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ABSTRACT 

Structural Design, Simulation, and Analysis of a Wave Impact Simulation Device  

for the Component Flooding Evaluation Laboratory 

Thesis Abstract--Idaho State University (2018) 

A Wave Impact Simulation Device (WISD) has been designed for the Idaho State University 

Component Flooding Evaluation Laboratory (CFEL). The WISD will be used to test the resilience of 

components and component sub-assemblies when subjected to a 10 ft. by 10 ft. jet of water using a 

pneumatically driven, ten level water system. The ten channels shall be constructed of 10 ft. x 10 ft. x 3/8 in. 

thick, A36 steel plates supported by interspersed 1/4 in. steel rod supports. The gates of the prototype shall 

be 1-3/4 in. keyed shafts with 3/8 in thick steel, rectangular plates spanning the width of each channel. 

Electromagnets will be used for the gate mechanism to achieve a 90.8 rad/s angular velocity and 90-degree 

travel time of 0.02 seconds. 
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1.  INTRODUCTION 

 

“To stay the course, sometimes you have to make waves.” 

(Author Unknown) 

 

In 2017, the United States obtained approximately 20% of the nation’s electrical energy from 

nuclear power. Of the 99 licensed to operate nuclear power plants, 65 are Pressurized Water Reactors and 

the remaining 34 are Boiling Water Reactors (World Nuclear Association 2018). Both require large 

quantities of water. Not only is water used to transfer the heat energy from the reactor to the steam turbines, 

but it is also essential for cooling and moderating the reactor core. Thus, it is reasonable that these nuclear 

plants were built near large bodies of water, where a continuous and plentiful supply of coolant is readily 

obtainable. 

The drawback to this strategy was never more apparent than on March 11, 2011 when tsunami 

waves of approximately 50 feet eventually led to the meltdown of three reactor cores at the Fukushima 

Daiichi Nuclear Power Plant. An estimated 940 PBq (25,405,405 Ci) of radioactivity was released in just 

six days (World Nuclear Association 2017). It was one of the most massive nuclear accidents occurring to 

date, and it dealt yet another sharp blow to an already struggling nuclear industry. 

Within four months, the United States Nuclear Regulatory Commission (NRC) had established a 

“Near-Term Task Force” to review its current processes and regulations. A classified report, also dated four 

months after Fukushima, identified 34 nuclear plants considered to be “at heightened risk of flood damage 

due to upstream dam failures” (Perkins, Bensi, Philips, and Sancaktar 2011). The true potential of flood 

damage was now realized. Complex testing on individual components and component subassemblies under 

various flooding conditions was essential in circumventing future nuclear disasters. 
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In 2015, a partnership between the U.S. Department of Energy’s Light Water Reactor Sustainability 

Program (LWRS) and Idaho State University’s Component Flooding Evaluation Laboratory (CFEL) was 

formed to improve flood risk analysis at nuclear power plants. The experimental program would develop 

fragility curves and reliability models based on water rise, spray, and wave impact testing. Risks associated 

with both internal and external flooding to nuclear power plants would then be identified and used to better 

quantify safety margin.  

Currently, the CFEL team is collecting valuable experimental data using a portal evaluation tank, 

referred to as the PET. Commercial doors, both hollow and steel, are tested for failure using the PET’s 

unique structural capabilities. Data on flowrate, pressure, mode of failure, and fracture patterns all 

contribute to the development of the fragility curves and reliability models necessary for a more accurate 

risk assessment. Additionally, the relationship between water height and door strength observed by the 

CFEL team has already provided previously unknown information to the LWRS Program. 

A second structure, known as the Wave Impact Simulation Device (WISD), is also proposed for 

component testing at CFEL. The device will simulate impact forces equivalent to those of a full-scale 

tsunami wave by way of rapid water acceleration. Component resilience, response, and/or failure when 

subjected to these forces will be observed, and the data extracted from each experiment will be used to 

further advance the analysis models being developed by the team. The following thesis shall focus on the 

development of a physical prototype for the WISD.   
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2.  BACKGROUND 

The work performed in this thesis is a continuation of research begun in 2015 by Gregory David 

Roberts. In his thesis “Research and Development of a Wave Impact Simulation Device for the Idaho State 

University Component Flooding Evaluation Laboratory,” Roberts successfully identified the concept for a 

high velocity jet to satisfy the requirements of the project. Namely, the velocity and momentum of a 20 ft. 

wave must be replicated in a near vertical 10 ft. by 10 ft. section of water for impact testing (Roberts 2016). 

Roberts’ approach to tsunami wave celerity was to use shallow water wave equations. He justified 

his approach by stating the governing characteristics of tsunami waves during impact include an inundation 

and turbulence that cannot be described by generalized wave theory. Under this assumption, Roberts found 

that a 20 ft. wave would have a maximum horizontal fluid velocity of 25.4 ft/s. Obtaining the constant 

25.4 ft/s velocity was made a key requirement for the WISD. 

Using the computational fluid dynamics (CFD) software Flow-3D, Roberts was able to simulate 

resultant wave profiles for various device geometries, configurations, and driving mechanisms. Ten design 

approaches were documented in his work. His conclusion was that the most promising design for delivering 

a near vertical, 10-ft. by 10-ft. wave, at 25.4 feet per second was to use a system of plates coupled with 

rapid response gates. Roberts WISD concept is illustrated in Figure 1 and Figure 2. 

Roberts concluded his research by recommending the most viable displacement mechanism for 

accelerating the static reservoir section of water to its required velocity before exiting the plate section 

would be a pneumatic air system. Adjustments to the angle of entry and length of exit conduit were also 

recommended as they were found to have a substantial impact on the velocity and flow profile. 

The following thesis includes research, calculations, simulations, and analyses on the many 

iterations undertaken by the WISD team to design a device meeting all project requirements as established 

by Roberts. 



4 

 

 

 

 

 

Figure 1. WISD concept developed by Gregory Roberts at t = 0 seconds (Roberts 2016). 

 

 

 

 

Figure 2. WISD concept developed by Gregory Roberts at t = 1.21 seconds (Roberts 2016). 
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3.  LITERATURE REVIEW 

The purpose of the WISD is to subject various components and component subassemblies to 

worse-case, wave impact scenarios, then observe their response. The device must be of sufficient strength 

to withstand the forces generated by a substantial volume of water in both stationary and turbulent flow 

conditions, but also sleek enough to minimize interference with the desired wave formation. A successful 

solution to these requirements would first require preliminary research. A literature review was performed 

to glean information from other current laboratory wave generation methods. 

    

3.1  PAST AND CURRENT TSUNAMI SIMULATION MODELS 

Historically, analytical approaches to tsunami research date back to as far as 1896 after the Meiji 

Great Sanriku Tsunami claimed 22,000 Japanese lives (Shuto and Fujima 2009). Wave heights up to 30 ft. 

were recorded as far as the Hawaiian Islands (Yuichiro 2001). Rudimentary countermeasures for evacuation 

where introduced in 1933 when the largest recorded normal-faulting earthquake in history produced the 

Showa Great Sanriku Tsunami (Okal, Kirby and Kalligeris 2016). By 1941, tsunami forecasting and 

admonitions to relocate dwelling houses to higher ground were based on severe weather patterns. Then, 

proactive measures in tsunami engineering for elaborating coastal structures for tsunami defense were 

sought after the 80-ft. waves of the 1960 Chilean Tsunami left two million homeless (Pallardy 2017). But 

in 1983, the unanticipated Japan Sea Earthquake Tsunami wreaked havoc during an otherwise beautiful, 

fair-weather day. The need for more comprehensive tsunami disaster prevention had become imperative 

(Shuto and Fujima 2009). 
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Today, tsunami disaster prevention continues through event forecasting, defense structures, and 

evacuation. However, tsunami research has evolved into a far more complex subject, and a deeper 

investigation into tsunami-resistance has begun to develop (Shuto and Fujima 2009). Discussing all the 

many facets of tsunami research is well beyond the scope of this paper. Instead, the following sections will 

focus primarily on the methods used for laboratory wave generation. The intent of approaching the literature 

review in this manner was to determine which methods, if any, could be applicable to the design of the 

WISD prototype.  

 

HR Wallingford and University College London, United Kingdom 

The collaborative efforts of Hydraulics Research (HR) Wallingford and the University College of 

London has resulted in the design and construction of three generations of tsunami simulators. The First 

Generation Tsunami Simulator, developed in 2008, was a 5.9 ft. tall, 3.9 ft. wide, and 15.7 ft. long tank 

with a variable height outlet placed in a 147.6 ft. long, 3.9 ft. wide, 2-dimensional flume, (see Figure 3). 

The flume replicated long duration tsunami waves on a 1:50 scale using a pneumatic system and almost 

20,000 gallons of water. To generate waves, the First Generation Tsunami Simulator pulled water from the 

test flume into a sealed tank using a high capacity vacuum pump. Once the tank was full, the vacuum was 

released using an air control valve. The water rushing back into the test flume took on the desired waveform. 

The shape of the waveform generated was controlled by adjusting the position of the air control valve. 

Vacuum pressure in the tank was controlled using a computer automated 45-degree butterfly valve, (Allsop, 

Chandler, and Zaccaria 2014). 
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Figure 3. Simulated model of the First Generation Tsunami Simulator. 

 

In 2011, a CFD model of the First Generation Tsunami Simulator was developed to identify 

structural modifications that would be necessary to improve upon the initial design. Construction of a 

Second Generation Tsunami Simulator was undertaken in 2014. The height and width of the tank were 

increased to 11.5 ft. and 5.9 ft., respectively. The tank length was decreased to 13.1 ft. and the variable 

height of the outlet in the First Generation was replaced with a permanent 1.3 ft. outlet. A flow shaper was 

also added to the outlet to reduce the amount of turbulence generated by the wave, (Allsop, Chandler, and 

Zaccaria 2014). 

