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Physical and Numerical Modeling of a Wave Impact Simulation Device (WISD) 

Thesis Abstract – Idaho State University (2018) 

Flooding is a huge concern to Nuclear Power Plants (NPPs) as experienced by the recent 

Fukushima Daiichi NPP failure. 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.  

This study concentrates on improving the previous design and analysis of a Wave Impact 

Simulation Device (WISD) by numerically generating steady waves and investigating further 

designs with different inlet angles and water depths. An experimental study is also conducted to 

analyze the influence of air pressure and behavior of water under these circumstances. 

Steady-state and near vertical waves are successfully generated using kinematic theories 

via numerical and physical experimentations. The U-tube design with 45 degrees inlet and one-

foot water depth produced the best results, and the concept of using air pressure as a motive force 

is deemed feasible through physical experiment. 
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Introduction 

Component Flooding Evaluation Laboratory (CFEL), a research laboratory at Idaho State 

University, concentrates on developing a better understanding of the risks and measures to be 

taken against potential threats posed by flood hazards to Nuclear Power Plants (NPPs). As part of 

the research for CFEL, this study focuses on improvements in the existing numerical model for a 

Wave Impact Simulation Device (WISD) and to conduct a physical experimental study to help 

validate the concept.  

The WISD is an air driven wave generator capable of generating a wave traveling at 25.4 

feet per second that is 10 foot high and 10 foot wide. It uses ten similar sections, each with a 

depth of one foot, stacked one on top of the other. After the air pressure is activated, the wave 

produced by each section combines to form a 10-foot wave section. Initially, the gates hold the 

water at rest and open quickly after the air pressure is activated. The design is based on the 

characteristics of a numerically simulated 20 foot tsunami wave studied by Roberts (2017). 

Tsunamis are one of the most catastrophic natural events, generating floods that have 

proven to be a threat to nuclear facilities in the past. The March 2011 tsunami at the Fukushima 

Nuclear Power Plant (NPP) has clearly exposed the risk associated with flooding incidents in 

NPP’s (Pool, 2011). The goal of the WISD is to allow testing and collecting information that can 

be applied to risk modeling studies of NPP components and facilities.  

Most wave generators around the world use large wave basins and flumes which are 

expensive to construct and require large experimenting areas. These wave generators use solitary 

wave equations to produce tsunami-like wave behavior, however, some researchers believe 

solitary waves underestimate the total energy of a tsunami (Qu, Ren, & Kraatz, 2017). The 

WISD, instead of generating an artificial wave for impact testing, produces a high-velocity jet as 
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an alternative to simulate a high-velocity wave impact. Using high-velocity jets instead of waves 

avoids this debate and can economize available resources at the same time. 

Roberts (2017) used a commercially available computational fluid dynamics (CFD) 

program, FLOW- 3D, which solves the Reynolds-averaged Navier-Stokes equations, to simulate 

tsunami waves and tsunami wave impacts. Tsunami waves with a height of 20 feet were 

simulated approaching a solid model, recording flow data such as peak impact forces, pressures, 

and velocities. This information was then used to direct the design of the WISD. The flow 

behavior of the tsunami wave was replicated in the numerical code using solitary wave 

assumptions. To provide a wide range of testing capability for wave impact tests, the maximum 

horizontal fluid velocity for a 20-foot tsunami wave, 25.4 feet per second, was the criteria used 

to meet CFEL requirements concluding Roberts’s study on tsunami waves. 

In addition, Roberts studied ten distinct designs to generate a wave in the laboratory 

traveling at a maximum velocity of 25.4 feet per second. A primary criteria for the design was to 

maintain a near vertical wavefront to imitate a tsunami wave traveling up an inclined beach. 

Roberts proposed Design J as the most viable WISD option for validation and further study. 

Design J used air pressure to provide the motive force for the water retained behind the bottom-

hinged gates. Figure 1 and Figure 2 show the isometric view of Design J and the resulting wave 

section, respectively (Roberts, 2017). 

Graphical plots for the velocity of the wave versus time from Roberts’s simulations 

indicated the velocities are unsteady. However, one of the objectives for CFEL was to generate a 

steady wave that would conserve the maximum velocity of 25.4 feet per second for a 

considerable fraction of the total simulation. This study concentrates on developing a steady 

wave in addition to Roberts’s research and design.  
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Different geometries, in terms of fluid depth and approach angle, are tested in quest of 

the best geometry to produce a steady velocity. To retain water in the storage tank, diverse 

options have been explored with and without gates.  Furthermore, the results from the numerical 

simulations will be used in a physical model study to validate the concept. Results from the 

physical experimental study will be used to build a scaled down model of the WISD. 

 

Figure 1: Design J (Isometric View) 

 

Figure 2: Wave section – Design J (Isometric View) 
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The scaled physical model of the prototype will be designed in a 1:5 scale ratio. The 

physical model will provide further insights of the selected design. Generating a 10 ft. high 

wavefront in a laboratory, conveying the energy of a tsunami wave, opens a new dimension of 

full-scale nuclear components and facilities testing under extreme flooding conditions. Most 

importantly, further improvements in the components and facilities can be developed to sustain 

such drastic events. 
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Literature Review 

 Numerous researches have been conducted to generate a laboratory scale wave with an 

objective to study the behavior, impacts, inundation flows and other aspects of an oceanic wave 

(Rabinovich, Geist, Fritz & Borrero, 2015). Concentrating on the physical and numerical 

modeling of a tsunami-like wave, laboratory generation techniques and modeling methodologies 

were investigated. Fluid kinematics and air pressure variability were explored to generate a 

steady state fluid motion. Existing wave flumes and basins around the world are also briefly 

discussed in this section. 

Wave Theory 

 The foundation of ocean research is characterized by the identification of natural 

formation of waves and their behavior. Numerous wave theories have been developed to define 

the behavior of waves. Waves are characterized by their relative height and wavelengths. To 

describe these characteristics, the wave type that best represents the natural conditions is 

identified and represented by mathematical equations. The validity of these theories is limited to 

different ranges of wave parameters (height and wavelengths) and water depth as represented in 

Figure 3 (Apelt and Piorewicz, 1987).  

 The appropriate waveform can be identified to represent a model simply by using Figure 

3. It can be observed that for shallow water close to the breaking zone, the linear theory cannot 

be used. Beyond the range of its validity, sinusoidal waves are commonly used to describe wave 

behavior because of its simplicity. 
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Figure 3: Areas of wave theory validity 

 An ocean wave can be represented as a periodic sinusoidal waveform as it travels and 

transfers the energy along its path (Mayo, 1997). The horizontal speed of a sinusoidal wave on 

the ocean is given by Equation 1. 

c =
λ

T
= √

g

2

λ

π
tanh⁡(2π

d

λ
) 

Equation 1: Expression for horizontal speed of sinusoidal wave on the ocean 

 Where “c” is the wave speed/wave celerity (meter per second), “𝜆” is the wavelength 

(meters), and “T” is the period (seconds); “d” is the fluid depth including the wave height 

(meters), and “g” is the gravitational field strength (meters per second square or newton per 

kilogram). 
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 Speed is a function of both wavelength and depth of the water. Waves traveling in deep 

water, where the depth is compared to the wavelength, the ratio of d/𝜆 in the hyperbolic tangent 

is large and can be approximated by unity. Thereby, the speed only depends on the wavelength in 

such cases.  

 In events where the wavelength is greater than the fluid depth by a factor of 20 or more, 

the equation serves only as a function of the fluid depth. This behavior of the flow is also known 

as shallow water wave behavior. Equation 2 is the modified form of Equation 1 that shows the 

wave celerity equation for shallow water waves (Mayo, 1997). 

c = √gd 

Equation 2: Shallow water wave celerity 

Where “c” is the wave speed/wave celerity (meter per second), “g” is the gravitational 

field strength (meters per second square or newton per kilogram), and “d” is the fluid depth 

including the wave height (meters). 

Tsunami Waves 

The primary objective of this study was to conduct a physical experimental study and a 

numerical model study of a wave impact simulation device (WISD) that generates an extreme 

wave impact. To characterize a worst-case scenario, a tsunami wave was chosen by previous 

researchers in the project because of its capability for large wave heights and high wave celerity 

(Roberts, 2017).  

Stressing on the limitations to generate a tsunami in a laboratory scale, researchers often 

use solitary waves to resemble tsunami waves (Goseberg, Wurpts & Schlurmann, 2013). A 

solitary wave has no trailing or preceding waves associated with it and has a long wavelength. At 

the same time, Goseberg et al. (2013) compared a prototype tsunami wavelength at the coast 
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with the laboratory-scale solitary waves that revealed a discrepancy of at least one order of 

magnitude which may misinterpret the results of an experiment while considering physical 

quantities like pressure or velocity. Goseberg et al. (2013) conducted tests using long waves to 

represent a tsunami wave. Madsen, Fuhrman, and Schaffer (2008) also questioned the use of 

solitary waves to replicate a tsunami in a laboratory along with Qu, Ren, and Kraatz (2017) who 

stated that solitary waves underestimate the total energy of a tsunami wave and the run-up 

distance. Alternatively, he recommended N-shaped waves give a more realistic approximation of 

the tsunami wave profile As of present, it is still unclear, the type of wave that best resembles 

most characteristics of a tsunami. 

