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Cooling water intake system
safety analysis based on
Impingement probability

Xiaocheng Fu, Fenglei Du, Xiaodong Huang, Juan Pei,
Zhenglou Zhang, Xiaofeng Xing and Xiang Pu*

Shanghai Nuclear Engineering Research and Design Institute Co., Ltd., Shanghai, China

Invasion or aggregation of marine organisms in cooling water intake systems
(CWIS) has gradually become an important problem affecting the safety of
nuclear power plants with environmental and climate changes. In this study, a
3-dimensional numerical model (TELEMAC-3D) was used to determine the
impingement probability in a typical nuclear power plant with a once-through
cooling system, and the effect on CWIS safety. The factors controlling
impingement probability were also analyzed. Results show that (1)
impingement probability decreased rapidly with an increase in distance from
the CWIS. In addition, the distance of the impingement effect of a nuclear power
plant with six units was mainly within 1 km of the CWIS. (2) Impingement
probability increased with water withdrawal, and as distance to the CWIS
increased, the increase in probability increased. (3) Generally, an increase in
tide strength led to a decrease impingement probability. (4) Near the CWIS, the
impingement probabilities of areas upstream or downstream of the CWIS along
the tidal flow direction were much higher than those not in those areas. (5) An
increase in water depth significantly reduced impingement probability. When the
water depth of the CWIS increased from 5 m to 15 m, impingement probability
was reduced up to 30%. Based on the above findings, the following suggestions
were made to minimize the impingement effects on CWIS safety: first, the CWIS
of coastal nuclear power plants should be set in an area with low aquatic
biomass, strong tides, deep water, and few surface species within the range of
1 km, and second, the amount of cooling water withdrawal or velocity should be
reduced as much as possible.

KEYWORDS

cooling water intake system, impingement probability, impact factors, numerical
modeling, TELEMAC, nuclear power plant

1 Introduction

Nuclear power provides about 10% of the world’s electricity from about 440 power
reactors (World Nuclear Association, 2023). As the world’s second largest source of low-
carbon power, nuclear power plays an important role in confronting climate change. At
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nuclear power plant (NPPs), cooling water is withdrawn from
rivers, lakes, estuaries, and oceans through a Cooling Water
Intake System (CWIS), for the purpose of dissipating waste heat.
Most power plants use either once-through cooling or a closed-
cycle cooling system. A once-through cooling system, which
typically withdraws water in the range of tens of millions to
billions of gallons per day, could lead to (1) the drawing of fish
and shellfish eggs and larvae into and through the condenser
cooling systems, and (2) trapping of fish against the screens that
prevent debris from being drawn into the cooling water intake.
These processes are referred to, respectively, as “entrainment” and
“impingement” (Barnthouse, 2013). Impingement and entrainment
could lead to loss of fish (eggs, larvae, juvenile, and adult),
planktonic organisms, or other aquatic organisms (Merriman and
Thorpe, 1976; Helvey, 1985; Boreman and Goodyear, 1988; Karas,
1992; Greenwood, 2008; White et al., 2010), and they also may
result in the blockage of CWIS (WANO, 2007), thus threatening the
stable operation of NPP. The increasing amount of waste, marine
biota, sediment, sea ice, etc. could all aggravate the condition of
blockage (Chen, 2009; Arefiev et al., 2015; Yan and Lu, 2016). The
safety of cooling water intake has gradually become an important
factor affecting the safe operation of nuclear power plants.

