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Abstract: The flood discharge atomization of high dams involves a complex coupled flow of water
and air. Small-scale model tests are typically used to predict the atomization of flood discharge.
However, the accuracy of the prediction results often suffers because of the scale effect between the
model and the prototype. Considering that the numerical simulation method has the advantage
of not being restricted by similarity scales, this paper studies the influence of the scale effect on
the atomization of flood discharge based on the principle of water-air two-phase flow. Taking
the Shuibuya Hydropower Station as the research object, the distribution of the flood discharge
atomized rainfall and the atomized wind speed are studied when the boundary conditions, ambient
atmospheric pressure, and geometric dimensions meet similar requirements. The research results
show that under the same boundary conditions, the geometric scale is the most important factor
affecting flood discharge atomization. The smaller the geometric scale, the smaller the atomization
wind speed and rainfall intensity obtained by the model, which means that smaller monitoring
errors lead to larger prediction deviations. When the calculation model satisfies similar atmospheric
pressure conditions, the atomization wind speed and rainfall obtained by the models with different
geometric scales satisfy the standard exponential function relationship. By comparing with the
atomized rainfall and wind speed data observed by the Shuibuya prototype, it is found that the
prediction accuracy of the prototype can be greatly improved when the model satisfies a similar
atmospheric pressure.

Keywords: flood discharge atomization; similarity scale; model test; water-air two-phase flow;
numerical simulation

1. Introduction

Flood discharge atomization (FDA) is a phenomenon of water-air dispersion that
occurs during flood discharge at water conservancy projects. The strong wind and heavy
rainfall accompanying FDA can cause harm to the safe and stable operation of power sta-
tions, the stability of river valley slopes, and the productivity and lives of residents [1,2]. At
present, prototype observations [3–5], model tests [6–8], and numerical simulations [9–12]
are mainly used to predict the atomization of flood discharge. Among them, model testing
is one of the essential steps in the feasibility study design stage of most large- and medium-
sized hydropower projects [13,14]. A model test mainly measures the atomization of a
scaled-down physical model similar to the prototype, establishes a connection between
the model and the prototype, and realizes the prediction of the temporal–spatial distribu-
tion of the prototype’s atomization wind field and rain field [15,16]. However, because
FDA involves complicated water-air two-phase flow, physical model tests have significant
scaling effects, resulting in the transformation relationship between the prototype and
model not meeting the gravitational similarity criterion [17]. Taking the prediction of
atomized rainfall intensity as an example, under the premise of satisfying the similarity of
gravity, the results monitored by the model are usually considered to be an exponential
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relationship between the atomized rain intensity scale (Sr) and the geometric scale (Lr),
namely, Sr = Lr

n. The value of n is related to factors such as flood discharge capacity,
energy dissipater body shape, and Weber number, and its value has a great influence on
the accuracy of the prediction results [17]. Yu Kaiwen (2020) et al. [17] concluded that when
the geometric scale is smaller, a small change in the value of n causes the predicted rainfall
intensity to exhibit a change that is greater by tens or even hundreds of times, and the error
is unacceptable.

Numerous scholars have studied the effects of similar scales on the atomization of
flood discharge through model tests. Based on the original view data of the FDA of the
Wujiangdu Hydropower Station, the Nanjing Hydraulic Research Institute (NHRI) carried
out a series of model test studies (the similar model scales were 1:35, 1:60, 1:80, and 1:100).
A comparative analysis of the experimental results and the prototype observation data
showed that when the water surface Weber number WeL in the model exceeded 500 and the
water flow velocity was not less than 6.0 m/s, the relationship between the rain intensity
scale and geometric scale was Sr = Lr

1.53. Wu Shiqiang et al. [18] recommended this
relation as the outer envelope control of the atomized rainfall intensity. For small-scale
model tests, the similarity of surface tension is one of the factors to be considered [19,20].
The atomized rainfall intensity and atomized wind speed between the prototype and the
model can be converted by similar scales, but the conversion relationship is difficult to
determine. The similarity scale of atomized rainfall intensity of different geometric scale
models has great dispersion, which can reach 10~100 times [1]. In addition, the model
test results can be affected by a combination of factors. There are many factors that affect
the atomization of flood discharge: not only the flood discharge capacity, the shape of the
energy dissipater, the Weber number of water flow, etc. [2], but also the geometric size
of the model test, the atmospheric pressure of the environment where the test is located,
boundary conditions, and other factors. Therefore, it is difficult to quantitatively analyze
the influence of a single factor, so it is impossible to find the main factor that affects the
model test results, resulting in lower accuracy of the prediction results of a small-scale
model test.

