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Abstract

The specification of inlet boundary conditions plays a critical role in computational fluid
dynamics (CFD) simulations of pollutant dispersion from nuclear facilities, particularly in
regions characterized by uneven terrain. Previous studies have often simplified such terrain
by approximating it as a flat surface to reduce computational complexity. However, this
approach fails to adequately capture the realistic atmospheric boundary layer dynamics
inherent to uneven topographies. To address this limitation, this study conducted atmo-
spheric dispersion tracer experiments specifically designed for nuclear facilities situated on
non-uniform terrain. A novel inlet boundary condition, termed the Atmospheric Boundary
Layer of Uneven Terrain (ABLUT), was developed by modifying the existing atmBound-
aryLayer model in OpenFOAM. Numerical simulations were performed using both the
default and the proposed ABLUT boundary conditions, incorporating different turbulence
models and examining the influence of turbulent Schmidt numbers across a range of
0.3 to 1.3. The results demonstrate that the ABLUT boundary condition, particularly when
coupled with a turbulent Schmidt number of 0.7 and the SST k − ω turbulence model,
yields the closest agreement with experimental tracer dispersion data. Notably, compara-
tive analyses between the default and improved models revealed significant discrepancies
in near-surface wind speed profiles, with deviations becoming increasingly pronounced at
higher elevations. Numerical simulations were conducted to assess the ground-level
distribution of Total Effective Dose Equivalent (TEDE) for four typical radionuclides
(3H, 14C, 85Kr and 129 I) emitted from nuclear facilities under both higher and lower wind
speed conditions. Results demonstrate that the TEDE maxima across all scenarios re-
main orders of magnitude below regulatory annual limits. These findings provide critical
insights for enhancing the accuracy of wind field simulations in the vicinity of nuclear
facilities located on uneven terrain, thereby contributing to improved risk assessment and
environmental impact evaluations.

Keywords: inlet boundary conditions; atmospheric dispersion tracer experiment;
atmospheric boundary layer; computational fluid dynamics; OpenFOAM

1. Introduction
The rapid advancement of industrial technology has significantly impacted the envi-

ronment, with factories playing a central role in industrial development. Industrial facilities,
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including nuclear power plants, thermal power plants, and other nuclear installations,
release exhaust gases that pose substantial environmental risks. The 2011 Fukushima
Daiichi Nuclear Power Plant accident highlighted the severe consequences of toxic emis-
sions, demonstrating their potential to degrade air quality and cause long-term harm to
human habitats [1].

As global development continues, energy remains a critical focus. Nuclear energy,
recognized as a clean energy source, is pivotal for achieving carbon neutrality and is a
priority for many nations [2–4]. However, the expansion of nuclear energy has increased the
number of nuclear facilities, which emit radioactive pollutant gases. The dispersion of these
pollutants is influenced by factors such as wind direction, wind speed, humidity, terrain,
and atmospheric temperature gradients, all of which affect the surrounding environment [5].
Pollution dispersion models are essential tools for assessing the environmental and human
health impacts of these pollutants and for predicting potential risks, thereby enabling
improved preventive measures and informed decision-making.

In recent years, extensive research has focused on pollutant dispersion, employing
both experimental and numerical approaches. Experimental studies primarily include
wind tunnel and field experiments. Wind tunnel experiments offer controlled condi-
tions, enabling precise manipulation of wind direction and speed. However, they often
oversimplify real-world scenarios, typically simulating flat terrain and failing to capture
complex environmental dynamics [6–9]. Field experiments, conversely, provide valuable
insights by reflecting actual gas pollutant dispersion under real-world conditions, making
their results highly relevant for validating numerical simulations. Nevertheless, they are
resource-intensive, requiring significant labor and financial investment, and are subject to
significant factors such as vegetation, obstacles, and non-stationary wind patterns with
varying directions [10–13].

Prior studies have commonly utilized the Gaussian dispersion model for numerical
simulations of pollutant dispersion in flat-terrain settings [14–19]. However, in complex
environments with uneven topography or urban structures, the Gaussian model’s as-
sumption of a uniform medium leads to significant inaccuracies, particularly in predicting
near-field dispersion [20]. In contrast, advanced Computational Fluid Dynamics (CFD)
models account for terrain variations, buildings, and other obstacles, offering more precise
simulations of pollutant dispersion under real-world conditions. The selection of Gaussian
or CFD models typically hinges on the availability of data and computational resources.

CFD-based approaches rely heavily on turbulence modeling to resolve the complex,
chaotic nature of atmospheric flows. Among the available strategies, Reynolds-Averaged
Navier–Stokes (RANS) models are widely used due to their computational efficiency.
RANS solves time-averaged equations and models all turbulent scales through empiri-
cal closures, making it suitable for engineering-scale simulations with limited computa-
tional budgets [21,22]. However, RANS exhibits well-documented limitations in captur-
ing transient flow phenomena such as flow separation, recirculation zones, and plume
meandering—features that are particularly critical in near-field dispersion around com-
plex terrain or industrial structures [23,24]. These deficiencies can lead to significant
errors in predicting peak concentrations and spatial distribution of pollutants close to
emission sources.

To overcome these shortcomings, Large-Eddy Simulation (LES) has emerged as a
higher-fidelity alternative. LES explicitly resolves the large-scale, energy-containing tur-
bulent eddies while modeling only the smaller, subgrid-scale motions. This approach
captures the unsteady, three-dimensional structure of turbulence with far greater physical
realism, enabling more accurate representation of dispersion processes in heterogeneous
environments [25,26]. Numerous studies have demonstrated LES’s superior performance
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over RANS in reproducing measured concentration fields in both urban canopies and
complex-terrain scenarios [27]. However, LES demands substantially higher computa-
tional resources—requiring fine spatial discretization, small time steps, and sophisticated
inflow boundary conditions—limiting its applicability for large-domain or operational risk
assessments under current computational constraints [28]. Given this trade-off between
accuracy and efficiency, RANS remains a pragmatic choice for many environmental impact
studies, especially when extensive parametric analyses (e.g., varying emission scenarios,
terrain configurations, or turbulence parameters) are required. In this work, we adopt
RANS-based turbulence models to enable comprehensive evaluation within feasible com-
putational limits, while acknowledging the inherent limitations in near-field prediction.
Future work may leverage LES for high-resolution validation or critical safety assessments
where near-source accuracy is paramount.

Uneven underlying surfaces significantly influence atmospheric boundary layer (ABL)
dynamics and play a pivotal role in diverse applications, such as urban wind environ-
ments [29,30], wind farms [31–33], and gas leakage scenarios [34–37]. In urban settings,
terrain heterogeneity alters wind flow patterns, impacting building design and urban
microclimates [38]. For wind farms, accurate representation of terrain effects is essential
for optimizing turbine placement and energy yield. In gas leakage events, precise ABL
modeling is critical for forecasting pollutant transport and ensuring public safety. These
domains underscore the need for robust numerical models that faithfully replicate ABL
behavior over complex terrains, informing urban planning, renewable energy strategies,
and emergency response protocols.

Within RANS frameworks, the choice of turbulence model and associated closure
parameters directly governs simulation fidelity. A key parameter in scalar transport is the
turbulent Schmidt number, defined as the ratio of turbulent momentum diffusivity to mass
diffusivity. While often treated as a constant, Schmidt number can vary significantly with
flow regime, stability, and terrain complexity [39–41]. Empirical calibration is common, yet
inappropriate assumptions can lead to divergent predictions of plume spread, concentration
decay, and deposition patterns. Therefore, judicious selection of both turbulence models
and turbulent schmidt number values is essential for simulations that reliably mirror real-
world dispersion behavior, thereby supporting robust environmental assessments and
evidence-based policy decisions.

The structure of this paper is as follows. Section 2 outlines the environmental back-
ground, experimental procedures, and testing methodologies for the atmospheric dis-
persion tracer experiments conducted in this study. Section 3 introduces an enhanced
Atmospheric Boundary Layer inlet boundary condition tailored for uneven terrain, termed
the Atmospheric Boundary Layer of Uneven Terrain, alongside two turbulence models and
comprehensive evaluation metrics. Section 4 details the methodology for simulating ABL
flow and pollutant dispersion under uneven terrain conditions, encompassing the physical
model, computational domain, meshing, sensitivity analysis, boundary conditions, and
convergence settings. Section 5 analyzes the results of the atmospheric dispersion tracer
experiments, evaluating the performance of four schemes against experimental data using
the defined metrics. It compares the differences between the improved ABLUT model and
the default model at the inlet boundary, examining variations in velocity and turbulent
kinetic energy with height. Additionally, the distribution and differences in velocity, tur-
bulent kinetic energy, and pollutant concentration at a height of 10 m above ground are
assessed. The impact of six different turbulent Schmidt numbers on pollutant dispersion is
also analyzed in comparison with experimental results. Finally, the section evaluates the
ground-level distribution of Total Effective Dose Equivalent for four typical radionuclides



Atmosphere 2025, 16, 1203 4 of 35

emitted from nuclear facilities under varying wind speed conditions, providing insights
into radiation dose impacts for risk assessment and environmental evaluations.

