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1. Problem Definition 

1.1 Project Background 
Vinalhaven is an island located approximately 15 miles off the coast of Rockland. Power is delivered to the island from a line that is run underwater to the island. Over recent years, the cost of providing power to the island has dramatically increased, leading the people of Vinalhaven to consider alternate power sources. The report concerns the possibility of extracting renewable energy from the ocean using a tidal turbine.

Back in the early 1900’s Vinalhaven was a major exporter of granite. Scattered throughout the island are old granite quarries. A mill was located on the island that used turbines driven from the tides. They used these turbines to turn a belt system that was used to polish the granite. All that remains of this mill are three large cisterns where the turbines were placed. The cisterns are large cylindrical shaped holes made out of granite that divert water in to a circular motion as it drains out to the ocean. The cisterns are placed in a channel that leads to a saltwater pond called Carvers Pond. There are two channels that allow this pond to fill and empty, one is unobstructed and the other has the cisterns in it. Back when the mill was operational, a butterfly dam was placed in the open channel so that once the pond was filled at the peak of the tide and the tide changed, the dam would shut, causing all of the trapped water to flow out of the pond through the cisterns. However, now this dam has been disabled and cannot be used. The dam being disabled creates a problem. With the channel fully open, less water expels through the cisterns, therefore limiting the energy that could be potentially extracted. More of the water now flows through the open channel since the cisterns act almost as a dam with only a small inlet and outlet. Currently it is believed that due to its greater water flow and speed, the open channel would work better than the cisterns for extracting power using a tidal turbine. To prove this argument, a device was needed to calculate the water speed in the channels. Since the budget here is limited and a flow meter device is very expensive, we needed to create a cheap and accurate device to measure the flow at the site.

1.2 Project Design Objectives

When the design project was started, it lacked a certain direction. To produce some kind of recommendation on installing a tidal turbine, we needed more information about the site. When we first arrived at Vinalhaven, we saw that since the cisterns were made up of blocks of granite, it would be a great challenge trying to mount a turbine on this historic site. Once the site was evaluated, it was realized that instead of trying to make the old site work, it would be better to leave it alone and let it act as it has been, as a partial dam and use the open channel on the other side. Our number one objective then became to attain water flow data at the site. A flow meter was needed to calculate the velocity of the water. A few options were discussed, but the prices were too expensive. We decided on building a vane anemometer. The first thing that was completed was the design of the anemometer. This design was drawn out using the 3-D solid modeling program Solidworks. After a basic design concept was born, then fabrication was done. Fabrication proved to be a large problem, since we did not have strong machining background. Once fabricated, the vane anemometer was taken to the university tow tank, which was used to calibrate the device. Finally, the device was taken out to Vinalhaven and data was taken from the sites.

1.3 Overview of Anemometer Design Concept

The vane anemometer consists of three major components, a housing block, a data generating system, and a data acquisition system. The housing is made from a block of high impact plastic, machined to hold the two parts that make up the data generation system – a propeller and a sensor. The block was machined at one end to fit a shaft and propeller to spin freely in the water. Holding the shaft in place was a set of brass sleeve bearings, a thrust screw, and a circlip mounted on the shaft to prevent the shaft from slipping. The block is also machined to house a sensor that is positioned above the propeller shaft and creates a pulse every time the blade passes through the sensing field. The generated pulse is then sent to a data acquisition system. This design proved to be very effective. It is a very affordable device to build, and it will measure water velocity accurately. 

2. Concept Design

2.1 Design Performance Targets	

The main goals of our project were to create a cheap and easy to use system to record flow rates for our Vinalhaven site.  The device had to be mobile so it could be used to test the different areas at the site, had to work efficiently underwater in the ocean, and had to be accurate enough to detect small changes in the flow.

Mobility is needed because there are two channels at the Vinalhaven site that will need to be evaluated.  In those channels there may be irregular flow patterns that will need addressing by taking the flow readings at various points.
	
Working efficiently underwater is a major concern.  The device needs to perform in the ocean, so being waterproof is absolutely necessary.  It also has to me fabricated with materials that can last in a saltwater environment.   It also needs to work accurately while completely submerged underwater.
	
An accuracy of within 5%-10% would be ideal.  Creating a device that can measure with this kind of accuracy would present acceptable data.  This data can then be used to calculate realistic power generation for the Vinalhaven site.