The Second Generation Tsunami Simulator flume length and width was likewise increased to 

328.1 ft. and 5.9 ft., respectively. This allowed for more uniform wave development, as well as increased 

the range of processes and structures to be tested. A second vacuum pump, two ultrasonic level sensors, 

and updated computer software were also included in the modifications for the new design, (Allsop, 

Chandler, and Zaccaria 2014).  
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The Third Generation Tsunami Simulator was developed in 2016 to improve generation of crest-led 

and trough-led tsunamis. Installed in the HR Wallingford 13.1 ft. wide by 229.7 ft. long Fast Flow Facility, 

the tank is 13.1 ft. tall, 13.1 ft. wide, and 14.4 ft. long, with an outlet height of 1.31 ft., (see Figure 4). This 

latest iteration of tsunami simulator uses a proportional-integral-derivative (PID) feedback system for 

closed-loop wave generation. Current testing includes the investigation of tsunami run-up, forces and 

pressures on seawalls, and forces acting on single buildings. (Chandler, Allsop, Granged, and 

McGovern 2016). 

 

Figure 4. Simulated model of the Third Generation Tsunami Simulator. 

 

 All three HR Wallingford Tsunami Simulators use pneumatics in lieu of the traditional piston 

approach for creating waves. This design allows for longer wave periods to be generated, up to 2 minutes 

(Lloyd and Rossetto 2012). 
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Civil Engineering Department of Clemson University, United States 

The rectangular wave tank located at the Flow Physics Laboratory of Clemson University is 40 ft. 

long, 2 ft wide and 2 ft deep, (see Figure 5). The five modular sections of the wave tank are constructed 

using clear plexiglass panels, supported by grated steel framing. Waves are generated in the tank using a 

vertical plate driven by a linear actuator system. The linear actuator system consists of a horizontal actuator, 

servo-electrical motor, and logic controller. The 5 ft. stroke of the actuator moves the vertical plate in linear 

proportion to the input voltage signal of the logic controller. The maximum velocity and acceleration 

achieved by the piston-type system is 5 ft/s and 32.8 ft/s2, respectively. A sand beach of 1:20 was installed 

at the opposite end of the tank from the actuator to mimic the environmental conditions of a tsunami-based 

event (Mohammadi and Testik, 2010). 

  

 

Figure 5. Piston-type wave generation in the Flow Physics Laboratory wave tank. 
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Plymouth University Marine Institute, United Kingdom 

 The Ocean Basin wave tank at the Coastal Ocean and Sediment Transport (COAST) laboratory of 

Plymouth University is primarily used for marine renewable energy testing in the UK. Waves up to 3 ft. 

high are generated by 24, hydraulically drive, paddle-type wave boards. The basin is approximately 115 ft. 

long, 50 ft. wide, and 10 ft. deep basin, (see Figure 6). A 6-degree, sloping, moveable floor and recirculating 

hydraulic system allows the Ocean basin to produce specialty waveforms for both short and long-crest 

waves (Kirke, Freeman, and Miranda 2015). 

 

 

Figure 6. Ocean Basin wave tank at Plymouth University, UK. 
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LWI Institute for Hydromechanics, The Netherlands 

The Deltares Delta Flume is considered one of the largest wave flume facilities in the world at 

755 ft long, 16.5 ft wide, and 31 ft high, (see Figure 7). The reservoir for the flume contains 2.4 million 

gallons of water, approximately the capacity of four Olympic size swimming pools. Three pumping stations 

are needed to move the water to and from the flume at 264 gallons per second. The Delta Flume uses 

hydraulic cylinders to move 23 ft. piston-type wave boards. The waves produced by this motion can be up 

to 15 ft. high with wave periods from 1 to 20 seconds (Streicher, Hofland, and Lindenbergh 2013). 

 

 

Figure 7. Top view of Delta Deltares wave flume. 
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National Institute of Maritime Port and Airport Research, Japan 

The Large Hydro-Geo Flume (LHGF) was completed in 2000 under an initiative from the National 

Institute of Maritime Port and Airport Research Institute (PARI) to promote the redesign of naval and 

oceanic facilities for tsunami resistance. Large-scale experiments from 1:5 to 1:1 are conducted in the 

604 ft. long, 11.5 ft. wide, 40 ft. deep flume to edify the potential failure of coastal structures and 

foundations, (see Figure 8). The flume also includes a 13 ft. deep bed of sand to simulate sea-seabed 

interactions (Shimosako, Takahashi, Suzuki, and Kang. 2002).  

Regular and irregular waves up to 11.5 ft. are generated with piston-type wavemakers driven by 

the rack and pinion system of four AC electric servomotors. A current generator is also installed in the 

flume to produce a 6.5 ft/s current using two propeller pumps with a rotational speed of 240 RPM 

(Shimosako, Takahashi, Suzuki, and Kang. 2002). 

 

 

Figure 8. Large Hydro-Geo Flume at PARI, Japan. 
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O.H. Hinsdale Wave Research Laboratory of Oregon State University, United States 

The Large Wave Flume at Oregon State University is used for international research on 

wave-structure interactions, nearshore hydrodynamics and sediment transport, marine renewable energy, 

tsunami and coastal hazards, and fixed and floating structures. The flume is 342 ft. long, 12 ft. wide, and 

15 ft. deep with a maximum water depth of 6.5 ft. for tsunami waves and 9 ft. for wind waves, (see Figure 

9). A piston-type, hydraulic actuator moves a horizontal wave board at 13.1 ft/s using an oil hydraulic pump 

driven by a 140 hp servo-hydraulic electric motor. The 1:12 sloping beach at the end of the flume is used 

to measure wave runup and tsunami inundation (Rhinefrank, Sschacher, Prudell, and Hammagren 2010). 

 

 

Figure 9. Large Wave Flume at Oregon State University. 
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W. M. Keck Hydraulics Laboratory of California Institute of Technology, United States 

 The W.H. Keck Hydraulics Laboratory West Tank is 123.8 ft. long, 2 ft. deep, and 15.5 in. wide, 

(see Figure 10). There are thirteen separate modules that make up the tank. Twelve of the modules are 

identical, while the thirteenth module includes a movable block section installed by J. L. Hammack in 1972 

during his early attempts at tsunami wave generation. The walls of each module were constructed with glass 

panels, mounted to steel rails (Goring 1979). 

The hydraulic system consists of a 40-gallon oil reservoir, a 7.5 hp piston-type pump, wire cloth 

filters, a 3000 psi unloading valve, two 10-gallon bladder accumulators, a servo-valve, and two 8 ft. 

hydraulic cylinders (Goring 1979). 

 

 

Figure 10. West Tank at W.M. Keck Hydraulics Laboratory 
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3.2  CONCLUSIONS FROM LITERATURE REVIEW  

  The research conducted for the literature review revealed that the primary mechanism currently in 

use for wave generation is a hydraulically driven, piston-type wavemaker. The exception was the pneumatic 

approach used by HR Wallingford and the University College of London. However, the wave 

characteristics encountered for each of the aforementioned devices were not found to be consistent with the 

needs of the WISD for a near-vertical wave striking a previously un-inundated area. Furthermore, the space 

and budgetary requirements of integrating a piston-type or pneumatic method was not practical for the 

WISD project. The WISD design shall require a new approach to wave generation that has not yet been 

explored by other organizations.   
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4.  DESIGN METHODOLOGY 

The design conditions for the WISD were as follows: 

1. Prototype shall have a discharge area of approximately 10 ft. x 10 ft. 

2. Scale model shall be 1:5 of the prototype (2 ft. x 2 ft.). 

3. Wave exiting discharge area shall have a near vertical flow profile. 

4. Plates shall be designed for minimal thickness and minimal deflection. 

5. Gates shall open near instantaneously. 

6. Leakage through closed gates shall be minimal. 

 

The framework for a WISD structural design meeting these design conditions included hand 

calculations, computational modeling, and finite element analysis. First, hand calculations were performed 

to determine appropriate plate thicknesses, shaft diameters, and gate requirements for the WISD prototype. 

These results were then used to create various models in SOLIDWORKS Simulation for finite element 

analysis (FEA). Once an acceptable design was found to meet all requirements of the project, a 1:5 scaled 

physical model was built for additional testing and refinement for a full-size prototype. 

The WISD structural design team was comprised of three CFEL members. Rojin Tuladhar 

continued the computational FLOW-3D analyses begun by Gregory Roberts in 2015 to identify resultant 

pressure and configuration requirements for several team concepts. The electrical research and component 

integration performed by Jash Soumadipta enabled the team to retrieve actual velocity and flow data from 

the physical model. Larinda Nichols led the design and analysis for all mechanical and structural 

components to determine feasibility and compliance with the given design conditions. 

The work identified in the following thesis is the result of all three members sharing information 

as they worked concurrently during each stage of the design process. As such, minor design parameters 

were often adjusted as the investigation into various concepts revealed previously unknown issues or 

advantages. For each adjustment made, an explanation has been included in this work.  
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5.  SOFTWARE VALIDATION 

5.1  HAND CALCULATIONS 

Performing the initial calculations by hand served two purposes. First, the hand calculations 

provided a general estimate for the thickness requirements of each plate, depending on its support 

configuration. Second, the results from the hand calculations were then used to validate the SOLIDWORKS 

computational modeling software.  

