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Abstract 

Flooding events pose a risk to nuclear reactor facilities, as evidenced by the recent 

Fukushima Daiichi nuclear power plant failure and other potential flood scenarios at 

nuclear facilities. To improve probabilistic risk modeling of these circumstances, water 

rise, spray, and wave impact testing capabilities are being developed for the Component 

Flooding Evaluation Laboratory (CFEL) at Idaho State University. The wave impact 

portion of CFEL is the topic of this paper.  

Research into creating extreme wave impacts for CFEL testing is conducted, with 

the assumption of tsunami waves representing a worst case scenario. The design process 

of a device capable of simulating the impact of tsunami wave heights up to 20 feet is 

presented. Wave Impact Simulation Device (WISD) designs using a horizontal piston, a 

vertical piston, or an air pressure system as methods of fluid displacement are explored.  

Design F, using a horizontal piston system, and Design J, using an air pressure 

system, are deemed viable for further study. These WISD designs are selected because 

the near-vertical wave section they produce meets the testing conditions desired for 

CFEL experiments. 



1 

 

Introduction 

In the field of nuclear energy, the reliability and safety of nuclear reactor facilities 

is of utmost importance. Recent events such as the damage at the Fukushima Daiichi 

nuclear power plant show the need for risk assessment of flooding scenarios at nuclear 

plants and facilities. To generate probabilistic data and models for non-containment 

nuclear power plant components under various flooding scenarios, the Component 

Flooding Evaluation Laboratory (CFEL) is under development at Idaho State University. 

The laboratory will provide water rise, spray, and wave impact testing capabilities. The 

information collected from testing will be applied to risk modeling studies of nuclear 

power plant components and facilities. Wave impact research and preliminary Wave 

Impact Simulation Device (WISD) designs are presented in this paper.  

A literature review of tsunami and ocean wave research is conducted, with an 

emphasis on wave impact studies. The research includes wave theory and idealized wave 

behavior, representative waveforms of natural waves, wave impact studies, artificial 

wave generation systems, and software wave simulation methods. It was found that wave 

research has generally targeted idealized wave behavior, methods of simulating 

waveforms numerically, and artificial wave generation. Wave impact studies often 

consider a structure of interest, such as a sea wall or pier, under specific wave impact 

conditions, and empirical methods are used to provide a method of predicting wave 

impact forces. To generate artificial waves, wave flumes and basins are the most common 

methods. These facilities use wave paddles and other displacement techniques to produce 

artificial waves. Numerous numerical techniques have been applied to model wave 

behavior, and the computational fluid dynamics (CFD) approach is applied to this project. 
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In an effort to simulate full scale wave impacts on prototype components and 

structures, the CFD code Flow-3D is used to model large tsunami wave impacts. Natural 

wave behavior is influenced by parameters such as fluid depth, ocean floor and coastline 

topography, and wavelength. The complex interaction of these parameters produces a 

vast range of wave conditions. Tsunami wave impacts are investigated to represent a 

worst case scenario, and constant approach geometry is used in Flow-3D simulations. In 

the simulations, solitary waves are used to represent a tsunami wave. Solitary wave 

assumptions are taken from previous research and established wave theory.  

Flow-3D is also used to design a device capable of simulating these impacts. To 

design a WISD to be used in CFEL wave impact tests, two goals have been specified. 

The velocity and momentum of a tsunami wave with a maximum height of 20 feet must 

be matched, and a near vertical ten foot by ten foot section of water must be generated for 

impact tests. Achieving both goals will allow large components or structures to be 

subjected to impact forces equivalent to a full scale wave of varying height and velocity. 

Tsunami wave celerity is approximated using shallow water wave equations.  

A key restriction in the design process is the limited lab space and funding 

available for the WISD. As a result, wave generation systems such as wave basins and 

flumes are not viable solutions. Instead of generating an artificial wave for impact testing, 

a high velocity jet is proposed as an alternate means of simulating a high velocity wave 

impact. By producing a fluid jet with a near vertical profile exiting the ten foot wide by 

ten foot high conduit, a ten foot wide section of a ten foot high wave can be imitated. For 

wave heights greater than ten feet, the wave section will represent the base of the wave 

with the corresponding wave speed. 
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The research presented is limited by assumptions concerning wave speed and 

tsunami wave behavior. The wave characteristic guiding the design process is wave 

celerity, which is tied directly to fluid depth based on shallow wave equations. Only non-

breaking waves are governed by idealized wave equations. Other factors, such as variable 

coastline topography, influence the behavior of breaking waves and inundation flows.   

The design approach of matching a maximum wave speed provides flexibility in 

simulating a variety of wave impact conditions. The proposed method of using a variable 

speed fluid jet to simulate tsunami wave impacts may also be applied to other impact 

conditions. If wave celerity can be specified, an approximate wave impact can be 

produced. This provides extensive future work to investigate different impact conditions 

based one or more parameters such as different wave types, approach geometries of 

interest, and inundation flows. 

 

Literature Review 

Ocean wave research encompasses all aspects of waves. Topics investigated for 

this research project were wave theory and idealized behavior, wave breaking, inundation 

flows, and wave impacts. For the specialized case of tsunami waves, established 

assumptions and previous studies were investigated. Methods of studying waves 

physically with artificial wave generation are presented, and software modeling of fluid 

motion was explored.  
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Wave Theory 

The identification of natural waveforms and the description of their behavior is 

the foundation of ocean research. By observing natural waves, wave theories have been 

developed that describe wave behavior. The wave type which best represents natural 

conditions is identified, and an equation is used to describe wave characteristics such as 

height and wavelength. By comparing wave height and wavelength to fluid depth, regions 

of application for different wave theories have been developed for use in wave research.  

Figure 1 displays these regions (Apelt & Piorewicz, 1987). 

 

Figure 1: Established Wave Theory Validity Regions 

 

Depending on the wave of interest, the appropriate waveform can be identified to 

serve as a model for study, but the sinusoidal waveform is often used to describe wave 

behavior beyond the area of application due to its simplicity (Apelt & Piorewicz, 1987). 

As an example, tsunami waves are often modeled by solitary waves (Malek mohammadi, 
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2009; Malek mohammadi & Testik, 2010; Goseberg & Schlurmann, 2013). The fluid 

motion follows a sinusoidal pattern as the wave travels, and the fluid rotation transfers 

the energy along the wave path. Equation 1 defines idealized wave velocity, which is 

dependent on wavelength and fluid depth (Mayo, 1997). 

 

   √
  

  
    (  

 

 
) 

Equation 1: Idealized Wave Celerity 

 

where c is the wave celerity, λ is the wavelength, d is the fluid depth including the 

wave height, and g is the gravitational acceleration on earth.   

Equation 1 can be modified at the boundary conditions of the hyperbolic tangent 

term by comparing the wavelength to the fluid depth. If the fluid depth is greater than 

half of the wavelength, the celerity is controlled by the wavelength only, and is described 

as a deep water wave. Wind driven waves are the most common type seen in nature, and 

are classified as deep water waves.  

When the wavelength is greater than the fluid depth by a factor of 20 or more, the 

equation is governed solely by fluid depth (Mayo, 1997). This flow regime is deemed 

shallow water wave behavior. The maximum velocity of a shallow water wave is limited 

by critical flow, which is defined by a Froude number equal to one. The Froude number 

is the ratio of inertial and gravitational forces in a fluid depth (Akan, 2006). Non-

breaking tsunami wave celerity is described by shallow water theory (Mayo, 1997).  

Equation 2 shows the simplified wave celerity equation for shallow water waves.  
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Equation 2: Shallow Water Wave Celerity 

 where c is the wave celerity, g is the gravitational acceleration on earth, and d is 

the fluid depth including the wave height. 

 

Wave Breaking 

Wave breaking or cresting describes the process of a waveform losing stability 

before reaching shore or as it reaches land. Once a wave breaks, the resulting flow is 

described as a bore as it travels onshore (Yeh, 2006). Wave theory assumptions do not 

describe fluid behavior once the waveform is lost, and as seen in Figure 1, the breaking 

wave boundary has been estimated as a ratio of wave height to fluid depth. No theory 

exists that describes this phenomenon for all scenarios (Apelt & Piorewicz, 1987). 

Baldock, Cox, Maddux, Killian, and Fayler performed laboratory tests to study 

the kinematics of breaking tsunami wave fronts. A large data set was collected and made 

accessible for use in further research. The Directional Wave Basin at Oregon State 

University, formally known as the Tsunami Wave Basin, was the facility where the tests 

were performed. Ten different solitary wave conditions were studied, with non-breaking 

and breaking wave conditions being included. Key parameters in the tsunami impact 

study included offshore conditions, flow depths and fluid accelerations, and time 

dependent flow behaviors (Baldock et al., 2009). 

Breaking waves are often studied for the impacts they cause on coastal structures. 

Broken, slightly breaking, high-aeration, and low-aeration wave impacts on vertical or 



7 

 

steep walls were investigated by Bullock, Obhrai, Peregrine, and Bredmose. High 

variability was found in recorded impact forces, and the results predict wave impact 

conditions for a small number of impact situations (Bullock et al., 2007). 

Breaking waves and their impact on vertical and inclined columns were 

investigated by Wienkea and Oumeracib. Tests were performed in the large wave flume 

at the large wave flume of Forschungszentrum Küste in Hanover, Germany. The breaking 

wave impact force was determined experimentally, and empirical terms were developed 

that brought the theoretical results into good agreement with the experimental results 

(Wienkea & Oumeracib, 2005) 

In the referenced papers, breaking wave behavior is extremely variable, even for a 

narrow scope of experiment conditions. The bathymetry and topography of the location 

of interest greatly influence this behavior. Wave breaking will be a topic of interest for 

CFEL, but in order to investigate this wave condition, a specific scenario must be 

identified to narrow the scope of the study. 

 

Inundation 

Inundation flow, or the run-up on land from wave action, is turbulent, and is not 

described by idealized wave theory. The flow regimes and flow patterns resulting from 

wave inundation are heavily dependent on coastline topography and wave conditions. As 

a result, this behavior, like wave breaking, is studied in simplified scenarios or in site 

specific studies.   

Matsutomi, Okamoto, and Harada attempted to match field data such as tsunami-

trace waterlines and inundation heights from the 2009 Samoa earthquake tsunami with 
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scaled, steady state flow experiments. A model building was placed in a rectangular wave 

flume, and steady state flows were generated. A drag force equation was developed from 

the wave flume test results. Correlations between the scaled experiments and tsunami 

field data were used to create judgment criteria for building damage, and the results were 

compared to an established tsunami fragility curve for Japanese wooden buildings 

(Matsutomi et al., 2010). The results agreed well with the Japanese wood building 

fragility data gathered from the 2011 Great East Japan tsunami event (Leelawat et al., 

2015).  

Yeh (2006) used nonlinear shallow-water theory to estimate tsunami runup 

velocity on a uniformly sloping beach, and the momentum flux of the fluid was 

determined. The momentum flux was equivalent to the inundation depth multiplied by 

the squared fluid velocity, and impact forces were found to be proportional to the 

momentum flux. The results were used to provide a convenient method of estimating 

impact forces on objects if appropriate assumptions are used concerning the wave 

conditions and inundation depths (Yeh, 2006).  

 When the Flores Island tsunami (1992) and the Okushiri tsunami (1993) produced 

run up heights on islands that exceeded expectations, Choi, Kim, Pelinovsky, and Woo 

(2007) performed physical and numerical model studies to understand why. For the 

physical model, a large wave basin at the Coastal and Hydraulics Laboratory of the US 

Army Corps of Engineers was used to generate solitary waves to impact a small conical 

island representative of small islands impacted by the Flores Island and Okushiri 

tsunamis. For the numerical model, a 2D and a 3D model of the laboratory experiment 

were prepared using the CFD code Flow-3D. The physical and numerical model results 
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were found to agree well, and provided a better understanding of the tsunami inundation 

for the location of interest (Choi et al., 2007). 

In all cases, the inundation results presented are only valid for a simplified 

scenario or for a site-specific study. If the inundation zone topography is altered, so will 

the flow patterns. Inundation flows are often treated as bores in modeling and analysis. It 

is likely that these turbulent flows will be a topic of interest for CFEL and will need to be 

simulated with the WISD. At that point in time, inundation flows for a chosen scenario 

can be researched further. 

 

Tsunami Waves 

As the goal of this research was to simulate an extreme wave impact, tsunami 

waves were chosen to represent a worst case scenario due to potential for large wave 

heights and high wave celerity. To understand the wave impact conditions to be 

simulated in laboratory tests, tsunami behavior and existing research was investigated. 

Topics included tsunami formation, established assumptions describing tsunami behavior, 

and previous tsunami research. 

Tsunami waves are formed when a large volume of water is rapidly displaced. 

Earthquakes, submarine landslides, and underwater volcanic eruptions can cause these 

displacements. The energy released from the sudden displacement becomes a shockwave 

that travels through the entire fluid depth. A wave with a small wave height and 

enormous wavelength propagates from the displacement epicenter. Tsunami waves are 

modeled using shallow wave assumptions due to the ratio of enormous wavelengths to 

relatively shallow fluid depths. The wave speed of shallow waves is directly dependent 
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on the depth of water the wave travels through, which explains how tsunami waves can 

travel hundreds of miles an hour in deep water (Bascom, 1964). 

The complex near-shore behavior of tsunami waves is influenced by the same 

parameters as wind-driven ocean waves, and is also affected by a process called by 

shoaling. Shoaling is the compression of the tsunami wavelength as the wave nears shore, 

resulting in an increase in wave amplitude as the wavelength decreases (Shoaling, 2011). 

The breaking and inundation behavior of tsunami waves, like wind driven waves, is 

difficult to predict without extensive, site specific studies and modeling due to the 

dependence on local bathymetry and topography data.  

To model tsunami waves in laboratory settings or with numerical models, solitary 

waves have been used as a representative waveform in studies. Unlike wind-driven 

waves, a solitary wave has no trailing or preceding waves associated with it, and has a 

very long wavelength. Methods of producing solitary waves in a laboratory setting have 

been improved over time, but solitary waves have remained the most common method of 

long wave and tsunami wave simulation (Malek mohammadi, 2009; Malek mohammadi 

& Testik, 2010; Goseberg & Schlurmann, 2013). 

Tsunami waves and their impact on coastal areas have been studied in detail at 

specific locations. Park, Cox, Lynett, Wiebe, and Shin performed physical experiments 

by constructing a 1:50 scale representation of the city of Seaside, Oregon in the 

Directional Wave Basin at the Oregon State University O.H. Hinsdale Wave Research 

Laboratory. Idealized bathymetry, topography, and surface roughness values of the 

coastal area were constructed for the scaled experiment. A design wave height 

corresponding to the a full scale wave height of ten meters was generated in the 
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Directional Wave Basin, and parameters such as free surface elevation and fluid velocity 

were recorded as the wave inundates into the scale model of Seaside. The physical results 

were compared to a numerical model using a Boussinesq set of equations. A comparison 

of the numerical and physical model indicated that the numerical model is sensitive to the 

input data, such as friction factors or the imported topography and bathymetry 

information. The importance of validating tsunami inundation velocities calculated using 

numerical models was emphasized (Park et al., 2013). 

Like wind-driven waves, tsunami wave behavior is described by idealized 

equations. Laboratory studies of tsunami waves are performed using solitary waves as a 

representative wave form. Once the idealized waveform is lost, tsunami waves must be 

studied under specific scenarios to accurately account for the effects of bathymetry, 

topography, and other factors to describe breaking and inundation behavior. 

