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Abstract: The construction and operation of high dam projects at high altitudes have led
to concerns about the effectiveness of flood discharge security predictions resulting from
the greater flood discharge atomized rain caused by ambient pressure reduction. In this
study, self-similar characteristics and variation in atomized raindrop size distributions
are analyzed to understand the phenomenon of increased atomized rain intensity under
low ambient pressure from a mesoscopic scale. The monographic experiments are char-
acterized by a low ambient pressure range (0.66P0–1.02P0) and a high waterjet velocity
range (13.89–15.74 m/s). When the ambient pressure decreases by 0.10P0 (P0 = 101.325 kPa)
from the reference atmospheric pressure condition as the other conditions remain fixed,
the total number concentration in a two-dimensional atomized raindrop spectrum (num-
ber/(54 cm2)) and the peak value of the individual three-dimensional number concentration
(number/(m3·mm) increase, which can lead to the required industry standard protective
level of atomized zones increasing by one level in some cases. In addition, the spectrum
trend and typical particle size ranges of the atomized raindrop size distributions present
self-similarity as the ambient pressure decreases. The above studies further confirm the
effects of low-ambient pressure enhancement on flood discharge atomized rain intensity,
which can provide a theoretical basis for the development of random splash simulation
models characterized by low pressure for high-altitude hydropower stations.

Keywords: random splash experiments; low ambient pressure; atomized rain intensity;
atomized raindrop spectrum; spectral characteristics application

1. Introduction
Rain hazards derived from extreme rain events (i.e., urban flooding [1], flash floods [2],

soil erosion [3], building erosion [4], streambank erosion [5], and hydroelectric acci-
dents [6,7]) have attracted interest as public safety problems at home and abroad. The direct
disasters induced by heavy precipitation include confluence, erosion, infiltration, and other
physical behaviors. Moreover, the absence of effective predictions and protective measures
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for these direct disasters often leads to a cascade of secondary disasters that inflict socioe-
conomic damage. In addition to natural rain, heavy precipitation at hydropower stations
stems from another source: flood discharge atomization. This phenomenon has garnered
considerable attention due to its undeniable threats not only to the hydropower station
itself but also to the surrounding downstream environment [8–12]. As shown in Figure 1,
the movement path of atomized rain mainly extends from splash zones downstream along
the flow direction, which is unlike that of natural rain moving from cloud systems to the
ground along the height direction [13]. Therefore, atomized rain is always concentrated in
the downstream zone and varies in a dynamic changing process with obvious divisions. It
is influenced by various factors, including hydraulic release conditions, design of release
structures, regional topography, unique geological formations, and prevailing climatic char-
acteristics [14]. In previous studies on atomized events, the influence of hydraulic factors
has gradually been recognized, but the coupling analysis of environmental factors still
remains a challenge because of a lack of thematic research. In particular, at high-altitude
hydropower stations, low ambient pressure is a typical meteorological characteristic that
affects the formation and diffusion of atomized rain. Therefore, it is important to mecha-
nistically explore the influence of low ambient pressure on flood discharge atomization to
adapt to the new demand for the development of hydropower projects.

Figure 1. Atomized rain fields induced by different flood discharge atomized sources at the Jinping-1
hydropower station. (a,b) Atomized source of a dam orifice discharge. (c) Atomized source of a
spillway tunnel discharge [13].

Atomized areas can be classified as atomized rainstorm zones that require protection
when their atomized rain intensity exceeds 10 mm/h. With the update of the engineering
problem library induced by flood discharge atomized rain, the risk cognitions and protec-
tive technologies have improved. However, challenges persist in atomized prediction across
various processes, locations, and scales. The risk perception of atomized rain-induced
landslides has strengthened since one million cubic meters of landslides occurred at the
Longyangxia hydropower station in 1988 and 1989 [12]. The relationship between discharge
patterns and atomization intensities indicates that the problem of atomized rain induced
by bottom-flow dissipation is weaker than that caused by ski-jump energy dissipation.
Specifically, the prototypical atomized ranges of the Ertan hydropower station reached
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0 + 2000 m along the flow direction and 1215 m in the elevation direction, which are greater
than their corresponding design values of 1000 m and 75 m for ski-jump energy dissipation
in its collision design [10,11]; however, those of the Xiangjiaba hydropower station are
concentrated in the energy dissipation area and have almost no effect on the humidity
of its downstream county [15]. The atomized predictions of ski-jump energy dissipation
were subsequently introduced and developed into large-scale energy dissipation projects,
such as the design projects of Wudongde, Baihetan, Lianghekou, Rumei, and the opera-
tion projects of Ertan, Laxiwa, Nazixia, Shuibuya, etc. [14]. Among the abovementioned
hydropower stations, the maximum crest elevations of the Laxiwa, Longyangxia, and
Nazixia hydropower stations are 2460.00 m, 2610.00 m, and 3204.60 m, corresponding to
dam heights of 250 m, 178.0 m, and 121.5 m, respectively. Additionally, the maximum
crest elevations of the Lianghekou and Rumei hydropower stations are 2875.00 m and
2902.00 m, corresponding to dam heights of 295.0 m and 315.0 m, respectively. The number
of high-head hydropower stations at high altitudes is increasing. However, the impact of
low ambient pressure is currently not taken into account in the atomized analysis of these
projects. This oversight is likely to lead to an underestimation of the effects of atomized
rain at high-altitude hydropower stations, due to the enhancement effect that low ambient
pressure has on the downstream atomized rain field.