China’s national standard “Hydraulic (Conventional) Model Test Regulations (SL155-
2012)” [21] notes that the hydraulic model should be corrected for the similarity of surface
tension and viscosity under the premise of satisfying the gravity similarity criterion. How-
ever, in terms of current test conditions and test technology, it is still relatively difficult to
accurately realize the correction of these influencing factors. Considering that the numerical
simulation method is not limited by the similarity scale of the model, it can reflect the real
FDA process to a certain extent. Therefore, based on the theory of water-air two-phase
flow, this paper uses a numerical simulation method to study the conversion relationship
between the model and a prototype of atomizing rainfall and atomizing wind speed and
explores the influence of boundary conditions, geometric dimensions, environmental pres-
sure, and other factors on the conversion relationship. Furthermore, the method to improve
the prediction accuracy of the flood discharge atomization model is analyzed.

2. Mathematical Model of FDA and Its Solution
2.1. Mathematical Model of FDA

FDA is essentially a process in which the potential energy of water is transformed into
water, air kinetic energy, and heat energy. This process follows the laws of conservation
of mass, momentum, and energy [22]. Considering that the temperature change during
flood discharge is minimal, the law of conservation of energy is not considered. The law
of conservation of mass and the law of conservation of momentum are used to describe
the movement of water and air in the process of FDA. The law of conservation of mass
followed by the movement of water and air can be expressed as [23]:

∂ρl
∂t

+ ul
i
∂ρl
∂xi

+ ρl
∂ul

i
∂xi

= 0 (1)
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∂ρa

∂t
+ ua

i
∂ρa

∂xi
+ ρa

∂ua
i

∂xi
= 0 (2)

In the formula, ρl is the density of water, ul
i is the speed of water in the i direction, ρa

is the density of air, and ua
i is the speed of air in the i direction.

The law of conservation of momentum followed by the movement of water and air in
the process of flood discharge can be expressed as:

ρl
∂ul

i
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+ ρlul
j
∂ul

i
∂xj
− µl

∂2ul
i

∂xj
2 −

µl
3

∂

∂xi

(
∂ul

j

∂xj

)
+
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− ρa fi −ωi = 0 (4)

In the formula, µl is the viscosity coefficient of water, p is the pressure, fi is the
component of gravitational acceleration in the i direction, µa is the viscosity coefficient
of air, and ωi is the interphase force between water and air in the i direction, which can
be expressed as a function of the volume fraction of water, density of water, and relative
acceleration:

ωi = f (Cl , ul
i − ua

i )

= −41.2ρlCl(1− Cl)
3|ul

i − ua
i |(ul

i − ua
i )

−CvmρlCl(1− Cl)(
d2ul

i
dt −

d1ua
i

dt )

(5)

where Cvm is the coefficient of additional mass.
To realize the prediction of FDA is to predict the distribution of the atomized wind field

and the atomized rain field generated during the flood discharge process. When the mass
and momentum conservation laws are used to describe the FDA, the movement speed of
air, namely, the wind field generated by the atomization of flood discharge, can be obtained.
The formation of the atomized rain field mainly comes from the water mist dispersed in the
air. When the concentration of water mist in the air reaches a certain level, the water mist
is converted into rain. Therefore, the formula for solving the concentration of water mist
and the conversion formula for fog and rain are introduced into the mathematical model of
FDA.

The water mist concentration transmission equation can be derived from the deforma-
tion of the mass conservation equation of water:

∂Cl
∂t

+ ul
i
∂Cl
∂xi

+ Cl
∂ul

i
∂xi

= 0 (6)

In the formula, Cl represents the concentration of water, and the other variables are
the same as defined above.