2. Atmospheric Dispersion Tracer Experiments
2.1. SF6 Leakage Experiment Environment

To investigate the influence of the improved Atmospheric Boundary Layer inlet bound-
ary conditions based on uneven terrain on the dispersion of gaseous pollutants, an atmo-
spheric dispersion tracer experiment was carried out at a nuclear facility in China. The
nuclear facility is situated in an uneven terrain environment, as depicted in Figure 1. The
area surrounding the nuclear facility is encircled by mountains on the east, south, and
north sides. The center is low lying, and the terrain is slightly trapezoidal. To the west lies
the Gobi desert, to the south is a mountainous fold zone, to the north is a low mountain
area, and in the central part is a basin with a terrain that is higher in the south and lower
in the north, gradually sloping down from the southwest to the northeast. The ground
slope ranges from 0.8‰ to 13‰. The county where the nuclear facility is located has a
cold semi-arid climate, while the corridor area has a temperate arid climate. The overall
weather pattern is characterized by low pressure, high wind speeds, strong radiation, high
temperatures, and low humidity in summer, and high pressure, low wind speeds, and low
temperatures in winter. The prevailing wind directions in the plant area are mainly from
the west and east, which is mainly associated with the temperate arid climate of the region,
featuring typical continental climate characteristics. The existing meteorological tower at
the nuclear facility is a 100 m high steel tower. The main body of the tower is a triangular
steel structure, standing 102 m tall. The meteorological observations on the tower mainly
include measurements of wind speed, wind direction, temperatures at 10 m, 30 m, 50 m,
70 m, and 100 m, as well as relative humidity at 10 m and 100 m, amounting to a total of
17 elements.

 

Figure 1. The location of the nuclear facilities and their surrounding geographical environment, the
boundary of the physical model, the sampling point of the atmospheric diffusion tracer experiment,
the release point, weather station and the wind direction information.

2.2. Experiment Preparation

The nuclear facility encompasses numerous structures, including a 100 m tall chimney
for pollutant emission, industrial plants along with their supporting facilities, and office
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buildings. In light of the arrangements for the atmospheric dispersion tracer experiment,
taking into account the geographical location of the nuclear facility area and the local
meteorological conditions, the eastward wind direction is deemed suitable for conducting
the atmospheric dispersion tracer experiments.

The sampling points are determined by the intersections of seven rays extending due
west from the exhaust outlet and six arcs of equal radii at varying distances. The angle
between each pair of adjacent rays is a constant 10◦, and the sampling rays are distributed
from 50◦ south of west to 70◦ north of south, covering a total angular range of 60◦. The six
arcs are located at distances of 200 m, 1000 m, 1500 m, 3000 m, 5000 m, and 7000 m from the
exhaust outlet, designated as arcs A, B, C, D, E, F, and G, respectively. Arc A has 3 points,
arc B has 4 points, and the remaining arcs each have 7 points. Following an on-site route
survey, sampling point F2 was excluded due to accessibility issues, resulting in a total of
34 sampling points for the atmospheric dispersion tracer experiments. As depicted in
Figure 1, due to geographical factors, the four points on arc B are distributed linearly rather
than along an arc.

Given the complex and harsh geographical environment surrounding the sampling
points of the atmospheric dispersion tracer experiments, featuring vast open spaces with
few direct reference points, seven flags of different colors (purple, orange, red, green,
yellow, blue, and back to purple), each 2 m in height, were procured. One color was
assigned to each ray. Each flag was marked with spray paint for identification purposes
and placed at key locations to facilitate navigation. The equipment and materials required
for the experiment include: a gas chromatograph, an atmospheric sampler, atmospheric
sampling bags, a gas cylinder containing 20 kg of SF6 gas with a purity of 99.995%, a
pressure reducing valve, 20 m of hose, a thermal anemometer, flags, bamboo poles, and
spray paint.

The tracer utilized in the atmospheric dispersion tracer experiments must be odorless,
non-toxic, possess a low and stable background concentration in the atmosphere, and not
engage in physical or chemical reactions with other substances. It should act as a passive
tracer capable of diffusing within the flow and being readily detectable for concentration
measurement. This enables the detection of concentration data with only a small quantity
of the tracer. As an inert gas, SF6 satisfies the above mentioned conditions and has been
extensively employed in various tracer experiments [42–45].

2.3. Experiment in Progress

The atmospheric dispersion tracer experiment commenced with continuous monitor-
ing of wind direction using a meteorological tower. The experiment was initiated when the
wind direction stabilized near 42◦ (east-northeast) with a variation of ±5◦ for a sustained
period, ensuring consistent atmospheric conditions. Subsequently, the tracer gas, SF6, was
released at the base of a 100 m tall chimney over a duration of 80 min. Post-experiment,
the gas cylinder, initially containing 20 kg of SF6, exhibited a weight reduction of 15.01 kg,
indicating the released tracer mass.

Figure 2 shows tower measurements recorded during the tracer experiment: (a) air
temperature time series at 10, 30, 50, 70 and 100 m; (b) wind speed time series at the same
levels; (c) wind direction time series; and (d) the estimated Monin–Obukhov length L
computed from the observed temperature and wind profiles.
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Figure 2. Time series of tower observations during the tracer experiment: (a) air temperature at
10, 30, 50, 70 and 100 m; (b) wind speed at the same heights; (c) wind direction; and (d) estimated
Monin–Obukhov length L.

The temperature profiles exhibit only weak vertical gradients (panel a): near-surface
temperatures at 10–30 m are slightly higher than aloft (50–100 m) by on the order of
0.5–1.5 ◦C, and temporal variations are small and gradual. This indicates the boundary
layer was not strongly stratified during the measurement period. Second, wind speeds are
systematically larger above the low levels: wind at 50–100 m remains around 5–6.5 m/s,
whereas the 10 m level is substantially lower and more variable (panel b). The resulting
shear is consistent with mechanical mixing aloft. Third, wind direction is relatively stable in
time and height (panel c), varying mainly within a narrow sector, which implies a persistent
mean transport direction during the experiment. The estimated Monin–Obukhov length
(L) remains negative throughout the observation period, ranging approximately from
−500 m to −250 m. According to the classification in Pena Diaz [46], this range corresponds
to a near-neutral unstable (NNU) condition, indicating that the atmospheric stratification
was close to neutral but slightly convective. Overall, the meteorological conditions during
the experiment can be described as near-neutral with a slight tendency toward instability,
accompanied by a steady wind direction that ensured consistent plume transport.
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Upon reaching the sampling points, the team sets up the experimental equipment and
readies for sample collection. The start of sampling at each point is timed according to the
actual measured wind speed at the moment of SF6 release and the distance from the release
point to the sampling point. Sampling commences 5 min after the estimated arrival time of
SF6 at the sampling location.

During this atmospheric dispersion tracer experiment, an atmospheric sampler and
sampling bags are used to collect atmospheric samples. The samples, for SF6 concentration
analysis, are collected at a height of 1 m above the ground. Concurrently, the wind
speed and temperature at the sampling points are monitored. Each sampling bag has a
capacity of 2 L, and the atmospheric sampler operates at a flow rate of 1.0 L/min, taking
approximately 2 min to collect one atmospheric sample. Handheld temperature and wind
speed instruments are also utilized to monitor meteorological parameters such as wind
speed, temperature, and humidity at the sampling points.

To ensure two atmospheric sampling bags per location, two samples are collected at
each sampling point. Sampling personnel are required to record information, including
sampling time, sampling point number, sample number, sampling team number, and
sampler identity.

2.4. Experimental Analysis

Upon completion of the experiment, all sampling bags are gathered and sorted. The
staff then employs a gas chromatograph to analyze the concentration of SF6 using the
gas chromatography electron capture detection method. All tracer gas concentration
data are subsequently entered into a record sheet. The fact that SF6 exists in extremely
low concentrations in the atmosphere is one of the reasons for choosing it as a tracer.
However, the quantity of SF6 collected at the sampling points is minuscule, rendering the
detection range of a handheld SF6 detector inadequate. Consequently, a gas chromatograph
is necessary to detect and analyze the trace amounts of SF6 present in the atmospheric
sampling bags.

