OPERATION AND TESTING OF A PROTON EXCHANGE

MEMBRANE FUEL CELL SYSTEM AND TEST STAND

Mark Handler

Advisor: Prof. Nelson M acken

Engineering 90 — Engineering Design
Swarthmore College
Swarthmore, PA

5 May 2005



ABSTRACT:

A proton exchange membrane fuel cell is an electrochemical power source fueled
by hydrogen and oxygen. Such adevice existed at Swarthmore College, but it was not
functional and the design was untested. The device was made operational, and
performance data was collected. The efficiency of the cell was determined. In order to
use the fuel cell as part of alab experiment, proper documentation with regards to fuel
cell use and maintenance is necessary. Thisinformation is presented, along typical

results for alaboratory report.
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INTRODUCTION

A fuel cell isadevice that harnesses an electrochemical reaction to produce
electricity. Thisreaction is often the combination of hydrogen and oxygen gas into
water. Though the inputs and outputs are quite simple, the fuel cell process requires
precise control of the gases and an el ectrolyte between them in order to function properly.
The commonplace fuel and non-polluting output make the fuel cell avery attractive
option for numerous applications.

Thefirst fuel cell wasbuilt by Sir William Grove in 1839; his device produced an
electric current using hydrogen and oxygen gas. But the idealay mostly dormant and
unused until the late 1950s, when it was used by F.T. Bacon to power a6 kW power
plant.' Beginning in 1966, some of the power for NASA'’s space vehicles was provided
by fuel cells.? Research continues to this day, with fuel cells being used in more and
more places.

Fuel cell designs are not exceedingly complicated, but their operation is not as
simple as some other power sources. Thus afuel cell makes a good lab experiment, as
one can vary anumber of different parameters, including input gas flow and electrical
load, and observe how the output varies. Its recent popularity as a potential aternative

energy source also makesit attractive as alaboratory experiment.

! Angus McDougall, Fuel Cells, 10.
2J.O'M. Bockrisand S. Srinivasan, Fuel Cells: Their Electrochemistry, v.
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BACKGROUND INFORMATION

Fuel Cel Theory

Fuel cells produce electricity by harnessing el ectrons from chemical reactions.
Several components are necessary for this to occur; these components are illustrated in
Figure 1. Two electrodes are necessary to provide contact surfaces for the fuels to react
and to collect electrons. Electrons and ions are generated at the anode and the reaction
product is formed at the cathode. The electric load is connected to the two electrodes.
Between the electrodes is an electrolyte that transports positive ions from the anode to the
cathode.® A catalyst is often necessary to lower the energy input needed to start the

reaction.*

LOAD
FUEL 2 ELECTREOLYTE
{Cmdizer)

Figure 1: Basic Fuel Cell Design

% Bockris and Srinivasan, 18-19.
4 A.B. Hart and G.J. Womack, Fuel Cells— Theory and Application, 9-10.
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The Swarthmore fuel cell is powered by a Proton-Exchange Membrane (PEM).
In aPEM fuel cell, the electrolyte used in the reaction is a solid polymer membrane. This
membrane cannot be penetrated by the gaseous fuels, usually hydrogen and oxygen, that
are used in this type of cell.° The membrane is made of polystyrene molecules cross-
linked by a molecule such as divinyl benzene that forms two double bonds, giving the
structure three-dimensional stability. The membrane then must be sulfonated with
chlorosulfonic acid to load the membrane with ions and to allow for water absorption,
which isthe key to ion transfer. The water allows for transfer of hydrogen ions from
anode to cathode. Platinum black is often used as a catalyst in this type of cell.®

Many PEM fuel cells use hydrogen (H2) and oxygen (O,) gas as the fuel for the
cell. Hydrogen is used at the anode and oxygen at the cathode. Water (H2O) is produced
as a byproduct of thisreaction. The chemical reaction at the anode (ionization of
hydrogen) is:

H, 2H " +2¢ (1)
The hydrogen ions pass through the PEM and the electrons power the electric load. They
both combine with oxygen at the cathode to form water in this reaction:

AH"+4€+0, 2H,0 2
The electromotive of thisreaction at 1 atm and 25 °C is 1.23 volts — the theoretical
maximum attainable voltage from a fuel cell.”