To mitigate and avoid atomized rain hazards, atomized scopes are evaluated in differ-
ent regions with individual levels of engineering and nonengineering protective measures.
In addition to prototypical and scale models, nonscale models, named “random splash ex-
periments”, are established with a major focus on atomized rain indices and factors during
waterjet splashing processes [14,16]. The precipitation intensity and droplet spectrum are
the principal macroscopic and microscopic characteristics of atomized rain fields, such as
natural rain. In studies of atomized rain intensity, early random splash experiments con-
trolled hydraulic conditions produced by the hydraulic impact of a single falling waterjet
into a water cushion and the midair collision of two water jets under atmospheric ambient
pressure [17–20]; however, a depressurized random splash experiment recently indicated
that ambient pressure conditions are also important because lower ambient pressure can
increase the area of an atomized storm [21]. The atomized raindrop size distributions can
be statistically analyzed through a graph or digital signal acquisition. The relationships
between rain intensity and raindrops information can be used for both the calculation of
atomized light rain intensity according to the raindrop correlation parameters determined
in advance and the exploration of atomized rain intensity laws characterized by dominant
rainfall intensity and frequency under atmospheric pressure [22,23]. With statistical models
of spectrum characteristics, atomized rain intensity distributions can be experimentally
demonstrated or calculated by ignoring ambient pressure effects, among which experi-
mental results of atomized raindrop size distributions are still limited [9,24]. Although
atomized raindrop size distributions have been described and applied in random splash
numerical models, the effects of low ambient pressure are still poorly understood [14].
To explore the enhancement mechanism of low ambient pressure on atomized rain, it is
essential to gain insight into atomized raindrop size distributions in depressurized random
splash experiments to further promote the development of atomization prediction methods
that consider high-altitude flood discharge.

Depressurized experiments are widely applied and highly important in numerous
fields, such as astrobiology models to predict the habitability of Mars [25], flame-geometry
descriptors of fire jets and the diffusion characteristics of water mists to ensure fire safety
in plateau areas [26,27], the splash form of liquid droplets to inhibit splashing action [28],
the cracking properties of concrete to explore its plateau application [29], and the impact
and splash characteristics of falling waterjets to guide flood discharge safety [21,30]. Anal-
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ogously, these experiments require artificial low-pressure environments. Unlike other
depressurized experiments, the ambient pressure stability of random splash experiments is
an important challenge. This is primarily due to the involvement of two-stage multiphase
coupling processes, which involve aerated waterjet movement based on a continuous phase
and the diffusion of numerous droplets based on a discrete phase [31,32]. In general, the
relationship between the splash and impact processes is characterized by negative com-
pensation interactions without considering the influence of ambient pressure. However,
the enhancement effects of the low ambient pressure not only appeared in the atomized
rain field downstream of the water-collision locations but also in the impact pressure
field near the water-collision locations. These phenomena were observed in depressur-
ized experiments of model waterjets released from a pressure orifice with initial velocities
of approximately 10 m/s and a surface orifice with initial velocities of approximately
5 m/s [21,30]. When these effects are applied synchronously to prototype engineering
applications, the protection standards need to be improved in the flood discharge pro-
cess. Precisely obtaining multiple factors, i.e., the water-entry velocity, water-entry angle,
water-entry position, atomized source moisture, bucket nappe wind, and so on, is still
limited, both experimentally and computationally [18,19,33,34]. Consequently, we have
not explored the influence of independent factors but have focused on the terminal effect
of the atomized field.

Although a clear relationship between atomized raindrops and ambient pressure is
not available at present, other studies related to altitude have suggested that depressurized
effects should be considered. In view of the droplet splash process, Xu et al. [35] and Latka
et al. [36] reported that the ejected droplets splashed by a liquid drop and a solid surface
can be impacted by ambient pressure and wall roughness. Xu et al. [35] reported that as the
ambient pressure decreases, less liquid is ejected in the process of corona splashing on the
smooth wall. Latka et al. [36] further reported that the ambient pressure needs to be consid-
ered during thin-sheet formation and prompt splashing. In view of the droplet diffusion
process, the influence of ambient pressure on the natural raindrop spectrum is objective.
Under climate conditions in the same area with different elevations, Song et al. [37] noted
that a decrease in altitude can decrease the contribution rate of small raindrop particles to
precipitation intensity. Li et al. [38] reported that the locations of raindrop diameter attenu-
ation are in the order of mountain-side, mountain-bottom, and mountain-top, irrespective
of rain type, and that the raindrop size distributions for convective precipitation are more
sensitive to altitude than those for stratiform precipitation by comparing stratiform and
convective precipitation raindrop size distribution datasets at Huangshan (vertical evo-
lution at 1860 m, 1351 m, and 464 m). The raindrop size distribution (RSD) is the change
in individual three-dimensional number concentration (number/(m3·mm)) with raindrop
particle size. Under climate conditions in different areas with different elevations, Sumesh
et al. [39] reported that surface drop concentrations at a mid-altitude of 400 m show bimodal
RSDs, whereas those at high altitudes of 1820 m represent monomodal RSDs regardless of
rain class by characterizing the RSDS parameters of stratiform precipitation in the western
Ghats Mountains. Wu et al. [40] detected large variability in RSDs in the Tibetan Plateau
and southern China. This variability can be described by standardized gamma, whose
parameters vary with changes in rain rate and precipitation type. Based on the above
discussion, low ambient pressure should play an important role in the microdynamic
mechanism (evaporation, collision, coalescence, breakup, etc.) of raindrops or raindrop
groups. Thus, the ambient pressure is likely to affect the descriptive characteristics of
raindrop size distributions with different ambient pressures.

Therefore, the study of raindrop size distributions under a low ambient pressure envi-
ronment is not only the content of flood discharge atomization theory but also a practical
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necessity for numerical calculation of atomization at high-altitude hydropower stations [14].
To fill the above gaps, this study is a follow-up of the enhancement effect of low ambient
pressure on downstream atomized rain intensity induced by depressurized random splash
experiments. In this study, the atomized rain was generated by the collision process of a
high-speed rectangular waterjet and a narrow water cushion under various low ambient
pressure conditions. The observation device is an OTT Parsivel2 (Beijing Sichuang Minda
Measurement and Control Technology Co., LTD, Beijing, China) suspended in a horizon-
tal guide rail with six measuring points along the overflow center line. In the following
sections, the structure design and measurement method of the two-phase experimental
platform will be introduced; the atomized quantitative precipitation estimation will be
considered to access the protection level variation in atomized areas; the statistical char-
acteristics of atomized raindrop size distribution will be analyzed and discussed; and the
main conclusions and prospects will be summarized in the end to pave the way for a
follow-up study.

