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Splashing is the main atomization source for a jet impinging on a liquid layer.
Increased understanding of splashing rainfall characteristics can help to reduce
the hazard of flood discharge atomization in hydraulic engineering. In this study,
the spatial distribution of splashing rainfall caused by a nappe flow impinging on a
downstream water cushion was experimentally investigated. Effects of the main
hydraulic factors of impingement velocity, unit discharge, and water-cushion depth
on splashing were investigated. The shape of splashing rainfall contours was
approximately elliptical in horizontal planes. Maximum rainfall intensity was in the
surrounding impingement region, and rainfall intensity decreased with an increase in
the distance between the impingement center point and measurement points.
Splashing rainfall intensity increased with increases in impingement velocity and
unit discharge, whereas the opposite was observed with an increase in plunge pool
depth. A gamma distribution described rainfall intensity distribution in the
longitudinal and vertical direction, whereas a Gaussian distribution described
intensity in the transverse direction. A series of empirical relations were proposed.

KEYWORDS

flood discharge atomization, rainfall intensity distribution, splashing test, nappe flow,
plunge pool

1 Introduction

As the infrastructure for the development of hydropower resources, hydraulic projects have
been constructed or are under construction all over the world (Ho et al., 2017; Tang et al., 2019;
Wagner et al., 2019; Lin X. J. et al., 2021; Karami et al., 2022; Shu et al., 2022). In China, the flood
discharges of numerous hydraulic projects are characterized by high falling heights, large
discharge flows, and narrow valleys (Li et al., 2018). Therefore, the problem of flood discharge
atomization is very serious (Yuan et al., 2018). The atomization source mainly plays three parts
in hydraulic projects: liquid jet fragmentation in the air, breakup of twin impinging liquid jets,
and jet splashing. Liquid jet fragmentation in the air is generic to a high-speed liquid jet moving
in initially stagnant air and entraining a large amount of air that leads to a jet breakups into
water blocks and droplets (Reitz and Bracco, 1982; Blaisot and Adeline, 2003; Ma et al., 2016).
The breakup of twin impinging liquid jets typically changes the jet movement directions and
disintegrates into water ligaments and droplets (Yuan et al., 2018). The jet splashing
atomization involves the impingement between a liquid jet and a quiescent pool, which
includes additional forms of splashing droplets and water mist (Figure 1). This type of
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FIGURE 1
Flood discharge atomization induced by release from dam surface
orifices at the Jinping-1 Hydropower Station.

atomization is most likely observed in high-head dams. The splashing
droplets form an artificial high-intensity rainfall near the
impingement zone. With the assistance of nappe and valley winds,
droplets diffuse to downstream of and over the dam, with larger
droplets settled as rain and smaller droplets transported as mist (Liu
etal,, 2015). According to field measurements in the Xiluodu hydraulic
project with a falling height of 190 m (Du et al, 2017), splashing
rainfall intensity exceeds 4700 mm/h, more than 1 km downstream of
the dam is affected, and the height of water mist over the dam crest
reaches 50 m. Such intensity greatly exceeds that of natural rainfall
records, thus, it poses hazards to power station operation, slope
stability, and the ecological environment (Lin L. et al, 2021).
Therefore, understanding the spatial distribution of splashing
rainfall and predicting splashing effects are important components
in the design of large hydropower stations and the surrounding
ecological environment.

To understand the mechanism of flood-discharge atomization and
reduce its harm in hydraulic engineering, many studies have used
prototype observation, physical model experiments, and mathematical
models to investigate how splashing rainfall distribution is affected by
hydraulic conditions (Lian et al., 2014; Liu et al, 2015). Field
measurements have also been used to identify macro-laws and
provide verification for theoretical studies (Liu G. et al., 2020). Sun
and Liu (2003) collected and analyzed existing prototype observation
data and found that the longitudinal range of splashing rainfall is
primarily affected by discharge flow, jet impingement velocity, and
entry angle. Although prototype observation is the most direct method
to study splashing atomization, it requires extensive work, and
stochastic factors can easily affect measurements. In addition, it is
difficult to directly extrapolate measurement results from one specific
project to others. Physical model experiments are effective
supplements to prototype observations because they can examine a
single variable factor and be conducted repeatedly. Zhou et al. (2008)
and Wu et al. (2011) tested different model scales and found flood
discharge atomization is closely related to the Weber number (We).
When the Weber number is greater than 500, the effects of surface
tension and viscous force are relatively weak and have little effect on
the test results, indicating that test results can be scaled up to prototype
dimensions. Liu D. et al. (2020) simplified a jet to horizontal outflow
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from a rectangular nozzle and studied the effect of pressure variation
on rainfall intensity. Based on field and experimental tests, a
mathematical model was developed that is a semi-empirical and
theoretical prediction method. Some researchers (Lian et al., 2014;
2019a; Liu et al, 2015) regarded splashing droplet movement as a
stochastic process and developed a stochastic splash model to predict
rainfall intensity distribution. Liu G. et al. (2020) developed a
numerical atomization model according to the laws of mass
conservation and momentum conservation and a water
transportation equation. However, because of the complexity of
atomization, the accuracy and reliability of current numerical
models should be verified by realistic engineering. According to
various studies (Sun and Liu, 2003; Lian et al,, 2019b), hydraulic
conditions, such as discharge flow and impingement velocity, clearly
have major effects on flood discharge atomization. However, because
of the complexity of atomization and limitations of measurement
methods, the spatial distribution of splashing rainfall has not been
tested in sufficient detail. In addition, the type of spatial distribution
and quantitative effects of different hydraulic parameters on
atomization rainfall intensity remain unclear.

