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It is generally recognized that high winds pose a 

significant externally induced hazard to nuclear power 

plant (NPP) sites. In general, the high wind hazard 

occurs in three distinct forms: (1) tornados, (2) tropical 

storms (i.e. hurricanes / typhoons), and (3) straight-line 

winds (e.g. from thunderstorms and extratropical 

cyclones). In response to the accident at the Fukushima 

Dai-ichi NPP, many regulatory authorities and NPP 

owner / operators are reevaluating NPP vulnerabilities to 

high wind hazards. Additionally, plant operating 

experience has shown that high wind events have been 

responsible for extended losses of offsite AC power 

(ELAP) events at several NPP sites while simultaneously 

impacting the plant’s ability to cope with these events. An 

important conclusion obtained from such reassessments is 

the need to develop methods and tools that can support 

the assessment of the high wind hazard (including the 

effects of wind borne missiles) and its effects on NPP risk 

and safety in a manner that is both efficient and cost 

effective. 

 

For application to high wind hazards, a number of 

physical phenomena are relevant to assessing the hazard 

and determining its impact at a particular NPP. These 

physics can be categorized into the following: 

 

(1)  aerodynamics of the local windfield experienced at 

the NPP site, 

(2)  structural loading and response of plant SSCs to the 

effects of the wind forces, 

(3)  dynamics of wind generated missiles (lift, flight 

trajectory, etc.) and whether or not they impact 

particular plant SSCs, 

(4)  damage imparted to plant SSCs due to impact with a 

wind-borne missile (SSC fragility).  

 

Thus, high winds represent a set of phenomena that has 

the characteristics of being multi-physics and multi-scale. 

This is particularly true when the direct effects of the 

windfield are combined with other correlated hazards 

such as locally intense precipitation and wind generated 

missiles. The phenomena are also highly complex in both 

the spatial and temporal realms. 

 

In this paper we provide a summary of relevant high 

wind events that have had significant impact on 

operational NPPs. We also describe the need to develop 

an integrated approach to addressing the issue of risk 

assessment of high winds on NPP risk and safety. Finally, 

we provide the results of preliminary research on 

application of smooth particle hydrodynamics (SPH) as a 

framework to conduct such assessment.  

 

 

I. Introduction 

 

Until recently nuclear power plant (NPP) 

probabilistic risk assessments (PRAs) have focused on the 

response of plant structures, systems and components 

(SSCs) to events resulting from internal transient and 

accident initiators. Assessments of the response of plant 

SSCs to externally generated events (e.g. earthquakes, 

floods, high winds and other natural phenomena) have 

been much less detailed with the assessments being either 

qualitative in nature or, if quantitative, using conservative 

or bounding assumptions. Because the natural phenomena 

which may produce challenges to NPP safety and the 

plant response to such challenges are not well understood, 

the analyses of these phenomena and their impacts 

possess large uncertainties. As a result, there is much 

debate over what conclusions and insights can be obtained 

from such assessments and on how such analyses should 

be used in risk-informed decision-making processes. 
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On 11 March 2011, the combination of external 

hazards (i.e. the Great Tohoku Earthquake and subsequent 

tsunami) led to core damage events at three units at the 

Fukushima Dai-ichi NPP in Japan. A critical insight that 

was obtained as a result of detailed studies of these events 

[1 – 6] was that much more attention is needed to assess 

the risks that occur due to externally induced hazards as 

these hazards can result in rare but credible events that 

may lead to core damage and the subsequent release of 

radioactive materials to the environment. As a result, NPP 

owner / operators and regulatory authorities around the 

world have initiated efforts to reassess plant 

vulnerabilities to external hazards and to identify 

appropriate actions that should be taken to mitigate their 

impact on NPP safety. 