Wave Impacts 

 The extensive use of coastal and offshore structures makes wave impact on shorelines 

important. The complexity involved with these wave-induced flow urges the use of empirical 

coefficients to expand the theoretical formulation. Broadly used calculations for forces generated 

by the wave is developed with the assumption that wave forces can be expressed as the sum of a 

drag force and an inertia force. Morison was the first to develop a mathematical formula for this 

assumption. An essentially horizontal force exerted by the wave on a vertical cylinder can be 

calculated from the general form of Morison’s equation as shown in Equation 3 (Apelt and 

Piorewicz, 1987). 

𝑓 =
1

2
⁡𝜌⁡𝐶𝑑⁡𝐷⁡𝑢⁡|𝑢| + 𝜌⁡𝜋

𝐷2

4
𝐶𝐼
du

𝑑𝑡
 

Equation 3: Morison’s equation  

Where ρ is the fluid density, Cd⁡is the drag coefficient, D is the pier diameter, CI is the 

inertia coefficient, u is wave velocity, and 
du

dt
⁡is the wave acceleration (Apelt and Piorewicz, 

1987). Apelt et al. (1987) has mentioned that this mathematical equation is acceptable, however, 
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choosing the empirical drag and inertia coefficients, Cd⁡, and⁡CI, amongst a wide range of 

published values has made it particularly difficult. 

Morison’s equation was used by Apelt and Piorewicz to study the wave impacts on 

cylinders situated in the breaking zone and offshore zone close to the breaking point. Two 

cylinders and three different wave channels were used to carry out the experiment. The empirical 

coefficients for the object being impacted were determined data from using previous wave 

impact studies. It was concluded by this study that approximate values for the wave impact 

forces could be estimated, but Reynold’s number regime and specific cylinder drag coefficients 

had to be developed for test conditions (Apelt and Piorewicz, 1987). 

Water Jets 

 Generating waves in a laboratory requires large space and resources as learned from 

previous studies (Gent, 2015; Kirby, Ozkan-Haller, & Haller, 2007; Nimmala, Yim, & Grilli, 

2013). With this in mind, previous researchers of CFEL opted for using ten rectangular jets of 

unit length height and 10 feet width, stacked one on top of the other, to simulate a wave section 

that is 10 feet high and 10 feet wide. It was also numerically simulated stacking up five jets with 

a depth of 2 feet which would not produce the desired wavefront. For the fluid to achieve a 

maximum speed of 25.4 feet per second, methods of developing the motive force were also 

studied (Roberts, 2017). Among the two techniques, air pressure and piston type, the air pressure 

was preferred over piston plates because of its practicality and affordability. Huge actuators tend 

to be expensive and the size of the actuators that would be required is not viable for this study. 

 In general, free water jets are used for other aspects of engineering. Free water jets from 

orifices are primarily described by empirical laws that involve energy equations. Flammer, 

Jeppson, and Keedy (1986) described the application of energy equation by solving free water jet 
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problems. The high velocities of a water jet would mostly denote a turbulent flow (Kraatz, 1965), 

which is the expected type of flow in this study as well. 

Kinematics 

Stacking up rectangular conduits to generate a wave using water jets can be challenging 

considering the lack of research that has been done so far. Roberts (2017) study presented its 

feasibility using numerical simulations. However, an objective of the CFEL is to produce a wave 

with a steady velocity which is studied further in this research. Kundu & Cohen (2008) 

excellently defined the general kinematics laws which were referred to solve for shear stress and 

wall friction that would ultimately result in stabilizing the celerity of the free jet. The following 

equations provided the foundation for the calculations:  

F = m ∙ a 

Equation 4: Newton's second law of motion 

P = F/A 

Equation 5: General pressure equation 

 = ⁡γ ∙ RH ∙ SF 

Equation 6: Shear stress 

uf
2 =⁡ui

2 + 2⁡∙ ⁡a⁡ ∙⁡S 

Equation 7: Kinematic equation 

uf = ui + a ∙ t 

Equation 8: Acceleration in terms of initial and final velocity 

Where, “F” is the force exerted, “m” is the fluid mass and, “a” is the acceleration; “t” is 

the shear stress, “γ” is the unit weight, “RH” is the hydraulic radius and, “SF” is the frictional 
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slope; “ui” is the initial velocity, “uf” is the final velocity, “t” is the time and “S” is the distance 

traveled by the fluid. 

 Kinematic theories were adapted to compute the ideal variation in air pressure using 

Equation 4, Equation 5, Equation 6, Equation 7, and Equation 8 mentioned in this particular 

section. Two pressures were generated, the initially applied pressure displaced the fluid to the 

design velocity and also dealt with the frictional resistance acted on the fluid by the solid. The 

second pressure was applied only to overcome the frictional resistance which would help 

maintain the constant velocity. The first pressure was applied for a certain amount of time as 

calculated by Equation 8, and the second pressure was applied for the remaining portion of the 

simulation. 

Artificial Wave Generation 

 Goseberg et al. (2013) presented several wave generation techniques; piston-type wave 

generation, dam-break analogy, pump driven wave, vertical wave board motion, and volume 

driven wave generation. Among these, his paper concentrated on using pump driven waves to 

solve standard coastal engineering problems only requiring basic control theories. Figure 4 is the 

technical drawing of the closed-circuit flume at the Franzius-Institute for Hydraulic, Waterways, 

and Coastal Engineering in Germany (Goserberg et al., 2013). 
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Figure 4: Wave flume – Pump driven wavemaker  

The Large Wave Flume (LWF), located in Oregon State University, is the largest of its 

kind in North America. The LWF can generate tsunami waves and long waves, along with scaled 

shallow water hurricanes and storm waves. This LWF is 343 feet long, and 12 feet wide with a 

depth of 15 feet. Using a piston-type wavemaker, it can produce solitary wave heights up to 5.6 

feet. It can generate a maximum stroke of 13.1 feet at a velocity of 13.1 feet per second (Kirby, 

Ozkan-Haller, & Haller, 2007). Figure 5 includes snapshots of the Large Wave Flume and a data 

sheet can be found in Appendix A for further information (Large Wave Flume, 2017). 
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Figure 5: Large wave flume at Oregon State University 

 Previously known as Tsunami Wave Basin, the Directional Wave Basin at Oregon State 

University was designed with a purpose to study the fundamental nature of a tsunami wave and 

its impact. This machine can produce regular, irregular, tsunami, and other user-defined waves 

with its unique snake-type piston wavemaker. With a length of 160 feet, a width of 87 feet, and a 

depth of 4.5 feet, this wave basin can produce waves up to a height of 4.5 feet and a maximum 

velocity of 6.6 feet per second (Nimmala et. al, 2013). Figure 6 includes images of the 

Directional Wave Basin and a data sheet can be found in Appendix A for additional information 

(Directional Wave Basin, 2017). 

  



  

14 

 

 

Figure 6: Directional wave basin at Oregon State University 

The new Delta Flume, located at the Deltares Research Institute, Delft, Netherlands, is 

the world’s largest artificial wave generator. It has a length of about 300 meters, a width of 5 

meters, and a height of 9.5 meters, with the ability to generate waves up to 4.5 meters (14.8 feet). 

A piston-type wave board is used in this flume because of its superior performance on coastal 

applications (Gent, 2015). Figure 7 shows wave generations in Delta Flume and further 

information can be referred in Appendix A. 

These wave basins and wave generators are simply outstanding considering their 

uniqueness and vast testing capabilities. However, none of these can fulfill CFEL’s objective to 

produce a wave section that mimics a 20-foot wave traveling at a velocity of 25.4 feet per second 

for nuclear component testing. 
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Figure 7: Deltares delta flume 

Physical Modeling 

The world has already witnessed the possible threats posed by a tsunami. It has been 

necessary to gain an insight into the mechanisms of a tsunami formation highlighting its risks 

and life-changing events; especially on large energy plants costing billions to build and operate. 

Physical models of these types of waves help to understand tsunami formation and thus develop 

an early warning system to reduce casualties (Goseberg et al., 2013). Also, numerical modeling 

has been gaining wide popularity for its accuracy and flexibility. The ever-reliable physical 

models can be used to verify the results of the optimum designs from numerical models. 

Flammer et al. (1986) presented a step-by-step method with real-world examples to generate a 

model-prototype relationship, which was studied in depth for the design of the scaled down 

physical model of the prototype. Table 1 represents the model – prototype relationship from 

force ratio equations (Flammer et al., 1986). 
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Table 1: Model – Prototype relations 

 Froude’s No. Reynolds No. Mach No. Weber’s No. 