In this study, with the focus on existing problems, the splashing
caused by a high-speed nappe impinging on a plunge pool was
experimentally investigated. Effects of impingement velocity, unit
discharge, and water cushion depth were examined. Flow behaviors
caused by the impingement of a nappe and spatial distribution of
splashing rainfall were also analyzed. Relations between the magnitude
of splashing rainfall and various hydraulic factors are discussed. The
impact outcomes determined in this study can shed light on the
complex dynamics and distributions of splashing rainfall, which are
essential to understand for practical applications.

2 Experimental setup

The experimental study was conducted on a large-scale physical
device designed to study turbulent jets and splashing atomization in
overtopping weirs. The device was assembled at the Chongging
Southwest Research Institute for Water Transport Engineering in
China. All laboratory ventilation openings were closed to avoid any
wind effect on the jets. Figure 2 shows a schematic of the experimental
setup. The setup consisted primarily of a turbulent jet generation
system, a plunge pool, a water circulation system, two lifting systems,
and a rainfall collection platform. The experimental facility allows
researchers to vary falling heights between 3.0 and 6.0 m and flows
from 0.01 to 0.15 m?/s. The coordinate system was built by taking the
center point of the rectangular jet impingement zone as the coordinate
origin, with x-, y-, and z-axes representing longitudinal, transverse,
and vertical directions, respectively.

The moveable inlet channel had a length of 6.0 m and a width of
0.825 m, and it ended in a rectangular sharp-crested weir with a height
of 0.40 m. The water level upstream of the weir was measured with a
ruler, accurate to 0.5 mm. The plunge pool was 5.00 m long, 3.00 m
wide, and 1.35m deep. The space was sufficient to include the
diffusion range of splashing rainfall. The plunge pool was made of
transparent tempered glass to enable observation of inside flow.
Different water cushion depths were analyzed by modifying the
height of the wall on the downstream side.

A rainfall collection platform was customized to collect splashing
rainfall in the horizontal plane (xoy plane in Figure 2) at different
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(A) Experimental setup in the laboratory and (B) schematic of the experimental setup.

FIGURE 3

Rainfall collection platform: 1, rainfall collection panel; 2, rainfall collector; 3, rectangular steel tube; 4, downstream channel centerline; 5, fixing tool; 6,

clip; 7, screw; 8, screw disc; 9, slideway; 10, valve.

elevations. The platform mainly included a moveable rainfall
collection panel, rainfall collectors, and fixing tools (Figure 3).
Eighty (10 x 8 matrix) holes were on the rainfall collection panel
to fix the position of measurement points, and the measurement
points were elevated 11 cm above the panel. The location of the center
point on top of a rainfall collector was defined as the measurement
point coordinate. Rainfall collectors were placed at a constant spacing
of 10 cm in the x-direction, whereas the spacing varied from 10 cm
when y = 0cm-20cm near the longitudinal wall. Because the
splashing rainfall intensity varied from point to point, rainfall
collectors with capacities from 20 ml to 500 ml were used. The top
of a rainfall collector was a short circular tube with a length of 10 cm
and an inner diameter of 1.6 cm. Zhang and Zhu (2013) used bottles
with different bottle-neck diameters (1.52 cm-3.26 cm) to measure the
rainfall intensity distribution of an aerated water jet in the air and
obtained a measurement error of only 3%, which indicated that the
measurement error associated with different bottle-neck diameters is
negligible.
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The center point of the rectangular jet impingement zone was
determined by using the trajectory of the central nappe as proposed
by Scimeni (1930) and also used by Castillo et al. (2014). The

experimental measurement zone was 50cm (x = 50cm)
downstream of the impingement center point and its
downstream area, and various elevations were examined.

