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Abstract

In this study, an optical-flow algorithm was applied to analyzing unsteady behavior of near-
wake flow. The experiment was conducted at low-speed conditions and at Reynolds
number around Rep = 1.97x10* to obtain image database for optical-flow processing.
Measurement frequency was at 2000 fps. Results of the optical-flow algorithm were
compared to previous studies by a traditional cross-correlation method. The ability of
optical flow method to extract flow fields was, thereby, confirmed for blunt-base flow at
low-speed conditions. Differing from previous studies and cross-correlation results, optical-
flow results showed a dominated Strouhal number at around Stp = 0.015, which is
connected to vortex shedding behavior of the wake-flow. Additionally, the antisymmetric
flow shows the most important behavior at low-speed conditions.
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1. Introduction

The axisymmetric body is widely applied in moving vehicles such as aircraft
missiles and projectiles. However, a sudden change of geometry causes a large separation
at the base. The separation flow forms near-wake region which shows high turbulent
characteristics. It is the main source of drag, structure fatigue and low stability [1].

In fact, near-wake flow is an important topic in fluid dynamics and it was widely
investigated at high-speed conditions. Tanner [2] showed that a large shock-wave could
occur near the base edge, which results in increasing aerodynamic drag of the model.
Merz et al. [3], who studied near-wake flow at subsonic conditions, illustrated that the
base pressure is nearly constant with Mach number. They also indicated that the base
flow is dominated by a Strouhal number of Stp = 0.2. llday et al. [4], who used hot-wire
to measure wake flow, showed that the length of near wake is around 1.1 diameter of
the model. Recently, Mariotti and Buresti [5], who used hot wire to measure near-wake
structure at low speeds, found that the recirculation length expands with boundary layer
thickness. Clearly, the wake structure is a function of Mach number, Reynolds number
and boundary-layer conditions. However, previous studies mainly focused on local
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measurement method. Additionally, using intrusive device could disturb the base flow
and reduce the accuracy of measurement.

Recently, the development of technology and computational vision provides a
high potential technique in analyzing flow field. Particle image velocimetry (PIV),
which is non-intrusive technique, has been developed for flow measurement. In that
technique, luminescent smoke is immersed in the flow. The movement of smoke
particles around model is recorded for data processing. The algorithms for data
processing could be cross-correlation [6] or optical-flow methods [7]. In cross-
correlation method, interrogation window is required, which reduces resolution of flow
fields [6]. In contrast, optical-flow method, which processes each pixel of image frame,
allows to obtain full resolution [7]. Although optical-flow algorithm could provide a
high accuracy of averaged velocity fields, the transient flow behavior was not
considered in previous studies.

In this study, the transient behavior of near-wake flow was studied at low-speed
conditions by an optical-flow algorithm. The experimental data was conducted at a low-
speed wind tunnel at Tohoku University, Japan. The base-diameter Reynolds number is
approximately Rep = 1.97x10% To validate the accuracy of the algorithm, optical-flow
results were compared to relevant data of previous studies. We show that the optical-flow
algorithm could provide more detailed of flow behavior than the ones by cross-correlation
algorithm. The near-wake flow at low-speed conditions is characterized by two dominated
frequencies a vortex shedding at Stp = 0.137 and a frequency of Stp = 0.015.

2. Experimental set-up

The model in this study has an axisymmetric shape with a diameter of 30 mm and

total length of 251 mm. It is supported by a strut with cross-section of NACA 0018.

(Fig. 1). To trip the boundary layer, a sand paper of P20 was wrapped to the nose. The
detail of experimental setup was presented by Tran et al. [8].
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Fig. 1. Experimental setup for collection of images data
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The speed of wind tunnel was fixed at 10 m/s, which provides a based-diameter
Reynolds number of around Rep = 1.97x10% Luminescent smoke with a mean diameter
of 1 um was injected in the test section. Smoke particles are illuminated by a double-
pulse laser at top test section. The movement of particles near the base is recorded by
a high-speed camera at frame rate of 2000 Hz. Due to the limited memory of the
camera, measurement was conducted over 1.0 s. A total of 2000 image pairs is taken for
data processing.