2. Experimental Setup and Measurements
2.1. Design and Regulation of the Experimental Platform

A novel test control system chartered by high-speed waterjets and low ambient pres-
sures was used to carry out the depressurized random splash experiments at the State
Key Laboratory of Hydraulic Engineering Simulation and Safety (current name: State Key
Laboratory of Hydraulic Engineering Intelligent Construction and Operation) of Tianjin
University. The hydraulic depressurized chamber is intended for hydrodynamic simula-
tions of high-altitude hydropower stations, not for traditional cavitation studies, so the
vacuum degree is designed with reference to the absolute air pressure in the high-altitude
area. The raindrop size distribution measurement methods are generally based on the
principles of laser signals and image identification. It is reasonable to adopt various chemi-
cal test papers combined with postprocessing of graphics in the instantaneous atomized
raindrop size distribution collection of random splash experiments under atmospheric
pressure. However, this method is not suitable for the measurement of depressurized ran-
dom splash experiments because measurement times are difficult to control, measurement
conditions are difficult to switch, and instantaneous atomized raindrop size databases are
not conducive to the statistical analysis of time–history characteristics. Therefore, an OTT
Parsivel2 with a 54 mm2 rectangular area is introduced to collect the atomized raindrop
size in real time, which can be moved horizontally along the flow direction via a remotely
controlled horizontal slide rail. The experimental area is in the depressurized chamber that
is connected with water-regulating and air-regulating systems, in which the atomized rain
is splashed by a high-speed rectangular waterjet from a constricted nozzle that impacts
a rectangular water cushion with an initial depth of 56 cm. The experimental coupling
conditions between water flow and ambient pressure are adjusted with reasonable shunt
designs and effective monitoring devices. In detail, the layout of the depressurized chamber
is shown in Figure 2a,b, the layout of the measurement instrument and points is shown in
Figure 2c, the air-regulating system is shown in Figure 3a, and the water-regulating system
is shown in Figure 3b.
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Figure 2. Physical diagram and partial design of the depressurized random splash experiments.
(a1) Physical image of the depressurized chamber; (a2) Schematic diagram in the depressurized chamber;
(b1) Physical image of the internal nozzle in the depressurized chamber; (b2) Schematic diagram of
the internal nozzle in the depressurized chamber; (c1) Physical image of the measurement instrument
and point layout (ARSDS is short for atomized raindrop distributions); (c2) Relative coordinates of
measurement instrument and point layout (ARSDS is short for atomized raindrop distributions).

As shown in Figure 2a, the depressurized chamber has a sealable steel structure that is
51.00 m long, 4.50 m high, and 1.25 m wide in internal volume, in which three sections are
divided along the flow direction, corresponding to the inflow Sec. I, the working Sec. II, and
the outflow Sec. III, respectively. As rectangular waterjets are typically shaped as discharge
waterjets, rectangular waterjets can also be considered component units of specially shaped
waterjets in theoretical and numerical studies of flood discharge atomization. The main
gathering parameters include the atomized raindrop distributions of six measurement
points, the inflow discharge of the waterjet, and the ambient pressure in the depressurized
chamber; two types of affiliated measurement indicators include the water level in the
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drainage area and the visual monitoring device in the measurement and drainage areas. The
acquisition terminals of the above instruments are arranged on a measurement platform
that is placed outside the depressurized chamber.

  

Figure 3. Physical and schematic diagram of the water- and air-regulating systems in the depressur-
ized random splash experiments. (a1) Physical picture of air-regulating system layout; (a2) Schematic
diagram of air-regulating system layout; (b1) Physical picture of water-regulating system layout;
(b2) Schematic diagram of water-regulating system layout.

As shown in Figure 2b, to achieve stable high-speed rectangular waterjet discharge
conditions, a constricted nozzle made of stainless steel was designed. This nozzle features
a transition section measuring 55.0 cm in length and a rectifying section that is 20 cm long,
with connection surfaces transitioning from an upstream circular cross-section (D = 209 cm)
to a downstream rectangular cross-section (10.00 cm wide × 3.00 cm high), ultimately
leading to the same rectangular surface at the exit. In the experiment, the streamlined
nozzle effectively prevented water from detaching from the pipe wall, thereby mitigating
the risk of local negative pressure and cavitation issues. Furthermore, no abnormal sounds
or vibrations were detected at the nozzle during testing, and there were no indications
of pitting or hollow erosion marks following the test. Consequently, we conclude that
there are no cavitation-related problems at the nozzle that could potentially impact the test
results, thus fulfilling all testing requirements. Furthermore, the center point (O) of the
nozzle outlet surface is positioned 1.588 m above the bottom surface of the depressurized
chamber, simulating an atomized rain field characterized by limited transverse diffusion
while allowing for sufficient diffusion in both the flow and height directions. When the
waterjet impacts the water cushion below, it generates a substantial number of atomized
raindrops that are dispersed throughout space-time domains—particularly downstream
from where collisions occur within the water body—which has been designated as the
measurement area for atomized raindrop size distributions.
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As shown in Figure 2c, to alleviate the diffusion interference caused by atomized rain,
the instrument is secured firmly on a tray located beneath a straight slide rail. The four
connecting rods are strategically positioned downstream of the instrument. To safeguard
against water ingress, an appropriately designed partition protection mechanism has been
implemented for the exterior of the instrument. To clearly define the spatial positions
of the measurement points, we first establish the location of the center point within the
designated measurement area as the coordinate reference for our measurement points. We
subsequently designate point O—the geometric center of the nozzle outlet surface—as
the origin of the coordinate system. We define the axes as follows: the x-axis represents
the flow direction, the y-axis denotes the transverse direction, and the z-axis corresponds
to the vertical direction. In analogous random splash experiments involving high-speed
water jets with velocities of approximately 10 m/s, it has been demonstrated that there
is a negligible transverse gradient in the two-dimensional distributions of downstream
atomized rain (with rain intensities ≥ 2 mm/h). Consequently, six measurement points
(labelled points #1 through 6) were arranged along the overflow centerline at a z-coordinate
of 20 cm. To minimize errors arising from overlapping particles during heavy precipitation
events, point #1 was positioned at a distance of 1012.5 cm from the coordinate origin, with
an interval of 12.50 cm between adjacent measurement points.