Wave Impacts 

As ocean waves approach deep sea structures or shorelines, wave impacts on 

shoreline structures become an important topic. Typical structures of interest include 

deep sea piers, seawalls, dikes, and buildings. Due to the complex behavior of ocean 

waves, wave impact studies generally investigate the effect of one variable on the chosen 

scenario while holding the other variables constant. Simplified coastline geometries are 

often chosen, along with a specific wave type.  

The Morison equation estimates impact forces on deep sea piers empirically by 

considering momentum and drag terms. These empirical terms are dependent on the 

Reynolds number and the geometry of the object impacted, and are determined with 

extensive testing. Equation 3 displays the semi-empirical Morison equation. 
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Equation 3: Morison Equation 

 

where ρ is the fluid density,    is the drag coefficient, D is the pier diameter,    is 

the inertia coefficient, u is wave velocity, and  ̇ is the wave acceleration (Apelt & 

Piorewicz, 1987). By using both terms of the Morison equation, non-steady effects can be 

considered in determining the impact force. 

Apelt and Piorewicz used the Morison equation in a study of wave impact 

conditions on piers. In wave flumes, scaled down piers were subjected to a range of 

scaled wave impact conditions. Horizontal fluid velocities and accelerations were used to 

predict wave impact forces on structures, and the empirical coefficients were determined 

for the object being impacted using data from previous wave impact studies. It was found 

that wave impact forces could be approximated by the Morison equation, but the unique 

empirical coefficients had to be developed for test conditions, such as the Reynold’s 

number regime and specific cylinder drag coefficients (Apelt & Piorewicz, 1987).  

 Wienkea and Oumeracib also used the Morison equation in their study concerning 

breaking wave impacts on inclined and vertical slender piles. The Morison equation was 

used to determine the quasi-static impact forces, and dynamic forces are determined 

experimentally.  The impact force was found to depend on the distance between where 

the wave breaking occurred and cylinder location. The maximum impact force on the 

cylinder occurred when the wave broke immediately in front of the cylinder. Under this 
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condition the fluid velocity was equal to the generated wave celerity (Wienkea & 

Oumeracib, 2015). 

Ko, Cox, Riggs and Naito investigated the impacts caused by tsunami driven 

debris such as cargo ship containers. At the Large Wave Flume at Oregon State 

University, scaled experiments were conducted modeling solitary waves. Waves were 

generated by the flume to represent tsunami inundation conditions. An aluminum 1:5 

scale model of a shipping container was placed in the wave impact zone, and was driven 

by wave action into a load cell placed on a fixed column inside the flume. The load cell 

recorded the impact force of the aluminum model on the column. Experiments were run 

at various locations under various wave conditions, and the collected data provided 

impact force peaks and impact durations that were used to evaluate established peak 

impact load calculations from Federal Emergency Management Agency (FEMA) 

guidelines. The impact duration is significant in determining the impact force in FEMA 

calculations, and it was found that the values predicted by the FEMA calculations tend to 

be conservative. Values from 0.1 to 1.0 seconds are recommended for FEMA 

calculations, while recorded impact durations were less than seven milliseconds. Shorter 

impact durations tended to correlate with a higher fluid velocity and a higher impact force 

(Ko et al., 2015).  

Fluid velocity is found to be a controlling parameter in all wave impact force 

studies. The idealized wave equation calculates non-breaking wave velocities. More 

complex flow patterns, such as breaking waves and inundation flows, require detailed site 

information to accurately model a specific scenario, or are studied under a simplified 

scenario.  
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Artificial Wave Generation 

Traditional wave generation facilities, such as wave flumes and basins, are used to 

generate waves for study and to create scaled wave impact conditions. Depths of water 

are contained in channels or basins of varying scale, and plates, paddles, or pistons are 

used to displace fluid in a prescribed motion, generating waves of varying amplitude and 

wavelength (Malek mohammadi, 2009; Malek mohammadi & Testik, 2010; Goseberg & 

Schlurmann, 2013). 

The waves produced by these facilities inherently have wave height restrictions 

because wave speed in open channel flow cannot exceed a Froude number of one. The 

Large Wave Flume at the Oregon State University O.H. Hinsdale Wave Research 

Laboratory is the largest of its kind in North America, and can generate solitary waves at 

a maximum wave height of 1.7 meters (5.6 feet). Figure 2 is a photo of the Large Wave 

flume facility. A data sheet for the Large Wave Flume facility can be found in Appendix 

A (Large Wave Flume, 2017).  
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Figure 2: Large Wave Flume at Oregon State University 

 

Another facility at the O.H. Hinsdale Wave Research Laboratory is the 

Directional Wave Basin, shown in Figure 3. The facility is used for tsunami research and 

coastal engineering studies, and can produce waves up to 0.75 meters (2.5 feet) high. A 

data sheet for the Directional Wave Basin facility can be found in Appendix A 

(Directional Wave Basin, 2017). 
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Figure 3: Directional Wave Basin at Oregon State University 

 

The largest wave flume in the world, the Deltares Delta Flume in the Netherlands, 

can produce solitary wave heights of up to 4.5 meters (14.8 feet). Figure 4 is a view of a 

section of the facility. An article discussing the Delta Flume can be found in Appendix A 

(van Gent, 2015) 
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Figure 4: Deltares Delta Flume 

 

In summary, waves are produced in wave flumes and basins for studies 

investigating behavior, impacts, inundation flows, and other aspects of wave research. It 

was found that even the largest facilities in the world cannot produce wave heights of 20 

feet, which is the desired capability for use in future CFEL wave impact tests. Further 

information on laboratory wave generation, and on solitary wave generation using wave 

flumes, can be found in the referenced papers by Malek mohammadi (2009, 2010) and 

the paper by Goseberg, Wurpts, and Schlurmann (2013). 
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Computational Fluid Dynamics 

To efficiently model and predict the complex nature of fluid under various 

conditions, computer software is often used in research. Numerous approaches have been 

applied in previous research, such as Boussinesq, particle finite element, and smoothed 

particle hydrodynamics methods. Further information on these methods can be found in 

referenced papers (Chen et al., 2000; Birknes & Pedersen, 2006; Altomare et al., 2015). 

The computational fluid dynamics (CFD) method is used in all wave impact and WISD 

design simulations. The CFD code Flow-3D is used for this project. Flow-3D is a 

commercially available software, and has a reputation for modeling free surface flows, 

which encompasses ocean wave behavior and wave impact scenarios. 

In the CFD approach, the domain of interest is discretized into a grid of cells. The 

cells can be body-fitted or in a fixed rectangular grid. Boundary conditions add a layer of 

fictitious cells on the perimeter of the simulation to represent a condition of interest. 

Fluid flow parameters, such as velocities and pressures, are computed at the cell nodes as 

a function of time. The fluid flow behavior is calculated by solving numerically the 

Reynolds-averaged Navier-Stokes (RANS) equations and the continuity equation from 

cell to cell. The time step used to evaluate fluid behavior is a function of cell size and 

fluid velocity. The time step must be small enough to ensure fluid does not skip cells 

from one time step to the next, and is dynamically computed by Flow-3D. Fluid and solid 

surfaces are approximated using 3D planes within the computational cells. More detailed 

descriptions of CFD methods can be found in referenced literature (FLOW-3D user 

manual, 2017).  
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Governing Equations 

 To describe the behavior of fluids, the RANS equations and the continuity 

equation govern the simulation. Cartesian coordinates are used to describe location in the 

simulation domain. Equations 4 and 5 list the continuity and momentum equations 

governing incompressible flow, respectively. Incompressible flow is used to describe the 

behavior of water, a nearly incompressible fluid. 
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Equation 4: General Continuity Equation  
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Equation 5: General Momentum Equation  

 

where  ,  , and   are the velocities in the x, y, and z directions,    is the 

fractional volume of fluid in a cell,      , and    are fraction areas open to flow in the 

each direction, ρ is the fluid density,    is pressure,    is the gravitational force in the 

subscript direction, and    is Reynolds stresses provided by the chosen turbulence model 

(Johnson & Savage, 2001).  
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Numerical Methods 

 Flow-3D describes fluid motion using non-linear, transient, second-order 

differential equations. The RANS equations and the continuity equation are solved with 

finite-volume approximations for user defined time intervals. Averaged values of fluid 

parameters such as pressure, velocity, and temperature are evaluated as a function of time 

at cell nodes. The finite volume method ensures continuity is maintained in the 

computational cells. Cell size and spacing are specified by a user defined mesh (FLOW-

3D user manual, 2017). 

 

Computational Mesh 

 The program solves the fluid equations of motion at cell nodes specified by a user 

defined mesh. The mesh discretizes the simulation into rectangular cells, and each cell 

has multiple nodes where averaged values of parameters such as pressure, velocity, and 

temperature are evaluated. To accurately model fluid behavior, a sufficiently fine mesh 

must be specified, but as the mesh becomes more refined, the simulation becomes more 

computationally intensive. Available computational time and computing power forces the 

use of an optimized mesh to achieve an acceptable level of accuracy within 

computational capabilities (FLOW-3D user manual, 2017). 

 

Solid Geometry 

The solid surfaces in Flow-3D simulations are described by the Fractional 

Area/Volume Obstacle Representation (FAVOR) method, which describes a solid 

interface using a 3D plane in a computational cell. This surface is found using a first 
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order approximation. A porosity of zero is assigned to solid regions and a porosity of one 

is assigned to nonsolid regions. If a cell has solid and nonsolid regions, a value between 

one and zero is assigned based the percentage of the cell defined as solid. Curved or 

irregular surfaces are approximated by the 3D planes (Johnson & Savage, 2001).  

Fluid Surface 

Similarly to the FAVOR method, the Volume of Fluid (VOF) method assigns a 

value of zero to regions without fluid, and a value of one to cells filled entirely with fluid. 

A value between zero and one is assigned to cells based on the percentage of the cell 

filled by fluid. A 3D plane is used to describe a fluid free surface. The VOF method 

determines the free surface with respect to time and space, allowing the planes to adjust 

as the fluid conditions change (Johnson & Savage, 2001). 

 

Boundary Conditions 

Boundary conditions are important in numerical simulations. To get realistic 

results, appropriate boundary conditions must be used. Flow-3D adds a layer of fictitious 

cells on the perimeter of a simulation domain to provide a means of specifying a 

boundary condition. The boundary conditions important to the wave research and WISD 

design process are presented. 

A wall boundary condition is a rigid surface that forces any normal fluid 

velocities at the boundary to a value of zero. The surface can be assigned as a free-slip 

condition for a scenario with no wall shear stresses. A no-slip condition describing a rigid 

wall with shear stresses can also be assigned. 
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Symmetry boundary conditions are a free-slip condition that does not alter the 

fluid velocities at the boundary. If the flow effects are insignificant in a coordinate 

direction, symmetry boundaries can reduce the size of a simulation by creating a sectional 

model.  

The outflow boundary condition ensures smooth continuative flows move through 

the boundary, and then dampens fluid velocity terms outside of the simulation domain. 

This is done to prevent upstream effects from altering simulation results.  

A pressure boundary condition can be defined as stagnant or static. A stagnant 

boundary forces velocities outside the boundary to zero, and a static boundary assigns a 

fairly continuous pressure to the boundary and does not force the velocity terms to zero. 

The stagnation pressure boundary is considered more realistic for most scenarios. 

The solitary wave boundary is based on McCowan’s theory, and assumes a 

solitary wave enters the simulation domain from a flat bottom reservoir of constant depth. 

By specifying a fluid depth, wave height, and the distance away from the fluid boundary 

the wave is initiated, the nonlinear non-oscillatory wave is produced. This wave type is 

commonly used in tsunami wave simulations (FLOW-3D user manual, 2017). 

 

General Moving Objects 

 To specify rigid body motion during the simulation runtime, the General Moving 

Objects (GMO) model is used. The motion of the rigid body is dynamically coupled with 

fluid flow or is user-prescribed. All six degrees of freedom can be manipulated, and time 

dependent motion can be assigned. If desired, it can be specified that a moving rigid 
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object overlaps instead of collides with another solid region in a simulation (FLOW-3D 

user manual, 2017).  

 

Tsunami Wave Simulation Methodology 

Initial simulation efforts were focused on simulating tsunami waves and tsunami 

wave impacts. To this end, the computational fluid dynamics (CFD) software Flow-3D 

was used to simulate tsunami waves with a height of 20 feet. The model provided flow 

data such as peak impact forces, pressures, and velocities from the simulations. This 

information was used to guide the design of the WISD. The commercial code Flow-3D 

by Flow Science is well known for its ability to track free surface flows, which includes 

ocean waves.  

 

Tsunami Wave Simulation 

Using Flow-3D, the 20 foot tsunami waves were simulated as solitary waves, and 

the impact forces caused by the waves were recorded for fixed approach geometry. In 

each simulation, a 20 foot high solitary wave traveled from left to right in a body of water 

with a constant 20 foot depth, and approached a ten degree slope leading to a horizontal 

beach. To reduce computational time, the simulations were designed as sectional models; 

a thin slice of an infinitely wide wave perpendicularly approaching a shoreline. This 

effectively creates a 2D model that is valid because the flow variations parallel with the 

beach are not significant. The impact force on a small baffle located on the beach at 

various locations provided insight into how the wave impacts structures and recorded the 
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effective force of the wave based on what section of the wave impacts the baffle. A run 

time of 10 seconds was used in all solitary wave simulations. 

The Flow-3D simulation for the 20 foot solitary wave was setup as follows. Water 

at standard conditions was specified as an incompressible fluid with a free surface 

interface. The gravity and non-inertial reference frame physics model was used with the 

gravitational constant of 32.2 feet per second squared in the negative z-direction. The 

Renormalized Group model was used as the turbulence model to cover a wide range of 

turbulent flows. 

The solitary wave simulation geometry is shown in Figure 5, and the mesh planes 

and simulation boundaries are outlined by the green lines. The x dimension was 200 feet, 

the y dimension was 3 feet, and the z dimension was 50 feet. Two frictionless nonmoving 

solid components were used to create the sloping beach shown in red, designated Shelf 

and Slope. The Slope component was rotated negative ten degrees about the y-axis and 

translated to rest flush against the Shelf component, creating the sloped approach. The 

coordinates of both solid components are listed in Table 1. The components were 

extended beyond the simulation boundaries to eliminate computational errors at solid 

interfaces. One fluid region was used to generate the static fluid in the simulation domain, 

and the maximum and minimum coordinates are listed in Table 2. The 0.125 foot fluid 

depth above the horizontal beach height was used to generate artificial friction as the 

wave advances on the beach since friction coefficients cannot be accurately applied to 

sectional models. This fluid depth was chosen to fill one layer of cells in an eight cell per 

foot mesh size. By doing this, the solution for flow behavior in this shallow depth was 

more stable. The chosen mesh size is justified later in impact force convergence tests. 
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Figure 5: 20 Foot Solitary Wave Flow 3D Simulation Geometry (X-dimension in feet) 

 

Table 1: 20 Foot Solitary Wave Simulation Solid Component Limiters 

Component X-Max X-Min Y-Max Y-Min Z-Max Z-Min 

Shelf 202.00 150.00 2.50 -1.50 20.00 -1.00 

Slope 153.47 21.97 2.50 -1.50 20.00 -22.27 

 

Table 2: 20 Foot Solitary Wave Simulation Fluid Region Limiters 

Fluid Region X-Max X-Min Y-Max Y-Min Z-Max Z-Min 

1 200.00 0.00 -1.00 2.00 20.125 0.00 

 

The x-minimum boundary condition was specified as a solitary wave boundary. A 

mean fluid depth of 40 feet, a wave height of 20 feet, and a distance of 20 feet from the 

simulation boundary were specified for the initial wave conditions. It was noted that 

Flow-3D assumes the solitary wave approaches the simulation domain from a constant 

depth reservoir, and that Flow-3D automatically corrected the distance from the 

simulation boundary to half of the wavelength of the 20 foot wave (480.6 feet) when the 

simulation was run. A constant 20 foot fluid depth was specified at the wave boundary.  
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The x-maximum boundary was an outflow boundary that does not allow fluid 

inflow. Both the y minimum and maximum boundaries were set as symmetry boundaries 

to ensure no boundary conditions altered the behavior of the sectional model. The z-

maximum boundary was set as a stagnation, zero pressure boundary with a fluid fraction 

of zero to represent atmospheric pressure. The z-minimum boundary was a free slip wall 

boundary, acting as the bottom of a flat reservoir. 