Due to the large width to thickness ratio anticipated for this application, equations from Roark’s 

Formulas for Stress and Strain (6th Edition) were chosen as they specifically address thin metal plates with 

uniform cross-sections. Case No. 6 of Roark’s Table 26, “Formulas for flat plates with straight boundaries 

and constant thickness” for a “rectangular plate, two long edges fixed, two short edges simply supported” 

was used under the assumption that each plate will be simply supported length-wise by the WISD housing 

using clamps or bolts. This case is illustrated below in Figure 11. 

 

 

Figure 11. Case No. 6 for flat plates with straight boundaries and constant thickness (Young 1989). 

 

 Based on Case No. 6, the maximum stress at the center of the long edge of each plate can be found 

using Equation 1 below, where q represents a uniform pressure to the plate (in psi), b represents the width 

(in inches), a represents length (in inches) and t is the plate thickness (in inches). Specific variables for β 

are tabulated for each length to width ratio, (see Table 1). 
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𝑀𝑎𝑥 𝜎 =  
−𝛽𝑞𝑏2

𝑡2
 

[1] 

  

Table 1. Tabulated Specific Values for β (Young 1989) 

a/b 1 1.2 1.4 1.6 1.8 2 ∞ 

β 0.4182 0.4626 0.4860 0.4968 0.4971 0.4973 0.500 

 

 

The maximum deflection at the center of the plate can be found using Equation 2, where q, b, and 

t are the same values used in Equation 1, and E represents the Modulus of Elasticity of the material. 

Tabulated specific values for α are shown in Table 2. 

 𝑀𝑎𝑥 𝑦 =  
−𝛼𝑞𝑏4

𝐸𝑡3
 

[2] 

 

Table 2. Tabulated Values for α (Young1989) 

a/b 1 1.2 1.4 1.6 1.8 2 ∞ 

α 0.0210 0.0243 0.0262 0.0273 0.0280 0.0283 0.0285 

 

 

The preliminary design conditions specified that each plate must support approximately 1 ft. of 

water. The hydrostatic pressure at this depth was found using the equation for hydrostatic pressure. 

 𝑃 =  𝛾ℎ [3] 

 

Assuming general atmospheric conditions at sea level, the specific weight of water (𝛾) is 63.4 lb/ft3, 

or approximately 0.0361 lb/in3. Multiplying the specific weight by the 12-inch depth, the pressure of the 

water was found to be 0.4333 psi. In Roark’s formula’s, pressure is represented by the variable q in the 

equations above. Also, the material properties used for the A36 carbon steel plates are shown in Table 3. 
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Table 3. Material Properties of A36 Plain Carbon Steel (Hibbeler 2005) 

Elastic Modulus (psi) Poisson’s Ratio Yield Strength (psi) Mass Density (lb/in3) 

30,457,925 0.3 31,995 0.282 

 

 

Equations 1 and 2 were used along with values obtained from Table 1, Table 2, and Table 3 to 

determine the maximum stress and deflection of 10 ft. x 10 ft., 5 ft. x 10 ft., and 2-1/2 ft. x 10 ft. plates of 

various thickness when supporting 1 ft. of water. Details of these calculations can be found in Appendix A, 

p 78. 

 

Table 4. Maximum Yield and Deflection for a 10 ft. x 10 ft. Plate Using Roark's Formulas 

 
Ratio           

(w/l) 

Tabulated 

Value 

Tabulated 

Value 

Pressure     

(psi) 

Weight          

(lb) 

Max Yield 

(psi) 

Max Deflect 

(in)  

 a/b β α q w σ y 

3/8 in. 1 0.4182 0.021 0.433 1522 18557 1.175 

1/4 in. 1 0.4182 0.021 0.433 1015 41753 3.965 

3/16 in. 1 0.4182 0.021 0.433 761 74228 9.399 

1/8 in. 1 0.4182 0.021 0.433 507 167012 31.72 

 

 

Table 5. Maximum Yield and Deflection for a 5 ft. x 10 ft. Plate Using Roark's Formulas 

 
Ratio           

(w/l) 

Tabulated 

Value 

Tabulated 

Value 

Pressure     

(psi) 

Weight          

(lb) 

Max Yield 

(psi) 

Max Deflect 

(in)  

 a/b β α q w σ y 

3/8 in. 2 0.4973 0.0283 0.433 761 5517 0.099 

1/4 in. 2 0.4973 0.0283 0.433 507 12413 0.334 

3/16 in. 2 0.4973 0.0283 0.433 380 22067 0.792 

1/8 in. 2 0.4973 0.0283 0.433 254 49650 2.672 
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Table 6. Maximum Yield and Deflection for a 2-1/2 ft. x 10 ft. Plate Using Roark's Formulas 

 
Ratio           

(w/l) 

Tabulated 

Value 

Tabulated 

Value 

Pressure     

(psi) 

Weight          

(lb) 

Max Yield 

(psi) 

Max Deflect 

(in) 
 

 a/b β α q w σ y 

3/8 in. 4 0.5000 0.0285 0.433 380 1387 0.006 

1/4 in. 4 0.5000 0.0285 0.433 254 3120 0.021 

3/16 in. 4 0.5000 0.0285 0.433 190 5547 0.050 

1/8 in. 4 0.5000 0.0285 0.433 127 12480 0.168 

 

 

Here it should be noted that for these formulas to remain applicable to the WISD plates, the 

following assumptions from Roark’s Formulas for Stress and Strain must hold true: “(1) the plate is flat, of 

uniform thickness, and of homogeneous isotropic material; (2) the thickness is not more than about one-

quarter of the least transverse dimension, and the maximum deflection is not more than about one-half the 

thickness; (3) all forces – loads and reactions – are normal to the plane of the plate; (4) the plate is nowhere 

stressed beyond the elastic limit” (Young1989).  

All results from Table 4, Table 5, and Table 6 were in agreement with assumptions (1) and (3). 

However, assumption (4) requires that the maximum stress does not exceed the yield stress of the material. 

In comparing each result to the maximum yield strength of the A36 steel shown in Table 3, only the eight 

plates shown in Table 7 met assumption (4). 

 

Table 7. Plate Geometries Meeting Roark’s Requirement (4) 

 
Weight (lb) 

w 

Max Yield (psi) 

σ Plate Size 

10 ft. x 10 ft. x 3/8 in.  1522 18557 

5 ft. x 10 ft. x 3/8 in. 761 5517 

5 ft. x 10 ft. x 1/4 in.  507 12413 

5 ft. x 10 ft. x 3/16 in.  380 22067 

2-1/2 ft. x 10 ft. x 3/8 in. 380 1387 

2-1/2 ft. x 10 ft. x 1/4 in. 254 3120 

2-1/2 ft. x 10 ft. x 3/16 in. 190 5547 

2-1/2 ft. x 10 ft. x 1/8 in. 127 12480 
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The final assumption, (3), requires a plate deflection less than half of the original thickness. 

Therefore, the deflection of each plate in Table 7 was then compared to its respective thickness. The four 

plates listed below in Table 8 were the only configurations shown to meet all four requirements.  

 

Table 8. Plate Geometries Meeting All Four Roark’s Requirements 

Plate Size 

Weight          

(lb) 

Max Yield 

(psi) 

Factor of 

Safety 

Max 

Deflect (in) 
Max Deflect  

per Plate 

Thickness w σ N y 

5 ft. x 10 ft. x 3/8 in. 761 5517 5.8 0.099 0.26 

2-1/2 ft. x 10 ft. x 3/8 in. 380 1387 23 0.006 0.02 

2-1/2 ft. x 10 ft. x 1/4 in. 254 3120 10 0.021 0.08 

2-1/2 ft. x 10 ft. x 3/16 in. 190 5547 5.8 0.050 0.27 

 

After establishing reasonable solutions for plate thickness using the hand calculations above, each 

of the four configurations of Table 8 were modeled and using SOLIDWORKS computational software. All 

material properties, fixtures, and external load (pressure) were simulated to replicate the parameters and 

conditions assumed in the hand calculations. The FEA analysis for each study took approximately twenty 

minutes using SOLIDWORKS 2016 x84 Student Edition on an Intel(R)Core(M) i7-7700HQ CPU @ 2.80 

GHz and 16.0 GB RAM. Mesh settings were set to solid, fine, and curvature-based. The results for each 

case are discussed below. Additional details of SOLIDWORKS Simulation settings can be found in 

Appendix B, p 89. 
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5.2  COMPARISON OF SOLIDWORKS RESULTS TO HAND CALCULATIONS 

Validation 1:  5 ft. x 10 ft. x 3/8 in. A36 Steel Plate 

The FEA analysis of the 5 ft. x 10 ft. x 3/8 in. plate showed a maximum yield stress of 5109 psi, 

approximately 400 psi less than the maximum yield stress calculated using Roark’s formulas, (see Figure 

12). The FEA maximum deflection was 0.111 in., a slight increase from the hand calculated value of 

0.099 in, (see Figure 13).  

 

 

Figure 12. Von-Mises stress of the 5 ft. x 10 ft. x 3/8 in. plate with long edges fixed under 0.433 psi. 

 

 

Figure 13. Deflection of the 5 ft. x 10 ft. x 3/8 in. plate with long edges fixed under 0.433 psi. 
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Validation 2:  2-1/2 ft. x 10 ft. x 3/8 in. A36 Steel Plate 

The FEA analysis of the 2-1/2 ft. x 10 ft. x 3/8 in. plate showed a maximum yield stress of 1191 psi, 

approximately 200 psi less than the maximum yield stress calculated using Roark’s formulas, (see Figure 

14). The FEA maximum deflection was 0.007 in., in close agreement with the hand calculated value of 

0.006 in., (see Figure 15). 

 

 

Figure 14. Von-Mises stress of 2-1/2 ft. x 10 ft. x 3/8 in. plate with long edges fixed under 0.433 psi. 