 

II. Summary of High Wind Events at Operating NPPs 

 

Along with seismic and external flooding hazards, 

high winds pose a potential hazard at nearly all NPP sites 

around the world. In general, the high wind hazard occurs 

in three distinct forms: (1) tornados, (2) tropical storms 

(i.e. hurricanes or typhoons), and (3) straight-line winds 

(e.g. from thunderstorms and extratropical cyclones). In 

many countries, criteria for protection against high wind 

related hazards were not in place at the time the current 

fleet of operating NPPs was constructed. Additionally, 

even in cases where such criteria existed, there has been a 

substantial evolution in them over the years. Plant 

operating experience has shown that high wind events 

have been responsible for extended losses of offsite AC 

power (ELAP) events at several NPP sites while 

simultaneously impacting the plant’s ability to cope with 

these events. The two most significant instances of such 

events in the United States were the landfall of Hurricane 

Andrew at the Turkey Point NPP site in 1992 and the 

significant damage to offsite power circuits at the Browns 

Ferry NPP due to severe weather and tornados that 

occurred during the spring of 2011. Each of these events 

will be discussed briefly in this paper; a more detailed 

discussion is provided in reference [7]. 

 

II.A. Impact of Hurricane Andrew on Turkey Point  

 

On 24 August 1992, Hurricane Andrew made landfall 

on the coast of southern Florida. The hurricane was a 

category 4 tropical cyclone with sustained winds of up to 

233 km/h (145 mph) with gusts of 282 km/h (175 mph). 

The winds and associated storm surge produced extensive 

damage throughout the region. It is notable that the eye of 

the storm passed over the Turkey Point NPP site. The 

most significant impact to the NPP was the loss of all 

offsite power for more than 5 days. Additionally, the 

nuclear portion of the facility was impacted by a complete 

loss of communication systems, closing of the site access 

road, and damage to the plant fire protection system, 

security systems, and warehouse facilities. The NPP 

experienced no damage to the safety-related systems 

except for minor water intrusion [8]. However significant 

damage to non-safety-related SSCs occurred. This 

included [9]: 

• collapse of the six steel-framed turbine canopies, 

• failure of radioactive waste building ductwork to 

the vent stack due to wind generated missiles, 

• collapse of the non-safety-related high-water tank 

which subsequently fell onto various fire-

protection system SSCs and rendered one of the 

fire protection systems inoperable, 

• major structural damage to one of the fossil unit 

exhaust chimneys. 

 

As a result of the impact of the hurricane on the NPP, 

the U.S. Nuclear Regulatory Commission (NRC) and the 

commercial nuclear power industry (through the Institute 

of Nuclear Power Operations – INPO) formed a joint 

team to assess the damage caused by the hurricane on the 

NPP units, review actions taken to prepare for the storm 

and recover from its aftermath, and to identify lessons 

learned from the event that could benefit other nuclear 

reactor facilities. There were a number of lessons learned 

which are described in detail in reference [10] which was 

issued in March 1993 and distributed by INPO to all U.S. 

power reactor licensees. The most significant of the 

lessons learned were the following.  

1) The NPP owner / operator made extensive 

preparations for the hurricane before it made 

landfall. These preparations led to initiation of a 

plant shutdown approximately 12 hours before the 

predicted landfall. As a result, both units were in a 

stable shutdown condition (Mode 4 – Hot 

Shutdown) when the hurricane impacted the site.  

2) Due to the extensive devastation of the local 

infrastructure in the vicinity of the plant site, the 

plant owner / operator also performed numerous 

actions to establish infrastructure support to 

provide the means for plant staff to report to the 

site to support clean-up and recovery efforts after 

the hurricane had passed. It was noted in reference 

[8] that the requirements for such actions “could be 

more extreme following other external events (e.g., 

severe earthquake) for which there was no warning 

to permit advance preparations, including the 

evacuation of families of plant personnel.”  

3) As a result of the analysis of this event it was 

observed that failure of non-safety-grade SSCs 

could have a significant impact on other plant 

SSCs that would be relied upon to maintain 

adequate plant safety. This led the NRC to 

emphasize the importance of assessing the 

potential impact of failures of non-safety-related 

SSCs under conditions that could occur during 

events caused by extreme external hazards and 
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which could potentially disable plant capabilities to 

maintain the reactor in a safe showdown condition 

or inhibit compensatory measures that would be 

taken to mitigate such conditions. 

