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CILRT is an important work in the overhaul of nuclear power plants. VOCs from
paints and cleaners used in the containment during the overhaul will migrate
inside the containment, and the numerous rooms and compartments inside the
containment make the air flow impeded, and the VOCs may be enriched to bring
combustion risk. The complete fire risk analysis method includes volatilization
kinetics of chemicals, mixture explosion limits, and numerical simulation of VOCs
diffusion andmigration. The volatilization rate at the lowest room temperature of
20°C is used as a conservative input, the complement of CAITA realistic model is
used as the flow domain, and the geometry is appropriately simplified, and the
steady ventilation process, the internal flow and the laws of diffusion and
agglomeration of 12 kinds of VOCs gases in the 9-h pressure-holding process
are investigated by Computational Fluid Dynamics. The simulation results of
steady ventilation show that the VOCs gases are almost uniformly carried by the
air to all spaces inside the containment, and the explosion risk is low. The
concentration field of the steady ventilation process was taken as the initial
boundary condition and unsteady state simulation of the 9-h holding pressure
process was performed. The results show that the gas flow inside the
containment basically stops after 3456 s of pressure holding. With the
extension of time, the VOCs gases accumulate at the bottoms of the three
lower layers of the containment under the effect of laminar diffusion and
gravitational settling, where the total concentration of the mixed gases
reaches the highest at the bottom of the lowest layer. The total concentration
of the VOCs gas mixture was below the lower explosion limit throughout the 9-h
pressure-holding process, and the explosion risk was low.
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1 Introduction

The containment of a nuclear power plant is the last barrier to prevent the leakage of
radioactive media and an important facility to ensure the safety of nuclear power (Qi et al.,
2023). To ensure the safety and reliability of the containment, the containment integrity and
leakage rate test (CILRT) is required every 10 years since the first overhaul of the nuclear
power plant (Gong and Zhou, 2005). The complete CILRT consists of a series of pressure-
holding, pressure-raising and pressure-reducing procedures alternating with each other,
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with a total duration of about 128 h with the maximum pressure
level of 520 kPa, and the entire process is shown in Figure 1 (Weng
et al., 2019). Normally, related maintenance work should be
performed before the CILRT, and chemicals containing volatile
organic compounds (VOCs) are used in large quantities in this
process, including paints, cleaning agents, lubricants, etc., and its
volatile flammable gases. The flammable gases emitted by the
containment vessel pose a risk of ignition during the CILRT,
which is a direct threat to the safety of the plant and therefore
needs to be evaluated.

From the beginning of the CILRT until the pressure relief, the
containment is kept in a closed state, and the surface of the
equipment coated with chemicals will also continue to volatilize
VOCs gases, which migrate, diffuse and accumulate in the local
space inside the containment, and there is the possibility of an
explosion when the concentration exceeds its explosion limit, which
poses a great risk to the safety of the nuclear power plant in service
(Zhao et al., 2017). The gas diffusion and explosion limit of VOCs
has been investigated by many researchers. Koshiba et al. (2017)
investigated the flammability limits and explosion pressures of
alkane-alkane-nitrous-oxide mixtures and corresponding alkane-
alkane-O2 mixtures. The Coward diagram was modified to
improve its accuracy by Cheng and Luo, (2013) and the modified
Coward method could be applied in practices by a cross-verification
study. Flammability limits of binary mixtures of ammonia with
HFO-1234yf, HFO-1234ze, HFC-134a, and HFC-125 were
measured in dry air by Kondo et al. (2013). Modification of Le
Chatelier’s equation was made by introducing Ellipse function to
express the flammability limits of the mixtures. Flammability limits
of binary vapor mixtures of 1,2-ethanediol + steam and 1,2-
propanediol + steam were measured by the ASHRAE method
(Zhang et al., 2013). Artificial neural networks were used to
probe the structural groups that have significant contribution to
the lower flammability limit (LFL) of pure compounds and arrive at
the set of groups that can best represent LFL for about
543 substances. (Albahri, 2013). A new flammability index called
F-number was utilized in a novel method of predicting flammability

