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Project Background: Section 1


The practical use of Ocean Thermal Energy Conversion was first presented in 1979 by the state of Hawaii and a group of American companies; the plant only produced a net power gain of 18 kW and was too small to be commercially applicable, but the viability and practicality of the OTEC system was proven with this system.  The system was used in equatorial waters because of the large (roughly 20ºC difference between temperatures of 25ºC and 8ºC waters at the water surface and 1000 meters below the sea level) temperature gradients when compared to more moderate climates.  Most of the plants that have been constructed have been based on the Rankine cycle, some employing an open cycle while most used a closed cycle with anhydrous ammonia used as the working fluid of the system.  While both the closed and open cycles have comparable efficiencies and power outputs, we will only focus our research on the closed cycle due to the fact that this was the type of cycle specified by our industry partner – Lockheed Martin.  The closed cycle uses a pump to pressurize the anhydrous ammonia at liquid state and then utilizes the warm top level sea water the boil the high pressure fluid, this high pressure and high temperature vapor powers a turbine-generator to produce useful electrical power; after the vapor passes through the turbine where it drops in pressure and temperature, it is cooled and condensed in the heat exchanger that is cooled by the cold lower level sea water.  The working fluid is then re-circulated through the pump again to repeat the cycle.  



The maximum physical efficiency possible from the Rankine cycle that operates between hot and cold reservoirs of 26ºC and 5ºC is approximately 8%, but due to irreversible processes, frictional losses from the working fluid, and heat loss and gain of the system, most systems in actuality only have efficiencies of 3% to 4%.  These numbers are low compared to other conventional modern power plants that are based on the Rankine cycle, but the energy within the ocean is constantly replenished by the radiation from the sun, therefore we are basically getting energy from an energy resource that has previously been unused.  The measured efficiency of a thermodynamic cycle is simply the ratio between the power output of the system and the heat input to the system.
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It is therefore not logical to use the overall cycle efficiency to characterize the performance of an OTEC system because the heat input is constantly replenished from the sun’s radiation that is absorbed by ocean water.  Unlike fossil fuels or coal used in most modern power plants, the source of heat input to an OTEC cycle is entirely renewable and monetarily free of charge.  

The characterization of the performance within an OTEC cycle would be more aptly described by measuring the back work ratio of the Rankine Cycle that it employs.


[image: image6.wmf]r

.bw

W

.in

W

.out


This is simply the ratio between the work input from the system pump compared to the power output from the turbine.  The change in work caused by a pressure change in a fluid or gas is characterized by the equation:
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from this is can be seen that the work is inversely proportional to the density of the fluid, therefore given a certain processes that takes a working fluid through the same pressure differential the change in work will be much greater for a gas than for a liquid.  Due to this property the work input to the pump pressurizing the condensed working fluid is far less than the work output from the turbine that expands the working fluid through the same pressure differential.  


There is enough energy within the ocean’s waters to provide the world power for all of their power needs; this energy source is also constantly replenished and therefore provides a viable and powerful option to enhance our ability to create renewable energy that has a minimal impact on the natural environment.
Project Scope: Section 2


The ultimate goal of this project is to create a fully functioning Rankine cycle that utilizes the principles of OTEC and clearly displays the functionality and viability of OTEC technology for the production of sustainable energy.  Due to the fact that our final project will be used as a display and as an miniature model of the full-scale commercial system, we need for our OTEC model to be aesthetically pleasing, quiet, safe to operate,  and easy to start and stop by the use of a simple mechanical or electrical device.  Our model will be used at Lockheed Martin to illustrate the means by which an OTEC system creates electrical power; because of this, it is necessary to expose all of the functioning parts of the Rankine cycle so that on lookers will be able to see first-hand the method by which the power is being produced. Our industry contacts at Lockheed Martin have asked for our OTEC cycle to produce approximately 100 Watts of power so that it will be able to charge a laptop computer in order to illustrate the power production capabilities of the OTEC system.  