The intensity of fog and rain in the flood discharge process cannot be obtained by solv-
ing Equations (1)–(4) as a basic unknown quantity. Research has shown that the intensity of
fog and rain in the flood discharge process is related to the water mist concentration. As the
water mist concentration increases, the probability of collision between fog drops increases,
and the greater the formation of heavy raindrops, the greater the rainfall intensity [24]. In
this study, the fog and rain conversion formula proposed in the literature [25] is used to
calculate the fog and rain intensity:

q(x) =
[Cl(x)− Cl(x + ∆x)]·ua

z
2∆x

= −ua
z

2
dCl
dx

(7)

In the formula, q(x) is the rainfall intensity and Cl is the concentration of water; the
following concentrations all refer to the concentration of water: ua

z is the wind speed along
the vertical direction, and x represents the direction downstream along the river channel.
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2.2. Model Solution Strategy

The solution of the FDA mathematical model is achieved with computational fluid
dynamics (CFD), which is needed to determine the motion of water and gas. Since the
forces between the water and gas phases are opposite to each other, their magnitude has a
greater impact on the stability and convergence of the numerical solution. In this study,
to increase the stability and convergence in the numerical solution, the mass conservation
equation and momentum conservation equation of two phases were added separately to
obtain the total mass and momentum conservation equations of water and gas to reduce
the solution shock caused by the inaccurate estimation of the force between the water and
the gas phase. After adding the mass and momentum conservation equations of the two
phases of water and gas, the total mass and momentum conservation equations of the
water–gas mixed fluid are obtained:

∂ρm

∂t
+ um

i
∂ρm

∂xi
+ ρm

∂um
i

∂xi
= 0 (8)

ρm
∂um

i
∂t

+ ρmum
j

∂um
i

∂xj
− µm

∂2um
i

∂xj
2 −

µm

3
∂

∂xi

(
∂um

j

∂xj

)
+

∂p
∂xi
− ρm fi = 0 (9)

where ρm is the density of the water–gas mixed fluid, um
i is the speed of the mixed fluid

in the i (x, y, z) direction, µm is the dynamic viscosity coefficient of the water–gas mixed
fluid, and fi is the component of the gravitational acceleration of the mixed fluid in the i
direction.

When solving the mixed fluid mass conservation Equation (8), the main unknown
quantity in the equation is the density and velocity of mixed water and air. To facilitate
the solution, the relationship between the density and pressure of the mixed fluid is
introduced here to establish the relationship between fluid pressure and flow velocity [26].
The relationship between the pressure and density of the mixed fluid can be expressed as:

ρm =
ρm0

1− p−p0
Km

=
Kmρm0

Km − p + p0
(10)

In the formula, ρm0 is the density of the mixed fluid under standard atmospheric
pressure, p is the pressure, Km is the elastic modulus of the mixed fluid, and p0 is the
standard atmospheric pressure, taking 101 kPa. Substituting this into Equation (8), we can
obtain:

1
(Km − p + p0)

∂p
∂t

+
1

(Km − p + p0)
um

i
∂p
∂xi

+
∂um

i
∂xi

= 0 (11)

Considering that the elastic modulus of the mixed fluid is usually much larger than
the pressure increment ∆p = p0 − p, the increment part in the denominator can be ignored,
and then Equation (11) can be expressed as:

1
Km

∂p
∂t

+
1

Km
um

i
∂p
∂xi

+
∂um

i
∂xi

= 0 (12)

Therefore, the solution strategy of the mathematical model of FDA can be expressed
as follows: first, solve the mass and momentum conservation Equations (8) and (9) of the
water–gas mixed fluid to obtain the pressure and the velocity of the mixed fluid at this
time step; then, use the pressure value to solve the gas-phase momentum conservation
Equation (4) to obtain the gas-phase velocity; and then, use momentum conservation
characteristics to explicitly derive the movement speed of the water phase, solve the water
concentration according to the concentration transmission equation of the water phase (6),
and finally obtain the atomized rainfall intensity and wind speed according to the fog–rain
conversion Equation (7). The Newton-Raphson method is used for nonlinear iteration, and
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the biconjugate gradient stabilized method (BCGSTAB) is used to solve the linear equations.
The large eddy simulation (LES) method is used to address turbulence.

2.3. Calculation Example Verification

To solve the movement of water and air in the FDA process, a finite element calculation
code is written. Figure 1 shows the convergence process of pressure and velocity solutions
when solving the mass and momentum conservation equation of mixed water and air. The
iterative convergence standard of velocity and pressure is 10−5. Figure 1 shows that the
iterative convergence process of pressure is relatively slow, while the iterative solution
process of velocity is faster.