2.2 Concept Generation Process	

To generate ideas for what we could use for a flow meter, we started by talking with a professor from Maine Maritime Academy, Richard Kimball.  Kimball explained to us the anemometer flow meters with which he had experience.  With a little knowledge from Kimball, the Vinalhaven group went into designing our own anemometer flow meter.

After visiting the Vinalhaven site, a small design was chosen so it could be cheap to fabricate and multiple units could be used at one time.  The site also had areas that could not be accessed with a large anemometer.  The first designs were based off both model boats and model airplanes.  The boat propellers fins were smaller than airplane propellers and required a larger shaft diameter.  After researching costs, the model airplane propeller proved a better choice because it was cheaper and had a larger propeller area with a smaller shaft diameter.


We started the design around a 6-inch, 2-blade, model airplane propeller.  Designing around the propeller fixed the size of the shaft that could be used.  Knowing the diameter of the shaft, we were able to size the bearings for this application. Stops for the propeller also had to be designed.  By machining the shaft to a point it would act as a frictionless surface while resting on the end of a setscrew.  The setscrew would act as a stop for flow pushing on the propeller, keeping the propeller from being pushed flushed against the housing block.  To keep the propeller from becoming dislodged due to a flow from behind the propeller, a groove was filed into the shaft so a cir clip would rest in between the bearing and the housing. After all the mechanical parts were designed to specification, the sensor could be chosen.  

We designed around two different sensors. The first design was to use a proximity sensor that would record the speed of the spinning shaft.  The proximity sensor works by detecting either a magnet or a contrast between two different metals.  A data acquisition system records the data received by the proximity sensor. The shaft diameter for our device is only 1/8 of an inch.  This presented a problem for attaching an object for the proximity sensor to respond to.  The shaft was too small for this application, and a different type of sensor needed to be used.	

The next designs were for the use of a photoelectric sensor. This sensor emits a beam of light that is reflected off the propeller. Reflected from the propeller, the beam enters a receiver.  After the beam of reflected light enters the receiver, a signal is sent the data acquisition system.  The data acquisition system reads the frequency of the propeller.  As the propeller spins faster, the frequency gets larger.  A new mounting location for the sensor was only difference between this and the proximity design.  This sensor would work with our propeller and all the mechanical parts previously designed. 
	
With all the specifications of the parts determined, a housing block to mount them had to be designed.  Two options were available: aluminum and polyethylene. Unaware of the existence polyethylene at the time, aluminum was our first choice.  It was readily available in the shop and cheap to order if we needed more. The disadvantages of working with aluminum were that it would corrode over time from use in the salt water, and would prove harder to machine than the polyethylene. 


Ultra-High Molecular Weight polyethylene is a plastic like polymer.   The cost of the polyethylene was only 10% more than the aluminum.  Since polyethylene is softer than aluminum, it would make the machining process easier.  It also has no adverse reaction with saltwater and will not corrode.
	
To use the anemometer a mounting system had to be designed.  To keep the device mobile, we decided to go with a hand-held design.  A threaded pipe would be screwed into the top of the housing block.  On site, the tester would just hold on to the pipe with the anemometer positioned in the flow.  For testing purposes the pipe has two holes drilled in it so it can be mounted to the tow tank.

With all the parts chosen, the designs drawn, and a computer-generated model labeled with the dimensions of the various parts and connections, fabrication of our anemometer could begin.

2.3 Concept Alternative	

Alternative devices that could have been used were a Pitot tube, a cylinder drag with strain gauge, an ultra sonic flow meter, and a boat speedometer modified for flow readings.  

The Pitot tube measures a pressure difference caused by a change in velocity.  Using Bernoulli’s equation the velocity of the fluid can be found.  Pitot tubes are usually used for measuring the velocity of air but can be used in a more dense fluid such as water.  The Pitot tube is not very accurate when measuring small velocity changes and the velocity changes of the water we are measuring are small.  Testing in a higher density fluid, this device proved to be impractical.

A cylinder drag with strain gauge apparatus was considered for application.  As the water flows over the cylinder a strain gauge on the cylinder measures the strain caused by the drag on the cylinder.  This is very practical and can be fabricated in the laboratory at the University of Maine.   It is also very cheap as strain gauges are inexpensive. Another design team working for a different site chose this cylinder drag with strain gauge design.  The data collected by their design will be compared to that of our design.

