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Abstract

	For the first time in history the application of High Altitude Long Endurance (HALE) Solar Powered UAVs has shown promise in replacing conventional satellite technology with a cheaper and cleaner alternative.  Solar Powered aircraft have been the study of research for over a decade and the application has been studied most notably in programs run by NASA ERAST and AeroVironment, Inc.  This type of system is seen by many people as the next step on the communications and science horizon and may lend itself to other diverse fields in the future, including weather studies, ice flow studies, and disaster management.
The focus of the Spirit Team is to develop a functional power system using FC technology to determine the necessary requirements for a full scale flight system.  Developing a working power system on such a small scale will help develop the concepts and understanding of the technology required to move this type of project into a larger program to develop a HALE Solar Powered UAV.  
	The power system will be designed around the implementation of a PEM FC.  The small scale power system will be the basis for study and analysis of the requirements for a much larger system, one that might eventually fly on a full scale aircraft.  Specifically, the project will determine a relationship between the flow rate of hydrogen gas and the power output of the FC.  In addition, the team will study the affect that altitude has on power output by testing at 5,200 ft, 8,500 ft, and 12,000 ft.
	The system developed utilizes a 0.5 Watt hydrogen powered FC.  The flow is controlled by a Brooke’s Instrument SLA5860 Mass Flow Meter.  The tests consist of ramping up power, ramping down power, and completing a continuous ramp up/down test on the FC.  Data was taken using an ITLL tackle-box lab-station and an HP laptop computer.  Control of the flow rate will be done with the mass flow meter and manual controls.
	The team determined that the FC consistently had a lag time of several seconds in power increase once flow rate was increased.  The FC at maximum was only able to generate 50% of its 0.5 W specification through each of the tests.  The lack of power was most likely due to unknown loads in the system.  Hydrogen buildup may have occurred with the manual control causing steep rises in power production.  The MHT did not give a consistent operating temperature.  In the future testing periods should be increased, more fuel cells added, digital controls for the flow should be installed, and a pressure vessel should be used for the storage device.
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[bookmark: _Toc39597430]Introduction
	Electrical energy produced in a FC is believed to be a key element in near future’s energy supply.  There are no moving parts, rather a chemical reaction between hydrogen and oxygen.  The implementation of FC’s is limitless; however, production costs and FC technology in general needs to be improved before this source of energy can succeed.
	The FC’s largest competitor is that of the battery.  Traditionally, batteries have been used as a means of cheap semi-efficient power for electrical devices.  The downside to a battery is the weight, disposability, and lifetime.  A FC’s lifetime is limited only by the presence of hydrogen and oxygen, while the chemicals in a battery that store its energy will decay over time.  FCs do not require enormous amounts of charging time before use, and the production of energy is virtually noise-free.  Because the energy created from a FC is produced at equal costs to existing forms of energy and there is no waste to dispose, the features of a FC are becoming more and more attractive to industry.
[bookmark: _Toc39597431]Background
Sir William Grove created the first working FC in 1842.  The technology slowly progressed over the years until the early 1960’s when a huge leap in FC technology took place.  General Electric manufactured the first practical application of a FC to supply the electrical energy for the Apollo and Gemini space capsules.  In the 1970’s, DuPont introduced the Nafion membrane, which was used in FC’s until just recently.  This photon exchange membrane is incredibly expensive to produce because the FC requires a specialized environment to run efficiently.  The precision of heat, compression, and the amount of hydrogen/oxygen needed for the system are so intense that FC’s weren’t affordable to in industry.  It wasn’t until the mid 1990’s that the Dias-Analytic material was invented.  This breakthrough in material allowed for the membranes to become independent of an idealized environment.  This advance in technology allowed for the FC to become more competitive with commercial devices due to the cost effectiveness of new technology.



[bookmark: _Toc39597858]Figure 1–1 – FC Components
Below is a picture of the major components for a FC.  The terms in the diagram will be used to explain better how a FC works.  There are essentially two major stages throughout the production of energy in a FC.  First, a chemical reaction starts when the anode side of the FC is exposed to hydrogen.  The anode allows for the hydrogen to give up its electrons leaving a proton behind.  Second, on the opposite side of the FC, the cathode absorbs oxygen atoms creating a potential, which causes the electrons to flow toward the absorbed oxygen.  The two electrons given off by the hydrogen atoms combine with the oxygen atom creating an oxygen anion.  These oxygen anions then combine with the floating protons.   A membrane is placed between the anode and cathode side to simulate a one directional flow.  This membrane prevents the hydrogen, oxygen, and electrons from passing through but allows the proton to move from the anode to the cathode side because opposites tend to attract.  When two protons encounter an oxygen anion they form together to create water.  The cathode removes the water and the reaction starts over.
[bookmark: _Toc39597432]The Concept
The idea for the proposed design was generated as a way to power an unmanned aerial vehicle (UAV).  Conducting tests to find the effectiveness of the FC and the relationship between throttling and power is the primary concern for the project this year.  Understanding this relationship is key in designing a power system for a full scale aircraft.  A scaled down version of the FC system for a UAV will be constructed to accomplish this task.  To prevent debris from injuring the testers a protective barrier will be constructed using polycarbonate.  The UAV design for the fuel system is similar to that of Helios and Pathfinder, which need to endure long mission durations.  A regenerative fuel supply is essential for future aircraft such as these and research will be conducted after the capability of throttling a FC is determined.  Solar cells and electrolyzers will be investigated further in upcoming years to assess the feasibility of a regenerative fuel supply.  Today, there exists significant areas of improvement for this technology, including equipment costs, energy production rates, and how this technology will be adapted to the private citizen.  
[bookmark: _Toc39597433]Objectives
The goal of this project is to explore the potential of a FC for use in the aerospace industry.  Throttling the hydrogen flow for optimal power will be investigated at length to understand the technology before it is implemented on an aircraft.  The second objective is to determine the limitations and effects altitude has on the production rates of energy for a FC.
[bookmark: _Toc39597434]1.4 Success Criteria
The success for this experiment is determined by assessing a linear or non-linear function to the throttling of the FC.  Ideally, a linear relationship is expected.  The failure to understand the relationship of the throttling to the power output of the FC, and how altitude affects this process, is be considered a failure.
[bookmark: _Toc39597435]
Management
[bookmark: _Toc39597436]Work Breakdown Structure
	Work for the project was divided into smaller groups within the team.  These groups consisted of a Safety Group, Hardware Group, and Testing Group.  The three teams were given specific tasks to accomplish for the group by specific dates.  Each group had two or three members and team members were expected to communicate between groups at and outside team meetings.  Each team was expected to research their needs of their group, create a schedule, and to make a budget to work from.  These were all compiled by the Project Manager and distributed to the team.
[bookmark: _Toc39597437]Management Plan
	The team was managed by a Project Manager.  The purpose of the Project Manager was to arrange weekly meetings for the group, facilitate the sharing of information, gather the appropriate documents, distribute the work load, and to see that the work was completed on schedule.  The Project Manager was also responsible for scheduling design reviews, preparing official documents, compiling presentation material, and for working on the final report.
	The first step in setting up the group was to define the responsibilities of all the members.  The WBS was used in determining how many team members per group and how the work was equally distributed.  Once the work was distributed the team needed to coordinate schedules.  The first difficulty was to arrange the meeting and work schedules so that the members with different lab times could work together, or be assigned to the same groups.  Weekly team meetings were then arranged so that the team could coordinate the work and share information.  For the first semester teams worked independently since no lab or manufacturing time was required.  Teams met at different times throughout the week to stay on schedule.  Finally, a formal team agreement was created to clearly define what was expected of each member and their contribution to the project.
	Team meetings were held in the Lockheed Martin Room.  During the weeks before and after project milestones the meetings became formal with agendas created before meetings.  All members were expected to attend and the project advisor, Robert Culp, was invited and often attended these meetings.  The group meetings were held at separate times and remained informal.  Each group set times so that other members from different groups could attend.  These times were given to the Project Manager to make sure that the entire team was aware of who was working and when.
	Each team was asked to research and create an appropriate schedule that would be the basis for work for each semester.  As the project requirements became more defined the schedules followed suit.  These schedules were given to the project manager who compiled, coordinated, and set limits on the different groups.  This became the schedule that the team worked from.
[bookmark: _Toc39597438]Schedule
	The schedule was compiled based upon the group recommendations and project milestones.  Important milestones for the project were determined by the work load and the Design/Progress Review dates.  After removing dates from the calendar that represented holidays and other non work days, the work was distributed by task across the calendar.  With research completed and working back from the required finish dates, the groups were able to determine when tasks needed to start, knowing the man hours required to complete each task.  Some tasks were linked in sequence, each task dependent upon the successful completion of the task before it.
[bookmark: _Toc39597223]Table 2–1 – Major Project Dates
	Fall Semester
	Spring Semester

