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The eﬀect of a boattail angle on the structure of the wake of an axisymmetric model was investigated at low-speed condition. Four
conical boattail models with angles of 0° (blunt-based body), 10°, 16°, and 22° were selected for this study. The Reynolds number
based on the diameter of the model was around 1:97 × 104 . Particle image velocimetry (PIV) was used to measure the velocity of
the wake ﬂow. The time-averaged ﬂow characteristics including the length of recirculation of the afterbody, turbulent intensity,
and Reynolds shear stress were analyzed and compared among those boattail models. The experimental results showed that the
length of recirculation decreases with increasing boattail angle to 16°. At a boattail angle above 16°, the ﬂow was fully separated
near the shoulder and near-wake structure was highly changed. The turbulent intensity at a boattail angle of 22° showed a
similar level to that in the case of the blunt-based body. Flow behavior on boattail surface should be accounted as an important
parameter aﬀecting the wake width and drag of the model. Power spectral density and proper orthogonal decomposition (POD)
analyses showed that a Strouhal number of StD = 0:2 dominated for the boattail model up to 16°. The fully separated ﬂow was
dominated by a Strouhal number of StD = 0:03 − 0:06, which was ﬁrstly presented in this study.

1. Introduction
An axisymmetric blunt-based body is featured by a large separation around the base. The high turbulent region behind
the base causes a signiﬁcant decrease in the base pressure
and an increase in the base drag, noise, and structure fatigue
[1]. As an example, the base drag could reach 50% of the total
aerodynamic drag of the model at subsonic conditions [2].
Since the fossil fuel is quickly running out, reducing the base
drag for energy saving is a very important task for aerodynamic researchers.
Boattail is an eﬀective device to reduce base drag. A boattail model of 5° could reduce the drag up to 21% in supersonic condition [3]. At low-speed condition, a conical
boattail model of 15° allows a reduced drag around 34% [4].
Despite the simple design, ﬂow behavior around the boattail
is very complicated and is highly aﬀected by its geometry.
That ﬂow behavior is characterized by a deceleration of the
air near the base edge, separation at nonzero ﬂow angle,
and a large wake region behind the base [5–7]. Those charac-

teristics are alternated for diﬀerent boattail conﬁgurations
and ﬂow conditions such as the Mach number, Reynolds
number, and boundary layer properties. Practically, the ﬂow
behavior of axisymmetric boattail cannot be predicted by
theoretical analysis [8, 9].
Previously, Merz et al. [7], who investigated the nearwake of an axisymmetric semielliptical afterbody at lowspeed conditions, observed a signiﬁcant decrease on the rear
recirculation region comparing with that of the blunt-based
body. They also showed that the wall curvature produces a
large eﬀect on the pressure drag and the ﬂow just outside
the shear layer is highly convex near the separation position.
Howard and Goodman [10], who measured the drag of two
boattail models of 10° and 30°, indicated that the drag
decreases largely at boattail models of β = 10° . At β = 30° ,
where fully separated ﬂow was observed near the shoulder,
the drag of the model is the same as the cases of the bluntbased body. However, the near-wake structure was not investigated in their study. Ilday et al. [4] who employed hot-wire
devices to measure near-wake of the blunt-based body and
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Figure 1: Schematic picture of the experimental set-up.
Table 1: Geometrical parameters of the boattails tested in this
study.
Angle β (°)

