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Abstract Flow behavior around axisymmetric boattail surface was studied by numerical
methods. A wide range of boattail angles from 0° to 24° was investigated to find the drag trend
of the model. Numerical simulation was validated by experimental results with the same flow
conditions. Results showed that the use of boattail model always has a positive effect on drag
reduction. Total drag showed minimum value at boattail model of around 14°. Length of the
recirculation after body decreases with increasing boattail angle up to 14° and then becomes
constant at higher angle. The trend of boattail pressure drag showed similar to previous studies
for high-speed flow. However, base drag showed different trend to previous observation. The
base drag showed to be the most important parameter to determine drag trend of the model.
The effect of flow fields around boattail on pressure distribution and drag is discussed in detail.

1. Introduction

A boattail model added to an axisymmetric blunt-based body is a well-known device for drag
reduction. The main advantages of boattail are that it modifies the flow structure of the near-
wake by reducing recirculation length and turbulent intensity [1-4]. Consequently, the base
pressure increases and the base drag decreases. However, the flow structure around boattail
model is sufficiently complicated. Clearly, drag reduction depends on boattail parameters,
which include its length, angle and shape of conjunction between boattail and main body.

Many studies have been conducted at high-speed conditions to understand effect of boattail
model on drag reduction [5-8]. The boattail device was successfully applied for different flying
objects, such as cargo airplanes, missile and projectile. The optimal boattail angle was found at
around 7.9° with a length of 1.0 body diameter at high-speed conditions [9]. At angle higher
than 7.9°, separation flow occurs near the conjunction and the boattail is inside the wake region.
Additionally, the existence of shock wave near the conjunction leads to an increase in aerody-
namic drag.

Although many studies have been conducted on high-speed flow, studies of near-wake flow
at low-speed conditions are still limited. The lack of shock wake and compressible effects could
lead to a significant difference in flow behavior in those cases. Lavrukhin and Popovich [10], for
example, predicted that the angle where flow on boattail surface changes to fully separation
conditions increases when the Mach number decreases. Consequently, boattail angle with
minimum drag is higher at subsonic conditions. Suliman et al. [11], who conducted numerical
simulation for boattail model of two-dimensional flow at Mach number of around 0.7, indicated
that the optimal boattail angle is around 14°-16°. However, flow fields on the boattail surface
were not analyzed in their studies. Recently, Mariotti et al. [12] conducted experiments to
evaluate the effect of boattail on wake structure and drag reduction of the model. Differing from
previous studies, drag of boattail model in their study monotonically decreases with increasing
boattail angle up to 40.3°, where separated flow occurs on the boattail surface. Additionally,
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adding a groove cavity on boattail surface could lead to large
change of flow on boattail surface and near-wake structure.
Tran et al. [13], who conducted an experiment on conical
boattail at low-speed condition, found that a separation bubble
could exist on boattail surface and affect its pressure drag.
Lately, Tran et al. [14] conducted free-levitated test to meas-
ure total drag and indicated that the boattail model of 14°
showed lower drag by comparison to the case of 10° and 20°.
However, since the experiment was limited by the measure-
ment devices, only the main information for some boattail
models was presented. Clearly, flow behavior on boattail sur-
face and the near-wake structure should be considered for
evaluating aerodynamic drag of the model. Additionally, a
systematic investigation for a wide range of boattail model
should be conducted to fully understand effect of boattail an-
gle on drag reduction.

Recently, the development of computational technology has
provided a powerful tool for analyzing fluid dynamics. Many
turbulent models have been developed and showed high po-
tential in analyzing flow. While Reynolds-averaged Navier-
Stokes (RANS) equations could provide averaged flow behav-
ior with saving numerical time, large eddy simulation (LES)
and direct numerical simulation (DNS) schemes provide un-
steady flow behavior. However, LES and DNS schemes re-
quire a high powerful computer system and high time-
consuming. Generally, the RANS scheme could provide suffi-
ciently accurate results for incompressible flow and is applied
widely in research [15-17].

