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        Probabilistic risk assessments involving flood require 

accurate estimations of the time until critical equipment 

are reached by the water. Conventional approaches for 

assessing flooding risks employ a variety of simplifications 

on the water dynamics and geometries involved, limiting 

their accuracy and reliability. Conversely, 3-D fluid 

modeling methods make it possible to obtain exploitable 

data in the highest amount, variety and accuracy, but are 

associated with a significant computational cost and a 

limited spatial resolution. We present a hybrid approach, 

leveraging on the strengths of both previous approaches. 

An innovative and flexible coupling is realized between: a 

conventional hydraulic model, based on macroscopic 

balances and a generalized form of Torricelli’s law; and a 

3-D fluid model, solving the Navier-Stokes equations with 

smoothed-particle hydrodynamics. We demonstrate for an 

internal flooding scenario the benefits of this methodology, 

making use not only of several kinds of one-way coupling 

but for modeling flows under doors and through draining 

systems as well. It is able to provide a significantly more 

complete, accurate and reliable characterization of the 

flooding risks than the conventional methods, while 

keeping the computational trade-off at a moderate level. 

 

 

 

I. INTRODUCTION 

 

I.A. Flooding Analysis for Probabilistic Risk 

Assessments 

 

Probabilistic risk assessments (PRAs) for nuclear 

power plants address a broad range of potential flood 

hazards, originating from either an external or internal 

event. External flooding may be induced by high 

precipitation, overtopping of riverbanks, dam failure, 

storm surges, or tsunamis, among others. Internal flooding 

may occur due to a leak or break in the piping system, or 

to a tank rupture1,2.  

 

A key figure-of-merit is the time until water reaches 

critical components, particularly electrical equipment. This 

can then be translated into time available for operator 

action to identify and isolate the flood source, which 

directly impact the human error probability calculated in 

PRAs. Hence, accurate and reliable simulations of flood 

propagation must be performed to reduce some of the 

uncertainties and for better planning. 
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I.B. Current Approaches to Flooding Risk 

Assessments 
 

The conventional methods are computationally very 

efficient, able to quasi-immediately provide exploitable 

outputs for analysis. However, numerous and significant 

assumptions are made on both the water dynamics and the 

geometries, thereby seriously limiting their accuracy and 

predictive power, especially for complex scenarios. For 

instance, the model governing the dynamics is restricted to 

tracking the water heights and/or to a near-steady regime. 

Also, the geometry of each domain, the structure that are 

contained, or the spatial variation of the floor/ground 

elevation, are factors for which the effects on the dynamics 

cannot be fully accounted. Furthermore, the choices of 

criteria for failure on critical components are restricted: the 

effects due to dynamic pressure, spray or splashes usually 

cannot always be taken into account; the criteria are 

typically expressed in relation to fluid heights and 

hydrostatic loads. A last inconvenient is that the lack of 

feedback in terms of visualization makes difficult for the 

practitioner to assess the validity of the results and the 

correctness of the scenario set-up and simulation code.    

 

 Conversely, 3-D fluid modeling techniques make it 

possible to obtain and exploit a large amount of accurate 

data. All previously mentioned limitations of the 

conventional methods can be overcome with this approach, 

enabling more accurate simulations and subsequently 

better risk assessments. However, it requires a high 

computational power, thereby making it challenging or 

impractical to simulate for a large domain, on a long 

duration, or at a high resolution. Additionally, the 

resolution is limited by the size of the grid cells (and/or 

particles), which prevent from modeling at sub-grid scales, 

or make it very difficult. In the context of internal flooding, 

this in particular means that there is no direct way for 

modeling flows under non-watertight doors or through 

drains if the corresponding dimensions are smaller than the 

size of the grid cells. It is worth noting that these issues are 

also at the root of, e.g., the area of turbulence modeling. 

 

Possible solutions include: increasing the 

computational power, by parallelizing the algorithms in a 

smart manner and running the simulation code on a 

massively parallel architecture; and spatially and/or 

temporally adapting the resolution (i.e., the size of the grid 

cells and/or particles), depending on how complex the flow 

dynamics and the geometries are. These solutions add a lot 

of complexity to the numerical scheme, thereby difficult to 

implement. 