As illustrated in Figure 3a, the air circulation within the depressurized chamber
comprises two distinct pathways. The first pathway involves reducing the ambient pressure
of the chamber through a vacuum pump connected to a sealed air tank. The second
pathway facilitates the influx of external air into the depressurized chamber, driven by
the existing differential pressure. Consequently, five suction air pipes located at the top
of the depressurized chamber are individually linked to both exhaust and replenishment
pipes, allowing for precise adjustment of the required airflow path by corresponding
valves. During this adjustment process, real-time monitoring of ambient pressure within
the depressurized chamber is conducted using an absolute pressure sensor installed at the
top center front of the chamber. This sensor boasts an accuracy of 0.1% FS and operates
within a range of 0 to 10 m. Additionally, water depth is measured utilizing a self-balancing
manometer positioned downstream from the drainage area alongside a meter ruler. It is
imperative that under enclosed conditions with atmospheric pressure, downstream water
levels do not rise; conversely, these levels must not fall below the specified minimum
design ambient pressures in similar enclosed environments. In addition, the testing was
conducted in January, during which the recorded average temperature was 12 ◦C.

As illustrated in Figure 3b, high-speed waterjets derive energy from pumps, which
increase velocity through a constricted nozzle and regulate waterjet inflow discharge via
two branch pipes. The system is designed to recycle water through an underground
reservoir and includes a centrifugal pump, an elevated water tank with a diversion weir
tank, a jet pump, a #1 electromagnetic flowmeter, and two upstream branch pipes, along
with another centrifugal pump downstream. Meanwhile, the rated head of 210 m for
the jet pump provides a reliable assurance of water pressure within the supply system,
ensuring the stability of the high-speed waterjet. In the inflow section of the depressurized
chamber, one branch pipe connects to a #2 electromagnetic flowmeter and horizontally
leads to a constricted nozzle for supplying the waterjet discharge. Another branch pipe
connects to the inflow orifice of a dual-bin tank (with dimensions of 2.50 m long × 0.85 cm
wide × 0.63 cm high for both the inflow and outflow sections) separated by a right-angled
triangular weir (with right-angled lengths measuring 4 inches) to regulate the inflow
discharge of the waterjet. During the measurement periods, the inflow discharge of the
experimental events is recorded by the #2 electromagnetic flowmeter while being monitored
synchronously through the discharge difference between the #1 electromagnetic flowmeter
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and the triangular weir. During non-measurement periods, it is possible to seal the branch
pipe for waterjet discharge using a removable sealing cover to maintain air isolation within
the piping system. In addition, the water tanks used for the experiment were thoroughly
cleaned prior to testing, and the water utilized was sourced from tap water. Given that
the quality of tap water is generally stable and no adverse factors affected its quality
during the testing process, it is considered appropriate to regard the water quality as a
constant variable.

Moreover, for both the waterproof design of testing instruments (specifically, an OTT
Parsivel2) within the depressurized chamber and the sealing design of instrument lines
(utilizing a threading device) that pass through this chamber, achieving a perfect seal
under differential pressure is crucial. In the sealing process, the use of TL990-KP800 cable
refractory sealing material is feasible for anti-pressure packing due to its noncorrosive
properties and its ease of removal.

2.2. Design and Optimization of the Test Conditions

In the depressurized random splash experiments, a total of 25 atomized events were
conducted, corresponding to five inflow discharge rates Vm (m3/h) and five ambient
pressures Pn at six measurement points (#1–6) along the overflow centerline. Each event
consisted of three sets lasting 10 min (total duration: 30 min), as detailed in Table 1. The
average exit velocity is subsequently calculated by dividing the inflow discharge by the
outlet area of the constricted nozzle (30.00 cm2). The generation of a distinctly observable
splash effect necessitates specific conditions regarding the Weber number of the spattering
body. When the Weber number of the splashing droplets reaches 500, pronounced splashing
is observed [41]. Furthermore, when the Weber number on the surface of the water jet
utilized in an atomized physical model exceeds 500, it ensures that the water jet is fully
dispersed and fragmented. The outcomes derived from this can be applied to mechanism
research and related extensions [42]. However, it is important to note that the formula for
calculating the Weber number at the surface of a water jet involves taking the square root of
the traditional droplet’s Weber number, with the radius of curvature along its longitudinal
flow trajectory serving as a characteristic length. This value is smaller at the outlet of the
waterjet but increases significantly as diffusion occurs within the waterjet. Consequently,
achieving exit velocities for rectangular water jets pumped to approximately 15 m/s satisfies
requirements for studying the atomization phenomena associated with these jets. Thus,
such tests can be regarded as a generalized monomer test analysis at a 1:1 scale ratio.
Additionally, conversions may be made based on similarities in scale modeling.

Table 1. Test parameters of the depressurized random splash experiments.

Dmn
Qm Vm Pn/P0

m3/h m/s P0 = 101.325 kPa

D1(1–5) 150.00 13.89 1.02 0.94 0.86 0.76 0.66
D2(1–5) 155.00 14.35 1.02 0.94 0.86 0.76 0.66
D3(1–5) 160.00 14.81 1.02 0.94 0.86 0.76 0.66
D4(1–5) 165.00 15.28 1.02 0.94 0.86 0.76 0.66
D5(1–5) 170.00 15.74 1.02 0.94 0.86 0.76 0.66

The initial step in data analysis involves calculating the atomized rainfall intensity RID

(mm/h) (Formulas (1 and 2), see [43,44]) at the measurement point under normal ambient
pressure. This corresponds to the actual atmospheric pressure within the laboratory setting
(P1 = 1.02P0)) for further analysis. As illustrated in Figure 4, the atomized rain intensity
directed downstream toward test surfaces 1# to 6# under various inflow conditions, with
an ambient pressure of P1 (1.02P0), demonstrates that the atomized rain intensity increases
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as the inflow rate of the waterjet on the same test surface rises. Conversely, when the inflow
rate of the waterjet remains constant, it exhibits a decreasing trend along the flow direction,
which aligns with existing research findings [9]. Boundary values of 2, 10, 40, 200, and
600 mm/h have been selected for characteristic lines of rainfall intensity in accordance with
industry standards outlined in the design specifications for concrete arch dams (SL282-
2018) and spillways (SL253-2018). As illustrated in Figure 4, test surface #6 (flow direction
coordinate of 10.750 m) under working condition D(1–3)1 and test surface #5 (flow direction
coordinate of 10.625 m) under working condition D(3–5)1 belong to the above different
protected zones. Therefore, these conditions can be considered baseline conditions for
analysis. It can collaboratively reflect the impact of the inflow discharge from the waterjet
and the measurement location on the test surface.