 

 

Figure 15. Deflection of 2-1/2 ft. x 10 ft. x 3/8 in. plate with long edges fixed under 0.433 psi. 
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Validation 3:  2-1/2 ft. x 10 ft. x 1/4 in. A36 Steel Plate 

The FEA analysis of the 2-1/2 ft. x 10 ft. x 1/4 in. plate showed a maximum yield stress of 2689 psi, 

approximately 400 psi less than the maximum yield stress calculated using Roark’s formulas, (see Figure 

16). The FEA maximum deflection was 0.020 in., a slight increase from the hand calculated value of 0.021 

in., (see Figure 17). 

 

 

Figure 16. Von-Mises stress of 2-1/2 ft. x 10 ft. x 1/4 in. plate with long edges fixed under 0.433 psi. 

 

 

Figure 17. Deflection of 2-1/2 ft. x 10 ft. x 1/4 in. plate with long edges fixed under 0.433 psi. 
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Validation 4:  2-1/2 ft. x 10 ft. x 3/16 in. A36 Steel Plate 

The FEA analysis of the 2-1/2 ft. x 10 ft. x 3/16 in. plate showed a maximum yield stress of 

4703 psi, approximately 850 psi less than the maximum yield stress calculated using Roark’s formulas, (see 

Figure 18). The FEA maximum deflection was 0.055 in., a slight increase from the hand calculated value 

of 0.050 in., (see Figure 19). 

 

 

 

Figure 18. Von-Mises stress of 2-1/2 ft. x 10 ft. x 3/16 in. plate with long edges fixed under 0.433 psi. 

 

 

Figure 19. Deflection of 2-1/2 ft. x 10 ft. x 3/16 in. plate with long edges fixed under 0.433 psi. 
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Table 9 compares the results obtained using the SOLIDWORKS FEA versus those found using 

Roark’s Formulas. Overall percent difference was within 16.5% for yield stress and 11.5% for deflection. 

Table 9. Comparison of Hand Calculation and SOLIDWORKS FEA Results 

PLATE SIZE 
MAXIMUM YIELD STRESS (psi) MAXIMUM DEFLECTION (in) 

ROARK'S SOLIDWORKS % DIFF ROARK'S SOLIDWORKS % DIFF 

5 ft. x 10 ft. x 3/8 in. 5517 5109 7.70 0.099 0.111 11.5 

2-1/2 ft. x 10 ft. x 3/8 in. 1387 1191 15.2 0.006 0.007 10.9 

2-1/2 ft. x 10 ft. x 1/4 in. 3120 2689 14.9 0.021 0.023 10.5 

2-1/2 ft. x 10 ft. x 3/16 in. 5547 4703 16.5 0.050 0.055 9.30 

 

The uncertainty associated with Roark’s Formulas is given by Young as approximately 7% due to 

the experimentally derived values for α and β used in each equation. SOLIDWORKS does not explicitly 

state uncertainty values for FEA results since each result is heavily dependent on the mesh settings used. 

Finer mesh settings require more complex calculations to be performed by the program; thereby, increasing 

the reliability of each outcome.  

Both methods were deemed in satisfactory agreement, and the software was considered reliable for 

all further design. Validation was important since the model would become more complex as additional 

elements were added such as shafts, rods, gates, multiple plate configurations, etc., and hand calculations 

would be difficult and highly susceptible to more errors.  
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6.  WISD PROTOTYPE DESIGN 

Establishing an acceptable structural design for WISD was an iterative process based on 

preliminary hand calculations and computational modelling. First, adequate plate thickness had to be 

identified before an accompanying gate system could be developed. Then, the configuration of the gate 

system would dictate the mechanical aspects of WISD operation. Finally, a comprehensive review of the 

final design was necessary to ensure all components would operate as designed and not interfere with the 

processes of one another.  

 

6.1 DESIGN AND ANALYSIS OF WISD PLATES 

Establishing a plate thickness, geometry, and configuration best suited for the WISD prototype was 

the first step in the design process. The results of the software validation indicated that thinner plates could 

be used if the spanning width was decreased. Plates spanning the entire 10-ft. width would require additional 

thickness, but they would be less invasive on the developing wave than multiple sections per channel. 

Design iterations were used to identify the advantages and disadvantages of each option.  

 

Plate Design Iteration 1:  Four 2-1/2 ft. Plates per 10 ft. Wide Channel 

Model Details: Four 2.5 ft. x 10 ft. x 3/32 in. A36 steel plates were designed to span the 10-ft. wide 

channel. A single plate was modeled with the long edges fixed from translation and 

rotation. A total of 36 plates would be required for the entire prototype, (see Figure 20). 

A uniform pressure of 0.433 psi was applied over the face of the plate. 

FEA Results: The maximum von-Mises stress was observed to be 17,446 psi, (see Figure 21), with a 

maximum deflection of 0.044 in., (see Figure 22). 
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Remarks: The maximum stress did not exceed the 36,000 psi yield stress of A36 steel, and the 

0.044 in. deflection was considered minimal. However, it was unclear how dividing the 

10 ft. channel into four separate 2-1/2 ft. sections might affect the target flow profile. 

FLOW-3D models of the multiple channel configuration were created by WISD member, 

Rojin Tuladhar. The vertical flow profile appeared unchanged from a single channel of 

10-ft width but installing supports for each section was considered a disadvantage. The 

team agreed more options should be explored.  

 

 

Figure 20. Overview of the 2-1/2 ft. x 10 ft. x 3/32 in. plate system. 
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Figure 21. Von-Mises stress of a 2-1/2 ft. x 10 ft. x 3/32 in. plate with long edges fixed under 0.433 psi. 

 

 

 

 

Figure 22. Deflection of a 2-1/2 ft. x 10 ft. x 3/32 in. plate with long edges fixed under 0.433 psi. 
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Plate Design Iteration 2:  A Single 10 ft. Wide Plate per 10 ft. Channel 

Model Details: A 10 ft. x 10 ft. x 1 in. thick plate was modeled with long edges fixed. A total of 9 plates 

would be required for the reservoir section of the prototype, (see Figure 23). A uniform 

pressure of 0.433 psi was applied over the face of the plate. 

FEA Results: Maximum von-Mises stress was 2,743 psi, (see Figure 24). Maximum deflection was 

0.099 in., (see Figure 25). 

Remarks: Each 10 ft. x 10 ft. x 1 in. plate would weigh approximately 4,084 lbs., a significant issue 

for installation and safety issues. A 1 in. thick plate was also scrutinized as being highly 

disruptive to a developing flow profile. The solution was to use a thinner plate and 

investigate different options for supporting it. 

 

 

Figure 23. Overview of the 10 ft. x 10 ft. x 1 in. plate system. 
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Figure 24. Von-Mises stress of a 10 ft. x 10 ft. x 1 in. plate with long edges fixed under 0.433 psi. 

 

 

 

Figure 25. Deflection stress of a 10 ft. x 10 ft. x 1 in. plate with long edges fixed under 0.433 psi. 
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Plate Design Iteration 3:  Plate Thickness Decreased and Number of Fixed Edges Increased 

Model Details: A 10 ft. x 10 ft. x 3/8 in. plate was modeled with three sides fixed in place. A uniform 

pressure of 0.433 psi was applied over the face of the plate. 

FEA Results: Maximum von-Mises stress was 19,327 psi, (see Figure 26). Maximum deflection was 

1.852 in., (see Figure 27). 

Remarks: The 19,327 psi maximum stress did not exceed the 36,000 psi yield stress of A36 steel, 

but the deflection was substantial at 1.852 in.. Additional support was deemed necessary. 

 

 

Figure 26. Von-Mises stress of a 10 ft. x 10 ft. x 3/8 in. plate with three fixed edges under 0.433 psi. 
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Figure 27. Deflection of a 10 ft. x 10 ft. x 3/8 in. plate with three fixed edges under 0.433 psi. 

  

Plate Design Iteration 4:  Fixed Edges Increased to all Four Sides of Plate 

Model Details: A 10 ft. x 10 ft. x 3/8 in. thick plate was modeled with all four sides fixed. A uniform 

pressure of 0.433 psi was applied over the face of the plate. 

FEA Results: Maximum von-Mises stress was 18,098 psi, (see Figure 28). Maximum deflection was 

1.630 in., (see Figure 29). 

Remarks: The maximum stress was reduced from 19,327 to 18,098 psi, and the deflection was 

reduced from 1.852 in. to 1.630 in. The deflection was still considered excessive. The 

team began research on thin supports to decrease deflection at the center of the plate. 
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Figure 28. Von-Mises stress of a 10 ft. x 10 ft. x 3/8 in. plate with three fixed edges under 0.433 psi. 

 

 

 

Figure 29. Deflection of a 10 ft. x 10 ft. x 1 in. plate with three fixed edges under 0.433 psi. 
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It was at this time in the design process that the concurrent FLOW-3D research being performed 

by WISD member Rojin Tuladhar showed that increasing the hydrostatic head from 1ft to 3 ft. would aid 

in the development of a near vertical flow profile. The FLOW-3D simulation also indicated as much as 

20 psi of air pressure would be required to accelerate the water from stagnation to a constant 25.4 ft/s 

velocity before it exists the conduit. 

The change in design parameters from 0.433 psi to approximately 21.3 psi substantially increased 

the difficulty in developing an adequately thin, yet adequately strong prototype plate. The need for 

additional plate supports became imperative. It was assumed that adding supports to the reservoir section 

would have less of an impact on the target velocity profile than adding supports to the plates located 

downstream of the gate system. Furthermore, the water contained in the post-gate section would not be 

static. It would be in constant motion when acting upon by the 20 psi horizontal, pneumatic force. As such, 

the design focus was shifted from the reservoir plates to the post-gate plates to determine the stress and 

deflection behavior under these new parameters. 