A measure of the fuel cell’s performanceisits efficiency. In generating one mol

of water, the cell will consume two mol of hydrogen and send two mols of electrons

5 Hart and Womack, 147.
®H.A. Liebhafsky and E.J. Cairns, Fuel Cellsand Fuel Batteries, 589-591.
"Hart and Womack, 15.



through the load. Thus the total charge that passes through the circuit when one mol of
water is generated is:
2 mol * 6.02e* electrons/mol * 1.6 coulombs/mol = 193¢ coulombs ()
The work done by these electrons is the voltage multiplied by the charge. By holding this
charge constant, the efficiency in terms of work actually done to work theoretically
possibleis:
=V /123 4°
Another calculation can be made to determine efficiency in terms of flow. Instead
of using afixed quantity of charge and varying the voltage, fix the voltage and vary the
amount of charge. The current generated by 1 SLPM of H, gasis given by:
1L [ 2 mol Iopal * 1 mi Moo s ® 6.02e23 electrons/mol % 16619 coul Igectron = 143.33 coul /x(5)
Note that there are 2™/,4, because there are two electrons generated for each molecule
of H, gas converted. Power is voltage multiplied by charge; by fixing the voltage and
comparing the charge, the efficiency of hydrogen useis given by:
= | actual / (Q actual * 144.43) (6)
Another useful measure of fuel cell performanceis current density, given by:
Current Density = | actual / Area of membrane (8
Figure 2 shows typical curvesfor voltage versus current density for different types of fuel

cells powered by hydrogen and oxygen.

8 Hart and Womack, 15-16.



Ce!l voltage, V

Current density, m4 cm™

FIGURE 2: Voltage vs. Current Density for Different Membrane Types’

Swarthmore Fuel Cell Description

The Swarthmore fuel cell wasfirst constructed by David Collins’ 03 for his EQO
project. Collinsdesigned and built the cell and the gas delivery apparatus. Collins's cell
was a proton-exchange membrane fuel cell using gaseous oxygen and hydrogen as fuel.
The cell used two carbon el ectrodes with gas channels, one electrode for each gas. Both
gases entered the cell on the hydrogen side; the oxygen passed through the hydrogen
electrode and the membrane before reaching the electrode. 1n testing the cell, Collins
was unable to sustain continued operation due to fuel ignition.*°

Asan E81 final project, Jesse Hartigan ' 04 attempted to solve the ignition
problem. To do this, Hartigan redesigned the cell and delivery apparatus. Hartigan
theorized that the oxygen was leaking while passing through the hydrogen side of the
cell, mixing with the hydrogen, and igniting. He drilled new holes on the oxygen side of
the cell, allowing for direct gas delivery. Thus each gas had a distinct side of the cell for

entry, reaction, and exhaust; the only way for the two gases to mix was across the

® Hart and Womack, 150.
19 bavid Collins, Construction and Operation of a Proton Exchange Membrane Fuel Cell System, 20.
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membrane. Hartigan was unable to achieve operation of his cell, as the redesigned cell
leaked significant quantities of gas.* Collins made no mention of aleak problem in his

testing, so thisis anew development with Hartigan’s redesign.

PROJECT GOALS

Thefuel cell project had four goals. The first goal was to make the fuel cell
operational. Thisrequired the cell to be leak-free, non-igniting, and capable of sustained
operation. As mentioned above, the cell had a considerable leak problem after being
redesigned by Hartigan and it was unknown whether this solved the ignition problem.
The second goal was to successfully operate the cell while collecting data on flow inputs
and power outputs. No exact calibrations for the flow meters were available when this
project was started, and nothing was known of the magnitude of the outputs or how they
might vary with changesin the input flows or load. The third goal was to accurately and
comprehensively document the fuel cell operation procedure and instrumentation —
something lacking in Collins' s report. Thisincludes details such as how to assemble the
cell, how to operate the cell, and how to obtain more parts for the cell. The fourth wasto
perform and document the calcul ations that a student using the fuel cell as alaboratory

experiment would make.

