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Development and Evaluation of
a Test Apparatus for Fuel Cells

Mark Willi am Davis

ABSTRACT

The development of atest apparatus for proton exchange membrane fuel cdlsis
preseited. The deggn d the prototype deviceis provided in detail alongwith a
desciption d the gparatus. The evaluation d the functiondlity and eff edivenessof the
deviceincluded measirement of a polarization curve for a5-cell, 1 KW stadk. An
effedive test apparatus is imperative for stack performanceteging, model evaluation, and
investigation of new fuel cdl technology. This apparatus was desgned to measire and
control the massflow ratesof the readant gasesgaspressires gastemperatures gas
relative humidity, stack temperature, stadk current, and the colant water flow rate.
Additionally, the test apparatus can measire the stack voltage, coolant water resistivity,
coolant water temperature change acrossthe stad, and the colant water pressire drop
aaossthe gack. The gparatus was $iown to provide alequate control of all necessary

variablesfor stack performance evaluation.



DEDICATION

Praise and glory and wisdom and thanks and hone and paver
and strength be to ou God for ever and ever. Amen

Rev 7:12



ACKNOWLEDGEMENTS

| want to thank my advisor, Dr. Mike Elli s, for his guidance and instruction, as
well ashis consideration and uncaerstanding d my schedule. Thiswork would na have
been passble withou the generosity of Ingersoll-Rand and Energy Partners, Inc.
Financial suppat wasprovided bythe Virginia Tech Aspiresprogram, the Gate Center,
and the Pratt Foundition. Additionaly, | would like to thank Dr. W.C. Thomasfor
lending his equipment and expertiseto the projed. | also appredated the asgstance of
ToddWalter, Morgan Stewart, Frank Lomax, and Burak Gunes

Finally, I need to thank my wife, Christy, whoselove and support inspired meto
persevere.



NOMENCLATURE

Variables
A = inside aeaof tube
Cp = gpedfic heat of gas
d = inside diameter of tube
F = Faraday’s aonstant

hi(T) = spedfic enthalpy o ideal gasat temperature, T

h,,0.4 (T) = spedfic enthalpy of gaseous water at temperature, T

h,, o.¢ (T) = spedfic enthalpy of liquid water at temperature, T

M, =molealar weight of moleaule
r.ni = massflow of gas(air, hydrogen, a nitrogen)
n = number of electrons

SR = doichiometric ratio of gasin stad (air or hydrogen)

P = power produced by stack
P = pressire of gas
p, = partial pressure of water vapor in gasmixture

P..(T) = sduration pressire of water at the temperature, T

Q = hed transfer from heder to gas



Q = hed transfer rate
R = universal gas onstant for spedfied gas

SLPM = dgandard liters per minute

T. = temperature of gas
V, = velocity of gasin tube
\A = voltage of ead cell in stack

V'eservoir= VOlumMe of water in resrvoir

V = volumetric flow rate

AP  =pressiredrop d gasin tube

AT  =temperature diff erence between heater outlet andinlet
o} = dengity of gas
U = visaosity of gas
w = absolute humidity ratio of gas
® = relative humidity of gas
Subscripts
fci = fuel cdl inlet
0 = purce

i = dther hydrogen o air

Vi
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1 INTRODUCTION

The world hasbeen searching for an inexpensive, efficient, and pradical
renewable energy source for the past few decales. Fuel cell s, thoughthey have existed
for more than 50 yeas, are just starting to capture the intered of the general puldic. Fuel
cdlspromise ¢ean and efficient operation alongwith high energy densities While there
are many dfferent types of fuel cdls, the proton exchange membrane fuel cdl stands out

asone of the most promising for transportation and small stationary applications.

Proton exchange membrane (PEM) fuel cell stake hydrogen and air and produce
power and water. The medhanismis exadly oppaosite to that of eledrolysis. In
electrolysis, an electric current is run throughwater and the water reacts to form
hydrogen and oxygen. PEM fuel cels take hydrogen and split it into protons (H*) and
electrons. The H" moleaulesdiffuse acoss apolymer membrane, and the dectrons travel
throughthe load circuit. Those éectronsjoin with the diffusing proton an the other side
of the membrane and react with oxygen to form water. The dectro-chemicd readions

are shown below alongwith a sthematic of a PEM fuel cdl.

Anocereadion. H, - 2H" +2e”

Cathode Readion: 100, +2H " +2e” — H,0

Fuel Flow Channels
«€ A <«——Anode

l H+ - Membrane

<«— Cathode

_ 7 N\
Oxidant Flow Chanrels  ~ ' o plate

Figure 1-1. PEM fuel cell schematic

Fuel cdl reeeach hasincreased greatly over the pag decade. A number of
1



corporations are attempting to develop powerful, efficient, low cost, and marketable PEMVI
fuel cdls. Membrane dhemistry and catalyst loading continue to develop, and, asthey
do, the power density and efficiency of the célsincrease. Therefore, asthe technology
continues to mature, a need arisesfor the ability to experimentally test the developing

tedindogy and letter understand the present tedhndogy

The goals of thisresearch are to deggn and construct a prototype test apparatus,
to apply the goparatus to develop afuel cell pdarization curve, andto evaluate the
prototype to determine any modifications or enhancements, which would improve its

flexibility, control, and accuracy.



2 LITERATURE REVIEW

The mnstruction d an eff edive proton exchange membrane fuel cell (PEMFC)
ted apparatus requiresknowledge of the important physical parameters that affed the
performance of PEMFCs. Also, becauseprecisecontrol of operating conditionsis
difficult and expensive, an ideaof the key parameters to control for effedive performance
evauationisrequired. Thiswas acomplished by obsaving commercialy available fuel
cdl test apparatus, descriptions of apparatus used to oltain publi shed experimental data,
and pubi shed fuel cdl performance models and the variablesthat they emphaszed.

The advancement of fuel cdl tedhnologiesin the lag decale hasproduced a
wedth of invedigative studiesinto the prediction of fuel cdl performance. The
prediction of PEMFC performance hasbeen o particular interes dueto their suitability
for the transportationindustry. The prediction of fuel cdl performanceiskey in the
development of new applications. A simple, eff ective, and accurate model of overall fuel

cdl performancewould easethe desgn o new fuel cell applications.