 

II.B. Impact of April 2011 Storms on Browns Ferry  

 

The second instance of high winds producing a 

significant impact at an operational NPP was a series of 

severe weather events that occurred over a wide area of 

the Southeastern United States during late April 2011 and 

which impacted the Browns Ferry NPP in northeastern 

Alabama. During this time more than 200 tornadoes 

occurred over 5 states in the southeastern United States 

over a period of four days (25 – 28 April 2011). Of these 

tornadoes, 15 were classified as EF-4 or EF-5 on the 

Enhanced Fujita intensity scale. The most severe outbreak 

occurred on the afternoon of 27 April with a total of 122 

tornadoes. These tornadoes were extremely destructive 

and resulted in 316 deaths, more than 2400 injuries and 

damage in excess of $4.2 billion [11]. A map showing the 

extensive number of tornado tracks generated by this 

system is shown in Figure 1. 

 

 
Fig. 1. Tornado Tracks from 27 April 2011 storm system. 

From NOAA service assessment report [11]. 

 

The Browns Ferry NPP is located on the Tennessee 

River in northeastern Alabama which is in the middle of 

the region impacted by the aforementioned storm system. 

On 27 April 2011, the region experienced severe weather 

from this system. The tornadoes destroyed a significant 

number of the Tennessee Valley Authority’s (TVAs) 

transmission poles, towers, and lines including most of 

those that serve as the primary source of off-site power 

for Browns Ferry. Off-site power was lost to Units 1 and 

2 of the NPP; and, although a single 161 kV line remained 

available to provide off-site power to Unit 3, the station 

responded to the event as if it were a complete loss of off-

site power to that unit as well [12]. The damage from the 

storms to the TVA transmission system resulted in a loss 

of all 500 kV offsite power at the plant site and a reactor 

trip on each of the three units. AC power to critical NPP 

systems was supplied, as designed, by the on-site 

emergency diesel generators (EDGs) and the reactors 

were cooled and depressurized reaching a cold shutdown 

condition the following day (28 April). The only safety 

significant issue encountered between the time that cold 

shutdown was achieved and off-site power was restored 

was the need for plant personnel to execute a rapid 

shutdown of the Unit 1 / Unit 2 “C” EDG due to a 

hydraulic oil leak in piping for the EDG governor that 

caused fluctuations in the generator output voltage. This 

action resulted in a loss of shutdown cooling (SDC) to 

Units 1 and 2 due to a Primary Containment Isolation 

System (PCIS) signal that occurred during the shutdown 

of the EDG. SDC was restored to Unit 2 within a very 

short time and to Unit 1 within 47 minutes of the event. 

The “C” EDG was repaired and returned to service on 29 

April. Offsite power was restored and the EDGs were 

secured on 2 May. 

 

III. Assessment of High Winds on NPP Safety 

 

In the current state of practice, the detailed 

assessment of a specific external hazard at a particular 

NPP site would only be performed if the hazard is 

expected to provide a nonnegligible contribution to the 

risk metrics obtained from a PRA model. In practice this 

implies that the hazard does not meet specified 

requirements used to screen out hazards that are 

considered to have a negligible impact on NPP safety. A 

number of approaches for the conduct of such screening 

have been developed and applied at operating NPPs. In 

the United States most NPP owner / operators have 

applied an approach developed in 2011 by the Electric 

Power Research Institute [13] (with subsequent update to 

reflect utility experience and lessons learned that was 

published in 2015 [14]). Because of the ubiquitous nature 

of high wind events and the potential impact that extreme 

wind events can have on exposed NPP SSCs, the high 

wind hazard typically does not screen out and, thus, 

requires a more extensive analysis. 

 

The standard approach to assess the risks of external 

hazards (including high winds) to NPPs is to conduct a 

hazard specific PRA and integrate the results into the 

NPP’s existing PRA model. In their structure and 

application, High Wind PRAs are often compared with 

the performance of a Seismic PRA. In this framework, the 

conduct of a PRA consists of three essential elements: 

1) Perform a hazard analysis to determine the 

frequency or annual exceedance probability (AEP) 

of different levels of the hazard under study. For 

application to high winds, this consists of analysis 

of the high wind characteristics for the NPP site 

and estimating the AEP for winds at various 

speeds.  