3. Optical-flow methodology

This study used optical-flow algorithm introduced by Liu and Shen [7] for data
processing. The methods solved the project-motion equation by a variational method
with a smoothness constraint. The detailed explanation of the methods was presented by
Liu and Shen [7]. Validation of the algorithm for steady flow was shown in [9]. The
advantage of optical-flow algorithm is that it can increase resolution of flow fields up to
unit of pixel, which can be not observed by cross-correlation algorithm. In this study,
only main feature of the algorithm is summarized. For details, equation for the motion
of particles in the image plan is indicated as:

N V(i) = £(5,%,.1) (1)
ot
where V is gradient operator, | is intensity of the image, u is velocity vector and f is a
function including all outer parameters such as laser thickness and setup of laser. To
find velocity vector, a variational method is used. The variational formulation is
indicated in Eq. (2).

J(u) = L{%+V-(Iu)} dx, dx, +05L2(|Vu1|2 +|Vu2|2)d>cldx2 (2)

where « is smoothing coefficients, which helps to smooth the velocity fields. Applying
Euler-Lagrange equations for J(u) yields:

Ii[a—l+v-(lu)}+avzul =0
|i{6—'+v-(|u)}+av2u2 =0
0X, | ot

By solving system Eq. (3), the velocity vector can be found. In detail, a discrete
program was built to solve those equations. The solutions are solved by interaction

methods. The program is finished when total error (\

2
uPt—uP| +

vp”—vaZ) is smaller than

the given error tolerance ¢. For the faster convergence, Horn-Schunck algorithm [10]
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was conducted firstly to obtain initial solutions. Then, Liu-Shen algorithm was applied
for final solutions. Clearly, instantaneous velocity can be obtained from a pair image.

4. Results and discussions

4.1. Instantaneous and time average flow field

The instantaneous streamwise components of near-wake velocity are shown in
Fig. 2a. Clearly, the afterbody is characterized by separated region with low velocity.
Behind the base, a reversed flow region is observed. Flow reattaches at around x/D = 1.1
to form a circulation region. Inside the wake, the flow shows high turbulent.

The free-stream mean velocity field on the symmetric plane, which is averaged
from 2000 snapshot solutions, is shown in Fig. 2b. The results of optical flow
measurement show some un-symmetric magnitude with respect to the centerline, where
velocity in the upper area is higher than the below positions. It can be explained that
because of strut support, the brightness of particle images on the lower part is lower
than the upper part, which affects the results of optical flow method. However, the clear
flow structure is shown. The flow is almost symmetric with respect to the horizontal
axis z = 0. The length of near-wake is around 1.1 times of diameter. The near-wake flow
shows a vortex ring with the cores at (x/D, z/D) = (0.55, +0.4) and two stagnation
positions: one in the base surface and one inside the wake region.

u/l,,
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a) Instantaneous velocity field

05 075 10 125 15 175 20
x/D

b) Time-averaged velocity fields

Fig. 2. Instantaneous and time-averaged streamwise velocity fields of near-wake

The location of minimum velocity shows a good agreement with previous
experimental results by llday et al., [4] who used hot-wire to measure the velocity wake
near-wake and by Wolf et al. [11] and Gentile et al. [12] in later studies using PIV
techniques. However, the minimum velocity is smaller than previous studies, which was
around -0.4U... It can be explained by the effect of Reynolds number conditions (low
Reynolds number in current study comparing with high Reynolds number in previous
studies). Additionally, the difference in numerical process should be other factor affecting
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the results. Despite the difference in magnitude of velocities, the flow structure and
location of vortex ring are highly agreement between the current and previous studies.