limits. An empirical expression of F-number has been derived to
account for the flammability characteristics of various organic
substances (Kondo et al., 2001). The lower flammability limits of
18 CxHyOzNw liquids were measured as a function of initial
temperature by Rowley et al. (2010). A comprehensive literature
review of the flammability limits of combustible mixtures is
developed and the description of methodology for experiments to
find the upper and lower limits of flammability of ethanol for
aeronautical applications is discussed. (Coronado et al., 2012).
Konovalov et al. (2015) took gas-particle partitioning and
oxidation of semi-volatile organic compounds (SVOCs) into
account in simulations of the mesoscale evolution of smoke
plumes from intense wildfires. Thermochemical properties of
target VOCs molecules were calculated using density functional
theory. Higher level composite methods and the correlation
consistent composite approach were considered to determine the
enthalpies (Osmont et al., 2015). Experiments were performed in
order to measure evaporation rates of four different VOCs and
water. The evaporation correlation was obtained by fitting the
experimental data. (Heymes et al., 2013). Zhang et al. (2018)
proposed an improved C-history method based on the
completely analytical solution of the mass transfer model
describing the VOC emission process. Zuo et al. (2023a)
proposed the tube outlet for the hydrogen-fueled micro planar
combustor to enhance the heat transfer between the burned gas
and combustor wall. Numerical investigations on the performance
of micro-cylindrical combustors are conducted under different
cavity length, outlet size and solid wall materials (Zuo et al.,
2023b). A 3D multi-phase model of PEMFC is established and
effects of cathode channel structure on the performance of PEMFC
are numerically investigated (Chen et al., 2024).

In this paper, FluentV18.0 (ANSYS Inc, 2011) analysis software
is used to simulate the stable ventilation process of the containment
and the first 9-h pressure holding process of the CILRT, aiming to
analyze the diffusion law and explosion risk of 12 kinds of VOCs
gases inside the containment, and to provide technical support for
the safety analysis of the CILRT process.

FIGURE 1
Containment CILRT process.
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2 Computational models

2.1 Governing equation system

The VOCs gases volatilize from the wall liquid phase chemical
varieties and diffuse into the containment carried by air. Neglecting
the chemical reactions between the components and the wall phase
change process, the stabilized venting process is a steady state
turbulent diffusion process, and the 9 h pressure holding is an
unsteady state turbulent diffusion process, which needs to follow
the mass and momentum conservation equations listed in Eqs 1, 2,
respectively.

∂ρ
dt
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∂xj
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However, the above equations are not closed, and in order to
make the equations solvable, two covariates, turbulent kinetic energy
k and dissipation energy ε, are introduced to form a system of k-ε
equations as shown in Eqs 3, 4.
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The component mass conservation equations is given as Eq. 5.
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refers to average density, kg/m
3
. xj is Cartesian coordinates, m.

Uj is average velocity, m/s. k is the turbulent kinetic energy, m
2
/s

2
. μ

is the air viscosity, kg/(m.s). δij is the Kronecker symbol. ε is energy
dissipation, m

2
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3
, Yl is the mass ratio of the lth component.Dl is the

laminar diffusion coefficient for the lth component, m
2
/s, Sct is

Schmidt number and chosen as Sct � 0.9, The remaining parameters
are constant terms of the k-ε model. In this paper, the standard k-ε
model is used to calculate the turbulent flow.

2.2 Explosive limit calculations

When the gas components of VOCs accumulate locally, if the
concentration of a single component exceeds its lower explosive
limit or the concentration of multiple components exceeds the lower
explosive limit of the mixture, there is a possibility of explosion. Let
the molar fraction of component i (molar concentration) is xi, and Li
is the component’s lower explosive limit of pure mass, then the lower
explosive limit of the mixture Lm is defined as Eq. 6.