When building and actual open or closed OTEC power generator certain technical limitations and challenges must be realized. Firstly, the design and installation of cost-effective pipes to transport large quantities of water present a significant challenge. There are conceptual OTEC designs that call for massive underwater pipes in the range of 2.6m in diameter that run 1000m deep but there is little experience in this area. Some laboratory, computer-aided analytical studies and at-sea tests have been performed by the USA to try and meet this challenge. Materials such as fiberglass reinforced plastics (FRP), high-density polyethylene, and reinforced electrometric fabrics (soft pipes) are being tested but there is much research to be done in this area. Another problem that requires attention is bio-fouling or the unwanted accumulation of algae, microorganisms, plants, and animals on the inside of the system. The use of chemicals like Chlorine and other mechanical means have been proposed to solve this problem. Since our group will be building a small model of a closed OTEC power generator and it will not be exposed to saltwater or other environmental hazards, the group will not have to worry about problems such as these. 


We expect for our project to be used to expose both the viability and the means by which the OTEC system produces power.  It is our groups hope that this display will educate students at the FAMU-FSU Engineering School and the employees and future customers at Lockheed Martin as to the necessity of utilizing the available technology to research and manufacture means of sustainable power production in order to ensure the availability of power production for years to come.  The group hopes to become much more knowledgeable with both the concepts and thermodynamic theories that govern the Rankine cycle as well as becoming more familiar with the foibles and difficulties associated with OTEC systems as a whole.  This project should allow the group to be exposed both to political sustainable energy issues, thermodynamic concepts, practical mechanical design, compressor and turbine specifications, and to allow us to gain useful experience working with and corresponding with our commercial contacts.
Project Specifications: Section 3

· The maximum dimensions must be less than 3 ft deep, 6 ft high and 8 ft wide.

· The OTEC model must produce at least 100 Watts of power (enough to power a laptop computer)

· The final project must be easily portable.

· Due to the fact that our OTEC model will be placed in an active office environment, it should have an operating noise level of approximately 40 decibels (equivalent to the noise levels in a normal office environment)

· The Rankine cycle must be easily turned on and off using simple mechanical or electrical devices.  

· The OTEC model must pose absolutely no risk to the operator or those viewing its operation; this is of imminent importance!

· The model must be aesthetically pleasing because its main purpose is to be used as a model to demonstrate the viability of OTEC power production.

· The working OTEC model should allow spectators to view each individual component of the system so that they can be more fully understand the inner workings of the Rankine Cycle which powers the OTEC model.  
Final Design Evolution: Section 4


The purpose of this section of the report is to outline our final decision regarding the overall layout and the general parts that we selected for design; this section also breaks down our OTEC model into a parts hierarchy, which effectively breaks the model into groups and sub-groups.  The in-depth description for each individual component will be shown in the Component Selection portion of the paper, whereas this section is geared toward the overall organization of the design.


Our initial system, which is shown below on this page, fit within the space constraints described above in the project specifications page, while still utilizing heat exchangers that had nearly 4 times the volume of the heat exchangers we ultimately decided to use, but the problem with out initial design was its lack of mobility and its jumble of pipes that could not be clearly distinguished from one another. [image: image8.png]




After speaking with out contacts at Lockheed Martin they suggested the use of a set of brazed heat exchangers designed specifically for the evaporation and condensation of fluids.  These heat exchangers had much less volume, had smaller diameter inlets that matched up better with the piping within our system (decrease from 2” to 1” Male NPT threads), and were specifically designed for the uses that we were intending for our OTEC model system.  Due to the decrease in volume of the heat exchangers were we able to package our system onto a rolling, two platform cart that would be able to house our water tanks, heat exchangers, system components, as well as being able to clearly show the organization and architecture of the piping system of our model.  Our first revision of the new system is shown below:  [image: image9.png]