 

I.C. Overview 
 

We explore here a simpler, yet powerful, alternative 

approach: couple a 3-D fluid model with a more 

conventional, computationally-efficient hydraulic model. 

The two models are complementary: their respective 

strengths enable to overcome each other limitations. 

Moreover, the many possible ways for coupling provide 

the flexibility to choose either one, the other or both 

combined at different domains or time frames. 

 

We employed the software Neutrino3 in this work, a 

platform for particle-based fluid simulation and 

visualization. We adopted a 3-D fluid model based on the 

Navier-Stokes (NS) equations and the smoothed-particle 

hydrodynamics (SPH) method, implemented via 

Neutrino’s implicit incompressible SPH solver4. It has 

been used for simulating incompressible fluid flows of 

various kinds relevant to PRAs, including tsunami impact 

and subsequent flooding, dam-break-induced and rainfall-

induced flooding, and high-wind impacts. The 

conventional approach, also possible in Neutrino, was 

implemented via a hydraulic model based on macroscopic 

balances and a generalized form of Torricelli’s law, 

referred hereafter as Torricelli’s law-based model (TLM). 

The advanced graphical user-interface, modeling tools and 

post-processors of Neutrino highly eased in setting-up and 

applying our methodology.  

 

We first introduce the NS equations and SPH, then 

Neutrino’s TLM, in Sections II and III. We explicit for 

TLM the equations solved, their derivation and the 

assumptions made. Next, we present our hybrid approach, 

how many kinds of one-way coupling can be realized, and 

how to model flows under doors and through drains. 

Finally, we consider an internal flooding scenario in 

nuclear power plant compartments: the flooding is initiated 

by a pipe break; the water propagates across the rooms and 

under doors; then, door failures are triggered by hydrostatic 

loads, producing a wave and a large amount of spray. 

Simulation set-ups and results are presented, highlighting 

the benefits of our hybrid approach. 

 

II. THE NAVIER-STOKES EQUATIONS AND 

SMOOTHED-PARTICLE HYDRODYNAMICS 
 

II.B. The Navier-Stokes Equations 

 

The complexity and three-dimensionality of water 

dynamics, and that of many other fluids, can be accurately 

modeled via the NS equations.  This paper being focused 

mainly on internal flooding and also to avoid any over-

complicating generalization, water is the only fluid 

considered. It is modeled as an incompressible, Newtonian 

fluid with viscosity constant in space. The flow is assumed 

isothermal, and the surface tension forces are not explicitly 

modeled. While the Eulerian viewpoint is most often 

considered, the Lagrangian one is adopted in this work. 

The corresponding velocity-pressure formulation of the NS 

equations is written as: 
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{

D𝐯

Dt
= −

1

ρ
𝛁p + ν𝛁2𝐯 + 𝐠

Dρ

Dt
= −ρ𝛁. 𝐯 = 0

(1) 

 

where D/Dt is the Lagrangian time-derivative and 𝛁 is the 

nabla operator. 𝐯 , ρ , p , ν  and 𝐠  stand for the velocity, 

density, pressure, kinematic viscosity, and gravitational 

acceleration, respectively.  The upper equation comes from 

the conservation of momentum, and involves pressure, 

viscosity and gravity forces. The lower equation is derived 

from the conservation of mass and the incompressibility 

condition. The NS equations are highly non-linear, and, as 

such, sophisticated numerical methods are required in 

order to obtain an approximate, yet accurate enough, 

solution. 

 

II.B. Smoothed-Particle Hydrodynamics 

 

SPH is emerging as a powerful tool for discretizing 

partial differential equations, and the NS equations in 

particular5,6. In comparison to more conventional methods 

in computational fluid dynamics (e.g., the usual finite-

difference, finite-volume and finite-element methods), 

SPH does not use any explicit mesh. Instead, the fluid is 

represented as a set of particles having a given mass, 

position, velocity, and potentially other properties (e.g., 

viscosity, temperature, etc.), fixed or evolving in time.  

Thanks to its Lagrangian, mesh-free nature, SPH is 

especially suited for simulating violent flows, for dealing 

with complex geometries, and for modeling spray and 

splashes, hence interesting for flooding scenarios. 