Lm � ∑n

1

ci
Li

(6)

Where, ci � xi∑n

1
xi
. The criterion for a mixture to be explosive is

shown in Eq. 7,

∑n

1
xi > Lm (7)

Define an explosion state parameter as ΔLm � ∑n

1
xi − Lm.

When ΔLm > 0, there is a possibility of explosion, and the smaller
ΔLm means the smaller of the explosion risk.

3 CILRT process simulation

3.1 Process simulation assumptions

The CILRT process starts with a ventilation process and then
begins with a 9-h pressure holding process, and followed by gradual
pressurization, pressure holding and pressure relief. There are 49 air
inlets and 6 air outlets at different heights inside the containment,
and the velocity of these inlets is 0.3–2.0 m/s and the velocity of the
air outlets is 2.0–7.7 m/s according to the flow rate of the fan, and the
two outlets with the largest flow rates are located at the top of the
containment (flow rate of 1E6m3/d) and the middle of the
containment (flow rate of 1.6E6m3/d) respectively. After a long
period of ventilation, both the flow and concentration fields in the
containment gradually reach the equilibrium state. At the beginning
of the holding pressure process, all air openings were closed, and the
VOCs gas continued to volatilize. Due to the difference in density,
the heavy fractions are gradually deposited towards the bottom,
while the light components gradually accumulate towards the top,
increasing the risk of explosion in the containment. According to the
results of volatilization experiments, most of the VOCs gas will be
volatilized in 3–6 h. During the subsequent pressurization and
pressure holding process, the total amount of air increases, while
the mass of VOCs does not increase significantly, so the risk of
explosion is gradually reduced overall. Therefore, the 9 h pressure
preservation process is the most dangerous stage in the CILRT
process and needs to be analyzed.

Fully simulating the actual volatilization and diffusion process is
very difficult and requires a lot of computational resources. The
calculation should follow the principle of conservative to carry out
appropriate simplification, i.e., the simplified structure, initial
conditions and physical parameters are more conservative than
the actual situation, so that the calculated concentration is higher
than the actual situation. The actual process can be regarded as safe
if the highest calculated concentration cannot even reach the lower
limit of explosion. Simplifications and assumptions made in this
paper are listed as follows:

a) During the steady venting phase and the subsequent 9 h
holding pressure phase, multiple VOCs gases are volatilized
on the same volatilization surface. Each VOCs gas is volatilized
at maximum volatility.

b) The steady venting process is a steady-state flow process, and
the concentration field formed during this process serves as the
initial concentration field for the simulation of the 9 h holding
pressure process.

c) For a certain VOCs gas, the volatilization of this VOCs gas
stops when m0+m1 = mtotal. Where m0 is the total mass of that

Frontiers in Energy Research frontiersin.org03

Weng et al. 10.3389/fenrg.2024.1339494

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1339494


gas in the initial field, m1 with is the mass of that gas volatilized
in the 9 h pressure-holding phase, and mtotal is the total mass
of that gas that can be volatilized.

d) The temperature at any point in the containment remains
constant during the stabilized ventilation process and the 9 h
pressure-holding process.

e) The total amount of volatilized VOCs during the 9 h pressure-
holding phase is negligible relative to the total mass of air
inside the containment, and the medium is treated as an
incompressible gas during the simulation.

3.2 Geometric and mesh models

The containment vessel is a cylinder with a diameter of 37 m and
a height of nearly 56.68 m with numerous equipment and support
structures inside. The geometrical model of the containment needs
to be built from the drawings and the flow domain needs to be
delineated. Appropriate simplifications of the real structure are
needed in the establishment, including:

a) Removal of fine-sized (feature length <0.2 m) structures with
little flow disturbance, including overhead pipes and corridors,
steps on the floor, electrical cabinets on the walls, etc.

b) Determine the size of the volatile surface according to the area
to be painted with chemicals and arrange the volatile surface
on the wall according to the principle of proximity.

c) Each volatilization surface can volatilize multiple VOCs gases
at the same time, and the area where each gas can be volatilized
is determined according to the actual painted area, but does
not exceed the area of the volatilization surface.