Frp = Frm Rep = Rem Mp = Mm Wep = Wem 

Velocityr = 𝐿𝑟
1/2

𝑔𝑟
1/2

 𝑉𝑟/𝐿𝑟 √𝐸⩝𝑟/𝜌𝑟 𝜎𝑟
1/2

/𝜌𝑟
1/2

𝐿𝑟
1/2

 

Timer = 𝐿𝑟
1/2

/𝑔𝑟
1/2

 𝐿𝑟
2/𝜐𝑟 𝐿𝑟𝜌𝑟

1/2
/𝐸⩝𝑟

1/2
 𝐿𝑟

3/2
𝜌𝑟
1/2

/𝜎𝑟
1/2

 

Flow Rater = 𝐿𝑟
5/2

𝑔𝑟
1/2

 𝐿𝑟𝜐𝑟 𝐿𝑟
2𝐸⩝𝑟

1/2
/𝜌𝑟

1/2
 𝐿𝑟

3/2
𝜎𝑟
1/2

/𝜌𝑟
1/2

 

Forcer = 𝛾𝑟𝐿𝑟
3  𝜌𝑟𝜐𝑟

2 𝐸⩝𝑟𝐿𝑟
2  𝜎𝑟𝐿𝑟 

Pressurer = 𝛾𝑟𝐿𝑟 𝜌𝑟𝜐𝑟
2/𝐿𝑟

2  𝐸⩝𝑟 𝜎𝑟/𝐿𝑟 

Powerr = 𝑔𝑟
1/2

𝛾𝑟𝐿𝑟
7/2

 𝜌𝑟𝜐𝑟
3/𝐿𝑟 𝐸⩝𝑟

3/2
𝐿𝑟
2/𝜌𝑟

1/2
 𝜎𝑟

3/2
𝐿𝑟
1/2

/𝜌𝑟
1/2

 

 

The subscript “r” denotes the ratio of the model and the prototype, subscript “p” and “m” 

denote model and prototype respectively. It is necessary to accurately follow principles from the 

literature to acquire quantities for a prototype from a model or vice-versa. Depending on the 

nature of the study, either of the dimensionless quantities mentioned in the columns of Table 1 is 

assumed to be the same for the model and the prototype. In some cases, more than one 

dimensionless parameters are assumed to be the same. 

Computational Fluid Dynamics (CFD) 

 Numerical modeling is widely gaining popularity for its efficient nature and ability to 

model complex fluids problems. There are several methods for modeling and computing 

numerical models; some of which are Finite Volume Method (Versteeg & Malalasekera, 2007), 

Smoothed Particle Hydrodynamics (SPH) method (Monaghan, 1992) and Finite Element Method 

(FEM) (Dhatt, Lefrançois & Touzot, 2012). The Computational Fluid Dynamics (CFD) code, 

FLOW-3D, which uses a Finite Volume Method, is used for this study. Because it uses a finite 

volume method in a regular hexagonal grid, the form of the employed discrete equations is 
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similar to discrete equations in finite difference method (Taghavi & Ghodousi, 2016). This 

numerical code is well known for modeling flows with free water surface and complex 

geometries. A unique post-processing tool named Flow-Sight has excellent abilities to portray 

the results of a simulation. 

Governing Equations 

Equations governing fluid flow are based on the law of conservation of mass and the law 

of conservation of momentum for incompressible flow as shown in Equation 9 and Equation 10. 

These equations are a modification of the Reynolds-Average Navier- Stokes (RANS) equations 

including variables that allow algorithms to track the free surface and to model the geometry as a 

flow obstruction. The equations simulate three-dimensional flow including continuity relations 

and movement size in x, y and z directions.  

∂

∂x
(uAx) +

∂

∂y
(vAy) +

∂

∂z
(wAz) = 0 

Equation 9: Continuity equation 

∂Ui

∂t
+

1

VF
(UjAj

∂Ui

∂xj
) = −

1

ρ

∂P′

dxi
+ gi + fi 

Equation 10: Momentum equation 

The variables u, v and w denote the velocities in the x, y, and z directions; VF is the 

volume fraction of fluid in each cell; Ax, Ay, and Az indicate the fraction of open level in x, y, 

and z directions.; ρ is the density; P’ is defined as the pressure, and gi is the gravitational force in 

the subscript direction. The variable fi represents the Reynolds stresses, provided by the selected 

turbulence model (Johnson & Savage, 2001). There are eight available turbulence options in 

FLOW-3D such as the standard k-ε model (Harlow & Nakayama, 1968) and Renormalized 

Group (RNG) k-ε model (Yakhot & Smith, 1992).  
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Computational Grid 

 Most Computational Fluid Dynamics (CFD) codes depend on the subdivision of space 

into a grid of discrete volume elements in which average values of flow variables can be defined. 

FLOW-3D uses the simplest kind of grid composed of rectangular-shaped elements defined by a 

set of planes perpendicular to each of the coordinate axes generating a hexahedron around the 

domain. Difference equations are simpler in comparison to non-structured grids. Numerical 

approximations to partial differential equations include the rate of change of spatial and temporal 

values of physical quantities, which improves the accuracy associated with finite difference 

equations when uniform grid elements are used. However, it is difficult to accommodate 

complex geometries using a rectangular mesh limiting their usefulness.  

 Different rectangular mesh blocks can be used to define a domain using various cell 

sizes. Defining mesh planes at desired locations generate a variable spaced block allowing more 

efficiency in the gridding of complex geometric regions. Finer meshes can be embedded into a 

coarser mesh depending on the problem setup and precision of the desired result. These 

rectangular meshes could be efficiently used to open up memory and urges solver routines to 

basically run through a list of active grid elements to further save computational time (FLOW-

3D user manual, 2017). 

Fluid Surface 

 To analyze, describe, and apply appropriate boundary conditions on a free surface, 

FLOW-3D uses the Volume of Fluid (VOF) method (Hirt & Nichols, 1981). This method 

operates by determining the volume of fluid within each discretized cell. An empty cell receives 

a value of zero, and, a value of one is assigned if a cell is full. A free surface is represented in a 

cell with a value between 0 and 1 that correlates to the ratio of fluid volume to cell volume. 
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Solid Geometry 

FLOW-3D uses a grid porosity technique called Fractional Area/Volume Obstacle 

Representation (FAVOR) method to define the solid geometries in 3D using computational cells 

(Hirt & Sicilian, 1985). A porosity of zero is assigned to solid regions and a porosity of one is 

assigned to nonsolid regions. Like the VOF method, cells with both obstacle and flow volume 

are assigned a value per the ratio of the volume of the obstacle to the volume of the cell (FLOW-

3D user manual, 2017). 

Boundary Conditions 

 The boundary conditions defined by the user must accurately represent the physical 

occurrence of a flow. It is very important in every simulation as it directly affects the simulation 

results. Since a hexahedron is used to define the flow domain in Cartesian coordinates, there are 

six different boundaries on the mesh, in addition to the obstacle surface (Johnson & Savage, 

2001; Babaali, Shamsai & Vosoughifar, 2015). Ten different boundary conditions are possible in 

FLOW-3D which are well defined by Flow Science, Inc. in the software user manual (2017). 

 A continuative boundary sets a zero-gradient condition at a boundary. This zero-

derivative condition is intended to represent a smooth continuation of the flow through a 

boundary. 

 A grid overlay boundary is used to apply the solution derived from a restart source 

simulation as a boundary condition in a restart simulation.  

 A Sommerfeld radiation condition to dynamically estimate the conditions at the boundary 

can be defined using an outflow boundary. It can be used for incompressible flows that are 

confined or even for a free surface flow. It can also be used for entirely compressible flows. 
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 Periodic boundaries are applied in pairs, meaning two boundaries have to be defined as a 

periodic boundary. Any fluid that exits through one boundary is re-entered through the other 

boundary that is defined in the pair. 

 If it is desired to define a specific pressure on a boundary, specific pressure boundary can 

be used. If the fluid elevation is also specified, a hydrostatic distribution is followed by the 

pressure at the boundary. 

 Specified velocity boundary condition defines a specific velocity at the boundary. 

Similarly, volume flow rate boundary specifies a flow at the selected boundary. 

 A zero-gradient condition at the boundary, along with a zero velocity condition normal to 

the boundary can be defined by a symmetry boundary. 

 Wall boundary applies the no-slip condition at the boundary and a zero velocity condition 

normal to the boundary. 

 Wave boundary generates a velocity field associated with the desired wave type. Solitary 

waves, Stokes waves, Cnoidal waves are few of many types of waves that can be applied to a 

boundary using this boundary condition 

General Moving Objects (GMO) 

 If a rigid body requires being in any kind of motion, a six-degrees-of-freedom or motion 

constraints such as a fixed axis/point can be prescribed in FLOW-3D. Two types of motion, 

either a user-defined or a dynamically coupled motion is offered by this code. User-defined 

forces and torques on a general moving object can define a desired motion, whereas, independent 

motions including collision and continuous contact can also be used for multiple rigid bodies 

(FLOW-3D user manual, 2017). 
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Methodology 

Generating a wave in a laboratory that characterizes a tsunami can be challenging with 

respect to multiple aspects. For example, the laboratory space available at Idaho State University 

and the number of resources that would be spent on building this device could be cost 

prohibitive. So, meticulous design and rigorous pre-testing are necessary. Numerical model study 

and physical experimental study would identify any defects in the design of the Wave Impact 

Simulation device (WISD). 

Previous researchers for CFEL have brilliantly designed the mechanism of the WISD. 

However, for better performance of the device, these questions remain unanswered: How should 

the air pressure be varied to produce a constant velocity in the jet? Which geometry, in terms of 

fluid entrance depth and approach angles, will yield a near vertical wave profile? Does a system 

with gates produce a near vertical wave profile, or does the system without gates yield a near 

vertical wave profile? This study was engineered to determine the optimum set of air pressures 

and geometry to create the ideal tsunami-like wave for component and facilities testing. 

Numerical Modeling 

 To solve for the optimal geometry and the most favorable air pressure pattern, the 

Reynolds-averaged Navier-Stokes (RANS) equations were solved numerically with a 

commercially available Computational Fluid Dynamics (CFD) code from Flow Science, Inc., 

FLOW-3D, which uses the finite volume technique.  