 

III. TORRICELLI’S LAW-BASED MODEL 

 

III.A. Presentation 

 

TLM tracks water heights for a set of inter-connected 

domains, assuming one-way flow for each pair of 

connected domains. For each domain, the following 

parameters must be provided in accordance to the 

geometric properties of the domains and to the 

specifications of the event to model: initial water height, 

inflow rate, accumulation area, discharge coefficient, and 

outflow section shape, dimensions and elevation above 

floor.  

 

The variation in time of water heights is obtained by a 

mass balance, taking into account all involved inflow and 

outflow rates. Besides, inter-domain flow rates are 

carefully calculated using a generalized form of 

Torricelli’s law, derived by using Bernoulli’s principle 

formulated with an appropriate energy balance. TLM 

comes into the form of an easily solvable system of two 

coupled equations.     

 

III.B. Mass Balance 
 

Let us give a domain in which water can flows in, 

accumulates, and flows out. Let us also consider the 

possible presence of a drain system, and treat separately the 

corresponding outflow. Given volumetric inflow and 

outflow rates Qin  and Qout  (draining flow excluded), 

respectively, and Qdrain the volumetric flow rate through 

the drains, the variation of water volume V over time t is 

expressed as: 

 
dV

dt
= Qin(t) − Qout(t) − Qdrain(t) (2) 

 

Approximating water as an incompressible fluid, this 

corresponds to a mass balance. Supposing V uniform along 

the vertical direction, we can decompose it as the product 

between the accumulation area A and the water height h. 

Assuming A to be fixed in time, the variation of h over 

time is represented by the following differential equation: 

 
dh

dt
=
1

A
(Qin(t) − Qout(t) − Qdrain(t)) (3) 

 

The time integration can be done with a numerical 

method. We found the explicit Euler method to be 

sufficiently stable and accurate in practice; this leads to: 

  

h(t + Δt) = h(t) +
Δt

A
(Qin(t) − Qout(t) − Qdrain(t)) (4) 

 

with Δt denoting the time step. The initial water height h0 

must be provided to initialize the procedure. 

 

III.C. Flow Rates and Discharge Coefficient 

 

For simplification, let us assume that each domain has 

at most one inflow from and one outflow to other domains, 

and also that there is no other outflow besides through 

drains. The outflow rate Qout  can be expressed as the 

product between the outflow section area Aout  and the 

outflow speed vout. However, as found experimentally in 

many settings, the flow rate at a zone of constriction might 

be significantly lower than that theoretically calculated. 

Possible reasons for this observed discrepancy are 

multiple: contraction of the flow section due to 

convergence of the streamlines; or flow speed decrease due 

to increased friction with structures or by turbulence 

effects. To account for this, a discharge coefficient C is 

used, leading to: 

 

Qout(t) = C(t)Aout(t)vout(t) (5) 
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In the case of a rectangular section at the outflow of width 

Wrect and height Hrect, Eq. (5) becomes: 

 

Qout(t) = C(t)WrectHout(t)vout(t) (6) 
 

where Hout  is the height of the outflow section, and is 

calculated as: 

 

Hout(𝑡) = {

0 if case 1

h(t) + zfloor − zrect +
Hrect
2

if case 2

Hrect if case 3

(7) 

 

with zfloor and zrect the elevation of the floor and center of 

the rectangular section, respectively. The different cases 

correspond to the rectangular section being non- (case 1), 

partially (case 2) or fully (case 3) submerged. 

 

It seems reasonable to consider a higher value of C in 

the partially submerged case than in the fully submerged 

case. Denoting as Cd  the discharge coefficient 

corresponding to the fully submerged case, C  is made 

varying between √Cd and Cd using a linear interpolation, 

as following: 

 

C(t) =

{
 
 

 
 √Cd if case 1

√Cd +
Hout(t)

Hrect
(Cd − √Cd) if case 2

Cd if case 3

(8) 

 

  For the specific drain system we consider, the flow 

rate takes the form: 

  

Qdrain(t) = Ndrainmax (0.6h(t)
3
2, 0.00807) (9) 

 

with Ndrain the number of individual drains.  