The geometry of the simulation is shown as Figure 2A. After
establishing the geometric model, it is necessary to perform mesh
dissection of the flow domain. Due to the complexity of the internal

spatial structure, an unstructured mesh was first used for the
dissection, and then the unstructured mesh (tetrahedral,
prismatic mesh) was transformed into a polyhedral mesh using
Polyhedra technology, which significantly reduces the number of
meshes and ensures the computational accuracy. The coarse,
medium and fine scales were established, and after the
verification of mesh-independence, the 8.23 million-mesh model
was selected, as shown in Figure 2B. 115 volatile surfaces were set, as
shown in Figure 3.

3.3 Simulation settings

In this paper, the temperature inside the containment is
assumed to be room temperature (20°C), and the saturated vapor
pressure of 12 media at room temperature is calculated by NIST
RefProV10.0 software (NIST, 2021), and the mass percentage of
each medium on the volatilization surface is obtained by converting
it to the wall boundary conditions of Fluent software, as shown in
Table 1. Among them, C11-C13 medium is difficult to volatilize, and
the vapor pressure can be calculated according to the highest
possible temperature (40°C) inside the containment. Multiple
User Defined Function (UDF) programs were developed to set
the actual volatile area of each VOCs gas on each volatile surface
to calculate the explosion risk of each grid cell.

The steady state solver is used to simulate the steady ventilation
process, and the velocity of each air outlet is calculated according to
the flow rate of the fan. When the calculation converges, the
unsteady state solver is used, and the time step starts from 10−4s,
and then gradually increases, ensuring that the calculation process
converges. The mass of each VOCs gas in the containment is
detected at fixed intervals (1000 s), and the volatilization of the
gas stops when it exceeds the total mass that can be volatilized.

Four polyhedral mesh numbers, 6.92 million, 7.45 million,
8.23 million and 8.94 million, have been selected in the mesh

FIGURE 2
Geometric model (A) and messing model (B) of the simulation.
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independence study and model verification. The velocity with
different number of meshes at the 6th level of the ring corridor
is shown in Figure 4. It can be seen that the velocity tends to level off
as the number of meshes increases, and the change is less than 0.9%
when the number of meshes reaches 8.23 million. As the calculation

results indicate, the computational error of inlet pressure is 0.7%
when the mesh number is 6.92 million taking the result of
8.23 million meshes as the benchmark, and the computational
error of outlet velocity is 0.3%. When the mesh number is
reached 8.94 million, the computational error of the inlet
pressure is 0.3% and the computational error of the outlet
velocity is 0.1%. This indicates that the effect of mesh numbers
beyond 8.23 million on the calculations is decreasing significantly.
Considering the computational resources and accuracy, the
8.23 million meshes is selected for the simulation and analysis.

4 Analysis of calculation results

During ILRT, there are two sources of VOCs in the gas-phase
space inside the containment. Firstly, at the beginning of ILRT, the
VOC gas is already dispersed in the gas-phase space inside the
containment, and can be treated as the “initial condition” of
numerical calculation. Secondly, during the execution of ILRT,
the VOC gas is continuously released into the gas-phase space
inside the containment from the VOC gas source term. The
study is mainly contains the Determination of “initial conditions”
and the determination of VOC gas diffusion from the containment
during ILRT implementation.

4.1 Stable ventilation process

Figure 5 shows the velocity cloud of the x = 0 section in the
containment for the stabilized ventilation process, and it can be seen
that most of the airflow goes out towards the two main outlets, the
top and the middle. Among them, the gas flow toward the top outlet
mainly flows upward along the edge of the shell, and the gas flow
toward the middle outlet is pumped out directly from the middle of
the space with less disturbance to the periphery, which is mainly due
to the fact that there are fewer facilities in themiddle space, and there
is no obstacle to the gas flow. Except for the vicinity of the exit, the
mainstream gas velocity is about 0.2–0.3 m/s, and the gas in rest of
the space almost remains stationary.