This system was now able to fit on the cart that we had ordered, but we felt that our system would have a shorter and more organized piping system by moving the evaporator (heat exchanger in red) to the back of the cart; this would leave more room for the electric motor (not pictured) for the working fluid pump as well as ease the process of fabricating and assembling the actual piping system.  Our final design is very similar to the one pictured above, but more clearly shows the piping systems and creates more room between the components within the system:  

[image: image10.png]




The Pro-E model which is shown below illustrates many important design specifications outlined by our sponsor such as: the model size, the fact that the system must be used in an office environment, and that the system must be aesthetically pleasing to viewers and well organized.  In addition, this design also illustrates the design parameters that our group has put into place to achieve what we believe is the optimum design given the constraints of the problem: the heat source and sink tanks sitting above and below each other to visually illustrate the temperature gradient in the ocean and making each individual component visible to allow for viewers to fully understand the inner workings of the model.

This model also gives us a rough estimate on the length of the pipes within the heat sink/source systems and the closed Rankine cycle system, as well as the number of bends, contractions, and expansions within the piping systems.  These design characteristics were used by our group to calculate the major and minor losses through the pipes of our system for our calculations regarding the performance specifications we needed for our pumps. 


Due to the fact that we have many different parts that make up our model OTEC system, we felt it advantageous to break each individual part (or groups of similar parts) into groupings and sub-groups.  We felt that a flow chart type to break-down the parts would allow for readers to more fully understand the individual parts of the system and what role they play in the scheme of the total working model.  The below flow chart initially breaks up the OTEC model into two groups: the heat sink/source system and the closed Rankine cycle system.
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The heat sink/source system is the much simpler of the two, due to the fact that it only includes the circulatory pumps, sink/source tanks and stands, as well as piping and fittings that lead to and fro the heat exchangers.  


The second system, the Closed Cycle System, is broken up into four sub groups: the working fluid pump system, heat exchanger system, piping/fittings, and the power generation group.  The first sub group, the working fluid pump system includes the piston type working fluid pump, the throttling valve between the pump and the evaporative heat exchanger, and the auxiliary electric motor needed to power the pump.  The next sub group is the heat exchanger system, which simply includes both the evaporative and condensing plate type heat exchangers.  The third group is simply the piping/fitting group; this group does not have any subordinate groups, but probably contains the most number of individual parts within the group itself.  Our group members has decided that the best way to pick the piping and fittings to create the model OTEC system was to employ ad hoc part selection technique, so therefore each individual part name was left our of this part hierarchy.  The final grouping is the Power Generation group which includes the power producing turbine, the electric generator, and the electrical connections to hook the generator up to a lap top computer.  Unfortunately, due to the fact that the bearing within our turbine was not able to seal the working fluid from the atmosphere we were forced to block off the turbine output shaft, therefore making it impossible to create electrical power from out system. Much like the piping and fittings group above, we have not listed the names of each individual component in the electrical group due to the fact that we will be creating this portion of the project after we have satisfied ourselves that we have a working and effective OTEC model.  

Component Selection & Description: Section 5
Working Fluid Selection and Description:


The working fluids that we have looked into for use as the working fluid for our Rankine cycle include: anhydrous ammonia, Genetron R-245fa, R-22, R-134a, and R-410a.  Due to the fact that large scale industrial OTEC systems use ammonia as their working fluid, we first thought we could use ammonia as the working fluid, but ammonia in high concentrations is a respiratory irritant and in high enough concentrations can cause death.   Due to the fact that safety was our imminent concern and was one of our previously defined project specifications, we chose to not use ammonia due to the fact that it would have undoubtedly caused unnecessary health concerns to everyone in the office environment that would be exposed to the model OTEC system.  Propane was also considered due to its ability to evaporate and condense over our temperature range, but due to the fact that propane is highly flammable and explosive we chose not to use it due to the fact that we did not want to endanger anyone in the vicinity of the system.


