
 Journal of Mechanical Science and Technology 35 (2) 2021  DOI 10.1007/s12206-021-0115-1 
 
 

 
563 

Journal of Mechanical Science and Technology 35 (2) 2021 

Original Article 
DOI 10.1007/s12206-021-0115-1 
 
 
Keywords: 
· Boattail angle 
· Base drag 
· Boattail pressure drag 
· Free-levitation test 
 
 
Correspondence to:  
The Hung Tran  
thehungmfti@gmail.com 
 
 
Citation: 
Tran, T. H., Dinh, H. Q., Chu, H. Q., 
Duong, V. Q., Pham, C., Do, V. M. (2021). 
Effect of boattail angle on near-wake flow 
and drag of axisymmetric models: a 
numerical approach. Journal of Mechani-
cal Science and Technology 35 (2) (2021) 
563~573.  
http://doi.org/10.1007/s12206-021-0115-1 
 
 
Received February 27th, 2020 

Revised  September 28th, 2020 

Accepted October 19th, 2020   

 
† Recommended by Editor  
 Yang Na 
 

Effect of boattail angle on near-wake 
flow and drag of axisymmetric models:  
a numerical approach  
The Hung Tran1, Hoang Quan Dinh1, Hoang Quan Chu1, Van Quang Duong1,  
Chung Pham1 and Van Minh Do2 
1Faculty of Aerospace Engineering, Le Quy Don Technical University, 236 Hoang Quoc Viet, Bac Tu 
Liem, Hanoi, Vietnam, 2Faculty of Special Equipments, Le Quy Don Technical University, 236 Hoang 
Quoc Viet, Bac Tu Liem, Hanoi, Vietnam  

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-ω shear stress transport (k-ω 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 

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

The numerical domain has a size of 33D×5D×5D, 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 results.  

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 = 4.34×104. On the side boundaries of numerical domain, 
symmetric conditions were used. 

 
2.2. Numerical scheme and mesh generation 

k-ω SST turbulent model was selected to obtain averaged 
flow fields around the model. k-ω SST model is mixed between 
k-ω model for flow near the wall and k-ε model for flow far from 
the wall. The selection of k-ω 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-ω 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-ω SST model is based on RANS 
equations with additional two eddy-viscosity equations for tur-
bulent kinetic energy k and specific dissipation rate ω. In detail, 
the RANS model is written as the following: 

 

( ) 0i
i

u
t x
ρ ρ∂ ∂+ =

∂ ∂
  (1) 

    
           (a) Axisymmetric model                (b) Zoom-in boattail 

 
Fig. 1. Model geometry. 
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where i, j = 1, 2, 3; ui is averaged velocity component, p is 
pressure, ρ is air density and σij is stress tensor component; 

' '
i ju uρ−  is the Reynolds shear-stress term. 

The equations for k and ω are as [22]: 
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where νt is eddy-viscosity and is defined as: 
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 (5) 

 
In those equations, σk, σω2, β, β*, κ, γ 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 Eqs. (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 

calculated by the below equations: 
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2

, ,2
b

Dp b P b
rC C
R

−=   (7) 

        
(a) Structure of mesh around model  (b) Structure of mesh around boattail
 

 
(c) Mesh on the boattail surface 

 
Fig. 2. Mesh around the model. 

 

 
 
Fig. 3. y-plus on the wall of model. 

 

 
 
Fig. 4. Effect of cell number on drag of model. 
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where CDp,β, CDp,b are boattail pressure drag and base drag, 
respectively. R is the diameter of the model, rb is base diameter, 
rx is radius of boattail at x position. CP,β (x) is pressure at x posi-
tion on the top symmetric surface of boattail model and ,P bC  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 coil. 
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. 

4. Results and discussion 
4.1 Validation of numerical results 

Fig. 7 shows the boundary layer profiles 6 mm before the 
conjunction (x/Lb = -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 δ*, momentum 
thickness θ 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 β = 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 

   
(a) Model in calibration process [14]      (b) Model in free levitation 
 
Fig. 5. Mode in calibration and free-levitated test. 