PROCEDURES
In his report, Hartigan mentions that a solution to the leak problem would be the
construction of a gasket frame to seal the cell. He reports that most of the leaking

occurred between the copper and carbon, so by sealing this interface with a silicone

1 Jesse Hartigan, Design and Development of a Proton-Exchange Membrane Fuel Cell, 6-7.
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gasket while providing a copper interior to allow for conduction, the leak could be
sealed.’? A simpler solution, however, was tried first. Dow Corning 732 Multi-purpose
Sealant was used to seal the entire cell. This sealant is silicone rubber and forms a strong
seal which is non-conductive. The sealant was first spread thinly over the cell, allowed to
cure, and tested. Thisresulted in significantly reduced leaking, but there were still many
leaks around the bolts, which had ssmply been covered over with the sealant. A second
trial was made, this time removing the bolts before sealing. Thus the sealant went under
the bolts. There was even less leaking observed using this method, with the most leaks
still occurring by the bolts. Not all bolts leaked though, and when those bolts were
completely covered in sealant, the leaking was eliminated.

The existing flow meters were used to measure the flow rates of gasinto the cell.
The hydrogen flow meter is a Webco model 5860 IR, and the oxygen flow meter isa
Mass Trak 810C manufactured by Sierra Instruments. Both instruments required an input
voltage of 15-30 volts and provided an output voltage linearly corresponding one-to-one
with flow rate in standard liters per minute. The exact calibration was determined

experimentally; the calibration curves determined are given in Appendix 2.

RESULTS

The fuel cell wasfirst successfully operated on 2 March 2005. A current of
approximately 200 mA and a voltage of 650 mV were measured over a4 resistive load.
Additional testing resulted in both higher voltages and higher currents. On 29 March
2005, response testing was conducted with a decade resistor. Resistances ranged from

3.5 to503 ,withavoltagerange of 723 mV to 890 mV and a current range of 536

2 Hartigan, 8.



mA to 1 mA. Thevoltagev. current density curve measured during thistest is shownin
Figure 3. The oxygen flow meter measured .192 SL PM during this test run; the hydrogen
meter read .402 SLPM.

Using work as the measure for efficiency (equation 4), the maximal voltage case
(minimal current, maximal resistance) gives an efficiency of 72.4%. Using theoretical
power, as per equation 8, for the maximal current case (minimal voltage and resistance)
gives an efficiency of only 0.93%. Figure 3 shows how voltage and power varied with
current density. Further experimenting with varying fuel flow rates did not significantly
change the voltages and currents measured. Hydrogen flows varying by an SLPM

produced currents that varied by asingle mA.

Fuel Cell Performance Curves
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DISCUSSION

The work-voltage method of calculating efficiency gives a much more meaningful
measure of cell performance than the power-current method. This value states the
efficiency of the cell in converting the energy of the reaction to electrical energy. Losses
are aresult of resistance to ion and electron flow, which causes internal heating. These
losses are a function of current.™® Thus the 72.4% efficiency shows that the cell is
running effectively; higher voltages, and thus higher efficiencies, are extremely difficult
to achieve. Maximum efficiency occurs when the cell is operating a minimum power.
As the current needed to power the load increases, the voltage, and thus efficiency,
decreases. This explains why the efficiency decreases with an increase in current and
power.

The power-current method cal culates what percentage of the hydrogen passing
through the cell is actually harnessed to provide electrical power and create water. The
very low efficiency shows that most of the hydrogen passing though the cell is not taking
part in the reaction. Since varying the flow rate did not change the outputs of the cell,
more efficient operation could be obtained by operating the cell at much lower gas flow
rates. The cell test stand is not designed to handle flows of just afew mL per minute —
thisisthe flow necessary to obtain high power efficiencies.