An ultra sonic flow meter is a very accurate device for measuring flow rates and changes in flow velocity.  Ultra sonic flow meters are very expensive, so this device was not chosen due to the small size of our budget.

A boat speedometer modified for flow readings is a device that is already calibrated and designed to measure the velocity of the boat.  By holding the device stationary, the velocity of water flowing over it can be measured.  We decided to use one of these devices to test our designs against, since this device is already supposedly calibrated and accurate.

2.4 Selection Process	

The anemometer, cylinder drag, and boat speedometer were the most practical for design group.  The parts, sensors, and gauges needed for the cylinder drag and vane anemometer were very inexpensive and could be fabricated in the Lab.  Both devices could be made for less than 100 dollars, which was perfect for our budget.  The boat speedometer, $200, was the most expensive piece of equipment purchased.

Both the anemometer style flow meter and the cylinder drag strain gauge flow meter were to be fabricated by the Vinalhaven group.  After another group, CCAR, discovered it would need to collect original flow data, they took on the design of the cylinder drag strain gauge flow meter.
The CCAR group also had more people, so they took on the task of modifying the boat speedometer for flow meter readings.  The data recorded by both groups is shared to see how well the designs compared to each other and to the modified boat speedometer.
	
2.5 Final Concept and Rationale	

For our design, we chose to use vane anemometer style flow meter.  The sensor is a high-pressure wash down photoelectric senor that is approved to work while fully submerged for up to 6 hours. The entire design had very few moving parts lowering the chance of any mechanical failure.

The sensor for our anemometer is connected into a data acquisition system that was included with the data logger.  The data-logging program read information from the data logger that records how many times the propeller spins at the different speeds of the tow tank carriage.  We can relate the cycles of the propeller to the known speed of the tow tank carriage.  We can then determine the flow rates at Vinalhaven by recording the cycles of the propeller and then relate the frequency of the cycles to the velocities of the flow. 




3. Final Design Description

3.1 The UM Hand-held hydro anemometer 
For our final design, we chose to fabricate a propeller type vane anemometer flow meter that that uses a sensor and data acquisition system to record how fast the propeller spins.  Figure 1 is an exploded diagram of the finished design. The following subsections describe the various components of the design.

Figure 1 is an exploded view of the anemometer showing the housing block and propeller assembly. Not shown in the picture are the sensor and the mounting pipe. These are explained later in this section.
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Figure 1. Exploded view of anemometer










3.2 Component Housing
In the following figures all the dimensions are in inches.  Figure 2 presents the housing block dimensions.
[image: ]
Figure 2. Dimensions of Polyethylene Housing Block, in inches







3.3 Sensor
A photoelectric diffuse sensor was mounted in polyethylene housing. The sensor that was used was a Banner, High –Pressure washdown, photoelectric sensor diffuse mode. The diffuse mode of photoelectric sensor was chosen because it senses at a very close range and only needs to receive 2% of the reflected light back to emit an output signal.  This sensing range is a key component of our design because the propeller is located ½ inch from the sensor, which is well below the maximum of 4-inch sensing range for a diffuse type sensor.  This sensor is also IP69K rated.  An IP69K rating is approved for sensors that must operate while completely submerged in water.   Figure 3 is a photo of the actual sensor used.

[image: IMG_2144]
Figure 3. Banner S18 Photoelectric Sensor

3.4 Propeller, shaft, and bearings
The propeller used for the final design was 6-inch plastic radio controlled airplane propeller.  The propeller chosen was a master airscrew 6 x 3.5 two-blade propeller. Reflective tape was adhered to the propeller blades to increase reflectivity.  Figure 4 presents the dimensions of the propeller and Figure 5 is a picture of the actual propeller used with reflective tape shown.

[image: ]
Figure 4 Propeller Dimensions, in inches.