Because the nappe was nearly symmetrical in the transverse
direction, only half of the splashing zone was measured in this
study. To measure the rainfall intensity in that zone, a rainfall
collection platform was placed in the first region downstream of the
impingement region to collect splashing water. Next, the entire
platform was moved 0.8 m in the longitudinal direction to the next
measurement region. This step was repeated until the rainfall
intensity was less than 10 mm/h.

After impingement, water flow in the impingement zone and the
near zone rolled, and the water level increased in the plunge pool. To
avoid backwater entering rainfall collectors and affecting splashing
measurement results, the minimum measurement elevation was 20 cm
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TABLE 1 Experimental working conditions.

10.3389/fenvs.2023.1096960

Test g(m?/s) H(m) h(cm) z(cm) V(m/s) Fr Rex10° We?® o()
1-1-(1-5) 0.10 3.50 20-60 20-35 83 13.6 3.1 182 81.6
1-2-(1-5) 0.10 4.00 20-60 20-35 8.9 142 35 199 82.2
1-3-(1-5) 0.10 450 20-60 20-35 9.4 14.8 39 216 82.7
1-4-(1-5) 0.10 5.00 20-60 20-40 9.9 153 42 232 83.1
1-5-(1-5) 0.10 5.50 20-60 20-40 10.4 157 46 248 83.5
2-1-(1-5) 0.14 3.50 20-60 20-35 83 12.0 4.0 207 80.5
2-2-(1-5) 0.14 400 20-60 20-35 8.9 126 45 226 81.2
2-3-(1-5) 0.14 450 20-60 20-35 9.4 13.1 5.0 244 81.8
2-4-(1-5) 0.14 5.00 20-60 20-40 9.9 135 54 263 82.2
2-5-(1-5) 0.14 5.50 20-60 20-40 10.4 139 59 280 82.6
3-1-(1-5) 018 3.50 20-60 20-35 83 109 49 227 79.7
3-2-(1-5) 0.18 400 20-60 20-35 8.9 115 54 247 80.5
3-3-(1-5) 018 450 20-60 20-40 94 119 6.0 268 81.1
3-4-(1-5) 0.18 5.00 20-60 20-45 9.9 123 6.5 288 81.6
3-5-(1-5) 0.18 550 20-60 20-50 104 127 7.1 307 82.0

above the water surface, where there was little effect from
impingement in the plunge pool. With the same hydraulic
condition and location, different collection times (T = 1/6, 1/3, 1/2,
and 1 h) were compared. Ultimately, T'= 1/2 h was selected. To ensure
measurement accuracy, each test was performed twice and an average
was determined. Statistical results show that the relative errors of the
two measurement results are less than 10% for all the tests. Owing to
the randomness of the sizes, ejection velocities, and angles of splashing
droplets, the measurement errors are acceptable. The average rainfall
intensity of a measurement point (x, y, z) was calculated as follows:

V(x92)
AT

Iaye) = (1)
where I (4, is the average rainfall intensity of the measurement point
(x, ¥, 2), A, is the effective collecting area of the collector, T is the
rainfall collection time, and V () is the volume of the corresponding
measurement point.

Table 1 shows the most representative parameters of
75 splashing tests. In this work, three discharges (q), five falling
heights (H), and five water cushion depths (h) were studied. Water-
cushion depths ranged from 20 cm to 60 cm at an interval of 10 cm.
In each test, five to seven elevations (z) ranging from 20 cm to
50 cm were measured at an interval of 3-10 cm. The variable V was
the jet impingement velocity due to the gravity effects, and the little
effect of air-water friction was not considered. Fr, Re and We were
the Froude, Reynolds, and Weber numbers (Pfister and Chanson,
2012; Castillo et al., 2014) for the jet section before the impact with
the water surface of the plunge pool, respectively. The
impingement angle between the jet and horizontal plane was 6,
which was estimated by the nappe trajectory according to Scimeni
(1930). In all tests, the width to depth ratio of the nappe was
between 7.0 and 10.2 at the top of the weir. The lateral width of the
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nappe changed little as it fluctuated in the air (Liu and Liu, 1989).
Although scale effects may occur in a physical model (Heller,
2011), such effects can be reduced by careful choice of
parameters and interpretation of results. According to Pfister
and Chanson (2012), when Re > 2 to 3 x 10° or We®® > 140,
the scale effect is small for high-speed air-water two-phase flow
when Froude similitude is considered.

