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Abstract: An experimental apparatus driven by horizontal oscillating grids in a water tank is
proposed for generating shear-free turbulence, which is measured using Particle Image Velocimetry
(PIV). The performances of the proposed apparatus are investigated through the instantaneous and
root-mean-square (RMS) velocity, Reynolds stress, length and time scale, frequency spectra and
dissipation rate. Results indicate that the turbulence at the core region of the water tank, probably 8 cm
in length, is identified to be shear-free. The main advantage of the turbulence driven by horizontal
oscillating mode is that the ratios of the longitudinal turbulent intensities to the vertical values are
between 1.5 and 2.0, consistent with those ratios in open-channel flows. Additionally, the range
of the length scale can span the typical sizes of suspended particles in natural environments,
and the dissipation rate also agrees with those found in natural environments. For convenience
of experimental use, a formula is suggested to calculate the RMS flow velocity, which is linearly
proportional to the product of oscillating stroke and frequency. The proposed experimental method in
this study appears to be more appropriate than the traditional vertical oscillating mode for studying
the fundamental mechanisms of vertical migratory behavior of suspended particles and contaminants
in turbulent flows.
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1. Introduction

Turbulence exists widely in river, coastal and ocean environments. Shear-free turbulence is a crucial
building block in understanding the fundamental turbulence mechanisms and particle-turbulence
interactions. For many decades, shear-free turbulence has been generated in laboratory using different
methods. The first way appears to be with a mean flow passing through a grid or mesh in tunnels [1],
while such generated turbulence decays rapidly, resulting in small observation time and limited
practical utility. As alternatives, researchers have employed a water tank in which the flow is stirred
by means of oscillating grids [2-10], loudspeaker cones [11-13], rotating elements [14] or synthetic
jets [15-19]. The oscillating grid turbulence (OGT) exhibits fine homogeneity in planes parallel to
the grid and can be easily controlled by varying the operational parameters. Since Rouse (1939) first
used OGT to study sediment suspension [20], the OGT was employed to explore the mechanics of the
sediment transport [21,22], the interfacial mixing in stratified flows [2,23], the mass transfer across
a shear-free water—air interface [24,25], the desorption of contaminants from sediment [26,27], the rate
of frazil ice growth [28] and the turbulent thermal diffusion effect [6]. With so many application
experiences, despite the emergence of the alternative loudspeaker and jet approaches which are
relatively expensive, the OGT was still widely used in recent years [5,29-34].
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The experiences for single-grid OGT suggested that, to ensure the generation of shear-free
turbulence, the grid would have a solidity (defined as the ratio of the area of bars to the total area of
the grid) less than 40% [35], the virtual origin was 1-2 cm lower than the mid-position of the grid [36],
the oscillating frequency had a upper limit of about 7 Hz [5], the measurements would be initiated after
20 min of oscillation to reduce the influences of initial condition [37] and the distance from the shear-free
region to the virtual origin would be more than three times the mesh size [37]. Besides, the relationships
between turbulent intensity levels and operation parameters were proposed [2]:

U=10p= ClMO'SSl‘SfZ_n, w = CzMO'SSl'SfZ_n, q= C3MO'551'5fZ_n (1)

where u and v are RMS velocities in the X and Y directions vertical to the oscillation; w is RMS velocity
in the oscillation direction Z; g is RMS of fluctuating velocity; M is mesh size defined as the distance
between the centers of two neighboring openings; s is oscillating stroke; f is oscillating frequency;
z is the distance from the “virtual origin”; C; » 3 are coefficients; and n approximately equals to one.
Equation (1) was widely used with different coefficients and exponents, and the ratio of C; to C; is
approximately 0.8-0.9 [4,6,37].

Despite the good planar homogeneity, the single grid turbulent intensity decays rapidly away from
the grid, while this can be improved by employing multi-grids [7,38—41]. It was indicated that, by using
two parallel grids, decay of the turbulent intensity reduced with the increasing distance from the
grids, and shear-free turbulence was generated in the core region between the grids. The relationship
between turbulence intensities and operational parameters was similar to Equation (1), but with
different coefficients and exponents [40].