The results of the fuel cell experiments should be repeatable. If the cell isleft
intact, than the efficiency should remain the same; if it is taken apart and rebuilt the
efficiency may change dlightly, depending on the exact nature of leak-proofing and the
importance of exact alignment of the electrodes and membranes. The effects of this

should be studied further. With repeatable results, the cell can be used asthe lab

18 Hart and Womack, 16.



component for a course. It isasimple electrochemical device that can be easily
understood. Its outputs are easily measured and efficiency is easily calculated, so it also
would be a good experiment for a course in which efficiency isatopic of study. Itis
interesting in this regard because it is most efficient in its least useful state, and asthe

device produced more power, its efficiency decreases.

CONCLUSION

The Swarthmore fuel cell isready for operation. The cell can be effectively leak-
proofed and reliably provides power. Flow can be measured, as can the electrical output
of thecell. A baseline for performance has been established that can either be recreated
or perhaps improved upon in future use. The cell can be used as alab component for a

course studying either electrochemical reactions or the efficiencies of processes.
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Fuel Cell Theory

Fuel cells produce electricity by harnessing electrons from chemical reactions.
Several components are necessary for this to occur; these components areillustrated in
Figure A-1. Two electrodes are necessary to provide contact surfaces for the fuelsto
react and to collect electrons. Electrons and ions are generated at the anode and the
reaction product is formed at the cathode. The electric load is connected to the two
electrodes. Between the electrodes is an electrolyte that transports positive ions from the
anode to the cathode.* A catalyst is often necessary to lower the energy input needed to

start the reaction.?

IT LoAD B

— -

ELECTROLYTE FUEL1

{(E.eactant)

FUEL 2
{Omidizer)

< —

Figure A-1: Basic Fuel Cell Design
The Swarthmore fuel cell is powered by a Proton-Exchange Membrane (PEM).
In aPEM fud cell, the electrolyte used in the reaction is a solid polymer membrane. This
membrane cannot be penetrated by the gaseous fuels, usually hydrogen and oxygen, that
are used in this type of cell.> The membrane is made of polystyrene molecules cross-

linked by a molecule such as divinyl benzene that forms two double bonds, giving the

! Bockris and Srinivasan, 18-19.
2 A.B. Hart and G.J. Womack, Fuel Cells— Theory and Application, 9-10.
3 Hart and Womack, 147.



structure three-dimensional stability. The membrane then must be sulfonated with
chlorosulfonic acid to load the membrane with ions and to allow for water absorption,
which isthe key to ion transfer. The water allows for transfer of hydrogen ions from
anode to cathode. Platinum black is often used as a catalyst in this type of cell.*

Many PEM fuel cells use hydrogen (H,) and oxygen (O,) gas as the fuel for the
cell. Hydrogen is used at the anode and oxygen at the cathode. Water (H2O) is produced
as a byproduct of thisreaction. The chemical reaction at the anode (ionization of
hydrogen) is:

H, 2H " +2¢ (1)
The hydrogen ions pass through the PEM and the electrons power the electric load. They
both combine with oxygen at the cathode to form water in this reaction:

AH " +4€+0, 2H,0 2
The electromotive of thisreaction at 1 atm and 25 °C is 1.23 volts — the theoretical
maximum attainable voltage from a fuel cell.

A measure of the fuel cell’s performanceisits efficiency. In generating one mol
of water, the cell will consume two mol of hydrogen and send two mol of electrons
through the load. Thus the total charge that passes through the circuit when one mol of
water isgenerated is:

2 mol * 6.02e* electrons/mol * 1.6 coulombs/mol = 193¢® coulombs (3)
The work done by these electrons is the voltage multiplied by the charge. By holding this
charge constant, the efficiency in terms of work actually done to work theoretically

possibleis:

*H.A. Liebhafsky and E.J. Cairns, Fuel Cellsand Fuel Batteries, 589-591.
® Hart and Womack, 15.



