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Abstract: This study aims to improve the prediction accuracy of the diffusion trajectory of radioactive pollutants in
the atmosphere. First, based on the traditional Gaussian plume model, the model is improved by introducing two key
control factors: rainfall intensity and ground roughness. Secondly, the factors affecting gas diffusion under different
rainfall intensities and ground roughness are analyzed, as well as the diffusion characteristics of radioactive pollutants
in the atmosphere under the influence of these two factors. Finally, taking the radioactive nuclide leakage of Daya Bay
Nuclear Power Station as an example, according to the analysis of the concentration distribution characteristics in the
downwind and crosswind directions, the results show that rainfall intensity and ground roughness have a significant effect
on the diffusion concentration and diffusion range of radioactive nuclides. With the increase of rainfall intensity and the
improvement of ground roughness, the diffusion concentration is significantly reduced, and the area of the dangerous area
is significantly reduced. Compared with the traditional simulation results, the improved model is reasonable and has certain

guiding significance, which provides a scientific basis for nuclear accident emergency response and risk assessment.
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1. Introduction

The growth of global energy demand has pushed nuclear energy to become a key component of the future energy
structure, but its development and utilization are accompanied by the risk of radioactive nuclides leakage .
Radioactive substances released by nuclear accidents or facility operations can threaten the environment and
public safety through atmospheric diffusion. Current radionuclide diffusion models mainly include the Gaussian
model, Lagrangian model, Euler equation, and CFD numerical simulation 7. The Gaussian model is based

on the assumption of stable meteorological conditions and describes the Gaussian distribution characteristics
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of pollutants in the y/z direction. It is suitable for early close-range rapid simulation of nuclear accidents,
but it needs to be corrected in combination with actual meteorological parameters "¥. Wang Kongsen verified
the applicability of the Gaussian model in gas leakage simulation "'; Huafeng Jiao analyzed the influence of
meteorology and terrain on diffusion and the removal effect of rainfall on soluble nuclides "*; Sun Zhikuan
team introduced wind field correction and optimized boundary conditions such as wall reflection "'/,

This paper takes the radioactive nuclide Cs from the nuclear leakage of Daya Bay Nuclear Power Station
as the research object, considers the effects of different rainfall intensities and different ground roughness on
diffusion at a certain height, analyzes the numerical relationship between these two factors and the diffusion

concentration and diffusion distance, and simulates the concentration range of radioactive nuclides diffusion.

2. Mathematical model

2.1. Gaussian plume model

The Gaussian plume model has the advantages of few input parameters, a simple and convenient calculation
method, and low calculation cost. It has been widely used in the study of atmospheric diffusion of radioactive
substances. In the study of the diffusion behavior of radionuclides, the effect of their radioactive decay on the
concentration of nuclides is particularly significant, especially when dealing with nuclides with short half-lives.
This shows that when applying the Gaussian plume model to analyze the diffusion of nuclides, the radioactive
decay effect must be taken into account. During the diffusion process, radioactive decay has a significant effect
on the spatial distribution of nuclide concentrations in the atmosphere. Since radionuclides follow classical

decay laws, their three-dimensional movement in the atmosphere can be described by the following control

equations.
ac d%c d%¢ d%c ac ac ac
at_Exax2+Eyay2+Ezaz2_uxax_uyay_uzaz_/1c (1)

Where: ¢ is the concentration of radionuclide, Bq/m3; E,, E,, E, are the turbulent diffusion coefficients in
the x, y, and z coordinate directions; u,, u,, u,, are the flow components in the x, y, and z coordinate directions;
M is the decay coefficient of the radionuclide, s™; y is the lateral distance, m; z is the vertical distance, m.

Since the Gaussian point source model assumes that the radioactive nuclides move in a stable state, the

following is obtained:

ac
o= 0 @)

The analytical solution of the above control equation is obtained by calculating Equation (1) and Equation

(2):

2
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c(x,y,2,t) =
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For Formula (3), Q is the source release rate, Bg/s;

Leto? = 2E,t, 0y = 2Eyt, 62 = 2E,t, and Equation (3) is transformed into
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Where, o, is the downwind diffusion coefficient, m; o, is the horizontal diffusion parameter, m; o, is the
vertical diffusion coefficient.

The concentration distribution of the ground continuous point source Gaussian plume model can be
obtained from Formula (4).

C(X, Y Z) = Znu?ryaz exp (_ 22]32,2) {exp [_(ZZ;ZZ)Z] +exp [_(%;)2]} (5)

Formula (1): C ( x,y, z ) is the air concentration at x meters downwind, y meters horizontally, and z meters

above the ground, Bq/m’; u is the average wind speed, m/s; o, is the horizontal diffusion parameter, m; o, is the
vertical diffusion coefficient, m; y is the horizontal distance, m; and z is the vertical distance, m.

Znu?fyaz exp (_ 22132, ) { [ z _H)Z] te [ (ZZ;ZI:)Z]} exp (_ %) (6)

Where: H is the effective release height, that is, the chimney height plus the plume lifting height, m.