 

III.D. Energy Balance and Torricelli’s Law 
 

An energy balance is applied between two portions of 

water. One is taken at the water surface within the domain, 

the other at the middle of the outflow section. Considering 

the water as an incompressible, inviscid fluid, neglecting 

any work done by or heat transfer into water, and assuming 

a steady state, it is formulated as: 

 

vsurf
2

2
+ g(zfloor + h(t)) +

Psurf
ρ0

=
vout(t)

2

2
+ gzout(t) +

Pout
ρ0
(10) 

 

where vsurf  and Psurf  are the speed and pressure at the 

water surface, zout and Pout are the elevation and pressure 

at the middle of the outflow section, and g and ρ0 are the 

magnitude of the gravitational acceleration and the rest 

density of water.  

 

A negligible value for vsurf  and the atmospheric 

pressure for Psurf can reasonably be assumed. Furthermore, 

neglecting the dynamic pressure, Pout can be decomposed 

as the sum of the atmospheric pressure and the hydrostatic 

pressure Pstatic  induced by the water accumulated in the 

domain connected at the outflow. This leads to a 

generalized form of the Torricelli’s law: 

 

vout(t) =

{
  
 

  
 
0 if case 1

√gHout(t) −
2Pstatic(t)

ρ0
if case 2

√2 (g(h(t) + zfloor − zrect) −
Pstatic(t)

ρ0
) if case 3

(11) 

 

with Pstatic calculated by averaging the hydrostatic 

pressure along the height of the outflow section: 

 

Pstatic = ρ0g

{
 
 

 
 Hout,ext(t)

2

2Hout(t)
if Hout,ext(t) ≤ Hout(t)

Hout,ext(t) −
Hout(t)

2
if Hout,ext(t) ≥ Hout(t)

(12) 

  

where Hout,ext stands for the water height above the bottom 

of the rectangular section in the exterior domain, and is 

equal to: 

 

Hout,ext(t) = max (hext(t) + zfloor,ext − zrect +
Hrect
2

, 0) (13) 

 

with hext  the water height in the exterior domain, and 

zfloor,ext the floor elevation of the exterior domain. 

 

To summarize, TLM translates as a system of two 

coupled equations — the calculations of Qout  and Qdrain 

can be put together. On the one hand, with the knowledge 

of all water heights, the inter-domain flow rates are 

calculated with Eq. (6), where Hout , C , and vout  are 

determined with Eq. (7), (8) and (11), respectively. vout 
itself requires prior calculation of Pstatic with Eq. (12). The 

flow rates through existing draining systems are obtained 

with Eq. (9) in our specific case. On the other hand, with 

the knowledge of all flow rates, the water heights in all 

domains are updated with Eq. (4).   

 

IV. HYBRID APPROACH 
 

IV.A. One-Way Couplings 
 

Assuming one-way flow between two connected 

domains, implementing a coupled simulation with SPH for 

one domain and TLM for the other is relatively easily. 

Essentially, the key points are to have stable inflow and 
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outflow boundary handlings for SPH and a robust method 

for computing the water height locally from SPH particles. 

At the inlet, a Dirichlet boundary condition (BC) on the 

velocity and a Neumann BC on the pressure are enforced; 

at the outlet, these are a Neumann BC on the velocity and 

a Dirichlet BC on the pressure. In Neutrino, the handling 

of the BCs relies on a ghost particle technique7, with the 

use of special types of particles, referred to as inflow 

ghosts, for those at the inlet, and outflow ghosts, for those 

at the outlet. The inflow ghosts are created in a mass-

conserving way according to the prescribed speed of the 

inflow BC, and are later converted to regular SPH particles 

when entering the simulation domain. Given a volumetric 

inflow rate Qin and a cross section area Ain of the inflow 

boundary, calculating the corresponding speed vin  is 

immediate: 

 

vin = AinQin (14) 
 

Conversely, each SPH particle exiting the simulation 

domain at the outlet is converted to an outflow ghost, which 

is deleted after traveling a certain distance. As for the 

height h of the water contained within a given volume, the 

computation is as following: 

 

h =
Nm

ρ0AMV
(15) 

 

with N  the number of particles within the measurement 

volume, m the particle mass, ρ0 the rest density of water, 

and AMV the base area of the measurement volume. This 

simple method provides smooth and accurate estimates if 

the measurement volume has a sufficient size compared to 

that of the particles. It is also mostly insensitive to 

splashing and spray, compared with, e.g., a method that 

would make use of the particle positions. 