RID =
(RAD)T

∆t
× 3600 =

6π

104 ×
32

∑
i=3

32

∑
j=1

D3
i ×

nij

Ae f f (Di)× ∆t
(1)

Aeff(Di) = L × (W − Di · 10−3

2
) (2)

Here, ∆t is the per-unit sampling period, 60 s; (RAD)T is the precipitation measured during
this sampling interval, mm; nij is the graded particle number, which refers to the quantity
of particles per unit sampling period corresponding to a specific subchannel within a
30 × 32 coordinate matrix without two small particle size channels (Table A1); and Ae f f (Di)

is the effective sampling area estimated related to graded diameter sizes (Di, mm), a flow
length (W, m) of 0.03 m, and a transverse width (L, m) of 0.18 m (Equation (1)).

Figure 4. Atomized rain intensity distribution under experimental conditions of D(1–5)1. (P (D(1–5)1) =
1.02 P0; Q(D11)–Q(D51) = (150–170) m3/h; ∆Q = 5 m3/h).

3. Experimental Results and Discussion
3.1. Effects of Low Ambient Pressure on the Two-Dimensional Atomized Raindrop Spectrum

The two-dimensional atomized raindrop spectra of the above baseline conditions are
compared under a normal ambient pressure environment (P1 = 1.02P0) and a low ambient
pressure environment (P5 = 0.66P0), as shown in Figure 5. In total, 32 equidistant intervals
are established along both the vertical and horizontal coordinates, with corresponding
measurements of the particle equivalent diameter Di (mm) and falling velocity Vzj (m/s)
indicated. The one-minute average particle counts nij in each subchannel during the
sampling period were categorized into nine distinct color levels. Nst represents the number
concentration (number/(54 cm2)) across all subchannels within a one-minute timeframe.
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Figure 5. Two-dimensional atomized raindrop spectrum of typical atomizing rain intensity conditions
under different ambient pressures (P(D(1–3)1 and D(3–5)1) = 1.02 P0, P(D(1–3)5 and D(3–5)5) = 0.66 P0;
the flow direction coordinate of the test surface #5 and 6 is 10.625 m and 10.750 m, respectively).
(a1) RID(D11) = 5.25 mm/h, Q(D1p) = 150 m3/h; (a2) RID(D21) = 28.88 mm/h, Q(D2p) = 155 m3/h;
(a3) RID(D31) = 53.54 mm/h, Q(D3p) = 160 m3/h; (b1) RID(D31) = 95.41 mm/h, Q(D3p) = 160 m3/h;
(b2) RID(D41) = 279.19 mm/h, Q(D4p) = 165 m3/h; (b3) RID(D51) = 786.97 mm/h, Q(D5p) = 170 m3/h.

Figure 5 shows that the atomized raindrop size two-dimensional sequence diagrams
exhibit a continuous spectrum in both velocity and scale from the perspective of distribution
and morphology. The distribution domain demonstrates geometric similarity, characterized
by a “skewed pear shape” that lacks large droplet regions at low velocities and small droplet
regions at high velocities. The total number of particles across all subchannels within a one-
minute timeframe, Nst and the one-minute average particle counts in each subchannel nij

are influenced not only by the inflow rate of the waterjet and the position of the measuring
point but also by the environmental ambient pressure.

With increasing atomized rain intensity under baseline conditions, the influence rate
of Nst on low ambient pressure initially increases, then decreases, and ultimately stabilizes.
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When the environmental ambient pressure decreases by 0.10 P0 relative to the baseline
conditions, the increase rate of Nst is 0.51 times greater when the atomized rainfall intensity
approaches or exceeds 100 mm/h. In contrast, when the atomized rainfall intensity is
less than 100 mm/h, the influence rate of Nst increases by a factor of 1.45. Moreover, the
variation in color gradients representing nij in each subchannel indicates that when other
conditions are held constant, a decrease in ambient pressure results in a significant increase
in nij during the sampling period within the small particle size range. In contrast, the
changes observed within the larger particle size range are relatively minor.

Furthermore, by utilizing a particle diameter of 5 mm (the 20th particle size category in
Table A1 of Appendix A) as the boundary, the number-dominated isovolumetric diameter
of the rain intensity (RID)nd and the mass-dominated isovolumetric diameter of the rain in-
tensity (RID)md can be calculated, as shown in Table 2. These metrics reflect the contribution
of raindrop intensities from two distinct particle size segments. With increasing atomized
rain intensity under baseline conditions, the growth rate of the atomized rain intensity
initially decreases before fluctuating. When the environmental ambient pressure decreases
by 0.10P0 relative to the baseline conditions, the fluctuation range of the RID increase rate
is 0.38 to 0.87, corresponding to a rainfall intensity range of 28.88 mm/h to 1066.91 mm/h.
The fluctuation range of the RID increase rate is 1.69 when the atomized rain intensity
is 5.25 mm/h. In addition, when the atomized rain intensity under baseline conditions
approaches or exceeds 20 mm/h, the impact of low ambient pressure on the ratios of
(RID)nd and (RID)md becomes negligible. Consequently, their ratios remain relatively stable,
with average values of 0.87 and 0.13, respectively.

Table 2. Variation characteristics of atomized rain intensity induced by low ambient pressure.

Atomized Rain Intensity (mm/h)

Test Condition 6# 5#

D11 D15 D21 D25 D31 D35 D31 D35 D41 D45 D51 D55

RID 5.25 31.94 28.88 57.89 53.54 167.64 95.41 180.99 279.19 601.98 786.97 1066.91

(RID)nd 1.71 5.36 3.37 11.01 7.92 22.91 13.68 31.09 30.54 61.15 74.97 108.66

(RID)md 3.54 26.59 25.51 46.88 45.62 144.73 81.73 149.9 248.65 540.83 712 958.24

(RID)nd/RID 0.33 0.17 0.12 0.19 0.15 0.14 0.14 0.17 0.11 0.10 0.10 0.10

(RID)md/RID 0.67 0.83 0.88 0.81 0.85 0.86 0.86 0.83 0.89 0.90 0.90 0.90

Note: P (D(1–3)1 and D(3–5)1) = 1.02P0, P (D(1–3)5 and D(3–5)5) = 0.66P0.