 

Plate Design Iteration 5:  Investigation of Static vs. Dynamic Effects on Post Gate Plates 

Model Details: Nine 10 ft. x 5 ft. x 1/2 in. plates were modeled with three edges fixed in place (exit edge 

remained simply supported). All nine plates were included in the simulation to observe 

the overall behavior of the plate system, (see Figure 30). Two FEA studies were 

performed to compare the behavior of all nine plates when subjected to a static, then 

dynamic load. For the static study, a uniform 1.3 psi pressure was applied vertically to 

the top plane of each plate. The dynamic study included a non-linear, time-dependent 

study based on the 20 psi horizontal force also acting on the water column.  

FEA Results: The static analysis showed a maximum von-Mises stress of 8,864 psi would develop in 

all nine plates when a 1.3 psi pressure is applied, (see Figure 31). The maximum 
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deflection was 0.413 in., (see Figure 32). In the time-dependent analysis, the maximum 

von-Mises stress was 8,372 psi, (see Figure 33), and the maximum deflection was 0.442 

in. for the 20 psi horizontal and 1.3 psi vertical loads, (see Figure 34 and Figure 35). 

Remarks: The time-dependent simulation used 67 time steps from the onset of deflection to 

cessation. Figure 34 and Figure 35 each contain six time step images showing the 

deflection at each respective time step. The stress to each plate at maximum deflection 

is shown in Figure 33. A comparison between the two studies confirmed flowing water 

through all nine plates would yield maximum stress and deflection values similar to those 

of the static study. The minor variance between the two stress and deflection values were 

instead attributed to using two different FEA methods (static linear vs. dynamic non-

linear) to solve the system. Regardless, the nearly 1/2 in. deflection was not considered 

acceptable. The plate thickness could not be increased any further, and the investigation 

into an alternative support system continued.  

 

Figure 30. Overview of the 10 ft. x 5 ft. x 1/2 in. post-gate system. 
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Figure 31. Von-Mises stress for nine 10 ft. x 5 ft. x 1/2 in. plates under a 1.3 psi static load. 

 

Figure 32. Deflection for the nine 10 ft. x 5 ft. x 1/2 in. plates under a 1.3 psi static load. 
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Figure 33. Von-Mises stress for the nine 10 ft. x 5 ft. x 1/2 in. plates under static and dynamic loading. 
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Figure 34. Onset of deflection of the 10 ft. x 5 ft. x 1/2 in. plates under static and dynamic loading. 

(t =0.01 to t = 0.2 seconds) 
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Figure 35. Cessation of deflection of the 10 ft. x 5 ft. x 1/2 in. plates under static and dynamic loading. 

(t = 0.6 to t = 0.9 seconds) 
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Plate Design Iteration 6:  Cross Beams Added to Plate for Additional Support 

Model Details: A 10 ft. x 5 ft. x 3/8 in. plate was modeled with long edges fixed. Cross beams measuring 

1 in. x 1/4 in. x 10 ft. were attached to the underside of the plate at 4 ft. intervals, (see 

Figure 36). A uniform pressure of 1.3 psi was applied over the face of the plate, 

accounting only for hydrostatic pressure. 

FEA Results: Maximum von-Mises stress was observed to be 4,873 psi, (see Figure 37), with a 

maximum deflection of 0.101 in., (see Figure 38). 

Remarks: Both maximum stress and deflection were considered acceptable; however, the 

interference of a horizontal support system with the target flow profile was unknown. 

Thin vertical supports would be a less invasive option. 

 

 

Figure 36. Bottom view of crossbeams attached to a 10 ft. x 5 ft. x 3/8 in. plate. 
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Figure 37. Von-Mises stress of a 10 ft. x 5 ft. x 3/8 in. plate with crossbeams under 1.3 psi. 

 

 

 

 

 

Figure 38. Deflection of a 10 ft. x 5 ft. x 3/8 in. plate with crossbeams under 1.3 psi. 
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Plate Design Iteration 7:  A Thin Steel Support Installed at Exit Edge of Post-Gate Plates 

Model Details: A 10 ft. x 5 ft. x 3/8 in. plate was modeled with long edges fixed in place. A 1/4 in. thick, 

steel vertical support was fixed to the plate using 3/8 in. notches at 12 in. intervals, (see 

Figure 39). A uniform pressure of 1.3 psi was applied over the face of the plate. 

FEA Results: Maximum von-Mises stress was 17,074 psi, (see Figure 40), and maximum deflection 

was 0.383 in., (see Figure 41). 

Remarks: The appearance of the stress concentration surrounding the vertical support was a 

concern for future cracking and/or failure in the support. But the overall improvement of 

placing a vertical support in the center of each plate was considered progress. 

 

 

Figure 39. A 10 ft. x 5 ft. x 3/8 in. plate supported using 1/4 in. thick, notched steel. 
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Figure 40. Von-Mises stress of a 10 ft. x 5 ft. x 3/8 in. plate under 1.3 psi with thin vertical support. 

 

 

 

Figure 41. Deflection of a 10 ft. x 5 ft. x 3/8 in. plate under 1.3 psi with thin vertical support. 
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Plate Design Iteration 8:  Thin Vertical Support Replaced by Two Rods 

Model Details: A 10 ft. x 5 ft. x 3/8 in. plate was modeled with long edges fixed in place. The vertical 

support of Plate Design Iteration 8 was replaced by two 1/4 in. steel rods, fixed in tension 

to the top and bottom of the device housing, (see Figure 42).  Washers were attached to 

at each opening in the plate to provide reinforcement, (see Figure 43). The rod was 

modeled as fixed to each washer and rod under the assumption that the components 

would be welded in the physical system. The distance from the edge of the plate to the 

first and second rod was 6 in. and 18 in., respectively. A uniform pressure of 1.3 psi was 

applied over the face of the plate. 

FEA Results: The maximum von-Mises stress was 16,254 psi, (see Figure 44), and the maximum 

deflection was 0.049 in., (see Figure 45). 

Remarks: High stress concentration were observed at the location of each fixture, even with the 

addition of the reinforcing washers. The deflection, however, was significantly decreased 

by 0.334 in.. It was hypothesized that additional rods would mitigate the stress 

concentrations but welding several threaded rods to each limited access plate was not 

feasible.  

 

Figure 42. Overview of vertical rod plate support. 
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Figure 43. Close-up of vertical rod and washer attachments. 

 

 

 

 

Figure 44. Von-Mises stress of a 10 ft. x 5 ft. x 3/8 in. plate under 1.3 psi with two support rods. 
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Figure 45. Deflection of a 10 ft. x 5 ft. x 3/8 in. plate under 1.3 psi with two support rods. 

 

Plate Design Iteration 9:  Threaded Rods and Rivet Nuts for Additional Plate Support 

Model Details: One 10 ft. x 5 ft. x 3/8 in. was modeled with long edges fixed in place. Threaded rivet 

nuts were installed in intervals across each plate, (see Figure 46). Six 1/4 in. steel 

threaded rods are threaded through each rivet nut, then fixed in tension to the top and 

bottom of the device housing, (see Figure 47).  The distance from the edge to the first 

and second rod in the center of the plate was 12 in. and 24 in., respectively. The distance 

from the edge to the first and second rod on each side of the center supports was 6 in. 

and 18 in., respectively. A uniform pressure of 1.3 psi was applied over the face of the 

plate. 

FEA Results: The maximum von-Mises stress was 15,801 psi, (see Figure 48), and maximum 

deflection was 0.043 in., (see Figure 49). 

Remarks: The 15,801 psi maximum von-Mises stress in the plate was reduced to almost half the 

36,000 psi yield stress of A36 steel. The 0.043 in. maximum deflection was small enough 
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to be considered reasonably negligible. The concept of using thin, threaded rods coupled 

with low-profile rivet nuts had succeeded in distributing the stress and deflection of each 

plate more uniformly than had previous design iteration. Thin vertical rods also meant 

less disruption to the wave development. The system was designed for each rod to be 

threaded continuously through each rivet nut in the plates below from above the WISD 

housing. This provided flexibility for future modifications since adding or removing 

supports could be done with ease as necessary. More information about the large flange 

rivet nuts used for this design can be found in Appendix C, p 90. 

 

Figure 46. Close-up of expanded rivet nut after installation. 

(Plate, rod, and threads removed for clarity.) 

 

 

Figure 47. Overview of threaded rivet nut and rod plate supporting system. 
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Figure 48. Von-Mises stress of a 10 ft. x 5 ft. x 3/8 in. plate under 1.3 psi with rivet nut/rod supports. 

 

 

 

Figure 49. Deflection of a 10 ft. x 5 ft. x 3/8 in. plate under 1.3 psi with rivet nut/rod supports. 
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Summary of Plate Design Iterations 

The results of the nine plate design iterations are shown below in Table 10. 

Table 10. Summary of plate design iteration results 

ITER. WIDTH LENGTH THICK. SUPPORT PRESSURE STRESS DEFLECT. 

1 2-1/2 ft. 10 ft. 3/32 in. Long sides fixed 0.433 psi 17,446 psi 0.044 in. 

2 10 ft. 10 ft. 1 in. Long sides fixed 0.433 psi 2,743 psi 0.099 in. 

3 10 ft. 10 ft. 3/8 in. Three sides fixed 0.433 psi 19,327 psi 1.852 in. 

4 10 ft. 10 ft. 3/8 in. All sides fixed 0.433 psi 18,098 psi 1.630 in. 

5 5 ft. 10 ft. 1/2 in. Three sides fixed 1.3 psi 8,864 psi 0.413 in. 

6 5 ft. 10 ft. 3/8 in. Crossbeams 1.3 psi 4,873 psi 0.101 in. 