Our other consideration was R-22 due to the fact that it is a relatively commonly used refrigerant and because it does not flammable or overly dangerous, however you must possess a license to purchase, use, and evacuate a system of R-22 therefore we could not use R-22 due to our not possessing a license and due to its harsh environmental impact.  Although Genetron R-245fa is harmless and benign for the environment, we could not use it within our system due to the fact that it took a great deal of lead time to order and this delay time on delivery did not fit into our strict time schedule of ordering parts within the time scale available to our group.  


Our final decision was to use R-410a as our working fluid; it has roughly the same properties as R-22, but posses less of an environmental and health risk and does not necessitate being a licensed professional to use the refrigerant.  R-410a is used mainly on high pressure air conditioning systems and is the heir-apparent for the less environmentally friendly R-22 that is being phased out globally; every major air conditioning manufacturer as selected R-410a to replace R-22 in their future systems.   The fact that major air conditioning manufactures had selected the more environmentally friendly R-410a for the use in their current and future systems gave us confident that R-410 would allow us to create an effective Rankine cycle for our small-scale OTEC model.  Below is the Pressure (psi) vs. Enthalpy (Btu/lb) and the Rankine Cycle diagram that we plan to use for our system based on the temperature difference we will have between our heat source (approximately 25ºC) and our heat sink. (kept at 0ºC by creating an ice bath in the lower water reservoir)
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Heat Exchanger Selection and Description:

The heat exchangers we used were purchased from Alfa Laval and were brazed Plate and Frame heat exchangers.  Our corporate contacts at Lockheed Martin have had previous experiences with Alfa Laval heat exchangers for use on their full-scale OTEC systems and suggested the use of their heat exchangers for our project.  They had initially suggested for us to use a larger plate and frame heat exchanger that would have been larger than what we would have needed for our heat transfer needs through the evaporator and condenser, but we were able to find smaller brazed heat exchanger.  The main difference between a brazed plate and frame and a classic plate and frame heat exchanger is that the plates within brazed heat exchanger are brazed together to seal the two fluid channels off from one another, where as most plate and frame heat exchanger are actually held together by tightening the plates together using a bolt and nut.  
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A typical plate and frame heat exchanger consists of a series of thin corrugated plates that separate the two fluids, in our project the two fluids will be water and R-410a. The plates are provided to serve as a median in which heat is to be exchanged flow through alternate interpolate spaces. Gaskets prevent the leakage to the surrounding area and direct the fluids in the plates. The flow pattern is generally countercurrent to each other.  The picture shown to the right illustrates the countercurrent flow betwixt each plate, and the flow into and out of the heat exchanger. The plates on the heat exchanger are usually limited to fluid vapor pressures below 25 bar (2500 kPa) and temperatures below about 250°C; both of these constraints are well below the pressures in our system, therefore we have heat exchangers that will be extremely robust for the conditions that they will be subjected to within our system. This is due to the construction details and the gasketing design. Since the flow channels are small and the corrugated design of the plates creates turbulent flow even at small Reynolds numbers strong eddying gives a high heat transfer coefficients between the two fluids and the plates which separate them.  Furthermore, these exchangers provides compact and lightweight heat transfer surface.  


Based on the calculations we made regarding the flow rate, temperature change, and pressures of both the working fluid and the circulation water, we were able to have Alfa Laval design heat exchangers specifically for our application.  Alfa Laval specified the number of plates as well as the material they were made of based on our specific flow requirements.  For the engineering drawings and the fluid specifications which were used to determine the number and material of the plates consult the appendix. Below is a picture of the evaporator installed within our system:

[image: image13]
Cooling/Heating Fluid Pump Selection and Description:

The final design that our group selected utilizes three separate fluid pumps: the working fluid pump (which will be discussed later in the report) and the two pumps used to circulate the water from the heat sink and heat source; hence forth we will refer to these two pumps as the “circulatory pumps” due to the fact that their only purpose is to effectively circulate the cooling and heating fluids through the heat exchangers.  The main consideration for these two pumps was their ability provide a high enough flow rate to effectively increase the forced convection heat transfer coefficients of the cooling/heating fluids to condense or evaporate the working fluid as it passes though the plate type heat exchangers.  From the calculations contained in the appendix, we used a mass flow rate for both circulatory pumps of 1 kg/s; this is the equivalent to just below 16 gallons per minute.  Based on these flow rates, we found that we were able to effectively evaporate and condense the working fluid at the proposed flow rate as it flowed through the two heat exchangers.  It will be acceptable in our selection of circulatory pumps to have higher volumetric flow rates than the specified 16 gallons per minute (960 GPH) because it will not adversely affect the performance of the heat exchangers. 


Due to the fact that the mass flow rates through the circulatory pumps will be nearly 100 times greater than the proposed flow rate of the R-410a through the heat exchangers, the temperature change in the heating/cooling water will be much less than the corresponding temperature change of the working fluid.  From the calculations in the evaporator we see that the convection heat transfer coefficient for the heating fluid is approximately 45 times the convective heat transfer coefficient of the working fluid.  When calculating the overall heat transfer coefficient (U0) one can see that the overall heat transfer coefficient is “choked” by the extremely low heat transfer coefficient on the side of the working fluid.  Therefore, we will not illicit substantial increases in the overall heat transfer coefficient of the heat exchanger by increasing the flow rates from the circulatory pumps.

The circulatory pumps which are part of the heat sink/source system need to be able to produce a volumetric flow rate of 954 gallons/hr through the heat exchangers in order to create the satisfactory amount of heat transfer to effectively evaporate and condense the working fluid through the heat exchangers.  There were not pressure or head requirements of the circulatory pumps; it just needed to provide the specified flow rate through our piping system and heat exchangers.  We calculated in the Appendix that the bilge pumps needed to produce 3.03 ft. of head to circulate the fluid throughout the system.  The pump that we selected for duty as the circulatory pumps was the General Purpose Centrifugal Bilge Pump model # 17a made by Rule.  This pump seems perfectly suited for our exact volumetric flow rate and head needs in our system as it comfortably exceeds both needs while still remaining very cheap.  The specification of the circulation pumps are as follows:
	Volumetric Flow Rate (GPH)
	3800
	3185
	2570

	Head (feet)
	0
	3.35
	6.70



The circulation pump is shown below installed in our system to the water tank as well as to the PVC circulation piping:
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Working Fluid Pump Selection & Description:

One of the most difficult tasks for the design of the project was the selection of a pump that operated at our extremely small flow rate and provided enough head to the working fluid so that it could effectively complete the Rankine Cycle.  Based on the necessary increase in pressure, minor piping losses, and major piping losses through our system we found that we needed a pump that provided the working fluid with 123 ft. of head at a flow rate of .161 gallon per minute.  There are many pumps that can provide this amount of head to a fluid, but the small flow rate that we needed made selection of an appropriate pump very difficult.  


Due to the fact that we have very peculiar specifications for our pump, there was very little competition for the type of pump we could use for our design.  Centrifugal pumps were ruled out of consideration due to the fact that all of the centrifugal pumps at our disposal had volumetric flow rates nearly 100 times greater than the flow rate we needed in our closed Rankine Cycle.  We also considered gear pumps due to the fact that they had lower volumetric flow rates, approximately 1-5 gallons per minute, but they could not provide the head to the working fluid that we specified in our calculations.  We were unable to find a pump that exactly matched our specifications, but we decided to use a piston-type pump for our working fluid pump.  The pump we selected provides a maximum flow rate of 2.1 gallons per minute and a maximum pressure of 500 psi.  Although both of these values are greater than the specified .161 gallons per minute at 140 psi by a considerable margin, we have decided to use a throttling valve between the outlet of the working fluid pump and the rest of the system in order to decrease the pressure and flow rate across the valve.  Although the selection of this pump necessitates the need to purchase both a throttling valve and an auxiliary motor to drive the piston-type pump, which adds to both the cost and complexity of the system as a whole, it gives two large benefits to the effectiveness of our OTEC model.  The first of which is that it over specifies the necessary pressure and flow rate for our system; therefore, if we are unable to produce the power levels specified by our sponsors at Lockheed Martin then we will be able to increase the flow rate and pressure of the system to hopefully meet our power goals.  The second benefit is that the addition of a throttling valve into the system allows us the ability to adjust the flow rate and evaporator pressure to meet our specified power goals.  