 

Tsunami Wave Impact Studies  

Two methods were investigated to capture impact force data: baffle output and 

component output. To determine the best option for impact force capture in Flow 3D, a 

comparison study was conducted. The main concern investigated was the comparison of 

edge effects as fluid accelerated around a baffle versus a block component. Since a baffle 

is an infinitely thin element, fluid may accelerate around the edge of the baffle differently 

than the edge of three dimensional object, influencing the recorded impact force. If edge 

effects were found to be negligible, a single baffle was the more efficient method to 

collect impact force data. If edge effects were not negligible, multiple baffles or blocks 

would have been used to account for edge effects.   

Solitary wave simulations were run for both a block impact condition and a non-

porous baffle impact condition at a fixed location. Figures 6 and 7 show the baffle and 

block configurations, respectively. The center baffle or block was 2 feet high by 3 feet 

wide, and the top and bottom baffles or blocks were 3 feet wide by 0.5 feet high. Impact 

forces were only recorded on the baffle or block face struck by the incoming wave. 
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Figure 6: Impact Capture Comparison - Baffle Impact Condition – Isometric View 

 

 

Figure 7: Impact Capture Comparison - Block Impact Condition – Isometric View 

 

 The impact force results recorded by Flow-3D are summarized in Table 3. It can 

be seen that between the corresponding blocks and baffles, very little difference was seen 

in the recorded values. This indicated that edge effects were negligible when recording an 

impact force. As a result, baffles were selected as the method of recording impact forces 
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in the wave impact zone, and a single baffle replaced the three discrete baffles to 

streamline the simulation. 

 

Table 3: Baffle Impact Force vs Block Impact Force Comparison: X =160 ft, z = 25-26 ft 

Component Time (sec) Force Magnitude (lbs) Percent 

Difference (%) 

Top Block 8.48 1306.30 - 

Top Baffle 8.48 1320.28 - 

   1.05 

Center Block 8.48 4680.71 - 

Center Baffle 8.48 4693.46 - 

   0.27 

Bottom Block 8.45 832.33 - 

Bottom Baffle 8.45 822.38 - 

   -1.2 

 

To identify the optimum mesh size to use in the described wave simulation, a grid 

convergence study was performed. The mesh size, measured in cells per foot, was kept 

constant in all directions in each simulation run. The impact forces on a one foot by one 

foot baffle recorded at a constant location served as the convergence criteria. The baffle 

was located at an x coordinate of 160 feet and from 25 to 26 feet in in the z coordinate. 

As shown in Table 4, the percent difference of the impact forces indicated that a mesh 
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size of eight cells per foot was the optimum option to minimize simulation runtime 

without compromising results. 

 

Table 4. 20 Foot Solitary Wave Impact Simulation: Grid Convergence 

Mesh Time of Impact (sec) Force (lbs) Percent Difference (%) 

from Previous Mesh  

2 cells/ft 8.9988 1178.12 
- 

4 cells/ft 9.0997 1321.90 
10.87 

6 cells/ft 9.0999 1363.65 
3.06 

8 cells/ft 8.8999 1388.85 
1.81 

10 cells/ft 8.9001 1429.41 
2.84 

 

The optimized mesh size was applied to the 2D sectional model. The mesh in the 

x direction ass modified to utilize a variable grid. This was done to refine the mesh near 

the impact location, and to use a coarse mesh away from the impact zone to reduce 

computation time. A mesh plane was placed at a location of 145 feet to initiate mesh 

refinement approaching the impact zone of the beach. Another mesh plane was placed at 

the impact location to ensure the eight cells per foot mesh spacing occurred at the 

location of interest. The final mesh plane was placed outside of the impact zone at 165 

feet to produce a more coarse mesh beyond the impact zone. Table 5 defines the variable 

mesh used in the x-direction for a baffle located at 150 feet along the x -axis. The mesh in 

the y-direction was kept constant at 4 cells per foot because edge effects were negligible 

in the sectional model. A constant 8 cells per foot mesh was used in the z-direction. 
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Table 5: 20 Foot Solitary Wave Simulation: Variable Mesh in the X-direction 

Mesh Plane X-axis Location Cell Size Cell Count 

1 0 Variable - 

2 145 8 cells/foot 40 

3 150 8 cells/foot 120 

4 165 Variable - 

5 200 - - 

  Total Cell Count 1100 

 

Impact forces at various locations and elevations were recorded in the impact 

zone, which extended from 150 feet to 160 feet in the x direction. The solitary wave 

simulation with x-coordinates is shown in Figure 8. Figure 9 shows the initial velocity 

conditions of the tsunami wave simulation at time zero, and Figures 10 and 11 display the 

pressure and velocity patterns of the wave as it travels from left to right towards the 

horizontal beach. Figure 11 illustrates how the wave front moves forward with an 

atmospheric pressure. This aspect of wave behavior must be recreated by the WISD to 

produce realistic wave impact test conditions. A baffle about to be struck by the solitary 

wave is shown in Figure 12.  
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Figure 8. 20 Foot Solitary Wave Flow-3D Simulation (X-Z Plane) 

 

 

Figure 9. Initial Condition Pressure Distribution of 20 Foot Solitary Wave Simulation 

 

 

Figure 10. Pressure Distribution of a Solitary Wave Advancing Forward on a Beach 
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Figure 11. Velocity Distribution of a Solitary Wave Advancing Forward on a Beach 

 

 

 

Figure 12. Isometric View of Wave Pressures at Imminent Baffle Impact 

 

 

Baffle 
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Tsunami Wave Simulation Results 

The impact forces recorded by nonporous baffles in the Flow-3D solitary wave 

simulations are presented in Table 6 and shown visually in Figure 13. The baffles are two 

feet high in the z-direction and one foot wide in the y direction, and are centered along 

the centerline of the sectional model in the x-direction. The results were found to have 

high variability in the impact zone of interest, with the location of the baffle greatly 

influencing the results. It was observed that the variability in results occurs when the 

waveform loses stability and the flow becomes more turbulent. The impact zone is 

outlined by mesh planes at x coordinates of 150 feet and 160 feet in Figure 5.  

 

Table 6: 20 Foot Solitary Wave Maximum Impact Force Summary  

Data 

Point 

Baffle Z 

Location 

(ft) 

Force (lbs) at 

X = 150 

Force (lbs) 

at X = 155 ft 

Force (lbs) at 

X = 160 ft 

1 20-22 2681.46 8600.11 5777.51 

2 22-24 2518.07 4310.88 8515.18 

3 24-26 2327.7 2674.78 5201.58 

4 26-28 2203.89 2295.38 3268.38 

5 28-30 2217.74 2589.22 3050.39 

6 30-32 2296.12 2502.73 2778.18 

7 32-34 2230.55 2378.2 2502.35 

8 34-36 1974.33 1864.46 1127.53 

9 36-38 0 0 0 
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Figure 13: 20 Foot Solitary Wave Maximum Impact Force Summary 

 

It was concluded that the approach of identifying the impact force caused by a 

wave for all possible impact locations was not practical, even if the simplified scenario 

used in the sectional solitary wave simulations was the only scenario studied. The results 

only applied to the simplified geometry used in the sectional wave simulation, and could 

not be used to accurately predict wave impact forces in different scenarios.  

To provide a method of simulating wave impacts for CFEL, idealized wave 

behavior must be assumed to simplify the wave impact conditions. Only non-breaking 

wave velocities can be described by the idealized wave celerity equation. It was proposed 

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

1 2 3 4 5 6 7 8 9

Fo
rc

e 
(l

b
s)

 

Data Point 

20 Foot Solitary Wave Maximum Impact Force Summary 

X = 160 ft

X = 155 ft

X = 150 ft

Baffle 
Locations 



35 

 

that the maximum horizontal fluid velocity for a specified wave shall be determined from 

the idealized wave equation for non-breaking wave conditions. By considering only non-

breaking waves, horizontal fluid velocities control the impact force of the wave, and 

vertical velocity components can be deemed negligible. The WISD would then be 

designed to produce fluid velocities matching those of a specified wave. Equation 2 was 

used to establish the target velocities of shallow water waves in the pursuit of simulating 

tsunami wave impacts. 

To simulate wave impacts for breaking waves and inundation flows, a scenario-

specific study can be performed to identify a wave impact condition of interest. Flow 3D 

can be used to simulate a wave impact condition in a similar manner to the sectional 

model used in wave impact studies. Once a wave impact velocity is identified, the impact 

conditions can then be simulated using the WISD.  

 

WISD Methodology 

By defining a tsunami wave as a shallow water wave and applying Equation 2, a 

maximum horizontal fluid velocity of 25.4 feet per second for a wave height of 20 feet 

was obtained. This maximum velocity was used to determine the necessary capabilities of 

the WISD. To meet the goals for CFEL testing capability, a wave section 10 feet wide by 

10 feet high with a controlled profile must be produced. 

Following the review of traditional wave generation using wave flumes and 

basins, it was found that these methods are not feasible for this project due to inherent 

wave height restrictions in open channel flow. Open channel wave generation techniques 

do not provide a realistic solution to meet the CFEL project goal of simulating a 20 foot 
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solitary wave impact due to financial and logistical restrictions. As a result, alternative 

methods of wave impact simulation, such as closed conduit flow, had to be investigated 

to develop a WISD design. The advantage of using closed conduit flow is that no fluid 

depth restrictions limit fluid velocity. Effort was put towards matching an idealized wave 

celerity by using high velocity closed conduit flow, and different methods of producing a 

high velocity fluid flow were investigated. Another consideration was to reproduce the 

behavior of a wave front moving forward with an atmospheric pressure. This aspect of 

wave behavior must be recreated by the WISD to produce realistic wave impact test 

conditions.  

A multitude of models were simulated in Flow-3D to determine an ideal design 

for a WISD capable of creating a near vertical wave section with the same velocity as a 

20 foot tsunami wave. Flow 3D models exploring vertical and horizontal pistons 

displacement mechanisms are presented, as well as designs using an air pressure to 

displace fluid. The designs are presented in chronological order of development. Table 7 

lists the designs presented and the key design element for each iteration. 
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Table 7: WISD Iterations and Key Design Elements 

WISD Design 

Iteration 
Displacement Method Key Design Element 

A Horizontal Piston Horizontal Piston System 

B Horizontal Piston Fluid Entrainment 

C Horizontal Piston Rotating Plate 

D Horizontal Piston Fillet Contraction 

E Horizontal Piston Horizontal Baffles 

E with Gates Horizontal Piston Vertical Gate System 

F Horizontal Piston Friction and Thin Plates 

G Vertical Piston 
Vertical Piston on Fluid Free 

Surface 

H Vertical Piston Compact Vertical Piston System 

I Air Pressure Air Pressure System 

J Air Pressure Air Pressure on Fluid Free Surface 

 

The WISD design iterations are all composed of three main sections: the fluid 

reservoir, the exit conduit, and the test pit. Figure 14 displays a cross-sectional view of 

Design A, with each region labeled. Each design was drawn in AutoCAD, and then 

exported as an STL file into Flow 3D as a solid component. The hatch pattern definitions 

for the dimension drawings are given in Table 8. 

 

 

Figure 14. Design A: WISD Sections and Components 
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Table 8. WISD Design Drawings: Hatch Legend 

Hatch  Definition 

 
Fluid Region 

  

 
Concrete Wall/Rigid Boundary 

  

 
Rigid Plate Or Gate 

 

Each simulation used the eight cells per foot grid size established in the optimum 

mesh size study for the wave impact simulations. A zero pressure boundary was specified 

as the z-maximum boundary for all simulations. All other boundary conditions are wall 

boundaries unless otherwise specified. 

Water at standard conditions was specified as an incompressible fluid with a free 

surface interface. The gravity and non-inertial reference frame physics model was used 

with the gravitational constant of 32.2 feet per second squared in the negative z-direction. 

The Renormalized Group model was used as the turbulence model to cover a wide range 

of turbulent flows. 

 

Horizontal Piston WISD Design 

A WISD design obstacle identified in the computer modeling of solitary waves 

was gravitational acceleration. Fluid was pulled towards the bottom of a wave profile as 

the waveform loses stability, creating an advanced fluid front at the base of the advancing 

wave section. This is illustrated by the orange fluid tongue shown in Figure 15. Although 

a small advance front or tongue is present in natural waves, the slope of the wave face 

produced by the WISD must be controlled to produce realistic wave sections for impact 
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testing. To counter this behavior, a shallow fluid basin was placed in the test pit directly 

in front of the exit conduit, with a depth of one foot, a width of 12 feet, and a length of 

ten feet. The intent was to slow the wave front by forcing the fluid tongue to entrain the 

still water and create a momentum transfer, slowing the advanced front to allow the wave 

section to catch up and entrain the fluid tongue. This feature is present is WISD designs 

A through D. Figures 16 and 17 show the standard test pit dimensions with the fluid 

basin. 

 

Figure 15. Fluid Tongue at Solitary Wave Base 
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Figure 16. Test Pit with Fluid Basin: Plan View (X-Y Plane) 

 

Figure 17. Test Pit with Fluid Basin: Side Elevation (X-Z Plane) 

 

The WISD designs A, B, and C use a vertical plate, like a piston, to push fluid out 

of a constant geometry conduit into the test pit, and served as instructional models to 

guide an effective future design. The exit conduit and fluid reservoir dimensions are 
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shown in Figures 18 and 19. The plate was modeled as a rigid moving component that 

moved at a constant velocity of 25.4 feet per second in the negative x-direction for a 

distance of 15 feet to match the target velocity of a 20 foot solitary wave. All solid 

components and walls were frictionless boundaries. A simulation finish time of 1 second 

was used. Figure 20 displays an isometric view of the simulation before fluid motion is 

initiated. 

 

 

Figure 18. Design A-C: Side Elevation (X-Z Plane) 
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Figure 19. Design A-C: Front Elevation (Y-Z Plane) 

 

 

Figure 20. Design A-C Isometric View 
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Design A 

As the vertical plate pushes the water from right to left into a test pit at a constant 

velocity of 25.4 feet per second, the effect of gravity was seen on the fluid profile. Figure 

21 shows the advancing wave front just prior to reaching the basin of water.  It was 

observed that the fluid rapidly loses the original vertical profile as the simulation was run. 

The fluid drops to the base of the conduit, and velocities up to 41.2 feet per second were 

produced at the base of the wave section. Because of this high velocity, the fluid basin 

cannot entrain the base of the sloped wave section, and the fluid skipped over the basin 

into the test pit.  