	WP – September 9th, 2002
Second WP – September 16th, 2002
CoDR – September 27th, 2002
PDR – October 30th, 2002
CDR – December 9th, 2002
ΔCDR – December 16th, 2002
	PR#1 – February 5th, 2003
PR#2 – March 14th, 2003
Finish Testing – April 15th, 2003
FR – May 2nd, 2003
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[bookmark: _Toc39597859]Figure 2–1 – Fall Semester Timeline
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[bookmark: _Toc39597860]Figure 2–2 – Spring Semester Timeline
[bookmark: _Toc39597439]Controlled Items
	Hydrogen was a controlled item in this design.  Due to the dangerous nature of the gas, once purchased the tank was placed in a safe room near the AES manufacturing facility.  The tank could be accessed via Matt Rhode for filling the MHT.  While the MHT was in the process of filling, team members were required to stay in the room to ensure that the process was progressing without incident and that the room was being actively ventilated.  Once transferred, the full MHT could be taken up to the DLC project room and placed with the experiment inside the SC.  Use of the MHT for testing was only allowed when the SC was sealed.
[bookmark: _Toc39597440]Management Reviews
	The team’s progress was reviewed almost monthly the first semester via Design Reviews.  The team participated in four design reviews culminating in the extension of the project into the spring semester.  These design reviews were the CoDR, PDR, CDR, and deltaCDR.  At each design review the groups presented what they were working on and any problems or action items they were addressing.  A layout of the team management, schedule, and budget were also displayed.  Following a design review the team would receive feedback from the team advisor and faculty and students that attended.  Reviews represented milestones to the team.  The design review represented what the team had accomplished and feedback was used to put the group back on track to complete the curriculum requirements.
	In the spring the team had two 15 minute progress reviews.  The PR’s were intended to update the students and faculty on the status of the project.  The major points discussed in each PR were the tasks accomplished, the current action items, future plans, the project schedule, and the budget.  Forms were handed out for feedback and grading purposes.  Once grades were recorded the feedback was handed to the team so that it could correct any oversights.  Faculty took appropriate action where needed to make sure the team could meet its goals.
[bookmark: _Toc39597441]Budget
	The Spirit project budget consisted of $5000.  The AES Department contributed $4000.  A petition to EEF in the fall semester for funds resulted in an allotment of $1000 to the project.  The different groups were given a chance to develop individual budgets, which were compiled into the team budget.  The team spent $4009.35, coming in $990.65 under budget.  The breakdown of costs for the project by group is shown below in Table 2-1.  The Individual group budgets may be found in Appendix F.

[bookmark: _Toc39597224]Table 2–2 – Total Project Budget
	AES Department Fund
	$4,000.00
	Total Project Cost
	$4,009.35