32PSA 2017, Pittsburgh, PA, September 24-28, 2017



2) Evaluation of the strength and response of plant 

SSCs to the particular hazard. In a High Winds 

PRA this consists of evaluation of wind loads and 

the effects of impacts of wind-driven missiles on 

vulnerable SSCs to determine their failure 

probabilities due to these phenomena.  

3) Development of a hazard specific fault tree / event 

tree (FT/ET) model to evaluate the risk associated 

with the particular hazard and integration of these 

hazard specific models into the NPP’s PRA. 

Of these three steps, the most challenging is that related to 

assessing the likelihood and impact of the hazard (both 

the direct effect of the wind hazard and the effect of wind 

driven missile impacts) on a particular SSC. This portion 

of the analysis has proven to be technically challenging, 

labor intensive, and costly to perform. 

 

Because of the robust design associated with 

commercial NPPs, the most significant effects of high 

wind events on these facilities is due to wind generated 

missiles. Since the most significant (i.e. highest kinetic 

energy) missiles are generated from tornadic events, 

protection against this hazard is specified in the NPP 

design basis. For missiles generated by tornadoes, the 

United States Nuclear Regulatory Commission provides 

information on acceptable design and acceptance criteria 

in Regulatory Guide 1.76 [15]. In the assessment of the 

impact of wind driven missiles to NPP SSCs the 

probability of missile damage is dependent upon several 

variables. These factors include the intensity (speed and 

duration) of the wind, the exposed surface area of the 

target SSC, and the number and type of missiles that may 

be generated (the “missile inventory”). The physics of the 

event has the following discrete components: 

1) injection of a missile into the wind stream, 

2) transport of the missile through the air to the 

exposed SSC, 

3) response of the SSC to the missile impact. 

The missile impact hazard represents steps (1) and (2) in 

this sequence and results in the conditional probability of 

a wind generated missile impacting a specific vulnerable 

SSC given the occurrence of a tornado strike on or near a 

NPP site. Step (3) represents the fragility of the SSC to 

the given missile strike.  

 

IV. Advanced Modeling of High Winds Using Smooth 

Particle Hydrodynamics 

 

The assessment of the impact of high wind events on 

NPP safety is a complicated endeavor that historically has 

required significant resources (personnel and financial) to 

accomplish. Additionally, because of the complex nature 

of the issue, translating the technical results into a 

framework that is useful to management decision makers 

has been particularly challenging. As discussed 

previously, the phenomenology of high wind events is 

characterized by complex physics consisting of at least 

three distinct wind sources (straight-line, tropical cyclone, 

and tornadic) which possess different physics, have 

different potential interactions with and effects on NPP 

SSCs, possess different correlations to other related 

hazards and are highly complex in both the spatial and 

temporal realms. Thus, high winds represent a set of 

phenomena that has the characteristics of being multi-

physics and multi-scale. This is particularly true when the 

direct effects of the windfield are combined with other 

correlated hazards such as locally intense precipitation 

and wind generated missiles which can result in additional 

challenges to NPP safety.  

 

As part of the United States Department of Energy 

(DoE) Light Water Reactor Sustainability (LWRS) 

Program, the Risk-Informed Safety Margins 

Characterization (RISMC) Pathway is conducting 

research and development for advanced methods and 

tools to support NPP safety assessments and management. 

One area of current research is in applications to address 

external hazards that can impact NPP safety. Because the 

RISMC approach explicitly couples probabilistic 

approaches (the “scenario”) with a phenomenological 

representation (the “physics”) through a modeling and 

simulation based approach, it is ideally suited to serve as 

a framework to address the interactions of external 

hazards on NPPs and their resultant potential impact on 

plant safety. Additionally, because the RISMC approach 

identifies and integrates distributions associated with all 

of the critical physics that influences the scenario, 

characterization of uncertainties is a fundamental and 

direct outcome of the approach. Thus, the use of the 

RISMC approach provides an integrated and consistent 

approach that is ideally suited to support the assessment 

of and decision-making associated with external hazards. 