d/D

Lb /D

0
10
16
22

1.00
0.70
0.60
0.43

0.7
0.7
0.7
0.7

boattail model with an angle of 15° observed a noticeable
decrease in the turbulent intensity and length of recirculation
behind the base. Mariotti et al. [6], who investigated contoured boattail models of 26.7° and 40.4°, reported two ﬂow
types on the boattail surface, which are fully attached and
separated conditions. Additionally, they showed that the turbulent intensity of the wake reduces with increasing boattail
angle, whenever separation occurs on the boattail surface or
not. Tran et al. [11], who conducted experiments conical
boattails with a small change of angles from 10° to 22°,
observed three ﬂow regimes on the boattail surface, which
are attached ﬂow, ﬂow with separation bubble, and fully separated ﬂow. However, the near-wake ﬂow was not investigated in their study.
Despite the fact that many studies have been performed, previous studies mainly concentrated on the ﬂow
on the boattail surface and eﬀect of the boattail angle on
the drag of the model. In our knowledge, the near-wake
structure was extracted for very limited boattail modes,
mainly at angles of 26.7° and 40.4° [6]. Clearly, the wake
structure of the boattail model at diﬀerent ﬂow conditions
and its discrepancy with a blunt-based body was not
totally understood.
The purpose of this study is to obtain clearly the eﬀect of
boattail angles on the structure of the wake ﬂow. For investigations, two-component particle image velocimetry (PIV)
was employed to measure instantaneous and time-averaged
quantitative velocity ﬁelds on the vertical plane. Four conical
boattail models with a ﬁxed length and angles of 0° (bluntbased body), 10°, 16°, and 22° were selected for this study.
Time-averaged ﬂow ﬁelds, turbulence levels, and Reynolds
shear stress were analyzed and discussed in detail. The results
show that ﬂow behavior on the boattail surface is a very
important parameter aﬀecting the wake width and drag of
the model. A proper orthogonal decomposition (POD) anal-

ysis was performed to extract the large-scale features of the
wake ﬂow. Consequently, the diﬀerent ﬂow characteristic
between the blunt-based body and boattail models was indicated clearly in this study. We also showed that the fully separated ﬂow at the boattail model of 22° was dominated by a
Strouhal number of StD = 0:03 − 0:06, which totally diﬀers
from the other boattail models.

2. Experimental Set-Up
2.1. Wind Tunnel Facility and Testing Model. The experiments were conducted in a low-speed wind tunnel with test
section of 0:3 × 0:3 m2 and a maximum velocity of 60 m/s
at Tohoku University, Sendai, Japan. The axisymmetric body
was the same as the ones in previous studies of Tran et al.
([11, 12]). It has a diameter of D = 30 mm and a total length
of 251 mm. The blockage ratio of the model is around 0.8%,
which ensures the incompressible condition around the
model.
The model is supported in test section by a strut with
cross-section of NACA 0015 and maximum thickness of
8 mm. The strut was placed at the front part of the main body
to reduce its eﬀect on the near-wake ﬂow. Diﬀerent conical
afterbodies with the same length of 0:7D and boattail angles
of 0°, 10°, 16°, and 22° were added to the base by screw system.
The boattail models were designed by a high-resolution 3D
printer with a minimum layer thickness of 20 μm. Consequently, the connection between the main body and boattail
is tight and their symmetric axes are coincided. The sketch of
the model is shown in Figure 1. The parameters of the boattail models are listed in Table 1, where d is the diameter of the
base and Lb is the length of boattail.
Experiments were conducted at the free-stream velocity
of 10 m/s. The turbulent intensity of the wind tunnel at this
ﬂow condition is less than 0.5%. The corresponding baseradius Reynolds numbers is around 1:97 × 104 . To generate
the turbulent boundary layer on the body surface, a 10 mm
wide sandpaper P20 with a mean diameter of 1 mm was
placed at the forebody. The size of the sandpaper grit is referenced from an empirical method proposed by Braslow and
Knox [13]. Here, the Reynolds number based on the thickness of the sandpaper is around Re = 600. It should be noted
that the diameter of the particles’ sandpaper is much more
higher than that of the previous study by Rigas et al. [1],
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Figure 2: PIV set-up and model in experiments.