 

 
 
Fig. 6. Calibration results on magnetic suspension and balance system 
[14]. 

 

 
 
Fig. 7. Boundary layer profile on boattail model at β = 16º. 
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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). 

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 (β = 0°), which 
was presented in previous study by Ilday 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 β = 0° to β = 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.  

Table 1. Characteristics of boundary layer. 
 

Parameters Value 

δ99/D 0.227 

δ*/D 0.0490 

θ/D 0.0357 
H-factor 1.60 

 

 
 
Fig. 8. Pressure distributions on boattail surface by experiments and nu-
merical methods. 

 

 
 
Fig. 9. Pressure distribution on base surface by experiments and numerical 
methods. 

 

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

 

0
fx

z

duC
q dz
μ

=

⎛ ⎞= ⎜ ⎟
⎝ ⎠

 (8) 

 
where Cfx is skin-friction coefficient in x direction, µ 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 18º, 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 β = 16º. 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.  

 
 
Fig. 11. Skin-friction on boattail surface. 
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[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 β 
= 24° is smaller than that of β = 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-

 
 

 
               (a) β = 0º                           (b) β = 5º 
 

 
               (c) β = 10º                         (d) β = 12º 

 

 
              (e) β = 14º                          (f) β = 16º 
 

              (g) β = 18º                        (h) β = 20º 
 

 
               (i) β = 22º                        (j) β = 24º 
 
Fig. 12. Streamlines flow over boattail surface at different angles. 

 
 

Fig. 13. Position of main vortex center for boattail angles from 18° to 24°. 
 

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

 

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

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, Eqs. (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 a 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 

 
 
Fig. 16. Pressure distribution on boattail surface for different boattail con-
figuration. 

 

 
 
Fig. 17. Averaged base pressure as function of boattail angles. 
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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-ω 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 (β ≥ 18º), 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. 

Acknowledgments 
The authors thank Professor Keisuke Asai and Professor 

Taku Nonomura at Department of Aerospace Engineering, 
Tohoku University in Japan for their support during the experi-
mental process. 

 
References 
[1] W. A. Mair, Reduction of base drag by boat-tailed afterbodies 

in low speed flow, Aeronautical Quanterly, 20 (1969) 307-320. 
[2] W. A. Mair, Drag-reducing techniques for axisymmetric bluff 

bodies, Proceedings on the Symposium on Aerodynamic Drag 
Mechanisms of Bluff Bodies and Road Vehicles, Edited by 
Sovran, G., Morel, T., Mason, W. T., General Motors Research 
Laboratories, Plenum Press, New York (1978) 161-178. 

[3] F. G. Howard and W. L. Goodman, Axisymmetric bluff-body 
drag reduction through geometrical modification, J. of Aircraft, 
20 (6) (1985) 516-522. 

[4] O. Ilday, H. Acar, M. K. Elbay and V. Atli, Wakes of three axi-
symmetric bodies at zero angle of attack, AIAA J., 31 (6) 
(1992) 1152-1154. 

[5] D. E. Reubush, Effect of reynolds number on boattail drag, J. 
of Aircraft, 13 (5) (1976) 334-337. 

[6] M. Tanner, Steady base flows, Progress in Aerospace Sci-
ences, 21 (1984) 81-157. 

[7] P. R. Viswanath, Flow management techniques for base and 
fterbody drag reduction, Progress in Aerospace Sciences, 32 
(1991) 79-129. 

[8] R. M. Cummings, H. T. Yang and Y. H. Oh, Supersonic, turbu-
lent flow computation and drag optimization for axisymmetric 
afterbodies, Computers and Fluids, 24 (4) (1994) 487-507. 

[9] R. J. Krieger and S. R. Vukelich, Tactical missile drag, tactical 
missile aerodynamics, Prog. Astronautics Aeronautics, AIAA J., 
104 (1986) 383-420. 

[10]  G. N. Lavrukhin and K. F. Popovich, Aero-gas-dynamics of 
Jet Nozzles, Volume 2. Flow around the Base, Fizmatlit Mos-
cow Russia (in Russian) (2009). 