(1) SF6 Calibration

The standard gas for SF6 is commercially available, having a volume concentration of
10−4 v/v (Volume Ratio), which far exceeds the detection range of the gas chromatograph.
Thus, it must be diluted to fit within the instrument’s range. Once the calibration is
finished, the obtained results are utilized to detect and analyze the concentration of SF6 in
the atmospheric sampling bags.

(2) Analysis Steps

Standard Gas Preparation: 10 mL of SF6 standard gas is drawn into a 100 mL syringe
and diluted to 100 mL with clean air. This process is repeated through progressive dilution
to prepare a series of SF6 standard gases.

Standard Curve Construction: SF6 standard gases with volume concentrations span-
ning from 10−8 to 10−12 v/v are prepared. These are directly injected via a 10 mL quantita-
tive tube. The peak area is then regressed against the concentration of SF6 to construct the
standard curve.

Sampling: On-site atmospheric samples are collected at the sampling locations
using aluminum foil sampling bags and are transported back to the laboratory for
same-day analysis.

Sample Analysis: The aluminum foil sampling bag is connected to the gas injection
port using a soft rubber tube. The sample is directly injected via a 1 mL quantitative
tube. Retention time is employed for qualitative analysis, while peak area is used for
quantitative analysis.
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(3) Instruments and Reagents

The GC7890 gas chromatograph, manufactured by Shanghai NuoXi Instrument
Co., Ltd. (Shanghai, China), was used. equipped with an ECD, is utilized. Injection is
carried out through a six-port valve and a 5A chromatographic column. The column temper-
ature is set at 100 ◦C, the vaporization temperature at 150 ◦C, and the detector temperature
at 220 ◦C.

This elaborate procedure ensures the accurate and reliable analysis of the SF6 con-
centration. Such precision is vital for comprehending the dispersion characteristics of the
tracer in the atmosphere. The employment of a gas chromatograph with an electron capture
detector (ECD) offers high sensitivity and selectivity for the detection of trace amounts of
SF6, which is of utmost importance for the success of the tracer experiment.

Prior to the experiment, the gas chromatograph was calibrated using standard SF6
tracer gas, covering a concentration range of 10−8 to 10−12, spanning five orders of mag-
nitude. The calibration yielded a coefficient of determination of R2 = 0.9998, indicating
exceptional linearity in the instrument’s response, with a standard error of 5% as specified
in the equipment manual. This rigorous calibration procedure ensures accurate and reliable
analysis of SF6 concentrations. The use of a gas chromatograph equipped with an electron
capture detector (ECD) provides high sensitivity and selectivity for detecting trace amounts
of SF6, which is critical for characterizing its dispersion in the atmosphere and ensuring
the success of the tracer experiment.

3. Methods and Theory
This section presents the enhancement of the Atmospheric Boundary Layer inlet

boundary condition for uneven terrain, which is based on the default ABL inlet boundary
condition. Initially, in Section 3.2, the k − ε turbulence model and the k − ω turbulence
model are selected and introduced. Subsequently, as detailed in Section 3.1, numerical
simulations are conducted. These simulations utilize both the improved and default ABL
inlet boundary conditions, in combination with the two aforementioned turbulence models
and five different turbulent Schmidt numbers. The computational results of each model are
then evaluated against the data from the atmospheric pollutant tracer experiment, with
the evaluation being carried out using the evaluation indicators presented in Section 3.3.
In Section 3.4, the assessment systematically incorporates multiple exposure pathways to
compute the Total Effective Dose Equivalent (TEDE). This comprehensive quantification
framework serves as the foundation for subsequent evaluation of radionuclide impacts
on both human health and ecological systems. The framework of the methods is depicted
in Figure 3.

The choice of the k − ϵ and k − ω turbulence models is grounded in their extensive
application and efficacy in simulating turbulent flows across diverse engineering scenar-
ios [47,48]. The k − ϵ model is renowned for its robustness and is frequently employed
in engineering practice. It has been proven to be reliable in handling a wide range of
turbulent flow problems. On the other hand, the k − ω model demonstrates superior
performance in predicting flow characteristics within regions characterized by high strain
rates and rotational effects. These conditions are prevalent in uneven terrains, making the
k − ω model particularly suitable for such uneven topographical situations.
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Figure 3. Development of a framework for calculating the inlet boundary conditions of the atmo-
spheric boundary layer over complex terrain. Validation and evaluation of numerical simulation
results and atmospheric dispersion tracer experiments through comparisons with improved ver-
sus default ABL inlet boundary conditions, various turbulence models, and different turbulent
Schmidt numbers.

3.1. Improved Atmospheric Boundary Layer Inlet Conditions Based on Uneven Terrain

In OpenFOAM-v2012, the atmBoundaryLayer boundary condition is included. The
atmBoundaryLayer class is a base class for handling the inlet boundary conditions, pro-
viding log-law type ground-normal inflow boundary conditions for wind velocity and
turbulence quantities for homogeneous, two-dimensional, dry-air, equilibrium and neutral
atmospheric boundary layer modelling [49].

The improved Atmospheric Boundary Layer inlet boundary condition represents an
augmentation of the default ABL inlet boundary condition, specifically tailored to account
for the underlying surface of uneven terrain. The crux of this improvement lies in adjusting
the relative height of the altitude z at the center of any cell within the inlet boundary. Instead
of measuring from the lowest altitude Gmin, it is now measured as the relative height of
z to the reference altitude Gre f projected onto the ground at that particular location.

When dealing with flat terrain, the two expressions, the original and the modified,
are equivalent in meaning. Nevertheless, in the case of uneven terrain, the improved inlet
boundary conditions offer a more precise reflection of the actual situation. In contrast, the
default inlet boundary condition tends to over estimate the relative height of z. Conse-
quently, the improved inlet boundary conditions subsume the default boundary conditions.
In other words, the default inlet boundary conditions can be considered a proper subset of
the improved inlet boundary conditions, as illustrated in Table 1.



Atmosphere 2025, 16, 1203 10 of 35

Table 1. Improved and default ABL comparison.

Parameter Default ABL Improved ABL

u u∗
κ

(
z−Gmin−d+z0

z0

)
u∗
κ

( z−Gre f −d+z0
z0

)
k (u∗)2

√
Cµ

√
C1 ln

(
z−Gmin−d+z0

z0

)
+ C2

(u∗)2
√

Cµ

√
C1 ln

( z−Gre f −d+z0
z0

)
+ C2

ε (u∗)3

κ(z−Gmin−d+z0)

√
C1 ln

(
z−Gmin−d+z0

z0

)
+ C2

(u∗)3

κ(z−Gre f −d+z0)

√
C1 ln

( z−Gre f −d+z0
z0

)
+ C2

ω u∗

κ
√

Cµ

1
z−Gmin−d+z0

u∗

κ
√

Cµ

1
z−Gre f −d+z0

Where u is speed profile (m/s), k is turbulent kinetic energy profile
(
m2/s2), ε is TKE dissipation rate profile(

m2/s3), ω is specific dissipation rate profile
(
m2/s3), u∗ is Friction velocity (m/s), κ is von Kármán constant,

Cµ is Empirical model constant, z is coordinate component (m), d is Ground-normal displacement height (m),
z0 is Aerodynamic roughness length (m), C1 and C2 are Curve-fitting coefficients.

To attain the aforementioned objective, the inlet boundary of the physical model
now requires processing. This approach is applicable to the numerical simulation of the
Atmospheric Boundary Layer within a domain that is approximately cuboidal, with the
inlet boundary having an approximately rectangular shape. The process is divided into
three steps:

(1) Preliminary Work

Firstly, compute the width of the inlet boundary. Subsequently, determine the area
of the smallest cell at the inlet boundary. Then, utilize the square root of the smallest cell
area as the basis for the loop. Next, identify the cell with the lowest altitude within the
inlet boundary (in the case of multiple cells having the same lowest altitude, any one can
be chosen). Based on the altitude of this cell (specifically, the altitude at the cell center),
divide the inlet boundary into two parts, namely the left-hand side and the right-hand side.
Subsequently, perform individual loops on both parts to locate all the cells with the lowest
altitude within the inlet boundary.

(2) Identify the Lowest Cell

Once the loop commences, initially find the cell with the lowest altitude in the subse-
quent area. Then, determine whether it is the cell with the lowest altitude in the entire area.
The criteria for this determination are whether its altitude is lower than that of the previous
cell, or if its height is higher than the previous cell’s altitude but the elevation angle is less
than 10◦, as presented in Equation (1).

