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Data processing for obtaining global velocity fields is important in fluid
mechanics. This study presents a hybrid algorithm for extracting
velocity vectors from particle image velocimetry (PIV) images, which
were taken during the experimental process. The hybrid method used
both cross-correlation and optical-flow algorithms. Firstly, a cross-
correlation algorithm was used to extract initial velocity from PIV
images. The optical-flow algorithm was, then, applied for refined
velocity fields with initial estimation by cross-correlation results. The
proposed method was applied for recovering velocity vectors from a jet
flow. It was shown that the hybrid method shows a similar pattern to
the cross-correlation algorithm. Additionally, the resolution was much
improved by the proposed algorithm in comparison to cross-correlation
results. Both averaged and instantaneous velocity fields were illustrated
in this study. The effect of the Lagrange multiplier and interaction
number on the results of the hybrid method was investigated. The
proposed method shows high ability in extracting velocity fields from
PIV images.
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TU KHOA

Hién thi dong chay

Xir Iy anh

Phuong phap do van téc anh hat
Thuét toan lai

Dong chay voi phun

Xt 1y dir liéu nham thu dugce trudng van téc toan cuc rat quan trong
trong co hoc chat 16ng. Nghién ctru nay trinh bay thuét toan lai dé trich
XUt véc to van tdc tir anh cia phuong phap do van téc anh hat (PIV)
thuc hién trong qua trinh thuc nghiém. Phuong phap lai sir dung ca
thuat toan tuong quan chéo va thuat toan xir 1y anh. Dau tién, thuat toan
trong quan chéo dugc st dung dé trich xuit van téc ban dau tir anh
PIV. Sau d6, thuat toan xir 1y anh dugc dp dung cho cac truong van tc
da dugc tinh chinh véi wdc lugng ban dau bang két qua twong quan
chéo. Phuong phap dé xuit duogc ap dung cho phan tich véc to van toc
tir dong chay qua voi phun. Két qua chi ra ring phuong phap lai thay
hinh anh tuong ty voi thuat toan tuong quan chéo. Ngoai ra, do phan
giai da duoc cai thién nhidu bai thuat toan dwoc dé xuat so vai két qua
tir phuong phép tuong quan chéo. Ca trudng van téc trung binh va van
tdc tirc thoi duoc phén tich trong nghién ctru nay. Anh hudng cua hé s6
Lagrange, sé budc lap tinh toan 1én két qua cua phuong phép lai dwoc
khao sat. Phuong phap dwoc d& xuat cho thdy hiéu qua cao trong viéc
trich xut truong van téc tir anh PIV.
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1. Introductions

Studying flow is an important topic for researchers in the field of fluid mechanics.
Understanding flow behavior around the model allows us to propose a proper control strategy for
reducing drag, vibration, and structure facility and increasing the performance of the model. In
studying fields of fluid mechanics, two methods, which are numerical simulation and
experimental investigation, are widely applied. The numerical method, which is mainly solved
the Navier-Stokes equations by a discrete scheme, provides only qualitative results. Different
numerical schemes, from RANS [1], mixing of RANS, and Large Eddy Simulation (LES) [2] to
LES [3], are capable of practical applications with different levels of accuracy. All relative
parameters such as velocity, pressure, temperature, air density, and skin friction around the model
can be obtained from the methods. Additionally, the cost of the numerical study is often smaller
than experimental methods.

In comparison to numerical study, experimental methods provide only some parameters for
each measurement. All device for the measurement is separated or can be connected in some
way. The cost for each device is expensive, so each laboratory can provide limitations of the
measurements. However, the experimental results provide good validation values for the
numerical method. For example, Tran et al. [4], [5] used Reynolds averaged Navier-Stokes
equations (RANS) for an extended study of the axisymmetric boattail model. Le et al. [6] used
unsteady RANS to study the aerodynamic performance of vertical wind turbines. Additionally,
RANS was also applied by Le et al. [7], [8] for the cavitation flow phenomenon. Focusing on the
global measurement in experimental methods, data processing on images taken during the
experimental process is often applied. For the scalar images such as oil flow on the surface,
smoke particle flow, and optical-flow algorithms are used [9]. For discrete distribution of light on
the image, such as particle image velocimetry, a cross-correlation algorithm is often applied [10].
However, for the cross-correlation algorithm, an interrogation window is applied for recovering
velocity vectors. The size of the windows often ranges from 8x8 pixels to 64x64 pixels, which
reduces remarkably the resolution of the velocity fields [11]. The optical-flow algorithm can be
applied for PIV images, as investigated by Tran and Chen [12] for the axisymmetric wake model.
A comparison of two methods was investigated by Liu et al. [13] for systematic and jet flows.
Although the results were much improved, limited cases with the results were revelated.