where emery paper grit P120 was used at a freestream velocity of U ∞ = 15 m/s.
The eﬀect of strut support on the wake structure axisymmetric blunt-based body is a large problem at low-speed condition. Wolf et al. [14] indicated that a small change in the
free-stream angle could lead to a change in the wake structure. However, this eﬀect is reduced for the boattail model.
Tran et al. [15], who conducted a free-levitated test and measurement with support system for axisymmetric boattail
model at low-speed conditions, showed that the drag in the
free-levitated test and drag using support system shows a
similar trend for diﬀerent boattail angles. Additionally, the
eﬀect of strut support on pressure distribution at lower and
upper surfaces in the symmetric plane is the same. Consequently, the eﬀect of strut support on the wake structure of
the boattail model should be limited in this study. Since this
study focuses on the eﬀect of the boattail angle in the nearwake structure, we did not conduct measurement with freelevitated system. However, to obtain highly accurate data,
further measurements in a free-levitated system and numerical scheme are required.
2.2. PIV Measurements. Two-component PIV system is
employed to measure the velocity ﬁeld over the boattail.
The PIV set-up for velocity measurement is shown in
Figure 2. A double-pulsed Nd-YLF Laser (LDY-303, Litron
Lasers) was hung in the upper surface of the test section.
The exposing length of the laser was 532 nm, and the pulse
duration was 150 ns. The thickness of laser was setup at
around 1 mm, and time interval between the ﬁrst and second
images is ﬁxed at 8 μs. The maximum movement of particles
in images of a double frame was around 6 pixels, which is sufﬁcient for the cross-correlation algorithm. To create luminescent particle for testing, a smoke generator LSG-500S was
employed. The smoke generator has ﬁve lazkin nozzles and
can provide air with smoke particles of around 1 μm in diameter and 25 m3/h in volume. A high-speed camera Phantom
v611 was placed on the side surface to capture the movement
of particles. A lens of Nikkor 50 mm was attached to the camera. The resolution of the camera is 1280 × 800 pixels, and the
exposure time was ﬁxed at 1 μm. In this study, measurement
was conducted at frequencies of 200 fps and 2000 fps to
obtain static and unsteady behavior of the ﬂow. The ﬁelds

of view include 4 mm before the boattail shoulder and
73 mm after the trailing edge. The ﬁeld of view is a rectangle
region with dimensions of approximately 98 × 61 mm2 providing resolution of 13 pixels/mm.
For data processing, the cross-correlation algorithm is
applied. The detailed description of the algorithm indicated
was proposed by Raﬀel et al. (2007) and Adrian and Westerweel (2011). Here, the ﬁrst and second images are divided
into small areas which are referred as interrogation windows.
After that, the cross-correlations of each window in the ﬁrst
and the second images are calculated. The position of maximum cross-correlation shows the displacement of tracer particles in the second images. Since the time interval between
the ﬁrst and second images were known and displacement
of interrogation windows was calculated, the velocity ﬁelds
can be obtained. The formula for cross-correlation is shown as
ð
R ðs Þ =
W

I 1 ðX ÞI 2 ðX + sÞdX,

ð1Þ

where I 1 and I 2 represent the ﬁrst and second images, X is the
coordinate, W is the size of interrogation window, and s is the
displacement. As the velocity of each interrogation windows is
obtained, velocity ﬁelds of the whole image could be constructed. The working principle of the PIV is shown in
Figure 3. The method allows for obtaining the instantaneous
velocity ﬁeld from two images at diﬀerent small times. By
averaging instantaneous values at diﬀerent time intervals, the
mean velocity ﬁelds can be found.
In this study, the interrogation window is ﬁxed at 8 × 8
pixels, which corresponds to an area of 0:65 × 0:65 mm2 .
The process data was conducted by Dynamics Studio software. To reduce the noise and smoothen the results, several
data processes, such as moving average validation and average ﬁlter, were also conducted as shown in Figure 4. For each
boattail model, a total of 2700 images were collected to build
the instantaneous and time-averaged velocity ﬁelds.

3. Results and Discussion
3.1. Boundary-Layer Examination. The boundary-layer proﬁle is examined for the blunt-based body at 23 mm before
the base to obtain the initial characteristics of the separation
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Figure 4: Process for calculating velocity vectors from PIV image.