In this study, the effect of boattail angle on drag reduction
and near-wake structure of axisymmetric body was investi-
gated by numerical methods. For this arm, varied boattail mod-
els with the same length but different angle were studied. The
k-w shear stress transport (k-w SST) turbulent model was used
for numerical scheme to obtain highly accurate results on the
boundary layer and to reduce the numerical time. The numeri-
cal results were compared to experimental data in free-
levitated test with the same flow conditions for validation. Nu-
merical results indicate that the flow on boattail surface shifts to
fully separated condition at boattail angle of around 18°. Addi-
tionally, the base drag shows to be the most important parame-
ter to determine drag trend of the axisymmetric model. Drag
coefficient is minimum at boattail model of around 14°-16°,
which corresponds to maximum base pressure. Moreover, the
boattail pressure drag increases with boattail angle, while the
afterbody drag shows the same trend with base drag of the
model. The relation between flow fields around boattail and
drag of model will be discussed in detail in this study.

2. Numerical methods
2.1 Model geometry and numerical conditions

The axisymmetric models used in this study are the same as
the one in the previous experimental study by Tran et al. [13].
The models have a diameter of D = 30 mm and a total length
of L =251 mm. The front part of the model has ellipsoid shape
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(a) Axisymmetric model

(b) Zoom-in boattail

Fig. 1. Model geometry.

to avoid separation flow on the surface. The boattails have a
conical shape with different angles 8 ranging from 0° to 24°. A
total of eleven boattail models were used for this study. The
length of boattail L, is fixed at 0.7D (Fig. 1).

The numerical domain has a size of 33Dx5Dx5D, which has
the same size of test section to the case of the experimental
method. Since the model does not create lift and studies
mainly focus on near-wake region, the selection of computa-
tional domain is sufficient for steady resullts.

An inlet velocity of U.. = 22 m/s was imposed on the inflow
plane, which is located at 7D before the nose of model. Note
that the selected velocity in this study is similar to the velocity of
most road tankers on the highway. Additionally, we selected
velocity the same as the experiments in previous studies [13,
14]. Consequently, the results of the study could be validated
and compared. Slight increase of velocity has little effect on
flow pattern and drag except at critical angle where the flow is
shifted to fully separated condition. Since this study focuses on
wake of the model by numerical approach, we did not investi-
gate the effect of Reynolds number on flow pattern.

The Reynolds number based on the diameter of the model is
Re = 4.34x10". On the side boundaries of numerical domain,
symmetric conditions were used.

2.2. Numerical scheme and mesh generation

k-w SST turbulent model was selected to obtain averaged
flow fields around the model. k-w SST model is mixed between
k-w model for flow near the wall and k-¢ model for flow far from
the wall. The selection of k-w model allows obtaining highly
precise results near the surface while it also reduces the nu-
merical time. The model was used widely in previous studies
for fluid flow [18-21]. Note that flow on boundary layer of boat-
tail will affect pressure distribution and drag of the model. Con-
sequently, k-w SST model was used in this study to obtain a
precise boundary layer profile.

We used commercial software ANSYS FLUENT Version
12.1, which was copyrighted by Faculty of Aerospace Engi-
neering, Le Quy Don Technical University, Hanoi, Vietnam for
computational scheme. k-w SST model is based on RANS
equations with additional two eddy-viscosity equations for tur-
bulent kinetic energy k and specific dissipation rate w. In detail,
the RANS model is written as the following:
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where i, j = 1, 2, 3; u; is averaged velocity component, p is
pressure, p is air density and oj is stress tensor component;
—puu, is the Reynolds shear-stress term.

The equations for k and w are as [22]:
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where v, is eddy-viscosity and is defined as:

v, = k. (5)
max(a,a;QF))

In those equations, 0, 0., B, B, K, y are constant parame-
ters and are selected two times for flow near the surface and
flow far from the surface of the model. For the detailed informa-
tion of parameters in Egs. (3)-(5), readers can refer to Menter
[22, 23].