 

 

 

Figure 21. Design A Isometric View: Wave Section Profile 
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Design B 

In an effort to combat the effects of gravity on the fluid profile, a one foot depth 

of water was placed inside the conduit and test pit to immediately impede the advancing 

flow at the base of the wave section. It was thought that by impeding the fluid inside of 

the conduit, the high velocities at the base of the conduit could be dampened over a 

longer distance by the static fluid. All other conditions were unchanged from Design A. 

As shown in Figure 22, the one foot fluid depth eliminates the fluid tongue in front of the 

wave section, but induces wave breaking behavior at the mid-height of the conduit. 

Similar to natural wave breaking, fluid velocity was redirected up to the mid-height of the 

conduit where there was less flow resistance, and the velocity of the fluid at the mid-

height of the conduit exceeded the reduced velocity at the conduit base. Design B was 

deemed unsuitable for creating a near vertical wave section. 

 

 

Figure 22. Design B Isometric View: Wave Section Profile 
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Design C 

To create a more uniform wave section, fluid near the top of the conduit must be 

accelerated to match the fluid velocity at the bottom of the conduit. To achieve this, 

Design A was modified to introduce plate rotation, and was designated Design C. By 

rotating the plate counterclockwise while moving it horizontally, the fluid near the top of 

the conduit was accelerated in an attempt to match the fluid velocity at the base of the 

wave section.  The constant velocity of 25.4 feet per second in the negative x-direction 

was maintained, and an angular rotation of negative one radian per second about the y 

axis was specified. As shown by Figure 23, the wave section has a more vertical profile 

using this approach. However, larger fluid velocities were still present at the base of the 

wave section. Also, designing a displacement mechanism capable of such complex 

motion would add an additional level of difficulty for this project. 

 

Figure 23. Design C: Wave Section Profile 
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Design D 

An alternate method of accelerating fluid near the top of the conduit was explored 

for Design D. Design A was altered by adding a fillet at the top of the conduit to 

accelerate the fluid near the top via a conduit contraction, and the exit conduit was 

expanded to be ten feet wide and ten feet tall. The fillet had a radius of 2 feet, and Figures 

24 and 25 display the exit conduit and fluid reservoir dimensions for Design D. The Test 

pit dimensions were unchanged. Figure 26 shows this simulation at time zero. As the 

vertical plate pushed fluid a velocity of 25.4 feet per second, a near vertical wave face 

formed in the exit conduit, as seen in Figure 27. The tongue at the base of the wave was 

reduced, and a promising fluid profile was produced by this design. It was noted that the 

wave section velocity was higher than the target 25.4 feet per second. The fluid basin did 

not retain the fluid at the base of the wave section due to the excessive velocity of the 

wave section, but was deemed unnecessary due to the reduced fluid tongue produced by 

Design D. As a result, the fluid basin was removed for future designs. 
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Figure 24. Design D Side Elevation (X-Z Plane) 

 

 

Figure 25. Design D Front Elevation (Y-Z Plane) 
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Figure 26. Design D Isometric View 

 

 

Figure 27. Design D Isometric View: Wave Section Profile 
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Design E 

As a method of delaying the effect of gravity on the fluid profile, horizontal 

baffles were placed at one foot height intervals in the conduit exit in to modify Design D. 

The baffles were assigned zero porosity and are frictionless, acting as infinitely thin rigid 

and impermeable boundaries. Nine baffles, each ten feet wide and four feet long, were 

placed at one foot height intervals, dividing the ten foot high wave section into ten one 

foot sections. As a result, gravity could not pull water from the top of the conduit to the 

bottom inside the exit conduit. The baffles begin one foot away from the vertical fluid 

boundary at the fluid reservoir, and end one foot short of the conduit opening. This left 

space between the baffles and the fluid reservoir for a gate mechanism that was 

implemented in later designs, and provided a section where the separated flows rejoined 

and formed a cohesive wave section before entering the testing tank. Also, the fluid basin 

in the test pit was removed since the fluid tongue at the base of the wave section was 

reduced by Design D. Figures 28 and 29 display the baffle locations and dimensions in 

the conduit exit, and Figure 30 and 31 show the modified test pit dimensions. 
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Figure 28. Design E Elevation View (X-Z Plane) 

 

 

Figure 29. Design E Front Elevation (Y-Z Plane) 
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Figure 30. Test Pit - No Fluid Basin Plan View (X-Y Plane) 

 

 

Figure 31. Test Pit - No Fluid Basin Side Elevation (X-Z Plane) 
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The displacement plate velocity was adjusted to ensure a velocity of 25.4 feet per 

second was produced using flowrate continuity for the new fluid reservoir dimensions. 

Equation 6 was used to calculate the target velocity of the plate in the fluid reservoir. The 

fluid reservoir flowrate was calculated to be 21.66 feet per second, and was rounded up to 

22 feet per second to account for minor losses in the system. This velocity was assigned 

to the displacement plate in the negative x-direction. Figure 32 is a screen shot of the 

plate velocity in the x-direction over time. Appendix B can be referenced for velocity 

calculations. The simulation finish time was 0.5 seconds. 

 

 

Figure 32. Design E: Displacement Plate Velocity Table 

 

           

Equation 6: Flowrate Continuity Equation 

 

where    is a horizontal fluid velocity, and    is a flow area. 



53 

 

Figure 33 is an isometric view of Design E, and Figure 34 depicts the resulting 

wave section profile. It was noted a gate system must be implemented that supports the 

artificial vertical fluid boundary at time zero and opens rapidly to allow the fluid to enter 

the exit conduit. 

 

Figure 33. Design E Isometric View 

 

 

Figure 34. Design E Isometric View: Wave Section Profile 
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Design E with Gates 

A gate system was implemented to further evaluate Design E. The gate system 

consisted of ten identical plates that were ten feet tall, one foot wide, and three inches 

thick. The gates were positioned immediately next to the vertical fluid boundary of the 

fluid reservoir. A rotation was assigned to each gate plate about the z axis through the 

plate centroid. Each gate rotated with an average velocity of ±15.7 feet per second for a 

duration of 0.1 seconds, which resulted in a 90 degree rotation. All plates open away 

from the centerline of the conduit, as shown in Figure 35. Figure 36 displays the time 

table for the vertical gates. To allow time for the gates to open, the plate motion was 

delayed for 0.1 seconds, and the simulation finish time was extended to 1 second. 

 

 

Figure 35. Design E with Gate System: Isometric View 
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Figure 36. Design E with Gates: Gate Velocity Table 

 

Figures 37 and 38 display the gates in the system. In Figure 39, the WISD is 

depicted at time zero, while in Figure 40 the gates are shown opening to allow fluid to 

exit the reservoir.  Figure 41 shows the resulting wave section profile using this design. It 

was noted that friction effects must be added to the simulation to produce realistic results. 
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Figure 37. Design E with Gates Side Elevation (X-Z Plane) 

 

 

Figure 38. Design E with Gates Front Elevation (Y-Z Plane) 
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Figure 39. Design E with Gates Isometric View: Wave Section Profile 

 

 

Figure 40. Design E with Gates Isometric View: Gates Opening 
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Figure 41. Design E with Gates Isometric View: Wave Section Profile 

 

Design F 

Design E was altered to add friction to simulation components. The baffles were 

replaced with components assigned a surface roughness coefficient, which was also be 

assigned to all other components in the simulation. Thin plates, each one 1.5 inches 

(0.125 feet) thick, ten feet wide and four feet long, replaced the thin baffles. A surface 

roughness coefficient equivalent to concrete (0.013) was assumed and assigned to all 

solid components (Akan, 2006). Figures 42 and 43 show the thin plates in the exit 

conduit and their dimensions. 
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Figure 42. Design F Side Elevation (X-Z Plane) 

 

 

Figure 43. Design F Front Elevation (X-Z Plane) 
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By assigning a thickness to the horizontal plates, the flow area of the exit conduit 

was changed. To ensure flowrate continuity, the ten foot by twelve foot fluid reservoir 

velocity was adjusted. Equation 6 was used to calculate the target velocity of the 

displacement plate in the fluid reservoir. The required fluid reservoir flowrate was 

calculated to be 18.8 feet per second, and was rounded up to 20 feet per second to 

account for minor losses in the system and for simplicity. This velocity was assigned to 

the displacement plate in the negative x-direction. Appendix C can be referenced for 

velocity calculations, and a screen shot of the plate velocity in the x-direction over time is 

shown in Figure 44. 

 

 

Figure 44. Design F: Displacement Plate Velocity Table 
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Figure 45. Design F Isometric View 

 

The addition of friction dampened the fluid jets exiting the conduit seen in Figure 

41, and Design F produced the more unified wave section seen in Figure 46. The wave 

section was nearly vertical, and had a velocity profile very close to the target velocity of 

25.4 feet per second. 

 

 

Figure 46. Design F Isometric View: Wave Section Profile 
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Vertical Piston WISD Design 

The concepts developed in previous WISD designs were carried over to Designs 

G and H. The fluid reservoir regions of each design were modified to specify fluid 

displacement using vertical plate motion instead of horizontal motion.   

 

Design G 

Figure 47 depicts Design G, which used horizontal plate motion to displace fluid. 

The displacement plate pushed fluid down into a curving tube at a rate of 15 feet per 

second over a distance of 10 feet in the negative z-direction. By using vertical 

displacement, no static pressure acted on the plate due to fluid depth, making it easier to 

initialize plate motion. The vertical gate system and exit conduit design from the Design 

E were used, and the concrete roughness coefficient of 0.013 was assigned to all 

simulation components. A simulation finish time of 1 second was used. 

 

 

Figure 47. Design G Isometric View 
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Figures 48 and 49 show the dimensions of the fluid reservoir and exit conduit 

used in Design G. The modified test pit dimensions are shown in Figures 50 and 51. 

 

 

Figure 48. Design G Side Elevation (X-Z Plane) 
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Figure 49. Design G Front Elevation (Y-Z Plane) 

 

 

Figure 50. Design G Modified Test Pit Plan View (X-Y Plane) 
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Figure 51. Design G Modified Test Pit Elevation View (X-Z Plane) 

 

Figure 52 shows the resulting wave section and the velocity profile. It can be seen 

that the wave section became less vertical. This was due to pressure differences between 

the top and bottom of the fluid reservoir tube and fluid accelerations as the fluid was 

redirected through the reservoir. As the fluid was pushed out of the tube, pressure 

differences created additional fluid velocity at the bottom of the conduit as the fluid 

exited. This approach was not well suited to create the near vertical wave section due to 

the non-uniform velocity profile it creates.  
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Figure 52. Design G Isometric View: Wave Section Profile 

 

Design H 

Next, a more compact vertical piston design was attempted to reduce flow 

redirections and to reduce the time for a non-uniform velocity profile to develop. The 

velocity constraints for the displacement plate used in Design I were applied to Design H. 

Figure 53 shows the dimensions of Design G. The same exit conduit design from Design 

F was used, and the test pit dimensions were not modified. A simulation finish time of 1 

second was used. 
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Figure 53. Design H Elevation View (X-Z Plane) 

 

Figure 54 exhibits the plunger tank design at time equal to zero. Figure 55 shows 

the resulting wave section using the plunger tank design. It was determined that a more 

vertical wave section profile was obtained, but the flows did not form a unified wave 

section near the top of the conduit exit. The rapid redirection of fluid in the fluid reservoir 

created a non-uniform fluid velocity profile and a non-cohesive wave section. This 

approach did not achieve the design goals of the project.  
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Figure 54. Design H Isometric View 

 

 

Figure 55. Design H Isometric View: Wave Section Profile 
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Air Pressure WISD Design  

The concepts developed in previous WISD designs were adapted to specify fluid 

displacement using air pressure instead of plate motion for Designs I and J.   

 

Design I 

To investigate air pressure fluid displacement, the conduit geometry reverted to a 

constant rectangular profile, and the horizontal plates were extended to the back of the 

fluid reservoir, dividing the reservoir into ten discrete channels. Additionally, the 1.5 inch 

thick gate components were modified to rotate horizontally, with an independent gate for 

each flow channel. The plates were assigned a peak velocity of -15.7 feet per second over 

a duration of 0.2 seconds, resulting in a 90 degree rotation about the y-axis. The rotation 

reference point of each gate was about its own base at the centerline of the exit conduit. 

Figure 56 displays the time table for the horizontal gates. It was specified that the moving 

gates overlapped with the solid plates to create a smooth, continuous channel boundary. 

Figures 57 and 58 show the dimensions of Design I with the new horizontal gate system. 
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Figure 56. Design I: Gate Velocity Table 

 

 

Figure 57. Design I Side Elevation (X-Z Plane) 
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Figure 58. Design I Front Elevation (Y-Z Plane) 

 

A variable pressure boundary with a peak of 4.34 psi was specified at the back of 

the conduit to act as the motive force. This value was calculated using the Bernoulli 

equation by solving for the pressure head equivalent to the velocity headed associated 

with the target wave speed of 25.4 feet per second. Equation 7 displays the Bernoulli 

equation. 

  

 
      

  
 

  
  

  

 
      

  
 

  
  

Equation 7: Bernoulli Equation  

 

where    is a pressure, γ is the unit weight of water,    is a fluid elevation,    is a 

horizontal fluid velocity, and   is gravitational acceleration.  
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Equation 7 was simplified assuming elevation remains constant, and that the fluid 

velocity head was produced only by a pressure head. The simplified form of the Bernoulli 

equation used in the calculation is given by Equation 8. Appendix D provides the 

pressure calculations. Figure 59 displays the pressure boundary time table, and the 

pressure is displayed in pounds per square foot. 

 

  

 
  

  
 

  
  

Equation 8: Simplified Bernoulli Equation  

 

 

Figure 59. Design I: Pressure Boundary Table 

 

In order to activate the time dependent pressure boundary, a simulation control 

event was specified. A fixed history probe was placed in the simulation domain at 

coordinates shown in Table 9. It was specified that once the history probe location was 
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identified to be at z = 13.9 feet at time zero, the time dependent pressure boundary table 

activates. The history probe location is shown by the green dot in Figure 60.   

 

Table 9. History Probe Coordinates in Design I Simulation 

 X-Axis Y-Axis Z-Axis 

Location (ft) 20.0 1.5 13.9 

 

 

 

Figure 60. Design I: History Probe 

 

Running the simulation, the horizontal gates rotated to rest flush with the 

horizontal plates. Then the pressure boundary accelerated the fluid, and the fluid entered 

the test pit, forming a near-vertical wave section. The wave section had a velocity profile 

near the target of 25.4 feet per second, and wave front moved forward with an 

atmospheric pressure. The simulation finish time was increased to 1.5 seconds to better 

observe the resulting wave section behavior. 

History Probe 
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Figure 61 displays Design J at time zero, Figure 62 shows the horizontal gates 

opening, and Figure 63 shows the resulting wave section velocity profile. The wave 

section was cohesive, vertical, and had a velocity profile very close to the target velocity 

of 25.4 feet per second. 