[image: IMG_2145]
Figure 5. Actual Propeller Used Showing Reflective Tape

The shaft for the final design was chosen to fit the propeller.  A 1/8-inch precision ground stainless steel shaft was used.   A precision ground shaft was chosen to reduce friction of the spinning shaft.  Stainless steel was chosen to resist corrosion of the ocean. A groove was cut into the shaft to hold a circlip.  The circlip prevents the shaft from being pulled out of the housing block. To keep the propeller from being pushed back flush against the housing block, the opposite end of the shaft was ground to a fine point. The fine point is in contact with the end of a thrust screw that protrudes into the block from the opposite side.  Figure 6 presents the shaft dimensions and Figure 7 shows the circlip dimensions.

[image: ]
Figure 6. Shaft Dimensions, in inches
[image: ]
Figure 7. Circlip Dimensions, in inches

To keep the shaft straight and further reduce the friction of the spinning propeller, bearings were used in the final design.  Two brass sleeve bearings were chosen.  Brass was chosen due to its resistance to saltwater corrosion.  Figure 8 presents the dimensions of the brass sleeve bearings used in the final design.
[image: ]
Figure 8. Bearing Dimensions

To keep the propeller from being pushed flush against the housing block, the sharpened end of the shaft opposite from the propeller rests against a setscrew-style thrust screw.  Thrust screws allow straight-line static load thrust without transmitting torsional or radial forces on a work piece. For our application this thrust screw takes the force transmitted by the water on the blades to the shaft and keeps the shaft from moving in an axial direction. Figure 9 shows the thrust screw and its dimensions.

[image: ]
Figure 9 Thrust Screw Dimensions



3.5 Shaft/Handle
To mount our final design in the tow tank for testing, and to act as a handle to hold the anemometer in place at our test site on Vinalhaven, a galvanized steel threaded pipe was used.  Two holes were drilled into the pipe so nuts, bolts, and washers could be used to attach the pipe to the tow tank carriage.  The pipe connected into the housing block by being threaded into the tapped hole in the top of the block.  Figure 10 presents the threaded pipe used for mounting.

[image: Threaded pipe]
Figure 10. Photo of Threaded Pipe


3.6 Data Acquisition System
To record the data that the vane anemometer produces, a data acquisition system was needed.  For our design we wanted to create a self-contained apparatus that would power everything, convert the frequency output of the sensor to a voltage, and log the voltage data. All of this would be contained in a water resistant box. 

The battery we chose in our design was a 12-volt sealed lead acid battery.  This battery was chosen because of its high capacity and size.  The battery is also leak proof, which allows us to situate the battery in the water resistant box with the other components.  An image of the actual battery used is provided in Figure 11.

[image: IMG_2150]
Figure 11. Image of the actual battery used

The signal output from our photoelectric sensor is a digital signal that emits a pulse when the emitted beam is reflected back into itself.  To convert the number of pulses per second into a voltage that can be recorded by our data logger, an integrated circuit had to be built around a frequency to voltage microprocessor or a signal conditioner had to be used.  All the components to build the circuit were purchased.  The signal conditioner was also purchased as a backup if the circuit was faulty. A schematic diagram of the how the circuit is connected and the values of the different resistors and capacitors are labeled in Figure 12 [1].  The signal conditioner used is presented in Figure 13.

[image: Figure 12]
Figure 12. Schematic diagram of the integrated circuit [1]

[image: Figure 13]
Figure 13. Image of Signal Conditioner used.

The data logger used in our design was the Lascar EL – USB -3 Voltage Data Logger.  This logging device was chosen for its cheap price and logging capabilities.  This device is capable of logging DC voltages from 0-30 volts, and can record voltages every 1-second, 10-seconds, and 1 minute.  The device is also easy to use and is easily connected to the integrated circuit.  The actual data-logging device used in our design is presented below in figure 14.

[image: IMG_2148]
Figure 14. Image of Lascar EL – USB – 3 Frequency to Voltage Data Logger




4. Design Evaluation

4.1 Test Procedures and Methods

To quantify the rotational speed of the propeller to the linear velocity of the flow of water a relationship between the two was established.  Using the tow tank carriage to pull the apparatus through the water, a linear relationship between the two was found at the speeds tested.