The computation domain was divided into small blocks and
was meshed by hexahedron structure cells. The mesh around
the model is presented in Fig. 2. The first layer on the model
surface has a height of 0.008 mm, which corresponds to y* < 1
(Fig. 3). The increasing ratio above the model surface is 1.055,
which ensures that the boundary layer is captured well in this
study.

The SIMPLE algorithm was applied to find the pressure and
velocity fields. This study used different structured grid sizes of
1.2 million, 2.8 million, 4.8 million and 6.5 million cells to check
the grid sensitivity. The drag coefficient was tested for boattail
model of 14° for different grid sizes. The results are shown in
Fig. 4. Clearly, the drag coefficient changes slightly at different
mesh size and it converges for cell number higher 2.8 million.
The mesh with 4.8 million cells was selected for this study for
accurate results and saving numerical time.

2.3 Boattail pressure drag and base drag cal-
culations

The numerical results allow one to calculate each compo-
nents drag of the model. The pressure drags of the model are

I 1 i i
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(a) Structure of mesh around model (b) Structure of mesh around boattail

(c) Mesh on the boattail surface

Fig. 2. Mesh around the model.
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Fig. 4. Effect of cell number on drag of model.

calculated by the below equations:

1%
Cppp = e j C,y(x)dr? (6)
RZ

2
2=
CDp,b = R_}; CP,b (7)
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(a) Model in calibration process [14]

(b) Model in free levitation

Fig. 5. Mode in calibration and free-levitated test.

where Cp,p Cpyp are boattail pressure drag and base drag,
respectively. R is the diameter of the model, r, is base diameter,
I, is radius of boattail at x position. Cp (x) is pressure at x posi-
tion on the top symmetric surface of boattail model and C,, is
mean pressure value on the base surface.

3. Experimental setup

The main feature of the experimental setup, which was con-
ducted in previous study by Tran et al. [14], is now recalled to
validate the numerical results. The experiment was conducted
to measure total drag force measurement of the model at dif-
ferent boattail angles. The experiment used the magnetic sus-
pension and balance system (MSBS) at Department of Aero-
space Engineering, Tohoku University, Japan. The system
allows levitating a model freely in a wind tunnel using magnetic
force. In detail, a permanent magnet is inserted inside the
model. Additionally, ten electric magnets are inserted around
the test section. The interaction between permanence magnet
and electric magnetic fields allows one to control the positions
and attitude of the model. Since the model is free-levitated, the
effect of support system on drag measurement does not occur.
The detailed structure and working principle of the system were
presented by Sawada and Suda [24].

The model in free-levitated test is presented in Fig. 5.
Since the setup of the experiment is sufficiently complicated
and time consuming, only three boattail models of 10°, 14°
and 20° were investigated (see Ref. [14]). The velocity of the
wind tunnel was fixed at 22 m/s, which is the same as the
numerical method.

For measuring total drag, a drag force calibration process is
required. The purpose of the process is to obtain the relation
between the force acting on the model and current of the caoil.
After that, the change of current during wind tunnel test is
transferred to force from the calibration data. The details of the
calibration process were presented by Tran et al. [14]. To avoid
hysteresis of the magnet, the calibration process was repeated
six times and mean value was calculated. Results of the cali-
bration process show high linear dependence between the
force acting on the model and the current coil (Fig. 6). Conse-
quently, the calibration data can be applied for measuring static
drag force of the model.

|RZ, =0.6999 REe =09999 RZy =0.9980][~10°

- 140
_200
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<
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Firag X107N]

Fig. 6. Calibration results on magnetic suspension and balance system
[14].
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Fig. 7. Boundary layer profile on boattail model at 8 = 16°.

4. Results and discussion
4.1 Validation of numerical results

Fig. 7 shows the boundary layer profiles 6 mm before the
conjunction (x/L, = -0.12) by numerical method for boattail
model of 16°. The experimental results of Tran et al. [24] using
particle image velocimetry were also added. By choosing small
heights of the mesh near the surface, we obtained a detailed
boundary layer profile. Additionally, the numerical results show
close results to the experimental method. Note that the model
in the numerical method did not use tripping wire to create
turbulent boundary layer as in the case of experiments. Clearly,
with the initial flow conditions and geometrical parameters of
the models, the boundary layer is shifted to turbulent before the
boattail conjunction. The simulation provides sufficiently accu-
rate results, which could be used for further discussion.