Each mesh cell in the space is traversed to calculate the lower
explosive limit of the gas mixture. Figure 6 shows the distribution of
the explosion state parameter, it can be seen that the whole space
ΔLm is less than zero, the maximum value is −0.94. ΔLm distribution
is uniform in most of the space, indicating that the gas accumulation
effect is not significant. This is mainly due to the uniform diffusion
of VOCs gases to all parts of the space under the carrying effect of
airflow. It can be seen that there is almost no possibility of explosion
in the containment during the stable ventilation stage.

4.2 9H pressure holding process

A non-stationary solver was used to calculate the diffusion
process of VOCs gas in the 9 h holding pressure, where the
initial field of VOCs gas is the concentration field after stabilizing
the ventilation. As the vent is closed, the gas flow inside the
containment gradually stops flowing, and the VOCs medium
gradually diffuses from the wall to the adjacent area, making the

FIGURE 3
Volatile surface setting. (A) The 1st layer; (B) The 2nd layer;
(C) The 3rd–6th layer; (D) The 7th layer.
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explosion risk rise. Figure 7 shows the velocity cloud of the gas inside
the containment at different holding pressure moments, and it can
be seen that the gas flow inside the containment basically stops
flowing after holding pressure for 3456 s.

Figure 8 shows the concentration cloud of C8H10 at different
moments of the pressure holding stage, and the chemicals
containing this gas are mainly distributed in the middle of the
containment. It can be seen that after 660 s of pressure holding,
C8H10 began to accumulate near the near-wall surface, which was
mainly due to the weak convective diffusion of the airflow, and the
VOCs gas mainly migrated to the periphery through laminar

diffusion. After 3456s of holding pressure, the gas gradually
diffused to the whole horizontal layer (layer 3–6). After 8251 s of
holding pressure, the gas has diffused to the top and bottom space.
The concentration is slightly higher at locations in the central region
since the gas is denser than air. Due to the complex connecting
structure in the containment, the gas mainly diffused to the bottom
through the vertical channel on the right side, and the gas gradually
diffused to the bottom after holding pressure for 8251 s.

Figure 9 shows the distribution of the total mixture
concentration (expressed as ∑n

1
xi) at several key moments of the

TABLE 1 Main parameters of 12 VOCs gases.

Media lower Formula Total Mass (kg) Vapor pressure (kPa) Explosive limit (%)

o-Xylene C8H10 2.634 1.180 1.21

Ethylene glycol ethyl ether C4H10O2 0.081 0.510 1.80

Isopropyl alcohol C3H8O 12.395 8.179 2.37

Sunflower C10H22 0.544 0.128 1.93

Rentane C9H20 141.679 0.790 0.95

Acetone C3H6O 29.534 37.797 0.96

n-Butanol C4H10O 0.199 1.316 2.70

Methyl isobutyl ketone C6H12O 1.525 3.480 1.80

p-Xylene C8H10 6.502 1.469 1.31

Propylene glycol monomethyl ether CH3OCH2CH (OH)CH3 5.777 1.330 1.23

Ethylbenzene C6H5C2H5 4.339 1.549 1.21

Ethanol C2H6O 16.441 9.373 3.39

Tridecane C13H28 12.272 0.025* 0.98

Dodecane C12H26 1.278 0.058* 1.89

Undecane C11H24 151.265 0.170* 0.78

*Denotes 40°C.

FIGURE 4
Observation point velocity versus number of meshes. FIGURE 5

Stabilized ventilation x = 0 cross-section velocity.
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pressure holding stage. It can be seen that the VOCs gases
preferentially accumulate at the bottom of layer 3 (11531 s), and
at the bottom of layer 1 (25765 s) under the effect of gravitational
settling. There is a large connecting channel from layer 3 to layer 7,
which makes the VOCs gas in the space preferentially deposited at
the bottom of layer 3, and then gradually diffused to layer
2 and layer 1.