	Engineering Excellence Fund
	$1,000.00
	Under Budget
	$990.65

	Total
	$5,000.00
	Total
	$5,000.00
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Design Requirements
[bookmark: _Toc39486849][bookmark: _Toc39597443]General Requirements
In this project, the behavior of a fuel cell in different environments is to be studied. Therefore, the project must include a full-working system, including a fuel cell, and an apparatus to measure its efficiency and other behavior-related data. In addition, the entire system must be safe, and the data must be appropriate to relate it to a larger-scale system (i.e. aircraft). Testing will focus on the different environments, simulated by different altitudes, as well as variable hydrogen flow rate into the fuel cell. This data must be complete to provide insight on the relations between the output and input with the different working conditions.
The entire project must fulfill the senior project requirements, i.e. a full-scale project of an engineering system that is to be analyzed quantitatively and qualitatively. The quantitative analysis consists of as many tests as the total capacity of hydrogen allows, as well as many different altitude environments.  However, altitude testing will reduce the ability to meet this goal as a limited amount of hydrogen can be stored for transport. The qualitative analysis consists of analyzing and finding the correlation, between ambient pressure, related to the altitude, and the output voltage of the fuel cell. This change in pressure only affects the pressure of the oxygen, since the pressure of the hydrogen is dependent on the tank and valve systems. The change in environment is simulated by the change in pressure associated to altitude. The different tests will be run at 5200, 8000 and 12000 feet. The choice of these altitudes was dictated by the geography of Colorado, where such altitudes are easy to access by car.
The project must integrate the ability to throttle at fuel cell in different contexts. The results must provide data on the relations between working conditions and output voltage, and be operated in the safest conditions possible due to the use of hydrogen. The entire system must have a fairly low power consumption overall, as to reduce the energy needed from the car batteries to do altitude testing. The fuel maximum power is to be about .5 W and the laptop only a few Watts.
[bookmark: _Toc39486850][bookmark: _Toc39597444]Design Requirements
The design requirements can be broken up into two parts: the working system, and the safety box.  The working system needs to be in full operation with a limited supply of H2 (the tank used for the experiment only contains a maximum of 30 liters of Hydrogen at STP). For the purposes of experimenting at high altitude, the testing equipment must be able to run from a 300W car power adapter. The working system includes both the working apparatus and the testing system. The working apparatus consists of the fuel cell, the hydrogen tank, regulator, needle valve, and a flow meter to create the desired flows at which the fuel cell is going to run. Also, because the fuel cell converts hydrogen and oxygen to water, a water container must be used to collect all the water be produced by the fuel cell.
The safety cage needs to be large enough to hold the entire apparatus, strong enough to resist an explosion from available hydrogen and protect team members and other equipment from possible shrapnel. The safety design must be able to contain therefore the energy associated with 4g of hydrogen, corresponding to the 30 liters, assuming a constant distribution of the energy as pressure along the surface of the box. The resultant force of 1.4 MPa is computed in the next section for the design developments. The high pressure associated to such a blast makes Lexan ® the primary choice for its resistance. The thickness chosen for the design was .5 in. There must also be a ventilation system to prevent hydrogen from building up in case of a leak. To attach the different working components, a ¼ inch thick aluminum plate is cut with all the required holes to plug in the different parts. This is assured with a low voltage fan, only 12 V so that it can provide sufficient air currents and yet run on the power allowed for the experiment. For practical reasons, the safety box must fit into a car trunk, have holes for ventilation and cables, and be easy to handle by two people.
Finally, the design must implement a testing apparatus able to take voltages and other outputs from the system, including, but not limited to, the data sent back by the flow meter. The testing apparatus needs to be able to run from outside the safety box, and with a power low enough to be included in the power generator linked to the car. The testing apparatus includes a computer using LABVIEW for data acquisition, the program requiring to be written for the particular project. The testing apparatus measures the voltage across a resistor connected to the fuel cell and must be able to record data every second at least, with an adjustable sampling rate. Therefore the right choice of resistor must be made to minimize current and power dissipated.
When put together, the entire project must fit into the box, run from an alternative voltage converter running on a car battery, and have sufficient hydrogen reserves for several tests and backup.
[bookmark: _Toc39486851][bookmark: _Toc39597445]Verification Requirements
The preliminary testing ensures that all parts function correctly prior to any actual testing. The hydrogen tank must be able to hold the required hydrogen and maintain acceptable pressure. The fuel cell must be able to deliver voltages when hydrogen is delivered to the system. The pressure of the tank is simply verified by a pressure valve on the tubing system, and the fuel cell is run with an initial input of hydrogen for a small time. The voltage is measured via a multi meter through a resistor connected to the fuel cell. This initial run can also determine if the power dissipated by the resistor is within its limits, below the expected value of 0.5 W, or if a larger resistance must be used for the experiment. The flow meter is tested by creating a hydrogen flow and verifying that data is being collected on the computer. Also, the flow needs to be at a high enough pressure for the fuel cell to operate, above 5 psi, and a minimum flow rate of 7.5 ml/min. This data is checked with the flow meter.
The second part of verification is a simple test of different inputs of flow rates into the fuel cell system, and ensures that any change in the input corresponds to a change in the output voltage. This may not however result in any change, although it is very improbable. The different flows are controlled by the flow meter, and/or with the pressure valve, depending on whether or not the flow meter needs to be tested at the same time. These different inputs should correspond to different outputs. At the maximum allowable flow rate of 7.5 ml/min, we therefore can expect a discharge in the capacitor to be about, or slightly below, 5W. The required part for this testing is to look for variations in output voltages when changing the input.
Finally, the last step of the verification is the testing itself, where the final results must produce plausible results. The testing must be run at different altitudes, and if the pressure associated to these altitudes do have an effect on the running of the fuel cell then it must be noted.  The resulting data must show a correlation between throttling and power and the affects of altitude must be noted. The tests are run at 3 different altitudes, which allow seeing any differences due to pressure changes, but also if this change is linear or not, it however does not allow saying which type of behavior it would have. The throttling is measured by increasing the flow rates up to the maximum value, this is done incrementally by slices of 5%, and however a short settling time must be accounted for between the throttling and the adjustment of the fuel cell output, which must also be recorded.

[bookmark: _Toc39597446]
Design Developments
[bookmark: _Toc39597447]Preliminary Designs
[bookmark: _Toc39597448]Fuel Cell
The FC considered for this experiment is a Single Slice FC purchased from www.fuelcellstore.com.  The cell is constructed of carbon-graphite plates encasing a high power Proton Exchange Membrane (PEM).  The maximum output from the cell is listed as 0.5 W.  Manufacturer specifications for this product are limited and proprietary.
[bookmark: _Toc39597449]Safety Cage
In the unlikely event that the small tank supplying hydrogen to the PEM FC became compromised, the potential for an explosion exists.  Hence, a ‘safety box’ constructed from mil-spec Lexan ® was designed to contain a small hydrogen explosion and protect the investigators from harm.
The amount of hydrogen being stored comprises approximately 4g of H2.  The enthalpy of combustion for H2 is -141.8 kJ/g.  If all of the H2 in the storage tank were to ignite all at once, -567.2 kJ of heat energy would be released.   It is important to consider the heat rise due this reaction, as it will give an indication of the nature of the explosion.  Neglecting work, internal energy, and both kinetic and potential energy, the equation used to determine the temperature increase is,


[bookmark: _Toc39597317]Equation 4–1 – Heat Equation
where c = 1.005 kJ/kg-K.  The mass, m, will be dependant on the final volume selected for the box.  The final mass selection is discussed in the final design overview in section 4.2.2.  For the purposes of this calculation, a design safety box of 0.125m3 will be used.  This volume translates to 125 liters of ambient air.  The mass of 125 liters of air at Standard Temperature and Pressure (STP) is 146 g.  Rearranging Equation 1 to solve for T, and implementing the values above yields,


[bookmark: _Toc39597318]Equation 4–2 – Temperature Calculation
As one can see, the net temperature increase is rather large at 3892 K.  Holding mass and volume constant, and applying the ideal gas law, 


[bookmark: _Toc39597319]Equation 4–3 – Ideal Gas Law
Using STP values for P1 and T1, and applying the T value from above, allows one to solve for the net pressure increase from the explosion to find that P2 = 13.76 atm.

It is now possible to calculate the stress due to pressure on the surrounding walls from the pressure increase, which is .
This analysis does not consider the resultant heat flow paths in the air, and assumes that the energy is distributed evenly throughout the surrounding air.
[bookmark: _Toc39597450]Final Design Overview
[bookmark: _Toc39597451]Fuel Cell
The FC used for the final design is the same one considered in 4.1.1, above.  No design changes were made between the preliminary and final design stages of the experiment.  The FC apparatus is attached to the safety cage by a ¼ in thick aluminum plate.  This facilitates insertion and removal of testing hardware, which is affixed to the plate.  
[bookmark: _Toc39597452]Safety Cage
The final version of the explosion containment cage was determined based on the specifications outlined in 4.1.2, above.  Manufacturing considerations were also a factor in determining the final configuration of the box.  While a cylindrical pressure vessel would have been much more effective for containing a blast, manufacturing such a polycarbonate product would have levied a much greater financial burden on the experiment budget.  Table 4.2.2, below, gives the final dimensions and specifications for the 0.5 in (0.127 m) thick polycarbonate cage manufactured for this experiment.
The cage design has interior dimensions of 24 in x 24 in x 24 in.  This gives a final interior volume of 226.53 liters or .22653 m3.  A Solidworks drawing is given in Figure 5.  A hinged door is considered the ‘front’ of the box, and is used to insert and remove the testing hardware.  The door is latched with two standard metal cabinet clasps purchased from a local hardware store.  The base of the polycarbonate cage has four holes which accommodate four mounting screws for the aluminum FC apparatus.
There was a concern expressed that hydrogen may possibly build up in the top of the safety cage and result in a disproportionate amount of H2 causing an unpredicted explosion.  To counter such a scenario 36 radially and concentrically symmetric 0.5 in holes were drilled in the top of the cage and a 12 VDC brushless fan was mounted over it to produce positive airflow through the chamber.  Such airflow was aided by 3 oval shaped air holes at the base of each side panel, for a total of 12 holes.  Each oval hole is approximately 0.75in x 3 in.  Wiring for test equipment is passed through the oval shaped holes at the base of the side panels.  The holes in the top facilitate ventilation and allow a blast to be focused directionally.  Prediction of the potential blast pattern is important to the design as one can know, within a reasonable estimate, where the box will fail first.  