Unfortunately, the performance of a PEMFC is extremely difficult to model
analyticaly. Its performance depends on many variables Theseinclude temperature,
pressire, current, water content of the membrane, stoichiometry of the inlet gasesetc.
Additionally, many of the variablesthat influence performance depend on eat ather
yielding na-lineaitiesin the performance models. The presence of these nontlinea
eguations and the difficulty in quantifying some of the important performance variables
(membrane dharacteristics diffusion coefficients, etc.) haslead some reseachersto
edablish empiricd models of PEMFC performance. In general, howvever, thesemodels
are only accurate over small rangesof operating condtions. Both analyticd and
empiricd modelsrequire experimental data. The empiricd model usesthe measired data
to fit the fuel cdl’ s performanceto a preseibed equation form, and the analyticd model
depends on experimental datato invedigate the model’ s acuracy.

Proton exchange membrane fuel cdls ae highly complicated systems. The

meagire of performance most often as®ciated with PEMFCsis apdarization curve,



which descibesthe output voltage over arange of current densitiesfor a geafic set of
operating conditions. The operating vdtage is governed by the thermodyrnamic
equilibrium potential and the lossesin the system. The ajuili brium potential is afunction
of the temperature, pressure, fuel concentration, oxidant concentration, and several
equilibrium constants. The losses ee separated into two main caegories First, the
adivation overvoltage is the result of lossedn the reaction kinetics, thermodynamics, and
masstransfer. The seond major loss is referred to asthe ohmic overvoltage. Ohmic
overvoltage depends on the regstance to proton flow aaossthe membrane and the
regstance to electron transfer in the porous dectrodes Ead of the losses depends on the
temperature, pressire, current, gas oncentrations, desgn parameters, and materials of
construction. The interdependence of many of the performance variables aeates
difficultiesin detailed, accurate models. Therefore, an eff edive test apparatus must have

the aility to preasely measrre dl of the parameters that influencefuel cell performance

2.1 Analytical Models

The cmmplexity of fuel cdl operation yields extremely complex mathematical
modelsif every fador involved in the performanceis considered. But, an analytical
model is preferred to a sSmpler empiricd model. If an acairate analytical model could be
formulated, it would be adaptable to dfferent conditions and, more importantly, to
different fuel cdls (if the appropriate parameters were known). An empiricd model is
only valid for thosefuel cdlsfor which it is aeaed. To easehe difficulty of modeling

the entire fuel cell, major assimptions ae made.

There ae alarge number of analyticd modelsin the literature. Several
representative models were reviewed in order to edabli sh the most significant operating
parameters and to provide abassfor interpretation of the experimental results. The cll
voltage depends onthe reversible cell voltage and the losses assciated with mass
transport, readion kinetics electron transfer, and proton dffusion. The diff erence
between models liesin their approximation d theserelations. The variablesthat are

included in ead model and the impaad of ead variable are considered.

The model proposad by Nguyen and White (10) invedigatesthe two-dimensional

4



heda and masstransfer acrossthe membrane dectrode assambly including the flow
channelsoneither side. The governing equations for the model include dfeds from the
reactant gas massflows, temperature, pressire, and relative humidity, and the airrent.
Thirumala and White (13) performed a sensitivity analysis onthe model derived by
Nguyen and White (10) to determine the most important of theseparameters. The model
wasrun at galvanostatic condtions with a arrent density of 0.6 A/cm® The gudyfound
that the gasmassflows, the operating pressire, and the operating temperature were the
most important variablesin fuel cdl performance. They also naed that the anode
relative humidity, not the cathode relative humidity, had alarge impad onthe
performance. A model propcsal by Yi and Nguyen (14) is similar to the Nguyen and
White model, bu Yi and Nguyen develop a more complete desciption o the lid layer
temperature that can be used to analyzethe dfed of hea exchanger parameters and the
inlet coolant temperature. Thesemodels, asdo al analytical models, require extensive
experimental datato validate the acuracy of the model. The gparatus that would be
used to verify models such asthese would need to acairately measire the variables

mentioned abowve.

A model by Springer et al. (12) concentrated onafuel cdl’s performance
depending on the mncentration d water in the membrane dectrode assembly. The
model acounted for the cdl current, the cll temperature, the humidifier temperature,
which determinesthe relative humidity of the inlet gases the inlet gaspresaures and flow
rates and the partial presaure of oxygen in the athode gasstream. The model by
Bernardi and Verbrugge (4) closdy resenblesthe Springer et a. model, bu the Bernardi
and Verbrugge model acourtsfor the presenceof liquid water in the flow channels and
the diffusion of water aaossthe membrane asaresult of the pressaire diff erence between
the anoce and cahode. Althoughthe gparatus will not have the cgability to measire
the actual water content of the membrane, it must provide measirement of the inlet
parameters including the temperature, pressire, and relative humidity that may determine

the water content.

Marr and Li (9) start by defining the open circuit voltage asafunction d the
operating temperature and the readant partial pressures They use a seof differential

5



equations to define the eledrochemicd readion, masstransfer, and the ohmic lossesn
the catalyst layers. Theserelations depend onthe operating temperature and the readant
concentrations, which can be related to their reedive partial pressires Inthe
membrane, they assime aconstant proton concentration, and their expression relatesthe
membrane regstive lossto the proton concentration and the pressire diff erential across
the membrane. Inthe dedrodes the model acwunts for the resstance of the bi-polar
plates. Finally, the reactant and product concentrations ae taken into accourt in the flow
channels. Overal, the model formed by Marr and Li relatesfuel cell performance to the

operating temperature, the reectant partial pressires and the dectricd resistance

Amphlett et a. (1), like Mar and Li, relate the open-circuit voltage to the
operating temperature and the readant partial pressure. They usethe Butler-Volmer
eguation and an expression for the exchange aurrent to derive expressions for the anodic
and cathodic adivation overvoltagesthat depend onthe temperature, oxygen
concentration, and the aurrent. They define the ohmic resstancelosses a a sum of the
lossedrom electron transfer throughthe dedrode and proton transfer aaossthe
membrane. They also consider proton transfer due to an eledrical potential gradient, a
proton concentration gradient, and convedion d protons asociated with the diffusion of
water. Amphlett et a. (1) take great care to derive the ohmic resstance of the membrane
with regoect to the proton concentration, temperature, and current. They state that there
is dso an effed of the water concentration onthe membrane regstance, but they admit
that limited understanding d the phenomenon preventsits speafic inclusionin the
model. Thefinal expressionfor the ohmic lossess © complicaed that the author
propasesusing the analytical model only to gain an insight into the important variables

required to creae an effedive empiricd model.