Although the OGT has been extensively studied as elaborated above and listed in Table 1,
vertical oscillating grids were usually adopted in these previous studies, resulting in that the longitudinal
turbulent intensity was distinctly smaller than the vertical value. On the contrary, the longitudinal
intensity was found usually bigger than the vertical intensity with the ratios being approximately
between 1.5 and 2.0 in open-channel flows [42]. Additionally, the inertial influence on vertical migratory
behavior was introduced due to vertical oscillation [43,44]. These indicate that the OGT generated by
vertical oscillating mode may not be fully applicable to the context of vertical migratory behavior in
natural flow environments.

Table 1. Experimental details of oscillating grid turbulence (OGT) in the previous studies.

Tank Tank Tank Grid Oscillating  Oscillating Measurement
Researchers Length Width Height Mesh Size  Frequency Stroke Technique !
(cm) (cm) (cm) (cm) (Hz) (cm) 1
Hopfinger and Toly [2] 67.5 67.5 100 5,10 2-6 4,8,9 Hot-film
Hannoun et al. [3] 115 115 335 6.35 2.25 6.35 LDV
De Silva and Fernando [4] 26 26 60 29,47,6.2 1-5 0.85,2.1 LDV
Cheng and Law [37] 50 50 100 5 14 4 PIV
Orlins and Gulliver [5] 50 50 50 8 3,57 3 LDV
Schulz et al. [7] 50 50 115 5.1 1-4 2-5 PIV
Buscombe and Conley [30] 50 50 80 5 2,3 7,10 ADV
Wan Mohtar et al. [31] 354 354 50 5 3 8 PIV
Present study 100 100 200 10 1,2,3 05,1,1.5 PIV

1 LDV = Laser Doppler Velocimetry; ADV = Acoustic Doppler Velocimeter; PIV = Particle Image Velocimetry.

The objective of this study is to propose an experimental method to generate shear-free turbulence
using horizontal oscillating grids in a water tank. It is expected that such generated turbulence is still
shear-free but more consistent with those found in natural flow environments, and hence the proposed
method would be more appropriate than the traditional vertical oscillating mode for studying the
fundamental mechanisms of vertical migratory behavior.
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2. Experimental Apparatus and Set-Up

2.1. Oscillating Grid System

The schematic structure of the experimental system is shown in Figure 1. The water tank has
dimensions of 100 cm x 100 cm in the horizontal cross-section and 200 cm in height. The sidewalls of
the water tank are built using transparent glass to allow the projection of laser sheets as well as the
Particle Image Velocimetry (PIV) measurements.
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Figure 1. Sketch map of the experimental system.

It has been illustrated in previous studies that the longitudinal turbulent intensities were always
smaller than the vertical values of the vertical oscillation generated OGT, and the ratios of these two
intensities were usually between 0.8 and 0.9. Considering that the ratios in open-channel flows were
approximately between 1.5 and 2.0 [42], a horizontal oscillation structure was adopted to achieve
more realistic ratios, and hence can also eliminate the inertial influence on vertical migratory behavior.
Four vertically oriented parallel grids, with the distance being 30 cm between the two middle grids
and 70 cm between the two outer grids, were coupled symmetrically to a horizontal oscillating driving
device, where stroke varies from 0 to 5 cm and frequency varies from 0 to 5 Hz. The grid mesh consists
of circular holes with a diameter of 8 cm and the mesh size was 10 cm, obtaining a solidity of 49.8%.
Noting that, compared with the conventionally used value, a bigger solidity in this study was to
expect that the ratio of longitudinal intensity to vertical intensity can be closer to 1.5-2.0. The grids
were made of steel with a length of 80 cm, a height of 180 cm and a thickness of 2 mm, generating
a 10 cm gap between each sidewall of the water tank and the edge of the grids, to avoid the influence
of secondary flow.

