component i, j, T is temperature. The first
equation shows the equation of the mass conservation,
the next three equations are momentum equations and
the last equation is the energy equation. For steady
flow, derivative of functions with time is zero, which
allows to reduce parameters and numerical time in
those equation. The two additional equations for k and
o are written as:
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Where v, is eddy-viscosity and is defined as:

Ak (5)
max(a,; QF,)

and ok, 02, B B, K, y are constant parameters. The
criteria for selecting those numbers were presented in
previous studies by Menter. The model was applied in
our previous study and showed good performance in
analyzing boattail flow.

In this study, we use comercial software Ansys
Fluent Version 21.1, which was copyrighted by Le Quy
Don Technical university for the simulation. The
dicrete of the deviative were selected as second order
of accuracy. SIMPLE algorithm was selected for
velocity vectors and pressure fields. Other parameters
are then intergrated from the velocity and pressure.
Depending on flow conditions, different inlet stratery
was selected. The residual of the numerical scheme is
less than 10°°.

2.3 Mesh generation

The structure mesh is applied in this study for
numerical simulation. Mesh around the model is
indicated in Fig. 2. The thickness of the first layer is
2x10'm and the increasing ratio is 1.15. The y*<1 for
all the numerical cases.

Numerical domain has a dimension of 36.5 D x 22
D x 22 D in x, y and z directions. In subsonic
conditions, velocity inlet is selected for the inlet flow.
The pressure far fields is selected for supersonic
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conditions. The outlets are setup as pressure outlet for
both subsonic and supersonic conditions.

To check the grid cell independence, mesh size
from 1.44 million cells to 4.40 million cells is selected.
The dependence of drag on volume of the mesh is
indicated in Table 1. Here, drag coefficient is calcuated
based on maximum cross-section area of the model. It
shows that when the number of cells exceeds 3.16
million, the drag becomes nearly constant.
Consequently, mesh size with 3.16 million cells are
selected for this study. Note that previous study
indiated that the number of mesh size above 2.6 million
cells are sufficient for boattail investigation [10].

Fig. 2. Mesh around the models

Mesh size 1.45 2.35 3.16 3.88 4.37
(Mil. Cells)

Co 0.323 | 0.320 | 0.318 | 0.318 | 0.318

Table 1. Drag as function of mesh size

3 Results and discussion

3.1 Validations

To validate the results, we compare drag coefficient
of the current study with experimental results by Platou
at supersonic flow for boattail angle of 7°. The results
of different methods are shown in Fig. 3. Results using
k-¢ turbulence model by Elawwad [10] also indicated.
Clearly, at supersonic flow, trend of drag is similar for
three numerical methods. The difference of drag
coefficient of the current and previous study is less
than 3°. It is explained that the method in this study
allows to obtain high accurate results of drag on the
model. The numerical methods can be applied for
extended the study.
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Fig. 3. Drag coefficient by different methods

3.2 Pressure distribution on boattail surface

Figure 4 shows distribution of pressure coefficients
around the model for Mach number of M = 3.0.
Clearly, numerical results allow to full picture of
pressure distribution on the surface and other
parameters. The model is feature by high pressure in
the nose region. On the boattail surface, pressure
becomes nearly constant for M = 3.0. Since the front
and main parts are similar for all configuration,
pressure distributions on boattail and base surface will
be focused to explain drag trend of the model.
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Fig. 4. Pressure coefficient around the model at M = 3

Pressure distribution on the boattail and base
surfaces are shown in Fig. 5, and Fig. 6 for the angle of
7° and 14°, respectively. For the base surface, the D’
presents the diameter of the base. Interestingly,
pressure gradient becomes higher with increasing
Mach number in subsonic conditions. In the second
half of the model, pressure receovery is similar for both
flow conditions. At supersonic flow, pressure becomes
nearly flat, which is caused by formalization of shock
wave on the surface. The negative pressure leads to
inceasing total drag of the model.
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Fig. 5. Pressure distribution boattail (top) and base
(bottom) surfaces at = 7°