Another way to recover the high resolution of PIV results is to apply a hybrid method. In this
approach, the velocity fields are recovered firstly by cross-correlation algorithms. Then the PIV
results are used as initial values for the optical-flow algorithm, which is applied after that.
Consequently, the refined velocity vectors can be obtained. The hybrid methods were studied by
Yang et al. [14] and Liu et al. [15]. In those studies, similar cross-correlation and optical-flow
algorithms were applied. Generally, the hybrid methods provide good results, where relevant
numerical parameters were selected [15].

In this study, we proposed a hybrid method for the estimation of flow around the jet model.
Difference to the previous study, the optical-flow algorithm was adopted from our previous
study, which was used for skin-friction analysis [16]. We show that the hybrid method provides
good results in comparison to the optical-flow algorithm. Additionally, by comparison to the
cross-correlation algorithm, the resolutions of the flow fields were much improved. In section 2,
we present the numerical scheme. The results of the numerical scheme for a jet flow were
presented in section 3. Finally, this study concludes in section 4.

2. Methodology
2.1. Cross-correlation algorithm for initial estimations

Generally, the cross-correlation algorithm was widely applied for PIV images in previous
studies [11], [17] — [19]. The working principle of PIV is to measure the displacement of small
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tracer particles over a short time interval. For this purpose, the luminescent smoke particle was
inserted into the wind tunnel section. Then, pair images at different times were captured. For data
processing, the cross-correlation algorithm is applied for a small interrogation window in the first
and second frames. The position of maximum cross-correlation shows the displacement of the
interrogation windows in the second image. Since the time interval between the first and second
images was known and displacement of interrogation windows was calculated. Then,
instantaneous and averaged flow fields can be recovered. A typical setting of the PIV
measurement setup can be shown in Figure 1.
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Figure 1. A typical setup for PIV measurement [20]

The cross-correlation formula is indicated as below:
R(s) = [ L,(X)1,(X +s)dX (1)
w

where 15, and I, present the first and second images, X is the coordinate, W is the size of the
interrogation window and s is the displacement.

Various factors, such as the diameter of the particles, and the number of averaging images can
affect the results of PIV measurement. The methods for evaluation error were presented in
previous studies, so it is not shown in the study. Additionally, we focus on the unsteady flow
behavior of jet flow with a sufficiently good experimental setup. Consequently, the number of
images for averaging flow does not affect to the final results.

As shown in the introduction part, the resolution of the cross-correlation algorithm reduces at
least 64 times in comparison to the original image. The low resolution is not suitable for jet flow,
where different eddies of turbulent flow occur. Resizing the image using interpolation methods
can be applied for increasing the size of the velocity. However, the scale results do not allow to
obtain small-scale features of the flow. To overcome this problem, we propose to apply an
optical-flow algorithm for scale results from cross-correlation methods. The principle of the
optical-flow algorithm is presented in the next section.

2.2. Optical-flow algorithm for velocity refinement

The optical-flow algorithm used in this study was based on the global optical-flow algorithm
proposed by Horn and Strunck [21] with additional modifications proposed by Cassian et al. [22],
Chen et al. [23], and Tran and Chen [16]. In detail, the equation showing the motion of particles
in the measurement image can be written below:

ol
5+V[(Iu)_ f(x, %, 1) 2
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where V is the gradient operator, | is the intensity of the image, u is the velocity vector and f
is a function including all outer parameters such as laser thickness and setup of the laser.
Practically, f is considered a zero value in the calculation process. Generally, the intensity of the
PIV image is discrete, which is not suitable for the optical-flow algorithm. To overcome this
problem, a filter is proposed to apply for the whole equation (2), which will then become:

% +VI(Ul)+Vir, =0 ®)

