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ABSTRACT: A fishway can assist fish species in overcoming barriers to migration, which depends on the eco-hydraulic
characteristics of the fishway. Based on the tail fish benefiting when at the rear of a school than when at the front, and taking into
account most anadromous fish species being characterized by egg-shaped morphology, the turbulent characteristics of an egg-
shaped orifice fishway were experimentally studied in a fishway flume, a comparison with a rectangular orifice fishway with the
same aspect ratio was made. The results showed that the maximum longitudinal velocity for the egg-shaped orifice decays faster
than that for the rectangular one, the longitudinal velocity profile exhibits two peak values, while the corresponding velocity
distribution for the rectangular orifice only reveals one peak, peak values of turbulence intensity on the different horizontal plane
of egg-shaped orifice occur in the orifice edges, the larger turbulence intensities still exists in the central besides the edges for the
rectangular orifice, Reynolds stress reaches peak value at the orifice edges, Auto-correlation coefficient of longitudinal velocity
within orifice region is of small amplitude and short period relative to the outside the orifice region, microscale eddies within the
orifice region were larger than those outside, mean scale of eddy is of larger variation and shorter period, and develops outside the
orifice region, frequency-spectrum of velocity fluctuation exhibits dominant frequency in the low-frequency domain.

Keywords: Fishway; Egg-shaped orifice; Rectangular orifice; Three-dimensional velocity; Velocity vector field; Turbulence
intensity; Reynolds stress; Correlation function; Turbulence scale
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1. Introduction

Hydraulic structures, such as sluices and dams in rivers, affect the natural habitat environment of fish species,
especially hindering migratory fish spawning, feeding, and overwintering [1]. In general, a fishway is arranged in
hydraulic structures to provide a passageway for migratory fish and to maintain biological diversity. As indicated by
the investigated data, the built operation fishways that allow fish to swim through smoothly are much lower than
anticipated [2]. Based on the monitoring data of Atlantic salmon migration over 30 years, Parrish et al. [3] warned about
the effectiveness of fishways. Therefore, it is of great importance for the rehabilitation of fish habitat to further study
the hydraulic characteristics in fishways, especially the turbulent characteristics in fishways.

The general principle of fishways is to attract fish to a specific location in the river downstream of the obstruction
to induce them to pass upstream by a waterway. Upstream passage can be provided through several types of fishways,
including pool-type [4], Denil type [5] and nature-like bypass channel [6] efc. The pool-type fishways can be divided
into vertical slot, overflow weir, orifice and their combined ones, which are widely used in the world. The principle of
the pool-type fishway is separated into a series of pools by baffles. Flow from one pool to another can be either by
overflow weir, through orifice, or through a vertical slot. Combined fishways with part of the flow through a notch, a
vertical slot in combination with an orifice [7,8]. Whether the fishway flow field design is reasonable key to the fishway
to exert its fish-passing effect [9,10]. A vertical slot fishway was built in the Hell’s Gate fishway of Canada [11]. Flow
patterns, slot position, turbulent kinetic energy, eddy structures, and water level fluctuations in the vertical slot were
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studied [12—-14]. Hydrodynamic parameters, fish passage efficiency, fish swimming behavior and fish swimming
trajectories in a vertical slot fishway were estimated [9]. Li et al. investigated the effect of vertical slot width on
hydraulic characteristics [12]. Zheng et al. explored the effect of the type of vertical slot guide wall on flow fields [13].
Wang et al. [15] studied the hydrodynamic characteristics in resting pools of a vertical slot fishway, focusing on the
influence of vertical slot position, resting pool length and auxiliary baffle on the hydraulic characteristics of the resting
pools located in the straight and turning sections. Also, Puertas et al. [16], Dong et al. [17], Cao et al. [18], Tan et al.
[19] experimentally investigated flow characteristics in a vertical slot fishway. For the last few years, many researchers
[20—-27] utilized computational fluid dynamics to numerically simulate hydraulic characteristics in vertical slot fishway,
for example, numerical simulation of the flow structures in vertical slot fishways indicated that the length-width ratio
of the pool had a significant effect on flow patterns, and the effect of the central baffle was minor [21]. Numerical
results for a 90° turning pool of the vertical slot fishway showed that the main stream zone was located in the middle
of the 90° turning pool after the installation of the rectifier plate [25]. A great deal of research work has been done on
vertical slot fishways. Recently, Sun et al. summarized the theory and method of hydraulic design in a vertical slot
fishway [28]. For fish preference for jumping or swimming in the surface layer, the flat-crested or notched overflow
weir fishway is widely used for the swimming behavior of fish [29]. For orifice fishways, the conventional orifice shape
is rectangular or circular. The flow characteristics are characterized by three-dimensional submerged jets [30,31]. The
turbulent structures in rectangular central and bottom orifices of the fishway of the tidal sluice complex were
experimentally studied [32]. Despite extensive research on vertical slots, overflow weirs and rectangular orifice
fishways, little is known about egg-shaped orifice fishways. It was found that the morphology of most anadromous fish
species is characterized by egg-shaped aspects. A conceptual egg-shaped orifice fishway was developed [33].