In a 2006 study, the World Association of Nuclear Operators
found 44 blockages at NPPs since 2004 (WANO, 2007). Aquatic life
was the most common material causing blockages, including algae
and aquatic grasses, mussels, jellyfish, crustaceans (shrimp and
crabs), and fish. Those materials contributed to 37 of the 44
blockage events. The remaining events resulted from
accumulations of frazil ice (ice crystals forming in a body of
water), depositions of sand and silt, and ingress of crude oil. An
Electric Power Research Institute survey found that problems with
debris are common (EPRI, 2015). Nearly 50% of facilities have been
de-rated because of problems with debris, and slightly more than
10% have been shut down because of debris. In China, according to
incomplete statistics, since 2014, there have been many incidents of
sea creatures gathering and affecting unit operations (National
Nuclear Safety Administration, 2016). For example, in July 2014,
accumulations of jellyfish caused a rotating filter blockage at an
NPP in northern China. Unit 1 and unit 2 of the circulating pumps
jumped and the power plant ultimately shut down. In addition, in
August 2015, many A. molpadioide (100-200 mm) invaded an NPP
in southeastern China, which caused the circulating pumps to stop
working and the emergency shutdown of unit 3. Such incidents not
only lead to huge economic losses at NPPs but also affect power
plant safety and stable operation. As a result, regulator departments,
NPP owners, and related design institutes are focusing attention on
the problem.

Studies currently primarily focus on how water intake blockage
events develop in NPPs, feedback following blockages, and
suggestions to improve early warning systems and prevent intake
water blockage events (Ruan, 2015; Li et al., 2017; Meng et al., 2018).
However, outbreaks of marine organisms as mechanisms causing
blockage events of NPPs have not been fully investigated (Fu et al,
2020; Wang et al., 2022).
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Chae et al. (2008) reported a seawater intake blockage event in a
nuclear power plant at Uljin and discussed the impacts of warm
surface current of the eastern Korean waters and the environmental
factors related to the ecobiology of the large quantity of salpa.
Prakash et al. (2012) found that the Salem power plant was invaded
by seaweed from the intertidal swamp 3 miles away by using
hydrological and seaweed migration models. Chen (2018)
speculated that the blockage of nuclear power plants may be
caused by the effect of ocean currents caused by typhoons, the
disturbance of the bottom habitat, and the growth of A.
molpadioidea. Yoon et al. (2022) analyzed the mechanisms and
cause of the mass appearance and intrusion of S.fusiformis by field
surveys and collected observational data.

To optimize water intake design and reduce the effects of water
intake blockage, it is essential to determine the probability of
biological impingement and its controlling factors. An empirical
model has been applied for evaluating entrainment of aquatic
organisms in NPPs ever since the 1970s (Eraslan et al, 1975;
Swartzman et al.,, 1977; Boreman et al., 1978). With the
development of computational fluid dynamics, numerical models
became a useful tool for predicting blockages of water intake
structures of NPPs through calculating the probability of
biological impingement (Zhang et al., 1992; Prakash et al., 2014).
In this paper, a high-resolution, non-structured, three-dimensional
numerical model, the TELEMAC-3D, was used to systematically
and quantitatively study the factors influencing the probability of
biological impingement, including distance to water intake
structure, quantity of water intake, tide pattern, tidal current
direction, and water depth.

2 Materials and methods
2.1 Numerical model

The TELEMAC-3D system developed by the National
Hydraulic and Environmental Laboratory of the Research and
Development Directorate of the French Electricity Board (EDF-
DRD. Website: http://opentelemac/org/) was used to simulate the
hydrodynamic pattern in this study.

The model is based on continuity, momentum, and tracer
equations and a turbulence closure scheme and solves each
physical quantity of a fluid.

2.1.1 Continuity equation

The continuity equation (mass conservation equation) in the o
coordinate system is as follows:
0Hv ow

ay +£:O

on OJHu

ot ox

(Eq. 1)

where 1) is the free surface height, H = h + 1 is the total depth,
and h is the depth under a flat free surface. Variables u and v are
velocity components along x and y axes, respectively, in the
Cartesian coordinate system, and w is the vertical velocity in the
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o coordinate system:

. d0 Jdo Jdo 00
W=—+U—+v—=+w

ot "ax oy "oz (Eq. 2)

where w is the vertical velocity component in the Cartesian
coordinate system.