 

In initial work on the evaluation of external hazards 

using the RISMC framework, attention was focused on 

the seismic and external flooding hazards. For the 

flooding portion of this work, investigations were 

conducted in the potential to apply the Smooth Particle 

Hydrodynamics (SPH) approach to model external 

flooding events. In 2015, initial research was conducted to 

evaluate the capabilities of different SPH computer codes 

and assess their potential utility for use to model flooding 

phenomenology important to NPP risk and safety 

evaluations. The result of these investigations indicated 

that the SPH approach was viable and that several of the 

codes likely could be adapted to support the assessment of 

NPP flooding events [16]. 

 

The phenomenon of external flooding has several 

commonalities with high winds. First, both phenomena 

possess complex fluid dynamics. Additionally, they both 

are capable of generating fluid – structure interactions that 
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can adversely affect plant SSCs. Finally, both phenomena 

have the potential for entraining and transporting debris 

which also can impact and adversely affect NPP SCCs. 

Due to these similarities and because of the encouraging 

results obtained in the initial assessment of SPH for 

application to external flooding, the approach was 

identified as one which could be adaptable for use in 

assessing the impact of high wind related external events. 

Table 1 (see last page of paper) provides a comparison of 

the flooding and high winds hazards and notes 

implications applicable to use of SPH to address high 

winds. 

 

IV.A. Smooth Particle Hydrodynamics 

 

SPH was originally developed by Gingold and 

Monaghan [17] and Lucy [18] for use in astrophysics 

applications. SPH is a mesh-free Lagrangian fluid 

simulation technique. Being mesh-free, SPH does not 

require a stationary grid when solving the fluid equations 

of motion. This is in contrast to Eulerian techniques 

which require an underlying grid. SPH works by 

obtaining approximate numerical solutions of the fluid 

dynamics equations by representing the fluid with 

particles, where the physical properties and equations of 

motion of these particles are based on the continuum 

equations of fluid dynamics. Further, physical quantities 

are estimated by interpolating existing fluid quantities 

using the neighboring particles. The use of SPH for fluid 

simulations has some advantages over other grid based 

methods.  Most notable is its ability to model complex 

interfaces, such as fluid-solid interactions and free fluid 

surfaces. From the perspective of the simulation and 

evaluation of high wind hazards, SPH possesses the 

capabilities to address the following characteristics: 

 distorted and rapidly moving free surfaces without 

any restriction with respect to their topologies, 

 highly nonlinear, inertia-dominated flows and 

impact processes, 

 multi-fluid flows and multi-physics, 

 fluid / structure interactions (FSIs), including rigid 

body motion within the fluid and fluid / elasticity 

coupling. 

    

The basic SPH approximation is illustrated in Figure 

2. In the SPH approach, a kernel (or weighting) function 

with influence radius (or smoothing length) acts as the 

weighting factor for the contributions from the 

neighborhood interpolation points. The SPH kernel is 

usually used for computing particle density, where 

contributions from neighboring particles decrease with 

increasing distance. For a detailed explanation refer to the 

comprehensive review paper by Monaghan [19]. 

 

 
Fig. 2. Illustration of SPH approximation for a field 

variable of the red particle. W denotes a Gaussian-like 

interpolation function (SPH kernel) and h is the influence 

radius (smoothing length) 

 

IV.B. Application of SPH to High Wind Phenomena 

 