2.2. PIV System

The measurements were taken using PIV, which has the advantages of planar measurements and
non-intrusiveness compared with hot-film, LDV and ADV. A continuous laser with a power of 8 watts
was used to produce a laser sheet with a thickness of 1 mm through the Powell lens for illumination.
Flow tracers are hollow glass particles, with a mean diameter of 10 um and a density of 1.03 g/cm?.
The CMOS camera configured with a Nikon 50 mm f/1.8 D lens was used for image acquisition with
the resolution being 2560 x 1920 pixels. The images were processed in an in-house PIV software
with a multi-pass and multi-grid window deformation algorithm. The initial and final interrogation
sizes were 64 X 64 pixels and 16 x 16 pixels, respectively, with a 25% window overlap. The resultant
velocity fields of each iterative stage were validated using the normalized median test, and outliers
were replaced by Gaussian-kernel weighted interpolation. The validated velocity fields were then
smoothed before the next iterative stage to prevent the possible unstable behavior of the interrogation
process. The diameter of the tracer particles in the images was about 4-6 pixels and about 2—4 particles
exist in the final interrogation windows.

The PIV used in this study has two data sampling ways, which were independent sampling
and continuous sampling. A pair of images is sampled each time and saved to the hard disk with
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a frequency of 1.5 Hz by using the independent sampling, and one flow field was calculated using this
pair of images. One image was sampled each time and saved to the memory card with a frequency of
1000 Hz when adopting the continuous sampling, and one flow field was obtained using every two
adjacent images. It should be noted that the time duration of continuous sampling was relatively short
due to the restriction of the memory capacity, while that of independent sampling can be much longer.

2.3. Experimental Set-Up

The OGT is sensitive to initial conditions [45], and data acquisition was usually conducted 20 or
30 min after onset of oscillation [7,37]. In this study, the PIV measurements begin after 1 hour’s
oscillation. As illustrated in Figure 2, the measurements were conducted in the X-Z plane with the
position in Y coordinate being the middle of the grids. Nine locations aligned with orifices of the
grids were measured with fixed oscillating stroke and frequency being 0.5 cm and 3 Hz, respectively.
However, a fixed zone was measured using different stroke and frequency combinations to investigate
their influences on the turbulent intensity levels.

20cm 30cm 20cm

A

180cm)|

110cm

‘ T 80cm
(n:m1 | | rAI-“-A—

Al Bl <l 40cm

Figure 2. Plan view of the imaged locations.

Images with a size of 8 cm X 6 cm were taken for each PIV measurement, yielding a spatial
resolution of 0.03125 mm X 0.03125 mm for the turbulent measurements. To ensure the statistical
convergence through long averaging time, the independent sampling with the frequency being 1.5 Hz
and duration being 25 min was used, meaning that 1000 images were taken when analyzing the
turbulent intensity level, Reynolds stress and integral scale. While a larger time resolution of the
measurements was needed to analyze the Kolmogorov scale and the energy spectra, and the continuous
sampling with the frequency being 1000 Hz and duration being 4 s (due to the limited memory capacity)
was used, meaning that 4000 images were taken. The overall set-up used to conduct PIV measurements
is listed in Table 2.

Table 2. Experimental set-up used to conduct the measurements.

Measured Zone Oscillating Stroke (cm) Frgls::rlli;?flz) Freiifgi;n(%{z) Duration (s)
Al, A2, A3, B1, B2,
B3,C1,C2, C3 0.5 3 1.5, 1000 1500, 4

0.5 2
0.5 1

1 3

B2 1 2 15 1500

1 1
15 2
15 1
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3. Results and Discussions

3.1. Data Statistics and Convergence

Based on the instantaneous velocities, the RMS velocities and the RMS of fluctuating velocity at
one point can be obtained as follows:

)

where U and W are the longitudinal and vertical instantaneous velocities in the X and Z directions,
respectively; u and w are the corresponding RMS velocities; g is the RMS of fluctuating velocity in X-Z
plane; N denotes the number of measurements in time; and subscript “-” denotes the time average.