Figure 5b shows pressure distribution on the base
for boattail model of 7°. For all Mach number, the
tendency of pressure is similar with a maximum values
near at the center of the model. The trend of pressure
distribution also shows that base drag of the model at
supersonic flow is much higher than the case of
subsonic flow. For boattail model of 14°, similar trend
of pressure on boattail and base surfaces is obtained

(Fig. 6).
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Fig. 6. Pressure distribution boattail (top) and base
(bottom) surfaces at g = 14°

Figures 7 and 8 illustrate the contour of Mach
number around the model for the angle of 7° and 14°,
respectively. Similar Mach contour is observed for
both cases. Here, a large shock wave occurs at the nose
of the model. On the boattail region, the Mach number
is higher than free-stream Mach number, which is
caused the change of boundary layer profile and the
existence of shock-wave. It should be note that the
main difference of the flow at subsonic and supersonic
conditions is from the shock wave on the base surface.
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Fig. 7. Mach numer countor around the model at § =

7°and M =3.0
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Fig. 8. Mach numer countor around the model at g =
14°and M = 3.0

3.3  Drag of the model

Figure 9 shows drag of the boattail model of 7° for
different Mach number. Clearly, the drag at subsonic
flow is nearly constant. It becomes large at transonic
flow and reduces with Mach number at supersonic
conditions. As shown in validation part, the current
results show high consistent to previous experimental
study. Additionally, numerical methods allow to
extend study at subsonic conditions.
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Fig. 9. Drag as a function of Mach number for g =7°

3.4 Skin-friction topology

To determining flow behavior on the boattail
surface, streamwise skin-friction on the surface is
analyzed. As shown in previous study by Tran et
al.[14], the flow is fully attached on the boattail surfare
for the model with angle bellow 12°. Consequently,
only boattail model of 14° is analyzed in this step.
Figure shows streamwise skin-friction distribution on
boattail surface. The region of separation is feature by
negative skin-friction values. As can be seen, the
separation bubble is formed for M = 0.1. At higher
Mach number, flow on boattail surface is smooth and
no separation flow is observed. Clearly, the kinetic
energy increases with free-stream Mach number.
Consequently, the air can move further on the surface

10"-12" December 2021, Hanoi, Vietnan

and separation flow is delayed. Similar feature is
observed for supersonic flow. Consequently, the
formation of shock wave is the main factor, which
leads to change pressure distribution around after body
and increasing drag of the model. The analyzing of
shock wave structure is important for explaining drag

trend of the model.
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Fig. 10. Distribution of streamwise skin-friction on
the boattail surface

3.5 Flow around the models

Figure 11 shows contour of Mach number around
the base for boattail model of 7°. The free stream Mach
number is 1.5 and 3 in those cases. Clear structure of
shock wave is observered. In fact, shock wave occurs
around the shoulder and in wave region for both case.
Interestingly, as the Mach number increases, the shock
wave angle with respect to the x-axis decreases. In the
reattachment region, shock wave is mixed with near-
wake structure to make flow becomes compicated.
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Fig. 12. Countor of Mach number at # = 14° and M =
1.0 (top) and M = 3.0 (bottom)

At boattail angle of 14°, similar structure of shock
wave is observed. However, the region of shock wave
near the shoulder is expanded and the shock wave in
reattachment region moves close to the base. By
comparison to the case of 7°, the wake region of the
model with angle of 14° becomes smaller.

Fig. 11. Countor of Mach number at § =7°and M =
1.0 (top) and M = 3.0 (bottom)

4 Conclusions

Flow around boattail surface and aerodynamic
characteristics of axisymmetric boattail models were
studied in wide range of Mach number. RANS k-w
turbulence model was selected for averaged flow
behavior. The numerical methods showed high ability
in analyzing flow behavior and drag trend of the model.
Numerical results indicated that drag of the model is
nearly constant at subsonic conditions. The increasing
Mach number leads to increasing pressure gradient at
subsonic conditions. At supersonic flow, pressure
distribution on boattail surface is nearly flat, which
results in increasing drag. Skin-friction analysis
indicated that a separation is formed for low Mach
number and it disappears at high free-stream
conditions. Shock waves are formed on the shoulder
and reattachment region, which leads to flat of pressure
distribution on the boattail surface.
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