 

Let us treat first the TLM-to-SPH coupling case. TLM 

requires the knowledge of hext , the water height at its 

outflow on the SPH side, which can be computed with Eq. 

(15). SPH needs a speed to be prescribed at its inflow, 

which is obtained with Eq. (14) where Qin equals Qout of 

TLM. For the SPH-to-TLM coupling case, the procedure is 

simplified if we assume the flow to be driven by 

hydrostatic load. First, the water height at the boundary on 

the SPH side is evaluated with Eq. (15). Then, the flow rate 

through the boundary is computed using Eq. (6), and a 

corresponding number of particles are removed near the 

boundary. 

 

A one-way coupling in time is another possibility. We 

consider here a single domain in which at a given time the 

model for simulating water is changed. The key is simply 

to correctly provide initial conditions using the fluid 

representation of the previously used model. In the TLM-

to-SPH case, the volume defined by the domain boundaries 

(e.g., the floor and walls) and the water level is sampled 

with SPH particles. This can be realized by using a 

Cartesian grid for enforcing equal spacing between 

particles. The particle speeds are initialized to zero. In the 

SPH-to-TLM case, several measurements of water height 

are performed at different locations (e.g., defined on a 

Cartesian grid). The averaged value provides a good 

estimate for h0, the initial water height of TLM.    

 

IV.B. Coupling for Modeling Flows Under Doors and 

Through Draining Systems 
 

Two additional applications of the coupling strategy 

are proposed for modeling flows: through the gaps under 

doors, and through drains. More generally, it makes it to 

possible to take into account flows that are normally under-

resolved. The procedures resemble that of the regular one-

way couplings in space. 

 

 For modeling a flow under a door, the following four 

steps are performed in successive order: the fluid height is 

measured on both sides of the door with Eq. (15); the flow 

rate induced by hydrostatic load is computed with Eq. (6); 

a corresponding number of inflow ghosts are generated on 

the back side, with a speed assigned according to Eq. (14); 

and a similar number of SPH particles at the front side are 

removed. In the case of a drain, the procedure is a bit 

simpler, yet similar: the water height is measured at the 

drain location using Eq. (15); the flow rate through the 

drain is calculated with Eq. (9); and a corresponding 

number of SPH particles near the drain are deleted. It must 

be noted that the removal of particles is done without an 

intermediate phase with outflow ghosts. Indeed, enforcing 

an outflow BC in these situations is not really necessary, 

and instabilities might occur due to overlapping of inflow 

and outflow ghosts in the case of the flow under door.    

 

V. SIMULATION FOR INTERNAL FLOODING 

ANALYSIS 
 

V.A. Test Case Description 
 

We modeled a portion of nuclear power plant, 

consisting in three connected rooms: a room at the upper 

level with an area of 281.5 m2; a room at the lower level 

with an area of 157.94 m2 ; a stairwell, connecting both 

rooms, with an area of 13.37 m2 . The upper level and 

lower level rooms are referred to as reactor building 

component cooling water (RBCCW) room and high-

pressure coolant injection (HPCI) room, respectively. The 

floor-to-floor difference of elevation is 7.47 m. Two doors, 

connecting the RBCCW room and stairwell and the HPCI 

room and stairwell, are assumed non-watertight and with a 

width of 0.9144 m (1 ft). These doors are referred to as 

RBCCW door and HPCI door. The gaps under door have a 

height of 0.00762 m  (0.3 in)  for the former, and of 

150PSA 2017, Pittsburgh, PA, September 24-28, 2017



0.01778 m  ( 0.7 in)  for the latter. There is a draining 

system in the RBCCW room, comprised of five individual 

drains at various locations and with a corresponding flow 

rate governed by Eq. (9). 