=V /123 4°
Another calculation can be made to determine efficiency in terms of flow. Instead
of using afixed quantity of charge and varying the voltage, fix the voltage and vary the
amount of charge. The current generated by 1 SLPM of H, gasis given by:
1L [ 2 mol Iopal * 1 mi n/GOSec* 6.02e23 electrons/mol % 16619 coul Igectron = 143.33 coul /sx(5)
Note that there are 2™/, 4. because there are two electrons generated for each molecule
of H, gas converted. Power isvoltage multiplied by charge; by fixing the voltage and
comparing the charge, the efficiency of hydrogen useis given by:
= | actual / (Q actual * 144.43) (6)
Another useful measure of fuel cell performanceis current density, given by:
Current Density = | actual / Area of membrane (8
Figure A-2 showstypica curves for voltage versus current density for different types of

fuel cells powered by hydrogen and oxygen.

Ce!l voltage, V

Current density, m4 cm™

FIGURE A-2: Voltage vs. Current Density for Different Membrane Types’

% Hart and Womack, 15-16.
"Hart and Womack, 150.



Component Descriptions— Fuel Cell

A schematic of the Swarthmore cell is shown in Figure A-3. Thefud cell is
1.625 inches thick and 5.5 inches in width and height. The cell is framed by two %2’
aluminum plates, shown in Figure A-4. These plates hold the cell together and provide a
mounting location for the Swagelok connections to the gas supply lines. Eight ¥zinch
bolts hold the cell together. The bolts pass through holes in both aluminum plates outside
of theinternal parts of the cell. The holes on the hydrogen plate are threaded. Lock nuts
arealso used. Two square silicone gaskets provide electrical insulation for the cell,
keeping the charge generated from traveling to one aluminum plate and through the bolts

to the other plate and back to the cell, shorting out the entire cell.

Membrane
Carbon Blocks
Copper Plates
Silicone Gasket

Aluminum Plates

FIGURE A-3: Diagram of Cell Assembly
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FIGURE A-4: Aluminum Endplate

Two sguare copper plates, one on each side, provide a means to attach electrical
connectionsto the cell. The plates, |ocated between the carbon el ectrodes and the
silicone gasket as shown in Figure A-5, have an approximately one inch square tab to
which aligator clips can be connected. Two holes are in each plate for gas inflow and
outflow. Because these holes are in dlightly different places, the copper plates are not

interchangeable, and the same plate must always be used on the same side of the fuel cell.



FIGURE A-5: Copper Plate with Gasket and Endplate

The carbon electrodes also have gas flow channels for the gases. The channels
are perpendicular to one another; the hydrogen channels are horizontal and the oxygen
vertical when the cell isin its standard orientation. The membrane goes between the two
electrodes to compl ete the cell assembly. This complete assembly is shown in Figure
A-6. The membrane, shown in Figure A-7, isacommercial product manufactured by
ElectroChem, Inc, model number FC50-MEA. It has areactive area of 50 cm®. All other

parts were manufactured at Swarthmore.



FIGURE A-7: Membrane



Component Descriptions— Test Stand

The oxygen and hydrogen gases are supplied through a network of stainless steel
tubing and valves, shown in Figure A-8 and diagramed in Figure A-9. The tubing
connects the fuel cell to the supply tanks. The valve on the tank can be used to control
pressure, and the valves along the supply lines can be used to regulate flow. The flow
meters are attached to these supply lines. Flow meter operating procedure is described in
the Measuring Flows section, below. The hydrogen line contains a humidifier. When
filled with water, the hydrogen gas will bubble through the humidifier, hydrating the gas.
Thisis necessary for fuel cell operation —the membrane must be kept moist for optimal

performance.