 

 

Figure 61. Design I Isometric View 

 

 

Figure 62. Design I Isometric View: Gates Opening 
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Figure 63. Design I isometric View: Wave Section Profile 

 

Grid Convergence Test for Air Pressure WISD Design 

A grid convergence test was run on a modified Design I to ensure the appropriate 

mesh size was being used in Flow-3D simulations. The modifications were the removal 

of the gates in the simulation and the use of a constant pressure boundary to displace the 

fluid in the channels. This was done to reduce computational time. A history probe was 

placed in the WISD simulation in the bottom fluid channel, and is indicated by the green 

sphere in Figure 64. The history probe recorded the fluid velocity at its location over 

time. The probe was located immediately behind the center of the removed horizontal 

gates. This location was chosen such that the maximum number data points possible were 

recorded as the fluid traveled through the bottom channel. The probe coordinates are 

listed in Table 10. 
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Figure 64. Modified Design I Grid Convergence: History Probe 

 

Table 10. History Probe Coordinates in Modified Design I Simulation 

 X-Axis Y-Axis Z-Axis 

Location (ft) 27.2 7 2.5 

 

The percent difference in the maximum velocity magnitudes recorded for each 

mesh size were used as the convergence criteria. The results of the simulation runs are 

presented in Tables 11 and 12. The simulation time of the peak velocity varied very little, 

and the oscillation of the maximum velocity value as the mesh was refined was attributed 

to the use of the law-of-the-wall velocity profile in Flow 3D boundary layer fluid velocity 

calculations (FLOW-3D user manual, 2017). It was concluded that the mesh size of eight 

cells per foot remained satisfactory. 

History Probe 
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Table 11. Modified Design I Grid Convergence: Maximum Velocity Values 

Mesh Maximum Velocity 

Magnitude (ft/s) 

Simulation Time of Maximum 

Velocity (seconds) 

4 cells/ft 24.8259 0.6424 

6 cells/ft 25.2384 0.6360 

8 cells/ft 25.0962 0.6394 

10 cells/ft 24.4448 0.6380 

12 cells/ft 24.3352 0.6041 

14 cells/ft 25.4243 0.6209 

 

Table 12. Modified Design I Grid Convergence: Fluid Velocity Percent Difference at 

Fluid Pointer 

Mesh        

14 

cells/ft 

-2.41 -0.74 -1.31 -4.01 4.48 -  

        

12 

cells/ft 

1.98 3.58 3.03 0.45 - 4.28  

        

10 

cells/ft 

1.53 3.14 2.60 - -0.45 3.85  

        

8 cells/ft -1.09 0.56 - -2.66 -3.13 1.29  

        

6 cells/ft -0.17 - -0.57 -3.25 -3.71 0.73  

        

4 cells/ft - 1.63 1.08 -1.56 -2.02 2.35  

 4 cells/ft 6 cells/ft 8 cells/ft 10 

cells/ft 

12 

cells/ft 

14 

cells/ft 
Mesh 

 

Design J 

To improve upon Design I, plates angled at 45 degrees extended the channel, 

creating a void above each fluid channel at the pressure boundary. By doing this, the air 

pressure acted on the free surface of the fluid, circumventing the static pressure from 

fluid depth in the previous design. This concept was taken from Designs G and H. The 
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pressure boundary conditions were slightly modified to increase the peak pressure 

duration. The modified pressure boundary table for Design J is shown in Figure 65. 

 

 

Figure 65. Design J: Pressure Boundary Table 

 

Figure 66 illustrates the dimensions of Design J. The exit conduit, gate system, 

and test pit were unchanged from Design I, and the simulation finish time remained 1.5 

seconds. 
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Figure 66. Design J Elevation View (X-Z Plane) 

 

Figure 67 shows the isometric view of Design J, and Figure 68 displays the 

resulting wave section of the simulation. The wave section was cohesive, near-vertical, 

and had a velocity profile very close to the target velocity of 25.4 feet per second. 

 

 

Figure 67. Design J Isometric View  
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Figure 68. Design J Isometric View: Wave Section  

 

WISD Results 

To meet the CFEL testing goals of producing a near vertical wave section capable 

of simulating the impact of wave heights up to 20 feet, Designs F and J were the most 

promising for a plate driven and an air pressure driven option, respectively. Additional 

work is needed to evaluate the most effective design through prototype testing, and to 

determine the practical option to provide wave impact testing capability for CFEL.  

An advantage of the air pressure design is the separation of the fluid depth into 

discrete channels. By doing this, various flow depths can easily be produced for impact 

tests. For flow depths less than ten feet, the appropriate channels can be filled and 

operated. For flow depths greater than ten feet, differences in air pressure in the discrete 

channels can be used to adjust the slope of the wave section and produce a desired flow 
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pattern. For this reason, Design J is proposed as the most viable option for validation and 

further study. Design J also produced the most cohesive, vertical wave section. 

 

Conclusions and Future Work 

In summary, WISD designs were developed to provide wave impact testing 

capability for CFEL. Flow 3D was used to model tsunami wave behavior using solitary 

wave assumptions. The variability of impact force values in the solitary wave simulations 

prompted the use of idealized wave equations to determine non-breaking tsunami wave 

velocities. To investigate breaking wave velocities and inundation flows, additional 

research is required. Scenario specific studies must be performed to identify fluid impact 

conditions of interest. The impact conditions, such as fluid velocity and depth, can then 

be replicated using the WISD.  

Nonbreaking shallow water wave velocities were used to determine the fluid 

velocities to be produced by the WISD. Using this specification provides a wide range of 

testing capability for wave impact tests and for other fluid impacts with similar velocities. 

The maximum horizontal fluid velocity for a 20 foot tsunami wave, 25.4 feet per second, 

was the criteria used to meet CFEL testing requirements. 

Design J is proposed as the most viable WISD option for validation and further 

study. The final dimensions of the WISD will depend on the final gate system design and 

the rate of fluid acceleration that can be achieved by the displacement mechanism. If the 

fluid is accelerated gradually, a longer exit conduit length will be required than those 

assumed in Flow 3D simulations. The assumed fluid reservoir dimensions may also be 

altered depending on the fluid volume required for CFEL tests. 
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Future work includes the testing necessary to ensure the validity of the WISD 

designs. Scaled testing of prototypes will help identify potential design flaws or 

unidentified design obstacles, and provide proof of design concepts. Once a WISD design 

is finalized, idealized wave impact tests can be performed using a full scale WISD. Flows 

other than those governed by idealized wave behavior can also be studied for WISD 

applications.  

Impact tests performed with the WISD will be used to test components for the 

CFEL program and produce fragility data. The data collected will be used to develop 

probabilistic risk assessment models for nuclear power plant non-containment 

components and facilities.  
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Appendix A: Artificial Wave Generation References 
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Appendix B: Design E Calculations 

Equation 6: Flowrate Continuity Equation 

           

Where:      Displacement Plate Velocity  

      Plate Area =                         

      Wave Section Velocity =           
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Appendix C: Design F Calculations 

Equation 6: Flowrate Continuity Equation 

           

Where:      Displacement Plate Velocity  

      Plate Area =                         

      Wave Section Velocity =           

      Exit Conduit Area = (             )   (                ) 
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Appendix D: Design I Calculations 

Equation 8: Simplified Bernoulli Equation 

  

 
  

  
 

  
  

 

Where:      Air Pressure  

     Unit Weight of Water =             

      Wave Section Velocity =           

     Gravitational Acceleration =            
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Appendix E: Design F Flow-3D Input Text File 

Title  
  This is a sample input file 

 

 &xput 

    remark='!! Remarks beginning with "!! " are automatically added and removed by FLOW-3D.', 

    remark='!! Do not begin any user added remarks with with "!! ". They will be removed', 

    twfin=1, 

    itb=1, 

    ifvisc=1, 

    ifvis=4, 

    imobs=1, 

    imphtc=0, 

    ifdynconv=1, 

    omega=0.5, 

    gz=-32.2, 

    idpth=1, 

    iorder=1, 

    tedit(1)=0, 

    tpltd(1)=0.0833, 

    thpltd(1)=0.001, 

    tapltd(1)=0.0166, 

 / 

 

 &limits 

    itmax=250, 

    itdtmx=20, 

    itflmx=50, 

    eps=0.005, 

    vfclean=0.001, 

 / 

 

 &props 

    units='eng', 

    tunits='f', 

    pcav=0, 

    mu1=2.0885434e-05, 

    cangle=-90, 

    fluid1='Water at 20 C', 

    muc1=0, 

    muctst=0.001, 

    mutmp2=32, 

    cv1=25008.1722282, 

    tl1=32.18, 

    ts1=32, 

    clht1=3.607240805e+06, 

    cvs1=12557.90571, 

    thcs1=0.2766994834, 

    rhofs=1.7792737151, 

    tsdrg=1, 

    fscr=1, 

    fsco=0, 

    rhof=1.9403203, 
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    sigma=0.005002088918, 

    yieldt1=0, 

    mus=0, 

    thc1=0.07457769372, 

    yield1=-0.020885434, 

 / 

 

 &scalar 

    asqr=0, 

    pgasmp=0, 

 / 

 

 &PCAP 

 / 

 

 &BCDATA 

    remark='!! Boundary condition X Min', 

    ibct(1)=2, 

 

    remark='!! Boundary condition X Max', 

    ibct(2)=5, 

    pbct(1, 2)=100, 

    fbct(1, 2)=0, 

 

    remark='!! Boundary condition Y Min', 

    ibct(3)=2, 

 

    remark='!! Boundary condition Y Max', 

    ibct(4)=2, 

 

    remark='!! Boundary condition Z Min', 

    ibct(5)=2, 

 

    remark='!! Boundary condition Z Max', 

    ibct(6)=5, 

    pbct(1, 6)=0, 

    fbct(1, 6)=0, 

 

    remark='!! Boundary condition common parameters', 

    timbct(1)=0, 

 / 

 

 &MESH 

    nxcelt=296, 

    px(1)=1, 

    px(2)=38, 

 

    nycelt=96, 

    py(1)=1, 

    py(2)=13, 

 

    nzcelt=104, 

    pz(1)=1, 

    pz(2)=14, 

 / 
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 &obs 

    nobs=13, 

 

    remark='!! Component 1', 

    obsid(1)='STL', 

 

    remark='!! Subcomponent 1', 

    iob(1)=1, 

    subcmpid(1)='WT and Channel', 

    igen(1)=3, 

    fstl(1)='../../../../../Desktop/WT for CFEL fillet at top 10x10 5 ft conduit Fillet in 10x12x10 Tank.stl', 

 

    remark='!! Component 1 properties', 

    rough(1)=0.013, 

 

    remark='!! Component 2', 

    obsid(2)='Plate', 

 

    remark='!! Subcomponent 2', 

    iob(2)=2, 

    subcmpid(2)='Plate', 

    xl(2)=37, 

    xh(2)=38, 

    yl(2)=1, 

    yh(2)=13, 

    zl(2)=1, 

    zh(2)=14, 

 

    remark='!! Component 2 properties', 

    imo(2)=3, 

    ifrco(2)=1, 

    rough(2)=0.013, 

    dxmcmin(2)=-8, 

    dymcmin(2)=0, 

    dzmcmin(2)=0, 

    dxmcmax(2)=0, 

    dymcmax(2)=0, 

    dzmcmax(2)=0, 

    rhomvb(2)=2.5, 

    tjmvb(2, 2, 1)=0, 

    tjmvb(2, 3, 1)=0, 

    tjmvb(2, 3, 2)=0, 

    iomxcal(2)=0, 

    iomycal(2)=0, 

    iomzcal(2)=0, 

    igf(2)=0, 

    omxtobs(1, 2)=0, 

    omxtobs(9, 2)=0, 

    omytobs(1, 2)=0, 

    omytobs(9, 2)=0, 

    omztobs(1, 2)=0, 

    omztobs(9, 2)=0, 

    utobs(1, 2)=0, 

    utobs(2, 2)=0, 

    utobs(3, 2)=-5, 

    utobs(4, 2)=-15, 
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    utobs(5, 2)=-20, 

    utobs(6, 2)=-20, 

    vtobs(1, 2)=0, 

    wtobs(1, 2)=0, 

    fxtobs(1, 2)=-1.21e+05, 

    fxtobs(5, 2)=-1.21e+05, 

    fxtobs(7, 2)=0, 

    fxtobs(9, 2)=0, 

    ifobpq2(2)=1, 

 

    remark='!! Component 3', 

    obsid(3)='Gate', 

    ifCompEnabled(3)=1, 

 

    remark='!! Subcomponent 3', 

    iob(3)=3, 

    igen(3)=3, 

    fstl(3)='../../../../../Desktop/gate flap 3 in.stl', 

    trnx(3)=26.75, 

    trny(3)=11, 

    trnz(3)=1.5, 

 

    remark='!! Component 3 properties', 

    imo(3)=3, 

    rough(3)=0.013, 

    dxmcmin(3)=0, 

    dymcmin(3)=0, 

    dzmcmin(3)=0, 

    dxmcmax(3)=0, 

    dymcmax(3)=0, 

    dzmcmax(3)=0, 

    rhomvb(3)=2.5, 

    tjmvb(3, 2, 1)=0, 

    tjmvb(3, 3, 1)=0, 

    tjmvb(3, 3, 2)=0, 

    iumcal(3)=0, 

    ivmcal(3)=0, 

    iwmcal(3)=0, 

    iomxcal(3)=0, 

    iomycal(3)=0, 

    iomzcal(3)=0, 

    xref0(3)=26.875, 

    yref0(3)=11.5, 

    zref0(3)=7, 

    omxtobs(1, 3)=0, 

    omytobs(1, 3)=0, 

    omztobs(1, 3)=-31.416, 

    omztobs(2, 3)=0, 

    omztobs(8, 3)=0, 

    utobs(1, 3)=0, 

    vtobs(1, 3)=0, 

    wtobs(1, 3)=0, 

 

    remark='!! Component 4', 

    obsid(4)='Gate 2', 
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    remark='!! Subcomponent 4', 

    iob(4)=4, 

    igen(4)=3, 

    fstl(4)='../../../../../Desktop/gate flap 3 in.stl', 

    trnx(4)=26.75, 

    trny(4)=10, 

    trnz(4)=1.5, 

 

    remark='!! Component 4 properties', 

    imo(4)=3, 

    rough(4)=0.013, 

    dxmcmin(4)=0, 

    dymcmin(4)=0, 

    dzmcmin(4)=0, 

    dxmcmax(4)=0, 

    dymcmax(4)=0, 

    dzmcmax(4)=0, 

    rhomvb(4)=2.5, 

    tjmvb(4, 2, 1)=0, 

    tjmvb(4, 3, 1)=0, 

    tjmvb(4, 3, 2)=0, 

    xref0(4)=26.875, 

    yref0(4)=10.5, 

    zref0(4)=7, 

    omxtobs(1, 4)=0, 

    omytobs(1, 4)=0, 

    omztobs(1, 4)=-31.416, 

    omztobs(2, 4)=0, 

    omztobs(6, 4)=0, 

    utobs(1, 4)=0, 

    vtobs(1, 4)=0, 

    wtobs(1, 4)=0, 

 

    remark='!! Component 5', 

    obsid(5)='Gate 3', 

 

    remark='!! Subcomponent 5', 

    iob(5)=5, 

    igen(5)=3, 

    fstl(5)='../../../../../Desktop/gate flap 3 in.stl', 

    trnx(5)=26.75, 

    trny(5)=9, 

    trnz(5)=1.5, 

 

    remark='!! Component 5 properties', 

    imo(5)=3, 

    rough(5)=0.013, 

    dxmcmin(5)=0, 

    dymcmin(5)=0, 

    dzmcmin(5)=0, 

    dxmcmax(5)=0, 

    dymcmax(5)=0, 

    dzmcmax(5)=0, 

    rhomvb(5)=2.5, 

    tjmvb(5, 2, 1)=0, 

    tjmvb(5, 3, 1)=0, 
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    tjmvb(5, 3, 2)=0, 