Water 2023, 15, 442 5 of 20 
 

 

Equation (4) to obtain the gas-phase velocity; and then, use momentum conservation char-
acteristics to explicitly derive the movement speed of the water phase, solve the water 
concentration according to the concentration transmission equation of the water phase (6), 
and finally obtain the atomized rainfall intensity and wind speed according to the fog–
rain conversion Equation (7). The Newton‒Raphson method is used for nonlinear itera-
tion, and the biconjugate gradient stabilized method (BCGSTAB) is used to solve the lin-
ear equations. The large eddy simulation (LES) method is used to address turbulence. 

2.3. Calculation Example Verification 
To solve the movement of water and air in the FDA process, a finite element calcula-

tion code is written. Figure 1 shows the convergence process of pressure and velocity so-
lutions when solving the mass and momentum conservation equation of mixed water and 
air. The iterative convergence standard of velocity and pressure is 10−5. Figure 1 shows 
that the iterative convergence process of pressure is relatively slow, while the iterative 
solution process of velocity is faster. 

 

 
Figure 1. Iterative convergence processes of velocity and pressure. 

Flood discharge atomization is essentially a process of water‒air two-phase flow, so 
the key to its numerical simulation is to solve the water‒air two-phase movement. To fur-
ther verify the correctness of the solution code, a water faucet example is used to verify 
the solution code. The water faucet calculation example describes the free fall process of 
water in a vertical pipe [27,28]. As the flow rate of water at the outlet is greater than that 
at the inlet, the water keeps narrowing in the falling process, and the gap between the 
water body and the tube wall is filled with air. Through simulation, the process of water 
falling in the vertical pipe can be obtained, as shown in Figure 2. Figure 2 shows the vol-
ume fraction of water in the pipe at different times. The grey picture is from the reference 
(a–c), and the color picture is obtained from the numerical simulation in this paper (a’–c’). 

A comparison of Figure 2 with the reference [28] indicates that the liquid-phase con-
centration distribution diagram at different times obtained by the program simulation is 

Figure 1. Iterative convergence processes of velocity and pressure.

Flood discharge atomization is essentially a process of water-air two-phase flow, so the
key to its numerical simulation is to solve the water-air two-phase movement. To further
verify the correctness of the solution code, a water faucet example is used to verify the
solution code. The water faucet calculation example describes the free fall process of water
in a vertical pipe [27,28]. As the flow rate of water at the outlet is greater than that at the
inlet, the water keeps narrowing in the falling process, and the gap between the water body
and the tube wall is filled with air. Through simulation, the process of water falling in the
vertical pipe can be obtained, as shown in Figure 2. Figure 2 shows the volume fraction of
water in the pipe at different times. The grey picture is from the reference (a–c), and the
color picture is obtained from the numerical simulation in this paper (a’–c’).

A comparison of Figure 2 with the reference [28] indicates that the liquid-phase
concentration distribution diagram at different times obtained by the program simulation is
consistent with those in the literature. The initial state is that the liquid phase with a volume
fraction of 0.8 fills the entire pipeline (Figure 2a,a’). When the liquid phase starts to flow
in from the inlet, the concentration at the lower part of the pipeline remains unchanged,
while the concentration at the inlet gradually increases. When the flow is stable, the volume
fraction of the liquid phase is distributed in an inverted cone shape along the pipeline.
From the perspective of the dynamic process of water flow, the calculation program can
simulate the two-phase flow of water and air. Figure 3 shows the comparison between the
theoretical value and calculated average velocity of water at different distances from the
pipeline inlet.
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According to the comparative analysis of the average velocity of water at different
sections, the calculated value of the numerical model is close to the theoretical value, which
further verifies the simulation ability of the numerical program for water–gas two-phase
flow.