The significant increase in the number of particles within the small droplet size range
during atomization clearly serves as a driving characteristic for the increase in atomized
rainfall intensity under low ambient pressure. Additionally, an increase in the number
of particles within the larger droplet size range can also contribute to the intensification
of atomized rainfall under low ambient pressure conditions; however, this nonconstant
increase may lead to greater randomness in the atomized rain intensity.

3.2. Effects of Low Ambient Pressure on Three-Dimensional Atomized Raindrop Spectra

The three-dimensional atomized raindrop spectra under the aforementioned baseline
conditions are presented in single logarithmic coordinates. These spectra are compared
in two different environments: normal ambient pressure (P1 = 1.02P0) and low ambient
pressure (P5 = 0.66P0), as illustrated in Figure 6. The ordinate of Figure 6 represents the
individual three-dimensional number concentration of atomized raindrops, denoted as
N(Di) (particle counts/(m3·mm)), corresponding to 32 distinct raindrop diameter sizes
with unequal spacing. N(Di) is calculated via Formulas (3) and (4), see [45]. ∆Di (mm) is
the channel width of each particle size class. The falling velocity of the particles at each
velocity level Vj (m/s) is calculated as the average falling velocity Vzj (Di) (m/s) measured
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at each particle size level. The fitted spectral pattern adheres to a gamma distribution,
employing the M246 moment estimation method.

N(Di) =
32

∑
j=1

nij

Ae f f (Di)× ∆t × Vj × ∆Di
(3)

Vj =

32
∑

j=1
nij × Vzj(Di)

32
∑

j=1
nij

(4)

(a) 

(b) 

Figure 6. Three-dimensional atomized raindrop spectra of typical atomizing rain events intensity
conditions under different ambient pressures: (a): Mearing points of #6 (Flow Direction coordinates
are 10.750 m); (b): Mearing points #5 (the flow direction coordinates are 10.625 m) (P(Dq1) = 1.02P0,
P(Dq5) = 0.66P0; Q(D1p)–Q(D5p) = (150–170) m3/h, ∆Q = 5 m3/h).



Water 2025, 17, 1721 14 of 22

As shown in Figure 6, the primary spectral type of these three-dimensional atomized
raindrop spectra is unimodal. As the size of the atomized raindrop particles increases, their
concentration initially rises before subsequently declining. The main peak is predominantly
located within the small particle size range of less than 1 mm, while minor fluctuations are
primarily observed in the tail end of the larger particle size segment. The peak value of the
number concentration of atomized raindrops N(Di) is influenced not only by the inflow
rate of the waterjet and the position of the measuring point but also by environmental
ambient pressure.

With increasing atomized rain intensity under baseline conditions, the influence of the
N(Di) peak value on low ambient pressure initially increases, then decreases, and ultimately
stabilizes. When the environmental ambient pressure decreases by 0.10P0 relative to the
baseline conditions, the rate of increase in the N(Di) peak value is 0.41 times greater when
the atomized rainfall intensity approaches or exceeds 100 mm/h. In contrast, when the
atomized rainfall intensity is less than 100 mm/h, the rate of increase in the N(Di) peak value
increases by a factor of 1.48. Moreover, the three-dimensional atomized raindrop spectrum
is self-similar and can be approximated using a gamma distribution curve. The fitted
particle size in the mid-range aligns with the measured values; however, discrepancies are
observed at both ends of the size spectrum, along with peak-shaving characteristics. This
phenomenon is attributed to the broad spectral width of atomized raindrop distributions
and the high concentration of small droplets, which results in significant increases and
decreases in rates on either side of the main peak.

Figure 6 also shows that the ranges for the modal particle size, maximum particle size,
and minimum particle size are relatively stable, measuring 0.437–0.687 mm, 0.312–0.562
mm, and 11.000–19.000 mm, respectively. When the atomized rain intensity is 5.25 mm/h,
the corresponding maximum diameter is 11.000 mm, which is similar to the maximum
particle size (10 mm) of atomized rain measured using the prototype at Wantangshui Power
Station [22]. The range of the maximum diameter of atomized raindrops under different
conditions is between 17.000 mm and 19.000 mm, with a concentration of raindrops at
approximately 19 mm. This finding is consistent with the maximum size range of raindrops
observed in the splash area as measured by Qiu Haijuan et al. during their model tests [46].
When the atomized rain intensity exceeds 10 mm/h, the resulting atomized raindrops
can be compared with the mixed-phase precipitation raindrop spectrum characteristic of
“heavy rainfall combined with hail or snowflakes” on a particle size scale [47–50].

It is evident that the impact of ambient pressure reduction on the three-dimensional
atomized raindrop spectra is primarily observed in the spectral peak values, whereas it does
not significantly affect the spectral type or range. The spectral types exhibit self-similarity,
making it scientifically valid to fit them using a gamma approximation.

3.3. Effects of Low Ambient Pressure on the Statistical Characteristics of the Atomized
Raindrop Spectrum

The reduction in ambient pressure, the migration upstream of measurement points,
and the increase in inflow discharge are key factors that contribute to the heightened
intensity of atomization rain. Based on the preceding analysis, it is imperative to conduct
a more in-depth investigation into the influence of ambient pressure on key statistical
particle size parameters of atomized raindrops under consistent rain intensities during
atomization. Under the same atomized rain intensity, the arithmetic mean diameter of
atomized raindrops (Dave) and the relationship between the mass-weighted mean diameter
of atomized raindrops ((Dm)ave) in different ambient pressure environments are illustrated
in Figure 7.
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Figure 7. Statistical Characteristics of the Atomized Raindrop Spectrum. (a) Correlation analysis of
RID–Dave; (b) (Dm)ave–RID under a series of test conditions.

As depicted in Figure 7, the Dave and (Dm)ave of atomized raindrops fluctuate around
the fitted curve under varying pressure conditions, while maintaining consistent atomized
rain intensity. The observed trends are not distinctly pronounced when influenced by
ambient pressure. As the atomized rain intensity increases, the Dave of the atomized
raindrops initially decreases rapidly before gradually increasing. The minimum value of
Dave corresponding to this atomized rain intensity is 153.78 mm/h, with a range of 0.88–1.88
mm. In contrast, (Dm)ave shows an exponential growth trend that eventually stabilizes, with
an interval ranging from 6.32 to 12.03 mm. In addition, the (Dm)ave of atomized raindrops,
along with the generalized intercept parameter N∗

0 , can represent the synthesis of both the
overall diameter and the number concentration within the three-dimensional spectrum
of an atomized raindrop. A correlation analysis was performed between the logarithm of
Log10N∗

0 and (Dm)ave, N∗
0 , and RID. The findings are presented in Figure 8.
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Figure 8. Statistical Characteristics of the Atomized Raindrop Spectrum. (a) Correlation analysis of
log10(N∗

0 )–(Dm)ave; (b) N∗
0 –RID under a series of test conditions.