FIGURE A-8: Gas Supply Lines

FIGURE A-9: Test Stand Schematic



Assembly Directions

Follow the following procedure to assemble the fuel cell and prepareit for
operation. Cut new gaskets for the aluminum plates by laying the copper plate
corresponding to the desired side on the sheet of silicone rubber and cutting out a square
of material. Leave asmall (~1 mm) border between the edge of the copper plate and the
cut. Use an Xacto or similar style knife to cut two holes in the gasket corresponding to
the holes in the plate.

Lay the hydrogen-side aluminum plate flat with the Swagelok connections down.
It works best if the plate is propped on something providing more balanced support than
the connections. Lay the gasket in place and place the copper plate on top of the gasket,
making sure to line up the holes. The tab on the copper plate should be facing the side of
the aluminum plate with the electrical tape. Lay the carbon electrode on top of the
copper plate with the gas channel up, again being sure to match up the holes. Be sureto
use the right carbon electrode — the hydrogen-side electrode has along dlot filled with
sealant. Lay the membrane on top of the electrode, trying to make the edges as flush as
possible. Linethelong slot on the membrane up with the long slot on the electrode, then
rotate the membrane 90 degrees. Lay the other electrode channel-side down on top of the
setup; line the slot up with the filled slot of the other electrode, and keep the edges as
even as possible. Lay the copper plate on top of the electrode, keeping the holes aligned
with the electrode and making sure the copper tabs are as lined up as possible. Place the
gasket on the copper plate, lining up the holes.  Align the aluminum plate by using
several bolts to assure proper alignment — place severa boltsin their places on the free

aluminum plate and thread them part-way into the other plate. Thiswill ensure proper
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alignment of the plate, since one cannot see through the Swagelok connection to align the
outlets with the holes. Use three bolts on three different sides to aign the plate, but don’t
screw them tight. Once the duminum plateiswell aligned, thread the other three bolts
on the three sides where there is already one bolt. One side should have no bolts inserted.
Gradually tighten all six bolts sequentially until al aretight. Use a C-clamp to apply
pressure to the side without bolts. The cell is now ready to be sealed.

Apply the sedlant to one side at atime. The side with the C-clamp isthefirst side
to be sealed. Squeeze some sealant onto the electrodes on the side to be sealed. Using a
small piece of wood about as wide as the gap between the aluminum plates, spread the
sealant to cover the entire length of the cell side. Spread some sealant over the corners
onto the adjacent sides. Let the sealant set for about five minutes. Then insert the two
bolts for that side and tighten. Also attach the bolts for this side and tighten, but don’t
over tighten. Remove the clamp and put it in place on another side. Oncethe clampisin
place, remove the bolts from that side. Repeat the sealing process until al four sides
have been sealed. Let the cell sit for twenty-four hours while the sealant cures.

Test the cell for leaks. Use the oxygen line, the female-femal e pieces of gas
supply piping (there’s one towards the end of each supply line) and the testing hose.
Connect one end of the hose to the supply line and the other to one of the inlets on the
fuel cell, it doesn’t matter which. Use end caps to close the two outlets and the other inlet
on thefuel cell. Pressurize the system; about 10 psi should be sufficient to find any
leaks. Use soapy water (ideally from a spray bottle) to find any leaks in the cell. Pay
special attention to the bolts and the corners — these areas are especially leak-prone. Dry

the cell and apply more sealant to any areas that leak. If necessary, encase the entire bolt
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in sealant to prevent leaking. Let the sealant cure for twenty-four hours, and repest.
After asecond leak check and touch-up, there should be no leaks. If leaks persist, apply

sealant to them and let cure for another day. The cell is now ready for operation.

Measuring Flows

Both flow meters require 15-30 VDC to operate. Thisisbest supplied by a
variable voltage power supply. The manufacturer reportsa 15V minimum for the power
supply, but avoltage above 20 V (as reported by the volt meters on the power supplies) is
necessary to have the flow meters function.