3.2. Time-Averaged Flow Field. The streamwise velocity ﬁeld
mapped with streamlines in the vertical plane over the
base is shown in Figure 6. Here, results measured at a frequency of 200 Hz were presented. The ﬁeld of view is ﬁxed
at 3D × 1:2D, which corresponds to a resolution of 138 ×
55 points. The measurement time was around 13 seconds.
It should be noted that the lowest Strouhal number for the
blunt-based body is around StD = 0:002, which corresponds
to a time period of 1.3 s [1]. Consequently, the time measurement is suﬃcient for discussing the wake structure of the
model. For the blunt-based body, the ﬂow is bent around
the base edge to form a recirculation region behind the base.
The near-wake ﬂow is characterized by a vortex ring with the
center located at ðx/D, z/DÞ = ð0:6,±0:4Þ. The ﬂow is highly
symmetric with respect to the centerline. The length of the
recirculation region is around 1:18D. The distribution of
near-wake is in highly agreement with a previous study of

0.4

1/7th law
PIV result

Average velocity fields

ﬂow. The results of boundary-layer proﬁle are presented in
Figure 5. Despite the fact that the number of points is limited, the clear boundary-layer proﬁle is shown. The boundary thickness is calculated by the distance from the wall
surface to a position where velocity reaches 95% of freestream velocity. The boundary proﬁle is ﬁtted well with
1/7th law with the thickness around 6.8 mm. Other parameters of the boundary layer including displacement thickness
δ∗ , momentum thickness θ, and shape factor H are listed in
Table 2. The shape factor is around H = 1:37, which conﬁrms that the boundary layer before the base is totally
tripped into fully turbulent state. Consequently, the selection
of roughness is suﬃcient for generating the turbulent
boundary layer on the model surface.

0.2

Table 2: Characteristics of boundary layer.
Parameters

Value

δ95 /D

0.227

δ∗ /D

0.0490

θ/D

0.0357

H factor

1.37

Wolf [16] at Reynolds number ReD = 4:5 × 105 and by Gentile et al. [17] at Reynolds number of ReD = 6:7 × 104 . It is
believed that the characteristic of ﬂow over the blunt-based
body does not change much in low-speed condition and at
the Reynolds number between 104 and 106.
As the boattail angle is increasing from β = 0° to β = 16° ,
the rear stagnation position moves close to the base edge,
which shortens recirculation regions behind the base. The
near-wake region becomes remarkably narrow by the boattail
model. At boattail angle of β = 16° , a small reversed region is
observed near the boattail shoulder. However, at β = 22° , the
ﬂow fully separates from the boattail shoulder and the whole
boattail model is located inside the separation region. Those
results are consistent with the observation of Tran et al.
[11] at the Reynolds number around ReD = 4:34 × 104 .
At the boattail angle higher than 0°, near-wake ﬂow
ﬁelds show unsymmetric with respect to the centerline z/
D = 0. Our observation of the ﬂow pattern at the boattail
model of 22° shows a similar behavior to the results by
Mariotti et al. [6]. However, the results at boattail angles
of 10° and 16° show a totally diﬀerent trend. It is believed
that the results are aﬀected by the ﬂow on the boattail surface and the strut support. Previously, Tran et al. (2019)
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show that strut support practically has no eﬀect on pressure distribution on the base. Consequently, the eﬀect of
strut on the near-wake structure should be limited in this
study. However, to obtain highly accurate data, further
measurements in a free-levitated system and numerical
scheme are required.
Figure 7 presents the distribution of streamwise velocity
at the centerline for four boattail conﬁgurations. Clearly,
the velocity magnitude in the near-wake region decreases
with the boattail angle. At β = 0° , the maximum velocity
reaches 0:35U ∞ at around x/D = 0:65. However, at β = 22° ,
the maximum velocity inside the wake reaches to approximately 0:13U ∞ at x/D = 0:14. Interestingly, even though
the ﬂow is fully separated at the boattail angle of 22°, the
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velocity inside the wake is reduced. However, it should be
noted that the wake region enlarges at that angle.
The location of the rear stagnation position as a function
of the boattail angle is shown in Figure 8 while Figure 9 summarized the line with zero velocity in the near-wake region
for four boattail models. Here, stagnation is determined by
a position where the streamwise velocity in the centerline
changes from negative to positive. Clearly, using boattail
leads to a reduction of recirculation length afterbody. Additionally, the width of the near-wake region reduces with
increasing the boattail angle from 0° to 16° (Figure 9). Comparing to the blunt-based body, the recirculation of the boattail model of 16° decreases up to around 3 times (Lr /D = 0:43
). Decreasing recirculation length is eﬃcient for increasing
the base pressure and thereby for reducing the base drag of
the model. Ilday et al. [4], for example, showed that the
length of recirculation afterbody decreases to 0:32D for the
boattail model of 15°. As a result, the base drag decreases
from C D = 0:32 for the blunt-base model to C D = 0:21 for that
boattail model. Tran et al. (2019), who measured the base
drag by using pressure tap of diﬀerent boattail conﬁgurations, observed a negative base drag at the boattail model of
16°. However, it should be noted that a signiﬁcant diﬀerent
ﬂow behavior near the base edge was reported for the
blunt-base body and boattail models. As shown by Mariotti
et al. [18], the streamline above the shear layer forms a convex curvature for the blunt-based body. The results lead to
a very low pressure around the base surface and an increase
in the drag of model. Additionally, it is seen that there is a linear relation between the length of recirculation and base drag
of the model [18–20]. However, the ﬂow behavior and relation between the recirculation length and base drag become
complicated for the boattail model. In fact, the streamline
above the shear layer of the boattail model forms a concave
curvature. As a result, pressure recovery near the base is very
high and the base drag decreases signiﬁcantly. Interestingly, a
sudden change of geometry near the shoulder generates a
low-pressure region around conjunction of boattail and the
main body (Tran et al., 2019). The low-pressure region creates an additional drag of the model. Consequently, for the