θ = arctan


∣∣∣ZR(n+1) − ZR(n)

∣∣∣∣∣∣YR(n+1) − YR(n)

∣∣∣
× 180◦

π
(1)

kline =
ZL(n+1) − ZL(n)

YL(n+1) − YL(n)
(2)

b = zL(n+1) − kline × yL(n) (3)

Gre f = kline · Y + b (4)

where Zm represents the z coordinate of point m, Yn represents the y coordinate of point n,
θ represents the elevation angle, kline is the slope of the straight line between the two lowest
points, and b is the intercept. Gre f represents elevation of the cell projected to the surface.

The criterion for the elevation angle should be determined in accordance with the
specific terrain undulations. In this instance, 10◦ is deemed appropriate. After the determi-
nation, save the values of the cell centers (x, y, z) of the cells that meet the requirements
in an array. Subsequently, calculate the linear equation of the line connecting adjacent cell
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centers within the array. It is essential to record the parameters of the line: the slope k and
the intercept b, as shown in Equations (2) and (3).

(3) Calculate the Inlet Boundary Conditions

Traverse all the cells at the inlet boundary. Then, based on the array consisting of the
altitudes of the lowest cell centers obtained previously, determine the interval into which
each cell falls. According to the linear parameter data of the interval, calculate the altitude of
the cell and its projected altitude onto the ground, as shown in Equation (4). Subsequently,
determine the relative height with respect to the cell center altitude, as depicted by the
red line in Figure 4. Finally, substitute this relative height into the formula to calculate the
inlet boundary conditions for the corresponding physical quantities, including velocity,
turbulent kinetic energy, turbulence dissipation rate, and specific dissipation rate.

 

Figure 4. Schematic diagram of the steps for improved atmospheric boundary layer inlet
boundary conditions.

3.2. Governing Equations and Turbulence Modeling

In this subsection, we present the fundamental governing equations and the associated
turbulence–closure frameworks. For a steady, incompressible Newtonian flow without
external body forces, the Reynolds-averaged Navier–Stokes equations in conservative form
can be written in Einstein summation notation as

∂Ui
∂xi

= 0 (5)

∂
(
UiUj

)
∂xj

= −1
ρ

∂p
∂xi

+
∂

∂xj

(
ν

∂Ui
∂xj

− u′
iu

′
j

)
(6)

where Ui, Uj are the mean velocity components, u′
i, u′

j are the fluctuating velocity compo-
nents in the xi, xj directions (i, j = 1, 2, 3). p is the pressure, ν is the kinematic viscosity, and
ρ is the density.
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A prescription is needed for computing −u′
iu

′
j for the calculation of all mean-flow

properties. Assuming that the Boussinesq linear isotropic eddy-viscosity hypothesis is
valid, the specific Reynolds-stress tensor is expressed by:

−u′
iu

′
j = 2νtSij −

2
3

kδij (7)

where νt is the kinematic eddy viscosity νt = Cµ
k2

ε , k = 1
2 u′

iu
′
j is the turbulence kinetic

energy (TKE),

Sij =

(
∂Uj

∂xi
+

∂Ui
∂xj

)
(8)

Sij is the strain rate tensor, and δij is the Kronecker Delta function.

(a) RNG k − ϵ

In this study, a realizable k− ϵ turbulence model [50] was used. The modeled transport
equations for TKE and the turbulence dissipation rate (ϵ) in the realizable k–ε model are,

∂Ujk
∂xj

=
∂

∂xj

[(
ν +

νt

σk

)
∂k
∂xj

]
+ Pk − ε (9)

∂Ujϵ

∂xj
=

∂

∂xj

[(
ν +

νt

σk

)
∂ϵ

∂xj

]
+ C1

ε

k
Pk − C2

ε2

k +
√

νε
(10)

where σk = 1, σϵ = 1.2, and C2 = 1.9.
The production of k is modeled as follows,

Pk = νtS2, S =
√

2SijSij (11)

The model coefficient C1 is determined as follows,

C1 = max
[

0.43,
η

η + 5

]
, η = S

k
ε

(12)

In contrast to the standard k − ϵ model [32], Cµ in Equation (6) is not constant and is
computed from

Cµ =
1

A0 + AS
kU∗

ϵ

, U∗ ≡
√

SijSij + ΩijΩij, Ωij =
1
2

(
∂Ui
∂xj

−
∂Uj

∂xi

)
(13)

The model constants A0 and As are given by

A0 = 4.04, As =
√

6cosϕ (14)

ϕ =
1
3

cos−1(
√

6W), W =
SijSjkSki

S̃3
, S̃ =

√
SijSij (15)

The superiority of the realizable k − ϵ model over other k − ϵ turbulence models has
been reported in previous systematic validation studies for flow around buildings [51–54].
Notably, Yang et al. [55] concluded that the realizable k − ϵ model provides more reasonable
predictions of the turbulence intensity for the simulations of the swirling and separating
flows around buildings than those with the use of the standard and RNG k − ϵ models
according to their CFD simulations and field measurements conducted to evaluate the
wind resources available in an urban area.
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(b) SST k − ω

∂
(
Ujk
)

∂xj
=

∂

∂xj

(
(µ + αkµt)

∂k
∂xj

)
+ Gk −

2
3

k
∂u
∂xj

− β∗ωk + Sk (16)

∂
(
Ujω

)
∂xj

= ∇ · ((µ + αωµt)∇ω) + γ
Gk
ν

− 2
3

γω(∇ · u)− βω2 − (F1 − 1)CDkω + Sω (17)

The blending function F1 is a modifier for selecting k − ω or k − ϵ turbulent model
without user interaction. This function is zero away from the surface and switches to one
inside the boundary layer:

F1 = tan h

(min

[
max

(
k1/2

β∗ωy
,

500ν

y2ω

)
4ραω2k
CDkωy2

])4
 (18)

CDkω = max
(

2ραω2
1
ω

∂k
∂xi

∂ω

∂xi
, 10−10

)
(19)

The turbulent kinematic viscosity νt is calculated as:

νt = a1
k

max
(

a1ω, b1F2

√
2SijSij

) (20)

F2 is the second blending function:

F2 = tan h

[max

(
2k1/2

β∗ωy
,

500ν

y2ω

)]2
 (21)

(c) Convection–diffusion

The contaminant dispersion is modeled by a convection–diffusion equation:

∂
(
UjC

)
∂xj

=
∂

∂xj

[(
ν

Sc
+

νt

Sct

)
∂C
∂xj

]
(22)

where C is the concentration, Sc is the Schmidt number, and Sct is the turbulent Schmidt
number. The turbulent Schmidt number for the reference case is set to 0.7 as the default
value in the software (see Tominaga and Stathopoulos [56]).

3.3. Model Evaluation

To delve deeper into the quantitative comparison of the disparities between numerical
simulations and atmospheric dispersion tracer experiments, an evaluation method put
forward by Hanna [57–61] is employed. This method serves to comprehensively evaluate
the outcomes of two turbulence models, along with the improved and default Atmospheric
Boundary Layer inlet boundary conditions. It has found extensive application in the
research on pollutant dispersion model evaluation.

The performance of the model is assessed using several statistical metrics, including
the Fractional Bias (FB), Geometric Mean Bias (MG), Geometric Variance (VG), Normalized
Mean Square Error (NMSE), and the proportions of predictions falling within a factor of



Atmosphere 2025, 16, 1203 14 of 35

two (FAC2) and a factor of five (FAC5) of the observed values. These evaluation criteria are
defined as follows:

FB =
2
(
Co − Cp

)(
Co + Cp

) (23)

MG = exp
(

ln Co − ln Cp

)
(24)

VG = exp
(
ln Co − ln Cp

)2 (25)

NMSE =

(
Co − Cp

)2

CoCp
(26)

FAC2 = 0.5 ≤
Cp

Co
≤ 2.0 (27)

FAC5 = 0.2 ≤
Cp

Co
≤ 5.0 (28)

Here, the symbol Cp stands for the predicted concentration, and C0 represents the
measured concentration. In the ideal scenario where the model can accurately predict the
measured data, the performance indicators FAC2, FAC5, MG, and VG all take on a value
of 1. Conversely, FB and NMSE become zero. This indicates that a perfect prediction
implies that the predicted values are in such close agreement with the measured values that
these specific metrics reach their optimal or ‘perfect’ values, signifying minimal deviation
between the model’s predictions and the real-world measurements.