3. Influence of the Geometric Scale on FDA
3.1. Calculation Model

In this study, the FDA process of the Shuibuya Power Station was used as the research
object, and a three-dimensional finite element calculation grid was established. The simu-
lated similarity scales are 1:1, 1:2, 1:5, 1:10, 1:20, 1:50, and 1:100 for the FDA process of the
Shuibuya Power Station. The calculation grid is shown in Figure 4. The grid dependency
is verified on a 1:1 computing grid, and hexahedral meshes are used. Considering the
calculation efficiency and calculation accuracy, the number of calculation grid nodes used
is 59,939, and the number of grid elements is 53,244. The calculation grids of other scales
are all reduced proportionally on the basis of the 1:1 scale calculation grid. The number of
meshes used in numerical simulation with different geometric scales is the same, so the
mesh size is different and the Reynolds number is not preserved in small-scale models.
The mesh size used in the model with a small geometric scale is smaller. Considering that
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the size of models with different geometric scales is different and the mesh size adopted
by models with different geometric scales cannot be consistent, a consistent mesh number
strategy is adopted. It should be noted that the change in mesh size affects the calculation
results but does not affect the trend of the calculation results.
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The initial boundary conditions are important factors affecting the calculation results.
To study the influence of the geometric scale, different models adopt similar boundary
conditions, that is, the types of boundary conditions are the same, but the values are
different. Taking the 1:1 scale calculation model as an example, the boundary conditions
are mainly divided into velocity boundary conditions, pressure boundary conditions, and
concentration boundary conditions. The velocity boundary conditions are as follows: at the
entrance of the spillway, the velocity in the x-direction below the water surface is known,
which equals the discharge divided by the corresponding mesh area, and the velocity of
the air above the water surface in the x-, y-, and z-directions is 0; the velocities of water and
air at the spillway and the river channel are both 0; the velocities in the y- and z-directions
at the downstream exit are 0, and the velocities in the downstream direction are calculated
through calculations; and the velocities in the x-, y-, and z-directions at the top of the
model are all 0. The discharge of the geometric scale of 1:1 is 3848 m3/s. The pressure
boundary conditions are as follows: the model outlet is a known pressure boundary, the
pressure below the water surface is calculated by water depth, and the pressure above
the water surface is calculated by elevation coordinates; the top of the model is a known
pressure boundary; and the pressure of the remaining parts is obtained by calculation.
The concentration boundary conditions are as follows: the concentration boundary below
the spillway inlet water surface is known, and the concentration in the rest of the area is
obtained by calculation. For models with other geometric scales, the speed at the boundary
is reduced according to the geometric dimensions, which meets the criterion of equal
Froude number, while the pressure boundary conditions and concentration boundary
conditions are consistent with the 1:1 model.

The initial conditions of the model calculation for different scales are all kept the same,
and the initial velocity in the model calculation domain is 0; the initial concentration of
water below the surface of the downstream river is 1, and the concentration of water above
the surface is 0.

3.2. Evolution Process of Atomization Wind Speed and Rainfall

By numerically simulating the flood discharge process under different similar scale
conditions, the velocity of water vapor movement and the concentration of water mist
at a certain place in space at any time can be obtained. We select the node at the 230 m
platform (#22 in Figure 10) on the left bank and analyze the changes in wind speed in the
x-direction (along the river) component, z-direction (vertical direction) component, and
wind speed at this part under different similarity scales. Generally, according to Figure 5,
the x-direction component of atomization wind speed at the 230 m platform on the left bank
first increases and then gradually tends to stabilize with the flood discharge process, and
the final stable speed is also different under different similarity scales. When the similarity
scale is 1, the x-direction component of the atomization wind speed is the largest. As the
similarity scale decreases from 1:1 to 1:50, the x-direction component of atomization wind
speed gradually changes from positive to negative. When the similarity scale decreases to
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1:100, the x-direction component of atomization wind speed changes to positive again. This
shows that the position of the air flow gyration formed by the atomized wind on the 230 m
platform on the left bank is greatly affected by the geometric scale. At the same position,
under different geometric scales, it may be located on the left side of the counterclockwise
cyclone center (the x-direction component is positive) or on the right side of the cyclone
center (the x-direction component is negative).
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Figure 6 shows the components of the atomization wind speed in the z-direction under
different similar scale conditions. With the progress of flood discharge, the component of
atomization wind speed in the z-direction increases first, then decreases gradually, and
tends to be stable. Since the water flows mainly downward, the z-direction component
of the atomized wind speed produced mainly moves vertically downward on the 230 m
platform on the left bank. The larger the similarity scale, the greater the stable value of
the atomizing wind speed component in the z-direction, and the earlier this value starts to
change. This shows that under the same initial conditions, the larger the similar scale, the
shorter the time for the water to flow down to the 230 m platform on the left bank.
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Through the components of the atomization wind speed in the x-, y-, and z-directions,
the change process of the atomization wind speed with time during the flood discharge
process can be obtained, as shown in Figure 7. The change process of atomization wind
speed with time is similar to the component of atomization wind speed in the x-direction,
and both increase first and then gradually stabilize with the progress of flood discharge. On
the whole, the smaller the similarity scale, the smaller the atomization wind speed when
the flood discharge is stable, and the more severe the fluctuations. When the similarity
scale reaches 1:100, the atomization wind speed fluctuates the most. Figure 6 shows that
the geometric similarity scale of the model has a greater impact on the atomization wind
speed. From the perspective of energy conversion, the potential energy of the water body
is transformed into the kinetic energy of water and air during the flood discharge process.
When the potential energy of the water body is greater, the corresponding atomization
wind speed is also greater. The atomization wind speed during the flood discharge process
is affected by many factors, including the drop between the upstream and downstream,
the atmospheric pressure, and the boundary conditions [29,30]. When a smaller similar
scale is used, the influence of each influencing factor on the atomization wind speed is not
negligible.
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Figure 8 shows the change process of the water concentration above the 230 m platform
on the left bank under different similar scale conditions with time. The water concentration
at this location first increases rapidly and then gradually decreases to a stable trend as the
flood discharge progresses. When the similarity scale is less than 1:50, the concentration
of water at the 230 m platform on the left bank does not have a decreasing stage. The
larger the similarity scale, the greater the maximum value that can be reached by the water
concentration above the 230 m platform on the left bank, and the greater the concentration
that can be reached in a steady state, the earlier the water concentration at the 230 m
platform on the left bank changes.