In the past, the study of fishways focused on one-dimensional flow characteristics. Actually, fish species live in a
three-dimensional space, being able to sense changes in the flow field, relative position and tail-beat phase difference
with their neighbors using both vision and the lateral-line system [34]. The studies on the effects of turbulence on fish
behavior, energy, and distribution indicated that fish benefit from turbulence; for example, adult rainbow salmon
benefited from vortex energy when swimming in Karman vortex street behind an obstacle [35]. The similar
experimental results indicated fish could benefit from vortex [36—38]. Fish swimming behavior involves complex fluid-
structure interactions, Mi et al. [39] used CFD OpenFOAM to simulate circular swimming behaviors of fish within
offshore aquaculture environments. The simulated results highlight that circular swimming generated distinct vortex
structures, enhancing water mixing and significantly improving oxygen distribution in regions of poor circulation. To
investigate the hydrodynamic performance of double manta rays swimming in a staggered formation with different
combinations of vertical and streamwise spacing, a three-dimensional computational model and kinematic equations of
manta rays were established based on biological observations [40], showing that the streamwise spacing was the main
factor affecting the propulsive performance of manta rays in staggered groups. Pan et al. [41] numerically investigated
the hydrodynamics interactions between a pair of 3D fish-like bodies arranged in both in-line and side-by-side
configurations. The morphology and kinematics of fish-like bodies were modeled on a live rainbow trout observed
during steady swimming in the laboratory. The findings indicated that the hydrodynamic performance of individual fish
in both arrangements was influenced by their spatial separation when in close proximity as well as by the relative phase
difference between the two fish. In the case of in-phase in-line schools, the leading fish experienced a 5.3% increase in
propulsive efficiency. Fish behavior is strongly influenced by hydrodynamics, but little is known about the relation
between hydraulics and fish fine-scale movement. Silva et al. [42] combined computational fluid dynamics modeling
with 2D and 3D fish positioning to investigate the relation between hydrodynamics and the downstream movement of
Atlantic salmon smolts, which showed fish used fine-scale flow velocity and turbulence as navigation cues of fine-scale
movement behavior. Padgett et al. [43] modeled the swimming performance of elvers using cellular automata (CA) and
individual-based models. A computational fluid dynamics model was used to compute three-dimensional flow fields
for eel passes at five different installation angles and three inflow discharges. CA and individual-based models were
employed to assess upstream passage efficiency for a range of elver sizes. In this paper, the turbulence characteristics
in an egg-shaped orifice fishway were experimentally investigated and analyzed, and a comparison was made with a
rectangular orifice fishway of the same aspect ratio.
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2. Materials and Methodology
2.1. Experimental Facility

The experimental study was carried out in a large scale fishway flume. The fishway flume consisted of inflow,
working and outflow sections as shown in Figure 1. The flume is 20 m long, 60 cm wide and 100 cm deep. The baffle
spacing L = 180 cm. Flow rate was measured using a tail rectangular weir in the flume, and water level by the Sinfo
Tek automatic water level measuring system. Three-dimensional velocity at each measuring point was measured with
SonTek16MHz Micro acoustic Doppler velocimeter (ADV, SonTek, San Diego, CA, USA) carried by a Sinfo Tek
acoustic topographic automatic measuring system, as shown in Figure 1b, which consisted of a 3D down-looking probe,
a 3D side-looking probe, a processor, a computer and a data acquisition system. The sampling frequency of 25 Hz and
the sampling duration of 60 s were selected based on a comparison with the durations of 30 s and 90 s. The control
volume at each point was 0.09 cm’, the signal to noise ratio SNR > 15 dB, and the correlation approached 90%. Three
replicate instantaneous velocities were realtimely acquired, and then an average of three measurements was taken. If
the correlation of the acquired data was lower than 80% or the data variability occurred, the supplementary measurement
was added. The positioning accuracy is less than 1 mm, the distance of the probe from the sampling point is 5 cm, and
the measurement accuracy of velocity is 1%. Measuring velocity range is 0.03—2.5 m/s. For the egg-shaped orifice at Q
=24 L/s, Reynolds number of the orifice in terms of hydraulic radius Re = 36,218 > 580, it belongs to turbulent flow,
and Froude number of the pool Fr = 0.038 < 1, it belongs to subcritical flow; also, for the egg-shaped orifice at Q = 32
L/s, Re = 48,230, Fr = 0.047; for the rectangular orifice at Q =37 L/s, Re = 46,080, Fr = 0.053.