    xref0(5)=26.875, 

    yref0(5)=9.5, 

    zref0(5)=7, 

    omxtobs(1, 5)=0, 

    omytobs(1, 5)=0, 

    omztobs(1, 5)=-31.416, 

    omztobs(2, 5)=0, 

    omztobs(6, 5)=0, 

    utobs(1, 5)=0, 

    vtobs(1, 5)=0, 

    wtobs(1, 5)=0, 

 

    remark='!! Component 6', 

    obsid(6)='Gate 4', 

 

    remark='!! Subcomponent 6', 

    iob(6)=6, 

    igen(6)=3, 

    fstl(6)='../../../../../Desktop/gate flap 3 in.stl', 

    trnx(6)=26.75, 

    trny(6)=8, 

    trnz(6)=1.5, 

 

    remark='!! Component 6 properties', 

    imo(6)=3, 

    rough(6)=0.013, 

    dxmcmin(6)=0, 

    dymcmin(6)=0, 

    dzmcmin(6)=0, 

    dxmcmax(6)=0, 

    dymcmax(6)=0, 

    dzmcmax(6)=0, 

    rhomvb(6)=2.5, 

    tjmvb(6, 2, 1)=0, 

    tjmvb(6, 3, 1)=0, 

    tjmvb(6, 3, 2)=0, 

    xref0(6)=26.875, 

    yref0(6)=8.5, 

    zref0(6)=7, 

    omxtobs(1, 6)=0, 

    omytobs(1, 6)=0, 

    omztobs(1, 6)=-31.416, 

    omztobs(2, 6)=0, 

    omztobs(6, 6)=0, 

    utobs(1, 6)=0, 

    vtobs(1, 6)=0, 

    wtobs(1, 6)=0, 

 

    remark='!! Component 7', 

    obsid(7)='Gate 5', 

 

    remark='!! Subcomponent 7', 

    iob(7)=7, 

    igen(7)=3, 

    fstl(7)='../../../../../Desktop/gate flap 3 in.stl', 
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    trnx(7)=26.75, 

    trny(7)=7, 

    trnz(7)=1.5, 

 

    remark='!! Component 7 properties', 

    imo(7)=3, 

    rough(7)=0.013, 

    dxmcmin(7)=0, 

    dymcmin(7)=0, 

    dzmcmin(7)=0, 

    dxmcmax(7)=0, 

    dymcmax(7)=0, 

    dzmcmax(7)=0, 

    rhomvb(7)=2.5, 

    tjmvb(7, 2, 1)=0, 

    tjmvb(7, 3, 1)=0, 

    tjmvb(7, 3, 2)=0, 

    xref0(7)=26.875, 

    yref0(7)=7.5, 

    zref0(7)=7, 

    omxtobs(1, 7)=0, 

    omytobs(1, 7)=0, 

    omztobs(1, 7)=-31.416, 

    omztobs(2, 7)=0, 

    omztobs(6, 7)=0, 

    utobs(1, 7)=0, 

    vtobs(1, 7)=0, 

    wtobs(1, 7)=0, 

 

    remark='!! Component 8', 

    obsid(8)='Gate 6', 

 

    remark='!! Subcomponent 8', 

    iob(8)=8, 

    igen(8)=3, 

    fstl(8)='../../../../../Desktop/gate flap 3 in.stl', 

    trnx(8)=26.75, 

    trny(8)=6, 

    trnz(8)=1.5, 

 

    remark='!! Component 8 properties', 

    imo(8)=3, 

    rough(8)=0.013, 

    dxmcmin(8)=0, 

    dymcmin(8)=0, 

    dzmcmin(8)=0, 

    dxmcmax(8)=0, 

    dymcmax(8)=0, 

    dzmcmax(8)=0, 

    rhomvb(8)=2.5, 

    tjmvb(8, 2, 1)=0, 

    tjmvb(8, 3, 1)=0, 

    tjmvb(8, 3, 2)=0, 

    xref0(8)=26.875, 

    yref0(8)=6.5, 

    zref0(8)=7, 
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    omxtobs(1, 8)=0, 

    omytobs(1, 8)=0, 

    omztobs(1, 8)=31.416, 

    omztobs(2, 8)=0, 

    omztobs(6, 8)=0, 

    utobs(1, 8)=0, 

    vtobs(1, 8)=0, 

    wtobs(1, 8)=0, 

 

    remark='!! Component 9', 

    obsid(9)='Gate 7', 

 

    remark='!! Subcomponent 9', 

    iob(9)=9, 

    igen(9)=3, 

    fstl(9)='../../../../../Desktop/gate flap 3 in.stl', 

    trnx(9)=26.75, 

    trny(9)=5, 

    trnz(9)=1.5, 

 

    remark='!! Component 9 properties', 

    imo(9)=3, 

    rough(9)=0.013, 

    dxmcmin(9)=0, 

    dymcmin(9)=0, 

    dzmcmin(9)=0, 

    dxmcmax(9)=0, 

    dymcmax(9)=0, 

    dzmcmax(9)=0, 

    rhomvb(9)=2.5, 

    tjmvb(9, 2, 1)=0, 

    tjmvb(9, 3, 1)=0, 

    tjmvb(9, 3, 2)=0, 

    xref0(9)=26.875, 

    yref0(9)=5.5, 

    zref0(9)=7, 

    omxtobs(1, 9)=0, 

    omytobs(1, 9)=0, 

    omztobs(1, 9)=31.416, 

    omztobs(2, 9)=0, 

    omztobs(6, 9)=0, 

    utobs(1, 9)=0, 

    vtobs(1, 9)=0, 

    wtobs(1, 9)=0, 

 

    remark='!! Component 10', 

    obsid(10)='Gate 8', 

 

    remark='!! Subcomponent 10', 

    iob(10)=10, 

    igen(10)=3, 

    fstl(10)='../../../../../Desktop/gate flap 3 in.stl', 

    trnx(10)=26.75, 

    trny(10)=4, 

    trnz(10)=1.5, 
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    remark='!! Component 10 properties', 

    imo(10)=3, 

    rough(10)=0.013, 

    dxmcmin(10)=0, 

    dymcmin(10)=0, 

    dzmcmin(10)=0, 

    dxmcmax(10)=0, 

    dymcmax(10)=0, 

    dzmcmax(10)=0, 

    rhomvb(10)=2.5, 

    tjmvb(10, 2, 1)=0, 

    tjmvb(10, 3, 1)=0, 

    tjmvb(10, 3, 2)=0, 

    xref0(10)=26.875, 

    yref0(10)=4.5, 

    zref0(10)=7, 

    omxtobs(1, 10)=0, 

    omytobs(1, 10)=0, 

    omztobs(1, 10)=31.416, 

    omztobs(2, 10)=0, 

    omztobs(6, 10)=0, 

    utobs(1, 10)=0, 

    vtobs(1, 10)=0, 

    wtobs(1, 10)=0, 

 

    remark='!! Component 11', 

    obsid(11)='Gate 9', 

 

    remark='!! Subcomponent 11', 

    iob(11)=11, 

    igen(11)=3, 

    fstl(11)='../../../../../Desktop/gate flap 3 in.stl', 

    trnx(11)=26.75, 

    trny(11)=3, 

    trnz(11)=1.5, 

 

    remark='!! Component 11 properties', 

    imo(11)=3, 

    rough(11)=0.013, 

    dxmcmin(11)=0, 

    dymcmin(11)=0, 

    dzmcmin(11)=0, 

    dxmcmax(11)=0, 

    dymcmax(11)=0, 

    dzmcmax(11)=0, 

    rhomvb(11)=2.5, 

    tjmvb(11, 2, 1)=0, 

    tjmvb(11, 3, 1)=0, 

    tjmvb(11, 3, 2)=0, 

    xref0(11)=26.875, 

    yref0(11)=3.5, 

    zref0(11)=7, 

    omxtobs(1, 11)=0, 

    omytobs(1, 11)=0, 

    omztobs(1, 11)=31.416, 

    omztobs(2, 11)=0, 



105 

 

    omztobs(6, 11)=0, 

    utobs(1, 11)=0, 

    vtobs(1, 11)=0, 

    wtobs(1, 11)=0, 

 

    remark='!! Component 12', 

    obsid(12)='Gate 10', 

 

    remark='!! Subcomponent 12', 

    iob(12)=12, 

    igen(12)=3, 

    fstl(12)='../../../../../Desktop/gate flap 3 in.stl', 

    trnx(12)=26.75, 

    trny(12)=2, 

    trnz(12)=1.5, 

 

    remark='!! Component 12 properties', 

    imo(12)=3, 

    rough(12)=0.013, 

    dxmcmin(12)=0, 

    dymcmin(12)=0, 

    dzmcmin(12)=0, 

    dxmcmax(12)=0, 

    dymcmax(12)=0, 

    dzmcmax(12)=0, 

    rhomvb(12)=2.5, 

    tjmvb(12, 2, 1)=0, 

    tjmvb(12, 3, 1)=0, 

    tjmvb(12, 3, 2)=0, 

    xref0(12)=26.875, 

    yref0(12)=2.5, 

    zref0(12)=7, 

    omxtobs(1, 12)=0, 

    omytobs(1, 12)=0, 

    omztobs(1, 12)=31.416, 

    omztobs(2, 12)=0, 

    omztobs(6, 12)=0, 

    utobs(1, 12)=0, 

    vtobs(1, 12)=0, 

    wtobs(1, 12)=0, 

 

    remark='!! Component 13', 

    obsid(13)='Conduit Plates', 

 

    remark='!! Subcomponent 13', 

    iob(13)=13, 

    subcmpid(13)='Plate 1', 

    igen(13)=3, 

    fstl(13)='../../../../../Desktop/1.5 in thick plate - 4 feet long.stl', 

    trnx(13)=22, 

    trny(13)=1.5, 

    trnz(13)=2.9375, 

 

    remark='!! Subcomponent 14', 

    iob(14)=13, 

    subcmpid(14)='Plate 2', 
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    igen(14)=3, 

    fstl(14)='../../../../../Desktop/1.5 in thick plate - 4 feet long.stl', 

    trnx(14)=22, 

    trny(14)=1.5, 

    trnz(14)=3.9375, 

 

    remark='!! Subcomponent 15', 

    iob(15)=13, 

    subcmpid(15)='Plate 3', 

    igen(15)=3, 

    fstl(15)='../../../../../Desktop/1.5 in thick plate - 4 feet long.stl', 

    trnx(15)=22, 

    trny(15)=1.5, 

    trnz(15)=4.9375, 

 

    remark='!! Subcomponent 16', 

    iob(16)=13, 

    subcmpid(16)='Plate 4', 

    igen(16)=3, 

    fstl(16)='../../../../../Desktop/1.5 in thick plate - 4 feet long.stl', 

    trnx(16)=22, 

    trny(16)=1.5, 

    trnz(16)=5.9375, 

 

    remark='!! Subcomponent 17', 

    iob(17)=13, 

    subcmpid(17)='Plate 5', 

    igen(17)=3, 

    fstl(17)='../../../../../Desktop/1.5 in thick plate - 4 feet long.stl', 

    trnx(17)=22, 

    trny(17)=1.5, 

    trnz(17)=6.9375, 

 

    remark='!! Subcomponent 18', 

    iob(18)=13, 

    subcmpid(18)='Plate 6', 

    igen(18)=3, 

    fstl(18)='../../../../../Desktop/1.5 in thick plate - 4 feet long.stl', 

    trnx(18)=22, 

    trny(18)=1.5, 

    trnz(18)=7.9375, 

 

    remark='!! Subcomponent 19', 

    iob(19)=13, 

    subcmpid(19)='Plate 7', 

    igen(19)=3, 

    fstl(19)='../../../../../Desktop/1.5 in thick plate - 4 feet long.stl', 

    trnx(19)=22, 

    trny(19)=1.5, 

    trnz(19)=8.9375, 

 

    remark='!! Subcomponent 20', 

    iob(20)=13, 

    subcmpid(20)='Plate 8', 

    igen(20)=3, 

    fstl(20)='../../../../../Desktop/1.5 in thick plate - 4 feet long.stl', 
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    trnx(20)=22, 

    trny(20)=1.5, 

    trnz(20)=9.9375, 

 

    remark='!! Subcomponent 21', 

    iob(21)=13, 

    subcmpid(21)='Plate 9', 

    igen(21)=3, 

    fstl(21)='../../../../../Desktop/1.5 in thick plate - 4 feet long.stl', 

    trnx(21)=22, 

    trny(21)=1.5, 

    trnz(21)=10.9375, 

 

    remark='!! Component 13 properties', 

    rough(13)=0.013, 

 

    remark='!! Component common parameters', 

    tobs(1)=0, 

    tobs(2)=0.1, 

    tobs(3)=0.2, 

    tobs(4)=0.3, 

    tobs(5)=0.4, 

    tobs(6)=0.5, 

    tobs(7)=0.6, 

    tobs(8)=1, 

    tobs(9)=5, 

    avrck=-3.1, 

 / 

 

 &fl 

    nfls=2, 

 

    remark='!! FluidRegion 1', 

    fxl(1)=27, 

    fxh(1)=37, 

    fyl(1)=2, 

    fyh(1)=12, 

    fzl(1)=2, 

    fzh(1)=14, 

 

    remark='!! FluidRegion 2', 

    fxl(2)=11, 

    fxh(2)=21, 

    fzl(2)=1, 

    fzh(2)=2, 

    if_flreg_enabled(2)=0, 

 

    remark='!! Region Pointer common parameters', 

    iflinittyp=0, 

 / 

 

 &bf 

    nbafs=10, 

 

    remark='!! Baffle 1', 

    if_baffle_enabled(1)=0, 
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    ibaf(1)=1, 

    bz(1)=4, 

    bxl(1)=22, 

    bxh(1)=26, 

 

    remark='!! Baffle 2', 

    if_baffle_enabled(2)=0, 

    ibaf(2)=2, 

    bz(2)=6, 

    bxl(2)=22, 

    bxh(2)=26, 

 

    remark='!! Baffle 3', 

    if_baffle_enabled(3)=0, 

    ibaf(3)=3, 

    bz(3)=8, 

    bxl(3)=22, 

    bxh(3)=26, 

 

    remark='!! Baffle 4', 

    if_baffle_enabled(4)=0, 

    ibaf(4)=4, 

    bz(4)=10, 

    bxl(4)=22, 

    bxh(4)=26, 

 

    remark='!! Baffle 5', 

    if_baffle_enabled(5)=0, 

    ibaf(5)=5, 

    bz(5)=3, 

    bxl(5)=22, 

    bxh(5)=26, 

 

    remark='!! Baffle 6', 

    if_baffle_enabled(6)=0, 

    ibaf(6)=6, 

    bz(6)=5, 

    bxl(6)=22, 

    bxh(6)=26, 

 

    remark='!! Baffle 7', 

    if_baffle_enabled(7)=0, 

    ibaf(7)=7, 

    bz(7)=7, 

    bxl(7)=22, 

    bxh(7)=26, 

 

    remark='!! Baffle 8', 

    if_baffle_enabled(8)=0, 

    ibaf(8)=8, 

    bz(8)=9, 

    bxl(8)=22, 

    bxh(8)=26, 

 

    remark='!! Baffle 9', 

    if_baffle_enabled(9)=0, 
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    ibaf(9)=9, 

    bz(9)=11, 

    bxl(9)=22, 

    bxh(9)=26, 

 

    remark='!! Baffle 10', 

    if_baffle_enabled(10)=0, 

    ibaf(10)=10, 

    bx(10)=18, 

    byl(10)=6.5, 

    byh(10)=7.5, 

    bzl(10)=2, 

    bzh(10)=4, 

    ifrcbf=1, 

 / 

 