C(x,y,z,H) =

If the half-life of a radionuclide is T, ,, then the half-life T,,, can be expressed as:

l 2
Tyjp == (7)

Therefore, the Gaussian plume model considering the attenuation of radionuclides is as follows:
Q _ { [ (z —H)Z] [ (z+H)2]} (_ 0693 )
2nuoy oy exp ( 20 ) exp te 20,2 exp 3600Tq/,u (8)

2.2. Wet deposition

Wet deposition refers to the removal of atmospheric pollutants by precipitation (such as rain and snow) through

C(x,y,z,H) =

adsorption or settling of water droplets. The effect of precipitation on pollutants in the plume A is expressed by
the washoff coefficient. The relationship between the washoff coefficient A and rainfall intensity is expressed as
follows:

A=al® ©)
Where I is the rainfall intensity (mm/h); a,b is the empirical coefficient, and its value can be found in Table

The flushing coefficient (s™) is usually used to describe the effect of rainfall on the cleansing of pollutants

in the smoke plume, and the rainfall intensity value can be used instead of the rainfall amount.
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Table 1. a and b reference values

Airborne emissions Aerosol Iodine elements Organic iodine compounds
a 1.2x10° 8x107” 8x107
b 0.8 0.6 0.6

For plume loss caused by wet deposition, the source strength can be corrected by using the wet deposition

attenuation factor Wthh can be e%pressed as:

% B, C 4 E 2 uﬂ—u——lc—/lc (10)

at X2 Ty Tz T U T Uy T Uz,
The Gaussian plume model with control is as follows:
— ,—At — d
fw = et = exp(— A5 (11)
dc . . .
In a steady state 57 = 0, the Gaussian plume model of radionuclides can be expressed as:
=% exp(=2 { [ﬂ] [ﬁ]} __06%3x
CCxr, Y,z H) = 2muoy0;, exp ( 20y2> exp 20,2 T exp 20,2 exp 3600T1/,u (12)

2.3. Surface roughness

There are two meanings of ground roughness. One is to indicate the degree of unevenness of the ground, and
the other is a comprehensive mechanical parameter that indicates the effect of the surface of an object on the
fluid, which is the interaction between the surface and the atmosphere. The ground roughness uses the following

formula:

Where, Z, is the roughness coefficient, and o, is the lateral diffusion coefficient perpendicular to the
dominant wind direction after adding the roughness element.

(0.35-0.03xlog x)

0,1 = 0,(2. 53_013Xlogx)xozss+ooTogx (14)

Where is o, the lateral diffusion coefficient perpendicular to the dominant wind direction after adding
rough elements.

The diffusion parameters are determined by the horizontal and vertical coefficients based on the
atmospheric stability level and the basic terrain conditions around the leak source. Atmospheric stability is
usually determined using the Pasquill classification method. The Paasquill-Gifford model diffusion coefficients
are shown in Table 2.
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Table 2. Classification of atmospheric stability levels

Atmospheric stability

Surface or 10 m high wind Solar radiation level

speed, u (m/s) 3 2 1 0 1 2
<2 A A-B B E F
2<u<3 A-B B C D E F
3<u<s B B-C C D D E
5<u<6 C C-D D D D D
U>6 D D D D D D

Introducing Equations (8), (9), and (10) into the Gaussian plume model equation (6), the Gaussian plume

model equation after control correction can be obtained:

__ Qfw _ —(z—H)? —(z+H)? 0693
Clx,y,z) = S exp ( 20,,12) {exp [—20212 ] + exp [—20212 ]} exp ( —3600T1/2u) (15)

3. Simulation and analysis

3.1. Traditional Gaussian plume model simulation
Based on the meteorological data of Daya Bay Nuclear Power Station (wind speed 2 m/s, stability level D),
taking Cs-137 (source strength 8.7Bq/s, half-life 30.17a, effective height 20 m) as the object, MATLAB was
used to construct a Gaussian plume model considering rainfall and ground roughness to simulate the nuclide
diffusion concentration distribution, as shown in Figure 1.

1000 ] O _400 200

(c) Concentration diffusion diagram of the y-z view (d) Concentration diffusion diagram of the y-c view

Figure 1. Radionuclide "*’Cs diffusion diagram
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Figure 1 shows the isoconcentration curves of nuclide diffusion in the z=20 m plane. The diffusion range
in the x-axis direction stabilizes after 500 m downwind, which is mainly dominated by wind speed and wind
direction. The diffusion in the y-axis direction tends to be stable after 50 m, which is controlled by molecular
diffusion and turbulent diffusion. The wind field intensity determines the x-axis transmission distance, while the
y-axis diffusion reaches equilibrium faster due to turbulent mixing.