[bookmark: _Toc39597225]Table 4–1 – Safety Cage Properties
	Volume [liters]
	Ambient Air[g]
	Pexpected [kPa]
	T [K]
	Polycarbonate
Yield Strength [MPa]

	226.53
	264.59
	979.457
	2497.25
	55




[bookmark: _Toc39597453]
Design Implementation
[bookmark: _Toc39597454]Hardware and Material Selection
The experiment is designed to collect data on the throttling capability of a FC.  The main components needed for the experiment are a FC, hydrogen, a flow regulation device, pipes and fittings, and a flow meter.  The type of FC desired was a PEM, which uses pressurized hydrogen as its fuel source.  This type is reliable, easy to use, and is best suited to the operational needs of a regenerative power source.  The FC chosen was selected for its relatively low cost.  The metal hydride hydrogen storage tank was chosen for its extreme safety during operation.  The hydrogen is chemically combined with metallic particles inside the tank and is emitted at low flow rates.  The storage tank remains at a low pressure through all phases of hydrogen withdrawal during the experiment.  To regulate the flow, a valve capable of performing minute variations in the flow rate of hydrogen was needed.  The type of valve chosen to regulate the flow was a needle valve, allowing for extreme control of the hydrogen flow rate.  A special flow meter was required to measure hydrogen at low flow rates and low operating pressure.  An interface between the flow meter and a data acquisition system was also highly desirable.
[bookmark: _Toc39597455]Parts Acquisition
The FC chosen for the experiment was a 0.5-watt PEM from the Fuel Cell Store.  This FC operates at 5 psi and requires a flow rate of approximately 7.5 ml/min of hydrogen.  The oxygen supply used in the reaction with hydrogen ions is supplied by ambient air through natural convection.  The hydrogen tank used in the experiment is the BL-30 H2 MHT.  This tank holds a maximum of 30 liters of hydrogen and supplies it at 33 ml/min at a pressure of 60 psi.  Therefore, a BL regulator is needed to reduce the pressure from 60 psi to the 5 psi needed by the FC.  The connections between the parts of the apparatus are made using ¼ inch national pipe thread connections; therefore all parts selected for the experiment will use these types of fittings.  The needle valve chosen for the experiment was the SS-1RS4 from Swagelok.  This valve provided the level of control desired for the experiment and the schematics are presented below in Figure 5-1.

[image: ] [image: ]
[bookmark: _Toc39597861]Figure 5–1 – SS-IRS4 Needle Valve from Swagelok

The next major component is the flow meter.  The flow meter was selected based on the flow requirements needed during the experiment.  These requirements include a maximum flow rate of 15 ml/min, an operating pressure of 5 psi, hydrogen as the operating gas, and extremely accurate flow measurement for precise calculations.  The flow measurement device chosen is the SLA5860 mass flow meter produced by Brooks Instrument.  It provides the capability of an analog computer interface desired with minimal error (accuracy of 1% of the maximum set point).  Figure 5-2 shows the three view of the SLA5860 along with an isometric view of the device.

[image: ] [image: ]
[bookmark: _Toc39597862]Figure 5–2 – SLA5860 Mass Flow Meter
The connections between the hydrogen storage, the control valve, the flow meter, and the FC were made using flexible metal tubing.  This was chosen to due to tolerance of high operating pressures with tight ¼ inch NPT compression fittings.  This was desired to minimize the loss of hydrogen from the system during testing.  Figure 5-3 shows the cross section of the tubing chosen.

[image: ]
[bookmark: _Toc39597863]Figure 5–3 – SS-FL4TA4TA4-12(24) Flexible Metal Tubing
Both 12-inch and 24-inch lengths of the flexible metal tubing were implemented in the design of the system.
The following components are listed below for a concise list of the items used in the experiment.  Included with the items are the serial numbers and respective dealers contact web sites from which they were acquired.

[bookmark: _Toc39597226]Table 5–1 – Hardware Items
	Item
	Website
	Model number

	0.5 Watt Fuel Cell
	www.FuelCellStore.com
	530106 

	BL-30 H2 Storage Tank
	www.FuelCellStore.com
	560918

	BL Regulator
	www.FuelCellStore.com
	595618

	Flow Meter
	www.BrooksInstrument.com
	SLA5860

	Needle Valve
	www.Swagelok.com
	SS-1RS4

	12 and 24” Flex Hose
	www.Swagelok.com
	SS-FL4TA4TA4-12/24

	¼” Male Connector
	www.Swagelok.com
	SS-400-1-2

	¼” Bored-Through Union
	www.Swagelok.com
	SS-400-6BT



[bookmark: _Toc39597456]Manufacturing
The polycarbonate components for the safety box were machined by Colorado Plastic Products.  Figure 5-4 shows a graphical presentation of the top and side of the safety box.

[image: safety%20box]
[bookmark: _Toc39597864]Figure 5–4 – Safety Cage

Figure 5-5 shows the front, side, top and isometric views of the water reservoir and support carriage designed to collect the discharged water during FC operation while providing a stable platform on which to mount the FC.  Dimensions are in millimeters.  The reservoir was constructed of polyethylene plastic and machined using a laser mill in the ITLL.



[bookmark: _Toc39597865]Figure 5–5 – Water Reservoir and FC Support
[bookmark: _Toc39597457]Construction
The pieces of both the safety box and the water reservoir were joined together using chloroform.  Chloroform liquefies the plastic; therefore, when two pieces are in contact, their edges dissolve and combine.  When the chloroform dries, the two edges are joined together with the strength of the bond at approximately 80% of the original strength.  The safety box was equipped with a brushless DC motor to remove any possible exhaust gases from the box as rapidly as possible.  The motor uses 12 VDC, which is obtained from a transformer plugged into a wall socket.  Hinges and door latches were also attached to the box to secure the door in place during operation of the apparatus.  An aluminum plate was drilled and tapped to provide mounting points for c-clamps and set screws.  Four dowels were constructed to raise the aluminum plate above the base of the box and the base of the box was drilled and counter bored for the screws used in mounting the plate to the box.  This being done, the apparatus was ready for assembly.
[bookmark: _Toc39597458]Assembly
As mentioned previously, all connections in the system were made using ¼ inch national pipe thread compression fittings.  A block diagram of the flow path is shown below to aid in the discussion of the setup of the apparatus.