- " 20m 5
Flow
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:&:D > o -— Baffle g
hoA
Inflow section Working section Outflow section

(b)

Figure 1. Fishway flume. (a) Plan view of fishway flume; (b) Experimental setup of fishway flume.

2.2. Materials and Methods

The inflow and outflow sections were fabricated by a steel plate; the working section mainly contained 4 pools,
which exhibited a stepped layout from the lower pool to the upper one, and a drop between the neighboring pools was
5 cm. Both sides of the flume were installed with toughened glass and the baffles with a polyethylene plate. The orifice
shape is egg-shaped, consisting of an upper semi-circle and a lower semi-ellipse as shown in Figure 2a. The egg-shaped
orifice is located in the centerline of the baffle, the long axis of the orifice / = 24 c¢cm, and the short axis d = 16 cm; the
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long semi-axis of the lower semi-ellipse a = 16 cm, and the short semi-axis b = 8 cm, with the aspect ratio e = d/[ =
0.67. The coordinates of the flume are shown in Figure 2b, the origin located at the central point of the baffle bottom,
the flow direction refers to the x-axis, the transverse to the y-axis, and the vertical to the z-axis. The experimental
arrangements: based on three typical flow rates O = 24, 32 and 37 L/s, different horizontal planes z = 49.5, 45.5, 41.5,
37.5, 33.5,29.5, 25.5, 21.5, 17.5 and 13.5 cm were measured at each flow rate, different cross-sections x = 10, 15, 20,
30, 50, 70, 90, 110, 130, 150, 160, 165, 170 and 175 cm were laid on each horizontal plane, and different measuring
points y = —20, —12, =8, 4, 0, 4, 8, 12 and 20 cm were arranged at each cross-section.

1 A
i i
Semi-circle _._jc.m e 1!‘3('“1._
= B §
& i 2 S
Semi-cllipse 1
:I ' Ei
1 4] f' y-__ 1 o 2' Y -
L. 60cm o le B60cm ol
(a) (b)
- Pool 3
Y Flow direction
ﬂ.
(4] >
X
(c)

Figure 2. Egg-shaped orifice and coordinate system. (a) Egg-shaped orifice; (b) Rectangular orifice; (¢) Coordinates definition of
flume (The pool is 180 cm long, 60 cm wide and 100 cm deep).

3. Results and Discussion
3.1. Velocity Vector

Velocity vectors on different horizontal planes and longitudinal profiles of egg-shaped orifice fishway pool are
shown in Figures 3 and 4. It follows from the figures that jet issuing from an egg-shaped orifice diffuses in the pool,
expanding to both sides on the horizontal planes and up and down on the longitudinal profiles, and exhibiting the
convergent trend near the lower baffle. A three-dimensional turbulent jet was formed after flowing through the egg-
shaped orifice, and the velocity decays along the flow direction due to entrainment and mixing of jet.
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Figure 3. Velocity vector on different horizontal planes of egg-shaped orifice (The jet issues from the left end). (a) Horizontal plane
at the focus of lower semi-ellipse; (b) Horizontal plane at the short axis of the lower semi-ellipse.
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Figure 4. Velocity vector on different longitudinal profiles of egg-shaped orifice (The jet issues from the left end). (a) Longitudinal
profile at the long axis of the lower semi-ellipse; (b) Longitudinal profile at 35/4.

3.2. The Maximum Longitudinal Velocity

On the longitudinal profile at the long axis and horizontal plane at the short axis of egg-shaped orifice, variations
in the maximum longitudinal velocity along the flow direction are shown in Figure 5, and a comparison with a
rectangular orifice with the same aspect ratio (width to height ratio) is made. As can be seen from the figure, the
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variations of the maximum longitudinal velocity along the flow path on the horizontal plane and the longitudinal profile
exhibit similarities. Under the two typical flow rates for egg-shaped orifice, all the experimental point data get together,
exhibiting a better change trend and decaying along the flow direction. A comparison of variations of the maximum
longitudinal velocity along flow direction on the horizontal plane and longitudinal profile between the egg-shaped
orifice and the rectangular orifice showed that the decay of the maximum longitudinal velocity along flow direction for
the egg-shaped orifice was faster than that for the rectangular orifice at the same water level. The maximum velocity
decays faster for the egg-shaped orifice due to its bluff-body nature and the associated enhanced mixing and energy
dissipation caused by more vigorous vortex generation. The complex three-dimensional jet and wake result from the
egg-shaped geometry, which is created by a bluff face in the flow.

| Egg-shaped(Q=24L/s)
1.2 r oo.shaped(O=32
AN, | Egg-shaped(Q=32L/s)
A Rectangular(Q=37L/s)
A
Lr .= —Eq.(2)
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Figure 5. Variation in the maximum longitudinal velocity along flow direction for egg-shaped and rectangular orifices. (a) Variation
of the maximum longitudinal velocity along flow direction on the horizontal plane (The velocity for the egg-shaped orifice decays
more rapidly than that for the rectangular one); (b) Variation of the maximum longitudinal velocity along flow direction on the
longitudinal profile.

