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Abstract 
 

Research work at CFEL at ISU is important. It provides probabilistic data and models for 

safeguarding non-containment components of nuclear power-plant. WISD team designed a 

physical model that generates high-velocity water-jet that simulates a tsunami using air-pressure 

as motive force. Instrumentation for measuring the wave velocity is the topic of this paper. 

The team designed a scaled sectional model made of Plexiglass utilizing gate system. The 

team also successfully designed a small-scale model that validated the use of air-pressure 

systems and U-shaped design. Water initially was contained in a U-shaped clear PVC pipe section. 

The water in the U-section was subjected to air-pressure using combination of solenoid valves. 

Optomax sensors were deemed viable for measuring wave velocity of the wave generated by 

physical model. 2.75-psi for 0.53 seconds was chosen as ideal data due to close similarity with 

theoretical kinematics analysis. The measured velocity of the water-jet was 11.57 feet/second. 
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Introduction 
 

The Component Flooding Evaluation Laboratory (CFEL) at Idaho State University is 

responsible for generating flooding centric probabilistic data through models and physical testing 

for safeguarding non-containment components of a nuclear power plant. This is important for 

risk assessment of flooding scenarios caused by tsunamis and other potential flooding events. 

One such event occurred on March 11, 2011 at the Fukushima Daiichi nuclear power plant in 

Japan. A major earthquake triggered a 15-meter tsunami that disabled the power supply and 

cooling of the reactors [26]. 

The CFEL focuses on water rise, water spray, and wave impact capabilities, and the data 

and information collected will be applied to risk modeling studies. Important components of CFEL 

are the Portal Evaluation Tank (PET), Wave Impact Simulation Device (WISD) design, and pipe 

leakage research. Topics investigated for this thesis include a brief literature review on artificial 

wave generation, the proposed WISD design explored by Greg Roberts (a former student in the 

CFEL project), and various methods of measuring velocity of fluid flow. 

The full-scale experiments began with design and construction of the PET in 2016. The 

PET is a steel semi-cylindrical tank, with a height and diameter of 8 feet. It has an opening to the 

outside of 8 feet x 8 feet, two 3-inch inlets on the sides, a 2-inch outlet that is used for the draining 

system at the bottom, a new 12-inch inlet, and four 1.25-inch instrumentation ports at the top. 

The PET is connected through a 3-inch PVC pipe to a 5-HP submersible pump which is located 

inside a ~8,000-gallon water reservoir. The new 12-inch inlet is connected to a 50-HP pump. An 

electromagnetic flow-meter is used to measure the water flow into the tank, while an ultrasonic 
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sensor and a pressure transducer are used to measure the water elevation and calculate the 

leakage rate. The PET is also equipped with top mounted pressure and air relief valves and a 

pressure gauge; the purpose of these instruments is to allow safe pressurized experiments in the 

PET. The original PET piping configuration is shown in Figure 1 [19]. 

 

 

Figure 1: Original PET Piping Configuration 
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To increase the PET capabilities, design work was pursued following the initial door testing 

experiments in the PET. In the initial PET door tests, the water flow was limited to a single inlet 

with a flow rate of ~300 gpm. Additionally, the initial piping configuration was limited in its ability 

to allow tests where the tank was pressurized to simulate additional hydrostatic head. There 

were limitations associated with data and video recording that were also identified in the initial 

tests. Modifications to the PET were designed to support variable inlet flow rates up to ~4500 

gpm. The designed modifications support the filling of the PET completely and then relying on 

the pump to provide additional hydrostatic head to simulate water depths up to 20 feet. 

Additionally, design work was pursued to improve data and video recording [19]. Figure 2 shows 

the improved PET piping configuration [19]. 
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Figure 2: Improved PET Piping Configuration 
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Another major component of CFEL is the design of a Wave Impact Simulation Device 

(WISD). Greg Roberts using the computational fluid dynamic code Flow-3D numerically 

completed the original concept design [21]. The current WISD team consists of Rojin Tuladhar, 

Larinda Nichols, and Soumadipta Jash. The primary goal of this research team was to further 

refine the work completed by Roberts and design a sectional physical model of the WISD to 

validate numerical models. The proposed physical model is a 1:5 reduced scale model of the 

prototype. The prototype is required to simulate a wave of 20 feet high with a velocity of 25.4 

feet/second. Hence the need of instrumentation to measure this high-speed water velocity. The 

sectional model consists of five components as listed in Table 1. Rojin Tuladhar did the general 

design of this model. Figure 3 shows the layout of the sectional physical model. 

 

Table 1: Components of the Physical Model 

Component.  
No. 