3.4. Dose Calculation

After a nuclear facility accident, the population is exposed to radioactive materials in
several ways: (1) external exposure from radionuclides deposited on the land (groundshine);
(2) external exposure from radionuclides concentrated in the radioactive cloud (cloudshine);
and (3) internal exposure from the intake of radionuclides [62].

These exposure pathways were considered in the assessment to calculate the Total
Effective Dose Equivalent. TEDE is defined by the US Nuclear Regulatory Commission as
a radiation dosimetry quantity used to monitor and control human exposure to radiation.

In this study, TEDE values were calculated using Computational Fluid Dynamics
methodology for dose assessment. As the deposition effects were excluded from the
computational framework, the analysis focused exclusively on evaluating the impact of
radionuclide air concentrations on both human exposure and environmental contamination.

The calculation procedure is explained through a series of equations listed below.
Inhalation dose can be calculated using Equation (29):

Dinh = CA × VB × DCinh × (Fin × Cin + Fout × Cout) (29)

where Dinh is an inhalation dose (SV); CA corresponds to the air concentration
(
Bq/m3);

VB is a breathing rate
(
m3/day

)
; DCinh relates to radionuclide specific dose conversion

factor for inhalation (SV/Bq); Fin and Fout are fractions of time spent indoor and outdoor,
respectively; Cin and Cout are indoor and outdoor reduction factors.

External cloud dose is calculated using the following relation, Equation (30):

Dcloud = Ca × DCFcloud × ∑ fi × cj (30)

where Dcloud is a cloudshine dose (SV); Ca is the air concentration
(
Bq/m3);

DCFcloud relates to a cloudshine dose conversion factor
(
SV × m3/Bq × s

)
; and fi frac-
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tion of time staying at outdoor location i and cj is a correction coefficient for the gamma
dose rate at outdoor location i.

TEDE doses are then calculated as the sum of the effective dose equivalent (for ex-
ternal exposure) and the committed effective dose equivalent (for internal exposures)
using Equation (31):

TEDE = Dinh + Dcloud (31)

Table 2 summarizes the radiological parameters of four nuclides (3H, 14C, 85Kr and
129 I), including their half-lives, inhalation-derived effective dose coefficients for members
of the public, air submersion effective dose rate coefficients for reference persons, breathing
rate and annual emission quantities [63].

Table 2. Typical Radionuclide Parameters in Airborne Effluents from Four Types of Nuclear Facilities.

Nuclides Half-Life (Year)

Inhalation Dose
Conversion

Factor
(Sv·m3/Bq·s)

Air Submersion
Dose Rate
Coefficient

(Sv·m3/Bq·s)

Activity
(Bq/Year)

Breathing Rate
(m3/Day)

3H 12.35 1.80 × 10−11 3.80 × 10−20 4.09 × 1015 19.2
14C 5730 6.20 × 10−12 3.86 × 10−17 1.86 × 1011 19.2

85Kr 10.73 - 6.67 × 10−16 6.66 × 1016 19.2
129 I 1.6 × 107 9.60 × 10−8 2.54 × 10−16 3.31 × 108 19.2

4. Case Setup
4.1. Computational Domain

The present study focuses primarily on the effects of uneven terrain on atmospheric
flow and dispersion. Consequently, ancillary buildings surrounding the core nuclear
facilities are not explicitly meshed; instead, their influence is represented via a surface
roughness model coupled with near-ground wall functions. High-resolution topographic
data are obtained from the 1 arcsecond Shuttle Radar Topography Mission (SRTM) database
provided by the USGS, which offers a horizontal resolution of 30 m [64]. These raw elevation
data are subsequently processed and refined to match the actual site morphology before
grid generation.

Domain dimensions follow the Best Practice Guidelines of Franke et al. [65] and
Tominaga et al. [66]. In accordance with Franke’s recommendation [67], the vertical
extent reaches ten times the maximum building height (H) above ground level, and
the downstream length from the facility cluster to the outlet is set at 15H. Beyond the
primary 2.0 km × 2.4 km facility footprint, the computational domain extends 1.4 km (14H)
upwind and 7.4 km (74 H) downwind of the tallest structure (H = 100 m). Lateral extents
are 6.0 km (6 H) on the left and 6.5 km (6.5 H) on the right to encompass tracer sampling
locations. Given that the field tracer experiment was conducted with the wind blowing
from 42◦ south of west, the physical model is rotated 48◦ clockwise so that the prevailing
flow aligns with the X-axis. The geometric configuration of the computational domain is
illustrated in Figure 5. The resulting blockage ratio is 1.125%, well below the 5% threshold
of COST Action guidelines. This configuration thus balances computational tractability
with the accuracy required for reliable diffusion and dispersion predictions [68].
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Figure 5. Overview of calculation range of nuclear facilities and their surrounding environment.

4.2. Mesh Generation and Sensitivity Test

The grid-independence study was conducted using four unstructured
meshes—denoted Basic, Medium, Fine, and Extra-Fine—with cell counts of 11,745,126;
18,495,206; 26,839,849; and 33,247,450, respectively. Figure 6 compares the mean veloc-
ity profiles in the along-wind direction at two key elevations (the chimney base and
chimney top). Notably, the Basic mesh delivers velocity predictions nearly identical to
those of the Extra-Fine mesh at both heights, indicating rapid convergence with relatively
coarse resolution.

Figure 6. Wind speed profiles measured on the y = 0 plane at (a) x = 0 and (b) x = 20 for the Basic,
Medium, Fine, and Extra Fine grids. Turbulent kinetic energy k profiles measured on the y = 0 plane
at (c) x = 0 and (d) x = 20 for the Basic, Medium, Fine, and Extra Fine grids.

All unstructured meshes were generated in ANSYS Fluent Meshing (version
2022 R1) using polyhedral elements to maximize cell quality while maintaining a man-
ageable total count. Based on the sensitivity results, the Fine mesh (26,839,849 cells) was
selected as the most cost-effective option, exhibiting an average non-orthogonality of 10.27◦.
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The near-surface region employs prismatic layers that conform to terrain contours, created
via ANSYS PolyHexCore meshing to ensure a smooth transition into the hexahedral core
domain. Local refinements of 0.1 m at the chimney outlet and 1 m around buildings and
terrain features (with gradual grading from 1 m to 20 m elsewhere) capture steep gradients
without unduly inflating the cell count. As shown in Figure 7, the mesh density increases
progressively upward (along the Z-axis above structures) and outward in the X–Y plane,
with a maximum expansion ratio of 1.2 to balance accuracy and efficiency.

 

Figure 7. Perspective view of the model geometry and domain. Computational domain with refined
meshing near terrain and building geometry. Zoomed in view of the mesh around building geometry
with local refinement of a minimum of 1 m. Inflation layers have been added to cover all surfaces in
the terrain and buildings.

To accurately capture near-wall flow characteristics, inflation layers were incorporated
across all surfaces within the computational geometry, including both terrain and structural
elements. The initial off-wall cell height was set to approximately 6.27 × 10−3 m, ensuring
that the first grid point resides within the viscous sublayer. This configuration yielded
average dimensionless wall distances (y+) of approximately 41.03 for building surfaces
and 39.16 for terrain surfaces. A comprehensive grid convergence study was conducted to
balance computational efficiency with simulation accuracy.

As illustrated in Figure 8, the mesh was refined in regions encompassing the ground
and buildings to ensure y+ values met the requirements for accurate solution computation.
The distribution of y+ values indicates that the majority are below 100, with only localized
areas—such as elevated hilltops and certain building regions—exceeding this threshold, yet
remaining below 119. This refinement strategy ensures that the mesh adequately resolves
the boundary layer, thereby enhancing the fidelity of the simulation results.
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Figure 8. y+ achieved with the mesh from current work.

4.3. Simulation Setup

In this study, wind flow simulations were conducted using the OpenFOAM (version
2012) toolbox, an open-source Computational Fluid Dynamics software package [69].
The incompressible, three-dimensional, steady-state Reynolds-Averaged Navier–Stokes
equations were solved using the finite volume method. Turbulence was modeled with the
realizable k − ϵ and SST k − ω turbulence model [51].

The inlet wind profile was prescribed using a logarithmic law, calibrated against
field measurement data. The reference wind speed was specified at the building height
Uh = 5.66 m/s, with a surface roughness length of Z0 = 0.013 m. A tracer gas was
continuously released from a point source located 3 m above ground level, within the
chimney structure. The emission rate was q = 5.03 × 10−4 m3/s, and the initial gas
concentration was Cgas = 1 × 106 ppm. The measured concentrations C were normalized

by a reference concentration C0 =
Cgasq
H2UH

to facilitate comparison and analysis. The specific
parameter settings for the boundary conditions are summarized in Table 3.