2.2 Empirical Models

Althoughempirical models ae not the preferred method d predicting fuel cell
performance, they are much simpler to create accurately than the analytical models.
Empiricd models ae aeated by establishing arelationfor the output voltage that
depends onafew sdeded performance variables (such astemperature, pressire, relative
humidity, and current) and a number of constants. The variablesthat the diff erent

6



modelers use and the successof their models helps to determine the measirements and
controls required for the ted apparatus. The numericd valuesfor the onstants ae
edablished by fitting the anpiricd relationto a set of experimental data. The reliance on
experimental datais one rea®n that the analytical models ae preferred over empiricd
models. Every fuel cell isdifferent, and using experimental datato edablish a
performance model li mits that model to the fuel cell from which the experimental data
came. Also, the model isonly as @curate asthe number of performancevariables
included in the empiricd equation. If avariableis omitted from the equation, the
empiricd relationis only valid when the omitted variable hasthe value equal to that at
which the experimental datawas o©lleaed.

The ampiricd model developed by Amphlett et a. (2) attempts to broaden the
limitations of the empiricd model to include al operating conditions. Amphlett et al. (2)
usethe relations for the output voltage developed in the analyticd model to expand the
saope of their empirica model. The difficulty with the Amphlett et al. analyticd model
(1) wasin the determination d the activation owervoltage and the ohmic overvoltage.
They edablished that the adivation overvoltage wasdependant on the temperature,
current, and the oxygen concentration, and they knew that the expression for the ohmic
overvoltage included some function d temperature and current. They implemented an
experimental plan to statisticaly determine the necessey constants for the two

expressions.

Lee ad Lak (8) implemented a dif ferent type of empiricd model to evaluate fuel
cdl performance Their model used an empiricd relationto define the fuel cdl output
voltage using only the cell current. The empiricd equationwas esablished at a number
of different operating conditions on alaboratory scde stadk. The model usesthisrelation
to approximate larger, more usdul stakks. The Lee ad Lak (4) model usel afinite
difference scheme dongthe gas dannels of the fuel cdl to determine the temperature at
ead element. Using thistemperature and the empirica voltage relation, and an edimate
of the gadk voltage, the program iteratively findsthe aurrent. The cdculated power and
the desired power are compared, and the process sarts again with a new estimate of the

voltage.



Barbir et al. (3) used an even simpler empiricad model to determine fuel cdl
performance. They recognized that the output voltage is best modeled with an empiricd
equation dependant on the aurrent density, the logarithm of the aurrent density, and the
exporentia of the aurrent density, but they estimated the polarization curve for afuel cell
as ainea function d the arrent density over the range of operating conditions normally
usead. Thelinea equation wasbaseal onexperimental reaults for polarization curvesat

different operating pressures

2.3 Experimental Data

Spedfic information abou the goparatus used in obtaining experimental data for
verification d the ébove models and aherslike them isnat available. A few authors
provided brief desciptions of afew fuel cell ted apparatus. The goparatus used by
Amphlett et al. (1,2) to acquire the experimental datawas dle to control the massflow
and the partia pressure of the reactant gases The hydrogen and oxygen were supdied
with compressé gastanks, and the partial pressireswere aljusted by combining the
gaseswith carbon doxide and ntrogen regectively. The temperature of the sadk was
controlled by the drculatingwater. Current measirements onthe dadk were made with a
50Amp shunt. Lee andLalk (8) indicaed that their tes apparatus wuld measire the gas
temperatures, presaires massflows, and humidities the colant temperature and flow
rate, the stack current and vdtage, the cel temperatures and vdtages, and the outlet air
temperature and pressire. All of these variableswere viewed asnecesary for

determining the performance of afuel cell stad.

An invedigationinto the dfed of calbonmonoxde mncentrationsin the fuel
stream wasperformed by Oetjen et a. (11) using a “homemade” test apparatus that could
control the readant massflows, temperatures and pressires It was &so capable of
varyingthe load placed on the dadk in order to determine polarization curvesfor a gad.
A cahode model of afuel cdl by Broka and Ekdunge (5) used atest apparatus with a
temperature-controll ed humidification system of the readant gasescontrol of the cel
temperature, and massflow control of the reactant gases By obseving the test apparatus
constructed by other fuel cdl resarchers, it wasdetermined that control of all agects of
the inlet reactant gasescdl temperatures and woltages, coolant temperature and flow rate,

8



and load current and wltage ae neaessay for analyticd model verificaion and empirica
studies

A small number of tes apparatus ae commercially available today. The most
comprehensive model is produced by Hyrogenics Their Fuel Cell Automated Testing
System (FCATYS) can test fuel cell stadksupto 12 kW (7). The FCATS can control the
massflows upto 700SLPM for the fuel and 1000SLPM for the oxidant, temperaturesup
to 95C, presauresupto 40psig, and relative humiditiesup to 100percent. The dadk
temperature is maintained using a wolingfluid, which is heated duing start-up. The
inlet cooling fluid can be controlled from 20°C to 95<C. A programmable load can draw
100v, 100(A, and 12 WV with a constant current, voltage or resistance. The g/stemis
computer controlled. It measires &l inlet massflows (reactant gases ad coolant fluid),
the readant pressires and their correspondng dff erential presauresacross the gad,
stack presaire, inlet and oulet temperaturesfor the reactant gases ad the cadant fluid,
stack temperature, codling fluid resistivity, upto 32 cdl voltages the stad voltage, and
the dadk current. Additionally, the device can simulate reformate gaseghat consist of
hydrogen, carbon doxide, cacbonmonoxde, nitrogen, and air. Finally, the FCATS can
measire the anourt of water leaszing bdh the anode and cathode outlets of the gad.

EledroChem, Inc. producesthe FC Lab, which can measire the sadk voltage,
current, power, resistance, fuel flow rates and temperatures (6). The gparatus can
control the anode and cahode gas diannels. Likethe FCATS, it can also simulate
reformate gases The FC Lab can easily perform a Tafel, profile, or shock teg onafuel
cdl stadk, andit can drive the fuel cell under operator-programmable dynamic load
condtions.