Description Quantity 

1 Inclined Inlet  
25   ̊  1 

35   ̊  1 

45   ̊  1 

2 Gate Channel 1 

3 Outlet box 1 

4 Additional Length component  
0.2' 2 

0.4' 4 

1' 2 

5 Flanges 22 
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Figure 3: Layout of the Sectional Physical Model (flow moves from left to right) 

 

The entire model is to be built with Plexiglass in order to observe the fluid behavior. The 

water rests in component 1 and 2 behind the gate section. Air pressure is applied through the 

angled inlet, which forces the water into motion after the gates open via a bottom hinge. Finally, 

the fluid is pushed into the outlet box and flushed out through an opening at the bottom. Flanges 

are attached to each component for the purpose of connecting/disconnecting them as required. 

Details of the design can be found in Appendix C. 

Larinda Nichols developed the gate section. The gate system designed had the following 

design parameters: the gates were designed to withstand limited water pressure before water is 

released; it did not interfere with the target flow profile, opened nearly instantaneously, and the 

leakage from the reservoir parts prior to the gates opening were minimized. Electromagnets were 

integrated to the final design for opening and closing of the gate system. Figure 4 and Figure 5 

Gate section 
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show the closing and opening mechanism of the gates using the electromagnets. Details of the 

gate design can be found in Appendix C as well. 

 

 

Figure 4: Simulation of the Energized Electromagnet Holding Gate in Closed Position 
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Figure 5: Simulation of the De-energized Electromagnet Releasing Gate to Opening Position 
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Literature Review 
 

The ability to accurately measure the velocity of a jet that will be used to simulate a wave 

section is important. Without being able to measure the jet velocities, the simulated force of a 

wave cannot be matched. For the CFEL research project, this provides impact testing capabilities 

and the data acquired will be used for risk modelling studies [19]. In the long run, the data and 

risk modelling studies are hoped to better safeguard non-containment components (such as 

generators, doors, etc.) in a nuclear power plant or any other facility in the event of flooding or 

tsunami. 

 

Artificial Wave Generation 
 

The largest artificial wave generation facility in the world is located in Netherlands known 

as the Deltares Delta Flume. A view of the facility is displayed in Figure 6 [21] and an article with 

details can be found in Appendix D. Figure 7 displays a wave being generated at the same facility 

[28]. The facility is capable of producing solitary waves with heights up to 14.8 feet (4.5 meters) 

[23]. 
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Figure 6: Deltares Delta Flume in Netherlands 
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Figure 7: Wave Generated at Deltares Delta Flume 

 

In North America, the largest artificial wave generation facility is located at Oregon State 

University’s O. H. Hinsdale Wave Research Laboratory and is known as The Large Wave Flume. It 

is capable of producing waves with heights up to 5.6 feet (1.7 meters). Figure 8 illustrates the 

Large Wave Flume [12]. 
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Figure 8: Large Wave Flume at Oregon State University 

 

Another facility at the same laboratory is the Directional Wave Basin. It is primarily used 

for tsunami research and is capable of producing waves with heights up to 2.5 feet (0.75 meters). 

Figure 9 illustrates the Directional Wave Basin [6]. A datasheet for both Large Wave Flume and 

Directional Wave Basin can be found in Appendix D. 
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Figure 9: Directional Wave Basin at Oregon State University 

 

In these artificial wave generation facilities, channels or basins are used to contain a given 

depth of water, while paddles, plates or pistons are used for displacement purposes which in turn 

produce waves of different wavelengths and amplitudes [10] [14] [16]. These waves have a height 

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

[21]. For the CFEL project, it is expected that the WISD can simulate wave heights of 20 feet. 

Clearly, there is currently no facility in the world that can produce waves as high as 20 feet. 
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WISD Design J (proposed by Greg Roberts) 
 

To simulate a wave impact, the conduit geometry was determined to be a constant 

rectangular profile. The reservoir initially holding water was divided into ten discrete channels by 

extending horizontal plates to the back of the reservoir. Gates of 0.25 inch thickness were placed 

to rotate horizontally. Each channel had an independent gate. Additionally the channels were 

extended by plates angled at 45 degrees. This allowed air pressure to act on the free surface of 

water [21]. Figure 10 illustrates the dimensions of this design J [21] 

 

 

Figure 10: Dimensions of Design J 

 

Figure 11 displays the isometric view of Design J using Flow-3D. Velocity represented is in 

feet/second [21]. 
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Figure 11: Isometric View of Design J 

 

Figure 12 displays the simulation of the resulting wave using Flow-3D. Velocity 

represented is in feet/second [21]. 

 

 

Figure 12: Wave Simulation Using Flow-3D 
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To test the validity of Design J, a physical model was proposed to be built with a specific 

scale ratio based on the Froude number.  Table 2 presents the various model to prototype scale 

ratios [19]. 