To account for complex bathymetry of a research area, the ¢
coordinate system is used for the vertical discretization of
hydrodynamic equations:

h+z
“hy

( h<z<n) (Eq. 3)

2.1.2 Momentum equation

After the o coordinate transformation, the momentum
equations along the x and y axes are as follows (Hervouet, 2007):

aH”+ 0 Hi? +8Huv+ o uw N Han

at  ax  ay oo flox

d Ju dv
[HNh( o
X

e )

—i(ZHN ou )+
T ox "ax

) (N Bu)+ / o)
acr Hoo p0 ax pd
gHaH o dp
Po P agda (Eq. 4)
aHv+BHuv+aHv2+avW+ Hal
ot ax oy oo %y
0 du Jv 8 au
= — HNy(o— +— 2H.
o0 N, dv gH* 0 °
—(ZF— H-— — d
ac(Haa) ~fu Do ay(/> pdo)
gHaH ap
Po 3y Jo Gaadc (Eq. 5)

where f is the Coriolis parameter and p is the density of fluid.
The subscript () denotes a reference value. Variables Nj, and N, are
the horizontal and vertical eddy viscosities, respectively.

2.1.3 Tracer equation
The dynamic equation for a tracer is as follows (Hervouet,
2007):

8HT+aHuT+aHvT+BWT
ot 0x dy oo
) oT, 9 oT

ZE(HK}IW) +$(HKh ay

0 K,oT

J+s—(F32)

Eq.
do Hoo (Eq. 6)

where T is the density of a tracer (kg/m3 ) and K}, and K, are the
horizontal and vertical eddy diffusivities, respectively.

2.1.4 Turbulence closure scheme

The k-e turbulence closure scheme is used in the TELEMAC-3D
model:
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where k is the turbulent kinetic energy (TKE):

1=~
dul
k= il

5 (Eq. 8)

where u; is the turbulent fluctuation of velocity.
The variable € is the dissipation rate of TKE:

(Eq. 9)

where v is the kinematic viscosity.
The variable P is the shear production of TKE:
P=N,§? (Eq. 10)

where $% = (% )? is the squared shear.
The variable B is the buoyancy production of TKE:

B = K,N* (Eq. 11)

where N? = —%g—g is the squared Brunt-Viisild frequency.

2.1.5 Initial conditions
A flat free surface and a quiescent velocity field are initialized as

follows:
n(x,y,0,0) =0 (Eq. 12— 1)
u(x,y,0,0) =0 (Eq. 12 —2)
v(x,y,0,0) =0 (Eq. 12 — 3)
w(x,y,0,0)=0 (Eq. 12 — 4)
The temperature field is initialized as follows:
T(x,y,0,0) =25 (Eq. 13— 1)
The salinity field is initialized as follows:
S(x,y,0,0) =32 (Eq. 13 —2)

Turbulent kinetic energy and dissipation rate are initialized as
follows:

k(x,y,0,0) = ki, (Eq- 14-1)
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e(x,y,0,0) = €in (Eq. 14 —2)

where ki, and €, are the default minimum values of k and
€, respectively.

2.1.6 Boundary condition
The flow velocity at the intake is calculated based on the flow
rate as follows:

(Eq. 15)

where Uy is the flow velocity at the intake (ms™), Aq is the
cross-sectional area of the intake (m?), and Qq is the flow rate at the
intake (m>-s™).

The sea boundary of the model is an open boundary. The eight
major tidal constituents of M,, S,, N,, K,, K;, Oy, Py, and Q; are
considered at the sea boundary. Harmonic constants of the eight
constituents are used to calculate the tidal elevation at each tidal
boundary node. The harmonic constants were collected from the
global ocean model TPXO7.2. Calculation of tidal elevation at the
open boundary was based on the following equation (Doodson, 1928):

8
n(t) = Zfi}AE cos[m;t + (V,-} + ui) —g}]

i=1

(Eq. 16)

where ' And «' are the constants for a tidal constituent, A’ and
g are the amplitude (m) and phase lag (°), respectively, @ is the tidal
frequency (°>s!), and V' is the initial phase (°). The subscript i
denotes the number of each tidal constituent.

2.2 Mesh generation

The coastal NPP was in northeastern China (Figure 1). The
water intake is shown in Figure 2. Bathymetry of the domain from
admiralty charts was superimposed with survey data.