 Using CFD simulations, Roberts (2017) concluded the best motive force to be air 

pressure over other options like pistons. He tested the different designs of a general geometry for 

the WISD with the goal to produce a maximum velocity of 25.4 feet per second. A major 

advantage of using air pressure over another possible method to generate the motive force, 
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pistons, was the flexibility to use different fluid depths by dividing it into discrete channels. 

Figure 8 shows the best-proposed design (Design J) from Roberts’s numerical modeling 

(Roberts, 2017). 

 

Figure 8: WISD Design J (Isometric view) 

The motive force needs to provide a large force to initiate motion in water and then 

reduce to maintain a steady fluid velocity by overcoming the frictional forces.  To reduce the 

computational time to compute a transient motive force, a sectional model was considered using 

only one section of the jet.  In addition, modifications to the section were made, looking for the 

most effective arrangement to apply air pressure to displace the water by considering differently 

angled inlets and fluid depths. Table 2 shows the various simulations that were conducted in 

search of the optimum geometry. Parameters like wave profile and velocity were considered to 

compare the different geometries.  
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Table 2: Various simulations conducted in FLOW 3D 

Design No. Design ID. Inlet Angle (In degrees) Fluid Depth (ft.) 

1 WD-45-1 45 1 

2 WD-45-2 45 2 

3 WD-45-3 45 3 

4 WD-35-1 35 1 

5 WD-35-2 35 2 

6 WD-35-3 35 3 

7 WD-25-1 25 1 

8 WD-25-2 25 2 

9 WD-25-3 25 3 

 

3-D solid geometries of the WISD were designed in AutoCAD, and, a stereolithographic 

file format was used to import it into Flow-3D. A rectangular grid, with a mesh size of 0.02 feet 

defined the flow domain in Flow-3D which divides one foot into 50 cells. Grid convergence tests 

were not conducted in this study as it has already been tested in previous research (Roberts, 

2017). The pressure was applied through the top boundary, i.e. Zmax boundary. The adjacent side 

boundaries, and the bottom boundary, Ymin, Ymax, and Zmin, respectively, were defined as walls 

and the downstream boundary, Xmax, was set as outflow to allow free flow out of the simulation. 

The Xmin boundary was also defined as a wall. Figure 9 represents the definitions of each 

boundary. Also, Figure 10 shows the initial setup for an inlet inclined at 25 degrees with a depth 

of 2 foot. The fluid moves from the right boundary to the left direction. 
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Figure 9: Mesh boundaries 

 

Figure 10: Design 2, WD-25-2 (Isometric view) 

A bottom hinged watertight gate was placed downstream to retain the water in the 

reservoir. To measure the flow rate exiting the chamber, a baffle was placed at the same location 

for all arrangements.  These numerical baffles do not impede or change the flow, rather they 

were used to better understand the fluid behavior.  The yellow component on the left end in 

Figure 10 represents the baffle. Immediately downstream of the baffle, the height of the channel 

was increased to replicate an open channel flow where the wave profile was observed. The 

25o 
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motive air pressure was set to 625 psf. (lbs. /ft2) for the simulations from an initial time, t = 0 

seconds to 1.5 seconds; 1.5 seconds being the total time of the simulation (Roberts, 2017). All 

the simulations behaved quite similar. Results show that the fluid would rapidly accelerate at t = 

0.8 seconds to a maximum velocity without maintaining it. 

Although these simulations provide good information on the behavior of the motive 

force, one of the goals of the WISD is to have a fairly constant velocity for a considerable 

portion of the total time frame, which did not occur.  To modify the flow behavior, at 

approximately t = 0.8 seconds, the motive air pressure was decreased sharply starting from t = 

0.8 seconds.  This was applied to one simulation with an inlet depth of one foot and a 45 degrees 

angle. The varying inlet air pressure is shown in Table 3. The resulting velocity was fairly 

constant. 

Table 3: Varying pressure boundary 

Time (secs.) Pressure (psf.) 

0 625 

0.3 625 

0.6 625 

0.8 625 

0.9 75 

1.2 50 

1.5 0 

 

Using the assumption that the water moves as a solid block through the conduit and 

applying general kinematic equations and Newton’s second law of motion which are mentioned 

in the literature, it was determined that a certain pressure force of 2144.1 lbs. /ft2 was required to 

accelerate the water to a velocity of 25.4 feet per second. This supplies the necessary inertial 

force to start the water moving. And, once the water “block” achieved the desired velocity, the 

only the force needed to maintain this velocity was a force to match the shear stress of the water 

acting on the structure walls. Computing Equation 6 for a geometry with a 25 degrees inlet angle 
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and a fluid depth of 2 feet showed that a pressure of 30.0 lbs. /ft2 will maintain the motion.  It is 

expected that this will be applied over a time frame 0.39 seconds to 1.5 seconds. 

The motive pressure force and the shear stress required is a function of the volume of 

water and the cross-section of the conduit, respectively. Hence, it is different for various 

geometries and fluid depths. 

WISD (with gates) 

Another important component for the WISD was the gates. These mechanical sections 

have to withstand the hydrostatic pressure from the retained fluid behind it with minimum 

possible leakage. Also, these gates had to be designed in such a way that at the exact moment 

when the air pressure would hit the water, they have to open quickly allowing the fluid to move. 

This principle was adopted so that the air pressure behind the fluid would not add forces on to 

the gate, and thinner gates could be used with strength enough to withstand the hydrostatic 

pressure of the resting water. These gates on opening were supposed to merge on to the plates 

underneath, without influencing the wave profile, so thick gates are not an option. Nichols 

(2018) designed and analyzed the gates, fulfilling all the standards and criteria of the research. A 

snapshot of the gate holding water is shown in Figure 10. 

 Using the general feature of FLOW-3D to assign the gate as a moving object, it was 

hinged at its bottom and was assigned to rotate at the gate axis in the flow direction. Figure 11 

shows the gate opening on its bottom axis, allowing the fluid to move upon the action of air 

pressure. 
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Figure 11: Representation of gate opening 

 A motion was prescribed to the gate component manually, and directional limitations 

were assigned to the gate so that it would merge with the solid plate located below. An angular 

velocity of magnitude -31.416 radians per second was assigned as shown in Figure 12.  

 

Figure 12: Prescribed motion for the gate 
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WISD (without gates) 

The gates used in the WISD produced excellent results, however, another option was also 

explored excluding the gate. For this case, a U-tube shape was used to retain the fluid and similar 

to the option with the gate, air pressure was used to apply the motive force. The inlet and outlet 

were inclined, and different angles and depths were adopted to produce a steady state water jet 

with a near vertical wave profile. It was necessary for the inlet and outlet to be inclined but not at 

90 degrees, as a larger space would be required in the laboratory for construction of the full-scale 

prototype. If U-tubes with vertical inlets or outlets would have been used, when stacked one on 

top of the other, the lower tubes would require being longer than the ones on top. This was 

deemed unfeasible due to this constraint.  

Similar to the models with the gate, 3-D solid geometries of the U-tube model were 

designed in AutoCAD, and, a stereolithographic file (STL) format was used to import it into 

FLOW-3D. A rectangular grid defined the flow domain with a mesh size of 0.02 feet. The 

pressure was applied through the Xmin boundary. Simulating these settings as a 2-D simulation, 

the adjacent boundaries, Ymin and Ymax, were defined as symmetry boundaries and the top and 

bottom boundary, Zmin, and Zmax were defined as walls with the downstream boundary, Xmax, set 

as outflow to allow free flow out of the simulation. The Zmin boundary was also defined as a 

wall. Table 4 is a list of simulations that were conducted without gates in the WISD. Figure 13, 

Figure 14, and Figure 15 are side views of some two-dimensional WISD simulations without 

gates. 
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Table 4: Additional simulations conducted (without gates) 

Design No. Design ID Inlet Angle (In degrees) Fluid Depth (ft.) 

10 WD-45-1-WG 45 1 

11 WD-45-2-WG 45 2 

12 WD-35-1-WG 35 1 

13 WD-35-2-WG 35 2 

14 WD-25-1-WG 25 1 

15 WD-25-2-WG 25 2 

16 WD-55-1-WG 55 1 

17 WD-45-1-WG-1C 45 1 

18 WD-45-1-WG-2C 45 1 

19 WD-45-1-WG-3C 45 1 

20 WD-45-1-WG-PHY 45 1 

 

 

Figure 13: WD-45-1-WG (side view) 

 

Figure 14: WD-35-2-WG (side view) 

 

Figure 15: WD-55-1-WG (side view) 

After observing the wave profiles from the simulation results in FLOW-3D, the 45 

degrees inlet/outlet with a water depth of 1 feet produced the best uniform velocity and vertical 

faced wavefront. To make improvements in the wave profile, additional simulations were 

completed on Design 10 (WD-45-1-WG) with a thin layer of water placed downstream of the 
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gate. The rationale was that the water layer would impede the lower portion of the wavefront, 

helping to maintain the upper portion of the wave by decelerating the lower portion, thus, 

producing a near vertical wave better than the preliminary simulation. Three simulations were 

run including a thin film of water with depths of one cell, two cells, and three cells; the cell size 

of the FLOW-3D setup being 0.02 ft. 