 

 Table 2: Modeling Parameters 

 

 

Methods of Measuring Velocity of Fluid Flow 
 

 The basic technique of measuring the velocity of fluid flow consists of acquiring the time 

of flight of the fluid particles passing through two or more points placed at known distances [8] 

[15]. Some of the techniques investigated were laser velocimetry, particle image velocimetry, 

particle tracing velocimetry, and velocity measurement using an infrared break beam sensor. 
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Laser Velocimetry 
 

 Laser velocimetry is based on the principle of either a laser Doppler anemometer [17] or 

laser transit anemometer (LTA) [3]. The process is also known as laser Doppler velocimetry (LDV). 

The method consists of creating light fringes by means of some interference between the laser 

beams that are coherent at the same wavelength [7]. In LTA, also known as two-focus or laser 

dual-focus anemometer [11], a single laser beam is split in two equal parts creating two focal 

points. As the fluid particle passes through both these focal points, it generates a scattering light 

which is detected and converted to a voltage signal. Once the time of flight of the particle is 

determined between the two spots, the velocity is then calculated with the simple formula of the 

known distance between the spots over the time of flight [2]. Figure 13 illustrates a single-

component dual-beam LDA system [27]. 

 

 

Figure 13: LDA System 
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This LDA system was used to measure the velocity of water for a high-speed water jet 

cutting system, measuring high-speed water velocities at the exit of the cutting head nozzles [2]. 

The high value of the Doppler signal frequency that is generated due to the high-speed of the 

fluids makes it difficult for the LDV method to be implemented while measuring velocity of high-

speed fluid flow. A major limitation is the high-frequency photodetector itself, resulting in 

reduced sensing area and therefore lowering the sensitivity overall [2]. In addition, the LTA 

method requires high precision for positioning and alignment of the laser beams [11]. 

 

Particle Image Velocimetry 
 

 The main principle of particle image velocimetry (PIV) consists of recording two successive 

time images of particles lighted by a laser. A high-speed photo or video camera is used to capture 

images. The instantaneous velocity of the fluid is measured by determining the displacement of 

the particles. The advantage of this method is that it allows a section of the flow field to be 

mapped [5]. Usually, a high-speed camera is used to take a number of pictures at each section of 

the flow field. All data is recorded by a computer for further analysis. The computer software 

associated with the high-speed camera analyzes each frame to determine the time of flight of 

the particle between two grids separated at a known distance, thereby calculating the velocity of 

the particle. This process was used to measure the terminal velocity of water for a building’s 

drainage stack network. The goal was to measure the flow rate for drainage systems in order to 

comply with the standards of the National Plumbing Code of the United States [4]. Again, this 

process also requires high precision for alignment of the laser, positioning of the camera for 
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optimal resolution [4]. Figure 14 illustrates a flow chart for particle image velocimetry [25]. Figure 

15 illustrates a general experimental setup of the particle image velocimetry [5]. 

 

 

Figure 14: Flow Chart of Particle Image Velocimetry 

 

 

 

Figure 15: Experimental Setup of Particle Image Velocimetry 
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Particle Tracing Velocimetry 
 

The particle tracing velocimetry (PTV) method is mainly useful for measuring the flow 

velocity under a surface, such as water flow within a gravel layer [13]. The measurement of 

shallow water flow commonly involves the use of tracers such as dyes [1], electrolytes (such as 

salts) [18] [22], or magnetic materials [24]. Particle tracing velocimetry involves the use of 

instrumentation to detect the tracer movement [13]. A typical flow velocity measurement system 

utilizing the particle tracing velocimetry method is illustrated in Figure 16 [13]. 

 

 

Figure 16: Experimental Setup of Particle Tracing Velocimetry 

 

The PTV system includes a data logger, computer, sensors and solute injector. In this 

example, the solute was electrolytic solution tracer and the sensors were ion-sensitive 

electrodes. The concept of measuring velocity is similar to those of the other methods discussed 

before. The distances between the sensors are known. The time of flight of the tracer between 
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each sensor was determined using the data logger and the computer, thus enabling it to calculate 

the velocity of the fluid flow [13]. 

The aim of this research is to measure the velocity of a high-speed jet of water that is not 

continuous. It is based on an off-on-off concept. Stationary water is subjected to pressurized air 

for a specific amount of time. The above mentioned processes are either not capable of 

measuring high-speed flow or are only ideal for continuous flow. 

 

Infrared Break Beam Sensor Method 
 

The basic purpose of a break beam sensor is to detect motion. They are a two-component 

sensor consisting of an emitter and a receiver. Once setup, the emitter sends out an infrared light 

(invisible to human eye) and the same light is received by the receiver component. When 

something passes between the two components and is not transparent to infrared, the beam is 

broken and is notified by the receiver. Water exhibits strong absorptions from vibrations of its 

molecule in the infrared spectrum and hence is not transparent to infrared [29]. Figure 17 

displays the infrared break beam sensor [30]. The component on the right is the transmitter and 

the component in the left is the receiver. 
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Figure 17: Infrared Break Beam Sensor 

 

Connecting the break beam sensor to a microcontroller and placing it in series of known 

separation distance creates a measurement device similar to a PTV. Placing the sensors along the 

walls of a transparent pipe where the water will flow, the time of occurrence of beam being 

broken can be measured and the velocity of water flow can be calculated using the distance over 

time formula. Efforts were made to implement this technique but problems were encountered. 