SPH represents a class of particle-based 

Computational Fluid Dynamics (CFD) methods which are 

useful for simulating fluid problems that possess complex 

interfaces including fluid-solid interactions and free fluid 

surfaces. The SPH approach has been widely applied in 

large-scale fluid simulations and was anticipated to be a 

viable option for analysis of high winds at NPPs. The 

objective of the initial research reported in reference [7] 

and summarized in this paper was to assess and 

demonstrate SPH-based modeling and simulation 

capability for analysis of high wind scenarios with wind 

speeds less than EF2 scale (<135 mph). In particular, 

research was performed to demonstrate that SPH could be 

applied as a simulation tool capable of accurately 

capturing key features of the high wind hazard to NPPs 

including (1) wind flow pattern and (2) interaction 

between wind and solid objects (i.e. generation and 

transport of wind driven missiles). Such capability to 

evaluate the interactions of the high wind phenomenon 

with NPP SSCs is a necessary prerequisite to conducing 

the probabilistic analysis of plant risk.  

 

In order to accurately simulate high wind events, the 

phenomena were decomposed into individual elements as 

depicted in Figure 3. To better represent each component, 

specific models or solution methods will be required for 

application of the SPH approach to be applied to facilitate 

NPP PRAs. Except for the laminar flow model, which has 

been developed, verified and used in SPH models for a 

considerable period of time, new models such as SPH 

turbulence and solid models will need to be developed. 
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Previous applications of Neutrino SPH [22] have 

mainly dealt with laminar flow conditions; however when 

modeling phenomena such as wind dynamics, turbulence 

modeling should be taken into account. The analysis and 

simulation of turbulence is quite difficult and one model 

cannot be used universally. The development of 

turbulence models using SPS (Sub-Particle-Scale) models 

more commonly used in SPH based approaches will be 

implemented as well.  

 

Due to the Lagrangian nature of SPH, when 

simulated accurately the fluid particles follow the 

streamlines; this is in particular true for ISPH, which 

features almost noise-free pressure fields. However, this 

might lead, in some scenarios (e.g., lid-driven cavity flow, 

or channel flow past an obstacle at high Reynolds 

number), to a significant level of anisotropy of the particle 

distribution, thus reducing the accuracy of the SPH 

approximations of spatial derivatives. More dramatically, 

non-physical voids might form within the fluid volume or 

near the solid boundaries, causing the simulation 

calculations to experience a drastic compounding of 

errors. In order to prevent unacceptable numerical errors 

and instabilities, it becomes necessary to reduce the time-

step, by lowering the CFL coefficient. Unfortunately, the 

computational performance cost can be very large.  

 

An alternative to reducing the CFL coefficient is to 

employ a particle regularization scheme. One way of 

regularizing particles is to shift particles using Fick's first 

law of diffusion, which induces a displacement from high 

to low particle concentration. This has been proved to be 

efficient at recovering a regular particle distribution for a 

moderate computational overhead. Some drawbacks are 

to be mentioned though: 1) momentum and kinetic energy 

conservations are not ensured; and 2), parameter tuning is 

necessary. More details of the implementation of this is 

discussed more in [23, 24]. 

 

 

 

 
Fig. 3. Phenomena decomposition and identification of 

models needed for application of SPH to high winds. 

 

After completion of the phenomenon decomposition, 

a high level Phenomena Identification and Ranking Table 

(PIRT) was developed to identify and prioritize important 

physical phenomena related to application of SPH to the 

high wind hazard to assess the adequacy / gaps of the 

current simulation capabilities. A summary of results 

from this high level PIRT is provided in Table 2. 

 

Table 2. High level PIRT for application of SPH to high 

wind phenomena. 

 

Phenomenon Decomposition Importance Adequacy Validation 

Fluid Dynamics 
Velocity Profile High Medium Low 

Vortex High Low Low 

Fluid-Solid 

Interaction 

Flowing Objects High Medium Medium 

Static Objects High Medium Medium 

Solid Mechanism 
Collision Medium Medium Medium 

Structure Failure Low Low Low 

  
IV.C. Initial Simulation Results 

 

In this section we provide some example results 

obtained from initial simulations conducted using the 

SPH approach. We note that a more complete discussion 

of these results as well as results from the conduct of 

additional simulations are provided in references [7] and 

[20]. 

 

In previous work [21], several SPH based 

computational packages were evaluated for their potential 

to be adapted to address issues of relevance to NPP risk 

and safety analysis. As a result of this effort, two SPH 

packages were selected for use in the current research. 