7 5 ft. 10 ft. 3/8 in. Thin vertical sheet 1.3 psi 17,074 psi 0.383 in. 

8 5 ft. 10 ft. 3/8 in. Two welded rods 1.3 psi 16,254 psi 0.049 in. 

9 5 ft. 10 ft. 3/8 in. Six threaded rods 1.3 psi 15,801 psi 0.043 in. 
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6.2  DESIGN AND ANALYSIS OF WISD GATES 

The success of the WISD is largely dependent on the functionality of the gate system. As part of 

the project requirements, the gate system must have the following capabilities: 

1. Gates must be designed to withstand high water pressures before water is released. 

2. Gate design should not interfere with the target flow profile. 

3. All gates must open near instantaneously. 

4. Leakage from reservoir prior to gates opening should be kept at a bare minimum. 

The FLOW-3D simulations performed by Greg Roberts, used the concept of ten bottom 

hinged-gates, opening each channel simultaneously as the water reservoir behind them became pressurized 

(Roberts 2016). As such, each gate would be a rectangular valve driven by a single, rotating shaft. A gate 

thickness and shaft size capable of withstanding both hydrostatic and pneumatic pressures from the 

reservoir section would need to be determined. 

 The amount of torque on the gate shaft was calculated under two main assumptions. First, the shaft 

was assumed fixed on each end (although the mechanism for holding the shaft in place had not yet been 

determined). And second, the gate would be permanently fixed to the shaft, and both components would be 

potentially subjected to 21.3 psi of hydrostatic and pneumatic pressure. Each gate must span the entire 10 ft. 

width of the channel; therefore, the resultant deflection and stress from the applied pressure would 

ultimately determine the configuration best suited for the task. 

 The method for attaching the gate to the shaft also presented the team with an obstacle. Since the 

shaft would need to drive the movement of the gate, the two required a strong, permanent bond. A keyed 

shaft is a standard rod designed with a machined groove running the length of the shaft to accommodate 

the placement of a key. The key is a small piece of metal fabricated to fit snugly into the groove of the shaft 

and accommodate other keyed components, such as gears and pulleys. The attached components can then 
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be driven by the rotation of the shaft. Using the same concept, a thin plate of metal with a thickness 

equivalent to the respective key was assumed fixed into the keyway of the shaft using an all-around filet 

weld at the interface between shaft and plate. The shaft was designed to extend past the plate for 3 in. in 

each direction to allow space for the driving mechanism to be later installed. An overview of the simple 

gate created by the keyed shaft and plate is shown below in Figure 50. 

 

           

Figure 50. Isometric view of gate plate attached to keyed shaft. 

(Left: keyed shaft, Center: plate inserted into keyway, Right: all around fillet weld) 

      

The 10 ft. channel span of the shaft, coupled with the 21.3 psi pressure acting on the gate from the 

water and compressed air would cause a large bending moment to occur on both pieces. To determine the 

extent of the bending moment, hand calculations from Shigleys Mechanical Engineering Design were used, 

(see Appendix D, p 92). The first calculation was performed to determine the minimum diameter required 

to withstand the 20 psi pneumatic pressure and 1.3 psi hydrostatic pressure using the full 36,000 psi yield 

strength of A36 steel. The resulting diameter was 3.88 in. The next calculation removed the 20 psi 

pneumatic pressure to observe a minimum diameter requirement for only the 1.3 psi hydrostatic pressure, 

assuming the gates and compressed air could be released simultaneously. The reduction of pressure 

decreased the required rod diameter to 2.12 in. Further reduction of the hydrostatic pressure to 0.433 psi to 

account for only 1 ft. head of head reduced the required shaft diameter to 0.71 in. 
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The stress and deflection of the plate for all three pressure conditions was also determined. Using 

the same calculation approach as before, a 0.04 in. rod was found to be sufficient for the 36,000 psi yield 

strength. However, the calculated deflection was 17.22 in., a value not possible for a 12 in. gate. Unlike the 

shaft, the required gate thickness would be driven by the resultant deflection. This was address by 

decreasing the allowable deflection to 0.01 in. (for minimal deflection), then calculating the required 

thickness to achieve it. The plate thickness required for the 0.01 in. deflection was approximately 0.50 in., 

(see Appendix D, p 92 for calculations). 

After observing the stress and strain behavior of the shaft and gate as isolated components, it was 

then necessary to observe them as a single system since the hand calculations had assumed the attaching 

component was fixed. Five configurations using standard shaft sizes and corresponding plate thicknesses 

based on key width were modeled in SOLIDWORKS for FEA analysis. Standard keyed shaft dimensions 

from 1 in. to 2-1/2 in. are shown below in Table 11.  

 

Table 11. Standard Keyed Shaft Sizes (Grainger 2018) 

SHAFT DIAMETER (in.) 
KEY WIDTH/PLATE 

THICKNESS (in.) 

Fraction Decimal Fraction Decimal 

1 1 1/4 0.25 

1  1/4 1.25 1/4 0.25 

1  1/2 1.5 3/8 0.375 

1  3/4 1.75 3/8 0.375 

2 2 1/2 0.5 

2  1/4 2.25 1/2 0.5 

2  1/2 2.5 5/8 0.625 
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Gate Design Iteration 1:  1 in. Keyed Shaft with a 1/4 in. Thick Rectangular Plate 

Model Details: A 12 in. x 10 ft. x 1/4 in. thick steel plate was fixed into the keyway of a 1 in. x 10-1/2 ft. 

A36 steel keyed shaft. The shaft was fixed from rotation at each end, and a uniform 

pressure of 0.433 psi was applied perpendicular to the plate. 

FEA Results: Deflection at the center of the gate was approximately 1.76 in., (see Figure 51). 

Remarks: The 1.76 in. deflection was considered too large. 

 

 

 

Figure 51. Deflection of a 1 in. keyed shaft with a 1/4 in. rectangular gate under 0.433 psi. 
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Gate Design Iteration 2:  1-1/4 in. Keyed Shaft with a 1/4 in. Thick Rectangular Plate 

Model Details: A 12 in. x 10 ft. x 1/4 in. thick steel plate was fixed into the keyway of a 1-1/4 in. x 

10-1/2 ft. keyed A36 steel shaft. The shaft was fixed from rotation at each end, and a 

uniform pressure of 0.433 psi was applied perpendicular to the plate.  

FEA Results: Deflection at the center of the gate was approximately 0.82 in., (see Figure 52). 

Remarks: Deflection decreased from 1.76 in. to 0.82 in., but less deflection was desired. 

 

 

 

Figure 52. Deflection of a 1-1/4 in. keyed shaft with a 1/4 in. rectangular gate under 0.433 psi 
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Gate Design Iteration 3:  1-1/2 in. Keyed Shaft with a 3/8 in. Thick Rectangular Plate 

Model Details: A 12 in. x 10 ft. x 3/8 in. thick steel plate was fixed into the keyway of a 1-1/2 in. x 

10-1/2 ft. A36 steel keyed shaft. The shaft was fixed from rotation at each end, and a 

uniform pressure of 0.433 psi was applied perpendicular to the plate.  

FEA Results: Deflection at the center of the gate was 0.38 in., (see Figure 56). 

Remarks: Deflection was decreased from 0.82 in. to 0.38 in., but team decided a deflection less 

than 1/4 in. would be optimal. 

 

 

 

Figure 53. Deflection of a 1-1/2 in. keyed shaft with a 3/8 in. rectangular gate under 0.433 psi 
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Gate Design Iteration 4:  1-3/4 in. Keyed Shaft with a 3/8 in. Rectangular Plate 

Model Details: A 12 in. x 10 ft. x 3/8 in. thick steel plate was fixed to the keyway of a 1-3/4 in. x 

10-1/2 ft. A36 steel keyed shaft. The shaft was fixed from rotation at each end, and a 

uniform pressure of 0.433 psi was applied perpendicular to the plate.  

FEA Results: Deflection at the center of the gate was 0.22 in., (see Figure 54). 

Remarks: The results of the analysis showed the 1-3/4 in. shaft coupled with a 3/8 in. thick plate 

was an optimal configuration. The 0.22 in. deflection of the gate was less than 1/4 in. and 

the 3/8 in. gate plate thickness would remain consistent with the surrounding WISD 

plates. Also, the 9,600 psi maximum von-Mises stress using the 1-3/4 in. keyed shaft and 

3/8 in. thick rectangular plate yields a factor of safety of 3.8, (see Figure 55).  

 

 

Figure 54. Deflection of a 1-3/4 in. keyed shaft with a 3/8 in. rectangular gate under 0.433 psi 
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Figure 55. Von-Mises stress of a 1-3/4 in. keyed shaft with a 3/8 in. rectangular gate under 0.433 psi 

 

 After establishing a 1-3/4 in. keyed shaft and a 3/8 in. thick gate plate would be adequate for the 

WISD prototype, one more design iteration was performed to determine if adding more support to each end 

of the shaft would further decrease the deflection by reducing the bending moment on the shaft. Custom 

shaft supports were designed to hinge each end of the shaft to the adjoining WISD plate. The addition of 

the two hinges did decrease the deflection approximately 10%, from 0.22 in. to 0.20 in., but the maximum 

von-Mises stress increased from 9,600 psi to 9,691 psi (about 1%). The sole advantage of acquiring custom 

machined supports would be the minimal 0.02 in. decrease in deflection. The team agreed pursuing the 

custom supports was not practical. However, an overview of the custom support design has been included 

below for future reference. 
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Gate Design Iteration 5:  1-3/4 in. Keyed Shaft, 3/8 in. Thick Rectangular Plate, Custom Hinges 

Model Details: A 12 in. x 10 ft. x 3/8 in. thick steel plate was fixed into the keyway of a 1-3/4 in. x 

10-1/2 ft. A36 steel keyed shaft. Two custom machined hinges were fixed at each end of 

the gate plate to the adjoining plate of the WISD, (see Figure 56, Figure 57, and Figure 

58). The shaft was fixed from rotation at each end, and a uniform pressure of 0.433 psi 

was applied perpendicular to the plate.  