Table 1 shows parameters of boundary layer by numerical
approach, which include displacement thickness &', momentum
thickness 6 and H-factor. The H-factor is around 1.6, which
indicates that the boundary layer close to the conjunction is
fully turbulent.

Fig. 8 presents pressure distribution on the boattail surface
for the case of 8 = 16°. The experimental results were by Tran
et al. [25] at the same boattail model and two velocities of U.. =
22 m/s and U. = 45 m/s. The numerical results show clear
results to experimental data on the boattail surface, except
near the conjunction. It is believed that the airflow in numerical
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Table 1. Characteristics of boundary layer.

Parameters Value
0go/D 0.227
5/D 0.0490
6/D 0.0357
H-factor 1.60
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Fig. 8. Pressure distributions on boattail surface by experiments and nu-
merical methods.
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Fig. 9. Pressure distribution on base surface by experiments and numerical
methods.

method is highly ideal and it cannot simulate the flow phe-
nomenon near the conjunction. On the other hand, the separa-
tion bubble at low-speed condition affects pressure distribution
near the conjunction and it leads to some different results by
comparison to numerical methods. However, since the boattail
is sufficiently long, the separation bubble has practically no
effect on boattail pressure drag. Numerical results can thereby
be used to obtain general information about aerodynamic drag
of the model.

The pressure distribution on the base surfaces is in high
agreement for both experiments and numerical methods. The
pressure at the base changes slightly along the radius and can
be considered as a constant value on the whole base. Addi-
tionally, the results show that the difference of pressure be-
tween numerical and experimental methods is less than 7 %
(Fig. 9).

040 m Simulation ® Experiments[14]]] = | ~ | 7 T
¢ liday et al.[4]
035 8
0.30 "
(_)D L] L ]
025} : . 1
= a =
0.20 - 4
0A15 1 1 1 1 1 1 1 1 1 1 1 1 1
0 2 4 8

8 10 12 14 16 18 20 22 24
Bl

Fig. 10. Drag of model at different boattail angles.

4.2 Drag of the model

The drag coefficient of the models by numerical scheme and
by the free-levitated test is shown in Fig. 10 for different boattail
angles. The drag measurement in free-levitated test was con-
ducted for three boattail models of 10°, 14° and 20°. Addition-
ally, the drag coefficient of blunt-based body (8 = 0°), which
was presented in previous study by llday et al. [4], is also plot-
ted. Results indicate that the different drag coefficient between
numerical and experimental methods is less than 5 %. Interest-
ingly, using boattail model between 5° to 24° decreases drag of
model. Additionally, minimum drag exists at a boattail angle
around 14°, where drag is reduced around 40 % by compari-
son to the blunt-based model. The decreasing drag of model
when boattail angle increases from 8 = 0° to 8 = 14° can be
explained by reducing near-wake structure and turbulent inten-
sity after the body. However, to analyze drag trend at boattail
angles higher than 14°, the flow behavior around the boattail
should be analyzed.

The existence of minimum drag was well noted in previous
studies for high subsonic and supersonic flow. However, com-
pared to supersonic conditions where minimum drag occurs at
angle of around 7.9° [6], the boattail model obtains minimum
drag at much higher boattail angle. The existence of a shock
wave near the conjunction is the main factor, which leads to
different angle of minimum drag at supersonic conditions by
comparison to the low-speed conditions. Clearly, the flow phe-
nomenon on boattail surface is a very important parameter that
affects pressure distribution and drag of models at low-speed
conditions.

However, the drag trend in this study shows different from
the one in previous studies by Buresti et al. [26] and Mariotti et
al. [12] for contour boattails, where drag coefficient decreases
with increasing boattail model up to 40.3° and the model with
minimum drag was not reported. The difference of conjunction
shape is probably a factor affecting results. The existence of
minimum drag for axisymmetric boattail angle at incompressi-
ble flow is quite interesting, which is first presented in this study.
The differences in boattail shape, flow condition and Reynolds
number are probably factors affecting drag trend of the model.
For understanding this phenomenon, flow behavior on the
boattail surface and each components of pressure drag should
be analyzed.
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Fig. 11. Skin-friction on boattail surface.