 

Besides the walls, floors and doors, only a small 

portion of the equipment and structures were modeled: the 

stairs and an electronic governor in the stairwell, and a 

turbine in the HPCI room. A view of the model without the 

walls is shown by Fig. 1.  

 

 
Fig. 1. View of the model (without the walls). 

 

The cause of internal flooding is assumed to be a break 

(or a leak) in the piping system located inside the RBCCW 

room, with a flow rate of 0.1262 m3. s−1. The failures of 

the RBCCW and HPCI doors are assumed to correspond to 

critical hydrostatic loads. Failure occurs for a water height 

of 0.3048 m  (1 ft)  against the RBCCW-door latch, and 

0.9144 m  (3 ft)  against the HPCI-door jam. We 

considered a duration of 30 min. 

 

V.B. Simulation Set-Up 
 

We present two simulations: one was produced with 

TLM only; the other one was run with SPH but coupled 

with TLM for modeling flows under doors and through 

drains.  

 

V.B.1. Simulation with Torricelli’s Law-Based Model 

 

Each of the three rooms is considered by TLM to be a 

domain. The input parameters for each room are provided 

by Table I. The RBCCW room has its inflow from the pipe 

break, an outflow through the drains, and an outflow to the 

stairwell through the RBCCW door. The latter outflow is 

also the inflow of the stairwell, which has an outflow to the 

HPCI room through the HPCI door. Again, this outflow is 

also the inflow of the HPCI room. There is no outflow for 

the HPCI room, which is modeled by setting null values to 

Wrect and Hrect. 
 

 

 

 

 

 

TABLE I. Input parameters of TLM for each room. 

Parameter RBCCW  

room 

Stairwell HPCI 

room 

h0 (m) 0 0 0 

Qin (m
3. s−1) 0.1262 Qout

RBCCW Qout
stair 

A (m2) 281.5 13.37 157.94 

zfloor (m) 7.47 0 0 

 

zrect (m) 

7.47381 

before 

failure 

8.57 

after 

failure 

0.00889 

before  

failure 

1.1 

after 

failure 

 

0 

Wrect (m) 0.9144 0.9144 0 

 

Hrect (m) 

0.00762 

before 

failure 

2.2 

after 

failure 

0.01778 

before 

failure 

2.2 

after 

failure 

 

0 

Cd 0.6 0.6 No effect 

hext (m) hstair hHPCI No effect 

zfloor,ext (m) zfloor
stair  zfloor

HPCI No effect 

Ndrain 5 0 0 

 

V.B.2. Simulation with Smoothed-Particle Hydrodynamics 

 

We chose a particle “size” of 5 cm, equivalent to a 

particle mass m  of 125 g  and a particle volume of 

125 cm3 . This implies a relatively large number of 

particles, with a peak at almost one and a half million 

particles. We employed the methodology of Section IV.B 

to model flows under doors and through drains.  

 

The flow between the RBCCW room and stairwell 

being strictly one-way, the simulation could be split into 

two runs: a first one to simulate the water in the RBCCW 

room only; then, a second one for the stairwell and HPCI 

room. This technique, done in Neutrino by modeling 

inflow-outflow boundaries and storing-reusing particle 

data, enables to reduce the overall computational time. In 

particular, it enables a higher time-step for the RBCCW 

domain. 

 

The pipe break was positioned about five meters away 

from the RBCCW door. It is also necessary to specify the 

position and dimensions of measurement volumes. The 

water height is measured at nine locations: at the inflow 

side of the RBCCW door; at the inflow side of the HPCI 

door; at the outflow side of the HPCI door; next to the 

turbine in the HPCI room; and at the location of each of the 

five drains. Additionally, spray and splashes are also 

evaluated for the electrical cabinet in the stairwell. All 

measurement volumes as well as the locations of the pipe 

break and drains are indicated in Fig. 2. 
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Fig. 2. Locations of the pipe break, drains and 

measurement volumes. 