boattail model, both base drag and boattail pressure drag
should be considered.
We could see that, at a boattail angle of 22°, the ﬂow is
fully separated and all the boattail regions are inside the
reversed ﬂow region (Figure 9). As shown by Tran et al.
(2019), the fully separated ﬂow resulted in redistribution of
pressure on the boattail surface. In fact, a low-pressure region
is formed on the boattail and base surface and the drag of
model increases again. Clearly, for the boattail model, the
length of the recirculation region is not the main factor
aﬀecting the wake width and pressure drag. In that case, ﬂow
behavior on boattail surface should be considered. It should
be noted that the static characteristics of near-wake structure
was ﬁrstly presented and discussed in this study for a wide
range of boattail models.
3.3. Statistical Turbulence Intensity. PIV results from diﬀerent
snapshot solutions allow calculation for turbulent characteristics of ﬂow. In this section, the turbulence levels, which
includes the streamwise turbulence level <u ′2 > 1/2 , crosswise
turbulence level <v ′2 > 1/2 , and Reynolds number shear stress
<u ′ v ′ > 1/2 , are calculated for understanding the statistical
characteristics of the wake. The streamwise turbulence level
is shown in Figure 10 for diﬀerent boattail conﬁgurations.
Clearly, similar patterns are observed for all models, where
the highest streamwise turbulent intensity is observed in the
free-shear layer region. The peak values occur before the rear
stagnation position and are altered among those models. The
streamwise turbulent intensity decreases from 18% at the
blunt-based body to around 11% at the boattail model of 16°.
It is believed that the decreasing mean velocity of the nearwake reduces the streamwise turbulent intensity when using
the boattail model [21]. Additionally, the development of the
boundary layer near the base edge, which leads to weaken of
the free-shear layer when the boattail angle increases from 0°
to 16°, is the other reason for the decrease of streamwise turbulent intensity. At fully separated ﬂow (β = 22° ), the streamwise
turbulent intensity increases at around 17%, which is similar
to the case of the blunt-based body (Figure 10). Inherently,
when the ﬂow is fully separated, the wake region is enhanced.
Those conﬁgurations, thereby, have practically no eﬀect on
drag reduction. The results of streamwise turbulent intensity
in the current study diﬀers to the ﬁnding of Mariotti [22] for
the contour boattail model of 40.4°, where the ﬂow separates
on the boattail surface and turbulent intensity decreases comparing with the lower boattail angle.
In terms of the crosswise turbulence level, the peaks occur
near the rear stagnation position, as shown in Figure 11.
When the boattail model increases from 0° to 16°, the peak
values of the crosswise turbulence level decreases from
around 16% to 11% (Figure 12). At the fully separated state,
the crosswise turbulence level increases to approximately
13%. Clearly, the turbulent characteristics are very sensitive
with the boattail model. The distribution of turbulence levels
shows a similar pattern with that over a circular cylinder,
where Karman vortex shedding is the large-scale feature of
the wake ﬂow [23]. Additionally, it should be noted that the
magnitude of peaks of streamwise turbulence levels is higher
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ture of the near-wake is obtained from the global power spectral density.