4.3 Skin-friction coefficient and separated flow
on boattail surface

Separation flow on the boattail surface could be determined

by analyzing streamwise skin-friction distribution on the surface.

In the details, separation position is determined by a position
where skin friction changes from positive to negative while the
reattachment position is determined by a position where the
value changes from negative to positive. The method was pre-
sented in previous study by Lee et al. [27] for flow on airfoil by
numerical methods. In our study, streamwise skin-friction coef-
ficient is calculated by the following equation:

U du
c =HX 8
" q[dszo @)

where Cj is skin-friction coefficient in x direction, u is viscosity
coefficient and q is dynamic pressure.

Fig. 11 shows skin-friction values on the boattail surface for
the angle from 12° to 18°, which presented the most important
three features of flow fields on the boattail. At boattail angle of
12°, the flow is attached on boattail surface. However, at boat-
tail model of 18°, the flow separates on the whole boattail sur-
face characterized by the region of negative skin friction. For
the boattail angle between 12° to 18°, a separation bubble
occurs near the conjunction of the model. The length of sepa-
ration bubble increases with boattail angle and reaches around
35 % of total boattail length at 8 = 16°. The existence of sepa-
ration bubble region on boattail surface at low-speed condition
differs from the case of supersonic flow, where only two flow
types were observed [10, 28]. Three flow types were observed
on the boattail surface by numerical method, and transition
regime is at boattail angles between 12° and 18°.

The existence of the separation bubble on the boattail sur-
face was similar to the previous experimental study by Tran et
al. [13]. However, since RANS provides only averaged results
and the conjunction of boattail model is perfectly smooth, we
cannot observe clearly results as shown by experimental data.
In those cases, other numerical schemes, such as LES of DNS
with high resolution of mesh, should be conducted and the

effect of conjunction shape between boattail and main body
should be investigated. Note that the separation bubble on
boattail mainly has an effect on drag at critical boattail angle.
Since this study focuses on near-wake flow and drag of the
model, the results are sufficient for the discussion.

4.4 Averaged flow fields around the model

Averaged flow fields on symmetric plane around the boattail
models are shown in Fig. 12. Here the x and z axes are nor-
malized by diameter of the model. Clearly, flow accelerates
above the boattail conjunction and velocity is higher than free-
stream velocity. The effect can be observed for all boattail con-
figurations. It leads to the development of boundary layer thick-
ness and decreases of pressure around the conjunction.

Fig. 12 also shows that the near-wake flow region becomes
narrower with increasing boattail angles to around 16°. At boat-
tail model of 18°, separation flow occurs at the conjunction and
the flow around the boattail surface at that angle is character-
ized by two vortexes: a small one on the boattail surface and a
large one after the surface. However, at that angle, the vortex
flow on the boattail surface is small. As the boattail angle in-
creases, the vortex on the boattail surface becomes larger and
the center of the vortex moves downstream. When the boattail
model reaches 24°, the separated flow on the boattail surface
is mixed with near-wake flow to form a large wake region
around the boattail. The flow behavior could lead to a signifi-
cant change of pressure distribution on the boattail model and
increase the drag of the model.

Fig. 13 presents the position of the main vortex center after
body for fully-separated flow at boattail angles between 18°
and 24°. Interestingly, the center of vortex moves upstream
when the boattail angle increases. The effect is different from
flow on slant surface of Ahmed body, where the recirculation
flow becomes larger and the main vortex center moves down-
stream as the slant angle increases [29]. It can be explained
that the separation bubble develops on surface with increasing
boattail angle and it becomes a significant feature at a critical
angle. Additionally, the wake of the axisymmetric model is not
as strong as the case of two-dimensional flow. Consequently,
the interaction of separation bubble on the surface and recircu-
lation region leads to move upstream of main vortex. Addition-
ally, the effect of Reynolds number is also another factor lead-
ing to the different results.