2.4 Important Operating Parameters

A study d the different models and the experimental apparatus presented here
reveas me wnsistent themes All of the models siggeded that the performance of fuel
cdl stadks depend onthe operating temperature, pressire, relative humidity of the inlet
gas $reams, and the arrent. All of the experimental apparatus were ale to control the

temperature and massflow of the reactant gases Most devices had the cgpability to
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adjust the readant presaures and relative humidities aswvell. A few sded fuel cdl test
apparatus could control the gadk temperature and the makeup o the fuel gas Overall, the
succesof a PEMFC ted apparatus relieson the control of the operating temperature,

pressire, relative humidity, reactant massflows, and current.

2.5 Research Goals

The primary goal of thisreserchisto desgnand construct afuel cdl test
apparatus with the capability to control and meagire dl of the necesary parameters for
effedive PEMFC reseach. A review of PEMFC literature hasindicaed those
parameters, and the design d the test apparatus will refled the information gathered from
the literature
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3 TEST APPARATUS DESIGN

The proton exchange membrane fuel cdl test apparatus & VirginiaTedhis
intended to fadlitate research into the performance of PEM fuel cells andto characterize
newly developed fuel cell prototypes The pedfic ariteriaused to designthe gparatus
are outlined in the foll owing section

3.1 Design Criteria

A greder understanding o fuel cdls and their performance can be adieved if
fuel cdl inputs and ouput are precisely controlled and measired. Thistest apparatusis
desgned to control:

o Readant gases
= flow rate
» temperature

" pressre

relative humidity
o Codant water

» temperature

»  pressre

= flow rate

»  regstivity
o Eledrical |oad.

Experimental fuel cdl reseach, charaderization, and modeling can be pursued with ated
apparatus that can control all of these variables
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3.1.1 Sizing Requirements

The ted apparatusis designed to ted proton exchange membrane fuel cdls
cgpable of producing 5kW or less Althoughafuel cell of this power output is not
necesarily us€ul in most practicd applications, fuel cdls ae moduar so that the
performance of arelatively small stack can be acurately scaled upto represent the
performance of alarger stadk. Desgningthe ted apparatus for a snall er stack makesthe
desgn d the gparatus eager and chegoer because snall er comporents can be bought or
manufadured.

Requirements for the other operating parameters can be prescribed basel on the
maximum power output of 5 kW. Sizerequirements must be sé¢ for the gasmassflows,
gastemperatures the fuel cdl operating temperature, gaspressures gashumidity levels,
and coolant water flow rate. The criteriafor the nitrogen flow rate and the minimum
resstivity of the water are recommended by the manufadurer for operation d the PEM
fuel cdl stack teged. Also, aminimum power requirement must be established to easly
and acarately measire and control certain quantities Thisminimum is highly
dependent on the rangesof the major measiring and control devices Table 3-1 shows
the minimum and maximum desgn criteria, and thesecriteria ae disaussed in more detall

in the following sections.

Table 3-1. Desgn Criteriafor PEM Fuel Cell Ted Apparatus

Criteria Minimum Maximum
Power 0.1W 5000 W
Mass Flow

H, 0.8 SLPM 170 SLPM
Air 2SLPM 500 SLPM
N 0.27 SLPM per cell

Water 2 LPM 20 LPM
Temperature Room 80°C
Pressure Atmospheric 400 kPa gauge
RH

H, 0% 95%
Air 25%* 95%
Resistivity 2 Mohm-cm 20 Mohm-cm

* Minimum relative humidity depends on compressor tank humidity and system presaure
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3.1.1.1 Gas mass flows

The massflow for both the fuel and oxdant gas ae dependent on the power
produced by the fuel cell. Astheload draws aurrent from the gad, the hydrogen reacts
at the dectrode-membrane interface(i.e. in the catalyst layer) by splitting into hydrogen
protons and electrons, and because awrrent is ameasire of the flow of eledrons, the
hydrogen massflow is directly related to the aurrent. The actual massflow of hydrogen
depends onthe aurrent and the doichiometry onthe anode sde of the fuel cdl. The test
apparatus will typically run hydogen dead-ended, which correspondsto a goichiometric
ratio of exactly 1. But, to provide for flexibility in operation, a goichiometric ratio of
two is used asthe design criteria. The following cdculation determinesthe maximum

hydrogen flow rate.

_POSR, OM,,

My,
nOF [V,

(1)

where,
P = the maximum power for the goparatus (5000W),

SR,, = the design stoichiometric ratio for hydrogen (2),
M, = the molar weight of hydrogen (2 g/gmol),

n = the number of electrons (2),
F = Faradday’ s constant (96484C/mol), and
V. =the desgncdl voltage (0.5V).

In this cdculation, it is assumed that the minimum voltage & which a cdl would
operate is0.5V. The maximum mass flow rate for hydrogen is cdculated to be 152
SLPM. A similar computation relates the aurrent and the oxygen massflow rate.
Typicdly, the ar stoichiometric ratio rangesfrom 2 to 2.5. The following cdculation
reaultsin amaximum air massflow rate of 453 SLPM.
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. 4.760M , OPLSR,
Mair = E D 6 Air RAIF (2)
2 nOF DV,

where,
P = the maximum power for the goparatus (5000W),

SR,, = the design stoichiometric ratio for air (2.5),

M ,, = themolar weight of air (28.97 g/gmol),

n = the number of electrons (2),
F = Faradday’ s constant (96484C/mol), and
V. =the desgncdl voltage (0.5V).

The minimum massflow criteria ae esablished by the range of the massflow
controllers. The controllers purchased are cgable of metering flows greaer than 2
percent of full scale. This cndtionreailted in minimum flows of 0.8 SLPM for the fuel

system and 2SLPM for the oxidant system.

3.1.1.2 Temperature

The temperature requirements of the fuel cdl test apparatus depend onthe stack
itself. Ead stadk and membrane have edfic temperature limits. Theselimits have
impads on the type of material used in construction d the test apparatus and onthe
capabilitiesof the heaers and humidifiers. Typica PBEM fuel cdls operate in the range of
60-80°C. For desgn purposes an upper limit of 80°C for the water leaving the fuel cell
andfor the inlet gaseswasused. The minimum temperature aiteriais established bythe
ladk of refrigerated coaling capability, and, therefore, the minimum temperature
achievable is room temperature (approximately 22°C).

3.1.1.3 Pressure

The pressire requirements have asimilar logic to the temperature requirements
mentioned above. Thetypicd pressure limit for PEM fuel cdlsis gproximately 400 KPa
14



gauge. Similar to the temperature aiteria, the minimum pressire is amospheric
pressire. However, the minimum working pressure is determined by the individual fuel

cdl andthe pressire drop as®ciated with the gas greams flowing through the gack.