Relative energy (%)

20

3.5. Proper Orthogonal Decomposition of Velocity Data. To
obtain the large-scale structure of wake ﬂow and to analyze
more details of the transient ﬂow, POD analysis is conducted
for velocity ﬁelds. In detail, the velocity values at time t can be
divided into averaged component and ﬂuctuating component, which are written into the following equation:
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Figure 15: Relative energy of the ﬁrst 10 POD modes.

than that of the crosswise component, which shows a strong
inﬂuence on the turbulence intensity in axial direction.
The distribution of Reynolds shear stress is presented in
Figure 13. It shows a similar pattern to the streamwise turbulent intensity. Consequently, the motion of free-shear layer is
mainly impacted in the axial direction. The peak of Reynolds
shear stress decreases when the boattail model increases from
0° to 16° and then increases at a boattail model of 22°.
3.4. Global Power Spectral Density of Streamwise Velocity. To
obtain the main characteristics of ﬂow ﬁelds, the global
power spectral density of streamwise velocity is calculated.
In this step, the power spectral density is calculated in each
point and then averaged over the whole wake region. The
global spectra, therefore, contain all frequencies of the ﬂow
ﬁelds [24]. The region for averaging is a rectangle with the
width of 1:2D and the length of around 2:0D from the base
surface. The results of that process are shown in Figure 14
for both measurements at frequencies of 200 Hz and
2000 Hz. The Strouhal number StD is calculated based on
the diameter of the model.
Clearly, at β = 0° , the wake ﬂow is dominated by a frequency of around StD = 0:2 and a low frequency of StD =
0:002. Those spectral peaks are connected with the global
oscillation of the vortex shedding which was well noted in previous studies by Wolf [16], Rigas et al. [1], and Gentile et al.
[17]. The current study also observes a peak of the frequency
in a range of StD = 0:01 − 0:06, which are probably associated
with the “bubble pumping” of the recirculation bubble [25]. A
similar pattern is obtained for the boattail model of β = 10° ,
where the dominant ﬂow mode occurs at frequencies between
StD = 0:17 − 0:25 (Figure 14). However, no dominant frequency was observed on the wake ﬂow at β = 16° . It can be
explained that the wake becomes small at that angle and the
noise of measurement is high. To observe detailed ﬂow behavior, POD will be applied in this study.
Interestingly, where the ﬂow is fully separated at the boattail shoulder at β = 22° , the wake ﬂow is dominated by frequencies between StD = 0:03 − 0:06. The observation is in
contrary to results observed by Mariotti [22], where the vortex shedding frequency increases with the boattail angle. In
our knowledge, the above results were not presented before
for the axisymmetric boattail model. Clearly, the main fea-

ðx, t Þ + u ′ ðx, t Þ:
uðx, t Þ = u

ð2Þ

The ﬂuctuation component can be decomposed into
modes by solving eigenvalues from a single value decomposition of the autocorrelation matrix R of the velocity ﬂuctuation:
Rϕk = λk ϕk ,