Y(m)
4.44E+06

10.3389/fmars.2023.1133187

The mathematical model used an unstructured triangular grid,
with partial nesting at the intake and outfall, a minimum grid scale
of approximately 10 m, a maximum grid scale of approximately
2,000 m, and a total number of grids of approximately 40,000. The
computational grid of the area around the plant site is shown
in Figure 1.

2.3 Validation

The hydrodynamic model was validated by observed data from
three tidal stations (WTZ, TPJ, and MJZ; Figure 1) and four gauging
stations (Figure 3) with tide height and velocity. Validation results
are shown in Figures 4-6.

2.4 Simulated scenarios

2.4.1 Quantity of water intake

The water intake of the power plant was an open channel near
the shore. The quantity of water intake has important effects on
impingement. According to the power plant design, it had six units,
with a total intake of 330 m?/s cooling water. Every two units used
water at 110 m*/s. In this paper, the effects of water withdrawal at
110 m?/s and 330 m>/s were simulated.

2.4.2 Tide

Tide pattern is also a possible factor influencing impingement.
Spring, moderate, and neap tides were analyzed, but results for
spring and neap tides were used in this article. Bathymetry
differences were also considered, and bathymetry was set at -5 m
and -15 m in simulations. The general settings of simulated
scenarios are listed in Table 1.
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Bathymetry and mesh in the computational domain (red dots denote tidal stations).
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Bathymetry and mesh near the water intake.

2.5 Impingement probability calculation

The operation of water intake and discharge facilities can cause
significant changes in the flow field of the surrounding sea area, and

Eq.18.

such changes vary with different locations. Therefore, the
impingement probabilities of aquatic organisms at different
locations are not the same. To determine the impingement

probability at a given location, biological tracers were released into
the volume of the water (W) at such a location with an initial density
Cop, hence the initial number of biological tracers was C,W,. Over
time the biological tracers will spread and reach the intake where its
density at the intake, Cy(t), will gradually decrease with time. Let Q, be
the withdrawal rate at the intake, then the cumulative number of the
biological tracers withdrawn at the intake, M(f), will be

Kolluru, 2000).

Ip(t) =

M) =Q, / C(t)dt

M(t)
CoWo

(Eq. 17)

Hence the impingement probability I,(£) could be calculated by

(Eq. 18)

In this study, the above method used for calculating the
impingement probability is termed as “mass transport model”. A
similar method has been used in the literature (e.g. Edinger and

For the simulated scenarios, the intensity of impingement effect
at different locations was estimated in two primary steps. Firstly, the

impingement influenced area in the vicinity of the water intake was

Y(m)
4.415E+06
4.41E+06
L4
4.405E+06
360000

FIGURE 3
Gauging stations near the nuclear power plant.
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analyzed by using a numerical model without considering the tidal
conditions. Secondly, the main influenced area was divided into
several subregions, and the impingement probability in each
subregion was calculated.

3 Results
3.1 Impingement influenced area

Nuclear power plants with a direct current circulation cooling
scheme have large withdrawal and discharge volumes, which can
significantly change the flow field in the nearby sea area. To
quantitatively analyze the influences of withdrawal and discharge of
a typical coastal plant site on the surrounding flow field, simulations

TABLE 1 General settings of model scenarios.

were conducted of case 1 and case 2 without considering the tidal effect.
This can be achieved by settling the amplitude of each tidal component
to Om at the tidal open boundary in numerical model. In case 1, when
only the action of water intake was considered, the maximum flow
velocity near the water intake reached 0.12 m/s, the flow velocity of the
outermost area of the embankment on the north side of the intake
(approximately 200 m from the intake) was approximately 0.05 m/s,
and the flow velocity of the area approximately 400 m from the intake
was approximately 0.01 m/s (Figure 7). Because the impingement
mainly occurred by plankton with weak swimming ability and that
drift with the waves, the area with flow velocity greater than 0.01 m/s
was considered a conservative estimate of the possible influence range
of the impingement.