The atomized rainfall intensity is mainly affected by wind speed and water mist
concentration (Figure 9). The variation law of atomized rainfall is similar to that of water
mist concentration, which first increases rapidly and then decreases gradually to become
stable. The higher the wind speed, the higher the water mist concentration, and the greater
the atomization rainfall intensity in this part. When the model scale is less than 1:10, the
atomized rainfall intensity measured in the model test is approximately 0. At this time, the
rainfall intensity is greatly affected by the surrounding environment, and the accuracy of
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the results is poor. When the geometric similarity scale of the model is large, the deviation
of the predicted prototype rainfall intensity is also large.
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3.3. Influence of Geometric Scale on the FDA Wind Field and Rain Field

In 2016, the Shuibuya Hydropower Station carried out a prototype observation test
of FDA [31] in which the discharge flow was 3848 m3/s. The atomization wind speed at
7 measuring points and the atomization rain intensity at 21 effective measuring points were
monitored (Figure 10) [22]. Generally, we pay more attention to the maximum value and
the influence range of atomized rainfall. Therefore, measuring point #22 with the largest
rainfall intensity among all monitoring points (left bank
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230 m platform) is selected, and
the stable atomization wind speed and rainfall intensity obtained under different geometric
scale conditions are plotted in Figures 11 and 12.

Figure 11 shows that the smaller the geometric scale, the smaller the stable atomization
wind speed obtained. When the similarity scale is less than 1:10, the stable atomization
wind speed calculated by the model tends to be basically stable, which means that the
monitoring data at a small scale are very indistinguishable. From another point of view,
the smaller the similar scale, the greater the error caused by the test.
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The atomized rainfall is affected by the concentration of water mist and the atomization
wind speed. The atomized rain intensity at the 230 m platform on the left bank under
different geometric scale conditions obtained through the numerical model is shown in
Figure 12. Similar to the variation law of atomization wind speed, the larger the geometric
scale, the greater the atomization rain intensity calculated by the model. In the prototype
test, the maximum rainfall intensity of this part can reach 10,000 mm/h. By comparing
with the calculation results of the model with a geometric scale of 1:1, it can be seen that
the deviation of the model prediction results is −14.5%. When the 1:1 scale is used to
predict the FDA of the Shuibuya Hydropower Station, the maximum deviation between the
numerical model calculation results and the prototype observation results can reach 14.5%.
There are many reasons for this deviation, including computational boundary conditions,
model parameters, and numerical solution methods. Generally, the numerical model can be
modified through prototype observation data to improve prediction accuracy. However, it
is necessary to carry out indoor model tests under the condition of no construction project
and a lack of prototype observation data, which can provide a corresponding basis for the
modification of numerical calculation models.

When the reduced scale model is used to predict the FDA wind speed and rainfall, it
is necessary to establish the conversion relationship between the model and the prototype.
Generally, this relationship can be expressed by an exponential function with a geometric
scale as the base. For example, the atomized rain intensity scale Sr can be expressed as a
function of the geometric scale Sr = Ln

n, where the value of n is affected by flood discharge
hydraulic conditions, flow Weber number, geometric scale, energy dissipation shape, and
other factors. Using the atomization wind speed and rainfall intensity at the 230 m platform
on the left bank, the relationship between the rain intensity scale Sr, the wind speed scale
Vr , and the geometric scale Lr can be obtained, as shown in Table 1.