ð3Þ

where R = uðx, tÞ · uðx′, tÞ, ϕk is the orthonormal function,
which characterizes for mode k, and λk indicates the relative
energy distribution of that mode.
The most important feature of POD analysis is that it
decomposes ﬂow modes in descending order of relative
energy distribution. Consequently, large-scale features of
ﬂow could be reconstructed. For details of this technique,
readers can refer in Berkooz et al. [26]. In this study, the
POD analyzed was performed in a rectangle region of 0:1 ≤
x/D ≤ 2 and −0:6 ≤ z/D ≤ 0:6 by using Matlab software.
Additionally, only results at a measurement frequency of
2000 Hz were analyzed for comparisons of diﬀerent boattail angles. The approach was similar to a previous study
by Gentile et al. for axisymmetric back-step ﬂow at lowspeed conditions.
The energy distribution of the ﬁrst 10 POD modes is
shown in Figure 15. As the boattail angle increases from 0°
to 16°, the relative energy of ﬁrst mode decreases. At β = 0° ,
the ﬁrst POD mode occupies around 21% energy, while the
relative energy of second and the third modes is less than
10%. However, when the boattail model reaches to β = 16° ,
the energy of the ﬁrst mode is around 7%. It explains why
no clear dominated mode was observed for the boattail
model of 16°. Interestingly, at β = 22° , the high turbulence
occurs on the near-wake region and the distribution of relative energy shows a similar feature in the case of the bluntbased body.
Figure 16 shows the spatial distribution and coeﬃcient of
the ﬁrst mode k = 1. For the case of 0°, the large-scale structure of wake ﬂow is characterized by a single vortex with
the core center located at x/D = 0:2 behind the base. The ﬁrst
POD mode of the ﬂow is associated with the ﬂapping motion
of the free-shear layer, which was well reported by Wolf [16]
and Gentile et al. [17]. Gentile et al. [17] also showed that the
ﬂapping motion of the blunt-based body is characterized by a
very low frequency in the range of StD = 10−3 – 10−2 and a frequency of StD = 0:2. A clear Strouhal number around StD =
0:2 is illustrated in the current study. Additionally, a similar
ﬂow pattern was observed for other boattail models. Clearly,

10

International Journal of Aerospace Engineering

0.03
10

0.5
0.02

8
6
0

PSD

z/D

0.01
0
–0.01
–0.02

2

–0.03

0

–0.5
0.5

1

1.5

2

4

10–1

10–0

10–2

10–1

10–0

10–2

10–1

10–0

10–2

x/D

StD

(a) β = 0

°

0.03
0.02
0.01
0
–0.01
–0.02
–0.03
0.5

1

1.5

2

x/D

(b) β = 10°
0.03
0.02
0.01
0
–0.01
–0.02
–0.03

(c) β = 16°
0.03
0.02
0.01
0
–0.01
–0.02
–0.03

10–2

10–1

10–0

(d) β = 22°

Figure 16: Spatial distribution of the ﬁrst POD mode at (a) β = 0° , (b) β = 10° , (c) β = 16° , and (d) β = 22° .