3.1.1.4 Humidity

The water balance of afuel cell isone of the most difficult obstaclesto overcome.
The adition of toolittle water to the gas $reams can dry the membranes and cause
saious damage. On the other hand, too much water in the gas g4reams can lead to
floodngin the membrane, which prevents the transport of gasto the reaction sites and
limits performance. At the preset time, humidificaion d the gaseds the bed way of
controlli ng the water balancein the fuel cell. Therefore, the teg apparatus oud have
the capability of fully humidifying both gasesat the highest temperature and loweg

pressire.

3.1.2 Control Requirements

As mentioned ealier, the ted apparatus is designed to control the operating
variablesthat have an impad on the performance of the fuel cdl. Additionally, the teg
apparatus an make important deasions that cannot be made by the operator. Some of
the aontrolling cgpability is automatic (set and controlled by the cmputer), and the
operator setsthe remaining controls. In general, those ontrols sé by the operator are
controll ed with an instrument with the sé point adjusted by the operator.

3.1.2.1 Computer controls

Idedly, all parameters would be automaticdly controlled and adjusted throughthe
computer interface bu thisincreases the complexity and cost of the teg apparatus.
Therefore, only certain variableswere cdhosen for computer control. The massflow of the
inlet gasesthe dectronic load, and the temperature of the @oling water and water
resevoir are all controlled automaticdly with se points adjusted throughthe computer

interface

3.1.2.2 Manual controls

The gastemperatures pressires and rumidity levels ae ajusted dredly by the
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operator. The gaspresaures for instance, will be hand adjusted onthe pressire
regulators. The temperaturesof the ar and hydrogen will be controll ed automaticaly,
but the set points will be manually input to the heater control unit. Unlike some other

variables thesevariables do nd require emergency computer adjustment.

3.1.2.3 Safety overrides

Fuel cdl systemsrequire constant attention. Dangerous cnditions can occur
quickly that can affed the sdety of the fuel cdl andthe operator. Certain well-
edablished overrideshave been laid ou and must be included in the control strategy for
the test apparatus. The most important override is an emergency kill switch that purges
the fuel cell with nitrogen and dsengagesthe load. Thiswould be important in the event
of ahydrogen le&k. Additionaly, for the protedion d the fuel cdl itsdf, the load must
be disengaged if any of the cdl voltagesdrop below a presé limit. This condtioncan
happen quickly, so it must be monitored and acted upon bya wmputer.

3.2 System Designs

With the desgn criteria determined, the detail ed desgn o the fuel cdl test
apparatus @an be acomplished. The desgn d each comporent is described in the
following sections. While ome of these omponents were desgned upfront and rever
adjusted, aher comporent desgns were revised or refined based oninitial teding d the

apparatus.

3.2.1 Fuel and Oxidant Gases

The fuel and oxdant conditioning systems ae very similar in desgn. These
systems ae regorsible for supdying the gad with the reactant gaseqhydrogen and air)
at the desred condtions. Generaly, the gases ee supgied to the dad througha seies
of comporents that regulate massflow, pressire, temperature, and humidity level. The

comporent desgns are shown in detail i n the following sections.

The mnredions between comporents for eat system are made with 316
stainlesssteel tubing to reducethe number of caions transferred to the readant gases
The inside diameter of the tubing aff eds the velocity and pressure drop in the g/stem.
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The velocity of ead fluid depends diredly onthe tubing size and flow rate (determined
previously). Assumingided gasbehavior,

VAT S— 3)

Rgas |:rgas
where,

Mgas = the massflow rate for eat gas

Py = thelowest pressire for each gas
T,.s = the highest temperature for ead gas

Ryas = the gas mnstant for ead gas, and
A =the qoss setiona areaof the tubing.

Thesevelocities ae used in the calculation d the pressire drop for ead case
The pressire drop for turbulent flows depends on the gasdensity, visasity, and el ocity
aswell asthe diameter of the tube. The foll owing equation relatesthese quantitiesto the
pressire drop per length of tube:

AP

Congth 0.1580p " i, 2 [ ™ W7 (4)

where,

P s = the dengity of ead gas
H 4os = the viscosity of ead gas

d = the inside diameter of the tubing, and

17



V = the velocity of ead gas

In order to reducethe noise ceaed by the flow of gasthrough the tubing, the gas
velocities were designed to stay below 25 m/s. Using this criteria, the fuel lineswill use
Y5" tubing, andthe ar lineswill use %4’ tubing. Additionally, this criteria corregponds to
apressire drop d lessthan 20Pascas per meter for thesetubing sizes whichislow
enoughto prevent pressire drop from having a significant effed on stad operation.

Althoughthe line szes are different, individual components comprising the two
gas sippy systems ae essaitialy the sane. The mgjor differencesare the supdy and
pressire regulation. The heaing, humidificaion, and control of the massflow ratesare
amost exadly alike. Each desgnisdescibed in detail below.

3.2.1.1 Mass Flow

Asdisaussd in section 3.1.1.1 the maximum massflows ae determined bythe
maximum power and stoichiometry. The supgiesof the two gasesoriginate from
different sources bu their control isthe same. The oxidant, air, is supdied bya
compres®r. The ar compres®r must conform to strict standardsin order to keep the air
freeof substancesthat could obstruct the membrane or destroy the ctalyst. The
compres®r must be oil-freg andideally, the wetted parts of the mmpres®r would be
manufadured of 316stainlessstedl, but a mmpres®r such asthiswould be unrea®nably
expensive. Therefore, the ar is supplied byan al-free ar compres®r with aluminum
internal parts and a galvanized steel tank. It isasumed that the ar in the tank is stagnant,
andtherefore, it will nat carry any droplets water, which could contain the harmful
caions, into the gystem. The hydrogen is supfdied from compressé gas battles
Althoughthe battlesare cabonsted, thereislittle or no concern of picking upions

becausethe gasisdry.

Both fuel and oxdant gases & measured and controlled with programmable
massflow controllers. Thesedevices aie mmputer controlled. In order to provide
sufficient measirement and control acairacy, two massflow controll ers are useal for each
gas ystem. A highrange massflow controller covers the entire range of massflows for
the gecified system, but alow range @ntroller will be used to measire and control mass
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flowsin the lower end d the highrange controllers.