This measure of flow rate was conducted using the designed and fabricated vane anemometer.  The flow rate was calculated by relating the linear velocity of the tow tank carriage to the number of rotations of the propeller blade.  The following specific results were obtained

· How many oscillations the blade will turn in relation to how fast the water is flowing
· How accurately the flow rate is measured
· How much data can be recorded at one time
· Maximum and minimum flow rates allowable for the apparatus

A Variable Frequency Drive (VFD) controls the velocity of the tow tank carriage.  To change the velocity the VFD frequency is either increased or decreased.  Two tests were conducted to calculate the carriage velocity. Located on the carriage is a wheel that rotates along the path of the carriage and emits a frequency of 100 clicks per rotation.  A frequency to voltage signal conditioner converts this frequency into a voltage that is read by the data acquisition system.   Varying the VFD and recording the voltage from the signal conditioner, the relationship between the VFD and velocity of the carriage was found. 

To validate the accuracy of this test, another was conducted.  A 25 foot length along the tow tank was measured out and clearly marked.  The carriage was brought to its max constant velocity before reaching the first marker.  At the first marker, a timer was started.  Once the carriage passed the second marker, the timer was stopped.  Running multiple tests and varying the VFD the velocity of the carriage could be calculated by dividing the distance by the time

The apparatus was attached to the tow tank carriage and connected into the data acquisition system.   The VFD was then set to the same frequencies used in the previous testing. The data acquisition system recorded the frequency of the spinning propeller.  The frequency of the propeller could now be related to the velocity of the tow tank carriage. 





4.2 Test Results

The results from testing the carriage velocity based on the frequency to voltage conversion of the rolling wheel are presented in Figure 15 and Table 1.

[image: ]
Figure 15.  Output Voltage – Carriage Velocity

Table 1. Velocity of Carriage at different Voltages
	VFD (HZ)
	Output Voltage (V)
	Velocity (Ft/s

	10
	1
	.9813

	20
	2
	2.0

	30
	3
	3.0

	40
	4
	3.99

	50
	5
	4.97



From Figure 15 is can be concluded that the relationship between the velocity of the carriage and the output voltage is linear.  The linear relationship follows Equation 1. 

· Velocity = (0.9773) * Output Voltage – 0.029   - Eq. 1

Table 1 presents the actual numbers calculated from testing.

The results for calculating the velocity of the carriage by using a distance over time equation are presented in Figure 16 and Table 2.

[image: ]
Figure 16. VFD frequency Vs Carriage velocity calculated using distance over time equation

Table 2. Velocity of carriage at different frequencies of VFD
	VFD (HZ)
	Velocity (Ft/s

	10
	.9921

	20
	2.00

	30
	3.00

	40
	3.97

	50
	4.84




From Figure 16 it can be concluded that the first test was an accurate representation of the carriage velocity.  The linear relationship in Figure 16 follows Equation 2.

· Velocity = (0.0977) * (VFD) + 0.0327   Eq. 2

Comparing Table 1 and Table 2, it can be concluded that the velocities between the two tests only differ a maximum 2.5% at the highest tested velocity.  

The results of testing the vane anemometer are presented in Figure 17 and Table 3.

[image: ]
Figure 17. Propeller frequency to Voltage

Table 3.  Frequency of Propeller at different frequencies of VFD
	VFD (HZ)
	Velocity (Ft/s

	10
	.9921

	20
	2.00

	30
	3.00

	40
	3.97

	50
	4.84



From Figure 17 it can be concluded that the relationship between the propeller frequency and the carriage velocity is also a linear relationship.  The linear relationship follows Equation 3.

· Velocity = (0.2038)*(Propeller frequency) + 0.0913  Eq. 3

4.3 Discussion

The apparatus worked as designed.  The relationship between the frequency of the propeller and the velocity of the flow is a linear relationship.  It is very easy to convert the frequency into a velocity.  






5. Conclusions

5.1 Strengths of design

The obvious advantage to the design of this anemometer is cost. This was the main reason it was built, as a method of getting flow velocity data a cheaper way. The following table below contains a price breakdown of the anemometer.

Table 4. Price breakdown of each individual part of the vane anemometer.
	Price Breakdown of Vane Anemometer

	
	
	

	Equipment
	

	
	Product
	Price

	
	S18 Sensor
	$37.94

	
	Data Logger
	$75.00

	
	Frequency to Voltage Converter
	$270.00

	
	Lead- Acid Battery
	$31.61

	
	Water Proof Enclosure
	$6.96

	Material
	

	
	Product
	Price

	
	Polyethylene Bar Stock
	$3.19

	
	Sleeve Bearings
	$1.02

	
	Circlip
	$0.05

	
	1/8" Dia. SS 316 Shaft
	$3.84

	
	Set Screw
	$0.19

	
	Propeller
	$1.00

	
	
	

	Total
	
	$430.80



Before we decided to fabricate this anemometer, we looked the price of ultrasonic flow meters, which range from $3,000 to $10,000. Obviously, the price of the vane anemometer is much lower than that of the ultrasonic flow meter. 