Table 1. Conversion coefficient n between the atomized rain intensity and wind speed.

Geometric scale Lr 1:2 1:5 1:10 1:20 1:50 1:100

Rain intensity conversion coefficient nSr 1.734 1.879 1.582 1.252 1.019 1.127

Rain intensity scale
Sr = Lr

nSr
3.33 7.88 38.19 42.55 53.86 179.47

Wind speed conversion coefficient nVr 1.07 1.43 1.21 0.942 0.672 0.572

Wind speed scale
Vr = Lr

nVr
2.10 4.81 16.22 16.81 13.86 13.93

As shown in Table 1, under similar boundary conditions and calculation parameters,
by changing only the size of the geometric grid, the index n of the atomization rain intensity
scale obtained by simulation is between 1.019 and 1.734, the conversion coefficient of
fog–rain intensity is between 3.33 and 179.47, and the smaller the geometric scale, the
greater the conversion value of fog–rain intensity. Wu Shiqiang et al. [18] recommended
that the atomized rain intensity scale be converted to the 1.53 power of the geometric scale,
which can be used as the outer envelope control line of the atomized rain intensity. This
value is within the range of the conversion coefficient of the atomized rain intensity scale
in Table 1. The index n of the atomization wind speed scale is between 0.572 and 1.43,
and there is no detectable monotonic relationship between different geometric scales. The
conversion value of atomization wind speed also fluctuates greatly, ranging from 2.1 to
16.81. When the physical model test is used to predict the FDA wind speed and rainfall, the
smaller the geometric scale, the larger the rain intensity scale and the wind speed scale, but
a larger rain intensity scale causes a larger prediction deviation. Under different combined
scale conditions, the prediction deviation of the atomization wind speed and rain intensity
at each measurement point is shown in Figure 13.

According to Figure 13, when models with different geometric scales are used to
predict atomization wind speed and rainfall intensity at different measuring points, the
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prediction deviations of models with different geometric scales are different for each mea-
suring point of the prototype. Generally, the prediction deviation of the atomization fraction
of models with different geometric scales is −76~+54%, while the prediction deviation of
atomization rainfall is −55~+47%. When determining the conversion relationship between
the model and the prototype, the coefficient n is calculated from the values of the maximum
measuring points of wind speed and rainfall. When the conversion relationship is applied
to other measuring points, the deviation of the predicted value is large. It should be noted
that the monitoring data compared here are the prototype observation data of the Shuibuya
Hydropower Station, not the data from the reduced geometric scale model experiment.
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3.4. Influence of Atmospheric Pressure on the Model Test

Through the research in Section 3.3, it is found that when the geometric similarity is
satisfied, the coefficient n in the conversion relationship between the prototype and the
model is solved through the prototype observation data, and then the coefficient is used
to predict the atomization wind speed and rainfall intensity of other measurement points.
The calculation model with a small geometric scale still causes a large deviation. In fact, the
occurrence of atomization during flood discharge depends not only on the turbulence of the
water flow itself but also on its ability to eliminate surface tension. The surface tension of
water is essentially caused by the imbalance of pressure on the interface, so the atmospheric
pressure where the flood discharge is located also has a greater impact on atomization.
Liu Haitao (2019) et al. [30] studied the influence of altitude on FDA and reported that as
the altitude increases, the area of atomization downstream of the flood discharge tunnel
tends to increase. Considering that most physical model tests are carried out under normal
temperature and pressure, the atmospheric pressure between the prototype and model
does not meet similar conditions. In this section, on the premise that the calculation model
meets the gravity similarity, the atmospheric pressure of the model is changed to make the
environmental pressure of flood discharge meet similar conditions to explore the impact
of atmospheric pressure on FDA. The atmospheric pressure of the calculation model with
a geometric scale of 1:1 is standard atmospheric pressure, and the pressure of the other
calculation models is reduced on the basis of standard atmospheric pressure according to
the geometric scale. The other calculation conditions are the same as those in Section 3.3.