Turbulence is a random process but with statistical regularity, and the velocities of OGT should
agree with the Gaussian distribution [3]. The instantaneous flow velocities and their probability
density distributions in the middle of the measurement plane are shown in Figure 3. It can be seen
that both the longitudinal and vertical velocities are random processes and are well approximated by
Gaussian distribution with Skewness and Kurtoses values being 0.1 and 2.42 for U, —0.3 and 2.68 for
W, respectively.

0.20
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w10 20.15 Gaussian
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& . N
20 0.00 ‘
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Time /s Velocity / (cms™)

(a) (b)

Figure 3. Measured flow velocity of one point: (a) instantaneous velocity; (b) probability density.

To investigate whether the averaging time is long enough to be able to statistically analyze the flow
characteristics, the measurement results of the two sampling methods are examined. The horizontal and
vertical RMS velocity fluctuations at three specific elevations are nondimensionalized and presented in
Figures 4 and 5.

2 2
s S1S5
S £
& ¥ 1
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S05 o Z=40cm =05 % o Z=40cm
0Z=80cm 0Z=80cm
AZ=110cm A Z=110cm
0 L . . 0 1 L )
0 200 400 600 800 1000 0 200 400 600 800 1000
Sampling size, N Sampling size, N
(a) (b)

Figure 4. Variation of the RMS velocity with the sampling size when the sampling frequency is 1.5 Hz:
(a) RMS velocity in the X direction; (b) RMS velocity in the Z direction.
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Figure 5. Variation of the RMS velocity with the sampling size when the sampling frequency is 1000 Hz:
(a) RMS velocity in the X direction; (b) RMS velocity in the Z direction.

It clearly illustrates that the statistical results approach a constant when the sampling size exceeds
approximately 600 for the sampling frequency of 1.5 Hz, meaning a time duration of 900 s. While the
sampling size should be bigger than 3000 for stable statistics when using a sampling frequency of
1000 Hz, meaning a time duration of 3 s. According to the integral time scale and Kolmogorov time
scale, which are 2 and 0.28 s, respectively, as calculated in the next section, the duration of a total of 1000
images with frequency of 1.5 Hz covers a 750 integral time scale, ensuring the statistical convergence
and thereby the analyses of turbulent intensity level, Reynolds stress and integral scale. With regard to
the sampling frequency of 1000 Hz, the duration of a total of 4000 images covers two integral time
scale and approximately 15 Kolmogorov time scale, and can also ensure the statistical convergence to
analyze the Kolmogorov scale and energy spectra.

3.2. Region of Shear-Free Turbulence

The instantaneous velocity field showing U and W components in the X-Z plane is illustrated
in Figure 6a, a large eddy with a size of about 20 mm determining the integral length scale is clearly
seen. The spatial distributions of temporally averaged mean velocities Umean and Wmean are shown
in Figure 6b. Results indicate that the mean flows are homogeneous and almost zero over the center
region of the water tank (=4 cm < X < 4 cm). The mean velocities are negligible compared to the
magnitude of the turbulent intensity level.
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Figure 6. Distribution of the measured flow velocity when s = 0.5 cm and f = 3 Hz: (a) instantaneous
velocity field of zone B2; (b) mean velocity along the X direction.

The RMS velocities of two components at zone A2-B2-C2 are shown in Figure 7. Results indicate
that the RMS velocities near the grids are relatively big, and decay with the increasing distance from the
grid, then become constant near the core region of the water tank (—4 cm < X < 4 cm), consistent with
the previous results by using a pair of oscillating girds [7,40].
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Figure 7. The RMS velocity when s = 0.5 cm and f = 3 Hz: (a) u component; (b) w component.

Usually, u was always smaller than w by the vertical oscillating grid in previous studies, and a ratio
of u/w being 0.8-0.9 was obtained. Comparatively, the advantage of this study is that a relatively
stable ratio of u/w being 1.5-2.0 in the core region (—4 cm < X < 4 cm) is obtained as shown in
Figure 8, which agrees with those measured in open-channel flows [42]. The result indicates that
the turbulent intensity level in the oscillating direction is always bigger than that in other directions,
and the horizontal oscillating grid may be more appropriate when studying the fundamental turbulent
mechanisms in open-channel flows.