As also depicted in Figure 8, the Log10N∗
0 of the atomized raindrop fitting spectrum

corresponding to the same (Dm)ave and N∗
0 of the atomized raindrop fitting spectrum related

to identical RID are a multivalued discrete distribution and have no obvious correlation
with the ambient pressure. The Log10N∗

0 of the fitting spectrum of atomized raindrops tends
to increase with increasing (Dm)ave. The N∗

0 of the fitting spectrum of atomized raindrops
is positively correlated with the RID. In the description of the natural raindrop spectrum,
when Log10N∗

0 tends to be stable with increasing (Dm)ave, the collision and fragmentation of
natural raindrops tends to be balanced with increasing rain intensity [51,52]. Similarly, the
atomized raindrops within the test area undergo dynamic evolution through processes of
collision and fragmentation, with their activity increasing in correlation with the intensity
of atomized rainfall.



Water 2025, 17, 1721 16 of 22

4. Numerical Model Application Optimization
For existing flood discharge facilities, variations in reservoir depth can lead to corre-

sponding changes in the upstream water level. Additionally, the dynamics of the associated
waterjets are influenced by alterations in their inflow flow rate. This study presents a
generalized model that is not derived from any specific project. While the high-speed water
jet is supplied by a jet pump designed to regulate the inflow flow rate, the magnitude of
this flow rate can qualitatively indicate the water level within the reservoir. In relation
to prototype projects, it is important to note that ejection conditions are diverse. Conse-
quently, employing a constant physical model presents challenges and makes it difficult
to efficiently analyze the influence range of fogging rain within these projects. Therefore,
a semi-empirical and semi-theoretical numerical prediction model for random splashing
during jet atomization is considered valuable.

Random splash simulation models involving semiempirical and semitheoretical meth-
ods, which are developed based on the principles of Lagrangian mechanics, constitute a
significant theory for the numerical prediction of flood discharge atomization. The Runge–
Kutta method is employed to track the trajectories of both the water jet and the droplets,
whereas the Monte Carlo method is utilized to assess the cumulative impact of the droplets
on the terrain boundaries. Here, the application of experimental findings is examined to
enhance the theoretical framework of stochastic numerical models.

In theory, a fundamental assumption is that the atomized water droplets are spherical
and independent of the effective splashing volume on the outer surface of the waterjet dV.
The quantity of atomized water droplets nD is calculated using Formula (5), whereas the
distribution of their diameters f (D) is determined via Formula (6) [33]. The proportions of
different atomized raindrop size counts are relatively stable in the numerical calculations.

f (D) =
1

b1
a1 × Γ(a1)

× Da1−1 × e−
D
b1 (a1 = 2, b1 = 0.5 × D) (5)

nD =
6 × dV

π × D3 (6)

The probability density of the number concentration corresponding to the median
value of each group of atomized raindrops with varying diameters is illustrated in Figure 9.
Its predominant spectral type is unimodal, and its skewness trend increases rapidly and
then decreases gradually as the particle size of the atomized raindrops increases, ultimately
resulting in a left-skewed distribution. The positions of the main peaks are predominantly
concentrated within the small particle size range, specifically for particles less than 1 mm in
diameter. Furthermore, the impact of variations in the testing conditions on the probability
density of the number concentration of spray droplets appears to be minimal, with a range
between 1.13 and 1.93.

Therefore, when evaluating the impact of low ambient pressure on the atomization
source, as the measurement area for the spectrum of atomized raindrops is located within a
rainstorm zone, it can be classified as a downstream source of atomization. The distribution
ratio of atomized raindrops across various particle sizes remains relatively stable.

In previous experiments, atomized rain was collected by an inclined plate positioned
downstream of the water tongue impact area. The measured atomized rainfall can be
considered the atomized source for the downstream region. When the ambient pressure is
reduced by 0.10P0, the average rate of atomization on the inclined test surface ranges from
115 to 127.68 m3/h. Correspondingly, there is a linear increase between 0.28 L/h and 2.83
L/h, with a relative growth rate ranging from 20.48% to 11.56% [21].



Water 2025, 17, 1721 17 of 22

Figure 9. The probability density of the number concentration corresponding to the median value of
each group of atomized raindrops with varying diameters (P(Dq1) = 1.02P0,P(Dq5) = 0.66P0; Q(D1p)
–Q(D5p) = (150–170) m3/h, ∆Q = 5 m3/h).

In this work, the atomized rain calculation is based on the raindrop spectrum at
specific measurement points. The enhancement characteristics of rain intensity at various
atomization planes under low pressure are illustrated in Figure 10a,b. The color code
represents the atomized rain areas corresponding to specific rainfall intensity thresholds
of 10 mm/h, 40 mm/h, 200 mm/h, and 600 mm/h. These categories are designated class
1⃝, class 2⃝, class 3⃝, class 4⃝, and class 5⃝, respectively. Additionally, rainfall intensities of

1000 mm/h and above are classified as class 5⃝+. Based on the test conditions of normal
ambient pressure (P1 = 1.02P0), the average growth rate ∆η of the rain intensity ∆RID on
the spray surface of the discharge flow was calculated when the ambient pressure was
decreased by 0.1P0, as depicted in Figure 10c.

According to the analysis presented in Figure 10, as the environmental air pressure
decreases (1.02P0, 0.94 P0, 0.86 P0, 0.76 P0, 0.66 P0), the measurement area under working
condition D1(1–5) (Q1 = 150 m3/h, V1 = 13.89 m/s) shifts in atomized classification from
levels 1⃝ to 3⃝ to 2⃝ to 3⃝; conversely, for working condition D4(1–5) (Q4 = 165 m3/h,
V3 = 15.28 m/s), the corresponding atomized classification changes from levels 3⃝ to 5⃝ to
levels 4⃝ to 5⃝+.