Although water is not transparent to infrared, but during the process of implementing the break 

beam sensor for this thesis, clear water could not break the infrared beam and hence the 

detector was unable to detect any motion. A datasheet for the break beam sensor can be found 

in Appendix E. Figure 18 illustrates the sensors connected to an Arduino micro-controller [30]. 
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Figure 18: Break Beam Sensor with Arduino Micro-controller 
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Experiment 
 

Due to the complexity of the sectional model (mainly the gate section) that was supposed 

to be built with Plexi glass and time constraint, another small scale physical model was proposed 

to verify the usability of air pressure and functionality of the velocity measurement devices 

(sensors). The advantages of using this small-scale model was that it mainly allowed us to 

investigate the possibility of using a PVC pipe with a “U-tube” shape rather than the gate system. 

The conduit was a clear 4-inch diameter schedule 40 PVC pipe, with inlet and outlet angles 

of 45 degrees. The water depth was maintained at one foot from the ground level. The purpose 

of using clear PVC pipes was to observe the fluid behavior upon application of air pressure. Figure 

19 shows a schematic side view of the U-section of the experimental model. 

 

Figure 19: Schematic Side View of the U-section 

 

Figure 20 shows the actual U-section used in the experiment. The left-hand side is the 

outlet that was connected to a 10 foot clear schedule 40 PVC pipe of 4-inch diameter (wave 

development section). The right-hand side is the inlet that was connected to the solenoid valves 

that are discussed later in this section. It also had a tee with threaded fitting in order to attach a 

Air 

Water 

Air 

Pressure 

Inflow 
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pressure transducer to monitor the air pressure upstream of the U-section. An Omega high-speed 

USB output pressure transducer was used for this purpose. Figure 21 shows the pressure 

transducer that was used [33]. It came with a digital software application that was simple to use. 

It allowed us to record 80 pressure readings per second. The transducer has an accuracy of 0.08% 

(linearity, hysteresis, and repeatability combined). Details of the pressure transducer can be 

found in Appendix H. 

 

 

Figure 20: U-section Physical Model 
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Figure 21: Omega Pressure Transducer 

 

Figure 22 shows the chamber used for building the required air pressure and holding air 

before being released in a controlled manner to the U-section. The air pressure chamber is 

constructed from an 8-inch diameter schedule 40 PVC pipe. The left-hand side had two adapter 

inlets for feeding the two air compressors used to pump air in to the chamber. The right-hand 

side was reduced to 1-inch diameter (using an 8-inch to 4-inch, 4-inch to 2-inch, and 2-inch to 1-

inch reducers consecutively) for connecting to the solenoid valves. 
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Figure 22: Air Pressure Chamber Physical Model 

 

The reason for using the solenoid valves was to control the time for which the air pressure 

was applied to the water in the U-section. Figure 23 shows the solenoid valve system being used. 

Figure 24 shows the solenoid valve section connected to the entire system. The left-hand side 

connected to the U-section and the right-hand side connected to the air pressure chamber. 
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Figure 23: Solenoid Valve Section 

 

 

Figure 24: Solenoid Valve Section in Connection 
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The valves used had to be fast-acting. As manually operating them could not be 

accomplished in necessary timeframe. Therefore, solenoid valves with less than 50 milliseconds 

response time were chosen. This was done since the Flow-3D model showed that to generate a 

steady wave with a velocity of 11.36 feet/second, the air pressure needed to be applied for 0.38 

seconds. Figure 25 shows the diagram of pneumatic system for the solenoid valves. Valves 1 and 

3 are normally open and closed when energized. Valve 2 is normally closed and opened when 

energized. These valves were all powered using a multifunction timer relay. 

 

 

Figure 25: Pneumatic System for Solenoid Valves 

 

Sensors were connected to the 10 foot clear schedule 40 PVC pipe section that was 

attached to the outlet side of the U-section. Ten type 1 sensors (five pairs) and two type 2 sensors 
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(one pair) were used. This shown in Figure 26. Figure 27 shows the sensor electrical connections. 

Figure 28 and Figure 29 shows the overall physical experimental model. 

 

 

Figure 26: Sensors on Developmental Section 
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Figure 27: Sensor Electrical Connections 
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Figure 28: Entire Physical Model (Without Sensors) 
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Figure 29: Entire Physical Model (Side View) 
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Methodology 
 

The primary task is to measure the velocity of the wave in the developmental length 

section of the pipe model. That is the 10 feet clear schedule 40 PVC pipe section that was 

attached to the outlet side of the U-section. 