International Journal of Aerospace Engineering

11

(a) β = 0°

(b) β = 10°

(c) β = 16°

(d) β = 22°

Figure 17: Spatial distribution of the second POD mode at (a) β = 0° , (b) β = 10° , (c) β = 16° and (d) β = 22° .
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the ﬂapping motion of the free-shear layer remains the largescale feature of the wake ﬂow. However, as the boattail angle
increases from 0° to 16°, the region of the low and high intensity becomes narrower, which indicates that the eﬀect of
wake on the ﬂow after the body decreases with increasing
boattail angle. Interestingly, at the boattail model of 10°
and 16°, a Strouhal number of vortex shedding at around
StD = 0:2 was observed. However, at β = 22° , the vortex
shedding is characterized by the Strouhal number around
StD = 0:03 − 0:06.
The spatial distribution and power spectral density for
the time coeﬃcient of the second POD mode k = 2 are
shown in Figure 17. At β = 0° , this structure shows smallscale of free-shear layer ﬂuctuation which is characterized
by low- and high-momentum regions with the length
around 1:2D. This ﬂow represents the “convective mode”,
which was reported by Gentile et al. [17]. Again, the Strouhal number of StD = 0:2 is characterized for that model. A
similar pattern is observed for other boattail conﬁgurations,
where the scale length of changing momentum regions is
from around 1D to 1:2D. However, at β = 22° , no dominant
frequency is observed.
The spatial distribution and power spectral density for
the time coeﬃcient of the third POD mode k = 3 are illustrated in Figure 18. A similar pattern of power spectral density to those of mode k = 1 is observed. However, the ﬂow
patterns for those boattail angles are changed. In fact, symmetric behavior could be observed clearly for boattail models
of β = 0° , 16° , and 22° . It is believed that this mode is the
interference between vortex shedding and “bubble pumping”
of the wake ﬂow. Clearly, at low-speed conditions, the
unsymmetric behavior dominates the ﬂow structure for both
blunt-based body and boattail models.
To summarize global power spectral density and POD
analysis, we observed that the vortex shedding frequency
at StD = 0:2 is the most dominant Strouhal number for
boattail angles from 0° to 16°. For the fully separated ﬂow
at β = 22° , the vortex shedding is still a large-scale dominant mode. However, the Strouhal number for that ﬂow
behavior is reduced to around StD =0.03-0.06. Our observation is totally diﬀerent to the current results by Mariotti
[22] for boattail angles of 0°, 16.3°, and 40.4°, where the
Strouhal number of vortex shedding increases with the
boattail angle. In fact, in the previous study, the fully separated ﬂow did not occur even for β = 40:4° . It is probably
that the ﬂow behavior on boattail surface is an important
parameter, which aﬀects the wake structure and the results
of the Strouhal number.

4. Conclusion
In this study, the PIV technique is applied to measure the
ﬂow ﬁelds in the vertical plane of axisymmetric boattail
models at low-speed conditions. Four boattail angles of 0°,
10°, 16°, and 22° were tested at the Reynolds number around
1:97 × 104 based on the model diameter. The results of the
blunt-based body are highly consistent with those of previous
studies. Major conclusions of the study are as follows.
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4.1. Steady Behavior. The boattail model has a large eﬀect in
the near-wake structure. As the angle increases from 0° to
22°, the length of recirculation decreases from around 1:18
D to 0:36D and the maximum velocity inside the wake region
decreases from 0:35U ∞ to 0:13U ∞ . At the boattail model
below 16°, the ﬂow is separated near the base edge. However,
at β = 22° , the ﬂow is fully separated at the shoulder and the
whole boattail is located inside the separation region. The
width of the near-wake is enlarged at that boattail angle.
The turbulent intensity afterbody decreases when the
boattail angle increases from 0° to 16°. At fully separated ﬂow
(β = 22° ), the peak value of the streamwise turbulence level is
the same as the case of the blunt-based body. The peak value
of the crosswise turbulent intensity slightly increases comparing with the boattail model of 16°. The length of the recirculation region is not the main factor aﬀecting the wake
width, drag, and other wake characteristics of the model.
The ﬂow behavior on boattail surface should be accounted
as an important parameter aﬀecting those factors at lowspeed conditions.
4.2. Unsteady Behavior. The analyses of global power spectral
density and POD modes show that when the ﬂow attached
on boattail surface is at β ≤ 16° , the near-wake is dominated
by a Strouhal number of StD = 0:2. The energy for that ﬂow
mode decreases when the boattail model grows up from 0°
to 16°. At the boattail model of 22°, the wake ﬂow is characterized by frequencies in a range of StD = 0:03 − 0:06 and
the distribution of relative energy is similar to the case of
the blunt-based body. Although symmetric ﬂow occurs at
the third mode k = 3 for some boattail models, the vortex
shedding is the most dominated ﬂow pattern at low-speed
conditions. Our results of vortex shedding frequency for
boattail models of 10°, 16°, and 22° are contracted with previous observation for the axisymmetric boattail model and are
ﬁrstly presented in this study.
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