4.5 Velocity at centerline and length of recircu-
lation after body

The streamwise velocity at centerline of the near-wake flow
is shown in Fig. 14 for different boattail angles from 0° to 24°.
Clearly, the maximum velocity magnitude inside the near-wake
region decreases quickly with increasing boattail angle up to
16°. For the blunt-based body, the maximum velocity in the
reversed region reaches around 0.4 of free-stream velocity,
which is highly consistent with the previous result by Merz et al.
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Fig. 13. Position of main vortex center for boattail angles from 18° to 24°.

s
aa? 2”3, 34
iu% go o 29 +
PSS SR
%&%0 . -t
T ¢ - .
e . | . i
g * L] .
2 Ll .
3 ] hd i
L} L]
L] L]
. .
- 2
.
L]
0.0 0.5 1.0 1.5 2.0

(x-L /D

Fig. 14. Velocity at centerline for different boattail angles.

14+ | { .
1.2
1.0 .
Qos
~ 08 -
04
02+ I ! 4

00 |} 1
0 2 4 6 8 10 12 14 16 18 20 22 24

Bl

Fig. 15. Length of recirculation at different boattail angle.

[30]. At boattail model of 16°, velocity magnitude in reversed
flow region is around 0.18 of free-stream velocity. The model
with minimum drag is connected with the minimum magnitude
of velocity inside the wake region. Interestingly, although drag
coefficient at boattail model of 24° is higher than the case of 5°,
the maximum magnitude of velocity inside the wake region at
= 24° is smaller than that of § = 5°.

Fig. 15 summarizes the length of the recirculation region for
different boattail angles. The length of the recirculation is de-
termined by a distance from the base to a point after body,
where the velocity on the centerline changes from negative to
positive. At boattail model of 0°, the length of recirculation re-
gion is around 1.3D, which is highly consistent with previous
studies [31, 32] for similar Reynolds number. The length of
recirculation decreases quickly when boattail angle increases
from 0° to 10°. However, for boattail model higher than 10°, the
length of recirculation changes slightly at different boattail con-
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Fig. 16. Pressure distribution on boattail surface for different boattail con-
figuration.

figurations. At boattail angle greater than 20°, the length of the
recirculation region slightly increases again, which corresponds
to the widening wake region. Interestingly, the length of recircu-

lation region does not change much at boattail angle above 14°.

The fully-separated flow may lead to lower streamwise velocity
inside the recirculation region, as was shown in Fig. 14. Con-
sequently, the length of recirculation region is not the main
factor which affects the drag trend of the model. In fact, pres-
sure distribution on boattail and base surface should be ana-
lyzed.

4.6 Pressure distribution on boattail and base
surfaces

In this section, we analyze pressure distribution on boattail
and base surfaces to understand the effect of boattail angle on
drag of the model. As shown in Sec. 4.1, pressure trend by
numerical simulation is close to the case of experimental
method for the case of 16°, which indicates that numerical
simulation provides sufficient results for the discussion. Here,
pressure distribution on boattail surface for different angle is
presented in Fig. 16. Since the model is symmetric, only pres-
sure values on the top surface of the symmetric plane are se-
lected. Clearly, the existence of boattail increases velocity
above the boundary layer, which results in the low-pressure
region near the conjunction. Pressure recovers quickly again
after the conjunction. The effect of boattail angle on the peak of
pressure near the conjunction is large for boattail angle below
18°. However, when the flow is fully separated, pressure is
redistributed on the boattail surface. In detail, the movement of
vortexes around the boattail leads to a lower pressure peak
and widens the low-pressure region. The distribution of pres-
sure around the base edge showed a similar trend to previous
observation in subsonic condition by Chamberlin and Blaha
[33] where separation flow is characterized by low-pressure
region while the attached flow is characterized by high pres-
sure around the base edge.