Two different sensors were tried for comparing accuracy of the measured velocity.  

Sensor type 1 is a single component sensor from Adafruit Industries called Optomax digital liquid 

level sensor. Sensor type 2 is a combination that was designed. It uses a photo-resistor connected 

in series with a 10K resistor. The functioning of these sensors are explained in the following 

sections. The sensors were configured to work in pairs and were distributed along the whole 

length. This will enable the wave velocity to be measured at different points. All individual sensors 

are powered and configured through a single Arduino mega microcontroller board, which in turn 

is connected to a computer. A code is then written in C in the Arduino platform and can be found 

in Appendix A. The code directly outputs the computed average velocity between the two sensors 

in a pair. Same methodology and code is used for both the sensor types. Figure 30 shows a flow 

chart of the code used. The sensors were placed one feet apart from each other. The code used 

can be modified to record velocity at each sensor location rather than combining them as pairs. 

Though, this modified code can be more complex, but it would provide more velocity readings. 

A flow chart for the modified code can be found in Appendix I. 
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Figure 30: Flow Chart of the Code Used 
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Figure 31 shows the microcontroller being used in these processes [31]. A datasheet with 

details on the pin configuration and how to use the micro-controller can be found in Appendix F 

[31]. 

 

 

 

Figure 31: Arduino Mega 2560 Micro-controller 
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First Sensor Type: 
 

This is a single component sensor from Adafruit Industries called Optomax digital liquid 

level sensor. Figure 32 is a picture of the Optomax sensor [30]. 

 

 

Figure 32: Optomax Digital Liquid Level Sensor 

 

This is expected to measure the velocity with more accuracy since it is pre-built and 

involves less complexity in positioning it along the developmental length. It simply needs to be 

screwed in the pipe section. This sensor has an infrared LED and a matching phototransistor 

inside the plastic casing. When the sensing tip is in open air, the infrared light is bounced back to 

the sensor because of being dry. When the tip of the sensor is immersed in liquid, it lets the 

infrared light escape, which causes the transistor to turn off. The sensor is capable of detecting 

most liquids that are oil or water based. The sensor has three wires. The blue wire is for 

grounding, red for voltage supply, and the green is the input wire to the microcontroller. When 

the sensing tip is dry, the output is the same as the red wire. When it is wet, the output is zero 
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volts. This sensor is highly sensitive and any volume of liquid triggers it [30]. Figure 33 displays 

the sensing tip [30]. Using the code in Appendix A, the time stamps when the sensor detects any 

liquid were derived. As the distance between a pair of sensors is predetermined, it becomes 

simple to calculate the velocity with distance over time equation. Details of the Optomax sensor 

can be found in Appendix G [30]. 

 

 

Figure 33: Sensing Tip of Optomax 

 

Second Sensor Type: 
 

For the second sensor type, a photo-resistor was connected in series with a 10K resistor. 

Photo-resistors are light sensitive resistors whose resistance decreases as the intensity of light 

they are exposed to increases. They are also known as light dependent resistors (LDR). When it 

is dark, its resistance is very high (sometimes up to one mega-ohm). When they are exposed to 
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light, their resistance drops drastically (even down to few ohms) [32]. Figure 34 displays a photo-

resistor [20]. Figure 35 displays a 10k resistor that was used in this combination [30]. 

 

 

Figure 34: Photo Resistor 

 

 

Figure 35: 10k Resistor 

 

The photo-resistor and the 10k resistor were placed in series, connected to a 5V supply 

and ground from the micro-controller. The whole setup can be put on a breadboard and an 

example is displayed in Figure 36. 
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Figure 36: Combination Sensor with Photo-resistor and 10K Resistor 

 

The photo-resistor detects a change in light intensity as its resistance changes. Again using 

the same code we derive a time stamp for this change. From this point, the velocity was 

calculated by using the distance over time formula. The reason for using a 10K resistor is to divide 

the voltage and have a way of comparing a voltage drop as light intensity changes. A circuit 

diagram for this sensor type is shown in Figure 37. 
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Figure 37: Circuit Diagram for Combination Sensor 
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Results 
 

The sensor type 1 (Optomax sensors) successfully recorded data of the wave velocity for 

every experimental run. Ten sensors were distributed with a separation of one foot among each 

other, along the wave developmental pipe section. Using the code (written in C and can be found 

in Appendix A), the sensors were coupled in pairs to report velocities at 5 different sections in 

the pipe. Sensor type 2 (photo-resistor) did not provide accurate results due to its high 

dependency on light intensity. The photo-resistor outputs a certain numerical value based on the 

light intensity. A high number represents a higher light intensity and vice-versa. And due to 

mostly using clear water, this number did not fluctuate much thus sensor type 2 (photo-resistor) 

was unable to detect significant changes in light intensity. 