Previously, figure 17 plots out the water velocity vs. the output frequency. From these tests, it was concluded that this design is very accurate and reliable. The ability to read water velocity this accurately made it possible to bring this apparatus to the Vinalhaven site and be confident in the values we received. 

One other advantage to this design is its ability to be mounted in one spot while data is read for a period of time. The apparatus can be placed in a remote location away from power because it is powered by a self-contained battery. The apparatus can be set up at a location and as long as the flow is one directional, it can read values at time intervals from 1 second to 12 hours.

5.2 Weaknesses of Design

A weakness that is a direct correlation to the previous strength is that if this apparatus is placed in one location and the water direction changes, then it will not be able to read these values accurately. This vane anemometer is built to take water speeds traveling in one direction. For example, in this application, if we placed the anemometer in a channel and the tide changed direction, then those values would not be accurate. Similarly, care must be taken to align the length of the propeller as close as possible to 90˚ of the direction of flow.  Misalignment to the flow could affect the speed of the propeller.

Another weakness of the anemometer is the potential of the photoelectric sensor being blocked by some type of obstruction and not operating correctly or of the blade and shaft being compromised somehow. Since this apparatus is being placed in the ocean, then any type of debris from the ocean can be washed to the face of the sensor, blocking its emitter. Similarly debris such as seaweed could entangle itself on the shaft or the propeller and affect their rotational speeds.

While testing the vane anemometer, one problem that was noted was that the blade sometimes got pressed down the shaft and against the housing block, which caused the blade at lower speeds to not rotate smoothly. Another weakness that was spotted during testing was that at the higher speeds, the bar that mounted the vane anemometer to the tow wobbled slightly. This may affect performance of the vane anemometer and cause it to be slightly less accurate.

5.3 Recommendations for Improvement

To make the anemometer functional for multi-directional purposes, a swivel could be placed on the mounting bar and a tail could be placed on the anemometer itself so when the flow changes direction the anemometer would change with it. This sort of apparatus is used with vane anemometers designed for reading wind velocities. The following figure is a wind vane anemometer, which uses this concept.
[image: Prop_vane_anemometer]
Figure 18. Image of a wind vane anemometer used for multi-directional purposes
This sort of concept would make it possible to leave the vane anemometer set up over a period of time in tidal waters without having to manually change its orientation with each shift in tides. 

To improve the problem of debris getting caught in the blade or sensor, a cage could be placed around the apparatus. This cage could catch the majority of the debris that the ocean stirs up and prevent the sensor or blade being compromised. However, if the device is left in the water for a long period of time the amount of debris collected on the cage could disrupt the flow. For our application the device is taking only short time intervals of flow data at different times throughout the tide cycle. Therefore the device is only in the water for short periods of time. The operator could clean off any debris when the device is out of the water so the need of a mesh cage is not needed. 

To improve the problem of the blade being pressed up against the housing, a small amount of adhesive could be used to ensure that the blade will stay fixed on the shaft and therefore not press up against the housing. This would reduce friction and therefore enhance our reliability and accuracy.

Finally for the problem involving the wobble of the mounting bar at higher speeds, a larger bar could be used that would have a greater stiffness. Another way to increase the stiffness of the bar would be to use a solid bar instead of the threaded pipe that we are using currently. The greater stiffness will decrease the wobble in the bar at higher speeds and therefore make the apparatus stronger and more reliable.


5.4 Reflections on the Design

For an apparatus that completes the job of a device that costs six times as much, this design works very well. In testing, the apparatus proved itself to be very accurate and sufficient for the job of recording flow rates in the canals on Vinalhaven and perhaps at other sites as well. This vane anemometer can be taken into the field and, if used correctly, will produce a set of data that is accurate and reliable. 
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Velocity vs. Carriage Output Voltage
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Velocity vs. VFD input
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Velocity vs. Anemometer Frequency
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