Kinematics 

As mentioned before, water was assumed to be a solid block which does not change its 

shape under application of forces. Using Equation 4, Equation 5, Equation 6, Equation 7, and 

Equation 8, the motive force required to displace the fluid was calculated. In addition, the force 

required to maintain the expected velocity was also calculated. Example calculation for Design 

20 is shown below. Figure 16 shows the forces applied to the control volume. 

 

Figure 16: Control volume 
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Known Parameters: 

Diameter of Pipe (D):   4 in. 

Volume of water (V):   0.32 ft.3 Calculated from AutoCAD drawing 

Area: A = πr2 =   0.087 ft.2 

Wetted Perimeter (P) = 𝜋 ·D = 1.05 ft.  

Initial velocity (ui):   0 ft. /s    

Final velocity (uf):   11.3 ft. /s Scaled down velocity from prototype 

Development Length (S):  3 ft. 

Surf. Roughness for PVC (f):  0.012 

Fluid Density (𝜌):   62.29 lbm. /ft.3 

Fluid Mass = 𝜌 · V =   19.93 lbm. 

Acceleration due to gravity (g) 32.2 ft. /s2 

Friction Loss (Sf) = 
4·f·uf

2

A

P
·2g

 =   1.14 

Calculations: 

Equation 4: Newton’s Law of Motion 

F = m · a =     13.17 lbf.  

Equation 5: General pressure equation 

P = F/A = 150.96 psf. =   1.05 psi. (A) 

Equation 6: Shear stress 

 = ⁡γ ∙ (⁡
A

P
⁡) ∙ SF = 5.93 psf. =  0.04 psi (B) 

Total Pressure needed for Motive Force = A + B  = 156.9 psf. =   1.09 psi 

Total Pressure needed to overcome Friction = B  = 5.93 psf. =   0.04 psi 
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Physical Model Design (Sectional Model) 

 The sectional physical model of the WISD was designed in a 1:5 scale ratio assuming the 

Froude’s number to be same for the model and the prototype. Similar to the numerical model, 

only one tube was designed out of total 10 tubes as each tube was defined to have exact same 

characteristics. Plexiglass was proposed as the material to construct the physical model to 

observe the behavior of the fluid. The model was designed to be watertight. Using the physical 

model, possible discrepancies for both gate and motive force systems could be investigated, 

along with the flow behavior and the workability of mechanical components.  Parameters for the 

sectional model using a 1:5 scale ratio are presented in Table 5. 

Table 5: Sectional physical model parameters 

Model Scale Ratios and Prototype Equivalence 

Scale Scale Value Model to Prototype Equivalence 

Length scale Lr = 5 1ft = 5 ft. 

Time scale tr = 2.24 1s = 2.24 s. 

Velocity scale Vr = 2.24 1ft/s = 2.24 ft/s. 

Pressure Scale Pr = 5 1 psig = 5 psig. 

Design Parameters (For small scaled Model) 

Scale factor 1:5 

Prototype-Model Similarity Froude Number 

Velocity 11.36 fps. 

Pressure 125 psf. (0.87 psig.) 

Materials to be used (Model) 

Outer Walls Plexiglass 

Inner plates & gates Steel 

 The physical model was designed as a module with the ability to change the channel 

length as deemed necessary for different scenarios. The inclined entrance was the first 

component providing a bend at different angles; 25 degrees, 35 degrees, and 45 degrees totaling 

at three in numbers. Air pressure would be applied in the first component with the help of an air 

compressor. The second component lies between the inclined entrance and the third component. 

This component consists of a bottom-hinged gate and one foot of length to allow the fluid motion 
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to develop. The velocities would be measured at selected locations after the gate. The third 

component is a cuboidal box where the wavefront would be observed and the velocities would 

also be measured. The additional length segments that could alter the length of the reservoir and 

the development length was named as component four. Component five was the flange attached 

to other components for connecting/disconnecting capabilities. Table 6 is a list of components 

for the physical model and Figure 17 depicts the general layout of the sectional model for a 45 

degrees inlet angle. Additional drawings for the sectional physical model are presented in 

Appendix B. 

Table 6: Components of the physical model 

Component No. Description Quantity Drawing No. 

1 Inclined Inlet   

2-10 
25  ̊   1 

35  ̊   1 

45  ̊   1 

2 Gate Channel 1 11-13 

3 Outlet box 1 14-17 

4 Additional Length component 

 
18-26 

0.2' 2 

0.4' 4 

1' 2 

5 Flanges 22 27-28 
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Figure 17: General layout of the sectional physical model 

 Component two is two feet wide, 0.2 feet high and three feet long with a gate located one 

foot from the exit. As mentioned earlier, using component 4 the lengths upstream and 

downstream could be increased. Note that only the length, entrance angle, and the motive air 

pressure were allowed to change for variation in data collection. 

 Velocity sensors would be strategically placed in longitudinal and lateral directions to 

capture velocities at selected locations. Highly precise and accurate instruments would be used to 

record the air pressure in at least every 100th of a second, the total simulation time being 1.5 

seconds. A high-speed camera would also be used to observe the wavefront downstream of the 

gate (Jash, 2018). 

 This study includes the design and drawings for the 1:5 scaled down physical model. 

Actual construction and data collection via this model was not a part of this study. It was 

necessary to understand the workability of air pressure and velocity sensors beforehand. Only 

then, the study for the 1:5 scaled physical model would be conducted. A physical experimental 

study was constructed instead to validate these mentioned parameters which are described in the 

next section. 
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Physical Experimental Study 

Another small-scale physical experiment study was proposed to verify the usability of air 

pressure and velocity measurement devices on a small-scale physical model before it was applied 

to a larger model. This allowed us to identify potential drawbacks on the mechanism of the air 

pressure system and hence, make possible improvements for larger models. The possibility of 

using U-tubes in lieu of the gates could also be verified via this physical experiment study. The 

proposed conduit was a schedule 40 clear Polyvinyl chloride (PVC) pipe with a diameter of four 

inches. Using a clear PVC pipe, the fluid behavior could be observed upon application of the air 

pressure. Whereas, common PVC fittings were used for the elbows as clear PVC elbows were 

relatively expensive. Also, fluid behavior in the elbows was not a topic of interest for this study. 

The inlet and outlet of this arrangement were inclined at 45 degrees with a water depth of one 

foot. The wave developed downstream of the channel, and, velocity sensors were used to capture 

high velocities. The components were put together using PVC primer and glue for intact 

connections and prevention of leaks. A layout of the apparatus, with all components connected, 

is shown in Figure 18. 
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Figure 18: Layout of the physical experiment study 

 The apparatus consisted of three components: 1) Air pressure chamber, 2) Solenoid 

Valves and, 3) U-tube.  

Component 1 (Air pressure chamber): 

The air pressure chamber was constructed with a schedule 40 eight inch PVC pipe and 

was eight feet long. The main purpose of using a chamber instead of a large compressor was to 

supply a sufficient volume of air into the third component. Large compressor could be used to 
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supply air pressure into the U-tube, but most compressors would have a quarter inch outlet hose 

that would choke the airflow and limit the supply of air downstream. The volume within 

component one was enough to provide a constant volume of air downstream into the U-tube and 

the desired pipe size could be used in the outlet. Additional PVC Tee’s were added on to this 

component for connecting pressure compressors to pressurize the chamber and a transducer to 

measure the pressure. Details on the pressure transducer are included in Appendix C. A ball 

valve was installed downstream to stop the air flow while pressurizing the tank. Figure 19 is a 

snapshot of the air pressure chamber. The Tee’s can be observed on the left-hand side of the 

picture. 

 

Figure 19: Component 1- Air pressure chamber 

Component 2 (Solenoid Valves) 

Kinematic theories suggested that a pressure of 1.09 psig would need to be applied, then 

removed in 0.53 seconds to produce a steady 11.36 feet per second velocity wave. The valves 

controlling the pressure would, therefore, need to be fast-acting, actuated valves as manually 

opening and closing the valves could not be accomplished in a sufficient timeframe. Solenoid 

valves with response time less than 50 milliseconds were chosen for the task. The following 

diagrams illustrate the concept chosen by the team for applying the air pressure to the pipe 

model, (see Figure 20). Valves one and three are normally open (NO) solenoid valves that close 

when energized. Valve 2 is a normally closed (NC) solenoid valve that opens when energized. 
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Power to all three valves is controlled by a multifunction timer relay. Figure 21 is a snapshot of 

the solenoid valves (Nichols, 2018). 

 

Figure 20: Diagram of pneumatic system for pipe model. 
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Figure 21: Solenoid valves arrangement 

Component 3 (U-tube) 

The U-tube was adopted in lieu of using gates in the system. Figure 22 is the side view drawing 

of the U-tube with dimensions in feet (hatched area represents water). Figure 23 is a snapshot of 

the U-tube from the laboratory and the downstream end of this component was ten feet long. The 

wave profile developed in this downstream section and various sensors were inserted in selected 

locations to measure the velocity of the wave. Jash (2018) programmed the pressure sensors to 

measure the velocity. Figure 24 shows the sensors located at every one foot along the length of 

the pipe. At the upstream section of this component, a tee was added for measuring pressure. A 

high-quality pressure transducer that could store a maximum of thousand numbers of data per 

second was used to record outlet pressures (Appendix C). 
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Figure 22: Physical experiment study (orthographic view) 

 

Figure 23: Component 3 (U-tube) 

 

Figure 24: Velocity sensors 
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Results 

 A multitude of models was simulated in FLOW-3D to determine an ideal design for the 

WISD capable of creating a steady wave with a near vertical wave section. FLOW-3D models 

with different inlet angles, along with different fluid depths are presented in chronological order 

of development. 