[image: Apparatus%20Block%20Diagram]
[bookmark: _Toc39597866]Figure 5–6 – Apparatus Block Diagram
The coupling between the hydrogen tank and the regulator is accomplished by a quick connect stem fitting.  This provides an easy method for removing the fuel supply when the system is not in use.  The regulator is connected to the needle valve via a 12-inch flexible metal hose, which implements the ¼ inch compression fittings mentioned previously.  Another 12-inch flexible metal hose connects the needle valve to the flow meter.  From the flow meter a 24-inch flexible metal hose runs to a ¼ inch bored through union.  The union connects the flexible metal hose end to a ¼ inch outside diameter tube that fits securely over the FC inlet adapter.
An aluminum plate was drilled and tapped to provide locations for mounting support clamps over the various instruments in order to secure them in place.  The plate was then suspended several inches from the base for ease of accessibility and to provide a safer working environment by raising the plate above the lower ventilation apertures.  A box was constructed using polypropylene to support the FC and collect the water runoff emitted during operation of the FC.  An enclosure was constructed of polypropylene to protect operators in case of a catastrophic failure of the hydrogen storage container.  The aluminum support plate is mounted in the center of the container.  The enclosure measures 24” on all sides along the interior of the cube.  A DC brushless ventilation fan is mounted at the top of the enclosure to draw out any hydrogen that escapes from the system.



[bookmark: _Toc39597459]
Experimental Results and Analysis
[bookmark: _Toc39597460]Testing Requirements
The experimental analysis of the single-slice PEM FC must provide insight into several important characteristics:  
· Maximum power output and hydrogen flow rate
· Altitude effects on maximum power output
· The relationship between hydrogen consumption and power output.
· Altitude effects on the hydrogen consumption – power output relationship.  
· Transient times
· The time between when the maximum flow is achieved and the corresponding power output response.  
· The altitude effects on the transient time must also be determined.
· The time response between a change in the hydrogen flow rate and the power output.  

To obtain the data necessary to determine the aforementioned characteristics, the following measurements were required:
· Hydrogen Flow Rate
· FC Output
· Current
· Voltage
· Time Response

[bookmark: _Toc39597461]Test Setup
An ITLL “tackle-box lab-station” was used for the data collection phase of the project.  The tackle-box lab-station consisted of a laptop computer with a PCMCIA DAQ card, a power supply with three voltages sources; 5 VDC, 15 VDC, and a variable voltage output.   The lab-station also included interfaces for the FC voltage output and for the flow meter output signal.  The FC and flow meter were connected to the lab-station with modified BNC cables.  The interfaces were connected to the laptop through the DAQ card.
A Lab View program was needed to interpret and record the required data collected through the lab-station hardware.  All of the required data was recorded through the Lab View program with the exception of the FC current.  The program wrote the experimental results to a text file after each test.  The files included the output of the FC in volts, the signal output of the flow meter in volts, and the corresponding time stamp.
[bookmark: _Toc39597462]Results
[bookmark: _Toc39597463]Ramp Up Test
The “ramp up” test consisted of increasing the hydrogen flow rate steadily until the maximum flow rate was reached.  Data was taken at altitudes of 5,200 feet and 12,000 feet above sea level.  Two plots are shown for each test: Power vs. Flow and Normalized Power and Flow vs. Time.  

Altitude of 5,200 feet
Figure 6-1 and Figure 6-2 show Power vs. Flow and Normalized Power and Flow vs. Time in a ramp test at 5,200ft above sea level.  As can be observed in Figure 6-1, the FC power responds slowly to a change in the hydrogen flow rate.  This is very different than what was expected.  It was expected that the FC increases proportionally with hydrogen.  According to the graph, it appears that there is a build up of hydrogen somewhere along the line.  There’s reason to believe that the build up comes from the manual hydrogen control valve.  On the other hand, Figure 6-2 shows the relationship between hydrogen flow and FC power on a normalized scale with respect to time.  The response time for the FC power is between 2-3 seconds with the change of hydrogen flow.  The flow rate of hydrogen in the system reaches its maximum (100%) at approximately 8 seconds, while the power followed gradually behind by a couple of seconds.

[image: ]
[bookmark: _Toc39597867]Figure 6–1 – Ramp Up Test of Power vs. Flow at 5,200 ft
[image: ]
[bookmark: _Toc39597868]Figure 6–2 – Normalized Power and Flow vs. Time at 5,200 ft

Altitude of 12,000 feet
Figure 6-3 and Figure 6-4 show the ramp up test conducted at 12,000ft above sea level.  By comparing Figure 6-3 and Figure 6-4 to Figure 6-1 and Figure 6-2, there appears to be no significant change in the FC behavior with a change in the altitude.

[image: ]
[bookmark: _Toc39597869]Figure 6–3 – Ramp Up Test of Power vs. Flow at 12,000 ft
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[bookmark: _Toc39597870]Figure 6–4 – Normalized Power and Flow vs. Time at 12,000 ft
[bookmark: _Toc39597464]Ramp Down Test
The “ramp down” test consisted of decreasing the hydrogen flow rate steadily until a flow rate of zero was reached.  Before the data collection began, the FC was brought up to maximum power output and hydrogen flow.  Data was taken at altitudes of 5,200 feet and 12,000 feet above sea level.  Two plots are shown for each test: Power vs. Flow and Normalized Power and Flow vs. Time.   

Altitude of 5,200 feet
Figure 6-5 and Figure 6-6 indicates ramp down test at 5,200ft above sea level.  As can be seen on Figure 6-5, with maximum flow, the maximum power output by the FC is about 0.25W, and the expected power output was 0.5W which is 50% less.  Figure 6-5 also shows the power output slow decreases toward zero with the decrease of hydrogen flow.  Similarly, in Figure 6-6, both hydrogen flow and power output are at approximately 90 – 100% at time equal to zero.  Power slowly decreases within the 10 second time frame that the hydrogen flow was throttle to zero.  Again, the reason power appears too slowly decrease instead of a rapid drop similar to the hydrogen flow is because of the remaining hydrogen in the system when the control valve was completely shut off.
[image: ]
[bookmark: _Toc39597871]Figure 6–5 – Ramp Down Test of Power vs. Flow at 5,200 ft
[image: ]
[bookmark: _Toc39597872]Figure 6–6 – Normalized Power and Flow vs. Time at 5,200 ft

Altitude of 12,000 feet
Figure 6-7 and Figure 6-8 are from ramping down test conducted at 12,000ft above sea level.  There is no different than the one conducted at 5,200ft.  Altitude did not have any significant effect on the FC.  