 &motn 

 / 

 

 &grafic 

    anmtyp(1)='p', 

    anmtyp(2)='turb', 

    anmtyp(3)='vel', 

 / 

 

 &RENDERSPACE 

    iff3d(1)=1, 

    iff3d(2)=1, 

 / 

 

 &HEADER 

    project='fr Gates 10x12x10 WT 10x10x6 Conduit altered paddle speed Taper Tank w/ 1ft baffles', 

    version='double', 

    nprocs=0, 

    runser=0, 

    use_parallel_token=0, 

 / 

 

 &parts 

 / 

    Documentation: general comments, background, expectations, etc. 
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 Appendix F: Design J Flow-3D Input Text File 

 

 Title  

  This is a sample input file 

 

 &xput 

    remark='!! Remarks beginning with "!! " are automatically added and removed by FLOW-3D.', 

    remark='!! Do not begin any user added remarks with with "!! ". They will be removed', 

    twfin=1.5, 

    itb=1, 

    ifenrg=2, 

    ifvisc=1, 

    ifvis=4, 

    imobs=1, 

    imphtc=0, 

    ifdynconv=1, 

    omega=0.5, 

    iphchg=3, 

    ifrho=0, 

    gz=-32.2, 

    idpth=1, 

    iorder=1, 

    tedit(1)=0, 

    tpltd(1)=0.0833, 

    thpltd(1)=0.001, 

    tapltd(1)=0.0166, 

 / 

 

 &limits 

    itmax=250, 

    itdtmx=20, 

    itflmx=50, 

    eps=0.005, 

    vfclean=0.001, 

 / 

 

 &props 

    units='eng', 

    tunits='f', 

    mu1=2.0885434e-05, 

    cangle=90, 

    fluid1='Water at 20 C', 

    fluid2='Air at 15 degrees C', 

    muc1=1, 

    muctst=0.001, 

    mutmp2=0, 

    cv1=25008.1722282, 

    cv2=4293.6077618, 

    tl1=32.18, 

    ts1=32, 

    clht1=3.607240805e+06, 

    cvs1=12557.90571, 
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    thcs1=0.2766994834, 

    rhofs=1.7792737151, 

    fscr=0.67, 

    rhof=1.9403203, 

    sigma=0.005002088918, 

    yieldt1=0, 

    mus=0, 

    mu2=3.7196957954e-07, 

    rhof2=0.0023768923675, 

    thc1=0.07457769372, 

    thc2=0.0029306410296, 

    yield1=-0.020885434, 

 / 

 

 &scalar 

    asqr=0, 

    pgasmp=0, 

 / 

 

 &PCAP 

 / 

 

 &BCDATA 

    remark='!! Boundary condition X Min', 

    ibct(1)=2, 

 

    remark='!! Boundary condition X Max', 

    ibct(2)=5, 

    fbct(1, 2)=0, 

    nevents_bc(2)=1, 

 

    remark='!! BoundaryConditionProbeEvent 1', 

    nprobes_bc(1, 2)=1, 

    event_condition_logic_bc(1, 2)='ANY', 

    nactions_bc(1, 2)=1, 

    pbct_event(1, 1, 2)=0, 

    pbct_event(2, 1, 2)=0, 

    pbct_event(3, 1, 2)=625, 

    pbct_event(4, 1, 2)=625, 

    pbct_event(5, 1, 2)=0, 

    pbct_event(6, 1, 2)=0, 

    event_action_bc(1, 1, 2)='PBCT', 

 

    remark='!! ProbeCondition 1', 

    iprbd_bc(1, 1, 2)=1, 

    prbvnam_bc(1, 1, 2)='z', 

    ifprbvabs_bc(1, 1, 2)=1, 

    prbvrop_bc(1, 1, 2)='EQ', 

    prbval_critical_bc(1, 1, 2)=13.9, 

 

    remark='!! Boundary condition Y Min', 

    ibct(3)=2, 

 

    remark='!! Boundary condition Y Max', 

    ibct(4)=2, 
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    remark='!! Boundary condition Z Min', 

    ibct(5)=2, 

 

    remark='!! Boundary condition Z Max', 

    ibct(6)=5, 

    pbct(1, 6)=0, 

    fbct(1, 6)=0, 

 

    remark='!! Boundary condition common parameters', 

    timbct(1)=0, 

    timbct(2)=0.3, 

    timbct(3)=0.6, 

    timbct(4)=1.1, 

    timbct(5)=1.4, 

    timbct(6)=1.5, 

 / 

 

 &MESH 

    nxcelt=288, 

    px(1)=1, 

    px(2)=37, 

 

    nycelt=96, 

    py(1)=1, 

    py(2)=13, 

 

    nzcelt=104, 

    pz(1)=1, 

    pz(2)=14, 

 / 

 

 &obs 

    nobs=14, 

 

    remark='!! Component 1', 

    obsid(1)='STL', 

 

    remark='!! Subcomponent 1', 

    iob(1)=1, 

    subcmpid(1)='WT and Channel', 

    igen(1)=3, 

    fstl(1)='x 2.stl', 

 

    remark='!! Component 1 properties', 

    rough(1)=0.013, 

    ifqsrb(1)=2, 

 

    remark='!! Component 2', 

    obsid(2)='Plate', 

    ifCompEnabled(2)=0, 

 

    remark='!! Subcomponent 2', 

    iob(2)=2, 

    subcmpid(2)='Plate', 

    xl(2)=36.001, 

    xh(2)=37, 
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    yl(2)=1, 

    yh(2)=13, 

    zl(2)=1, 

    zh(2)=13, 

 

    remark='!! Component 2 properties', 

    imo(2)=0, 

    ifrco(2)=1, 

    rough(2)=0.013, 

    dxmcmin(2)=-8, 

    dymcmin(2)=0, 

    dzmcmin(2)=0, 

    dxmcmax(2)=0, 

    dymcmax(2)=0, 

    dzmcmax(2)=0, 

    rhomvb(2)=2.5, 

    tjmvb(2, 2, 1)=0, 

    tjmvb(2, 3, 1)=0, 

    tjmvb(2, 3, 2)=0, 

    iomxcal(2)=0, 

    iomycal(2)=0, 

    iomzcal(2)=0, 

    igf(2)=0, 

    omxtobs(1, 2)=0, 

    omxtobs(9, 2)=0, 

    omytobs(1, 2)=0, 

    omytobs(9, 2)=0, 

    omztobs(1, 2)=0, 

    omztobs(9, 2)=0, 

    utobs(1, 2)=0, 

    utobs(2, 2)=0, 

    utobs(3, 2)=-5, 

    utobs(4, 2)=-15, 

    utobs(5, 2)=-20, 

    utobs(6, 2)=-20, 

    vtobs(1, 2)=0, 

    wtobs(1, 2)=0, 

    fxtobs(1, 2)=-1.21e+05, 

    fxtobs(5, 2)=-1.21e+05, 

    fxtobs(7, 2)=0, 

    fxtobs(9, 2)=0, 

    ifobpq2(2)=1, 

 

    remark='!! Component 3', 

    obsid(3)='Gate', 

    ifCompEnabled(3)=1, 

 

    remark='!! Subcomponent 3', 

    iob(3)=3, 

    igen(3)=3, 

    fstl(3)='../../../../../Desktop/1.5 in Gate .stl', 

    rotx(3)=90, 

    trnx(3)=26.75, 

    trny(3)=12.5, 

    trnz(3)=1.9375, 
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    remark='!! Component 3 properties', 

    imo(3)=3, 

    rough(3)=0.013, 

    dxmcmin(3)=0, 

    dymcmin(3)=0, 

    dzmcmin(3)=0, 

    dxmcmax(3)=0, 

    dymcmax(3)=0, 

    dzmcmax(3)=0, 

    rhomvb(3)=2.5, 

    tjmvb(3, 2, 1)=0, 

    tjmvb(3, 3, 1)=0, 

    tjmvb(3, 3, 2)=0, 

    iumcal(3)=0, 

    ivmcal(3)=0, 

    iwmcal(3)=0, 

    iomxcal(3)=0, 

    iomycal(3)=0, 

    iomzcal(3)=0, 

    xref0(3)=26.9375, 

    yref0(3)=6, 

    zref0(3)=1.9375, 

    omxtobs(1, 3)=0, 

    omytobs(1, 3)=0, 

    omytobs(2, 3)=0, 

    omytobs(3, 3)=-15.708, 

    omytobs(4, 3)=0, 

    omytobs(8, 3)=0, 

    omztobs(1, 3)=0, 

    utobs(1, 3)=0, 

    vtobs(1, 3)=0, 

    wtobs(1, 3)=0, 

 

    remark='!! Component 4', 

    obsid(4)='Gate 2', 

    ifCompEnabled(4)=1, 

 

    remark='!! Subcomponent 4', 

    iob(4)=4, 

    igen(4)=3, 

    fstl(4)='../../../../../Desktop/1.5 in Gate .stl', 

    rotx(4)=90, 

    trnx(4)=26.75, 

    trny(4)=12.5, 

    trnz(4)=2.95, 

 

    remark='!! Component 4 properties', 

    imo(4)=3, 

    rough(4)=0.013, 

    dxmcmin(4)=0, 

    dymcmin(4)=0, 

    dzmcmin(4)=0, 

    dxmcmax(4)=0, 

    dymcmax(4)=0, 

    dzmcmax(4)=0, 

    rhomvb(4)=2.5, 
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    tjmvb(4, 2, 1)=0, 

    tjmvb(4, 3, 1)=0, 

    tjmvb(4, 3, 2)=0, 

    iumcal(4)=0, 

    ivmcal(4)=0, 

    iwmcal(4)=0, 

    iomxcal(4)=0, 

    iomycal(4)=0, 

    iomzcal(4)=0, 

    xref0(4)=26.9375, 

    yref0(4)=6, 

    zref0(4)=2.95, 

    omxtobs(1, 4)=0, 

    omytobs(1, 4)=0, 

    omytobs(2, 4)=0, 

    omytobs(3, 4)=-15.708, 

    omytobs(4, 4)=0, 

    omytobs(8, 4)=0, 

    omztobs(1, 4)=0, 

    utobs(1, 4)=0, 

    vtobs(1, 4)=0, 

    wtobs(1, 4)=0, 

 

    remark='!! Component 5', 

    obsid(5)='Gate 3', 

    ifCompEnabled(5)=1, 

 

    remark='!! Subcomponent 5', 

    iob(5)=5, 

    igen(5)=3, 

    fstl(5)='../../../../../Desktop/1.5 in Gate .stl', 

    rotx(5)=90, 

    trnx(5)=26.75, 

    trny(5)=12.5, 

    trnz(5)=3.9625, 

 

    remark='!! Component 5 properties', 

    imo(5)=3, 

    rough(5)=0.013, 

    dxmcmin(5)=0, 

    dymcmin(5)=0, 

    dzmcmin(5)=0, 

    dxmcmax(5)=0, 

    dymcmax(5)=0, 

    dzmcmax(5)=0, 

    rhomvb(5)=2.5, 

    tjmvb(5, 2, 1)=0, 

    tjmvb(5, 3, 1)=0, 

    tjmvb(5, 3, 2)=0, 

    iumcal(5)=0, 

    ivmcal(5)=0, 

    iwmcal(5)=0, 

    iomxcal(5)=0, 

    iomycal(5)=0, 

    iomzcal(5)=0, 

    xref0(5)=26.9375, 



116 

 

    yref0(5)=6, 

    zref0(5)=3.9625, 

    omxtobs(1, 5)=0, 

    omytobs(1, 5)=0, 

    omytobs(2, 5)=0, 

    omytobs(3, 5)=-15.708, 

    omytobs(4, 5)=0, 

    omytobs(8, 5)=0, 

    omztobs(1, 5)=0, 

    utobs(1, 5)=0, 

    vtobs(1, 5)=0, 

    wtobs(1, 5)=0, 

 

    remark='!! Component 6', 

    obsid(6)='Gate 4', 

    ifCompEnabled(6)=1, 

 

    remark='!! Subcomponent 6', 

    iob(6)=6, 

    igen(6)=3, 

    fstl(6)='../../../../../Desktop/1.5 in Gate .stl', 

    rotx(6)=90, 

    trnx(6)=26.75, 

    trny(6)=12.5, 

    trnz(6)=4.975, 

 

    remark='!! Component 6 properties', 

    imo(6)=3, 

    rough(6)=0.013, 

    dxmcmin(6)=0, 

    dymcmin(6)=0, 

    dzmcmin(6)=0, 

    dxmcmax(6)=0, 

    dymcmax(6)=0, 

    dzmcmax(6)=0, 

    rhomvb(6)=2.5, 

    tjmvb(6, 2, 1)=0, 

    tjmvb(6, 3, 1)=0, 

    tjmvb(6, 3, 2)=0, 

    iumcal(6)=0, 

    ivmcal(6)=0, 

    iwmcal(6)=0, 

    iomxcal(6)=0, 

    iomycal(6)=0, 

    iomzcal(6)=0, 

    xref0(6)=26.9375, 

    yref0(6)=6, 

    zref0(6)=4.975, 

    omxtobs(1, 6)=0, 

    omytobs(1, 6)=0, 

    omytobs(2, 6)=0, 

    omytobs(3, 6)=-15.708, 

    omytobs(4, 6)=0, 

    omytobs(8, 6)=0, 

    omztobs(1, 6)=0, 

    utobs(1, 6)=0, 
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    vtobs(1, 6)=0, 

    wtobs(1, 6)=0, 

 

    remark='!! Component 7', 

    obsid(7)='Gate 5', 

    ifCompEnabled(7)=1, 

 

    remark='!! Subcomponent 7', 

    iob(7)=7, 

    igen(7)=3, 

    fstl(7)='../../../../../Desktop/1.5 in Gate .stl', 

    rotx(7)=90, 

    trnx(7)=26.75, 

    trny(7)=12.5, 

    trnz(7)=5.9875, 

 

    remark='!! Component 7 properties', 

    imo(7)=3, 

    rough(7)=0.013, 

    dxmcmin(7)=0, 

    dymcmin(7)=0, 

    dzmcmin(7)=0, 

    dxmcmax(7)=0, 

    dymcmax(7)=0, 

    dzmcmax(7)=0, 

    rhomvb(7)=2.5, 

    tjmvb(7, 2, 1)=0, 

    tjmvb(7, 3, 1)=0, 

    tjmvb(7, 3, 2)=0, 

    iumcal(7)=0, 

    ivmcal(7)=0, 

    iwmcal(7)=0, 

    iomxcal(7)=0, 

    iomycal(7)=0, 

    iomzcal(7)=0, 

    xref0(7)=26.9375, 

    yref0(7)=6, 

    zref0(7)=5.9875, 

    omxtobs(1, 7)=0, 

    omytobs(1, 7)=0, 

    omytobs(2, 7)=0, 

    omytobs(3, 7)=-15.708, 

    omytobs(4, 7)=0, 

    omytobs(8, 7)=0, 

    omztobs(1, 7)=0, 

    utobs(1, 7)=0, 

    vtobs(1, 7)=0, 

    wtobs(1, 7)=0, 

 

    remark='!! Component 8', 

    obsid(8)='Gate 6', 

    ifCompEnabled(8)=1, 

 