3 Experimental results
3.1 Jet impact and splashing regimes

Jet impact and splashing phenomena depend strongly on prior
jet deformation and breakup (Lian et al., 2019b). A jet initially has a
smooth surface and then develops nearly axisymmetric
disturbances. Those disturbances increase as the jet moves
downstream, resulting in a jet that is no longer a continuous
mass as soon as the disturbance amplitude reaches the jet
thickness. The distance between the jet exit and breakup point
is called the jet breakup length (L,). Ervine et al. (1997) found that
surface tension and turbulence effects determine the L, and
proposed an experimental equation to estimate L, for a circular
jet. Based on the research by Ervine et al. (1997), Castillo et al.
(2014) conducted further research on nappe flow and provided the

following experimental equation of the breakup length for a nappe:

L, K

= )
B,‘FT"I2 (K(pTuFriz)O.SZ

where K = 0.85 is a non-dimensional fit coefficient; K, is the
experimental term of the turbulence parameter, with K,=1.02 for
two-dimensional nappe flow and K,=1.24 for three-dimensional

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1096960

Sun et al.

FIGURE 4
Jet impact and splashing regimes.

Impingement/7 o %
zone

Edge of splashing zone

FIGURE 5

Diagram of an inclined jet splashing rainfall range in the horizontal
plane and experimental measurement zone in the present study, while
typical rainfall intensity contours are shown in the top right-hand corner.

nappe flow; and B;, Fr;, and T, are the jet thickness, Froude number,
and the turbulent intensity at the issuance conditions, respectively.
Details are provided in Castillo et al. (2014).

According to Eq. 2, the breakup length ranged from 2.7 m to
3.3 m in the present study, which was much smaller than the jet
trajectory length (I). The jet entrained a lot of air, and jet
disturbances became significant when reaching the plunge pool
surface. In the process of impingement, a high-speed shock wave
was generated, resulting in depression and deformation of the
plunge pool surface. Subsequently, jet diffusion, rolling, mixing,
and air entrainment occurred in the plunge pool, accompanied by
strong momentum and energy exchanges. Simultaneously, the
flow velocity near the impingement zone was discontinuous,
which increased the water level and a liquid sheet formed. The
phenomenon was similar to the liquid crown formed by the
impact of a droplet with a liquid surface breakup (Yarin and
Weiss, 1995; Yarin, 2006). The action of surface tension (capillary
instability of the Rayleigh type) caused the liquid sheet to be
unstable, with eventual breakup and formation of ligaments,
blocks, and droplets (Figure 4). Splashing drops moved as
projectiles in the air with different velocities and angles,
resulting in drops that diffused at a distance. Simultaneously,
ligaments and blocks with relatively large volumes were unstable
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FIGURE 6

Typical rainfall intensity distribution in the horizontal planes, with
V=104 m/s,q=0.18 m?/s,h =20 cm, (A) z=20 cm; (B) z = 35 cm; and
(C) z=50cm.

and further breakup into finer droplets. Thus, splashing
atomization rainfall was generated.

3.2 Spatial distribution characteristics of
splashing rainfall intensity

3.2.1 Rainfall distribution in horizontal planes

Rainfall intensity distribution is the most important parameter to
characterize flood discharge atomization, which is also used to classify the
atomization zone. As shown in Figure 5, the shape of splashing rainfall
contours is approximately elliptical in horizontal planes, and the jet
impingement central point does not coincide with the central point of
an ellipse. This has also been observed in circular jet splashing (Liu et al.,
2010) and ski-jump jet splashing (Liu et al., 2015). This is because the
entry angle of the jet was inclined and the flow direction in the plunge
pool tended to be downstream. In addition, because the impinging jet was
symmetric around the x-axis, splashing rainfall was also approximately
symmetric. The top right-hand corner included the rainfall intensity
contours experimentally measured in the present study.
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Typical examples of rainfall intensity distribution in the x direction, (A) with different jet impingement velocities and g = 0.14 m?/s, h = 20 cm, y = 0 cm,

and z = 20 cm, while the inner figure represents the relation between the dimensionless impingement velocity (V/V,a,) and the dimensionless rainfall intensity
(I/1max_p1) for a typical measurement point with the coordinate of (x, y, z) = (60, 0, 20); (B) with different plunge pool depths and V =9.9 m/s, g = 0.14 m?/s,y =
0 cm, and z = 20 cm, while the inner figure depicts the relation between the dimensionless plunge pool depth (h/hma) and the dimensionless rainfall
intensity (//Imax_p2) for a typical measurement point with the coordinate of (x, y, z) = (70, 0, 20); (C) with different unit dischargesand V=99 m/s,h =20 cm,y =
0 cm, and z = 20 cm in the present tests and in Liu et al. (2015) study (inner figure); and (D) with different dimensionless longitudinal distance (x/Lo) and
comparisons with Eq. 3 and V = 9.9 m/s, g = 0.14 m?/s, h = 20 cm, and z = 20 cm.