 

V.C. Simulation Results and Discussion 
 

The evolution over time of water height is displayed in 

Figs. 3, 4 and 5. The periodic removal of particles, due to 

the coupling technique, produces a high-frequency noise in 

the measured water height near the doors. In order to 

reduce this noise, the data were filtered by taking a local-

in-time maximum. Table II highlights the failure times of 

the RBCCW and HPCI doors. The following observations 

can be made: 

 TLM appears to be too optimistic regarding the door 

failures, especially for the RBCCW door. This can be 

attributed to the fact that with TLM the drains are all 

active from the very beginning; on the other hand, with 

SPH the pipe break is well localized and the drains are 

effectively draining only from the instant the water 

reaches their location. 

 Between the RBCCW-door failure and a time about 

23 min, TLM over-estimates the water height in front 

of the RBCCW door. It could be attributed to its 

inability in capturing unsteady dynamics effects, as 

well as in capturing the local lowering of the water 

height near the door due to the important outflow. 

 TLM predicts the second phase, between the two door 

failures, to last only 39 s . Conversely, with SPH it 

lasts 1min 2 s, which is significantly longer, although 

the flow rate from the RBCCW room to the stairwell 

seems higher. It appears that a quite large amount of 

particles actually accumulates on the stairs, which is 

likely the main reason for this discrepancy. 

 The two approaches seem to yield similar results near 

the end of the simulation, after the non-linear effects 

of the flow dynamics mostly disappear. For each 

domain, the variations over time of water height for 

both models feature almost identical slopes and 

absolute differences lesser than 5 cm . Possible 

explanations for this small discrepancy are: an 

inaccuracy in the setting or handling of the discharge 

coefficient of TLM; the accumulation of water on the 

stairs; and different overall amount of water drained 

out. But all in all, there seems to be a good agreement 

on the long-term behavior.  

 

Furthermore, two additional factors of risk could be 

captured with SPH but not with TLM: 

 As illustrated by Figs. 6, 7 and 8, the rupture of the 

HPCI door gives rise to a dam-break-like event, with 

the generation of a wave. Table III provides additional 

data, from measurements in front of the turbine, with 

regards to this wave. The wave generation implies a 

serious deviation of the two simulations. While TLM 

predicts a moderate and gradual increase in water 

height in the HPCI room, the outputs from SPH exhibit 

very sharp pics or jumps, and also splashes that can 

rise well above the water surface.  

 After rupture of the RBCCW door, there is a large 

amount of spray around the cabinet. A flux of 58  

particles. s−1, approximately, was found as entering 

the spray-measurement volume, corresponding to a 

flow rate of 0.00725 m3. s−1. The risk associated with 

spray is existing also before any rupture, yet a lot less 

significant, with an accumulated number of 20 

particles sprayed over from the flow under door.  

 

While neither the TLM-to-SPH nor the SPH-to-TLM 

one-way couplings were used in the simulations we 

present, the previous observations enable to highlights 

benefits in making use of them. Let us consider a few 

situations: 

 One wants to assess the risk associated with spray on 

the electrical cabinet: SPH would be necessary only 

for simulating in the stairwell; TLM could be used for 

the RBCCW room, as it is likely sufficient for 

providing an accurate enough inflow rate to the 

stairwell. 

 One wants to assess the risk associated with wave 

generation by rupture of the HPCI door: SPH would 

be required only for the HPCI room; an inflow 

boundary using the flow rate provided by TLM alone 

was found to reproduce a very similar wave than that 

from the simulation with SPH used in every rooms. 

And even a temporal coupling could be helpful; for 

example, in the following situation: 

 One is interested in the long-term behavior (e.g., 

several hours after the pipe break): SPH would be 

helpful to accurately capture all previously mentioned 

factors of discrepancy; however, since the water level 

for each room becomes uniform and all non-linear 

effects mostly disappear within the first half-hour, the 

SPH simulation could be simply switched into a TLM 

simulation. 
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TABLE II. Door-failure timings.   TABLE III. Wave-related measurements.

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3. Variation over time of water height in the RBCCW room. 

 

 
Fig. 4. Variation over time of water height in the stairwell. 