3.2.1.2 Temperature

The temperature of the readant gases entering the fuel cdl must usually be
greder than room temperature, bu both the air compres®r and hydogen tank supgy the
gas a room temperature. The heaing of the gasesis acompli shed with resstance
heaers, bu the methods ae dightly different. Thisdifferenceis areallt of the
flammabili ty of diatomic hydrogen. While the air can be heated with alarge heat flux
produced by high heaer surfacetemperatures greaer care must be taken to prevent the
hydrogen from reading its flammability limit (570°C). Therefore, the hydrogen must be
heaed at alower hed flux. Unfortunately, pre-manufadured in-line gas heaers

generaly use large hea fluxesto shorten the heater length.

The anount of hed that is required to raisethe gas temperature to a particul ar
inlet temperature set point could be determined with a Smple energy balance. However,
the gaseseed to be heated well above the fuel cell i nlet temperature to ensure that the
temperature dter humidificationis approximately equal to the upper temperature limit.
The total amount of energy that must be added to provide heating and humidificationis
determined in se¢ion3.2.1.4

Additionaly, low massflow rates and high temperature diff erencesrequire that
thetubing be insulated. Thisis epecially important due to the highly humidified gas
Coding d either gaswill cause @®ndensaion d the water vapor, and this cndensaion
could quckly causeflooding d the fuel cell.

3.2.1.3 Pressure

Dueto the differencein gas sipgies the pressure regulation will also be dightly
different. Additionaly, thefad that the hydrogen isrun dead-ended, whilethe ar isin an
open system, will change the pressire regulation schemes The regulation of the
hydrogen pressire, which is shown in Figure 3-1, will be as ssmple as banging the
pressire sdting onthe regulators. Adjustment of the filter regulator changesthe pressure
a (1), andthe presaire at the inlet of the fuel cdl (2) depends on the pressure drop

throughthe g/stem. In this steme, the massflow controller doesnaot control the flow of
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hydrogen aslongits sé point is greater than the amourt of fuel the gad isusing.

The ar, becauseit is run open-ended, will require abadkpressure regulator. The
badk-presaire regulator controls the pressire & point (2) in Figure 3-2, and afilter
regulator positioned before the massflow controll er will sd point (1) to ahigher presaure
acordingto the pressure drop d the entire system. A schematic of the ar pressire
regulating systemis shown in Figure 3-2 below:

The dr inthe mmpres®r tank variesin pressire depending on the amount of air
used sincethe last compres®r cycle, but the first pressire regulator kegos the system
pressire downstream (1) steady with changesin tank pressure. The pressure of the fuel
cdl inlet gaswill be equal to the presaure just before the backpressire regulator (2) plus
any presaire drop through the fuel cell. Likewise the pressure just downstream of the
massflow controller isthe pressire & the inlet of the fuel cdl plus any pressire drop
between there and the massflow controller. The massflow controller creates apressire
dropitself in order to control the anourt of massflowing throughthe g/stem. The mass

flow controller will adjust the orifice sizein order to produce the desired massflow.

0.0 = () 2 | Fud cell
O I_I & Tubing { — P Exhaust
to Atm.
Filter MassFlow Bal Vave

Regulator Controller

Tank and Regulator

Figure 3-1. Hydrogen presaure regulation schematic

N | I
INGERSOLL -RAND I_I & Tubi ng > Exhaust

to Atm.
Air Filter Mass Flow Back-Pressure
Compressor Regul ator Controller Regulator

Figure 3-2. Air presaire regulation schematic
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3.2.1.4 Humidity

Humidification d gas $reamsto nea saurationisadifficult process especially
at higher temperatures. The prototype test apparatus will spray water into the previously
heaed gasto provide humidificaion. The foll owing caculation shows the ideal amount
of water needed to humidify air to the desred relative humidity and oulet temperature.
The amourt of water required for humidificaionis basel onthe massflow of the ar and
the gecified inlet condtions:

Mu = Mees (@ = 0,) (5)

where,

r.ngas = the massflow rate of eat gas

w, = the Durce gashumidity ratio, and

w = the design humidity ratio of ead gas dtheinlet to the fuel cdl.
The humidity ratio, w, isgiven by.

W= M wr D CD |:|r‘)sat(-|-out) , (6)
M gas P-® Dpsat (Tout)

where,
P =the design pressrre,

Psat = the saturation pressure & the temperature, T,,,,

T,..= thetemperature of the gas a the inlet to the fuel cdl, and

@ =therelative humidity of the gas
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Therefore, the humidity ratio and the amourt of water required for humidification
can be determined knowing the temperature, pressure, and the relative humidity of both
theinlet and outlet gases. The volumetric flow of humidificaion water for eat gas
strean isfound bycombining equations (5) and (6) and introducing the density of water:

\./W :i MW H q)fci Ijpsat(-rfci) _ CDO Dpsat(To) E (7)

m. pw M gas EKPfci - fci |]psat (chi )) (Po - cl)o Dpsat (To ))E

gas

where,

p,,= the density of water (1000kg/m?),

M,y = the molar weight of water (18.02 g/gmol),
Mgas = the molar weight of ead gas

@ . = therelative humidity at the fuel cell inlet,

fei
Tt = the temperature of eat gas dthe fuel cell inlet,
Psi = the presaure of each gas a@the fuel cell inlet,

® = the relative humidity of the ourcegas

T, = the temperature of the urcegas, and
o = the presaure of the ©urcegas

The water required to humidify the ar stream is baseal onthe humidity ratio of
saurated air at the urce, which corregponds to the temperature and pressure in the tank
(25°C, 690 Wagauge). Determination d the water needed to humidify the hydrogen
stream is gsmilar, except the initial humidity ratio is assmed to be zro, a completely
dry. The plotsin Figure 3-3 show the millil iters of water per standard liter of gasneeded
to humidify the gasedo the desired relative humidity and temperature. As expeded, the
amourt of humidificaion water increasesvith outlet temperature and relative humidity.
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The plots also indicate that asthe temperature rises, the necessary water increasesby a
greda ded, espedally at higher humidity levels. For example, at 90 percent relative
humidity aimost ten times asnuch water is needed if the outlet temperature is doubled
from 40°C to 80C.