The hydrogen flow meter has black sheathing around its cables. Connect the red
lead to + on the power supply, the brown lead to -, and the green lead to ground. Read
voltage across the yellow (+) and blue (-) leads. Ideal operating pressureis 90 psig, but
operation can occur at lower pressures with an error of .03 % per psi away from 90. 20
psi is easily obtainable and gives an error of 2.1%.

The oxygen flow meter cable has grey sheathing. The red lead connects to power
supply +, the orange to power supply -, and the shield (bare wire) connects to the power
supply ground. Read voltage across the white (+) and blue (-) leads. Ideal operating

pressureis 10 psig.

Operating the Cell
Rest the cell on the green support on the far left of the mechanism. Thetwo
copper contact tabs should be on the edge opposite the back wall of the cage. The

oxygen side of the cell (the side with the outflow hose) should be on the left. Connect the
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two gas supply lines to the inlets on the cell. The outflow hose can be directed into the
drainage chutes beneath the floor, but little or no water is typically outputted by the cell,
so there’ s no urgent need to do this.

To prepare the gas lines for operation, close the middle valve (just to the left of
the flow meter) on each line and open the other two all the way. Open both tank valves
and adjust the pressures to their proper levels— 10 psig for oxygen and 20 psig for
hydrogen. Using a multimeter to measure voltage, adjust the valve of one of the two
gases until the desired flow is obtained. The oxygen flow should be equal to or in excess
of the hydrogen flow, to ensure that the cell is not oxygen starved. Once thefirst gas
flow isreached, close off flow by completely closing the first valve (on the far right).
Now adjust the valve on the other gas until the desired flow is obtained. When the
hydrogen flow is being adjusted, check to ensure that the humidifier isworking. If the
bubbling cannot be heard, it should be possible to feel the vibrations when touching the
humidifier. If no vibrations are present, ensure that enough water is in the chamber.

Place aload acrossthe cell. If only asingle data point is required, than any
resistance can be used. If avoltagev. current or current density curve is desired, than a
decade resistor is necessary. If adecade resistor isused, it should be capable of varying
resistanceinl  increments, as the response changes quickly in thisrange. In either
case, an ammeter should also be connected to the load. Use aligator clipsto connect the
load to the two copper tabs. The left, or oxygen, sideis +, the hydrogen on theright is-.

Completely open the valve that was closed earlier to shut off the flow of one of

the gases. Current should be flowing through the load, along with a potential difference
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between the plates. Note that it may take a minute or two for current to reach a
maximum for very low resistances (<5 ).

When operation is finished, shut off both gas flows. Do this by closing the tank
valves so that the system does not stay pressurized. Do not remove the load until the
measured current is zero, so that no charge remains built up on the plates. It may take

several minutes for all of the gasleft in the system to be used.

Ordering additional parts

The only part of the fuel cell that may require replacing is the membrane. The
membranes are ordered from ElectroChem Inc. The website is www.fuelcell.com and
their phone number is (718) 938-5300. The model number for the membrane is FC50-
MEA. Two membranes were ordered in February 2005 from sales representative Patrick
Crowe. Each membrane cost $280, a $35 reduction from the list price of $315. The sales

representative gave a university discount of 10% plus alittle bit more.
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Report on Calibrating Flow Meters
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Abstract

The purpose of this study isto measure the flow rate from two gas linesin order
to create a calibration curve of Voltage vs. Flow Rate. According to the manufacturer
specifications for these gauges, the output voltage of the gauge should be linear and one
for one. This means that for each gauge, x voltage = x liters per minute with a y-intercept
at 0. We calculated a calibration curve based on our data and found this not to be the
case. We found that the oxygen and hydrogen gauge had calibration curves of voltage =
0.984(flow rate) - 0.142 and voltage = 1.162(flow rate) - 0.0095 respectively.