[image: ]
[bookmark: _Toc39597873]Figure 6–7 – Ramp Down Test of Power vs. Flow at 12,000 ft
[image: ]
[bookmark: _Toc39597874]Figure 6–8 – Normalized Power and Flow vs. Time at 12,000 ft
[bookmark: _Toc39597465]Full Test 
The full test of the FC consisted of immediately increasing the hydrogen flow to the maximum rate, waiting for the FC power output to reach a maximum and then decreasing the flow back to zero.  The purpose of this test is to gain some insight into the response time of the FC, particularly the time between when the flow is turned on and maximum power output is achieved.  Figure 6-9 shows the normalized power and flow versus time at 8,500 feet and Figure 6-10 shows normalized power and flow versus time at an altitude of 12,000 feet.
[image: ]
[bookmark: _Toc39597875]Figure 6–9 – Full Test, Normalized Power and Flow vs. Time at 8,500 ft
[image: ]
[bookmark: _Toc39597876]Figure 6–10 – Full Test, Normalized Power and Flow vs. Time at 12,000 ft

As can be seen on both graphs, initially both the hydrogen flow and power output are zero.  Hydrogen flow was then rapidly throttled to 100% and allowed to remain open for a few seconds.  Then gradually the hydrogen control valve was closed.  Likewise, power follows the pattern.  It increases and decreases with the increase and decrease on hydrogen flow.  
As illustrated in figure 16 and figure 17, it takes for the maximum power output to be achieved once the hydrogen is throttled to full flow is approximately three seconds.  This indicates that the system responds quickly to a change in the hydrogen flow rate.
[bookmark: _Toc39597466]Conclusions
The tests were repeatedly conducted at 5,200ft and 12,000ft.  The team discovered that varying altitudes has no affect on FC power output.  Furthermore, maximum power output by the FC at a maximum hydrogen flow rate of 15 ml/min was 0.25W which is 50% less than the expected.
[bookmark: _Toc39597467]Recommendations
The current control valve installed in the system required the operator to turn the knob manually to manage the hydrogen flow.  During testing, the team found this to be a very difficult task in attempting to consistently regulate the flow of hydrogen.  The control valve is highly sensitive, and this make it very complicated and often times impossible to control the flow to achieve the desire voltage.  Our recommendation is to consider purchasing a regulator with electronic control and digital display.
Instead of only measuring the voltage produced by the FC, it’s recommended to consider other possible parameters.  According to the data collected, it appears that the expected power output by the FC to be as much as 50% or more less than the desire output.  This is due to the reason of unknown load within the data acquisition system.   One possible solution is to program Lab View to simultaneously collect both voltage and current outputs.
Instead of testing for 10 seconds each time, try testing for a longer period, because it will give a better understanding for the process.
The MHT that was used was great for safety concerns, but the discharge rate was temperature dependent.  Without being able to actively regulate the temperature or to obtain the environment consistently, it is difficult to do the testing with the same operating pressures.  While the flow meter actively controlled the pressure to the FC, it would be better to give the flow meter a consistent pressure for the duration of the experiment.  In the future a pressure vessel should be used instead of a MHT.
To better understand power relations, a number of FC’s should be purchased and stacked for testing.  Different configurations could yield a lot of information about this kind of system. 


[bookmark: _Toc39597468]
Appendix A – Plots
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[bookmark: _Toc39597877]Figure 7–1 – Normalized Power and Flow vs. Time of Ramp Up and Down Tests at 12,000 ft
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[bookmark: _Toc39597878]Figure 7–2 – Power vs. Flow of Ramp Up and Down Tests at 12,000 ft
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[bookmark: _Toc39597879]Figure 7–3 – Normalized Power and Flow vs. Time for Ramp Up and Down Tests at 5,200 ft
[image: ]
[bookmark: _Toc39597880]Figure 7–4 – Power vs. Flow for Ramp Up and Down Tests at 5,200 ft
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Appendix B – Drawings
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[bookmark: _Toc39597881]Figure 8–1 – Experimental Setup
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Appendix C – Testing and Analysis Code
[bookmark: _Toc39597471]MATLAB Code

rd12.m
close all
clear all

%Load the appropriate files
rampdown12000(:,:,1)=load('rampdown1_april15_12000');
rampdown12000(:,:,2)=load('rampdown2_april15_12000');
rampdown12000(:,:,3)=load('rampdown3_april15_12000');
rampdown12000(:,:,4)=load('rampdown4_april15_12000');

%Initialize a time matrix
timer=[0:1:999]./100;

%Calculations in the plotting loops for conversion from volt to flow and power
for i = 1:4
   figure(i)
   plot(rampdown12000(5,:,i).*3,(rampdown12000(4,:,i)).^2/1.18)
   title('Power vs.  Flow')
   xlabel('Hydrogen Flow (mL/min)')
   ylabel('Fuel Cell Power (W)')
end

for i = 1:4
   figure(i+4)
   norm(1,i)=max(rampdown12000(5,:,i))*3;
   norm(2,i)=(max(rampdown12000(4,:,i)))^2/1.18;
   plot(timer,rampdown12000(5,:,i).*3./norm(1,i),'r-',timer,(rampdown12000(4,:,i)).^2/1.18./norm(2,i),'b-')
   title('Normalized Power and Flow vs.  Time')
   xlabel('Time (sec)')
   legend('Hydrogen Flow (mL/min)','Fuel Cell Power (W)')
end


rd52.m
close all
clear all

%Load the appropriate files
rampdown5200(:,:,1)=load('rampdown1_april14');
rampdown5200(:,:,2)=load('rampdown2_april14');
rampdown5200(:,:,3)=load('rampdown3_april14');
rampdown5200(:,:,4)=load('rampdown4_april14');
rampdown5200(:,:,5)=load('rampdown5_april14');
rampdown5200(:,:,6)=load('rampdown6_april14');
rampdown5200(:,:,7)=load('rampdown7_april14');
rampdown5200(:,:,8)=load('rampdown8_april14');
rampdown5200(:,:,9)=load('rampdown9_april14');
rampdown5200(:,:,10)=load('rampdown10_april14');

%Initialize a time matrix
timer=[0:1:999]./100;

%Calculations in the plotting loops for conversion from volt to flow and power
for i = 1:10
   figure(i)
   plot(rampdown5200(5,:,i).*3,(rampdown5200(4,:,i)).^2/1.18)
   title('Power vs.  Flow')
   xlabel('Hydrogen Flow (mL/min)')
   ylabel('Fuel Cell Power (W)')
end

for i = 1:10
   figure(i+10)
   norm(1,i)=max(rampdown5200(5,:,i))*3;
   norm(2,i)=(max(rampdown5200(4,:,i)))^2/1.18;
   plot(timer,rampdown5200(5,:,i).*3./norm(1,i),'r-',timer,(rampdown5200(4,:,i)).^2/1.18./norm(2,i),'b-')
   title('Normalized Power and Flow vs.  Time')
   xlabel('Time (sec)')
   legend('Hydrogen Flow (mL/min)','Fuel Cell Power (W)')
end


ru12.m
close all
clear all

%Load the appropriate files
rampup12000(:,:,1)=load('rampup1_april15_12000');
rampup12000(:,:,2)=load('rampup2_april15_12000');
rampup12000(:,:,3)=load('rampup3_april15_12000');
rampup12000(:,:,4)=load('rampup4_april15_12000');
rampup12000(:,:,5)=load('rampup5_april15_12000');
rampup12000(:,:,6)=load('rampup6_april15_12000');
rampup12000(:,:,7)=load('rampup7_april15_12000');
rampup12000(:,:,8)=load('rampup8_april15_12000');
rampup12000(:,:,9)=load('rampup9_april15_12000');
rampup12000(:,:,10)=load('rampup10_april15_12000');