WISD (with gates) 

Table 2 lists the designs simulated with a gate, their respective inlet angles, and fluid 

depths. For all models, the development length, the distance between the gate and the outlet was 

fixed to six feet, the length of the fluid chamber, from the gate to the start of the inclined inlet 

was set to 14 feet as shown in Figure 25. This particular figure depicts Design 8 (WD-25-2); 

dimensions are in feet. Also, a pressure of 625 pounds per square foot was used to displace the 

fluid as suggested by previous research (Roberts, 2017). 

 

Figure 25: Design 8 (WD-25-2), orthographic view 

 The term “t” used in the comments below denote the simulation time. The simulation 

starts at time = zero seconds and ends at time = 1.5 seconds. 

Design 1 (WD-45-1) 

Model Description: 45 degrees inlet angle with a fluid depth of one foot (see Figure 26). 

Comments: The fluid accelerated quickly at t=0.7 seconds up to 0.8 seconds but later 

continued steadily until t= 1.1 seconds. The highest velocity recorded was 

29.5 feet per second. The velocity of the fluid generated by this model was 
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unsteady and the yielded wave profile was unsatisfactory (see Figure 27, 

color scale represents units in feet per second).  

 

Figure 26: Design 1 (WD-45-1) 

 

Figure 27: Design 1 (WD-45-1) – wave profile at t = 0.8 seconds 

Design 2 (WD-45-2) 

Model Description: 45 degrees inlet angle with a fluid depth of two feet (see Figure 28). 

Comments: The fluid accelerated rapidly at t=0.7 seconds up to 0.8 seconds but later 

accelerated steadily until t= 1.2 seconds. With a higher volume of water than 

Design 1, it carries a higher momentum resulting in a peak velocity of 32 

feet per second. The model is unsteady but produced an acceptable wave 

profile (see Figure 29, color scale represents units in feet per second).  
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Figure 28: Design 2 (WD-45-2) 

 

Figure 29: Design 2 (WD-45-2) – wave profile at t = 0.8 seconds 

Design 3 (WD-45-3) 

Model Description: 45 degrees inlet angle with a fluid depth of three feet (see Figure 30). 

Comments: At t=0.7 seconds, water accelerated rapidly up to 0.9 seconds and later 

steadily accelerated until t= 1.3 seconds. With a higher volume of water than 

Design 1 and 2, its higher momentum resulted in a peak velocity of 36 feet 

per second. The results conclude the system to be unsteady but produced an 

acceptable wave profile (see Figure 31, color scale represents units in feet 

per second).  



  

44 

 

 

Figure 30: Design 3 (WD-45-3) 

 

Figure 31: Design 3 (WD-45-3) – wave profile at t = 0.8 seconds 

Design 4 (WD-35-1) 

Model Description: 35 degrees inlet angle with a fluid depth of one foot (see Figure 32). 

Comments: At t=0.7 seconds, water accelerated rapidly up to 0.8 seconds and later 

steadily accelerated until t= 1.1 seconds. This model resulted in a peak 

velocity of 38.6 feet per second. This model has a relatively higher cross-

sectional area for the initial air pressure than the 45 degrees model, which 

would produce a higher motive force resulting in a larger peak velocity. The 

results show the system to be unsteady with a rather undesirable wave 

profile (see Figure 33, color scale represents units in feet per second).  
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Figure 32: Design 4 (WD-35-1) 

 

Figure 33: Design 4 (WD-35-1) – wave profile at t = 0.4 seconds 

Design 5 (WD-35-2) 

Model Description: 35 degrees inlet angle with a fluid depth of two feet (see Figure 34). 

Comments: At t=0.7 seconds, water accelerated rapidly up to 0.8 seconds and later 

steadily accelerated until t= 1.2 seconds. This model resulted in a peak 

velocity of 34.2 feet per second. Unlike the 45 degrees model, the peak 

velocity is smaller than Design 4 (WD-35-1) that has a depth of 1 ft. The 

velocity is not constant over the time period and the wave profile does not 

meet the expectations of the study (see Figure 35, color scale represents 

units in feet per second).  
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Figure 34: Design 5 (WD-35-2) 

 

Figure 35: Design 5 (WD-35-2) – wave profile at t = 0.4 seconds 

Design 6 (WD-35-3) 

Model Description: 35 degrees inlet angle with a fluid depth of three feet (see Figure 36). 

Comments: At t=0.7 seconds, water accelerated rapidly up to 0.9 seconds and later 

steadily accelerated until t= 1.3 seconds. This model resulted in a peak 

velocity of 33.7 feet per second. The velocity is not constant over a time 

period and the wave profile does not meet the expectations of the study (see 

Figure 37, color scale represents units in feet per second).  
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Figure 36: Design 6 (WD-35-3) 

 

Figure 37: Design 6 (WD-35-3) – wave profile at t = 0.6 seconds 

Design 7 (WD-25-1) 

Model Description: 25 degrees inlet angle with a fluid depth of one foot (see Figure 38). 

Comments: Water accelerated rapidly at t=0.7 seconds up to 0.8 seconds and later 

steadily accelerated until t= 1.1 seconds. This model resulted in a peak 

velocity of 33 feet per second. Unexpectedly, this model did not follow the 

trend set by previous simulations; the increased surface area for the initial 

pressure of this simulation compared to 25 and 35 degrees inlet should have 

produced a higher peak velocity due to the increased force. However, the 

peak velocity for this model is lesser than the 35 degrees geometry with one 

foot of depth. The velocity is unsteady and the wave profile does not meet 

the expectations of the study (see Figure 39, color scale represents units in 
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feet per second). Unusually, the top portion of the wave is ahead of the 

bottom portion, unlike previous model results. 

 

Figure 38: Design 7 (WD-25-1) 

 

Figure 39: Design 7 (WD-25-1) – wave profile at t = 0.8 seconds 

Design 8 (WD-25-2) 

Model Description: 25 degrees inlet angle with a fluid depth of two feet (see Figure 40). 

Comments: Water accelerated rapidly at t=0.7 seconds up to 0.8 seconds, followed by a 

rather steady acceleration until t= 1.3 seconds. This model resulted in a peak 

velocity of 38.4 feet per second. The velocity is unsteady and the observed 

wave profile is acceptable (see Figure 41, color scale represents units in feet 

per second).  
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Figure 40: Design 8 (WD-25-2) 

 

Figure 41: Design 8 (WD-25-2) – wave profile at t = 0.85 seconds 

Design 9 (WD-25-3) 

Model Description: 25 degrees inlet angle with a fluid depth of three feet (see Figure 42). 

Comments: The fluid accelerated steadily at t=0.7 seconds up to 0.8 seconds, followed 

by a rapid acceleration until t= 1.4 seconds. This model has the highest 

volume of water resulting in a peak velocity of 36.2 feet per second which is 

quite strange as it was expected this model would have the highest peak 

velocity. The velocity is not constant but the wave profile is good enough 

(see Figure 43, color scale represents units in feet per second).  
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Figure 42: Design 9 (WD-25-3) 

 

Figure 43: Design 9 (WD-25-3) – wave profile at t = 0.9 seconds 

The mass flux/velocity for several arrangements listed in Table 2 was recorded with respect to 

time and compared in Figure 44. The simulation configurations included inlet angles at 25, 35, 

and 45 degrees with upstream depths ranging from one to three feet.  All the simulations had 

similar behavior; the velocities would sharply increase at 0.7 seconds and then gradually increase 

for a range from 0.8 seconds to 1.3 seconds followed by a sudden decrease as the water exited 

the flow chamber, except for the setup with 25 degrees of inlet angle with a fluid depth of one 

foot, which would gradually increase from 0.7 seconds to 0.8 seconds followed by a steep 

increase up to 0.9 seconds. For the remaining timeframe, it follows the same behavior as other 

simulations. 
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Figure 44: Velocity vs time 

Comparing the one-foot depth inlet for angles 25, 35, and 45 degrees, the results show 

that the inlet angle does increase the motive force, moving the water through the chamber with a 

slightly higher initial response at 0.8 seconds and a larger peak at 1.1 seconds.  This is expected 

since the initial pressure force is pressure multiplied by the area and the 25 degrees inlet provides 

more area.  Figure 44 also shows that increasing the inlet depth slows the initial response at 

0.7 seconds but produces a higher peak that is delayed.  The higher peak is attributed to the 

increase in the initial inlet depth and the time delay is created by the change in inertia required to 

move the additional mass.  

Initially, a trial and error process was used to select the air pressure that was applied to 

the static water to obtain a steady state velocity. To help understand this process better, analytical 

kinematic theories outlined in literature were adapted to compute the ideal variation in the air 
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pressure. Theoretically, the fluid should maintain a steady velocity if it maintains its initial 

geometry similar to a solid block. However, a real fluid does not follow this assumption, and 

thus, as expected, the numerical simulations using FLOW-3D has slight differences in its results 

compared to the theoretical values, when the variation in air pressure was applied to the system 

rather than a constant air pressure behind the system. The applied variation in air pressure 

allowed the fluid to maintain velocities ranging from 27.8 feet per second to 28.8 feet per second 

for a duration of 0.4 seconds instead of the expected velocity of 25.4 feet per second for the 

geometry with 25 degrees inlet and a fluid depth of 2 feet. Figure 45 shows a plot of velocity 

(feet per second) and time (seconds) for the geometry with a 25 degrees inlet angle and a fluid 

depth of 2 feet for the CFD simulation. The results with the variable pressure are also shown in 

Figure 44 for a 45 degrees inlet angle and a fluid depth of 1 foot.  These results satisfy the 

expectations of the WISD, with a fairly constant velocity from 0.8 seconds to 1.2 seconds.   