Table 3. Parameter settings of boundary conditions.

Parameter Uh= 100 m
m/s

Z0
m

q
m3/s

Cgas
ppm

Value 5.66 0.013 5.03 × 10−4 1 × 106

Boundary conditions were assigned as follows: a pressure outlet condition was applied
at the domain outlet, symmetry conditions were imposed on the top and lateral boundaries,
and no-slip wall conditions were specified for both the ground and building surfaces. All
simulations were carried out at full scale (1:1 geometric ratio).

The airflow field was computed using the simpleFoam solver, which is based on
the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) algorithm and solves
Equations (5)–(15). Based on the steady-state velocity field, the tracer gas concentration
field was then obtained by solving Equation (22). Spatial discretization employed the
central differencing scheme for both gradient and Laplacian terms. For divergence terms, a
second-order upwind scheme was used for U, while the Van Leer scheme was applied to
k, ϵ, and ω. The central differencing scheme was again used for C. All numerical schemes
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ensured second-order accuracy in space. The convergence criterion for all residuals was set
to 10−4.

The numerical modeling of radionuclide dispersion incorporated two distinct inlet
boundary conditions derived from meteorological datasets, specifying wind velocities
of 2.5 m/s and 4.21 m/s at a 10 m reference height. Source term initialization involved
temporal downscaling of annual emission inventories to second-by-second flux rates
at boundary nodes. The simulated dispersion patterns were subsequently annualized
through temporal scaling algorithms to establish Total Effective Dose Equivalent projections,
enabling systematic evaluation of long-term radiological impacts.

5. Results and Discussion
5.1. SF6 Concentrations of Atmospheric Dispersion Tracer Experiments

Following the atmospheric dispersion tracer experiment, a gas chromatograph was
employed to analyze all sampling bags. Subsequently, experimental data processing was
carried out to determine the SF6 concentration at each sampling point. The data were
normalized by comparing them with the background tracer gas concentration. Using the
Triangulation with Linear Interpolation method in Surfer software [70–73], the data were
further processed to obtain the spatial distribution characteristics of the concentration
based on the sampling points, as depicted in Figure 9.

Figure 9. Sulfur hexafluoride (SF6) concentration distribution map.

During the experimental setup, the sampling points were arranged in anticipation
of an easterly wind. However, during the field test, the actual average wind direction
was 42◦ south of west, nearly southwest. This deviation in wind direction resulted in
a ground-based distribution of the tracer that had some overlap with, but did not fully
coincide with, the on-site arranged points.

Overall, the spatial distribution of the concentration exhibits a gradual decline from
the southeast to the northwest. Given that the main wind direction was 42◦ south of
west, and the sampling points in the field experiment were set from 50◦ south of west to
70◦ north of south, the concentration at all sampling points along Ray 1 and some along
Ray 2 was relatively high.

The normalized concentrations spanned from 1.45 to 88.21. The tracer’s maximum
concentration, 88.21, was recorded at sampling point D1. This was succeeded by sampling
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points C1, E1, and F1, which had relatively elevated concentrations of 34.25, 11.36, and 7.97,
respectively. Excluding these sampling points with higher tracer gas concentrations, the
concentrations at the remaining points were within five times the background levels.

5.2. Comparison of Different Inlet Boundary Conditions

Figure 10 compares the velocity profiles between the default atmospheric boundary
layer inlet boundary condition and the modified ABL inlet boundary condition over
uneven terrain. The inlet wind speed distribution ranges from 0 to 7.12 m/s, represented
by a color gradient transitioning from dark blue to light blue and finally to off-white.
In Figure 10a, which illustrates the default ABL inlet boundary condition, the velocity
distribution clearly demonstrates parallelism with the horizontal ground plane. Lower
wind speeds are observed near the surface in the left section of the inlet boundary (lower
elevation region), whereas higher wind speeds prevail near the surface in the right section
(higher elevation region). The velocity magnitudes remain elevated from the surface to the
model top. In contrast, Figure 10b presents the modified ABL inlet boundary condition,
where the velocity distribution exhibits strong dependence on the terrain surface contour.
Notably, surface wind speeds approach 0 m/s across both low- and high-elevation regions
of the inlet boundary.

Figure 10. Comparison of velocity field between improved and default atmospheric boundary layer
inlet boundary.

The distinct velocity distributions between these two ABL inlet boundary conditions,
particularly the significant discrepancies near the surface, exert substantial impacts on
numerical simulation outcomes. This discrepancy arises from fundamental differences in
reference height determination. The default ABL boundary condition calculates relative
height based on the lowest point within the entire inlet boundary domain. Conversely, the
modified ABL boundary condition incorporates local elevation differences by utilizing pro-
jection points at arbitrary locations. Consequently, the modified ABL boundary condition
demonstrates enhanced physical accuracy in simulating flow over uneven terrain, yielding
more reliable predictions of near-surface wind behavior.

5.3. Comparative Evaluation of Different Simulation Results and SF6 Leakage Experiment

The outcomes of the six evaluation metrics for the four simulations are shown in
Table 4. And Figure 11 depicts the ratio of the tracer gas concentration C0 from the
atmospheric dispersion tracer experiment to the background value c0 on the horizontal axis,
and the ratio of the numerical simulation value cp to the background value on the vertical
axis. This graph is constructed using the tracer gas concentration data from the atmospheric
dispersion tracer experiment and the concentration results of four numerical simulation
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scenarios. Points where the tracer gas concentration from the experiment matches the
numerical simulation result lie on the line cp/c0 = 1, represented by the black dashed line
in the figure. This indicates a high degree of agreement between the numerical simulation
and the atmospheric dispersion tracer experiment results. The two red lines signify FAC2,
meaning that the area enclosed by these lines corresponds to concentrations that are 1/2 to
2 times the values obtained from the atmospheric dispersion tracer experiment, suggesting
an acceptable match with the numerical simulation results. Similarly, the two purple
dashed lines represent FAC5, encompassing concentrations ranging from 1/5 to 5 times the
atmospheric dispersion tracer experiment values, which indicates an acceptable range for
the numerical simulation results.

Table 4. Summary of the performance evaluation results of the different models and ABL.

Model ABL FB MG VG NSME FAC2 FAC5

RKE Improved 0.4519 1.2325 1.0447 0.0928 0.4412 1
SST Improved 0.4223 1.1488 1.0194 0.0772 0.4118 1
RKE Default 0.5647 1.4476 1.1466 0.2053 0.4118 1
SST Default 0.5524 1.3681 1.1032 0.1763 0.4118 1

Figure 11. Scatter plot of predicted and measured maximum SF6 concentration. The black dashed
line indicates that the predicted value is equal to the observed value, the red solid line indicates twice
the observed value, and the purple broken point.

As can be seen from Figure 11, all four simulation results are within the area between
the two purple lines. Specifically, 41.18% of the points are between the two red lines,
yet there are relatively few points close to the black dashed line. The reason for the
clustering of many predicted values around a particular line is that in the simulation, the
background values of the tracer at many points far from the pollutant diffusion center
are dominant. Nevertheless, in the atmospheric dispersion tracer experiment, due to the
uneven terrain, wind field variations, and turbulence effects, these sampling points are
actually affected by contamination, leading to tracer gas concentrations higher than the
background values. Points with higher tracer gas concentrations that cluster around the
black line suggest reasonably accurate predictions, although some values may be over- or
underestimated. However, the majority of sampling points with tracer gas concentrations
are below the black dashed line, indicating that the concentrations simulated by the four
models are lower than the tracer gas concentrations observed in the atmospheric dispersion
tracer experiment.
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Upon examination of Figure 12, it becomes evident that none of the four cases lie
within the optimal acceptance range of the Fractional Bias (FB). All the predicted values
are lower than the measured ones; however, they are in close proximity to the boundary
value of 0.3. The Normalized Mean Square Error (NMSE) indicators for all four cases are
less than 4, a result that can be regarded as satisfactory.

Figure 12. Fractional bias (FB) and normalized mean square error (NMSE) for SF6 concentrations
under predicted and measured conditions. The purple and blue dash-dot lines indicate the ac-
ceptable ranges for FB (−0.3 < FB < 0.3) and NMSE (<4.0), while the black parabola represents the
minimum NMSE for a given FB (NMSE = 4FB2/(4 − FB2)). The red line indicates the unbiased
condition (FB = 0).