 

 
Fig. 5. Variation over time of water height in the HPCI room. 
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Simulation 

Time until  

RBCCW-

door 

failure 

Time until  

HPCI- 

door 

failure 

TLM 17 min 29 s 18 min 8 s 

SPH 16 min 18 s 17 min 20 s 

 

Simulation 

Wave 

speed 

(𝐦. 𝐬−𝟏) 

Water 

height (𝐦)  

before 

wave 

Water 

height (𝐦) 

 at wave 

Splash 

height (𝐦) 

 at wave 

TLM Unknown 0.063 0.063 Unknown 

SPH 1.75 0.061 0.183 0.38 
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          Fig. 6. Water level at the HPCI-door location at failure of the HPCI door (17 min 20 s) 

 

 
           Fig. 7. Water level at the HPCI-door location after the wave generation (17 min 21 s) 

 

 
           Fig. 8. Water level at the HPCI-door location at the wave impact on the turbine (17 min 24 s) 

 

VI. CONCLUSION 
 

VI.A. Summary 
 

We presented SPH, TLM, and a hybrid approach 

coupling both that leverages on their respective strengths 

for simulating flooding scenarios within nuclear power 

plant compartments. The coupling can be realized not only 

one-way TLM-to-SPH and SPH-to-TLM, but also for 

modeling flows under doors and through drains, and even 

TLM-to-SPH and SPH-to-TLM in time. This methodology 

was implemented via the software platform Neutrino, 

which highly facilitates the set-up and combination of both 

3-D modeling and conventional approaches.  

 

On the one hand, our hybrid approach is able to 

provide a large variety of accurate data, in comparison with 

the single averaged water-heights and inter-domain flow-

rates of TLM and other conventional methods. More 

specifically, the detailed fluid representation enables to: 1) 

measure velocity and dynamic pressure throughout the 

entire domain; 2) capture spray, splashes, and wave 

propagation and impact, all potentially yielding failure of 

critical components; 3) provide a visual feedback that help 

the practitioner to get additional insights, assess the 

validity of the results, and verify the correctness of the 

scenario set-up and simulation code. On the other hand, it 

is computationally a lot more efficient than the full SPH 
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approach in many situations. Flows at scales that would 

otherwise be under resolved can be appropriately modeled 

without increasing the resolution (i.e., the number of 

particles). Moreover, the flexibility offered by all different 

kinds of coupling enable to use SPH only where and when 

a more detailed water representation or a higher level of 

accuracy is needed. 

 

Outputs from simulations of an internal flooding 

scenario highlight the importance of several factors with 

regards to flooding assessment: locations of the pipe break 

and drains, unsteady-dynamics, floor-elevation difference, 

accumulation on stairs, and wave generation. All these 

factors cannot be fully accounted for by conventional 

methods, but require 3-D fluid modeling techniques to be 

properly captured. Overall, SPH predicted slightly higher 

inter-room flow rates and earlier door failures by 

hydrostatic load, and also occurrence of spray, wave and 

splashes. It must be noted that other factors of importance 

for assessing flooding risks were not considered: e.g., 

dynamic impact on doors and components, variation of 

floor elevation within a room, and floating bodies. These 

factors also require the use of 3-D fluid modeling 

techniques.  

 

The insight gained from the simulations suggests that 

TLM may suffice to provide a reasonable estimate of the 

available time for flood mitigation. However, for short 

time-windows or where/when flooding mechanisms not 

addressed via TLM are expected to be prevalent, it appears 

desirable to leverage SPH modeling to more accurately 

characterize the flow. Making the best use of the novel 

methodology would require expert judgment and site 

evaluation. Nevertheless, the benefit would be a high-

quality characterization of the flooding risks at a 

minimized computational trade-off. 

 

VI.B. Future Applications 
 

Since the dynamic load can be easily measured with 

SPH, a promising direction for future work would be to 

dynamically couple the fluid simulation with a structural 

analysis (e.g., with a finite-element code) of doors and 

other critical structures. This would eliminate the need in a 

prior estimate of failure criteria, thereby reducing in PRAs 

both the level of uncertainty and the span of the event tree. 

 

In the context of external flooding, TLM could be used 

for modeling water accumulation by precipitation. Also, it 

could supplement SPH by modeling water infiltration into 

soil, or even water evaporation. This could be achieved by 

incorporating a hydrostatic model for infiltration, and 

coupling with SPH in a similar way than we did for 

modeling flows through a draining system. 
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