    remark='!! Subcomponent 8', 

    iob(8)=8, 

    igen(8)=3, 
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    fstl(8)='../../../../../Desktop/1.5 in Gate .stl', 

    rotx(8)=90, 

    trnx(8)=26.75, 

    trny(8)=12.5, 

    trnz(8)=7, 

 

    remark='!! Component 8 properties', 

    imo(8)=3, 

    rough(8)=0.013, 

    dxmcmin(8)=0, 

    dymcmin(8)=0, 

    dzmcmin(8)=0, 

    dxmcmax(8)=0, 

    dymcmax(8)=0, 

    dzmcmax(8)=0, 

    rhomvb(8)=2.5, 

    tjmvb(8, 2, 1)=0, 

    tjmvb(8, 3, 1)=0, 

    tjmvb(8, 3, 2)=0, 

    iumcal(8)=0, 

    ivmcal(8)=0, 

    iwmcal(8)=0, 

    iomxcal(8)=0, 

    iomycal(8)=0, 

    iomzcal(8)=0, 

    xref0(8)=26.9375, 

    yref0(8)=6, 

    zref0(8)=7, 

    omxtobs(1, 8)=0, 

    omytobs(1, 8)=0, 

    omytobs(2, 8)=0, 

    omytobs(3, 8)=-15.708, 

    omytobs(4, 8)=0, 

    omytobs(8, 8)=0, 

    omztobs(1, 8)=0, 

    utobs(1, 8)=0, 

    vtobs(1, 8)=0, 

    wtobs(1, 8)=0, 

 

    remark='!! Component 9', 

    obsid(9)='Gate 7', 

    ifCompEnabled(9)=1, 

 

    remark='!! Subcomponent 9', 

    iob(9)=9, 

    igen(9)=3, 

    fstl(9)='../../../../../Desktop/1.5 in Gate .stl', 

    rotx(9)=90, 

    trnx(9)=26.75, 

    trny(9)=12.5, 

    trnz(9)=8.0125, 

 

    remark='!! Component 9 properties', 

    imo(9)=3, 

    rough(9)=0.013, 

    dxmcmin(9)=0, 
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    dymcmin(9)=0, 

    dzmcmin(9)=0, 

    dxmcmax(9)=0, 

    dymcmax(9)=0, 

    dzmcmax(9)=0, 

    rhomvb(9)=2.5, 

    tjmvb(9, 2, 1)=0, 

    tjmvb(9, 3, 1)=0, 

    tjmvb(9, 3, 2)=0, 

    iumcal(9)=0, 

    ivmcal(9)=0, 

    iwmcal(9)=0, 

    iomxcal(9)=0, 

    iomycal(9)=0, 

    iomzcal(9)=0, 

    xref0(9)=26.9375, 

    yref0(9)=6, 

    zref0(9)=8.0125, 

    omxtobs(1, 9)=0, 

    omytobs(1, 9)=0, 

    omytobs(2, 9)=0, 

    omytobs(3, 9)=-15.708, 

    omytobs(4, 9)=0, 

    omytobs(8, 9)=0, 

    omztobs(1, 9)=0, 

    utobs(1, 9)=0, 

    vtobs(1, 9)=0, 

    wtobs(1, 9)=0, 

 

    remark='!! Component 10', 

    obsid(10)='Gate 8', 

    ifCompEnabled(10)=1, 

 

    remark='!! Subcomponent 10', 

    iob(10)=10, 

    igen(10)=3, 

    fstl(10)='../../../../../Desktop/1.5 in Gate .stl', 

    rotx(10)=90, 

    trnx(10)=26.75, 

    trny(10)=12.5, 

    trnz(10)=9.025, 

 

    remark='!! Component 10 properties', 

    imo(10)=3, 

    rough(10)=0.013, 

    dxmcmin(10)=0, 

    dymcmin(10)=0, 

    dzmcmin(10)=0, 

    dxmcmax(10)=0, 

    dymcmax(10)=0, 

    dzmcmax(10)=0, 

    rhomvb(10)=2.5, 

    tjmvb(10, 2, 1)=0, 

    tjmvb(10, 3, 1)=0, 

    tjmvb(10, 3, 2)=0, 

    iumcal(10)=0, 
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    ivmcal(10)=0, 

    iwmcal(10)=0, 

    iomxcal(10)=0, 

    iomycal(10)=0, 

    iomzcal(10)=0, 

    xref0(10)=26.9375, 

    yref0(10)=6, 

    zref0(10)=9.025, 

    omxtobs(1, 10)=0, 

    omytobs(1, 10)=0, 

    omytobs(2, 10)=0, 

    omytobs(3, 10)=-15.708, 

    omytobs(4, 10)=0, 

    omytobs(8, 10)=0, 

    omztobs(1, 10)=0, 

    utobs(1, 10)=0, 

    vtobs(1, 10)=0, 

    wtobs(1, 10)=0, 

 

    remark='!! Component 11', 

    obsid(11)='Gate 9', 

    ifCompEnabled(11)=1, 

 

    remark='!! Subcomponent 11', 

    iob(11)=11, 

    igen(11)=3, 

    fstl(11)='../../../../../Desktop/1.5 in Gate .stl', 

    rotx(11)=90, 

    trnx(11)=26.75, 

    trny(11)=12.5, 

    trnz(11)=10.0375, 

 

    remark='!! Component 11 properties', 

    imo(11)=3, 

    rough(11)=0.013, 

    dxmcmin(11)=0, 

    dymcmin(11)=0, 

    dzmcmin(11)=0, 

    dxmcmax(11)=0, 

    dymcmax(11)=0, 

    dzmcmax(11)=0, 

    rhomvb(11)=2.5, 

    tjmvb(11, 2, 1)=0, 

    tjmvb(11, 3, 1)=0, 

    tjmvb(11, 3, 2)=0, 

    iumcal(11)=0, 

    ivmcal(11)=0, 

    iwmcal(11)=0, 

    iomxcal(11)=0, 

    iomycal(11)=0, 

    iomzcal(11)=0, 

    xref0(11)=26.9375, 

    yref0(11)=6, 

    zref0(11)=10.0375, 

    omxtobs(1, 11)=0, 

    omytobs(1, 11)=0, 
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    omytobs(2, 11)=0, 

    omytobs(3, 11)=-15.708, 

    omytobs(4, 11)=0, 

    omytobs(8, 11)=0, 

    omztobs(1, 11)=0, 

    utobs(1, 11)=0, 

    vtobs(1, 11)=0, 

    wtobs(1, 11)=0, 

 

    remark='!! Component 12', 

    obsid(12)='Gate 10', 

    ifCompEnabled(12)=1, 

 

    remark='!! Subcomponent 12', 

    iob(12)=12, 

    igen(12)=3, 

    fstl(12)='../../../../../Desktop/1.5 in Gate .stl', 

    rotx(12)=90, 

    trnx(12)=26.75, 

    trny(12)=12.5, 

    trnz(12)=11.05, 

 

    remark='!! Component 12 properties', 

    imo(12)=3, 

    rough(12)=0.013, 

    dxmcmin(12)=0, 

    dymcmin(12)=0, 

    dzmcmin(12)=0, 

    dxmcmax(12)=0, 

    dymcmax(12)=0, 

    dzmcmax(12)=0, 

    rhomvb(12)=2.5, 

    tjmvb(12, 2, 1)=0, 

    tjmvb(12, 3, 1)=0, 

    tjmvb(12, 3, 2)=0, 

    iumcal(12)=0, 

    ivmcal(12)=0, 

    iwmcal(12)=0, 

    iomxcal(12)=0, 

    iomycal(12)=0, 

    iomzcal(12)=0, 

    xref0(12)=26.9375, 

    yref0(12)=6, 

    zref0(12)=11.05, 

    omxtobs(1, 12)=0, 

    omytobs(1, 12)=0, 

    omytobs(2, 12)=0, 

    omytobs(3, 12)=-15.708, 

    omytobs(4, 12)=0, 

    omytobs(8, 12)=0, 

    omztobs(1, 12)=0, 

    utobs(1, 12)=0, 

    vtobs(1, 12)=0, 

    wtobs(1, 12)=0, 

 

    remark='!! Component 13', 
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    obsid(13)='Conduit Plates', 

    ifCompEnabled(13)=0, 

 

    remark='!! Subcomponent 13', 

    iob(13)=13, 

    subcmpid(13)='Plate 1', 

    igen(13)=3, 

    fstl(13)='1.5in thick 14 ft horizontal plate.stl', 

    trnx(13)=22, 

    trny(13)=1.5, 

    trnz(13)=2.9375, 

 

    remark='!! Subcomponent 14', 

    iob(14)=13, 

    subcmpid(14)='Plate 2', 

    igen(14)=3, 

    fstl(14)='1.5in thick 14 ft horizontal plate.stl', 

    trnx(14)=22, 

    trny(14)=1.5, 

    trnz(14)=3.9375, 

 

    remark='!! Subcomponent 15', 

    iob(15)=13, 

    subcmpid(15)='Plate 3', 

    igen(15)=3, 

    fstl(15)='1.5in thick 14 ft horizontal plate.stl', 

    trnx(15)=22, 

    trny(15)=1.5, 

    trnz(15)=4.9375, 

 

    remark='!! Subcomponent 16', 

    iob(16)=13, 

    subcmpid(16)='Plate 4', 

    igen(16)=3, 

    fstl(16)='1.5in thick 14 ft horizontal plate.stl', 

    trnx(16)=22, 

    trny(16)=1.5, 

    trnz(16)=5.9375, 

 

    remark='!! Subcomponent 17', 

    iob(17)=13, 

    subcmpid(17)='Plate 5', 

    igen(17)=3, 

    fstl(17)='1.5in thick 14 ft horizontal plate.stl', 

    trnx(17)=22, 

    trny(17)=1.5, 

    trnz(17)=6.9375, 

 

    remark='!! Subcomponent 18', 

    iob(18)=13, 

    subcmpid(18)='Plate 6', 

    igen(18)=3, 

    fstl(18)='1.5in thick 14 ft horizontal plate.stl', 

    trnx(18)=22, 

    trny(18)=1.5, 

    trnz(18)=7.9375, 
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    remark='!! Subcomponent 19', 

    iob(19)=13, 

    subcmpid(19)='Plate 7', 

    igen(19)=3, 

    fstl(19)='1.5in thick 14 ft horizontal plate.stl', 

    trnx(19)=22, 

    trny(19)=1.5, 

    trnz(19)=8.9375, 

 

    remark='!! Subcomponent 20', 

    iob(20)=13, 

    subcmpid(20)='Plate 8', 

    igen(20)=3, 

    fstl(20)='1.5in thick 14 ft horizontal plate.stl', 

    trnx(20)=22, 

    trny(20)=1.5, 

    trnz(20)=9.9375, 

 

    remark='!! Subcomponent 21', 

    iob(21)=13, 

    subcmpid(21)='Plate 9', 

    igen(21)=3, 

    fstl(21)='1.5in thick 14 ft horizontal plate.stl', 

    trnx(21)=22, 

    trny(21)=1.5, 

    trnz(21)=10.9375, 

 

    remark='!! Component 13 properties', 

    rough(13)=0.013, 

 

    remark='!! Component 14', 

    obsid(14)='Plug', 

    ifCompEnabled(14)=0, 

 

    remark='!! Subcomponent 22', 

    iob(22)=14, 

    subcmpid(22)='Plug', 

    xl(22)=35.5, 

    xh(22)=36.5, 

    yl(22)=1, 

    yh(22)=13, 

    zl(22)=1, 

    zh(22)=2, 

 

    remark='!! Component common parameters', 

    tobs(1)=0, 

    tobs(2)=0.1, 

    tobs(3)=0.2, 

    tobs(4)=0.3, 

    tobs(5)=0.4, 

    tobs(6)=0.5, 

    tobs(7)=0.6, 

    tobs(8)=1.5, 

    tobs(9)=5, 

    avrck=-3.1, 



124 

 

 / 

 

 &fl 

    nfls=1, 

 

    remark='!! FluidRegion 1', 

    ifdis(1)=-1, 

    ffstl(1)='../../../../../Desktop/x 2 fluid.stl', 

 

    remark='!! Valve 1', 

    if_valve_enabled(1)=0, 

    valx(1)=36.8, 

    valy(1)=7, 

    valz(1)=12.4, 

    valp(1, 1)=0, 

    valp(2, 1)=625, 

    valp(3, 1)=625, 

    valp(4, 1)=0, 

    valarea(1)=0.196, 

    if_2way(1)=2, 

    timval(1)=0, 

    timval(2)=0.3, 

    timval(3)=0.8, 

    timval(4)=1, 

    iflinittyp=0, 

 / 

 

 &bf 

    nbafs=10, 

 

    remark='!! Baffle 1', 

    if_baffle_enabled(1)=0, 

    ibaf(1)=1, 

    bz(1)=4, 

    bxl(1)=22, 

    bxh(1)=26, 

 

    remark='!! Baffle 2', 

    if_baffle_enabled(2)=0, 

    ibaf(2)=2, 

    bz(2)=6, 

    bxl(2)=22, 

    bxh(2)=26, 

 

    remark='!! Baffle 3', 

    if_baffle_enabled(3)=0, 

    ibaf(3)=3, 

    bz(3)=8, 

    bxl(3)=22, 

    bxh(3)=26, 

 

    remark='!! Baffle 4', 

    if_baffle_enabled(4)=0, 

    ibaf(4)=4, 

    bz(4)=10, 

    bxl(4)=22, 
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    bxh(4)=26, 

 

    remark='!! Baffle 5', 

    if_baffle_enabled(5)=0, 

    ibaf(5)=5, 

    bz(5)=3, 

    bxl(5)=22, 

    bxh(5)=26, 

 

    remark='!! Baffle 6', 

    if_baffle_enabled(6)=0, 

    ibaf(6)=6, 

    bz(6)=5, 

    bxl(6)=22, 

    bxh(6)=26, 

 

    remark='!! Baffle 7', 

    if_baffle_enabled(7)=0, 

    ibaf(7)=7, 

    bz(7)=7, 

    bxl(7)=22, 

    bxh(7)=26, 

 

    remark='!! Baffle 8', 

    if_baffle_enabled(8)=0, 

    ibaf(8)=8, 

    bz(8)=9, 

    bxl(8)=22, 

    bxh(8)=26, 

 

    remark='!! Baffle 9', 

    if_baffle_enabled(9)=0, 

    ibaf(9)=9, 

    bz(9)=11, 

    bxl(9)=22, 

    bxh(9)=26, 

 

    remark='!! Baffle 10', 

    if_baffle_enabled(10)=0, 

    ibaf(10)=10, 

    bx(10)=18, 

    byl(10)=6.5, 

    byh(10)=7.5, 

    bzl(10)=2, 

    bzh(10)=4, 

    ifrcbf=1, 

 / 

 

 &motn 

 / 

 

 &grafic 

    remark='!! HistoryProbe 1', 

    wintl(1)='Xmax event', 

    xloc(1)=20, 

    yloc(1)=1.5, 
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    zloc(1)=13.9, 

    anmtyp(1)='p', 

    anmtyp(2)='turb', 

    anmtyp(3)='vel', 

 / 

 

 &RENDERSPACE 

    iff3d(1)=1, 

 / 

 

 &HEADER 

    project='X2 Air w/gates 10x12x10 WT 10x10x6 Conduit w/ 1ft channels', 

    version='double', 

    nprocs=0, 

    runser=0, 

    use_parallel_token=0, 

 / 

 

 &parts 

 / 

    Documentation: general comments, background, expectations, etc. 