Therefore, when evaluating the impact of low ambient pressure on the protection of
the atomization field, the atomized classification of the testing surface is influenced by low
air pressure environments. This may result in a one-level enhancement of the atomization
protection level in certain areas, without the occurrence of multi-level increases, as all other
conditions remain constant. This effect arises because as the reference rainfall intensity on
the atomization surface increases, the average growth rate of the rainfall intensity affected
by low air pressure initially declines sharply before gradually stabilizing.
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Figure 10. The enhancement characteristics of rain intensity at various atomization planes under low
pressure. (a) Test conditions are D1(1–5) with an inflow discharge of 150 m3/h; (b) Test conditions
are D4(1–5) with an inflow discharge of 165 m3/h; (c) Relative growth law of atomized rain intensity
under low ambient pressure.

5. Conclusions
With the aim of decreasing the degree of aggravated risk of atomized rain at high-

altitude hydropower stations, this study provides insights into the atomized raindrop size
distributions of random splash experiments characterized by high-speed velocities and
low-pressure environments. Random splash experiments were conducted under coupling
conditions with high inflow discharge rates and low ambient pressures. The effects of low
pressure on the atomized raindrop size distributions at six measuring points downstream
along the overflow centerline collected by OTT Parsivel2 can be summarized as follows:

(1) The two-dimensional atomized raindrop spectra reveal that the intensity of atomized
rain increases with the increasing total number concentration of two-dimensional
raindrop spectra at low ambient pressure. Notably, the diameter of the small particles
within the subchannels significantly increases. In terms of the rain intensity compo-
nents, the proportion of the number-dominated isovolumetric diameter of the rain
intensity and the mass-dominated isovolumetric diameter of rain intensity remains
relatively stable and is not influenced by variations in ambient pressure;

(2) According to the three-dimensional raindrop spectra, the increase in atomized rain
intensity under low pressure is reflected in both the quantity and concentration
of atomized rain, with the most pronounced effects occurring at peak levels. The
maximum particle size and range are influenced by the intensity of atomized rain;
however, the impact of low pressure appears to be less significant. The relationship
between the atomized raindrop number concentration and characteristic particle size
exhibits a unimodal distribution that skews toward smaller particles, which can be
effectively modelled using the gamma distribution;
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(3) Under the same atomized rain intensity, the atomized raindrops undergo a dynamic
evolution characterized by collision and fragmentation, with their quantity increasing
in response to heightened atomized rain intensity. Notably, there is no significant
correlation between the statistical characteristics of three-dimensional raindrop spectra
and low ambient pressure, although the relationships among the arithmetic mean
diameter of atomized raindrops, the mass-weighted mean diameter of atomized
raindrops, and the generalized intercept parameter concerning the atomized rain
intensity exhibit a clear trend;

(4) Combined with the experimental results, this study provides a substantial reference
for establishing random splash simulation models characterized by low pressure.
It is advisable to appropriately increase the amount of the atomization source to
accurately reflect the impact of low pressure on the atomized rain intensity within
existing empirical formulas for the distribution of atomized raindrop diameters.
When atomized protection is categorized into zones, enhancing the area adjacent to
the characteristic rain intensity line is crucial, as its protection level may need to be
elevated by one grade in accordance with current industry standards.

The statistical characteristics of atomized raindrop size distribution datasets under
depressurized experimental conditions clearly demonstrated self-enhancing redistribution
features. When investigating the enhancement effect of low ambient pressure on atomized
rain intensity, it can be generalized that a proportional rise in the total number of particles
generated by splashed atomized raindrops, without considering minor variations in particle
size distribution, can establish a sufficient condition for advancements in numerical random
splash models concerning low ambient pressure effects. To predicting rain protection
scopes at a high-altitude hydropower station, future research should focus on how low
ambient pressure affects the boundary conditions of atomization sources under identical
discharge conditions, including trajectory distance of aerated waterjets; future research also
should focus on the investigation of thematic mechanism experiments in conjunction with
engineering challenges and explore the characteristics of atomized fields and sources from
multiple perspectives, including water quality, water volume, and water temperature, so as
to facilitate the development of advanced meteorological models for atomized protection
in high-altitude areas by integrating both physical and numerical methods.
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Appendix A

Table A1. Graded diameter size and fall velocity of atomized raindrop size distributions databases
collected by the OTT Parsivel2.

Classes Number
Raindrop Diameter Sizes Raindrop Fall Velocities

Mid-Value of Class (mm) Class Width (mm) Mid-Value of Class (m/s) Class Width (m/s)

1 0.062 * 0.125 0.050 0.100

2 0.187 * 0.125 0.150 0.100

3 0.312 0.125 0.250 0.100

4 0.437 0.125 0.350 0.100

5 0.562 0.125 0.450 0.100

6 0.687 0.125 0.550 0.100

7 0.812 0.125 0.650 0.100

8 0.937 0.125 0.750 0.100

9 1.062 0.125 0.850 0.100

10 1.187 0.125 0.950 0.100

11 1.375 0.250 1.100 0.200

12 1.625 0.250 1.300 0.200

13 1.875 0.250 1.500 0.200

14 2.215 0.250 1.700 0.200

15 2.375 0.250 1.900 0.200

16 2.750 0.500 2.200 0.400

17 3.250 0.500 2.600 0.400

18 3.750 0.500 3.000 0.400

19 4.250 0.500 3.400 0.400

20 4.750 0.500 3.800 0.400

21 5.500 1.000 4.400 0.800

22 6.500 1.000 5.200 0.800

23 7.500 1.000 6.000 0.800

24 8.500 1.000 6.800 0.800

25 9.500 1.000 7.600 0.800

26 11.000 2.000 8.800 1.600

27 13.000 2.000 10.400 1.600

28 15.000 2.000 12.000 1.600

29 17.000 2.000 13.600 1.600

30 19.000 2.000 15.200 1.600

31 21.500 3.000 17.600 3.200

32 24.500 3.000 20.800 3.200

Notes: The first and second particle sizes represented by * are discarded in the database analysis due to the low signal-to-
noise ratios of the instrument. The median of the subsequent class is determined by adding the class width at the level of
the current median to the existing median, whether in terms of raindrop diameter sizes or raindrop fall velocities.
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