Figure 10 shows the cloud diagram of the explosion limit state
parameter ΔLm in the pressure preservation stage, and it can be seen
that as the diffusion proceeds, the explosion risk inside the
containment gradually increases, but not reached the explosion
limit. In the whole space, the bottom of layer 1 and layer 3 have
the largest limit state coefficients, which are the regions with the
highest explosion risk.

Figure 11 shows the mixture concentration, ∑xi, and limit
state parameter value, ΔLm, of the unit with the highest risk of
explosion in the containment at different moments during the 9 h
pressure holding process. It can be seen that the total
concentration of VOCs gas increases gradually during the
pressure holding process, and it is also close to the lower
explosion limit. The whole process is in safe state, and the
ΔLm rises to −0.351 at the end of the pressure holding process,
which denotes low explosion risk. The total molar ratio of VOCs
gas is 0.351 lower than its lower explosion limit, demonstrating
the low explosion risk.

5 Conclusion

In this paper, the diffusion pattern and explosion risk of
12 major VOCs gases inside the containment during stable
ventilation and 9 h pressure retention are investigated by
computational fluid dynamics methods. Conservative
assumptions are adopted for the diffusion process, the internal
structure of the containment is simplified. The geometric and
mesh models of the inner flow domain of the containment are
established. 115 volatile surfaces are defined according to the
principle of equal area. Steady-state simulation of the steady

ventilation process was carried out to obtain the concentration
fields of various VOCs gases inside the containment, which were
used as the initial concentration fields for the unsteady-state
simulation of the 9 h pressure holding process. The conclusions
are obtained as follows:

FIGURE 6
Stabilized ventilation x = 0 cross-section ΔLm .

FIGURE 7
Velocity clouds of the containment at different times.
(A) t = 660 s; (B) t = 3,456 s; (C) t = 8,351 s; (D) t = 14,300 s.
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a) Four mesh numbers are employed to verify the
computational accuracy through steady state flow
simulation. The relative deviation of inlet pressure and
outlet velocity are compared in the mesh independence
study and model verification, and 8.23 million meshes is

finally selected in the consideration of computational
resources and accuracy.

b) The flow characteristics inside the containment are analyzed.
The process of VOC volatilization kinetic curve is simulated,

FIGURE 8
C8H10 concentration in the containment at different times.
(A) t = 660 s; (B) t = 3,456 s; (C) t = 8,351 s; (D) t = 14,300 s.

FIGURE 9
Total molar ratio ∑ xi of gases in the x = 0 cross-section at
different moments. (A) t = 5,121 s; (B) t = 11,531 s; (C) t = 18,910 s;
(D) t = 25,765 s.
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and five points in the space are selected as observation points,
and the results show that the maximum deviation of the values
of the observation points from the experimental test values is
not more than 2.1%, which indicates that the numerical
simulation methodology is credible.

c) The simulation results show that the deviation between the
simulated and actual values of most of the vent velocities is
less than 0.05 m/s. Unsteady-state and steady-state simulations of
gas diffusion in the ventilation process were carried out. The
results of the unsteady state simulation show that the average
change in the concentration of the main media relative to the
previous moment is within 15% at 12707 s, indicating that the
total mass of the VOC media in the containment tends to
stabilize. The explosion limit analysis results of the gas show
that the concentration in the volatile face near the unit is found to
exceed its explosion limit at 429 s and 1245 s. Steady-state
simulation results show that the VOC gas is quickly carried
out by the gas flow, and will not accumulate in the space, and the
medium is not highly concentrated in the containment.

d) Simulations of the 9H holding pressure shows that the gases
are accumulated near their respective volatile surfaces.
Throughout the 9H pressure-holding process, there is no
explosive limit exceeding unit in the space. The explosive
limit state value at the bottom of the containment is the
highest relative to other areas, but there is no unit with
explosive limit exceeded in the space.
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