For an orifice jet, the decay of longitudinal velocity typically follows a power law, which can be approximately

expressed as
u x\ (-n)
max _ A (_) (1)
U L

where uq represents the maximum longitudinal velocity, U denotes the cross-sectional mean velocity at the orifice, 4 is
the decay coefficient, and # is the decay exponent. Larger n value indicates faster velocity decay. On the horizontal plane,
fitting the data in Figure 5, the decay rates of the maximum longitudinal velocity for the egg-shaped and rectangular
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orifices can be expressed as Equations (2) and (3), respectively. The egg-shaped orifice exhibits a larger decay exponent,
with its maximum longitudinal velocity decay approximately 10% faster than that of the rectangular orifice.

u ¥+ (=0.528)

’Z‘” = 0.267 (Z) @)
Umax _ xy (70:48)

= 0.344 (Z) 3)

On the longitudinal profile, the decay rates for the maximum longitudinal velocity of the egg-shaped and
rectangular orifices are given by Equations (4) and (5), respectively. The egg-shaped orifice also shows a larger decay
exponent, with its maximum longitudinal velocity decay approximately 15% faster than that of the rectangular orifice.

u 5+ (—0.55)
% = 0.25 (Z) )
Umax _ xy (70-52)
5 = 0302 (Z) (5)

3.3. Three-Dimensional Time-Averaged Velocity

Under the typical flow rates, non-dimensional distribution of longitudinal time-averaged velocity u along the
transverse for egg-shaped orifice is shown in Figure 6. It follows from the figure that the maximum velocity occurs at
the long axis of the egg-shaped orifice, and gradually decreases toward the left and right non-orifice region. In the figure,
the Gaussian distribution of the plane jet Equation (1), is also plotted for comparison. It is easy to see that the egg-
shaped orifice jet is apparently different from the two-dimensional plane jet, which is considerably characterized by
three-dimensionality. The complex three-dimensional jet results from the egg-shaped geometry, which is created by a
bluff face in the flow. This profile strongly suggests the presence of two counter-rotating vortex pairs or a complex
system of streamwise vortices generated at the upper and lower lips of the orifice.

u Y2

5=~ | ©
where u denotes longitudinal time-averaged velocity, U longitudinal mean velocity at the orifice cross-section, y
abscissa, B pool width.
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Figure 6. Transverse distribution of longitudinal velocity on the horizontal plane at the short axis of the egg-shaped orifice (It is
considerably characterized by three-dimensionality, apparently different from a plane jet).
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Transverse non-dimensional distribution of longitudinal velocity on different horizontal planes for both egg-shaped
and rectangular orifices at the same water level is shown in Figure 7. We can see from the figure that longitudinal
velocity distributions for egg-shaped orifice are not characterized by two-dimensional plane jet at R/2 in upper semi-
circle, short axis and focal point in lower semi-ellipse of the orifice; correspondingly, the characteristics occur at same
positions for rectangular orifice, and the similarity of velocity distribution on each cross-section along flow direction
does not exist. On the horizontal plane at R/2 in the upper semi-circle of the orifice, the velocity close to the rectangular
orifice is higher than that close to the corresponding egg-shaped orifice, and the velocity distribution for the rectangular
orifice appears to be broad. On the horizontal plane at the short axis of orifice, velocity distribution both egg-shaped
orifice and rectangular orifice is similar; and on the horizontal plane at the focal point of lower semi-ellipse, velocity
for the egg-shaped orifice is much higher than that for the rectangular orifice, and velocity distribution for the egg-
shaped orifice seems to be steepening, whereas velocity distribution for the rectangular orifice becomes flattening.
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Figure 7. Transverse distribution of longitudinal velocity on different horizontal planes for egg-shaped and rectangular orifices
(Poor similarity). (a) Transverse distribution of longitudinal velocity on the horizontal plane at R/2 in the upper semi-circle of the
orifice; (b) Transverse distribution of longitudinal velocity on the horizontal plane at the short axis of the orifice; (¢) Transverse
distribution of longitudinal velocity on the horizontal plane at the focal point in the lower semi-ellipse of the orifice.