In case 2, the maximum flow velocity near the water intake area
reached 0.35 m/s, the flow velocity in the outermost area of the

Case no. Installed capacity (MW) Intake (m3/s) Tide Bathymetry
1 2x1000 110 No realistic

2 6x1000 330 No realistic

3 2x1000 110 Neap tide realistic

4 2x1000 110 Spring tide realistic

5 6x1000 330 Neap tide realistic

6 6x1000 330 Spring tide realistic

7 2x1000 110 Neap tide -5 m (uniform)
8 2x1000 110 Neap tide -15 m (uniform)
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FIGURE 7

Flow field near the cooling water intake system in case 1 (no tide).

embankment on the north side of the intake (approximately 200 m
from the intake) was approximately 0.15 m/s, and the flow velocity in
the fan-shaped area approximately 400 m from the intake was
approximately 0.05 m/s. Overall, in case 2, the water intake of 330
m?/s influenced the flow field in the surrounding area to approximately
1,000 m (with the extent of 0.01 m/s as the limit; Figure 8).

According to the simulations, the possible area where the
impingement effect takes place covered approximately 400 m in
radius around the water intake when the water withdrawal of the
power plant was 110 m>/s. When water withdrawal of the power
plant increased to 330 m?/s, the impingement area enlarged to 1 km
in radius from the water intake. The results are in general agreement
with actual field measurements (Kang et al., 2018).

The distance influenced by impingement will differ at different
sites with different water withdrawals, layout characteristics of water
intake, and water depth around water intake. However, the results
in this study are meaningful for further research. In this study, the
focus area for simulation and analysis of impingement probability
was set within 1 km from the water intake.

3.2 Distance from the water intake

Based on the determination of the influenced area, the area of the
impingement probability analysis was set within an approximate
range of 1 km from the water intake and expanded as appropriate.

To further quantify the probability of impingement at different
locations near the water intake, the sea area near the water intake was
divided into 11 subzones that were 500 m x 500 m (T1-T11; Figure 9).
The initial density of biological tracers in 11 water bodies was
separately set to 1 (normalized). The density of biological tracers in
other areas was set to 0. When the model calculation began, density of
biological tracers in a subzone gradually decreased due to water intake.
After calculating for a certain time (e.g. several days), the total amount
of tracers in the calculation domain remained almost unchanged,

Frontiers in Marine Science

1
369500
X (m)

indicating that the tracers that remained were far from the water
intake. At that time, the difference between the remained and initial
number of tracers was the impinged part by water intake.

Probabilities of impingement in the subzones near the water
intake in case 3 (neap tide, 2 units), case 4 (spring tide, 2 units), case
5 (neap tide, 6 units), and case 6 (spring tide, 6 units) are shown in
Figures 10, 11. In case 3, the probability of impingement in the area
within approximately 300 m from the water intake (subzone T8)
reached 45.78%, and the probability in the adjacent subzones T10
(to the east) and T7 (to the south) also reached 32.97% and 35.84%,
respectively. By contrast, the probability of impingement within 1
km from the intake was close to 1%. In case 5, the probability of
impingement in the area within approximately 300 m from the
water intake (subzone T8) reached 83.49%, and the probability in
the adjacent subzones T10 and T7 also reached 72.34% and 60.23%,
respectively. Within 1 km from the intake, the probability of
impingement was close to 5%.

The results indicated that under the combined effect of water
withdrawal and tide, the impingement effect of a typical coastal site
mainly occurred within a 1-km area from the water intake, and as
the distance to the water intake decreased, the probability of
impingement increased.

3.3 Quantity of water intake

The difference in the probability of impingement at the same
location under the same tidal pattern between different quantities of
water intake can explain the effect of water withdrawal on the
probability of impingement.

The probability of impingement for six units was significantly
higher than that for two units (Figures 10, 11). In case 5, the
probability of impingement was 83.49% in T8, 72.34% in T10, and
60.23% in T7. In case 3, the probability of impingement was 45.78%
in T8, 32.97% in T10, and 35.84% in T7. The results indicated that
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FIGURE 8
Flow field near the cooling water intake system in case 2 (no tide).

the increase in water intake significantly increased the probabilities
of impingement. In case 3, the probability of impingement was
2.57% in subzone T5 (to the west) and 2.65% in subzone T9 (to the
north). In case 5, the probability was 18.07% in T5 and 11.3% in T9.
These indicated that increases in impingement probabilities due to
increase in water withdraw were most significant in key
impingement subzones, such as T8, T10, and T7.