Figure 6 shows splashing rainfall distribution in half-width
horizontal planes. In each contour of rainfall intensity, the jet
impingement central point was the coordinate origin, and the
intensity of 10 mm/h marked the edge. The edge with 10% of I,.x
(the maximum rainfall intensity in a horizontal xoy plane) is also
marked with a red, dashed line in Figure 6. Due to the limitation of
plunge pool width, the largest lateral width of measurement points was
130 cm (y = 130 cm). At relatively low elevations, the rain intensity
was greater than 10 mm/h when y = 130 cm, but it was less than 3% of
Inax. The I, was in the surrounding impingement region, and it
decreased as the elevation (z) increased. For example, in the test of g =
0.18 m?/s, V=10.4 m/s, and h = 20 cm, I,,,,, was 2039 mm/h when z =
20 cm, 463 mm/h when z = 35 cm, and 144 mm/h when z = 50 cm.
The shape of splashing rainfall contours was similar to a 1/4 ellipse in
the measurement zone, and the decreasing gradient in the x-direction
was greater than that in the y-direction, which is consistent with ski-
jump jet splashing experimental results by Liu et al. (2015). However,
because the impact angle (6) is approximately 39° in Liu et al. (2015)
which is much lower than that in this study (6 = 81°), there is less
decrease in the gradient of rainfall intensity in the x-direction. In
addition, only two tests were conducted, and each test measured one
elevation (z = 40 cm or 50 cm). Hence, splashing rainfall distributions
in the z-direction and the effects of different hydraulic factors on
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splashing atomization still need to be explored further. In this study,
the experimental results showed that the magnitude and range of
splashing rainfall decreased with an increase in z, and the details are
discussed in section 3.2.4.

3.2.2 Rainfall intensity distribution in the x direction

Figure 7 shows typical splashing rainfall intensity distributions on
the x-axis. According to numerical simulation results (Liu et al., 2008;
Lian et al., 2014), splashing rainfall intensity first increases and then
decreases on the x-axis, and the maximum is close to the jet
impingement zone. Because the jet breakups and splits into
droplets before impingement, the droplets may drop into collectors
near the impingement zone, therefore, splashing rainfall cannot be
accurately measured. In this study, rainfall intensity on the x-axis was
regarded as the maximum in the transverse. In addition, with an
increase in x, there was a reduction in rainfall intensity, which
gradually flattened.

Figure 7A shows the longitudinal distribution of rainfall intensity
(I) on the x-axis with different jet impingement velocities (V). The
inner figure represents the relation between the dimensionless
impingement velocity (V/Vi,.) and the dimensionless rainfall
intensity (I/In. p1) for a typical measurement point (P1) with the
coordinate of (x, y, z) = (60, 0, 20). Vj.x was the maximum jet
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impingement velocity, which was 10.4 m/s in the present study.
Imax_p1 was the maximum rainfall intensity at the P1 measurement
point for five different velocities. As shown in Figure 7A, I increased
with V. For ¢ = 0.14 m*/s, h = 20 cm, x = 60 cm, y = 0 cm, and z =
20 cm, when V = 8.3, 8.9, 9.4, 9.9, and 10.4 m/s, the measured rainfall
intensity was 66, 152, 298, 492, and 634 mm/h, respectively. The
relation between V/V . and I/I,,.x p1 was described by a quadratic
equation; Zhan et al. (2018); Qian et al. (2022) studied splashing
generation by a liquid jet impinging on a horizontal plate and found
the splashing ratio (the ratio of the total volume of splashing droplets
and primary jet volume) first increases with impingement Weber
number and then remains constant. The result was primarily due to a
large V that indicated high kinetic energy, as well as the splashing
related to jet breakup. When the velocity was greater than a certain
limit, the jet disintegrated into small droplets. Droplets are severely
affected by air drag force, and ultimately, the moving velocity is a
constant, such as natural rainfall. In hydraulic engineering, the jet
impingement velocity primarily depends on the falling height, and the
falling height is directly related to topographic conditions and dam
operation conditions.