3.2. Impact of rain washing

According to the precipitation classification published by the National Meteorological Administration, this
paper selects [ = 1.5 mm / h, 3 mm / h, and 15 mm / h as representatives, representing light rain, heavy rain, and
extremely heavy rain, respectively. Substituting into Formula (11) to calculate and draw the radionuclide "*'Cs
diffusion distribution map under different rainfall intensities, as shown in Figure 2.
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Figure 2. Variation curve of diffusion distance with rainfall intensity

Figure 2 shows the curve of the diffusion concentration and diffusion distance of the radioactive nuclides
of the leakage source *'Cs in the x-axis direction under different rainfall intensity levels. As shown in Figure
2, when I=15 mm/h, 3 mm/h, and 1.5 mm/h, the concentration reaches the maximum value at a distance of 100
m up and down the x-axis, and the maximum values are 472 Bg/m’, 707 Bg/m’, and 800 Bq/m’, respectively.
When =15 mm/h, the curve is close to smooth at a distance of about 280 m up and down the x-axis, and the
diffusion concentration tends to be stable. When I=3 mm/h and 1.5 mm/h, the concentration value tends to be
stable only when the distance up and down the x-axis is about 400 m.

At a distance of 50 m downwind, the relationship between the diffusion concentration and distance under
three different rainfall intensity levels was studied and the relevant diffusion concentration distribution diagram

was drawn, as shown in Figure 3.
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(a) I=0 mm/h (b)I=1.5 mm/h

(c) I=3 mm/h (d) I=15 mm'h

Figure 3. Diffusion isoconcentration curves under different rainfall intensities

Figure 3 shows that as the rainfall intensity increases, the diffusion range of the nuclides in the z=20 m
plane is significantly reduced. Taking the light blue concentration area as an example, the maximum diffusion
distance decreases from 336 m when there is no rain to 20 m when there is heavy rainfall. Rainfall triggers the
wet deposition of nuclides, accelerating the deposition of radioactive substances from the atmosphere to the
ground, indicating that the rainfall intensity is strongly negatively correlated with the diffusion distance.

From Formula (9) and Formula (10), it can be seen that the surface roughness affects the gas diffusion by

affecting the diffusion coefficient. The values of surface roughness are shown in Table 3.

Table 3. Ground roughness values

Roughness category

Height from ground/m

A B C
5 1.09 1.00 0.65
10 1.28 1.00 0.65
15 1.42 1.13 0.65
20 1.52 1.23 0.74

In this paper, the ground roughness at 20 m is selected for calculation. According to Formula (11), *’Cs the
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relationship curve between the diffusion concentration of radionuclides and the roughness in different diffusion
directions under different ground roughness is plotted, as shown in Figure 4.
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Figure 4. Relationship between diffusion concentration and roughness in different diffusion directions

Figure 4 shows that under different ground roughness conditions, the nuclide concentration in the x-axis
direction increases to a peak value first and then stabilizes with the diffusion distance. When the ground
roughness is 1.52, 1.23, and 0.74, the concentration reaches the maximum value at 40 m. Comparing the
influence of rainfall intensity, it is found that the trends of the concentration distance curves of the two are
similar, but the driving effect of rainfall intensity on concentration attenuation is more significant. Increasing
the ground roughness (such as vegetation coverage) can effectively inhibit the diffusion range of nuclides.

The above experiments mainly studied the changes in the diffusion range of radionuclides. Therefore, the
main measurement criteria are the diffusion area and concentration. The rainfall intensity can be taken as 15
mm/h, and the ground roughness can be 1.52. Substituting into Equation (11) for calculation, it can be simulated
that when the rain washing effect and the ground roughness act together on the traditional Gaussian plume
model, the concentration diffusion distribution of radionuclides "*’Cs is shown in Figure 5.
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Figure 5. Relationship between downwind distance and diffusion concentration
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Figure 5 shows that at the same downwind distance, the nuclide diffusion concentration of the improved
model is lower than that of the traditional model. The improved model has a concentration peak of 166 Bq/m’
at 80 m, while the traditional model has a peak of 812 Bq/m”’ at 260 m, and the diffusion range of the improved
model is greatly reduced. This shows that the rain washing effect and the roughness of the ground cause the
concentration peak to move forward and the diffusion range to be significantly reduced.

4. Conclusion

In this study, rain wash effect and ground roughness parameters were introduced into the traditional Gaussian
plume model, and an improved model was constructed to quantify the independent and coupled effects of
the two on the diffusion of radionuclides. Based on the cesium leakage scenario of Daya Bay Nuclear Power
Station, the analysis shows that the rain wash effect is significantly enhanced with the increase of rainfall
intensity, resulting in the acceleration of nuclide wet deposition and the shortening of the downwind diffusion
distance by about 15%—-30%; the increase of ground roughness improves the vertical diffusion efficiency by
enhancing turbulent disturbance, reducing the crosswind diffusion distance by 20%-40%, and the inhibitory
effect on lateral diffusion is stronger than that on longitudinal diffusion. The improved model is more in line
with the actual data in the early prediction of the leakage, revealing that when the roughness and rainfall
intensity act together, the peak concentration of nuclides near the ground is 10%—-25% higher than that of the
traditional model. The results show that the two factors directly affect the diffusion range and concentration

gradient distribution characteristics by changing the deposition rate and turbulent structure.
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