The amourt of water required to humidify the two gas $reamsis practicdly the
same onamassflow bags. Thisrealltsfrom the definition d the relative humidity. The
relative humidity of a gas depends on the vapor pressire, which is related to the mole
fradion d water in the mixture, and the sturation pressire, which depends onthe gas
temperature. Therefore, the water required to humidify aunit of massof the two gasesto
the same temperature and relative humidity would beidentical if ead started completely
dry, bu there is adight difference due to the initial amourt of water in the ar. Of
course the actual amount of water needed for each gas $ream isdrasticdly different due

to the large diff erencein massflows ratesof the two gases

The flow of humidificaionwater is supgied byadeionization bed conrected to a
city water source and is controlled with small valve-adjusted flow meters. The adual
flow ratesfor the humidification water need to be much higher than the calculated value
becaise aarge portion o the water will be grayed orto the tubingwalls. For this
rea®n, dain traps must be installed downstream of the gray nozzlesto disposeof any
excesswater. Also, any large droplets of water in the gasstreams must be knocked ot to
prevent them from flowing into the fuel cdl and passbly floodingit. Thisis
acaomplished with an gpen spaceof significantly larger diameter in order to slow the

velocity of the gas ad remove the droplets.

The vaporization d this anourt of water requires alarge anount of energy,
whichis alled the enthalpy o vaporization. Normally, this energy would be provided by
the gas decreasng itstemperature. In arder to yield humidified hyd-ogen and air at the
spedfied fuel cell inlet temperature, a heaer will add energy to the humidificaion
process The necesary hed to be added is clculated using the cnsevation o energy.
Asaumingthe ar and hydrogen are ided gases the anount of hed necesary to achieve

the desired relative humidity and autlet temperature is determined by
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.i = (hgas(chi )+ wfci |:hw,g (chi )) - (hgas(To ) + wo |:ho,g (To )) - (wfci - wo ) |:hw,f ' (8)
Mgas

where,

hgas(Tfci ): the enthalpy of ead gas & Tiq, the temperature of the gas atheinlet
to the fuel cell,

w;.; = the humidity ratio at theinlet to the fuel cdl,

h, g (chi ): the enthalpy water vapor at Ty, the temperature of the gas @ theinlet
to the fuel cell,

hyas(To ) = the enthalpy o eadh gas a T, the temperature of the urce gas

w, = the humidity ratio of the urcegas,

h,,q (T, )= the enthal py water vapor at Tp, the temperature of the sourcegas and
ha ¢ (Tms) = the enthalpy of liquid water at Tamp, the ambient temperature.

The plotsin Figure 3-4 show the anourt of energy per standard liter of gasthat
must be added to humidify ead gasto the ecified RH and temperature. As expeded, it
requires agrea deal of energy to hea and humidify the inlet streans, egecialy to the
higher temperature and rumidity levels. Similar to the plots showing the required
amourt of water for humidification, the anourt of additional energy required to humidify
aunit of massof ead of thetwo gasesis essentially the same. Becausethetwo gases
require gproximately the same amount of water for humidification, the spedfic energy
required to humidify the gasess dso approximately equal. Similar to the required
humidificaion water, the acua heat required dffers between the two gas dreans

becaiseof the diff erence in their massflow rates.
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3.2.2 Coolant Water
The modant water is an extremely important system in the fuel cdl test apparatus.
With an owerall efficiency nea 50 percent, fuel cell syield approximately asmuch hea as
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they doeledricity, and coolant water isrequired to transfer the hea from the fuel cdl.
Also, the aolant water is primarily regporsible for kegpingthe fuel cdl at a cmnstant
temperature, which increaseghe dficiency of the gack. The water, hovever, must be

very purein order to prevent eledricity from flowing through it.

3.2.2.1 Flow

The adingwater is gored in alarge tank, which is szed according to its thermal
cgoadty. Thetank, a resevoir, will have the thermal cgpaaty for five minutesof hest
removal from the gad at its maximum thermal power output. The tank vdume

cdculationis shown below:

Vreservoir = & (9)
Pu, E:p,w AT

where,

At = the anourt of elapsed time (300se®nds),

(i)z the maximum amourt of hea generated bythe fuel cdl (10 kW),
p,,= the density of water (1000 kgm?),

Cp,w = the Pedfic heat of water (4184 Jkg K), and
AT = the all owable temperature rise(10K).

Using thesevalues the resevoir volume wasdetermined to be 72 liters. The
water is drculated through the dadk by a pump. The maximum flow rate is determined
by the anount of hea that must be removed from the fuel cdl The maximum flow rate
wasdesgned to remove 10 kW, which is twicethe maximum eledrical power, at aten

degreetemperaturerise The cdculationis shown below.

V. (10
Puo (€, AT
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where,

Q: the maximum amourt of hea generated bythe fuel cdl (10kWw),
p,,= the density of water (1000 kgm®),

Cp,w = the Pedfic heat of water (4184 Jkg K), and
AT = the all owable temperature rise(10K).

The maximum flow rate of codlant water, using the values @ove, is 18 LPM.
Sincethe pump runs & asingle eed, athree-way valve that directs the coolant water
either to the fuel cdl or badk into the resevoir will control the flow rate. Thisvalve @an
be adjusted to gude more or less water to the fuel cdl. The pump must have 316
stainlesssteel or better wetted parts to maintain the purity of the water.

3.2.2.2 Temperature

Animmersion heder in the gorage tank will hea the circulating water in order to
keep the water at the desired temperature during start-up. The heder is desgned to hea
the tank of water from 21°C to 60T in ore hou. The dorage tank temperature will be
controlled by a cmbination d a high-limit controll er and the measirement and control
program. A definite-purpose ontactor will be placed in the power line to theimmersion
heaer. The computer program will chooseto open or closethe contactor depending on
the temperature of the reservoir. The wntrol program will use a smple or/off control
with adeadbandto keep the tank temperature at the sé level. The high-limit controller
will have the caability to breek the arcuit for the contactor, if the tank temperature rises
above the high-limit se paint.

Whil e the water isinitially heaed in the reservoir, duing operation, the
temperature of the codant at the inlet to the fuel cdl must be cntroll ed to keep the stack
at a anstant temperature. To control the temperature of the fuel cell, the codant water
flows througha hea exchanger. Cold city water flows curterflow through the other

side of the hea exchanger. The flow rate of city water through the heat exchanger is
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varied to adjust the temperature of the awolant water. Thisflow rate is aljusted with an
electronicdly aduated gobe valve placed at the drain. Openingthe valveincreaseshe
hea transfer and lowers the molant water temperature, and closing the valve raisesthe

circulating water temperature.