Vertical non-dimensional distribution of longitudinal time-averaged velocity u on the longitudinal profile at the
long axis of egg-shaped orifice is shown in Figure 8. It can be seen that two peaks of longitudinal velocity # occur along
the vertical distribution, exhibiting saddle-shaped distribution, the peak values located at the short axis and focal point
in the semi-ellipse, and the saddle-shaped trough value at //2 of the orifice. As we know, for the circular jet, in the zone
of established flow, the velocity profile exhibits a Gaussian distribution. For the egg-shaped jet, the velocity profile is
saddle-shaped, which means that two virtual origins exist in the egg-shaped orifice. However, there is only one peak in
the corresponding velocity distribution for the rectangular orifice as shown in Figure 9a. Vertical distribution of
longitudinal velocity on the longitudinal profile at b/4 of the short axis is similar to the case at the long axis; the
difference is that the curve becomes more steepening as shown in Figure 9b.

22
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Figure 8. Vertical distribution of longitudinal velocity on longitudinal profile at the long axis of egg-shaped orifice (Exhibiting two
peaks).
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Figure 9. Vertical distribution of longitudinal velocity on different longitudinal profiles for egg-shaped and rectangular orifices
(The egg-shaped orifice exhibits two peaks, while the rectangular orifice one peak). (a) Vertical distribution of longitudinal velocity
on longitudinal profile at the long axis of the orifice; (b) Vertical distribution of longitudinal velocity on longitudinal profile at »/4
of the orifice.

Figure 10 shows the transverse distribution of transverse velocity v on cross-section at x/e = 15 for egg-shaped and
rectangular orifices, in which e is the aspect ratio of the orifices, that is

¢=7

where d denotes the length of the short axis, and / length of the long axis.

It follows from Figure 10 that the transverse distribution of transverse velocity for an egg-shaped orifice exhibits
upward convex in the lower semi-ellipse, and downward concave in the upper semi-circle. However, for the same aspect
ratio of a rectangular orifice, the transverse velocity has less fluctuation along the transverse direction and small values.
At the short axis, transverse velocities for both egg-shaped and rectangular orifices are almost the same.
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Figure 10. Transverse distribution of transverse velocity on cross section at x/e = 15 for egg-shaped and rectangular orifices
(Exhibiting upward convex in the lower semi-ellipse, and downward concave in the upper semi-circle for egg-shaped orifice, and
less fluctuation for rectangular one).

Transverse distribution of vertical velocity w on the cross-section at x/e = 15 for both egg-shaped and rectangular
orifices is shown in Figure 11. It can be seen that variation in vertical velocity distribution for egg-shaped orifice at z =
29.5 cm and 41.5 cm is the same as rectangular orifice, that is, downward vertical velocity at long axis and upward
vertical velocity in two sides of the orifices occur, and vertical vortices in two sides of the orifices.
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<
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Figure 11. Transverse distribution of vertical velocity on cross-section at x/e = 15 for egg-shaped and rectangular orifices
(Downward at the long axis and upward on two sides of the orifices).

3.4. Turbulence Intensity

Turbulence intensity reflects the turbulence level of the flow. For the egg-shaped orifice, considering its transverse
symmetry, longitudinal and vertical turbulence intensities were mainly analyzed, and can be expressed as follows

Jur Jw

U U

T, , T, (®)

where U, u', w' denote the mean velocity at the orifice, the longitudinal fluctuating velocity and the vertical fluctuating
velocity, respectively. Horizontal plane (z = 32.5 cm) at short axis and longitudinal profile (y = 0.0 cm) at long axis of
the egg-shaped orifice were chosen to analyze turbulence intensity as shown in Figure 12. We can see from the figure
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that intense turbulence occurs at the left and right edges of the egg-shaped orifice on the horizontal plane and reaches
the maximum value. The larger turbulence intensity is either in the upper part or the lower part of the longitudinal
profile. Totally, turbulence intensity in the orifice region is larger than that in the non-orifice region.
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(b)

Figure 12. Turbulence intensity of egg-shaped orifice (Larger turbulence intensity occurring in the orifice region). (a) 7 distribution
on the horizontal plane at short axis; (b) 7 distribution on the longitudinal profile at the long axis.

Turbulence intensity 7% distribution on the different horizontal planes for egg-shaped and rectangular orifices under
the same water level is shown in Figure 13. It follows from Figure 13 that the variations in turbulence intensity on the
horizontal planes at the upper semi-circle R/2 and short axis for egg-shaped orifice is similar to the rectangular orifice,
exhibiting the larger turbulence intensity at bilateral edges of the orifices. However, the larger turbulence intensity also
occurs in the center of the orifice for the rectangular orifice on the same horizontal plane at the corresponding focal
point of the lower semi-ellipse, and is the maximum value.