Among these, the results denoted by red dots, corresponding to the Improved ABL
SST model, stand out as the most favorable across the four cases. Next in line are the results
represented by black dots, which pertain to the Improved ABL RKE model. Subsequently,
the results indicated by green dots for the Default ABL SST model follow, and lastly, the
results represented by blue dots for the Default ABL RKE model. Moreover, the results of
the two Improved ABL cases exhibit similarity and demonstrate superiority over those of
the Default ABL cases.

Figure 13 presents the MG-VG plot of tracer gas concentrations at different sampling
points of numerical simulations and the atmospheric dispersion tracer experiment. In
the plot, the point (1,1) represents the ideal point for the model. The results suggest that
the closer the model is to this point, the higher the prediction accuracy of the selected
turbulence model.

Analogous to the results in the FB-NMSE plot, the predicted values for all four cases
are lower than the measured values. Nevertheless, they are close to the parabolic curve and
not far from the ideal point. The results consistently demonstrate that the Improved ABL
SST model performs the best, followed by the Improved ABL RKE model. Both of these
outperform the latter two, namely the Default ABL SST and Default ABL RKE models.

In summary, considering its superior performance in the evaluation metrics among the
four models, we select the Improved ABL SST model to predict the dispersion of pollutants
under uneven terrain conditions.
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Figure 13. Plot of geometric mean (MG) versus geometric variance (VG) for SF6 concentration for
the two models with improved and default ABL, the RKE and SST models. The solid black parabola
represents the minimum VG for a given MG (VG = (MG − 1)2 + 1).

5.4. Velocity and Turbulent Kinetic Energy of the Approaching Boundary Layer

To more effectively contrast the differences between the improved and default ABL
inlet boundary conditions within uneven terrain environments, four vertical lines were
established at two locations: the center of the factory area (at a lower altitude) and at high-
altitude inlet locations. These lines were specifically positioned at distances of 500, 1000,
and 1500 m from the inlet and the chimney release positions, as illustrated in Figure 14.

 

Figure 14. Improved and default models are four different distances at high and low altitude inlet
conditions. Red and blue terrain indicate that the altitude is above 1300 m and below.

This study concentrated on examining the distribution of velocity and turbulent kinetic
energy with height along these lines. The aim was to comprehend the disparities in ABL
inlet boundary conditions between the improved and default configurations in uneven
terrain settings. To offer a more intuitive portrayal of the terrain environment, different
colors were employed. Progressively deeper shades of red signify increasing elevations,
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whereas increasingly darker shades of blue denote decreasing elevations. The elevation of
the uneven terrain varies from a minimum of 1227 m to a maximum of 1394 m.

As shown in Figure 15, velocity profiles from two distinct inlet boundary conditions
at two locations (x = 0 m and x = 3 km) are extracted for comparative analysis. The red
and dark blue curves represent velocity profiles of the modified atmospheric boundary
layer inlet boundary condition at x = 0 m and x = 3 km, respectively. The green and brown
curves denote velocity profiles of the default ABL inlet boundary condition at x = 0 m and
x = 3 km, while the purple and blue curves indicate the percentage difference in velocity
magnitudes between the two boundary conditions at these positions.

Figure 15. Velocity profile diagrams at two inlet positions, x = 0 m and x = 3000 m, as well as the
diagram of percentage differences between the improved and default inlet boundary conditions.
Percent = (Udefault − Uimproved)/Udefault × 100%.

The modified velocity profiles exhibit near-surface wind speeds approaching 0 m/s,
whereas the default profiles maintain surface velocities exceeding 2 m/s. The velocity
discrepancy between the two boundary conditions gradually decreases with increasing
height. Variations in surface elevation at different inlet positions further influence the
magnitude of velocity differences. These results demonstrate that the modified ABL inlet
boundary condition primarily addresses significant velocity errors near the surface in
numerical simulations.

Figure 16 depicts the variation in velocity with height for both the improved and
default ABL inlet boundary conditions at low and high altitudes. In Figure 16a, under
low-altitude inlet conditions, it is evident that the default model displays higher velocities
and greater accelerations near the ground in comparison to the improved model. The
four curves of the improved model are closely grouped together, while there are subtle
distinctions among the four curves of the default model. In Figure 16b, at high-altitude inlet
conditions, the differences in velocity and acceleration between the default and improved
models are more pronounced than at low-altitude conditions. The four curves of the
improved model still exhibit a similar trend with only minor variations. However, the
four curves of the default model show larger discrepancies and deviate more significantly
from the improved model. Overall, the default model generally predicts higher velocities
than the improved model, especially at high-altitude inlet conditions. This indicates that
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the default model overestimates velocities as a result of its incomplete consideration of
relative heights.

Figure 16. Comparison of velocity profiles between the improved and default atmospheric boundary
layer inlet boundary conditions. The solid line represents the improved ABL, and the dotted line
represents the default ABL. (a) Low-altitude inlet conditions; (b) high-altitude inlet conditions.

Figure 17 demonstrates the distribution of turbulent kinetic energy with respect to
height for both the improved and default ABL inlet boundary conditions at low and high
altitudes. In Figure 17a, the red line representing the improved model stands out from the
rest. This is because it is in close proximity to buildings, leading to substantial changes. The
other three solid lines of the improved model are closely grouped, suggesting a relatively
stable pattern of variation. Conversely, the four dashed lines of the default model display
more significant differences among themselves and have lower values when compared to
the improved model.

Figure 17. Comparison of turbulent kinetic energy profiles between the improved and default
atmospheric boundary layer inlet boundary conditions. The solid line represents the improved ABL,
and the dotted line represents the default ABL. (a) Low-altitude inlet conditions; (b) high-altitude
inlet conditions.

In Figure 17b, the four profiles of turbulent kinetic energy for the improved model
merge more smoothly than those of the default model, which have more distinct profiles.
Nevertheless, due to the characteristics of turbulent models, the uneven terrain, and the
unrealistic inlet turbulent kinetic energy profiles, none of these models can maintain highly
consistent profiles.

Figure 18 displays the wind velocity measurements with standard deviations at
34 sampling locations from an atmospheric diffusion tracer experiment, along with corre-
sponding numerical simulation results obtained using four turbulence models with distinct
inlet boundary conditions. Experimental wind speeds ranged from 0.0 to 2.3 m/s, whereas
the simulated values exhibited a narrower distribution between 0.5 and 2.0 m/s. The
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chromatic representation employs red, blue, green, and cyan curves to denote the RKE
NEW, SST NEW, RKE ATM, and SST ATM models, respectively.

Figure 18. Validation of mean velocities from simulations of four conditions at the measurement
locations shown in Figure 8.

Comparative analysis reveals that: (1) RKE-based models consistently generate higher
wind velocities than their SST counterparts; (2) NEW boundary condition implementations
yield superior velocity predictions compared to ATM configurations; (3) The SST NEW
model demonstrates optimal agreement with experimental observations, establishing it as
the most effective modeling approach among those evaluated.

5.5. Comparison of Contours at Height of 10 M from the Ground

Figure 19 depicts a comparison of the velocity contour lines at a height of 10 m above
the ground for both the improved and default ABL inlet boundary conditions. Generally,
the default model yields slightly higher velocities compared to the improved model. This
is particularly evident in regions where buildings impede the wind flow, especially in
areas with relatively large intervals between buildings. The improved model, on the other
hand, exhibits lower velocities in the spaces between buildings. This can be ascribed to the
disparities in the velocity profiles at the inlet.

Figure 19. Velocity magnitude comparison and the absolute velocity magnitude difference between
the default and improved ABL cases at height of Z = 1270 m. The difference is calculated as
Udiff = |mag(Udefault) − mag(Uimproved)|.

To accentuate the velocity differences between the two models, Figure 19c presents
the contour lines of the absolute velocity difference between the improved and default ABL
inlet boundary conditions. This graph offers a more intuitive visualization, revealing that
the maximum velocity difference between buildings can reach 4.1 m/s, and in numerous
areas, the differences are up to 2 m/s.
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Figure 20 presents a comparison of the contour lines of turbulent kinetic energy at
a height of 10 m above the ground for both the improved and default ABL models. In
comparison to the improved model, the default model demonstrates higher levels of
turbulent kinetic energy behind numerous buildings, and this is particularly prominent in
the spaces between buildings.

Figure 20. Turbulent kinetic energy and its absolute difference contour between the default and
improved ABL cases at height of Z = 1270 m. The difference is calculated as kdiff = |kdefault −
kimproved)|.

As can be clearly seen from Figure 20c, the difference in turbulent kinetic energy
between buildings attains a maximum value of 1. Moreover, in many regions behind the
buildings, the differences reach up to 0.5.