The Omega pressure transducer also successfully recorded data of the air pressure in the 

U-section. Air pressure of 2.75 psi for a time of 0.53 second was chosen as ideal data set due to 

its close similarity with theoretical kinematics analysis.  

Table 3 represents the different velocities for each run along with some other data in 

details. DL represents the development length, the pressure (psi) data in the second column is 

the air pressure inside the air pressure chamber, and Avg_Pressure is the average of the pressure 

data recorded by the pressure transducer in the U-section. Each velocity is measured over a two 

feet distance. 

Figure 38 shows the velocity of the water jet along the various locations of the pipe where 

the sensors were placed for 2.75 psig runs. Figure 39 shows the relationship between the 

pressure in the chamber and the pressure in the U-tube section for 2.75 psig runs. As the pressure 
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in the chamber increases the pressure in the U-section increases as well. The pressure in the U-

section is lower than the pressure in the chamber because as the pressure is released from the 

chamber, the overall volume increases and thus pressure decreases. 

 

Table 3: Detailed Velocity and Pressure Data 
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Figure 38: Velocity of Jet at Different Locations for 2.75 psig Runs 

 

 

Figure 39: Relation between the Chamber Pressure and U-tube Pressure  
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Figure 40: Wave Generated during 2.75 psi Experimental Run 

 

Standard deviation for the pressure in the U-tube section was also computed. It was 

computed for three runs of 2.75 psi pressure (air pressure chamber). The results are tabulated in  

Table 4. 

 

Table 4: Standard Deviation for Three Experimental Runs 

  2.75psi_Run 6 2.75psi_Run 5 2.75psi_Run 3 
Average Pressure in U-

tube 1.14 1.11 1.13 

Standard Deviation 0.75 0.77 0.74 
 

 

The goal was to generate a water jet with constant velocity. Referring to Table 3, it can 

be seen clearing the velocity is not constant. The reason being the pressure inside the U-tube 

section is not constant. Another explanation can be, gravity acts on the wave front and produces 

a tongue in the bottom portion, which might be a reason for the velocity to increase as water is 
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accelerated by gravity. As the tongue is produced, the wetted perimeter of the water jet is 

reduced, 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 air pressure. Figure 

41 through Figure 43 shows the plot of instantaneous velocity against time for three of the 2.75 

psi chamber air pressure runs. 

 

 

Figure 41: Instantaneous Velocity versus Time for 2.75psi_Run 6 
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Figure 42: Instantaneous Velocity versus Time for 2.75psi_Run 5 

 

 

Figure 43: Instantaneous Velocity versus Time for 2.75psi_Run 3 
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Uncertainty and Calculated to Experimental Velocity Ratio Calculation: 

 

𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 =
𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒

𝑇𝑖𝑚𝑒
 = 

𝑑2−𝑑1

𝑡2−𝑡1
 = 

∆𝑑

∆𝑡
 

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑢𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦 (𝑢) =
0.25 𝑖𝑛𝑐ℎ

12 𝑖𝑛𝑐ℎ
≈ 2.1% 

 

Assuming time uncertainty ≈ 1% 

So, 

∆𝑑 𝑢𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦 (𝑋) = √0.0212 + 0.0212 ≈ 2.9% 

 

∆𝑡 𝑢𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦 (𝑌) = √0.012 + 0.012 ≈ 1.4% 

Therefore, 

𝑽𝒆𝒍𝒐𝒄𝒊𝒕𝒚 𝒖𝒏𝒄𝒆𝒓𝒕𝒂𝒊𝒏𝒕𝒚 = √𝑋2 + 𝑌2 = √0.0292 + 0.0142 ≈ 𝟑. 𝟐% 

 

The expected velocity at 3 feet (developmental length of wave) was calculated to be 11.36 

feet/second. This value was calculated by Rojin Tuladhar during the theoretical kinematic 

analysis. The measured velocity (from experiments recorded by sensors) was 11.40 feet/second 

at 3 feet. Thus the calculated to experimental velocity ratio is computed as follows: 

 

𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦

𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦
=

11.36 𝑓𝑒𝑒𝑡/𝑠𝑒𝑐𝑜𝑛𝑑

11.40 𝑓𝑒𝑒𝑡/𝑠𝑒𝑐𝑜𝑛𝑑
= 0.996 ≈ 99.6% 
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Conclusions and Future Work 
 

In summary, our team was successfully able to design a small-scale physical model to 

generate a jet that can be used to simulate a wave section, utilizing air pressure and U-tubed 

section. Air pressure of 2.75 psi for a time of 0.53 second was chosen as ideal data set due to its 

close similarity with theoretical kinematics analysis. As expected the primary sensor i.e. sensor 

type 1 (Optomax sensors) gave velocity measurements every single time without any 

discrepancies. Hence, sensor type 1 (Optomax sensors) is recommended as the main sensor type 

to be used for measuring wave velocity generated by the physical model. Sensor type 2 (photo-

resistor) did not provide reliable results due to its high dependency on light intensity. And due to 

mostly using clear water, sensor type 2 (photo-resistor) was unable to detect significant changes 

in light intensity. Even tough water with dye was used, the change in light intensity was 

insignificant. 