Figure 7B shows the effect of plunge pool depth on splashing
rainfall intensity on the x-axis. The inner figure depicts the relation
between the dimensionless plunge pool depth (h/hy,,) and the
(I/Imax_p2)  for a
measurement point (P2) with the coordinate of (x, y, z) = (70, 0,

dimensionless  rainfall intensity typical
20). hpayx is the maximum plunge pool depth, which is 60 cm in the
present study. I,.x p is the maximum rainfall intensity for the
P2 measurement point for five different plunge pool depths. As
shown in Figure 7B, the rainfall intensity decreased with plunge
pool depth in general. In the position of x = 50 cm or 60 cm,
because of the large proportions of ligaments and blocks, variation
in rainfall intensity with & was not obvious. When x > 70 cm, because
the rainfall was primarily generated by droplets, an increase in h
contributed to a decrease in I. For V = 9.9m/s, ¢ = 0.14 m’/s, x =
70 cm, y = 0 ¢cm, and z = 20 cm, when h = 20, 30, 40, 50, and 60 c¢m, the
measured rainfall intensity was 378, 279, 188, 154, and 119 mm/h,
respectively. The relation between h/hy,,y and I/1,.x_p, Was described
by a power function. In the present research, the difference in I when
h = 20-40 cm was large, but it was much smaller when & = 40-60 cm.
Those could be explained in similar tests. For a drop impacting on a
liquid film (Geppert et al, 2017; Wu et al.,, 2021), increasing film
thicknesses results in an increase in splashing droplet diameter,
whereas the number of droplets decreases. This result is primarily
because with an increase in film thickness, the crown wall thickens,
which results in the generation of splashing droplets with relatively
large diameters. A thicker film can absorb more kinetic energy.
According to the energy conservation law, less energy is used to
break the crown wall, and thus, fewer droplets are generated. The
rainfall intensity at a point is the result of the combined effect of
droplet size and number under a certain probability. Simultaneously,
with an increase in plunge pool depth, the rainfall intensity difference
decreased gradually. Therefore, it can be inferred that when plunge
pool depth exceeds a certain limit, it has little effect on splashing
rainfall.

Figure 7C shows the effect of unit discharge (q) on splashing
rainfall intensity (I) on the x-axis in the present tests and in Liu
et al. (2015) study (inner figure). Jet impingement is closely related
to the condition of jet breakup (Ervine et al., 1997). Generally, with
lower flow, higher falling height, and more air aeration, the jet
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breakup is more severe. Qian et al. (2022) studied a nozzle jet
impact on a plate, and found that with a small initial nozzle jet
diameter (range from 2 mm to 8 mm), when /> L, (/s jet length) in
a jet, the jet breakups into drops before reaching the plate. In this
study, all tests met the condition of [ > L,, and much air was
entrained in the jet. In addition, the jet became a sheet with a large
number of waves, and many drops detached from the sheet rim
before impingement. As shown in Figure 7C, an increase in ¢
resulted in an increase in I when the degree of the jet breakup was
severe. Which is consistent with the measurements of Liu et al.
(2015). Because a large g indicating high kinetic energy. For V =
9.9m/s, h =20cm, x =50 cm, y = 0 cm, and z = 20 cm, when g =
0.10, 0.14, and 0.18 m?*/s, the measured rainfall intensity was 495,
811, and 1277 mm/h, respectively. The splashing rainfall intensity
on the x-axis caused by ski-jump jet impingement in Liu et al.
(2015) is also plotted in Figure 7C. Because the ski-jump jet has a
smaller impingement angle than that of the nappe jet, the
longitudinal length of the splashing rainfall range is greater.

In Figure 7D, the dimensionless rainfall intensity (I/Ipa. x) is
plotted against the dimensionless longitudinal distance (x/Lo). Inax_x
was the maximum rainfall intensity on a given longitudinal line. L,
was the longitudinal distance from the weir to the impingement center
point, as calculated by Scimeni (1930). by/2 was half of the jet
impingement width. In Figure 7D, each symbol represents one
value depending on the impingement condition and location. The
measurement points for which y/(bp/2) < 1 are marked in black,
whereas those for which y/(by/2) > 1 are marked in grey. For all
I/Imax_x
increasing x/Lo. The discreteness of longitudinal rainfall intensity