FEA Results: Deflection at the center of the gate was reduced to 0.20 in., (see Figure 59). Maximum 

von-Mises stress increased from to 9,691 psi, (see Figure 60) 

Remarks: The cost associated with acquiring custom machined parts was not practical for the 

minimal 0.02 in. decrease in deflection. The concept was not pursued further. 

 

 

Figure 56. Isometric view of custom hinges supporting closed gate. 
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Figure 57. Isometric view of custom hinges supporting open gate 

 

 

 

 

 

 

Figure 58. Close-up of custom machined hinge (left) and installation (right). 
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Figure 59. Deflection of 1-3/4 in. shaft, 3/8 in. rectangular gate, and custom hinges under 0.433 psi. 

 

 

 

Figure 60. Von-Mises stress of 1-3/4 in. shaft, 3/8 in. thick gate, and custom hinges under 0.433 psi.. 
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Summary of Gate Design Iterations 

The results of the four gate design iterations are shown below in Table 12. 

Table 12. Summary of gate design iteration results 

ITERATION 

SHAFT 

DIAMETER 

GATE 

THICKNESS 

MAX 

STRESS 

MAX 

DEFLECTION 

1 1 in. 1/4 in. 54,890 psi 1.76 in. 

2 1-1/4 in. 1/4 in. 27,722 psi 0.818 in. 

3 1-1/2 in. 3/8 in. 15,762 psi 0.375 in. 

4 1-3/4 in. 3/8 in. 9,599 psi 0.217 in. 
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Overview of Structural Components Chosen for WISD Prototype 

 Based on the results of the previous sections, the structural basis of the WISD prototype will consist 

of the following A36 plain carbon steel components: 

 QTY = 10 1-3/4 in. x 10-1/2 ft. long keyed shaft (gate system) 

QTY = 10 10 ft. x 10-7/16 in. x 3/8 in. plate (gate system) 

QTY = 9 10 ft. x 5 ft. x 3/8 in. plate (plates after gate system) 

 QTY = 9 10 ft. x 10 ft. x 3/8 in. plate (plates before gate system) 

 QTY = 21 1/4 in. x 126 in. threaded rod (plate support) 

 QTY = 21 1/4 in. large flange, threaded rivet nut (plate support) 

  

 

Figure 61. Simulation of chosen prototype components assembled within the WISD housing. 
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6.3  GATE MECHANISM 

A key specification for the gate system was to ensure that all ten gates to open as quickly as 

possible. In similar applications, fast response requirements are typically met using clutches or brakes. The 

issue with using these devices for the WISD gate mechanism is they operate principally on friction and can 

momentarily inhibit movement until the device is completely disengaged. The rotating gate shafts require 

a more immediate release from their static position to develop the angular velocity necessary to satisfy the 

rapid response requirement. 

A more suitable option was to use electromagnets. Electromagnets, primarily electromagnetic 

locks, are commercially available with various holding force capacities. These devices are low profile, easy 

to operate, and quick to respond. While connected to a power source, an electromagnet is held fixed to its 

respective strike plate with a predesignated amount of holding force. The fail-open mechanism allows the 

magnet to immediately disengage from the strike plate the moment power is removed from the magnet. 

Thus, a set of electromagnets affixed to each side of the gate shaft will hold all ten gates tightly closed 

while energized, then allow uninhibited, instantaneous rotation by simply interrupting the power source to 

the magnets. 

To determine the total holding force required by each magnet, the 0.433 psi hydrostatic pressure of 

1 ft. head of water was multiplied by the 12 in. height of the channel and 120 in. width of the gate. The 

result was a 624 lbf required holding force per channel, or 312 lbf holding force per magnet. However, to 

ensure a factor of safety of at least 2.0, two standard electromagnet locks with 650 lbf holding force were 

specified for the final design, (see Appendix E, p 78). 

The angular velocity of the shaft after the magnet disengages from the strike plate was also 

calculated using the 1 ft. head hydrostatic moment of 1248 lbf-in acting on the area of each plate and a shaft 

diameter of 1-3/4 in. The angular velocity was found to be 90.8 radians/second with a total travel time of 

0.02 s for the entire 90-degree rotation, (see Appendix F, p 102 for calculation details). Initially, it was 
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thought a helical spring should also be incorporated into the gate mechanism to supplement the angular 

velocity of the shaft; however, hand calculations showed the moment created by 1 ft. of hydrostatic head 

will provide more than sufficient torque to quickly rotate the shaft. 

The electromagnets were integrated with the final WISD design using the 3 in. extension already 

designed into each end of the gate shaft. A 3/8 in. thick rectangular mounting plate was fixed to each 3 in. 

peripheral section assuming a welded connection, and the strike plates were attached to each mount using 

a single bolt. The electromagnet was secured to a secondary support system located on the outside of the 

WISD using machine screws. A 1 in. thick rubber damper was also installed on the secondary support 

system to help absorb the impact of the fast-moving gate as it reaches its final destination. Figure 62 and 

Figure 63 below provide a simulated overview of the electromagnet operation. The WISD housing, plates, 

and supports have been removed for clarity. 

 

 

Figure 62. Simulation of the energized electromagnet holding gate in closed position. 

Electromagnet 

Rubber Stopper 

Strike Plate 

Engaged 
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Figure 63. Simulation of the de-energized electromagnet releasing gate to opening position. 

 

It should also be noted that the recoil of the strike plate as it impacts the rubber stopper was assumed 

to be negligible since the 1 ft. deep column of water rushing over the open gate is not expected to allow the 

gate to lift once the shaft has rotated into its final position. Should this become an issue in the physical 

model, the rubber stopper on each end could be easily replaced with a second set of electromagnets.  

Electromagnet 

Rubber Stopper 

Strike Plate Disengaged 
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7.  DESIGN OF A 1:5 SCALE PHYSICAL MODEL 

Testing and experimentation of the overall design of the full-size prototype began with the design 

of a 1:5 scale physical model of a single channel. All parameters of the WSID established in the preceding 

sections (including plate thickness, gate thickness, shaft size, and electromagnet holding force) were scaled 

proportionally to one-fifth of their original dimensions as follows, (see Table 13). 

 

Table 13. WISD Structural Parameters for 1:5 Scale Model 

COMPONENT 
ORIGINAL 

PARAMETER 

1:5 SCALED 

EQUIVALENT 

Plate Width 120 in. 24 in. 

Plate Length 120 in. 24 in. 

Plate Thickness 0.375 in. 0.075 in. 

Gate Width 12 in. 2.4 in. 

Gate Length 120 in. 24 in. 

Gate Thickness 3/8 in. 0.075 in. 

Shaft Length 126 in. 25.2 in. 

Shaft Diameter 1-3/4 in. 0.15 in. 

Holding Force 600 lbf. 120 lbf. 

 

 The concurrent team research on the time, velocity, and pressure required to accelerate the stagnate 

water in the reservoir section of the full-size prototype to the exit conduit would also be tested using the 

1:5, single channel model. The prototype-model similarities for time, velocity, and pressure were found 

using the 1:5 model scale ratio with a Froude Model, (see Table 14).  

 

Table 14. WISD Time, Velocity, and Pressure for 1:5 Scale Model 

PARAMETER 
SIMILARITY MODEL 

TO PROTOTYPE 

1:5 SCALED 

EQUIVALENT 

Time 1s = 2.24 s 0.38 s 

Velocity 1ft/s = 2.24 ft/s 11.36 ft/s 

Pressure 1 psi = 5 psi 0.868 psi 

 

The body of the scaled physical model was made of clear plexiglass, allowing the team to observe 

the behavior of the water as it moved through the designed system. Plexiglass also enabled the installation 

of sensors on the outside of the model to record the velocity data of each test without visual obstruction. 
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7.1  THE 1:5 SCALE SECTIONAL MODEL 

The 1:5 scale model was designed using a series of interchangeable sections to allow for flexibility 

in determining an optimal plate length for the target wave development. Each section includes square 

flanges attached to each end to bond the model together during testing. A basic layout of the sectional 

approach to the 1:5 scale model is shown in Figure 64. 

 

 

Figure 64. Basic layout of 1:5 sectional model. 

 

 The three components shown in Figure 64 represent the inlet section, gate section, and outlet 

section. During testing, water would be added through an inlet located at the end of Component 1 until the 

capacity of Component 1 and Component 2 (up to the gate) is reached. Air pressure would then be applied 

to the body of water through another inlet, also located at the end of Component 1. 

The experiment begins once power is cut to the electromagnets holding the gate in place. As the 

gate opens, water rushes forward to Component 3 under the force from the applied air pressure. The 

45-degree angle inlet at Component 1 was one of three inlet angles shown to increase the vertical flow 

profile in the FLOW-3D simulation. Two more versions of Component 1 were designed to accommodate 

the two remaining angles of 25-degrees and 35-degrees for testing. Not shown in Figure 64 are the 
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additional sections designed to increase or decrease the lengths between Components for wave 

development. The sections range from 2.4 in. long to 24 in. long to simulate between 1 ft. and 10 ft. in the 

prototype, respectively. Complete drawings for this system can be found in Appendix H, p 113. 