Additional research work is required in order to find more ideal sensor type for future 

designs, where the physical model is expected to be built with more complexity. These sensors 

should be a single component sensor. Sensors with dependency on light intensity are not deemed 

suitable. Less complex electrical circuit requirement will be advantageous for overall accuracy. It 

prevents unnecessary contact between connection wires thereby preventing short-circuiting. 

Also reducing the distance between the sensors is suggested. This will allow measuring 

instantaneous velocity rather than average velocity.  
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Appendix A: Code 
 

unsigned long t0=0; 

unsigned long t1=0; 

bool x0 = false; 

bool x1 = false; 

bool v0 = false; 

bool v1 = false; 

int s0; 

int s1; 

float distance01 = 1; //ft 

float velocity01 = 0;  

 

unsigned long t2=0; 

unsigned long t3=0; 

bool x2 = false; 

bool x3 = false; 

bool v2 = false; 

bool v3 = false; 

int s2; 

int s3; 

float distance23 = 1; //ft 

float velocity23 = 0; 

 

unsigned long t4=0; 

unsigned long t5=0; 

bool x4 = false; 

bool x5 = false; 

bool v4 = false; 
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bool v5 = false; 

int s4; 

int s5; 

float distance45 = 1; //ft 

float velocity45 = 0; 

 

unsigned long t6=0; 

unsigned long t7=0; 

bool x6 = false; 

bool x7 = false; 

bool v6 = false; 

bool v7 = false; 

int s6; 

int s7; 

float distance67 = 1; //ft 

float velocity67 = 0; 

 

unsigned long t8=0; 

unsigned long t9=0; 

bool x8 = false; 

bool x9 = false; 

bool v8 = false; 

bool v9 = false; 

int s8; 

int s9; 

float distance89 = 10; //Inch 

float velocity89 = 0; 

 

unsigned long t10=0; 
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unsigned long t11=0; 

bool x10 = false; 

bool x11 = false; 

bool v10 = false; 

bool v11 = false; 

int s10; 

int s11; 

float distance1011 = 11; //Inch 

float velocity1011 = 0; 

 

int threshold = 700; 

 

void setup() 

{ 

  Serial.begin(9600); // // initialize serial communications at 9600 bps: 

} 

  

void loop() 

{ 

 

  s0 = analogRead(A0); 

  if (s0>=threshold) x0 = false; // 

  if(s0<threshold && x0 == false) 

  { 

    Serial.print("Sensor0: "); 

    Serial.println(s0); 

    Serial.print("Time0: "); 

    t0 = millis(); 

    Serial.println(t0); 
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    Serial.println(); 

    x0 = true; 

    v0 = true; 

    } 

  s1 = analogRead(A1); 

  if (s1>=threshold) x1 = false; 

  if(s1<threshold && x1 == false) 

  { 

    Serial.print("Sensor1: "); 

    Serial.println(s1); 

    Serial.print("Time1: "); 

    t1 = millis(); 

    Serial.println(t1); 

    Serial.println(); 

    x1 = true; 

    if(v0) v1 = true; 

    } 

 if(v0 && v1) 

 { 

  v0 = false; 

  v1 = false; 

  velocity01= 1000*(distance01/(t1 - t0));  

  Serial.print("Velocity01 in ft/sec: "); 

  Serial.println(velocity01); 

  } 

 

  s2 = analogRead(A2); 

  if (s2>=threshold) x2 = false; // 

  if(s2<threshold && x2 == false) 
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  { 

    Serial.print("Sensor2: "); 

    Serial.println(s2); 

    Serial.print("Time2: "); 

    t2 = millis(); 

    Serial.println(t2); 

    Serial.println(); 

    x2 = true; 

    v2 = true; 

    } 

  s3 = analogRead(A3); 

  if (s3>=threshold) x3 = false; 

  if(s3<threshold && x3 == false) 

  { 

    Serial.print("Sensor3: "); 

    Serial.println(s3); 

    Serial.print("Time3: "); 

    t3 = millis(); 

    Serial.println(t3); 

    Serial.println(); 

    x3 = true; 

    if(v2) v3 = true; 

    } 

 if(v2 && v3) 

 { 

  v2 = false; 

  v3 = false; 

  velocity23= 1000*(distance23/(t3 - t2));  

  Serial.print("Velocity23 in ft/sec: "); 
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  Serial.println(velocity23); 

  } 

  s4 = analogRead(A4); 

  if (s4>=threshold) x4 = false; // 

  if(s4<threshold && x4 == false) 