However, the change of pressure near the conjunction with
increasing boattail angle shows different trend to the case of
high-speed condition, where the peaks of pressure become

1 1 1 | 1 1 1 1 1 Il

1
2 4 8 8 10 12 14 16 18 20
Bl

Fig. 17. Averaged base pressure as function of boattail angles.

lower at higher boattail angles [28]. It can be explained that the
pressure distribution on boattail surface at low-speed condi-
tions is affected by flow behavior while pressure distribution at
high-speed conditions is mainly affected by the geometry of the
model.

The mean value of the base pressure coefficient at different
boattail angles is shown in Fig. 17. The maximum base pres-
sure occurs at a boattail angle around 16°, which corresponds
to the change of main separation position. As the separation
moves to the conjunction, the base pressure decreases.

When boattail angle increases from 18° to 24°, the move-
ments of the vortex on boattail surface and the main vortex of
the wake result in dramatic decrease of base pressure. Clearly,
we observed that the base pressure does not depend mainly
on the length of recirculation, which generally is observed for
supersonic flow [8]. Additionally, the base pressure does not
monotonically decrease with increasing boattail angle, which
was generally observed in a previous study [26].

4.7 Boattail pressure drag and base drag

The pressure distribution on boattail and base surface allows
one to calculate boattail pressure drag and base drag of the
model. Here, Egs. (6) and (7) in Sec. 2.4 were applied. Fig. 18
shows the results of boattail pressure drag, base drag and
afterbody pressure drag for different boattail angles. Overall,
boattail pressure drag increases with boattail angle from 5° to
24°, while base drag shows a minimum value at boattail angle
around 16°. The afterbody pressure drag as the sum of boattail
pressure drag and base drag shows the same trend to base
drag with @ minimum value around boattail model of 14°.
Clearly, base drag is the most important parameter to deter-
mine the drag trend of axisymmetric boattail model at low-
speed conditions.

The trend of boattail pressure drag shows similar features to
previous studies for contour boattail angles [12] and for super-
sonic flow [6, 28]. However, base drag shows a different trend
to previous observations at supersonic flow where base pres-
sure monotonous decreases with increasing boattail angle [8].
Consequently, the minimum drag at supersonic flow occurs
from different trend of boattail pressure drag and base drag.

In this study, we used an axisymmetric model with boattail
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Fig. 18. Pressure drags of different boattail angles.

length of 0.7D. At other parameters of boattail length, the base
area was changed. Consequently, it will be affecting base drag
values as shown in Eq. (7). Interestingly, Figs. 17 and 18 indi-
cate that the mean base pressure and base drag show the
same extreme point at boattail angle around 16°. Consequently,
it is believed that the minimum drag exists for different boattail
lengths at low-speed conditions.

5. Conclusions

The effect of boattail angle on the drag of axisymmetric
model was investigated at low-speed conditions. A wide range
of boattail model was tested. Both experimental and numerical
methods were applied for measuring drag of the model. Nu-
merical simulation by k-w SST model showed close results to
experimental data. The main conclusions of the paper are as
follow:

There is a boattail angle at around 14°, where drag of the
model obtains minimum value at low-speed conditions. The
boattail angle with minimum drag at low-speed flow is much
higher than the case of high-speed conditions and was first
presented in this study.

Boattail model has high effect on drag reduction, even when
the flow is fully separated on the boattail surface. When the
flow is fully separated, increasing boattail angle leads to in-
crease of aerodynamic drag.

The peak of pressure near the conjunction becomes lower
when boattail angle increases to 18°. However, the fully sepa-
rated flow leads to redistributing pressure on the boattail sur-
face with widening low-pressure region.

Length of recirculation after body decreases with increasing
boattail angle up to 14° and then it is almost constant with in-
creasing boattail angle.

Boattail pressure drag shows an upward trend with increas-
ing boattail angle. Base drag decreases with increasing boattail
angle to 16° and then it increases again. When the flow is fully
separated near the shoulder (8 = 18°), the main parameters’
effect on base drag is the movement of vortexes after body.
Base drag is the most important parameter to determine drag
trend of axisymmetric boattail model at low speed.
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