  The above mentioned pump specifications made it difficult to find a pump that perfectly matched the performance that we needed to fulfill our proposed system.  We selected a small twin piston pump, series number 5320C-X, manufactured by Hypro.  Listed in the appendix are the Hypro Installation, Operation, Repair and Parts Manual for our selected series of pumps.   The specifications for our pump at its maximum RPM are given below as well as the pump installed within the final system:
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Turbine Selection & Description:

Transforming a small car turbocharger into a turbine was an option that had been considered early on in the project but finding one that would be small enough was at first thought to be unachievable. Since the team was running out of options for a turbine, it focused all of its efforts into the search. Eventually, a small Garret turbo was discovered that looked appealing. 
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The graph below shows the pressure ratio across the turbine vs. the mass flow rate through the turbine side of the GT1241 turbocharger.  The red line below signifies the proposed mass flow rate for the OTEC system that we have proposed.  Although our mass flow rate is lower than the tested values for the turbocharger, the turbine shaft spins at approximately 120,000 RPM’s at only 5 lb/min, therefore we can be confident in the fact that at only 1.71 lb/min (our designed flow rate) that the shaft will spin at speeds that will create the amount of power we need in our design. 
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The use of the automotive turbine necessitated that we make custom made turbine inlet and outlet flanges so that we could connect the piping in our system to the turbocharger.  Based on the flange dimensions shown in the appendix we were able to create Pro-Engineer sketches that were converted over to a .dxf file type that was programmed into the water jet cutting machine at the FAMU-FSU Composites Lab by Gerry Horne to produce the desired flange design.  Below is a picture of our first attempt at machining the flanges:
[image: image20.jpg]




Our plan for our turbocharger was to disconnect the compressor wheel and housing so that we could connect the output shaft of the turbine to an electrical generator.  We had machined a pulley to connect the output shaft to a turbine at a gear ratio based on the rotational speed of the turbine, but we were unable to connect the output shaft of the turbine due to the fact that the bearing within the center housing of the turbocharger would not seal the system off from the atmosphere.  We were forced weld the compressor housing shut and to re-bolt it to the turbocharger’s center housing.  Below is a picture of the modified turbocharger with the capped-off compressor housing bolted onto the turbocharger:
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Piston Pump Electric Motor Selection & Description:


The electric motor we choose to power our piston pump is made by Emerson motors (MSC Part #04093126) and has a horsepower rating of 3/4 HP with a maximum RPM of 1725, although this is slightly smaller than the horsepower rating for our given pump, the Hypro Pump Manual states that any decreases in horsepower given the same RPM will only slightly decrease the pressure output from the pump, therefore, the selection of this motor will allow our pump to have outlet pressures closer to the Rankine cycle which we specified.  The motor that we selected has a NEMA Frame number of 56Z, this particular frame has a shaft diameter of 5/8th inch and a key width of 3/16th inch; this shaft size corresponds to the hollow shaft size of the Hypro pump that we selected above.  
Throttling Valve Selection & Description:


The needle valve that we selected to throttle our system has compression fittings for ½” compression fittings for both the inlet and outlet.  The valve can handle approximately 1000 psi, therefore we feel confident that the valve will be able to handle the outlet pressure of the pump that we have selected for out design.  Danny Crooks at the CAPS building suggest the use of a needle valve for throttling the fluid based on his previous experiences.