[11]  M. A. Suliman, O. K. Mahmoud, M. A. Al-Sanabawy and O. E. 
Abdel-Hamid, Computational investigation of base drag reduc-
tion for a projectile at different flight regimes, 13th International 
Conference on Aerospace Sciences and Aviation Technology, 
Cairo, Egypt, ASAT-13-FM-05, May 24-26 (2009). 

[12]  A. Mariotti, G. Buresti, G. Gaggini and M. V. Salvetti, Separa-
tion control and drag reduction for boat-tailed axisymmetric 
bodies through contoured transverse grooves, J. of Fluid Me-
chanics, 832 (2017) 514-549. 

[13]  T. H. Tran, T. Ambo, T. Lee, L. Chen, T. Nonomura and K. 
Asai, Effect of boattail angles on the flow pattern on an axi-
symmetric afterbody at low speed, Experimental Thermal and 
Fluid Science, 99 (2018) 324-335. 

[14]  T. H. Tran, T. Ambo, L. Chen, T. Nonomura and K. Asai, 
Effect of boattail angle on pressure distribution and drag of axi-
symmetric afterbodies under low-speed conditions, Transac-
tions of the Japan Society for Aeronautical and Space Sci-

 
 
Fig. 18. Pressure drags of different boattail angles. 

 



 Journal of Mechanical Science and Technology 35 (2) 2021  DOI 10.1007/s12206-021-0115-1 
 
 

 
572 

ences, 62 (4) (2019) 219-226. 
[15]  D. Hertwig, G. C. Efthimiou, J. G. Bartzis and B. Leitl, CFD-

RANS model validation of turbulent flow in a semi-idealized ur-
ban canopy, J. of Wind Engineering and Industrial Aerodynam-
ics, 111 (2012) 61-72. 

[16]  K. Rogowki, Numerical studies on two turbulence models and 
a laminar model for aerodynamics of a vertical-axis wind tur-
bine, J. of Mechanical Science and Technology, 32 (2018) 
2079-2088. 

[17]  K. Rusin, W. Wróblewski and S. Rulik, The evaluation of nu-
merical methods for determining the efficiency of Tesla turbine 
operation, J. of Mechanical Science and Technology, 32 
(2018) 5711-5721. 

[18]  Y. J. An and B. R. Shin, Numerical investigation of suction 
vortices behavior in centrifugal pump, J. of Mechanical Sci-
ence and Technology, 25 (2011) 767-772. 

[19]  N. Ashton, A. West, S. Lardeau and A Revell, Assessment of 
RANS and DES methods for realistic automotive models, 
Computers and Fluids, 128 (2016) 1-15. 

[20]  L. Zheng, X. Chen, H. S. Dou, W. Zhang, Z. Zhu and X. 
Cheng, Effects of clearance flow on the characteristics of cen-
trifugal pump under low flow rate, J. of Mechanical Science 
and Technology, 34 (2020) 189-200. 

[21]  Y. T. Lee and H. C. Lim, Effect of turbulent boundary layer on 
the surface pressure around trench cavities, J. of Mechanical 
Science and Technology, 27 (2013) 2673-2681. 

[22]  F. R. Menter, Zonal two equation k-ω turbulence models for 
aerodynamic flows, AIAA Paper (1993) 1993-2906. 

[23]  F. R. Menter, Two-equation Eddy-viscosity turbulence models 
for engineering applications, AIAA J., 32 (8) (1994) 1598-1605. 

[24]  H. Sawada and S. Suda, Study on aerodynamic force acting 
on a sphere with and without boundary layer trips around the 
critical reynolds number with a magnetic suspension and bal-
ance system, Experiments of Fluids, 50 (2011) 271-284. 

[25]  T. H. Tran, T. Ambo, T. Lee, K. Ozawa, L. Chen, T. Nono-
mura and K. Asai, Effect of Reynolds number on flow behavior 
and pressure drag of axisymmetric conical boattails in low-
speed conditions, Experiments in Fluids, 60 (3) (2019). 