  { 

    Serial.print("Sensor4: "); 

    Serial.println(s4); 

    Serial.print("Time4: "); 

    t4 = millis(); 

    Serial.println(t4); 

    Serial.println(); 

    x4 = true; 

    v4 = true; 

    } 

  s5 = analogRead(A5); 

  if (s5>=threshold) x5 = false; 

  if(s5<threshold && x5 == false) 

  { 

    Serial.print("Sensor5: "); 

    Serial.println(s5); 

    Serial.print("Time5: "); 

    t5 = millis(); 

    Serial.println(t5); 

    Serial.println(); 

    x5 = true; 

    if(v4) v5 = true; 

    } 

 if(v4 && v5) 
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 { 

  v4 = false; 

  v5 = false; 

  velocity45= 1000*(distance45/(t5 - t4));  

  Serial.print("Velocity45 in ft/sec: "); 

  Serial.println(velocity45); 

  } 

   

  s6 = analogRead(A6); 

  if (s6>=threshold) x6 = false; // 

  if(s6<threshold && x6 == false) 

  { 

    Serial.print("Sensor6: "); 

    Serial.println(s6); 

    Serial.print("Time6: "); 

    t6 = millis(); 

    Serial.println(t6); 

    Serial.println(); 

    x6 = true; 

    v6 = true; 

    } 

  s7 = analogRead(A7); 

  if (s7>=threshold) x7 = false; 

  if(s7<threshold && x7 == false) 

  { 

    Serial.print("Sensor7: "); 

    Serial.println(s7); 

    Serial.print("Time7: "); 

    t7 = millis(); 
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    Serial.println(t7); 

    Serial.println(); 

    x7 = true; 

    if(v6) v7 = true; 

    } 

 if(v6 && v7) 

 { 

  v6 = false; 

  v7 = false; 

  velocity67= 1000*(distance67/(t7 - t6));  

  Serial.print("Velocity67 in ft/sec: "); 

  Serial.println(velocity67); 

  } 

   

  s8 = analogRead(A8); 

  if (s8>=threshold) x8 = false; // 

  if(s8<threshold && x8 == false) 

  { 

    Serial.print("Sensor8: "); 

    Serial.println(s8); 

    Serial.print("Time8: "); 

    t8 = millis(); 

    Serial.println(t8); 

    Serial.println(); 

    x8 = true; 

    v8 = true; 

    }  

  s9 = analogRead(A9); 

  if (s9>=threshold) x9 = false; 
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  if(s9<threshold && x9 == false) 

  { 

    Serial.print("Sensor9: "); 

    Serial.println(s9); 

    Serial.print("Time9: "); 

    t9 = millis(); 

    Serial.println(t9); 

    Serial.println(); 

    x9 = true; 

    if(v8) v9 = true; 

    } 

 if(v8 && v9) 

 { 

  v8 = false; 

  v9 = false; 

  velocity89= (1000/12)*(distance89/(t9 - t8));  

  Serial.print("Velocity89 in ft/sec: "); 

  Serial.println(velocity89); 

  } 

   

  s10 = analogRead(A10); 

  if (s10>=threshold) x10 = false; // 

  if(s10<threshold && x10 == false) 

  { 

    Serial.print("Sensor10: "); 

    Serial.println(s10); 

    Serial.print("Time10: "); 

    t10 = millis(); 

    Serial.println(t10); 
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    Serial.println(); 

    x10 = true; 

    v10 = true; 

    } 

  s11 = analogRead(A11); 

  if (s11>=threshold) x11 = false; 

  if(s11<threshold && x11 == false) 

  { 

    Serial.print("Sensor11: "); 

    Serial.println(s11); 

    Serial.print("Time11: "); 

    t11 = millis(); 

    Serial.println(t11); 

    Serial.println(); 

    x11 = true; 

    if(v10) v11 = true; 

    } 

 if(v10 && v11) 

 { 

  v10 = false; 

  v11 = false; 

  velocity1011= (1000/12)*(distance1011/(t11 - t10));  

  Serial.print("Velocity1011 in ft/sec: "); 

  Serial.println(velocity1011); 

  } 

   

} 
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Appendix B: Additional Wave Generation (Experimental Runs) Photos 
 

 

 

Figure 44: Water Jet for Run 13 

 

 

 

Figure 45: Water Jet for Run 15  



 

67 
 

 

Figure 46: Water Jet for Run 16 

 

 

 

Figure 47: Water Jet for Run 20  
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Appendix C: Sectional Model 
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Appendix D: Artificial Wave Generation 
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Appendix E: Infrared Break Beam Sensor 
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Appendix F: Arduino Micro-controller Mega 2560 
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Appendix G: Optomax Digital Liquid Level Sensor 
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Appendix H: Omega Pressure Transducer 
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Appendix I: Flow Chart for Modified Code 
 

 