To obtain clearly characteristics of near-wake, the velocity at different cross-flow
traverses positions behind the base is illustrated as shown in Fig. 3. Results indicate that
the velocity is highly symmetric inside the near-wake region with a minimum peak
around the centerline. However, distributions of velocity become un-symmetric after
near-wake region. Since the experiment was conducted at low speed, the strut support
should be the factor affecting the distribution of particles and thereby numerical process.
To improve the results, the free-interference test is required. However, that system is

significantly complicated. Consequently, it should be considered for further study.
XD~ 025 0.5 0.75 1.0 1.25 15 1.75 20

LN NN

0.4

0.2+

0

z/D

0.2

04+ 1+ 4t 4t 1.t 1.t 1t 1+
LRI
08" Jobed b — e —4. b ‘
4+ 01t-101-101t-101 101101 101 10 1
uy,
Fig. 3. Mean velocity at different cross-flow traverses

One way to examine optical flow results is to plot the velocity in the centerline.
As shown by Merz et al. [3], the velocity at the centerline in the wake reason can be
expressed by the following relation:

——sin" n[i] (@)
Urnax Xsp

where Umax IS the maximum velocity in the near-wake region, xsp is the recirculation
length of near wake, m = 0.613 and n = 1.357 are two empirical coefficients. The results
of current study with other relevant studies are shown in Fig. 4. As can be seen, optical
flow results are agreement well with empirical Eq. (4), where the maximum relative
velocity is at approximately x/xs, = 0.6. Comparing with pressure probe and hot-wire
measurement by Merz et al. [3] and Atli [13], respectively, current study can obtain
good results near the base surface (x/xsp < 0.1). Additionally, it shows somewhere better
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results than PV measurement by Wolf et al. [11], especially in the region of x/xsp < 0.4.
At x/xsp < 0.4, similar quality is obtained by optical flow method and PV measurement.
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| 4 Wolf, 2013 e Current study
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X/X
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Fig. 4. Velocity at the center comparing with previous studies
The recirculation length as a function of Reynolds number in this study and
relevant data is shown in Fig. 5. The result of this study shows high agreement with that
of previous investigations, where the recirculation length is around 1.1 of diameter.
Clearly, the length of recirculation bubble decreases with Reynolds number.
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Fig. 5. Recirculation length as function of Reynolds number

4.2. Statistical turbulent characteristics

The longitudinal turbulent intensity <u’?>2, vertical turbulent intensity <v’?>2
and Reynolds shear stress <u’v’>Y2 are shown in Fig. 6. The peak of streamwise
velocity fluctuation reaches around 0.4U. in the region of 0.75 < x/D < 1.2 and
0.25 < z/D < 0.35. In term of v-component, the maximum peak is found near the free-
stagnation position. The peak of velocity fluctuation is associated with the vortex
shedding created in the wake region.
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Similar to the longitudinal turbulent velocity, the peak of Reynolds shear-stress
occurs the region of free-stream shear layer at 0.75 < x/D < 1.2 and 0.25 < z/D < 0.35.
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Fig. 6. Statistical turbulent characteristics of the near wake

4.3. Characteristics of Strouhal number

Strouhal number is a very important parameter for comparing fluid characteristics
from different flow conditions and model geometry. The Strouhal number is determined
as Stp = fD/U., where D is diameter of the model, U.. is free-stream velocity and f is
frequency of power spectral density from velocity history. Previously, Rigas et al. [1]
indicated that the axisymmetric blunt-base model at low-speed conditions is
characterized by three Strounhal number of Sto = 0.2, Sto = 0.06,
Sto = 0.002. The first frequency is characterized by a large vortex shedding with
axisymmetric behavior at the base. Additionally, that vortex shedding rotates along
symmetric plane with a low frequency of Sto = 0.002. The Strouhal number Stp = 0.06
is characterized for mowing up and down of recirculation, which always shows
symmetric behavior.