These were the LAMMPS and NEUTRINO [22] codes. 

Additionally, STAR-CCM+ computational fluid 

dynamics (CFD) code was used to provide a source for 

comparison of results obtained from the SPH simulations. 

As initial steps, simple simulations were performed using 

standard flow geometries to provide initial benchmarks 

for the SPH simulations. The following simulations were 

conducted: 

 channel flow at low Reynolds numbers (Re = 1 and 

Re = 25), 

 channel flow at intermediate Reynolds number (Re 

= 100), 

 channel flow at high Reynolds number (Re = 

1000). 

For the channel flow simulations, the higher Reynolds 

number cases were used to assess the capability of the 

SPH approach to capture vortices in the flow, as these 

conditions are important in the assessment of high wind 

phenomena. Additionally, for each of these simulation 

scenarios, comparisons were made with different 

resolution to demonstrate the impact of particle sizes. 

 

An assessment of the results from these simple test 

cases indicated that the SPH approach provides the 

capability to capture vortices in fluid flow simulations. 

However the accuracy degrades as the level of turbulence 

in the flow (as measured by the Reynolds number) 

increases. Particle size was observed to play an important 
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role in the results’ accuracy as SPH becomes a type of 

direct numerical simulation (DNS) approach when the 

resolution is high enough. Since it is hard to achieve 

adaptive particle size in SPH, fluid models or closure laws 

may be needed to improve the simulation accuracy while 

keeping the computational cost reasonable. 

 

As an outcome of the encouraging results obtained 

from the simple test cases, more realistic cases that are 

relevant to high wind assessments at NPPs were 

developed. One such condition typical of high wind 

events is the situation of air flow over static obstacles. 

This type of event is representative of wind traveling over 

and around buildings. A simple demonstration case was 

developed to assess SPH capabilities to simulate this type 

of situation. The geometry modeled is shown in Figure 4 

which was built in both the NEUTRINO and STAR-

CCM+ codes. Air properties are applied in each 

simulation with density ρ = 1.225 kg/m3 and kinematic 

viscosity υ = 1.48×10-5 m2/s. The velocity quiver plots 

obtained from simulations using both programs are shown 

in Figure 5. As can be seen, in these plots, the SPH results 

compare well, in a qualitative sense, with the CFD 

simulation results obtained from STAR-CCM+. In 

addition to these qualitative comparisons, quantitative 

comparisons also were performed which confirmed the 

agreement between the two approaches. An example of 

such a comparison of the velocity profile along a vertical 

line behind the wall is shown in Figure 6. It is noteworthy 

that the simulation results also compare favorably with 

experimental data.   

 

 
Fig. 4. Channel block with flow simulation geometry. 

 
Fig. 5. Velocity quiver plots from STARCCM with k-ϵ 

model (upper) and NEUTRINO (lower). 

 

 
Fig. 6. Velocity profile along vertical line behind the 

block at location x = 0.38 m. 

 

As a final example performed in this initial research, 

simulations were performed to assess the potential for 

SPH to capture the effect of solid materials to be 

entrained within and transported by the windfield. Such 

wind driven projectiles (often referred to as missiles), 

have been postulated to provide a significant hazard to 

unprotected SSCs. One of the advantages of SPH over 

grid based methods is its’ capability to model fluid – solid 

interactions in a simple manner. A number of simulations 

and comparisons for several different geometries and 

fluids were performed as part of this research. In this 

paper we show only one such application that corresponds 

to introduction of a simple solid block (density ρ = 10 

kg/m3) into steady ate flow conditions for the channel 

block geometry shown in Figure 4. In Figure 8 we show 

results from SPH flow simulations that show the 

movement of the solid at three separate instances in time. 

We note that full results from all of the simulations 

conducted are provided in reference [7]. Figure 7 displays 

the particle flow with and without the shifting algorithm. 

 

 
Fig. 7. SPH simulation without particle shifting (top)  

and with particle shifting (bottom) 
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Fig. 8. SPH simulation of entrained solid object 

transported within a windfield. 