 

Figure 45: Velocity vs time (25 degrees inlet – 2 ft. depth) 

WISD (without gates) 

 As the total volume of water in the domain varied with changes in the inlet/outlet angles 

and the fluid depth, the required air pressure variation was calculated in a spreadsheet for each 
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model. The base of the U-tube was fixed at two feet for all simulations and a baffle was placed at 

the same location for all models to record mass flux/velocity. The air pressure used for each 

simulation is shown in Table 7. 

Table 7: Motive pressures for each simulation 

Design No. Design ID Motive Pressure (psf.) 

10 WD-45-1-WG 1997 

11 WD-45-2-WG 2246 

12 WD-35-1-WG 2050 

13 WD-35-2-WG 2407 

14 WD-25-1-WG 2140 

15 WD-25-2-WG 2675 

16 WD-55-1-WG 1960 

17 WD-45-1-WG-1C 1997 

18 WD-45-1-WG-2C 1997 

19 WD-45-1-WG-3C 1997 

20 WD-45-1-WG-PHY 157 

 

Design 10 (WD-45-1-WG) 

Model Description: 45 degrees inlet and outlet angle with a fluid depth of one foot (see Figure 

46). A pressure of 1997 psf. was applied for 0.39 secs after which the 

pressure was reduced to zero as friction was not considered for the 

geometry. 

Comments: Water accelerated rapidly at tentatively t=0.42 seconds up to 0.45 seconds, 

followed by a deceleration until t= 0.5 seconds. The velocity is almost 

constant at around 25 feet per second from t=0.5 seconds to t=0.98 seconds. 

This model has a peak velocity of 31.7 feet per second. The velocity is 

almost constant and the wave profile looks good except for the tongue 

generated on the bottom portion of the wave (see Figure 47, color scale 

represents units in feet per second).  
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Figure 46: Design 10 (WD-45-1-WG) 

 

Figure 47: Design 10 (WD-45-1-WG) – wave profile at t = 0.4 seconds 

Design 11 (WD-45-2-WG) 

Model Description: 45 degrees inlet and outlet angle with a fluid depth of two feet (see Figure 

48). A pressure of 2246 psf. was applied for 0.39 secs after which the 

pressure was reduced to zero as friction was not considered for the 

geometry. 

Comments: Water accelerated rapidly at tentatively t=0.35 seconds up to 0.38 seconds, 

and maintained a velocity of about 25 feet per second but started to 

decelerate from t= 0.7 seconds. The velocity is not steady and the wave 

profile did not meet the expectations (see Figure 49, color scale represents 

units in feet per second).  

 

Figure 48: Design 11 (WD-45-2-WG) 
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Figure 49: Design 11 (WD-45-2-WG) – wave profile at t = 0.4 seconds 

Design 12 (WD-35-1-WG) 

Model Description: 35 degrees inlet and outlet angle with a fluid depth of one foot (see Figure 

50). A pressure of 2050 psf. was applied for 0.39 secs after which the 

pressure was reduced to zero as friction was not considered for the 

geometry. 

Comments: The fluid accelerated rapidly at t=0.4 seconds up to 0.42 seconds, 

decelerated to a velocity of about 25 feet per second at t=0.45 seconds and 

maintained the velocity up to t=0.97 seconds. The velocity is fairly steady 

but the wave profile could not maintain a near vertical wavefront (see Figure 

51, color scale represents units in feet per second).  

 

Figure 50: Design 12 (WD-35-1-WG) 

 

Figure 51: Design 12 (WD-35-1-WG) – wave profile at t = 0.45 seconds 
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Design 13 (WD-35-2-WG) 

Model Description: 35 degrees inlet and outlet angle with a fluid depth of two feet (see Figure 

52). A pressure of 2407 psf. was applied for 0.39 secs after which the 

pressure was reduced to zero as friction was not considered for the 

geometry. 

Comments: The fluid accelerated rapidly at t=0.4 seconds up to 0.43 seconds, 

decelerated quickly to a velocity of about 20 feet per second at 

t=0.5 seconds and maintained the velocity in the range of 19 to 23 feet per 

second up to t=1.2 seconds. The velocity was somewhat steady but the wave 

profile could not maintain a near vertical wavefront (see Figure 53, color 

scale represents units in feet per second).  

 

Figure 52: Design 13 (WD-35-2-WG) 

 

Figure 53: Design 13 (WD-35-2-WG) – wave profile at t = 0.48 seconds 

Design 14 (WD-25-1-WG) 

Model Description: 25 degrees inlet and outlet angle with a fluid depth of one foot (see Figure 

54). A pressure of 2140 psf. was applied for 0.39 secs after which the 
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pressure was reduced to zero as friction was not considered for the 

geometry. 

Comments: The fluid accelerated rapidly at t=0.35 seconds up to 0.4 seconds, 

maintained a velocity of about 25 feet per second up to t=0.92 seconds. The 

velocity was conserved and the wave profile was satisfactory (see Figure 55, 

color scale represents units in feet per second).  

 

Figure 54: Design 14 (WD-25-1-WG) 

 

Figure 55: Design 14 (WD-25-1-WG) – wave profile at t = 0.4 seconds 

Design 15 (WD-25-2-WG) 

Model Description: 25 degrees inlet and outlet angle with a fluid depth of two feet (see Figure 

56). A pressure of 2675 psf. was applied for 0.39 secs after which the 

pressure was reduced to zero as friction was not considered for the 

geometry. 

Comments: The fluid accelerated rapidly at t=0.4 seconds up to 0.42 seconds, 

decelerated steadily with alternating velocities up to t=0.8 seconds and 

maintained 20 feet per second velocity up to t=1.25 seconds. The velocity 

was conserved for a considerable time period and the wave profile was 
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unsatisfactory (see Figure 57, color scale represents units in feet per 

second).  

 

Figure 56: Design 15 (WD-25-2-WG) 

 

Figure 57: Design 15 (WD-25-2-WG) – wave profile at t = 0.45 seconds 

Design 16 (WD-55-1-WG) 

Model Description: 55 degrees inlet and outlet angle with a fluid depth of one foot (see Figure 

58). A pressure of 1960 psf. was applied for 0.39 secs after which the 

pressure was reduced to zero as friction was not considered for the 

geometry. 

Comments: The fluid accelerated rapidly at t=0.41 seconds up to t=0.45 seconds, it 

could maintain its velocity at 30 feet per second for one-tenth of a second 

but significantly decelerated later in the simulation. Water was forced out of 

the inclined outlet creating a huge air pocket below the jet which ultimately 

produced an unsatisfactory wave profile (see Figure 59, color scale 

represents units in feet per second).  
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Figure 58: Design 16 (WD-55-1-WG) 

 

Figure 59: Design 16 (WD-55-1-WG) – wave profile at t = 0.42 seconds 

The velocities were recorded via a baffle placed at the same location for all simulations. 

The results were plotted on a graph with velocity (feet per second) on the y-axis and time 

(seconds) on the x-axis as shown in Figure 60. It can be observed that most geometries with a 

depth of one foot have a near constant velocity of approximately 25 feet per second starting 

within t = 0.4 to 0.5 seconds that is conserved for almost t = 1 seconds. Whereas, the geometry 

with 55 degrees and the 25 degrees inlet-outlet have not produced acceptable results as shown in 

Figure 60 (c). The initial bump on the graphs is believed to appear from splashing and turbulent 

nature of water. 
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(a) 

 

(b) 

 

(c) 

 

Figure 60: Velocity – vs – time (without gates) for geometries with: (a) 45 degrees; (b) 35 

degrees; (c) 55 degrees and 25 degrees 

Design 17, 18, & 19 (WD-45-1-WG-1C, 2C, & 3C) 

Figure 61, Figure 62, Figure 63, and Figure 64 show the wave profiles for Design 10 

(WD-45-1-WG), Design 17 (WD-45-1-WG-1C), Design 18 (WD-45-1-WG-2C), and Design 19 
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(WD-45-1-WG-3C), respectively. Each design is differentiated with thin films of water with one, 

two, and three cell thicknesses, respectively. The results for Design 17 met the expectations of 

the study creating a nearly vertical wavefront. In the physical experimentation, when the tests are 

carried out, a thin film of water is left out by the previous test which is believed to act as the 

same thin film of water considered in the numerical simulation. 

 

 

Figure 61: Wave profile at t = 0.39 seconds 

 

Figure 62: Wave profile at t = 0.39 seconds with 1 cell of fluid depth downstream 

 

Figure 63: Wave profile at t = 0.39 seconds with 2 cell of fluid depth downstream 

 

Figure 64: Wave profile at t = 0.39 seconds with 3 cell of fluid depth downstream 
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Design 20 (WD-45-1-WG-PHY) 

Model Description: Four-inch pipe, 45 degrees inlet, and outlet angle with a fluid depth of one 

foot (see Figure 65). A pressure of 157 psf. was applied for 0.53 secs after 

which the pressure was reduced to six psf. to overcome shear stress acted 

upon the water by the solid geometry. 