Figure 8. Variation of the ratio of u/w along the X direction when s = 0.5 cm and f = 3 Hz.

The spatial distribution of the Reynolds stress (—uw) along the X direction is shown in Figure 9,
each vertical line in the figure represents the biggest variation amplitude of Reynolds stress at the Y
direction. It can be seen that the Reynolds stresses deviate from zero near the grids and the variations
are also relatively big, while the turbulence is nearly shear-free with small variations at the core region
of the water tank (-4 cm < X < 4 cm).

10 I I I I
o5 | | | |
Bol-- ey | e T T
3 | | | |

P st | | | |

_10 1 h L 1 1

-15 -10 -5 0 5 10 15
X /cm

Figure 9. The spatial distribution of Reynolds stress and the variations when s = 0.5 cm and f = 3 Hz.

The integral length and time scales are calculated as follows:

L= f(;ooﬁ(r)dr,T = fomﬂ(’c)d’c (©)]
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where fj and f; are spatial and time correlation functions r and 7 are space and time intervals and L and
T are integral length and time scales. The integral length scale is linearly proportional to the distance
from the grid for the oscillating grid turbulence generated by a single grid [37,46]. Using a pair of
grids, Srdic et al. (1996) and Shy et al. (1997) found that the integral length scale was almost constant in
the central region of the water tank [39,40], while Schulz et al. (2006) suggested a combination of two
linear trends for the upper and lower sides between the grids [7]. In this study, both the longitudinal
and vertical length scales are first calculated at each distance from the grid, then the total integral
length scale L is obtained using the previously used method [7]. Figure 10a shows the distributions
of L, indicating that the integral length scale is about 2.4 cm in the core of the two internal grids and
decreases away linearly from the core. Additionally, the calculated integral length scale is consistent
with the eddy size in Figure 6a. Hannoun (1988) stated that the integral time scale increases linearly
with the distance from the grid [3], and Shy et al. (1997) suggested a nearly constant value in the core
region [40]. Figure 10b shows the distributions of T, illustrating that the integral time scale is about
2 s in the core of the two internal grids and decreases away from the core. Thus, the integral velocity
scale in the core region of the water tank is about 1.2 cm/s, which is consistent with the magnitude of
turbulent intensity level.

o
T

—

Length scale / cm
Time scale / s

Y
X/em

(b)

Figure 10. Spatial distribution of the integral scale at different X position when s = 0.5 cm and f = 3 Hz:

(a) integral length scale; (b) integral time scale.

Based on the measurements of the sampling frequency of 1000 Hz, the frequency spectra at the
core of the two internal grids are presented in Figure 11. It can be seen that all the frequency spectra in
the inertial subrange at different elevations exhibit a slope of —5/3, obeying Kolmogorov’s theory.

10000

1000

=100
)
23
= 10 Z=40cm \
------- Z=80cm i
— - —-Z=110cm
1
0.1 1 10

Frequency /Hz
Figure 11. Frequency spectra at different elevations when s = 0.5 cm and f = 3 Hz.
Additionally, the dissipation rate is calculated using ¢ = 15v(du/ Bx)2 [16,18], where v is the

kinematic viscosity and is 1 x 107® m?s™! for water temperature being about 20 °C in this study.
The dissipation rates at different zones are given as shown in Figure 12.



Water 2020, 12, 591 9of12

Zone B1 ¢ Zone B2 ¢ Zone B3 o

3 8 3 8 3 8

2 2 ! 2 F ' J

1 E 1 ! 1 ’

g s § \ s § s

NS , N P SOF "

-1 . 3 -1 3 a1k 3
‘N '

- 2 » 2 - | ' 2

- 1 - 1 - '~ 1
3 1 n n n 3 -3 n n L A \ N

4 3 22 1.0 1 2 3 4 4 -3 -2 1.0 1 2 3 4 4 -3 -2 1.0 1 2 3 4
X/cem X/ em X/ em

Figure 12. Dissipation rate contours at different zones when s = 0.5 cm and f = 3 Hz.