Introduction

Every year, senior Engineering magjors at Swarthmore College do senior design
projects. Each senior receives help with their design project from one E14 lab group.
We were assigned Mark Handler’ s project, which isafuel cell. We weretold to figure
out away to first measure the flow rate of oxygen and hydrogen out of their respective
gauges and then use this information to create calibration curves for these gauges. Itis
important to pay careful to these flow rates, or else there could be an imprecise mix of
oxygen and hydrogen in the cell which could therefore disrupt the workings of the fuel
cell.

Procedure

First we will set up our apparatus. Thiswill consist of a beaker, alarge tub of
water, and the tube coming from the gas regulator. The beaker will be filled completely
with water and then partially submerged in the tub of water (seefigure 1 in Appendix A).
We will then put the tube from the gas regulator into the beaker and set the regulator at a
certain flow rate. We will record the voltage that the gas regulator displays. We will
then turn on the gas and begin filling the beaker up with air while we are timing with a
stop watch. Oncethe air level has reached a certain point on the beaker, we will stop the
stop watch and record the time that it took the air to get to that point. We will then
calculate the flow rate by diving the volume of air that the beaker contained by the time it
took to fill. We will repeat this many times for different voltages and then plot the flow
rate vs. voltage to achieve a calibration curve.
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Results/Discussion
For the Oxygen gauge, we performed 6 trial runs. Below isthe calibration curve
we obtained. Wefeel thisis excellent linear data due to such a high R? value.

Oxygen Voltage vs. Flow Rate y =0.9835x - 0.1421
R®=0.9993
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For the Hydrogen gauge, we performed 5 trial runs. Below isthe calibration curve we
obtained. We feel thisis excellent linear data due to such ahigh R? value.

Hydrogen Voltage vs. Flow Rate y = 1.1622x - 0.0095
R? = 0.9962
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Conclusion

Overdl, our trials found the gas lines to be very linear, and fairly close to the
manufacturer’s specifications. Perhaps performing more trials would yield a better
estimate for the relation between voltage and flow rate, especially for the hydrogen gas

line, which was less linear than the oxygen gas|line.
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Appendix 3

Sample Data and Calculations
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Data

Decade Resistor Setting | Measured Resistance ( ) | Voltage (mV) | Current (mA)
0 3.5 723 536
1 45 768 327
2 55 791 236
3 6.6 807 183
4 7.5 817 152
5 8.5 825 129
6 9.4 831 113
7 10.5 836 100
8 115 841 89
9 12.6 845 80
10 135 848 74
11 14.4 850 68
12 15.5 853 63
13 16.7 855 59
14 17.7 856 55
15 18.6 858 52
16 19.6 859 49
17 20.6 860 46
18 21.5 862 44
19 22.5 863 42
20 23.4 864 40
22 25.4 866 36
24 27.6 868 33
26 29.5 869 31
28 31.4 870 29
30 33.2 871 27
32 35 872 25
34 37.2 873 24
36 39.1 874 23
38 40.9 875 22
40 43 875 21
45 48.1 876 19
50 52.5 878 17
55 57.6 879 16
60 62.7 879 14
65 67.5 880 13
70 72.4 881 12
80 82.6 882 11
90 92.3 883 9
100 103.7 884 8
150 153 887 6
200 202 888 4
300 304 889 3
400 403 889 2
500 503 890 1

Flow H, = .354 SLPM, Flow O, = .340 SLPM
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Calculations:

Power (mW) = Voltage (mV) * Current (mA) / 1000
Current Density (mA/cm?) = Current (mA) / 50 cm?
Work Efficiency = Voltage (V)/1.23V

Power Efficiency = Current (A) / [Quz (SLPM) * 143.33 (““"™"iier-se0)]

Max. Power = 723 mV * 536 mA / 1000 = 536 mW
Max. Current Density = 536 mA / 50 cm? = 10.72 mA/cm?
Max. Work Efficiency =.890V / 1.23V =0.724

Max. Power Efficiency = .536 A / (.402 SLPM * 143.33 (““"™M"/:ie-sc)] = 0.0093

A-22