Comments: The fluid accelerated rapidly and peaked at a velocity of 8 feet per second. 

Figure 67 shows that the wave tried to maintain its velocity for three-tenths 

of a second with a gradual decrease in value till almost 6.5 feet per second. 

The expected velocity according to the adopted kinematic theories is 11.3 

feet per second. This behavior was unlikely compared to other simulations 

which yielded desired results in terms of steadiness and velocity 

magnitudes. The wave, however, is near vertical and considered to be 

acceptable (see Figure 66, color scale represents units in feet per second).  

 

Figure 65: Design 20 (WD-45-1-WG-PHY) 
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Figure 66: Design 20 (WD-45-1-WG-PHY) – wave profile at t = 0.42 seconds 

 

Figure 67: Velocity vs time – Design 20 (WD-45-1-WG-PHY) 
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Physical Experimental Study 

Primarily, three parameters were focused in the physical experimental test:  

1) U-tube Pressure, 2) Wave velocity and, 3) Wave profile. The U-tube pressures and wave 

velocities were adjusted by controlling the chamber pressure (listed in Table 8). The wave 

profiles generated by all test configurations were near vertical, which was one of the major 

objectives of this study. Among a number of test configurations, a chamber pressure of 2.75 psig 

yielded an almost constant velocity and a U-tube pressure of 1.1 psig. The target velocity was 

11.3 feet per second and the adopted kinematics suggested a U-tube pressure of 1.09 psig would 

be required to displace the water in motion for the mentioned velocity. The wave profile 

produced by this configuration was acceptable (see Figure 68). 

 

Figure 68: Wave profile generated by an inlet pressure of 2.75 psi 

The results from the physical experimental study are shown in Table 8. The target 

velocity was 11.3 feet per second generated by a U-tube pressure of 1.09 psig within 

0.53 seconds for a development length of three feet as indicated by adopted kinematic theories.  
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Table 8: Results from the physical experimental study 

    

Velocity at locations: (ft./s) 

 

Run 

Chamber 

Pressure 

(psig.) 

DL 

(ft.) 
Time(s.) 2 ft. 4 ft. 6 ft. 8 ft. 10 ft. 

Average 

U-tube 

Pressure 

(psig.) 

1 10 3 0.53 22.73 12.05 38.46 27.78 25.94 2.89 

2 5 2 0.4 15.63 16.95 11.36 13.70 14.56 2.22 

3 5 3 0.53 28.57 11.36 16.95 16.67 16.60 1.85 

4 4 3 0.53 20.00 12.99 16.13 14.08 10.78 1.56 

5 3 2 0.4 12.35 12.50 12.99 12.82 14.56 1.6 

6 3 3 0.75 8.26 15.15 11.49 9.52 8.06 0.4 

7 3 3 0.75 13.70 13.25 10.42 12.50 11.53 1.1 

8 3 2.5 0.5 16.67 10.42 10.20 12.35 11.22 1.3 

9 3 3 0.58 16.13 11.49 12.20 10.10 11.22 1.1 

10 3 3 0.58 18.87 15.63 12.35 12.20 9.43 1.2 

11 3 3 0.53 14.08 15.63 9.71 12.20 11.53 1.2 

12 2.75 3 0.53 10.10 12.82 10.64 10.64 10.25 1.09 

13 2.75 3 0.53 11.63 12.82 12.35 10.10 8.30 1.11 

14 2.75 3 0.53 11.49 14.08 11.11 11.36 10.64 1.13 

15 2.75 3 0.53 11.24 12.20 11.76 9.35 12.39 1.09 

16 2.75 3 0.53 11.57 11.24 10.63 11.11 10.57 1.11 

17 2.75 3 0.53 11.76 13.16 10.42 10.35 9.71 1.14 

18 2.5 2 0.4 21.74 12.50 12.82 10.53 6.97 1.41 

19 1.5 3 0.63 6.25 10.87 10.20 8.26 15.37 0.82 

20 1.5 3 0.75 11.63 14.49 12.35 11.49 9.76 1.19 

21 1.5 3 0.75 7.75 7.94 7.63 6.49 6.10 0.5 

22 1.5 3 0.58 8.33 8.06 8.33 7.19 7.76 0.68 

It can be observed that using an inlet pressure of 2.75 psig yielded a nearly constant 

velocity (S.no. 16), which is pretty close to what was expected. Figure 69 shows the velocities 

yielded by a chamber pressure of 2.75 psig at selected locations on the downstream pipe. The 

fifth test simulation with a chamber pressure of 2.75 psig yielded the best result with near 

constant velocities at all locations. For this simulation, it can be observed that water accelerated 

with a peak velocity of around 11.5 ft. /s at the location of two feet and then decelerated slowly. 

Another small peak velocity is observed at the location of eight feet. Gravity acts on the 
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wavefront and produces a tongue in the bottom portion as shown in Figure 70 which might be a 

reason for the peak velocity as water is accelerated by gravity. In another perspective, as the 

tongue is produced, the wetted perimeter of the water jet is reduced, when compared with the jet 

with a vertical wavefront, as the top portion of the wave is dragged down by gravity. With the 

smaller surface area in contact, water might have been additionally accelerated due to the acting 

pressure. 

 

Figure 69: Velocity Results 

The chamber pressures and their respective U-tube pressures are compared and presented 

in Figure 71. A relation between these pressures can be generated almost accurately with an 

equation and additionally, a correlation coefficient has been generated as shown in the figure. 

The correlation coefficient is quite close to unity indicating that the regression line almost 

perfectly fits the data. 
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Figure 70: Tongue produced by the wave 

 

Figure 71: Chamber pressure vs U-tube pressure 

These results indicate that the physical and theoretical experiments are similar to one 

another as shown in Table 9. This verifies the workability of air pressure to generate the motive 

force on the water, and, similarly, the velocity sensors proved to work very well with the ability 

to records velocities up to 28 feet per second. 
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Table 9: Physical vs theoretical results for a chamber pressure of 2.75 psig (run 5) 

Results Theoretical Physical 

U-tube pressure (psig) 1.09 1.11 

Velocity (ft. /s) 11.3 11.57, 11.24, 10.63, 11.11,and 10.57 

  



  

69 

 

Conclusions and Future work 

Wave impact testing capability for CFEL was developed further by improving past 

designs and conducting a physical experimental study. Numerical modeling using FLOW-3D 

provided insight into the behavior of water under various pressured conditions and adaptation of 

different geometries. Results from theoretical kinematic analysis were well matched and verified 

by the physical experimental study. Also, air pressure proved to be a suitable motive force, 

controlled by solenoid valves, and as a result, produced steady near vertical wave profiles that 

can be used to replicate a tsunami wave. 

Numerical modeling for the designs with gates produced satisfactory wave profiles for all 

tested geometries, however, under the action of a constant air pressure, they failed to generate 

steady waves. Results show that upon adopting kinematic theories from the literature and using 

variable air pressure, these designs produced steady waves. WISD designs without gates were 

explored, which is considered to provide some flexibility during construction of the full-scale 

model. Numerical modeling of these configurations yielded good results producing steady waves 

with near vertical wave profiles. Design 10 (WD-45-1-WG) is proposed as the most viable 

WISD option for validation and further studies. 

The physical experimental study results were identical with the theoretical kinematic 

approach. The waves were almost vertical and the velocity was fairly conserved. However, the 

numerical model of this physical experimentation, Design 20 (WD-45-1-WG-PHY), failed to 

achieve steady waves and the target velocity. In the physical model, a four-inch circular pipe was 

used with a fluid depth of one foot, which does not resemble geometric similarity with any other 

numerical simulations. In addition, the hydrostatic pressure within the static fluid was not 

considered in the theoretical kinematic approach. Additional research is required for further 
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improvement on this identified flaw. Moreover, the physical model developed the wave profile 

and attained a peak velocity ahead of the locations predicted by the kinematic theory. Further 

research is required to understand this behavior resulted from the physical experiments. 

In the physical experiment, it was observed that the wave moved opposite to the direction 

of the flow for a small fraction of simulation, probably due to negative pressures in the upstream 

of the U-tube component. Valve 3 of the solenoid valve component provides access for the U-

tube to the atmosphere to neutralize any negative or vacuum pressures. But, it could be that the 

flow was choked by the diameter of the pipe used. Hence, higher diameter pipes are suggested so 

that enough volume of air could quickly enter the U-tube and prevent negative pressures. 

Future work includes the small scaled testing of prototypes that will help to identify 

probable design weaknesses or unexpected design complications. Once a design is finalized, full-

scale WISD can perform idealized wave impacts. Data gathered from full-scale prototype testing 

will be used to test components for the CFEL program and hence, produce fragility data to 

develop probabilistic risk assessment models for NPP components and facilities.  
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Appendix A : Artificial wave generation references 
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Appendix B: Drawings for sectional physical model 
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Appendix C: Pressure transducers 
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Appendix D: Additional Wavefront Images from the physical experiment 

 

1) 3 psi – Run 4 

 

2) 3 psi – Run 6 

 

3) 3 psi – Run 7 

 

4) 4 psi – Run 1 

 