[26]  G. Buresti, G. V. Iungo and G. Lombardi, Method for the drag 
reduction of bluff bodies and their application to heavy road-
vehicles, 1st Interim Report Contract between CRF and DIA, 
DDIA 2007-6 (2007). 

[27]  D. Lee, T. Nonomura, M. Anyoji, H. Aono, A. Oyama, K. Asai 
and K. Fujii, Mechanisms of surface pressure distribution within 
a laminar separation bubble at different Reynolds numbers, 
Physics of Fluids, 27 (2015) 023602. 

[28]  W. M. Presz and E. T. Pitkin, Flow separation over axisym-
metric afterbody models, J. of Aircraft, 11 (11) (1974) 677-682. 

[29]  T. Tunay, B. Sahin and V. Ozbolat, Effects of rear slant an-
gles on the flow characteristics of Ahmed body, Experimental 
Thermal and Fluid Science, 57 (2014) 165-176. 

[30]  R. A. Merz, R. H. Page and C. E. G. Przirembel, Subsonic 
axisymmetric near-wake studies, AIAA J., 16 (7) (1978) 656-
662. 

[31]  T. H. Tran and L. Chen, Optical-flow algorithm for near-wake 

analysis of axisymmetric blunt-based body at low-speed condi-
tions, J. of Fluids Engineering, 142 (2020) 111504. 

[32]  T. H. Tran, The effect of boattail angles on the near-wake 
structure of axisymmetric afterbody models at low-speed con-
dition, International J. of Aerospace Engineering, 2020 (2020) 
7580174. 

[33]  R. Chamberlin and B. J. Blaha, Flight and wind tunnel investi-
gation of the effects of Reynolds number on installed boattail 
drag at subsonic speeds, AIAA Paper, No 73-139 (1973). 

  
 

The Hung Tran is a lecturer at Faculty 
of Aerospace Engineering, Le Quy Don 
Technical University, Hanoi, Vietnam. He 
received his Ph.D. in Experimental Aero-
dynamics at Tohoku University, Japan in 
2019. His research interests are numeri-
cal simulation, optical-flow and wind 
tunnel experiments. 

 
Hoang Quan Dinh is a lecturer at Fac-
ulty of Aerospace Engineering, Le Quy 
Don Technical University, Hanoi, Viet-
nam. He received his Ph.D. at Moscow 
institute of Physics and Technology, 
Russian Federation in 2017. His re-
search interests are numerical simulation, 
scientific computing, aerodynamics, fly 

engineering and wind tunnel experiments. 
 

Hoang Quan Chu is a lecturer at the 
Faculty of Aerospace Engineering, Le 
Quy Don Technical University, Hanoi, 
Vietnam. He received his Master’s at 
ISAE SUPAERO, France in 2016. His 
research interests are aerodynamics, 
propulsion and fluid-structure interactions. 
 

 
Van Quang Duong is a Doctoral re-
searcher at Faculty of Aerospace Engi-
neering, Le Quy Don Technical Univer-
sity, Hanoi, Viet Nam. He received his 
Master’s at Le Quy Don Technical Uni-
versity in 2017. His research interests 
are aerodynamic, aeroelasticity and air-
craft structural. 

 
Chung Pham is a lecturer at Faculty of 
Aerospace Engineering, Le Quy Don 
Technical University, Hanoi, Vietnam. He 
received his Ph.D. at Moscow Aviation 
Institute, Russian in 2012. His research 
interests are numerical simulation, air-
craft construction. 



 Journal of Mechanical Science and Technology 35 (2) 2021  DOI 10.1007/s12206-021-0115-1 
 
 

 
573 

Van Minh Do is the lecturer at Faculty of 
Special Equipments, Le Quy Don Tech-
nical University, Hanoi, Vietnam. He 
received his Ph.D. in Engineering Sci-
ences at National University of Science 
and Technology MISiS, Russia in 2015. 
His research interests are numerical 
simulation, high velocity impact dynamics. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