The dissipation rate is mainly between 1 to 2 (107> m?s~2), consistent with the range of 10~ to
10~* (m?s73) in the natural flow environments [47]. The averaged dissipation rate of three zones is
about 1.27 x 10~° m?s3, which is used to determine the Kolmogorov length scale as 1 = (v3/e)/* =
0.53 mm and the Kolmogorov time scale as 7 = (v/e)/2 = 0.28 5. The Kolmogorov length scale also
agrees with the observed range of 0.4 to 2 mm in natural environments [48]. The values of the integral
length scale and Kolmogorov length scale of the proposed apparatus basically span the typical sizes of
suspended particles in natural flow environments. According to the Kolmogorov time scale in this
study, the dissipation range is reached when the frequency is more than about 4 Hz, and the frequency
spectra become steep, as shown in Figure 11.

In summary, a region of shear-free turbulence is generated at the core region of the water tank,
probably —4 cm < X < 4 cm, where the mean velocities are homogeneously zero, the ratio of u/w is
1.5-2.0, the turbulent intensity level does not decay, the integral length and time scales are nearly
constant and the dissipative range is covered.

3.3. Influence of Stroke and Frequency on Turbulent Intensity Level

The RMS velocity and RMS of fluctuating velocity under different strokes and frequencies are
plotted in Figure 13. It can be seen that the u, w and g are independent of X and increase with the
increasing product of stroke and frequency, and u/w is always between 1.5 and 2.0 in the suggested
region of shear-free turbulence.
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Figure 13. Turbulent intensity level (nondimensionalized using their reference values at X = 0,
fs = 0.5 cm/s) under different strokes and frequencies: (a) u component; (b) w component; (c) g; (d) u/w.
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According to Figure 13, the RMS velocity and RMS of fluctuating velocity are linearly proportional
to the product of oscillating frequency and oscillating stroke (fs, which has a dimension of cm/s),
leading to the following Equation (4) through regression analysis.

u=197fs,w=1.13fs,q = 1.61 fs 4)

Noting that one mesh size is used in the experiments and the mesh size is not included in the
above equation.

4. Conclusions

Shear-free turbulence is of extreme interest in studying the turbulence mechanisms and
particle-turbulence interactions in open-channel flows. However, the previously used vertical
oscillating grids may introduce the inertial influence on vertical migratory behavior, and usually lead
to the ratio of u/w being 0.8-0.9, which is approximately 1.5-2.0 yet in open-channel flows. This work
employs four horizontal oscillating grids to generate a stationary shear-free turbulent flow field in the
center of the water tank, and can be important for turbulence studies. The as-generated turbulence has
the following characteristics and advantages:

(1) The time-averaged mean flow velocities are homogeneously zero over the center of the water
tank, and are negligible compared to the magnitude of the RMS velocities.

(2) Driven by horizontal oscillation, ratios of u/w being about 1.5-2.0 are obtained in the center of the
water tank, consistent with those in open-channel flows, and the turbulent intensity almost does
not decay.

(3) The integral length scale and Kolmogorov length scale cover the common sizes of the suspended
particles in natural flow environments, and the dissipation rate range also agrees with the values
found in natural environments.

(4) The turbulent intensity level presents a linear relationship with the product of oscillating stroke
and frequency in the center of the water tank, and a formula is suggested to calculate the RMS
velocity for the convenience of practical application.

The proposed horizontal oscillating mode may eliminate the vertical inertial influence, and should
be more appropriate for studying the vertical migratory behavior. In terms of the influences of
oscillating frequency and stroke, only the turbulent intensity level is investigated, the change of the
shear-free region needs further studies and a larger shear-free region is expected to be achieved due to
the large water tank in this study.
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