3.4 Tide

For a coastal site, the tidal range is one of the most important
factors affecting the flow velocity. Therefore, tide is also a possible
factor in analyzing the probability of impingement.

I | - I | I I | - | L
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In case 3, the probability of impingement was high in subzones
of T8 (45.78%), T10 (32.97%), and T7 (35.84%). However, in case 4,
the probabilities were 34.14% (T8), 27.76% (T10), and 24.28% (T7).
The differences in probability were -11.64% (T8), -5.21% (T10),
and -11.56% (T7) (Figure 10). In the other subzones in the range of
300 m to 800 m from the water intake, the differences in probability
were 10.44% in T4, -0.33% in T5, -0.41% in T9, and -1.19% in T11.
The results indicated that when the tide changed from neap tide to
spring tide, the probabilities in some subzones increased, whereas in
others, they did not.

In case 5, the probability of impingement was high in subzones
T8 (83.49%), T10 (72.34%), and T7 (60.23%). However, in case 6,
the probabilities were 70.29% (T8), 61.66% (T10), and 80.19% (T7).
The differences in probability were -13.2% (T8), -10.68% (T10),
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Computation subdomains for the probability of entrainment.
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and 19.96% (T7) (Figure 11). In the other subzones in the range of
300 m to 800 m from the water intake, the differences in probability
were 31.6% in T4, -6.99% in T5, -4.5% in T9, and -7.17% in T11.
The results were almost the same as those in case 3 and case 4.
To conclude, an increase in tidal difference can lead to a decrease
in the probability of impingement in the area near a water intake but
to an increase in some other areas far from a water intake. Therefore,
the effect of tide changes not only the total probability of
impingement but also the spatial distribution of the probability.

3.5 Tidal flow direction

The probability of impingement in subzones T10 and T7 was
significantly higher than that in subzones T9 and T5 (Figures 10,
11). The difference was mainly due to the local tidal field. The
direction of the tide in the study area was generally parallel to the
shoreline, with northeast the main direction of the rising tide and
southwest the main direction of the falling tide. The tide constantly

transported tracers in the northeast and southwest of the water
intake to the water intake area, which led to higher probabilities of
impingement in those subzones. This could also explain why the
probability of impingement in subzone T7 (80.19%), an adjacent
subzone nearby the water intake, was higher than that in subzone
T8 (70.29%), a subzone where the water intake takes place.

Thus, areas up or down the main tidal current direction had a
higher probability of impingement than areas not on the tidal
current direction. To minimize the effect on probability of water
intake blockage, the sites of NPPs need to pay special attention to
the main tidal currents in local areas.

3.6 Water depth

Water depth conditions are often different at different sites, and
therefore, the effect of water depth on the probability of
impingement was analyzed. Two model cases (case 7 and case 8)
were set with water depths of -5 m and -15 m.
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FIGURE 12

Probabilities of impingement near the cooling water intake system for the site with different water depths. (A) =5 m; (B) =15 m.

Probabilities of impingement in case 7 were significantly higher
than those in case 8 (Figure 12). In case 7, the probability of
impingement was 64.39% in T8, 54.24% in T10, and 72.49% in T7.
In case 8, the probabilities of impingement were only 37.96% in T8,
24.39% in T10, and 37.06% in T7. The differences between the two
cases were approximately 26.43% (T8), 29.85% (T10), and 35.43% (T7).
In the other subzones, probabilities of impingement in case 7 were also
higher than those in case 8, with differences of approximately 16.52%
(T4), 5.09% (T5), 3.62% (T9), and 13.04% (T11).

The results indicated that water depth was an important factor
affecting the probability of impingement. With an increase in depth,
the probability of impingement decreased. Thus, when selecting an
NPP site, a site with deep water would be best.