Figure 14 shows the relationship curve between the atomization wind speed and the
atomization rain intensity at the 230 m platform on the left bank with different geometric
scales and geometric scales under the condition of similar pressure. It can be seen that
the smaller the similarity scale, the smaller the atomization wind speed and atomization
rainfall calculated by the model. As the geometric scale decreases, the atomization wind
speed and rainfall decrease in a power function relationship with the geometric scale as
the base. The atomization wind speed calculated by the models of different geometric scales
shows a power function relationship with an exponent of 0.529, and the correlation reaches
0.99, while the atomized rainfall obtained by calculation models of different geometric scales
presents a power function relationship with an exponent of 0.554, and the correlation can reach
approximately 0.97. From the perspective of numerical simulation, when the calculation model
meets geometric similarity and atmospheric pressure similarity, the conversion relationship
between different geometric scale models is relatively fixed, and the power function index is
approximately 0.5, which approximately meets the gravity similarity criterion.
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The conversion relationship coefficient n between the model and prototype with
different geometric scale values is solved by using the prototype observation values of the
maximum atomization wind speed and rainfall measurement points, as shown in Table 2.

Table 2. Atomization wind speed and rainfall conversion coefficient n under different geometric
scale conditions.

Geometric scale Lr 1:2 1:5 1:10 1:20 1:50 1:100

Rain intensity conversion coefficient nSr 1.014 0.800 0.795 0.726 0.634 0.581

Rain intensity scale Sr = Lr
nSr 2.02 2.41 6.24 8.80 11.94 14.52

Wind speed conversion coefficient nVr 0.824 0.683 0.672 0.634 0.579 0.553

Wind speed scale Vr = Lr
nVr 1.77 2.12 4.70 6.68 9.63 12.76

According to Table 2, when the models with different geometric scales meet similar
pressure conditions, the variation range of the conversion relationship coefficient n between
the atomization wind speed and rainfall intensity and the prototype observation results is
significantly reduced. The conversion coefficient n obtained in Table 2 is used to predict the
atomization wind speed and rainfall intensity at other observation points. The deviation of
the prediction results is shown in Figure 15.
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Figure 15 shows the comparison between the predicted value of the calculation model
of different geometric scales and the observed value of the prototype. Under the condi-
tion of similar atmospheric pressure, the deviation between the atomization wind speed
obtained by the geometric models with different scales and the measured wind speed is
smaller than that of the models that did not meet similar atmospheric pressure, and the
deviation between the predicted value of the model and the measured value is ±30%. After
considering similar atmospheric pressure conditions, the prediction accuracy of the proto-
type’s atomization wind speed and rainfall intensity is greatly improved by the calculation
model.

4. Discussion and Conclusions

It is important to use a similar model to predict the atomization of flood discharge, but
due to the influence of the scale effect between the prototype and the model, the prediction
accuracy of this method is limited. Considering that there are many factors affecting
FDA, such as model initial conditions, boundary conditions, and atmospheric pressure,
the influence of various factors cannot be accurately defined when using physical model
tests. In this study, numerical simulation is used to study the effects of geometric scale and
atmospheric pressure on FDA wind speed and rainfall under similar boundary conditions.
Then, the results calculated by the 1:1 model are verified with the data obtained from the
prototype observation. On this basis, the effects of geometric scale, boundary conditions,
and atmospheric pressure on FDA are analyzed. Theoretically, a series of small-scale model
tests should be used to verify the numerical results, but it is very challenging to ensure that
the boundary conditions of the model tests are consistent with the numerical simulation.
Moreover, small-scale model tests also have shortcomings, which means that they cannot
completely simulate the real FDA process, and are affected by parameter values.

Although there are some shortcomings in the verification of numerical calculation re-
sults, they do not affect our ability to find the influence of the scale effect on flood discharge
atomization through numerical simulation. The research shows that the geometric scale
is the main factor affecting FDA in FDA model tests. The smaller the geometric scale, the
smaller the stable atomization wind speed and rainfall intensity simulated by the model.
When models with different geometric scales are used to predict the FDA wind speed and
rain intensity, the prediction deviation is between −76% and +54%. The transformation
relationship between the predicted value and the calculated value of the model is usually
an exponential function relationship with the geometric scale at the bottom. The smaller
the geometric scale, the larger the corresponding rain intensity scale and wind speed scale.
Therefore, a smaller model calculation error also causes a greater prediction deviation.
When the atmospheric pressure similarity is considered in the numerical calculation model,
the deviation of atomization wind speed and rain intensity predicted by different geometric
scales can be controlled within ±30%. Under the condition of pressure similarity, the
prediction accuracy of the model can be greatly improved.
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