investigated ~splashing combinations, decreased with
distribution with different y values was small when y/(by/2) < 1,
whereas the opposite was true when y/(by/2) > 1. This result was
primarily because the rainfall for y/(b/2) > 1 was generated by drops
deflection in the lateral direction but that for y/(bp/2) < 1 was
generated by drops with small azimuth angles. In addition, the
variation gradient of I/I.x » in the x-direction when y/(by/2) <
1 was greater than that when y/(by/2) > 1. This result was
primarily because the azimuth angles and moving distance of
ligaments and blocks with large volumes were small, which resulted
in the I;;,.x_» in the region of y/(by/2) < 1 being much greater than that
in the region of y/(by/2) > 1. The rainfall intensity distribution in the
longitudinal direction was similar to a gamma distribution and was
expressed by Eq. 3. The data of I/I,.x » when y/(by/2) < 1 were

described well by the following Eq. 3 (the continuous line in

Figure 7D):
d a< X )b e < P ) (3)
—al =) . expl —c=
Tnax _x Ly P Lo

where a, b, and ¢ are coefficients, which vary with impingement

condition and location. Because of the complexity of splashing
rainfall, additional research is needed to determine the correlated
coefficients.

3.2.3 Rainfall intensity distribution in the y direction
Figure 8A typical
distributions on the y-axis with different jet impingement

shows splashing rainfall intensity
velocities. In Figure 8B, the dimensionless rainfall intensity I/
Imax_y is plotted against the dimensionless lateral distance y/(bo/
2). I;max_y is the maximum rainfall intensity on a given lateral line.

The maximum rainfall intensity was near to the x-axis, and an
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Typical examples of rainfall intensity distribution in the y direction, with (A) different jet impingement velocities and g = 0.14 m?/s, h = 20 cm, x = 50 cm,
and z = 20 cm; and (B) different dimensionless longitudinal locations and comparisons with Eq. 4 and V = 9.9 m/s, g = 0.14 m?/s, h = 20 cm, and z = 20 cm.
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Typical examples of the rainfall intensity distribution in the z direction, with (A) different elevations (z) and V = 9.9 m/s, g = 0.14 m?/s,h =20 cm, and y =
0 cm, while the inner figure depicts the rainfall intensity for a typical vertical line with the coordinate of (x, y) = (50, 0) versus z; and (B) dimensionless rainfall
intensity 1/lmax_» for typical measurement points against z/H x 100 and V = 9.9 m/s, g = 0.14 m?/s, and h = 20 cm.

increase in y resulted in an approximate decrease in I, which is
consistent with the results of Lian et al. (2019a); Liu et al. (2015).
The result occurs primarily because in the middle of a nappe, the jet
is thicker and the air entrainment fraction is smaller than in other
parts, thus, the impingement kinetic energy is greater. In the
present study, for V.= 99m/s, g = 0.14m’/s, h = 20cm, x =
50 ¢cm, and z = 20 ¢cm, when y = 0, 10, 20, 30, 45, 60, 75, 90, 110, and
130 cm, the rainfall intensity was 811, 786, 676, 527, 248, 141, 80,
38, 20, and 9 mm/h, respectively. As shown in Figure 8A, rainfall
intensity increased with impingement velocity (V), which was
consistent with the analysis of rainfall intensity distribution in
the x direction. Because the effects of water cushion depth and unit
discharges for rainfall intensity were the same as above, they were
not repeated here. Figure 8B shows the dimensionless rainfall
intensity I/In._, plotted against the dimensionless lateral
distance y/(by/2). The rainfall intensity in the transverse
direction conformed to a Gaussian distribution, described as

I y ?
o9 (i) |

follows:

(4)
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where k; and k, are undetermined coefficients.

3.2.4 Rainfall intensity distribution in the z direction

Figure 9A shows typical splashing rainfall intensity distributions
on the z-axis with different elevations. The inner figure presented the
rainfall intensity for a typical vertical line with the coordinate of (x,
y) = (50, 0) versus z. In general, the I for the same (x, y) decreased
strongly with z. This result could be explained by a drop impact on a
liquid film (Yarin and Weiss, 1995; Yarin, 2006). With the impact on a
liquid layer, a crown-like liquid sheet emerges, and with the
development of the liquid sheet, the top of the liquid sheet
becomes thinner than the bottom. Owing to the action of surface
tension, as the top edge of the crown-like liquid sheet breaks up, very
small and rapidly moving droplets form first. With further
development of liquid sheets, surface tension stability is difficult to
maintain, and sheets breakup into large droplets, water blocks, and
ligaments, which are large in size and low in velocity.

Figure 9B shows dimensionless rainfall intensity I/I,,. . for
typical measurement points plotted against z/H x 100. I,y . is the
maximum rainfall intensity on a vertical line. As shown in Figure 9B, I/
Imax - decreased with an increase in z/H. Rainfall intensity distribution
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in the vertical direction was also similar to a gamma distribution and
was expressed as follows:

1 zZ\"™ z
[ m(g) - ew(omg) ¢

where m;, m,, and m; are undetermined coefficients.