On the horizontal plane at upper semi-circle R/2, the peak values of 7 for egg-shaped and rectangular orifices are
35.97% and 40.12%, respectively. That is, the turbulence intensity of the egg-shaped orifice is lower 10.35% than that
of the rectangular orifice; on the horizontal plane at the short axis of the orifice, the peak values of 7 for egg-shaped
and rectangular orifices are 38.74% and 43.83%, respectively. Egg-shaped turbulence intensity is lower 11.63% than
that of rectangular one; on the horizontal plane at the focal point of the lower semi-ellipse, the peak values of 7 for
egg-shaped and rectangular orifices are 30.83% and 44.06%, respectively. Egg-shaped turbulence intensity is lower by
30.03% than that of the rectangular one.
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Figure 13. T, distribution on different horizontal planes for egg-shaped and rectangular orifices (Larger turbulence intensity
occurring at the edges and the central of the orifices). (a) 7 distribution on the horizontal plane at upper semi-circle R/2; (b) T
distribution on the horizontal plane at the short axis of the orifice; (¢) 7 distribution on the horizontal plane at the focal point of the

lower semi-ellipse.

Turbulence intensity 7. distribution on the different longitudinal profiles for egg-shaped and rectangular orifices
under the same water level is shown in Figure 14. As can be seen that a certain variation trend in turbulence intensity
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on the longitudinal profile of egg-shaped orifice exists, exhibiting occurrence of considerable two peaks and saddle-
shaped distribution, and the peaks located at the interface between orifice and non-orifice regions and the troughs at /2.
However, for a rectangular orifice, the fluctuation of turbulence intensity is larger, and the multiple peaks occur and
reaches the maximum value at /2. On the longitudinal profile at the long axis of the orifice, the peak values of 7. for
egg-shaped and rectangular orifices are 27.60% and 41.33%, respectively. Turbulence intensity of the egg-shaped
orifice is lower by 33.23% than that of the rectangular orifice; on the longitudinal profile at 5/4 of the orifice, the peak
values of 7. for egg-shaped and rectangular orifices are 21.67% and 26.51%, respectively. Egg-shaped turbulence
intensity is lower, 18.26% than that of the rectangular one.
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Figure 14. T. distribution on different longitudinal profiles for egg-shaped and rectangular orifices (Saddle-shaped distribution for
egg-shaped orifice, and multiple peaks for rectangular one). (a) 7 distribution on the longitudinal profile at long axis of orifice; (b)
T. distribution on the longitudinal profile at »/4 of the orifice.

3.5. Reynolds Stress
Reynolds stresses on xoy plane, xoz plane, and yoz plane can be respectively written as

u'v’

= ©)

TI(U, 'U) = -
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! !

nww) = - (10)
W) = - (1)

Horizontal plane (z = 32.5 cm) at short axis and longitudinal profile (y = 0 cm) at long axis of egg-shaped orifice
as well as cross-section (x = 10 cm) in the front of pool are taken to analyze Reynolds stress distribution on the different
characteristic planes as shown in Figure 15. It follows from Figure 15 that Reynolds stress in egg-shaped orifice region
is greater than that in the non-orifice region, Reynolds stress on the horizontal plane reaches peak value at left and right
edges of orifice, Reynolds stress on the longitudinal profile develops along vertical direction and reaches peak value at
the focal point of lower semi-ellipse, the larger Reynolds stress also occurs close to the bottom of pool, and the broader
variation amplitude in Reynolds stress in the orifice region on the cross-section exists. Under the condition of the same
water level in the pool, the distribution of Reynolds stress in the rectangular orifice is roughly the same as that in the
egg-shaped orifice. On the horizontal plane, the maximum values are attained at the left and right edges of the orifices,
and the trends of Reynolds stress curves are similar. On the longitudinal profile and the cross-section, the Reynolds
stress fluctuates intensely. On the whole, Reynolds stress within the egg-shaped and rectangular orifice regions is greater
than that in the non-orifice region.

Also, on the horizontal plane (z = 32.5 cm) at short axis, the peak values of Reynolds stress #(u,v) for egg-shaped
and rectangular orifices are 0.04719 and 0.04978, respectively. Reynolds stress of egg-shaped orifice is lower 5.203%
than that of rectangular orifice; on the longitudinal profile (y = 0 cm) at long axis, the peak values of Reynolds stress
n(u,w) for egg-shaped and rectangular orifices are 0.04251 and 0.07456, respectively. Reynolds stress of egg-shaped
orifice is lower 42.986% than that of rectangular orifice; on the cross-section (x = 10 cm) in the front of the pool, the
peak values of Reynolds stress #(v,w) for egg-shaped and rectangular orifices are 0.00792 and 0.01242, respectively.
Reynolds stress of the egg-shaped orifice is lower 36.232% than that of the rectangular orifice.
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Figure 15. Reynolds stress distribution on different characteristic planes of egg-shaped and rectangular orifices (Larger Reynolds
stress occurring in orifice regions). (a) n(u,v) distribution on the horizontal planeof egg-shaped orifice; (b) 7(u,v) on the horizontal
plane of rectangular orifice; (¢) 7(u,w) distribution on the longitudinal profileof egg-shaped orifice; (d) 7(z,w) on the longitudinal
profileof rectangular orifice; (e) #(v,w) distribution on the cross-section of egg-shaped orifice; (f) #(v,w) on the cross-section of
rectangular orifice.