212
where 1 and U::—'?—(Vp—pg )’;—' are the luminescent intensity, velocity vectors in pixel
u 7

grid, and = is the sub-grid scalar flux. That parameter is determined by -, =pvi1 , where Dy is the

turbulent diffusion coefficient.
Equation (3) was solved by the Euler-Lagrange method. In this study, a Lagrange multiplier is
applied. Since this study focuses on the location of separation and reattachment flow, we used

smoothness term as J, = Je|Vin(x,t)[’dx. The velocity vectors can be found by minimizing the
Q

below equations:
— 2
Ju)= jBIt +OVI + D[AI} dx,dx, + [ a|VET(x, )] dx,dx, 4)
Q Q

Where « is the Lagrange multiplier and is selected before numerical methods. By solving
system Eq. (4), the velocity vector can be found. The details of the method for solving Eq. (4)
were presented in the previous study by Tran and Chen [16]. The main difference between the
current algorithm and previous studies is that the initial velocity is chosen as velocity from PIV
results in the current study by comparison to zero value in [16]. Generally, a similar hybrid
approach was used by Yang et al. [14] and Liu et al. [15]. In this study, open PIV code was used
for cross-correlation results. The methods were built by Thielicke and Stamhuis [24]. The
program for the optical-flow algorithm was built by Matlab software.

2.3. Experimental setup for the measurement

To examine the ability of the proposed method in extracting flow fields, we apply the methods
for jet flow images, which were conducted by Stanislas et al. [25]. In this study, a high speed was
used to capture luminescent smoke particles of free jet flow at a frame rate of 10,000fps. The jet
was flown at a nozzle with a diameter of 5 mm with a velocity of 30 m/s. The time between
images in a pair was 5 um, and a total of 100 image pairs were used for data processing. The size
of the image was 512 x 512 pixels. The data can be downloaded from the challenge website
(http://www.pivchallenge.org). Figure 2 shows the two typical images in a pair.

Figure 2. Image samples in a pair (the time at two images was 5 um)
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3. Results for jet flow and discussions
3.1. Flow by different methods

Figure 3 shows the average velocity magnitude by different methods. Here the nozzle of the
jet is at the bottom position and the flow from bottom to top. The interrogation window of the
method was 8 x 8 pixels. The velocity was normalized by the free-stream values. The Lagrange
parameter for the optical-flow algorithm was chosen at & = 2000. As can be seen that the cross-
correlation method provides a good pattern of flow. However, the resolution of the flow is
reduced from 512 x 512 pixels to 64 x 64 pixels. On the opposite side, the optical-flow algorithm
can not show the proper velocity fields of the jet flow. It is because of the insufficient smooth
intensity on the surface. The results of the hybrid method present a similar pattern to the cross-
correlation algorithm. Notably, the resolutions of the flow fields is much improved.
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Figure 3. Average flow fields

Figure 4 shows the instantaneous velocity magnitude for the pair image 10, which is presented
in Figure 2. As can be seen clearly, the hybrid method provides a high resolution of velocity
fields. By comparing to the cross-correlation algorithm, some small changes in velocity can be
obtained. The ability of the method in extracting flow fields is confirmed.
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Figure 4. Instantaneous jet flow for pair image number 10 (image shown in Figure 2)

3.2. Effect of Lagrange parameters on the results

Figure 5 shows the effect of Lagrange parameters « on the results of velocity magnitude
mixing with velocity vectors. Notably, when the Lagrange number is small, the results of the
hybrid method shows similar to that of the optical-flow algorithm. Those results are indicated for
a = 20 and a = 200. As the Lagrange number increases, the results steadily improved.
Interestingly, the results become similar for a > 2000. Consequently, it is concluded that the
Lagrange number has an effect on the results at low values. In a certain range of Lagrange
number, the results become stable. The finding in the hybrid method is similar to the optical-flow
algorithm, which was reported before for scale images[26].
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Figure 5. Effect of Lagrange number on instantaneous flow fields
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Figure 6. Effect of interaction number on instantaneous flow fields
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3.3. Effect of interaction number on the results

Since the interaction was applied for recovering velocity fields in the optical-flow algorithm,
the effect of the interaction number on the results was investigated. The investigated results are
illustrated in Figure 6. It was shown that when the interaction number is high, the results become
smooth and the hybrid method can not capture proper results. An interaction number below 600
is recommended for the optical-flow algorithm in recovering refined velocity fields.

4, Conclusions

A hybrid method for recovering velocity vectors from PIV images was presented in this study.
In this measurement, the results of cross-correlation methods were used as the initial estimation
of the optical flow algorithm. Then the optical-flow algorithm was applied for refined velocity
vectors. The method was then applied to the PIV image of jet flow. The results indicated that the
hybrid methods improve the resolution of the velocity vectors. On the opposite, the optical-flow
algorithm can not capture properly velocity vectors from the PIV image. The Lagrange multiplier
shows little effect on the results when this number is higher than 2000. The interaction number
should be selected below 600 in the hybrid method for good results. In further study, the
algorithm should be improved and tested for more images to confirm the method.
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