~

3.2.5 Experimental equation to estimate /,,ax

In a jet-splashing regime, splashing characteristics, including
splashing rainfall intensity and splashing range, are mainly
determined by the impingement velocity V, entry angle 6, shape of
the jet, unit discharge g, and plunge pool depth 4 (Sun and Liu, 2003;
Lian et al, 2019b). In this study, the shape of the nappe was fixed
(rectangular), and the difference between entry angles was small
(ranging from 79.7° to 84.8°) and therefore could be neglected. In
the current study, V, g, and h were the main factors affecting splashing
rainfall. Figure 10 shows the relation between In (m) and InV.
The I,,,.x is the maximum rainfall intensity for each test in m/s, and Ay
is the critical water depth hy = 3/q*/g. To describe In (%

max X \/h/hy
function of InV/, a linear law fit was applied, which led to the following

)asa
correlation for all combinations:

1
In| — | =96x (3.1-InV) (6)

Imaxx\/h/Tk

Where 8.3 m/s < V < 10.4 m/s, 0.10 m*/s < g < 0.14 m*/s, 20 cm <
h < 60 cm, and 6 = 80°. In Figure 10, the solid line represents Eq. 6,
with regression coefficient R* = 0.67. The data were discrete because
sizes, velocities, and ejected angles of splashing droplets were
stochastic. The magnitude of rainfall intensity was the result of the
combined action of droplets with different probabilities.

4 Discussion

Flood discharge atomization is a complex air-water two-phase
flow, and the atomization rainfall characteristics are affected by
hydraulic factors, meteorological conditions, and topographic
conditions (Lian et al., 2019b). Because meteorological and
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topographic conditions are difficult to change in a defined
project, adverse effects of flood discharge atomization are
typically mitigated by hydraulic regulation. According to
20105 2019b)
impingement velocity, discharge, and water cushion depth are

previous studies (Liu et al, Lian et al.,
the main factors affecting atomization rainfall intensity and
diffusion range. In this study, effects of different hydraulic
factors on splashing rainfall caused by impingement between a
nappe and a plunge pool were analyzed. According to the
experimental data, jet impingement velocity was the most
important factor affecting atomization, which is usually
determined by the terrain. Therefore, in the case of high-dam
flood discharge, the impact on atomization caused by high velocity
is unavoidable, which must be recognized when considering
hydraulic safety. To reduce the hazards of flood discharge
atomization, the following suggestions should be considered.
First, optimize operation of dam flood discharge, and adopt an
appropriate small discharge for flood discharge. Second, the water
cushion depth should be appropriately large. The present study
showed that atomization rainfall intensity decreased with an
increase in water cushion depth. However, beyond a certain
depth, the effect of reducing atomization is very small, although
there are increases in construction workload and costs. Third,
monitoring of practical projects should be strengthened and
protective measures should be implemented in key regions with

high-intensity rainfall.

5 Conclusion

In the present study, the splashing rainfall caused by a nappe
studied
hydraulic

impingement on a downstream plunge pool was
rainfall different

conditions was investigated. Spatial distributions of rainfall and

experimentally.  Splashing under
effects of hydraulic factors on various splashing regimes are
summarized as follow.

With jet impact on the water surface of the plunge pool,
splashing emerged in the form of ligaments, blocks, droplets, and
mist. The shape of an inclined jet splashing rainfall contours was
similar to an ellipse in horizontal planes. Maximum rainfall intensity
was in the surrounding impingement region, and rainfall intensity
decreased with an increase in the distance between the impingement
center point and measurement points. In longitudinal and vertical
directions, a gamma distribution described rainfall intensity
distribution. In the lateral direction, rainfall intensity conformed
to a Gaussian distribution. Rainfall intensity increased with
impingement velocity in a quadratic relation. With an increase in
plunge pool depth, rainfall intensity decreased, with the reduction
gradually flattening. In addition, an increase in unit discharge
resulted in an increase in rainfall intensity when the degree of the
jet breakup was severe.

According to test data, relations between maximum rainfall
intensity and hydraulic factors were established. The current work
is a first step towards a better understanding of flood discharge
atomization in hydraulic engineering. In addition, the scaling effect
must be considered in physical model tests. Additional prototype
observations should be conducted to verify the effects of hydraulic
factors in the present study on the regulation of flood discharge
atomization.
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