Electronic System Selection & Description:


The electronic needs for our system require us to power both of the circulation pumps as well as the ¾ horsepower electric motor that powers the working fluid pump.  Due to the fact that the electric motor and the circulation pumps operate on AC and DC currents, respectively we must create two separate wiring systems for our input power.  The schematic for the organization of the overall electrical circuit is shown below:
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Each of the DC circulation pumps runs at 12V and 15.5A, which creates a 31A load on the battery.  We selected to use a large marine battery, due to the fact that marine batteries usually have more Amp/hr than standard automotive batteries.  Based on manufacturer specifications we used 25A fuses for both systems using inline automotive fuse holders.  The reasoning behind the fuses being rated for much higher currents than are required to run the circulation pumps is due to the fact that during pump start-up there is a large in-rush of current to help start the pump.  We also have DC rated electrical switches mounted on top of the control box for each of the two circulation pump circuits for easy operation of the circulation pumps; we specified in our project specifications that the system must be easily turned on and off using electrical or mechanical therefore the switches were needed to fulfill the outlined specifications for our project.

Our AC circuit is powered from a regular wall outlet that provides 120V at 60Hz; this power from the wall outlet is connected to a Class CC fuse that is rated for 600V and 15A and is made specifically for AC circuit applications.  After the fuse, we have an AC rated electrical switch for easy on-off operation of our working fluid motor and pump.  

Piping System Selection & Description:

For the piping in the water circulation system we used 1” I.D. Schedule 40 PVC with non-threaded Female-Male connections.  In order to prevent any leaks within the system we applied PVC cleaner and PVC cement to each of the joints within the circulations systems.  For the copper piping system we used for the working fluid system we used 3/8” I.D. piping and we connected the gauges, elbows, and piping together using Swageloc© compression fittings.
Testing and Results: Section 6


After assembly of our project the first course of action was to pressure test the system by pressurizing the system with nitrogen gas at 15psi to find leaks within the system; we found a leak through the wastegate shaft in the turbine housing which we remedied by applying epoxy to the wastegate shaft within the turbine housing.  We also found multiple leaks throughout the system through the compression fittings we used to connect the copper piping.  Many of these leaks were due to the fact that some of the compression fitting had not been satisfactorily tightened. After we could no longer determine any palpable leaks within the system we continued to leak test by trying to determine whether the pressure within the system decreased over time after we stopped pumping nitrogen gas into the system.  Our system would drop from 15 psi to about 10 psi in approximately 30-45 seconds; after a myriad of attempts to find the leak we were unable to determine the source of the leak(s) due to the fact that they were so small that they did not give any physical indications of leaking.  Our inability to determine the location for the leakage(s) within our system disallowed us from pressurizing our system with the R-410a, but we feel that if given additional time and resources that we would have been able to determine the source of each of the leaks and made the necessary adjustments to remedy the problems.  One possible location for the leakages to be coming from is through the piston pump used in our system; due to the fact that the piston pump was made to pump water as opposed to pressurized gaseous fluids such as nitrogen, the piston pump may not have had the necessary seals to fully contain the gas within the system.  Although we have no definitive evidence to support the hypothesis that the nitrogen was leaking though the piston pump, it is plausible based on the fact that the pump was not designed to contain gases. 


We intended to analyze our system by comparing the theoretical Rankine cycle based on R-410a (included earlier in Section 5), but obviously due to the fact that we were unable to charge our system with the working fluid we were unable to do any testing regarding our system in comparison to the theoretical model.  Our system contained 5 gauges, two temperature gauges and three pressure gauges; the two temperature gauges were located directly after the evaporator and condenser within our closed system.  The pressure gauges were located directly after the working fluid pump, after the needle throttling valve, and also after the turbine.  This placement of our gauges would have allowed us to monitor the changes of properties across all of the four components of the Rankine Cycle as well as across the throttling valve that we placed in our system.  Based on this instrumentation we would have been able to compare the ideal Rankine cycle to our physical cycle.  Although we did not have any electronic instrumentation to give real-time results within our system, we felt that the gauges would have given us consistent results once the cycle reached steady state operation.