 

V. Conclusions 

 

As a result of the 2011 accident at the Fukushima 

Dai-ichi NPP and other operational NPP experience, there 

is an identified need to better characterize and evaluate 

the potential impacts of externally generated hazards on 

NPP safety. Due to the occurrence of high winds at all 

locations across the world and the potential extreme 

magnitude of the hazard, the assessment of the impact of 

high winds has been identified as an important activity by 

both NPP owner / operators and regulatory authorities. 

However, recent experience obtained from the conduct of 

high winds risk assessments indicates that such activities 

have been labor intensive and expensive to perform. 

Additionally, the existing suite of methods and tools to 

conduct such assessments (which were developed decades 

ago) do not make use of modern computational 

architectures (e.g. parallel processing, object oriented 

programming techniques, or simple user interfaces) or 

methods (e.g. efficient and robust numerical solution 

schemes). As a result, the current suite of methods and 

tools presents a significant challenge to efficiently 

conduct assessments of this hazard at operating NPPs.  

  

Physics based 3D simulation methods provide an 

approach that has the potential to more accurately and 

efficiently evaluate the impact of high winds on NPP 

safety.  The research described in this paper represents an 

initial effort to assess the applicability of the SPH method 

to accomplish these objectives. Initial investigations have 

determined that SPH can simulate key areas of high wind 

events with reasonable accuracy when compared to other 

methods.  Some issues, such as the occurrence of 

simulation voids, have been identified; however potential 

solutions have been identified and will be tested as part of 

continuing research. The initial work described in this 

paper also demonstrated that SPH simulations can provide 

a means for simulating debris movement; however 

additional investigations into the capability of SPH to 

characterize the impact of high winds and of wind driven 

debris that result in SSC failures needs to be performed. 

 

Finally, for risk assessments at commercial NPP 

facilities, the application of SPH simulations may be 

limited by the size of the models or the computation time 

necessary to reach a converged solution. To address this 

potential limitation, an advanced method of combing 

results from both grid based methods with SPH through a 

data driven model has proposed. This method could allow 

for more accurate particle movement near rigid bodies 

with larger SPH particle sizes. If successful, such a data 

driven model would eliminate the need to develop a SPH 

turbulence model and increase the simulation domain 

size. Details of planned future work also is described in 

reference [7]. 
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Table 1. Characteristics of high winds and flooding hazards with respect to SPH modeling. 

 

Physical Characteristic Wind Flooding SPH Implications 

Fluid Density Low density (air) High density (water) Effect of Gravity is 

less and special 

particle shifting 

implementation to fill 

particle voids 

Fluid Velocity Medium to High – 

Damage to NPP SSCs 

only at high velocity due 

to relative low density of 

air 

Low to Medium – Damage 

to NPP SSCs even at low 

speeds due to high density 

of water or due to 

inundation 

Time-stepping 

restrictions needed for 

handling high velocity 

particles 

Flow Type Highly turbulent at 

damaging wind speeds 

including rotational 

energy for tornadic winds 

Low to moderately 

turbulent 

Turbulence handling 

either k-ε method or 

sub-particle scale 

turbulence method 

implementation 

Spatial Interactions Limited to SSCs located 

outside robust structures 

– SSCs located within 

industrial grade 

structures vulnerable 

after structural elements 

deconstruct at higher 

windspeeds 

Limited to SSCs located 

on elevations below the 

level of flooding 

Boundary handling 

with static structures 

Effect of Debris Significant potential to 

damage exposed NPP 

SSCs due to large 

potential number of 

potential projectiles and 

high kinetic energy 

imparted to them by 

windfield – in many 

cases effects of wind 

driven missiles are much 

more likely to damage 

critical NPP SSCs than 

the direct effect of the 

windfield 

Typically a minor 

contributor compared to 

direct effects of dynamic 

pressure (high relative 

density of fluid) and 

inundation (particularly for 

electrical SSCs)   

Dynamic rigid fluid 

coupling 

implementation 
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