We first examine the power spectral density of velocity history at singular
positions on the wake regions. Fig. 7 shows power spectral density of velocity history
on the wake regions by cross-correlation and optical-flow algorithms at singular
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positions of the near-wake. Interestingly, a dominated frequency occurs at Stp = 0.015 at
upper focus position. A similar Strouhal number value was also reported by Burry and
Jardin [14], who conducted numerical study at low Reynolds number. Clearly, the low
Reynolds number condition and advantage of optical-flow algorithm is a crucial
importance to observe this characteristic.
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Fig. 7. Characteristics of Strouhal number at critical positions

In the next phase, average power spectrum density of velocity history is analyzed.
To obtain that value, power spectrum density is calculated for each point on the image
frame and then averaged in the whole image. The results are shown in Fig. 8 for optical
flow algorithm. The average power spectrum density contains the most important
feature of the wake flow. A peak of power spectrum density is observed at Strouhal
number around Stp = 0.137. The frequency is connected to vortex shedding of the near-
wake flow and it was reported widely in previous studies for blunt-base body.
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Fig. 8. Power spectral density by optical-flow algorithm
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4.4. Proper Orthogonal Decomposition

In this section, proper orthogonal decomposition (POD) is conducted to obtain the
most dominated pattern of the flow. The technique was developed in details by Berkooz
et al. [15]. Consequently, we do not present this technique in this paper. For more
details, the reader can refer to previous studies of the technique. We use Matlab
program to calculate the POD modes. In fact, the modes extracted by POD were not
limited. However, the noise increases with mode number, so we used only the first ten
modes in this study.

Fig. 9 shows the relative energy of the first 10 modes, which occupies around
56% of the total energy. The flow pattern of the first sixth modes is illustrated in
Fig. 10. Clearly, the first mode occupies around 17% of the total energy while the
energy of the second mode is less than 12%. The results shows similar to previous study
by Gentile et al. (2016) where energy of the first mode is 16%.

20
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Fig. 9. Relative energy of first 10 modes

Interestingly, the first three modes show antisymmetric flow behavior, which is
linked to different frequency of vortex shedding motion. The symmetric flow occurs at
modes 4, 5 and 6. Clearly, at low Reynolds number, vortex shedding is the dominant
characteristics of the near wake.
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Fig. 10. POD modes from optical flow results
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5. Conclusion

In this study, optical flow algorithm was applied to analyze unsteady behavior of
near wake flow. The optical-flow method was validated by relevant results from
previous studies. Results of optical flow showed high potential in analyzing the static
and transient near-wake flow. The base flow is characterized by motion of vortex
shedding at frequencies of Stp = 0.137 and Stp = 0.015. POD analysis indicates that the
first 3 modes show antisymmetric behavior. The axisymmetric flow occurs at the fourth
mode. The vortex shedding is dominant flow behavior at low-speed condition and low
Reynolds number.
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NGHIEN CUU PAC TiNH KHONG DUNG DONG CHAY SAU bUOI
CUA VAT DAY TU BANG PHUONG PHAP XU LY ANH

T6m tdt: Trong nghién ciru nay, phwong phdp luong quang dieoe sir dung dé nghién ciru
tinh khong dirng sau dudi vit. Thue nghiém dwoc thuc hién & diéu kién toc dé thap Va ¢ so
Reynolds Rep = 1,97%10* nham xdy dung diF liéu anh cho xir Iy luong quang. Tan sé do 1a 2000
khung hinh/gidy. Két qua ciia phwong phdp uong quang dieoe so sanh véi cac nghién ciru trude
do it dung phwong phdp twong quan chéo. Do d6, kha nang ciia phirong phép luong quang dé
trich xudt cdc trieong dong chdy dwcge xdc nhin doi véi dong chdy sau dudi cia vt day 1 ¢
diéu kién toc do thdp. Kh&c biét voi cdc két qua trude do sic dung tiwong quan chéo, phirong
phap luong quang chi ra sé Strouhal ddc trung tai Sto = 0,015, lién quan téi tinh dao déng xody
ciia dong chdy sau dudi. Ngodi ra, tinh bdt doi xirng la déc trung quan trong nhat cia dong
chay sau duéi & diéu kién vin toc nho.

Tir khoa: Ludng quang; vt thé dbi xtng truc; dong chay duéi; viing chay nguogc; PIV.
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