Due to the fact we were forced to enclose the output shaft of the turbine to contain the leakage of refrigerant through the journal bearing of the turbine, we knew that we would be unable to produce any electrical power from our system.  Although the ultimate goal of our project was to produce electrical power from our system to power a laptop computer (requires approximately 100 W of DC electrical power), we felt that if we had been able to create a working Rankine cycle that we would be able to effectively illustrate the effectiveness of an OTEC cycle regardless of the fact that we produced no actual power from the work output from the turbine shaft.  


The circulation systems, after being connected electrically were tested by filling the water reservoirs and pumping the water through the piping system and heat exchangers and then back into the water reservoir.  These systems worked without fault and illustrated the effectiveness of our circulation systems.  In order to test the fact that the pumps were effectively circulating the required volumetric flow rate through the systems, we measured the volume of water displaced from the tanks given a certain period of time.  For both pumps in the circulation system we allowed them to run for 30 seconds (we could not allow them to run longer due to the fact that we did not have a container that could hold any more fluid) and then measure the amount of water was displaced from the container.  For tests of both the hot water and cold water circulation pump we measured that approximately six gallons of water had been transferred from the hot/cold water reservoirs and into the exterior container.  This only makes for 720 gallons per hour, which is less than the calculated value of 960 gallons per hour; this was expected because the pumps are supposed to run for approximately five hours before they are able to produce their maximum flow rates.  
Conclusion: Section 7


Although our group was unable to accomplish the project’s main goal to create a working Rankine Cycle based on a temperature differential between an ice bath heat sink and room temperature heat source and produce electrical power; we feel that our system effectively illustrates the working components of Rankine Cycle system in an OTEC plant and sets the ground work for a working system that can be created in the future. When referencing the guidelines in the project scope of Section 3 of the paper, it can be seen that we were able to accomplish all of our goals except to create the 100W of power from our system.  Our faculty advisor, Dr. Juan Ordonez, has also written a proposal to our sponsors at Lockheed Martin with a plan to keep the project at the Center for Advanced Power Systems to produce further research based on the system we created.  We feel that Dr. Ordonez’s interest in the system that we created illustrates the fact that we have set a solid basic system that can be modified to be made operational with minimal future work in the future.


Although the creation of a working system was the ultimate goal of the project we feel that our project could easily be made working in the future by selecting different components that are tailor made for the application of working with highly pressurized fluids as opposed to off-the-shelf components such as our automotive turbocharger and working fluid piston pump.  Our inability to find a working fluid pump that produced the correct flow rate and pressures within our system is another possibility for further improvement; the pump we selected would have caused us to have a back work ratio (the ratio between work input to the pump and the work output from the turbine) to be greater than unity.  The pump greatly exceeds the pressures as well as flow rates needed within our system, which we planned to alleviate by the use of a needle throttling valve that would have been used to decrease both the pressure and flow rate of the working fluid through our system.  The use of the automotive turbine also caused problems due to the fact that it was not made to seal fluids at the pressures for which our system was operating.  The turbine and the working fluid pump were the two most difficult parts to find that fit our system specifications due to the fact that we needed components that operated at extremely small flow rates and relatively high pressures. We also feel that by selecting a working fluid such as Genetron R-245fa, which has much lower boiling and condensation pressures as the heat sink and source temperatures of our cycle could provide a much more reliable system due to the much lower working pressures within the cycle.  Although our system ultimately was not functional, we feel as if we have created the operational ground work for a working system, and an aesthetically pleasing system that will allow for on-lookers to view the components and inner working of an OTEC system.
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