3.6. Auto-Correlation Coefficient of Velocity Fluctuation

The correlation coefficient between two fluctuating components with a time interval 7 at a certain specific point in
the flow field is referred to as the auto-correlation coefficient R, (7), the auto-correlation coefficient of longitudinal

fluctuating velocity at different times can be written as

u,' (O, (t + 1)
\/ul’2(t)\]u/2(t + 1)

where u' denotes the i-direction component of velocity fluctuation.

In the main stream region, two characteristic points (x, y, z) = (10.0 cm, 0.0 cm, 32.5 cm) in orifice region and (x, y,
z) = (10.0 cm, 12.0 cm, 32.5 cm) in non-orifice region on the horizontal plane at short axis of egg-shaped orifice were
taken to analyze the auto-correlation of longitudinal velocity fluctuation as shown in Figure 16. It follows that the auto-
correlation cycle of velocity fluctuation in the egg-shaped orifice region is shorter. The cycle in the non-orifice region is
longer and the amplitude is also larger, so the correlation is better because the velocity in the orifice region is faster and
the turbulence is intense, resulting in the shorter cycle and the lower amplitude of the velocity fluctuation auto-correlation.

R, (7) =

(12)

1.2

0.6 |

/s

()
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Figure 16. Auto-correlation coefficient of velocity fluctuation in different regions of egg-shaped orifice (Shorter cycle and lower
amplitude). (a) Orifice region; (b) Non-orifice region.

3.7. Turbulence Scales
3.7.1. Microscale

Taking a second-order derivative of auto-correlation coefficient with regard to time, we can have the corresponding
micro time scale A, , which is a measure of micro eddy to cause velocity fluctuation and is associated with dissipative

eddies. It can be expressed as

1 1[02R,
2 (13)
t=0

’“:;:_E[W

where 7; denotes the Lagrangian time interval. The characteristic points (x, y, z) = (10.0 cm, 0.0 cm, 32.5 cm) in orifice
region and (x, y, z) = (10.0 cm, 12.0 cm, 32.5 cm) in non-orifice region were taken to analyze the microscales as shown in
Figure 17. It follows that the size of eddy in the egg-shaped orifice region is larger than that in the non-orifice, and eddies
in the non-orifice region vary little with time in the case of the larger flow rate. Fish could benefit from larger microscale
eddies within the orifice region, and could also benefit from the vortex energy in the form of a ski-jump among the vortices,
and could reduce the muscle activity. Also, fish could utilize vortex zones to minimize its energy expenditure.

12

0.6

/s

()
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Figure 17. Turbulencemicroscalein different regions due to an egg-shaped orifice (Larger eddy within the orifice region). (a) Orifice
region; (b) Non-orifice region.

3.7.2. Integral Scale

Integrating the auto-correlation coefficient with regard to time, we can obtain the corresponding integral time scale
A, , which measures the average size of coherent eddies in a turbulent flow field, and it approximates the size of the

energy-containing eddies that fish may exploit or avoid, it can be written as
T
0

The same characteristic points (x, y, z) = (10.0 cm, 0.0 cm, 32.5 cm) in orifice region and (x, y, z) = (10.0 cm, 12.0 cm,

32.5 cm) in non-orifice region were taken to analyze the integral scale as shown in Figure 18. We can see from the figure that

mean scale of eddy in the non-orifice region is larger than that in the orifice region, and the cycle is obvious, eddy grows

better in the flow field. The curve in the orifice region fluctuates intensely, and the cycle is smaller. Totally, eddies in the
orifice region vary apparently in mean scale; the cycle is smaller, and eddies develop in the non-orifice region.
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Figure 18. Integral scale of turbulence in different regions due to an egg-shaped orifice (Eddies within orifice region vary in integral
scale). (a) Orifice region; (b) Non-orifice region.

3.8. Frenquency-Spectrum Characteristics of Velocity Fluctuation

The frequency spectrum of velocity fluctuation reflects the distribution of fluctuating energy in the frequency
domain. It can be expressed as

2
G(f) = ZIR(FT)) (15)

where G(f) denotes the power spectrum T = NAt, N denotes sample size, taking 1024, Atsampling time step, f
Nyquist frequency; F,(f,T) the Fourier transformation of the instantaneous velocity series, and n series number.