Figure 21 showcases the contour lines of the normalized tracer gas concentration at
a height of 10 m above the ground for both the improved and default ABL models. It is
apparent that elevated concentrations exist within roughly two factory lengths behind
the chimney.

Figure 21. Normalized tracer-gas concentration (C/C0) and its absolute difference contour between
the default and improved ABL cases at height of Z = 1270 m. The difference is calculated as
Cdiff = |Cdefault − Cimproved)|/C0.

To emphasize the disparities between the two models, Figure 21c reveals that, in
comparison to the default model, the improved model exhibits more concentrated aggre-
gation within one factory length. This phenomenon occurs because the lower velocity in
the improved model causes a delay in pollutant dispersion, thereby resulting in a higher
degree of concentration aggregation.

Notably, the improved model aligns more closely with the simulated results than
the default model. The presence of high pollutant concentrations in the improved model
contributes to a more conservative and safer assessment of pollutant dispersion predictions.

5.6. Comprehensive Evaluation of Pollutant Diffusion Results with Different SCHMIDT Numbers

As depicted in Figure 22, notable differences in the results arise due to six distinct
turbulent Schmidt numbers, which range from 0.3 to 1.3.
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Figure 22. Comprehensive evaluation index of different Schmidt numbers.

In Figure 22a, where the ideal value is 1, it can be observed that the average of FAC2
across the six Schmidt numbers is approximately 0.4. The best performance occurs when
the turbulent Schmidt number is 0.5. Regarding FAC5, it approaches 1 in all cases, with the
most favorable performance seen at turbulent Schmidt numbers of 0.5 and 0.7.

In Figure 22b, with an ideal value of 0, the Normalized Mean Square Error (NMSE)
increases as the turbulent Schmidt number rises. The results are relatively more favorable
at turbulent Schmidt numbers of 0.3 and 0.5. The Fractional Bias (FB) initially decreases
and then increases with the increase in the turbulent Schmidt number. The optimal value is
at 0.5, followed by 0.7 and 0.3.

In Figure 22c, where the ideal value is 1, the Geometric Mean (MG) increases with
an increasing turbulent Schmidt number, reaching its optimum at a turbulent Schmidt
number of 0.5. The Geometric Variance (VG) initially decreases and then increases as the
turbulent Schmidt number increases. The best performance is observed at a turbulent
Schmidt number of 0.5, followed by 0.7. In conclusion, the optimal turbulent Schmidt
numbers for this model are 0.5 and 0.7.

5.7. Radiological Dose Calculations

Through data processing of numerical simulation results under two wind speed
conditions, Figures 23 and 24 are obtained. Figure 23 illustrates the sampling position
distribution of four nuclides (3H, 14C, 85Kr and 129 I) along six downwind distances from
the central release point, represented by green, light blue, magenta, tan, yellow, and purple
colors corresponding to 0 m, 100 m, 200 m, 300 m, 500 m, and 1000 m, respectively. The
dark red point at the building center indicates the chimney release location.

Figure 23. Regarding the distribution of nuclide 14C on the ground surface and the six monitoring
lines for pollutant distribution.
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Figure 24. The distribution patterns of four nuclides (3H, 14C, 85Kr, 129 I) within an 8 km downwind
range under both higher and lower wind speed conditions.

Figure 24 displays the concentration distributions of four nuclides versus distance
from the release point, with left and right columns representing higher and lower wind
speeds, respectively. Results clearly show that 85Kr exhibits the highest concentration
among the four nuclides, reaching approximately 6 Bq. This is followed by 3H with
a maximum concentration near 0.4 Bq, then 14C peaking at 1.6 × 10−5 Bq, and finally
129 I with a maximum concentration of about 2.8 × 10−8 Bq. All nuclides demonstrate a
rapid concentration increase from 0 m to maximum values at 1000 m downwind, followed
by gradual attenuation with increasing distance.

The most significant concentration reduction occurs between 0–100 m and
100–200 m downwind segments. By 500 m and 1000 m distances, the concentration mag-
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nitudes decrease by at least one order of magnitude compared to values observed at the
downwind center. Notably, data fluctuations along the downwind centerline (y = 0 m)
within 1000 m arise from building obstructions that disrupt uniform concentration distri-
bution. Lower wind speeds consistently yield slightly higher nuclide concentrations than
higher wind speeds, as reduced airflow diminishes pollutant dispersion capacity, thereby
exacerbating environmental contamination and human health risks.

Figure 25 illustrates the Total Effective Dose Equivalent distribution under lower
wind speed (a), higher wind speed (b), and their differential distribution (c). While the
TEDE patterns in panels a and b appear superficially similar, quantitative analysis reveals
significant disparities in the 1000–2000 m downwind range, where TEDE differences reach
approximately 1 × 10−7 Sv—equivalent to 25–33% of the maximum observed values.
This highlights the substantial influence of wind speed on pollutant dispersion. However,
minimal differences (<5%) are observed near buildings, with discernible contrasts emerging
only beyond nuclear facility boundaries.

(a) 

(b) 

Figure 25. Cont.
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(c) 

Figure 25. Distribution patterns and differential maps of total effective dose equivalent under lower
and higher wind speed conditions. The figure illustrates the TEDE distribution under (a) lower wind
speed, (b) higher wind speed, and (c) their differential distribution.

For both wind speed scenarios, TEDE values remain within the range of
0–4.7 × 10−7 Sv. These levels fall well below the IAEA public exposure limit of 1 mSv/year
and occupational limit of 20 mSv/year, confirming that routine radionuclide emissions
from the facility pose no regulatory-compliant health risks. Nevertheless, sustained envi-
ronmental monitoring of nuclide concentrations is imperative to ensure early detection of
potential anomalies.

6. Conclusions
Accurately simulating pollutant dispersion over uneven terrains is a highly challeng-

ing and intricate scientific and technological issue that demands resolution. This research
centers on the impacts of diverse ABL inlet boundary conditions, turbulent models, and
turbulent Schmidt numbers on pollutant dispersion across uneven terrains.

Initially, atmospheric dispersion tracing experiments were carried out in the vicinity
of a nuclear facility to acquire the tracer gas concentration at sampling points. Subse-
quently, improvements were put forward for the default ABL inlet boundary conditions,
taking into account the uneven terrain. By leveraging custom boundary conditions in
OpenFOAM, an improved ABL inlet condition tailored to uneven terrains was developed.
Numerical simulations of pollutant dispersion were executed using two turbulent models,
namely the realizable k − ϵ and SST k − ω, under both default and improved ABL inlet
boundary conditions.

The following conclusions were drawn:
(1) Numerical simulations comparing two turbulence models with improved and de-

fault ABL inlet boundary conditions indicated that the combination of the
SST k − ω model and the improved ABL inlet boundary conditions yielded the most
satisfactory results when contrasted with the atmospheric dispersion tracer experiment.

(2) In comparison to the improved ABL inlet boundary conditions, the default ABL
inlet boundary conditions inaccurately gauged the relative height difference between the
cell centers at the inlet boundary and the ground surface. This resulted in larger errors in
the near-ground data. As the elevation of the inlet boundary ground surface increased,
the disparity between the default and improved ABL boundary conditions became more
pronounced, reaching a maximum difference of up to 6 m/s in this study.

(3) Owing to the differences between the improved and default ABL inlet boundary
conditions, the distributions of velocity, turbulent kinetic energy, and concentration around
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the nuclear facility were significantly affected in numerical simulations. The average wind
speed difference between buildings was approximately 2 m/s, with a maximum difference
reaching up to 4.1 m/s. Regarding turbulent kinetic energy, the majority of the differences
were around 0.5, with a maximum difference of up to 1.0. The most substantial impact
was on the concentration distribution. Downwind of the chimney, peak ground level
pollutant concentrations reached up to 470 times the background level, and a large area
had concentrations between 100 and 200 times the background.

(4) Computational fluid dynamics simulations employing dual wind speed regimes
(elevated: 4.21 m/s; baseline: 2.5 m/s) were conducted for four characteristic radionuclides.
The spatial distribution analysis revealed maximum airborne concentrations at 1000 m
downwind for all species, with TEDE (Total Effective Dose Equivalent) profiles demon-
strating exponential attenuation patterns in near-surface zones. Comparative evaluation
of atmospheric dispersion outcomes showed dose differentials between wind scenarios
constituting 33.3% of baseline values (∆TEDE = 0.47 µSv/yr), yet both remained two orders
of magnitude below the IAEA public exposure limit (1 mSv/yr).
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