 

7.2  THE PIPE MODEL 

 FLOW-3D simulations of the 1:5 scaled model showed that the scale model could produce a near-

vertical flow profile similar to the prototype if adequate pressure between 3 and 5 psi was quickly applied 

to the stagnant body of water. However, the mechanics of rapid air application had not yet been established 

by the team. An inlet port had been added to the sectional model for the air to enter, but the expansion of 

compressed air, the pressure loss across the pipe leading from air compressor to inlet, and other minor losses 

needed to be resolved prior to constructing the sectional model for testing. 

 A simple device for measuring pressure and velocity was devised. A pipe model would be 

constructed in the form of a u-tube using 4 in. NPS Schedule 40 clear PVC pipe, (see Figure 65). The u-tube 

shape allowed water to rest in the bottom of the device without the need for gates using a 45-degree angled 

inlet and outlet. The water would be filled to a depth of 1 ft. to simulate the head of a prototype channel, 

and the pressure to accelerate this water to a steady 11.36 ft/s velocity using compressed air could be 

investigated. 

 

 

Figure 65. Pipe model for pneumatic testing. 

45° 45° 

1’ 

Direction of Flow 
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8.  PNEUMATICS 

The decision to use a pneumatic system to accelerate the column of water in the reservoir section 

of the WISD to the required velocity of 25.4 ft/s before exiting the conduit was based on the research and 

recommendations of 2016 WISD member, Gregory Roberts. For a 1:5 scale model of the full-size 

prototype, the required velocity would be decreased to 11.36 ft/s, as previously shown in Table 14. The 

pressure given by FLOW-3D to achieve a constant 11.36 ft/s velocity be the exit of the scale model was 

3 psi to 5 psi, depending on the inlet angle. 

The initial length of the pipe model was designed to be 10 ft. overall, approximately 5 ft. for the u-

tube section and 5 ft. for the horizontal outlet. The team agreed that this length could be adjusted as required. 

The air compressor specified for testing was a 60-gallon tank rated for 9.0 scfm at 100 psi with a standard 

1/4 in. outlet. The pipe model was designed for a 4 in. NPS Schedule 40 clear PVC pipe with an inner 

diameter of 4.026 in. To minimize abrupt changes in pipe diameter from the 1/4 in. outlet of the compressor 

to the 4 in. PVC, the team chose a 2 in. NPS Schedule 40 PVC pipe to couple the two lines.  

The FLOW-3D model also showed that the air pressure would need to be applied, then removed in 

approximately 0.38 seconds for a steady 11.36 ft/s velocity wave to develop. 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 the necessary timeframe. Solenoid valves with response times less than 

50 milliseconds were chosen for the task. The following diagram illustrates the concept chosen by the team 

for applying the air pressure to the pipe model, (see Figure 66). Valves 1 and 3 are normally open (NO) 

solenoid valves that close when energized. Valve 2 is a normally closed (NC) solenoid valve that opens 

when energized. Power to all three valves is controlled by a multifunction timer relay. 
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Figure 66. Diagram of pneumatic system for pipe model. 

 

At t < 0 seconds, all three valves are in their normal state (unenergized). The compressor is turned 

on to allow steady state air flow to develop through the unenergized NO Valve 1. The section of pipe from 

Inlet/Outlet 2 to the pipe model is open to atmosphere since NO Valve 3 is also unenergized. At 

t = 0 seconds, all three valves become energized using the timer relay. NO Valve 1 closes, NC Valve 2 

opens, and NO Valve 3 closes. Flow is directed from the air compressor through Valve 2 to the pipe model. 

At t = 0.38 seconds, the timer relay opens the circuit to all three valves and they return to their normal 

unenergized state. Air flow is directed back to the open Valve 1 since Valve 2 is now closed. Valve 3 allows 

atmospheric pressure to enter the pipe model so that a vacuum does not develop behind the moving column 

of water as the air pressure is removed. A simulated model using SOLIDWORKS is shown for the entire 

system below, (see Figure 67). 

VALV

E 1 

VALV

E 2 

VALV

E 3 

t < 0    VALVE 1 OPEN, VALVE 2 CLOSED, 

VALVE 3 OPEN 
t = 0s VALVE 1 CLOSED, VALVE 2 OPEN, VALVE 3 

CLOSED CLOSED 
t = 0.38s VALVE 1 OPEN, VALVE 2 CLOSED, 

VALVE 3 OPEN 

VALVE 1 Normally Open (NO) 

VALVE 2 Normally Closed 

(NC) 

VALVE 3 Normally Open (NO) 

INLET/OUTLET 

1 

(ATMOSPHERE) 

INLET/OUTLET 

2 

(ATMOSPHERE) 
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Figure 67. SOLIDWORKS simulation of complete pipe model assembly. 

 

 The team was able to locate three 2 in. 120V/60Hz rated for 5-100 psig that would meet the 

requirement of a less than 50 millisecond response time; however, the valves were not cost effective for the 

WISD budget. The 5 psig minimum inlet pressure was also a concern as it limited the team’s testing range. 

Valve 1 would always receive the required minimum 5 psig when in use, but the other two valves would 

receive less than required 5 psig when Valve 1 was open. If Valve 3 does not re-open after t = 0.38 seconds, 

a vacuum could develop behind the water column in the tube, slowing or even stopping water flow. 

The pipe size connecting the compressor to the model was then reduced to a 1 in. NPS Schedule 

40 PVC to enable 1 in. valve connections. The 1 in. valves had the same reaction time as the 2 in. valves 

but were less expensive and rated for 0-125 psi. Then after reviewing the design, it was noted that the only 

valve requiring a larger orifice for flow control was Valve 2. Valve 1 and 3 were only in place to direct the 

flow to Valve 2 or atmosphere. Therefore, Valves 1 and 3 were further reduced to 1/2 in. 120V/50Hz 

solenoid valves with a 0-150 psi pressure rating. The team agreed to leave the pipe size unchanged from 

1 in. and use reducers to connect the 1/2 in. valves.  
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9.  RECOMMENDATIONS FOR FUTURE WORK 

The construction of the pipe model is currently underway at CFEL. Experimentation with the pipe 

model will allow the WISD team to gather data for various configurations of input pressure and solenoid 

opening time, then determine the optimal combination required to produce the velocity, wave profile, and 

wave development length anticipated in the 1:5 scale model. If the team can recreate the same output 

conditions in the 1:5 scale model using the relationship established in the pipe model, the pneumatic 

approach discussed in this work should be similarly applicable for a full-size prototype design. 

One of the largest obstacles facing the team throughout this investigation was the difficulty in 

creating a near-vertical flow profile. In each FLOW 3-D simulation, the flow was observed to move more 

rapidly in the bottom portion of the wave than it did near the top. The team understood this to be a logical 

behavior due to gravity that would eventually need to be revisited. As such, a second recommendation for 

future work would be the refinement of the outlet conduit. Several roughening materials, such as sandpaper, 

were discussed as potential candidates; however, the team was unable to study these effects further due to 

the time constraints of the project. Experimentation with various materials may provide the friction 

necessary for slowing the progression of the lower portion of the wave, thereby achieving a more accurate 

vertical wave profile.  

Finally, the results discussed throughout the course of this thesis are based solely on computational 

modeling. The physical 1:5 scale model and full-size prototype will undoubtedly require modifications. In 

general, the WISD team recommends approaching the construction of a physical model in a manner similar 

to the methodology used here. First, establish the strength of materials to safely achieve a working system. 

Second, ensure that modifications to any component will not adversely impact the function of another. And 

third, experiment on a smaller scale prior to making any adjustments to the larger physical system. 
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10.  CONCLUSION 

 A prototype for the Wave Impact Simulation Device (WISD) has been designed to meet the 

requirements of a near vertical wave profile, a uniform velocity of 25.4 ft/s, and a rapid-response release 

system. The prototype will incorporate a pneumatically driven, ten level water system. The ten channels of 

the prototype will be constructed of 10 ft. x 10 ft. x 3/8 in. thick, A36 steel plates supported by interspersed 

1/4 in. steel rod and rivet nut supports. The maximum deflection under a uniform 1.3 psi pressure 

(equivalent to 3 ft. of hydrostatic head) was found to be 0.04 in. using the SOLIDWORKS Simulation FEA. 

The gates of the prototype consist of 1-3/4 in. keyed shafts with 3/8 in. thick steel, rectangular plates 

spanning the width of each channel. Electromagnets were chosen as the preferred gate mechanism to 

achieve a 90.8 rad/s angular velocity and 90-degree travel time of 0.02 seconds. 

 All design requirements and resultant parameters from the WISD prototype simulation study were 

reduced to 1:5 of their respective value to accommodate scale-model testing. The scale model will allow 

experimentation on the proposed prototype design to verify and/or modify parameters as necessary, prior 

to the construction of a full-size system. A complete set of drawings for one level of the 1:5 scale model 

was included in this work. To establish the pneumatic requirements for achieving a near vertical, constant 

velocity wave profile, a third model was designed to study the effects of compressed air and response time 

of fast-acting solenoid valves. This model, referred to as the pipe model, is currently under construction at 

CFEL. Once the relationship between input pressure, valve opening time, velocity, wave profile, and wave 

development length is established, the same pneumatic approach will be applied to the 1:5 scale model, and 

eventually, the full-size WISD prototype.  
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APPENDIX A:  Hand Calculations for Required Plate Thickness 
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APPENDIX B:  SOLIDWORKS Simulation Settings 
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APPENDIX C:  Rivet Nuts for Plate Supports 
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APPENDIX D:  Hand Calculations for Shaft and Gate Design 
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APPENDIX E:  650 LB Holding Force Electromagnets 
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APPENDIX F:  Hand Calculations for Angular Velocity of Shaft 
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APPENDIX G:  Pneumatics 
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APPENDIX H:  Modular Sectional Model Drawings 
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