The power spectra of longitudinal and transverse velocity fluctuations at a specific measurement point (x, y, z) =
(90.0 cm, 0.0 cm, 37.5 cm) in the shear layer downstream of the orifice are analyzed. As shown in Figure 19, both the
longitudinal and transverse velocity spectra exhibit dominant frequencies in the low-frequency domain (< 50 Hz). The
fluctuating energy gradually decreases with a decrease in the amplitude of the power spectrum. In contrast, the
transverse velocity spectrum exhibits multiple distinct peaks.
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Figure 19. Spectral characteristics of velocity fluctuation at specific points (x/L = 0.50) for egg-shaped and rectangular orifices. (a)
Longitudinal velocity fluctuation; (b) Transverse velocity fluctuation.

Figure 20 shows the spectral characteristics of velocity fluctuation at different measurement points on the
horizontal plane of the short axis of the egg-shaped orifice. It can be seen that the power spectra of transverse velocity
fluctuations at different locations exhibit multiple identifiable peaks than that of longitudinal velocity fluctuations, and
multiple Strouhal numbers exist in the flow field, however, without a single predominant value. Vortex shedding of
different sizes mutually couple in the flow field, indicating a more complex phenomenon than the regular Karman
vortex Street. It follows that the egg-shaped orifice exhibits fewer discernible spectral peaks compared to the rectangular
orifice, which means its vortex shedding may be of stronger coherence and periodicity.
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Figure 20. Spectral characteristics of velocity fluctuations at different points for egg-shaped and rectangular orifices. (a)
Longitudinal velocity fluctuation (x/L = 0.28); (b) Transverse velocity fluctuation (x/L = 0.28); (¢) Longitudinal velocity fluctuation
(x/L = 0.39); (d) Transverse velocity fluctuation (x/L = 0.39); (e) Longitudinal velocity fluctuation (x/L = 0.50); (f) Transverse
velocity fluctuation (x/L = 0.50).

4. Conclusions

Through the experimental study on the turbulent characteristics of an egg-shaped orifice fishway and a comparison

with a rectangular orifice, and based on the statistical theory of turbulence, we can draw some conclusions as follows:

(M

2

3)

After issuing from the egg-shaped orifice, the three-dimensional turbulent jet was formed. Under the same test
conditions, the maximum longitudinal velocity for the egg-shaped orifice decays faster than that for the rectangular
orifice along the flow direction.

The longitudinal velocity on the horizontal plane of the egg-shaped orifice was approximately Gaussian
distribution, but different from the two-dimensional plane jet, which was apparently characterized by three-
dimensionality. The longitudinal velocity on the longitudinal profile exhibited saddle-shaped distribution. The
transverse velocity exhibited a downward concave in the upper semi-circle of the egg-shaped orifice and an upward
convex in the lower semi-ellipse, while variation in the transverse velocity was smaller for the rectangular orifice.
The same variation trend in vertical velocity for the egg-shaped and rectangular orifices existed, and the vertical
vortices occurred on the two sides of the orifices.

Turbulence intensity on the horizontal plane reached the extreme values on the two sides of the egg-shaped orifice,
while for the rectangular orifice, besides the two sides of the orifice, the largest turbulence intensity also occurred
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at the long axis of the orifice. Turbulence intensity on the longitudinal profile of the egg-shaped orifice exhibited
a saddle-shaped distribution.

(4) Reynolds stress in the egg-shaped orifice region was larger than that in the non-orifice region, reaching peak values
at the edges of the orifice on the horizontal plane and at the focal point of the lower semi-ellipse, and vertically
spread on the longitudinal profile. The larger Reynolds stress also occurred on the pool bottom, and the larger
changing amplitude of Reynolds stress existed in the orifice region on the cross-section. The variation in Reynolds
stress in the rectangular orifice is roughly the same as that in the egg-shaped orifice.

(5) The amplitude of the fluctuating velocity autocorrelation coefficient in the orifice region was smaller than that in
the non-orifice one, and the cycle was shorter. The scale of the eddy in the orifice region was larger than that in
the non-orifice one, and it decreased with an increase in flow rate. The mean scale of eddy in the orifice region
greatly varied with the increase in flow rate, and the cycle was shorter. And eddy spread in the non-orifice region.

(6) Both the longitudinal and transverse velocity spectra exhibit dominant frequencies in the low-frequency domain (f
< 50 Hz). Fluctuating energy gradually decreases as the amplitude of the power spectrum decreases. The power
spectra of transverse velocity fluctuations at different locations exhibit multiple identifiable peaks than that of
longitudinal velocity fluctuations. Vortex shedding is of stronger coherence and periodicity.

This study is preliminary, focusing on turbulence characteristics of an egg-shaped orifice fishway. In the future,
the authors will combine the current observed turbulence characteristics with fish behavior through fish tests, and make
a comparison of fish preference between egg-shaped and rectangular orifices. The authors will apply these experimental
results to the practical fishway or improve fishway design.
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