%Initialize a time matrix
timer=[0:1:999]./100;

%Calculations in the plotting loops for conversion from volt to flow and power
for i = 1:10
   figure(i)
   plot(rampup12000(5,:,i).*3,(rampup12000(4,:,i)).^2/1.18)
   title('Power vs.  Flow')
   xlabel('Hydrogen Flow (mL/min)')
   ylabel('Fuel Cell Power (W)')
end

for i = 1:10
   figure(i+10)
   norm(1,i)=max(rampup12000(5,:,i))*3;
   norm(2,i)=(max(rampup12000(4,:,i)))^2/1.18;
   plot(timer,rampup12000(5,:,i).*3./norm(1,i),'r-',timer,(rampup12000(4,:,i)).^2/1.18./norm(2,i),'b-')
   title('Normalized Power and Flow vs.  Time')
   xlabel('Time (sec)')
   legend('Hydrogen Flow (mL/min)','Fuel Cell Power (W)')
end


ru52.m
close all
clear all

%Load the appropriate files
rampup5200(:,:,1)=load('rampup1_april10');
rampup5200(:,:,2)=load('rampup2_april10');
rampup5200(:,:,3)=load('rampup3_april10');
rampup5200(:,:,4)=load('rampup4_april10');
rampup5200(:,:,5)=load('rampup1_april13');
rampup5200(:,:,6)=load('rampup2_april13');
rampup5200(:,:,7)=load('rampup3_april13');
rampup5200(:,:,8)=load('rampup4_april13');
rampup5200(:,:,9)=load('rampup5_april13');
rampup5200(:,:,10)=load('rampup6_april13');
rampup5200(:,:,11)=load('rampup7_april13');
rampup5200(:,:,12)=load('rampup10_april13');
rampup5200(:,:,13)=load('rampup1_april14');
rampup5200(:,:,14)=load('rampup3_april14');

%Initialize a time matrix
timer=[0:1:999]./100;

%Calculations in the plotting loops for conversion from volt to flow and power
for i = 1:14
   figure(i)
   plot(rampup5200(5,:,i).*3,(rampup5200(4,:,i)).^2/1.18)
   title('Power vs.  Flow')
   xlabel('Hydrogen Flow (mL/min)')
   ylabel('Fuel Cell Power (W)')
end

for i = 1:14
   figure(i+14)
   norm(1,i)=max(rampup5200(5,:,i))*3;
   norm(2,i)=(max(rampup5200(4,:,i)))^2/1.18;
   plot(timer,rampup5200(5,:,i).*3./norm(1,i),'r-',timer,(rampup5200(4,:,i)).^2/1.18./norm(2,i),'b-')
   title('Normalized Power and Flow vs.  Time')
   xlabel('Time (sec)')
   legend('Hydrogen Flow (mL/min)','Fuel Cell Power (W)')
end


ru85.m
close all
clear all

%Load the appropriate files
rampup8500(:,:,1)=load('rampup1_april15_8500');
rampup8500(:,:,2)=load('rampup2_april15_8500');
rampup8500(:,:,3)=load('rampup3_april15_8500');

%Initialize a time matrix
timer=[0:1:999]./100;

%Calculations in the plotting loops for conversion from volt to flow and power
for i = 1:3
   figure(i)
   plot(rampup8500(5,:,i).*3,(rampup8500(4,:,i)).^2/1.18)
   title('Power vs.  Flow')
   xlabel('Hydrogen Flow (mL/min)')
   ylabel('Fuel Cell Power (W)')
end

for i = 1:3
   figure(i+3)
   norm(1,i)=max(rampup8500(5,:,i))*3;
   norm(2,i)=(max(rampup8500(4,:,i)))^2/1.18;
   plot(timer,rampup8500(5,:,i).*3./norm(1,i),'r-',timer,(rampup8500(4,:,i)).^2/1.18./norm(2,i),'b-')
   title('Normalized Power and Flow vs.  Time')
   xlabel('Time (sec)')
   legend('Hydrogen Flow (mL/min)','Fuel Cell Power (W)')
end


ud12.m
close all
clear all

%Load the appropriate files
updown12000(:,:,1)=load('updown1_april15_12000');
updown12000(:,:,2)=load('updown2_april15_12000');
updown12000(:,:,3)=load('updown3_april15_12000');
updown12000(:,:,4)=load('updown4_april15_12000');
updown12000(:,:,5)=load('updown5_april15_12000');

%Initialize a time matrix
timer=[0:1:999]./100;

%Calculations in the plotting loops for conversion from volt to flow and power
for i = 1:5
   figure(i)
   norm(1,i)=max(updown12000(5,:,i))*3;
   norm(2,i)=(max(updown12000(4,:,i)))^2/1.18;
   plot(timer,updown12000(5,:,i).*3./norm(1,i),'r-',timer,(updown12000(4,:,i)).^2/1.18./norm(2,i),'b-')
   title('Normalized Power and Flow vs.  Time')
   xlabel('Time (sec)')
   legend('Hydrogen Flow (mL/min)','Fuel Cell Power (W)')
end


ud85.m
close all
clear all

%Load the appropriate files
updown8500(:,:,1)=load('updown1_april15_8500');
updown8500(:,:,2)=load('updown2_april15_8500');
updown8500(:,:,3)=load('updown3_april15_8500');
updown8500(:,:,4)=load('updown4_april15_8500');
updown8500(:,:,5)=load('updown5_april15_8500');

%Initialize a time matrix
timer=[0:1:999]./100;

%Calculations in the plotting loops for conversion from volt to flow and power
for i = 1:5
   figure(i)
   norm(1,i)=max(updown8500(5,:,i))*3;
   norm(2,i)=(max(updown8500(4,:,i)))^2/1.18;
   plot(timer,updown8500(5,:,i).*3./norm(1,i),'r-',timer,(updown8500(4,:,i)).^2/1.18./norm(2,i),'b-')
   title('Normalized Power and Flow vs.  Time')
   xlabel('Time (sec)')
   legend('Hydrogen Flow (mL/min)','Fuel Cell Power (W)')
end



[bookmark: _Toc39597472]Lab View Code
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[bookmark: _Toc39597882]Figure 9–1 – Lab View Code
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Appendix D – Technical Information and Procedures
[bookmark: _Toc39597474]Pin connections
[bookmark: _Toc39597227]Table 10–1 – Pin Connections
	Pin #
	Attachment