4 Discussion
4.1 Influenced area by water intake

It is essential to determine the influenced area by water intake in
studying CWIS safety in NPPs. When the area is clear, targeted safety
monitoring can be conducted, and the control areas can be divided to
reduce the workload. Determining the area is also important in
monitoring marine biota and cleaning blockages when under severe
weather. However, at present, the influenced area by water intake has
not been clearly defined. In a conservative approach, relatively large
ranges for monitoring are selected, with a maximum radius up to 66
km (Shi et al., 2020). According to the characteristics of the monitoring
object and technology, 10 km has been used as the monitoring range
(Song et al., 2021). On the basis of emergency response time, 5 km has
been defined as the control range. In this study, the actual effect of the
flow field is proposed to set the range. Sea organisms entering that
range are influenced by the flow field and have a certain probability of
entering the water intake. This conclusion is generally consistent with
actual field measurements (Kang et al,, 2018). Such a range also does
not conflict with the scope of security control proposed by other
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studies, because for monitoring and early warning, it is indeed
necessary to expand the monitoring range to prepare for a response
in advance. In addition, the area for safe water withdrawal proposed in
this study can also be affected by coastal currents, and thus, for some
coastal NPPs, the influenced area may expand in some directions.

4.2 Method to calculate impingement
probability

This study was based on the method to calculate impingement
probability. Two methods are commonly used in simulating the
distribution of material. One method is the particle tracking method
(Chuetal, 2010; Moon et al., 2010), and the other is the mass transport
method (Zhang et al., 1992). In this study, the mass transport method
was used to calculate impingement probability. The method is suitable
for simulating marine organisms that are passively transported, such as
jellyfish. Zhang et al. (1992) also used this method to analyze the effect
of impingement from the Dayawan Nuclear Power Station on nearby
water ranges. For marine organisms with strong movement ability
(such as fish), the results will be affected to some extent. Currently,
there is no reliable method to simulate the movement of marine
organisms (Wu et al., 2015). Although jellyfish may also have certain
migration abilities, those organisms generally follow the flow (Wu et al,,
2016). On a large scale, based on the mass transport method, the overall
estimates of impingement probability remain credible.

4.3 Subregion division

Dividing the influenced area by water intake into subregions is
an important step in calculating probabilities of impingement. In
this study, rectangular subregions were selected, and then
impingement probabilities were calculated in those sub-regions.
Such subdivision was relatively easy and facilitated subsequent
calculations, however, it was also somewhat unreasonable because
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the probability of impingement was significantly related to the
distance from the CWIS. In NPP site surveys and selections, most
use subregional division of a population according to distance from
the site, with circular subdivisions (International Atomic Energy
Agency, 2015). In fact, subregion shape and size both have
important effects on impingement probability, and thus, it would
be valuable to examine those factors in follow-up studies.

5 Conclusion

In this paper, based on a 3D hydrodynamic numerical model, the
probability of impingement under different conditions in a typical
coastal plant site was calculated. Water withdrawal volume, tide, tidal
flow direction, and water depth were analyzed as important factors
affecting the probability of impingement.

Considering water intake only and two units with volume of 110
m?/s, the influenced flow field was approximately 400 m around the
water intake (with 0.01 m/s as the limit). For six units with volumes of
330 m’/s, the flow field influenced was approximately 1,000 m
around the water intake (with 0.01 m/s as the limit). Thus, an
increase in water withdrawal significantly increased the probability
of impingement in the area near the water intake. Considering both
water intake and tide effect, the impingement mainly occurred in the
1,000 m around the water intake, and as the distance to the water
intake decreased, the probability of impingement increased. With an
increase in tidal difference, the probability of impingement in the area
around the water intake decreased, whereas that in peripheral areas
increased. Therefore, the effect of tidal difference on impingement
was mainly expressed in changes in the spatial distribution of the
probability of impingement, and a decrease in total probability of
impingement in the total sea area was limited. For the main tidal flow
direction, the probability of impingement was higher than that in
other directions. In addition, the probability of impingement
decreased when the site had increased water depth. The results of
this study can be used in plant site selection and water intake design.
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