	1
	Ground

	2
	Output (Connect to ch 7)

	3
	N/C

	4
	N/C

	5
	+15 Volts from tackle box

	6
	N/C

	7
	N/C

	8
	Protoboard output

	9
	Ground

	10
	Ground

	11
	+5 Volts from variable power supply

	12
	N/C

	13
	N/C

	14
	Ground

	15
	N/C



[bookmark: _Toc39597475]Charging the MHT
Remove the regulator from the experimental setup using a wrench
Remove the tank from the experimental setup by unscrewing the front strap
Switch connectors on regulators for correct flow direction
Reattach the regulator to the hydrogen tank
Attach the adapter tube between the regulator and the Matheson regulator
Connect the Matheson regulator to the large H2 Tank
Turn up the Matheson Regulator to 60psi
Let the metal hydride tank charge for a 2 or more hours
Close large H2 tank
Disconnect the Matheson regulator from the H2 tank
Disconnect small regulator from metal hydride tank
Switch connectors on regulator for correct flow direction
Reattach regulator to experiment

[bookmark: _Toc39597476]Starting conditions
Plug in fan
Turn tackle box off
Disconnect 15-pin connector
Connect DAQ Instrument Package
	-Turn computer off
-Connect power supply from tackle box to SC-2345 signal conditioner with 5-pin connector.
-Connect SC-2345 to NI DAQ card in laptop using flap, gray cord
-Turn on laptop
Wires connected as shown in diagram #.#
Jumper all grounds on tackle box to each other

[bookmark: _Toc39597477]Experimental setup
Purge hydrogen tubes
	-Turn fan on
	-Open needle valve
	-Open regulator to 15 PSI
	-Vent system for 1 min.
	-Lower regulator pressure to 5 PSI
	-Close needle valve
Turn on tackle box
Set variable power supply to 5.00 volts using multi-meter
Set power from proto-board (input power to flow meter) to minimum (15 mV) using potentiometer attached to proto-board
Check 15- and 5-volt output from tackle box, they should be within 5%.
Turn off tackle box
Insert 15-pin connector to flow meter
Turn on tackle box (flow meter will flash green, red, off and then stay green)
Let flow meter warm-up for 45 min.
Testing procedures:
Open “Acquire 4 scans all.vi”

[bookmark: _Toc39597478]Testing Procedures
Do four types of tests: rampup, rampdown, updown and fulltest

rampup:
Set VI to 1000 scans at 100 scans per second
Run VI and increase flow-meter output voltage from 0 to 6 volts over 10 sec using needle valve
Save file as rampup#_date
Turn needle valve off
Wait 1 min and repeat procedure

rampdown:
Set VI to 1000 scans at 100 scans per second
Run VI and decrease flow-meter output voltage from 6 to 0 volts over 10 sec using needle valve
Save file as rampdown#_date
Set flow-meter output to 6 volts
Repeat procedure

updown (used for altitude testing to conserve limited H2):
Set VI to 1000 scans at 100 scans per second
Run VI and increase flow-meter output to 6 volts over the first 5 sec and decrease back to 0 over the last 5 sec
Save file as updown#-date
Wait 1 min and repeat procedure

fulltest:
Set VI to 100 scans at 20 scans per second
Set flow-meter output to incremental voltage given in Testing Conditions.xcl
Let flow stabilize for 1 min
Run VI and save as fulltest_date, saving to the same file each time
Go to next setting and repeat

[bookmark: _Toc39597479]Close Down Procedure
Lower regulator pressure to 0 psi
Close needle valve
Disconnect tank from regulator
Turn off tackle box
Disconnect 15-pin adaptor from flow-meter
[bookmark: _Toc39597480]
Appendix E – Project Pictures

[image: tilt]
[bookmark: _Toc39597883]Figure 11–1 – Front View of Assembled Project

[image: angle]
[bookmark: _Toc39597884]Figure 11–2 – Side View of Assembled Project

[bookmark: _Toc39597481]
Appendix F – Individual Group Budgets

[bookmark: _Toc39597228]Table 12–1 – Hardware Group Budget
	Hardware Group

	Item
	Unit Price
	Quantity
	Total Cost

	Fuel Cells (1W)
	$160.00
	1
	$160.00

	Flow Meter
	$1,700.00
	1
	$1,700.00

	Stainless Steel Needle Valve
	$48.00
	1
	$48.00

	Regulator
	$130.00
	1
	$130.00

	Fuel Tank
	$563.00
	1
	$563.00

	Flexible Metal Hose 1/4" x 24"
	$86.20
	1
	$86.20

	Flexible Metal Hose 1/4" x 12"
	$76.00
	4
	$304.00

	Stainless Quick Connect Stern
	$14.00
	1
	$14.00

	Stainless Male Connector
	$4.75
	1
	$4.75

	Stainless Nut and Ferrule Set
	$2.65
	10
	$26.50

	Stainless Hex Coupling
	$7.80
	1
	$7.80

	Stainless Close Nipple
	$4.40
	2
	$8.80

	Stainless Bored-Through Union
	$8.74
	1
	$8.74

	 
	 
	Total
	$3,061.79



[bookmark: _Toc39597229]Table 12–2 – Testing Group Budget
	Testing Group

	Item
	Unit Price
	Quantity
	Total Cost

	Testing Supplies
	$25.00
	1
	$25.00 

	Notebook PC
	$0.00
	1
	$0.00 

	Data Acquisition (DAQ) Card
	$0.00
	1
	$0.00 

	Mobile Lab Station
	$0.00
	1
	$0.00 

	Cable
	$90.00
	1
	$90.00 

	Miscellaneous Cable
	$25.00
	1
	$25.00 

	300W Car Power Adapter
	$129.00
	1
	$129.00 

	Traveling Expenses
	$26.84 
	1
	$26.84 

	 
	 
	Total
	$295.84 















[bookmark: _Toc39597230]Table 12–3 – Safety Group Budget
	Safety Group

	Item
	Unit Price
	Quantity
	Total Cost

	Polycarbonate
	$16.50
	25.48
	$420.42 

	Labor
	$60.00
	2.67
	$160.00 

	DC motor
	$15.95
	1
	$15.95 

	Switch Box
	$2.95
	1
	$2.95 

	Switch
	$2.95
	1
	$2.95 

	Wire
	$0 
	4
	$0.00 

	screws
	$0.15
	30
	$4.50 

	Helicoils
	$1.00
	10
	$9.99 

	Hinges
	$4.99
	3
	$14.97 

	Locks
	$3.99
	2
	$7.98 

	Fastener #1
	$0.06
	4
	$0.24 

	Fastener #2
	$0.09
	4
	$0.36 

	Fastener #3
	$0.09
	4
	$0.36 

	Fastener #4
	$0.09
	12
	$1.08 

	Fastener #5
	$0.06
	12
	$0.72 

	Adapter
	$6.95
	1
	$6.95 

	Hardware Tax
	$2.30
	1
	$2.30 

	 
	 
	Total
	$651.72 
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