3.2.2.3 Purity

For many stadk desgns, the aodant water isin direct contad with the electricdly
conductive comporents. Thus, the resistivity of the codant water must be maintained
and monitored. A regstivity sensor is mourted in the water line to measire the purity of
the water. The aodant water should na have aresstivity of lessthan 2MQ-cm. This
level of purity will be maintained with a dean system at start-up and an in-line deionizing
bed. An additiona deionizingbed provides a apply of purified water for filli ng the tank,
cleaning parts, etc.

3.2.3 Load

The dectric load isthe driving force for the entire fuel cdl and, therefore, for the
ted apparatus. Applying aload to the fuel cdl at the wrongtime can cause €rious
damage to the device  Becauseof this, the load applied to the gadk must be
programmable and must have the capability of disengaging quickly under the ntrol of a

computer.

Fuel cdlsarelow voltage and high current devices and the eledric load must
have the capability to measire and draw loads such asthis. The test apparatusis
desgned to invedigate low power fuel cdls, which means that the voltage acossthe

stadk may only be 2-3 volts while the aurrent is ashigh as500 amps.

3.2.4 Measurement/Control

Finaly, the teq apparatus will have the aility to record data, control comporents,
and make aiticd decisions. Thiswill be acomplished with a cmputer controlled data
aqquisition and control system. The g/stem must to be ale to monitor criticd values
fager than twice a seond and make dedsions according to the measirements. It will

also have the cgability to adjust set points of certain control devicesby varyingtheir
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signal voltages Additionaly, the measirement and control program will need to dsplay
all the important data during testing.
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4 TEST APPARATUS CONSTRUCTION

The teg apparatus wasconstructed to mee the desgn criteria se forth in the
previous dnapter. As @nstruction progressé, systems were evaluated andrevised as

necesary to provide the required performance

4.1 Basic Materials

All of the cnnedions between components use316 stainless teel tubing. Grea
care wastaken to ensure that the g/stem was dean when as&mbled. All of the tubing
was ¢eaned with isopropyl acohoal, flushed with deionized water, and down ou with
nitrogen. The tubingwas ait with atube autter, and any burs remaining were removed

before assmbly.

Stainlesssteel compresson fittings ae used in every possble tubing connedion.
All other connedions ae threaded pipe fittings. Gasline or military grade Teflontapeis
usead in all threaded pipefittings. Teflontape $ould always be used onevery 316
stainlesssteel conrection to prevent gauling o threads. Turnsin the tubing lineswere
bent where passble. Bending the tubing reduced the pressure drop and lowered fitting
costs aswell asreducing the oppatunity for leaks. Sometight turns could na be
acomplished with the tubing bender, and compresson tubing elbows were used.

All low voltage wiring (lessthan 120 VAC) except thermocouplesusestwo-
conductor, shielded, 22gauge wire with aground wire. Thermocoudesuse24 gauge
type T thermocoupe wire. Power wiring for 120 VAC circuits userubber jacketed
copper wire greder than 18gauge. High current and low voltage conredions to the fuel
cdl use1/0 gauge wire or greater in order to reduce Ohmic regstance

4.2 Layout

The teg apparatus consists of adisplay board, awater system modue, a heaing
and humidifying modue, and a data aquisition cabinet. Appendix 2 shows aplan view
of the teg apparatus bay in the Ware Lab, and Figure 4-1 shows a sbematic of the entire
ted apparatus. The majority of components ae dtaded to the display board to ease
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explanation and demonstration d the tes apparatus. The water modue needed to be
adjacent to the display board dueto the large Szeof the reservoir tank. The ar and
hydrogen heaters ae placed ona small stand dredly in front of the display board, and
the computer, data aquisition mainframe, and eledric load are placed in amoveadle

cabinet with locking darsfor searity purposes

4.2.1 Fuel

The fuel system is primarily located onthe display board flowing from left to
right. The hydrogen bdtle, which is asggned part number H-1 referencing Figure 3in
Appendix 2,ispasitioned at the leftmost part of the display board. Hydrogen flows
throughthe primary pressure regulator (H-2) directly out of the battle. Next, anormally
closed solenoid valve (H-3) prevents the flow of hydrogen if the enmergency switchis
depressé. Thisdedgnrequireselectricd current throughthe solenoid to al ow the flow
of hydrogen. After the solenaid, the seondary regulator (H-4), which includes &filter as
well, is used to control the final pressurein the fuel line. The hydrogen then travels
through ore of two massflow controllers. One of the massflow controllers (H-6) is used
for massflow ratesof hydrogen greater than 40SLPM, and the other (H-7) controls
massflow ratesbetween 0.8and 40SLPM. A 316 SSthreeway valve (H-5) all owsthe
operator to choosewhich controll er to usedepending onthe desired massflow rate. The
massflow controllers will measire the hydrogen flow and report it to the data aquisition
system and control the hydrogen flow in reporse to asignal from the data aqjuisition

system.

Foll owing the massflow controllers, a ched valve (H-8) prevents back flow of gasinto
the massflow controllers for any reason. The hydrogen flows to the heaing and
humidificaion modue whereit is heaed in along peceof tubing wrapped with arope
heder (H-9). The temperature of the heaed hydrogen is measired with athermocouge
(H-10). The Eurotherm heaer control unit adjusts the heaer power acoording to this
temperature. After the heaer and thermocoupe, the gasflow splits. A small portion of
the flow is used to atomizewater in the ray nozzle (H-12c) located in the spray
chamber (H-12). The remaining flow entersthe gray chamber itsdf. A globe valve (H-

11) after the flow separationis used to balancethe flow between the atomizing line and
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the main flow. The globe valveis adjusted to attain the desired pressire diff erence
between the main flow and nazze flow. The small amourt of flow entering the gpray
nozzeis, therefore, at a higher pressure, which credes afiner atomizaion of water for
humidificaion. Both o thes linesare connected to a pressure gauge (H-17) with a
three-way valve (H-16) to measire the presaire of either flow onthe same gauge.

From the goray chamber, afine mist of water is sprayed dovnstreamn with the
hydrogen in order to increasdts humidity level. Thiswater is supdied from adeionizing
bed at the water modue. Before entering the nozze, the water must flow througha ball
valve (H-13) and a dhedk valve (H-14). Then, aflow meter (H-15) with aflow control
valve oontrols the volume of water entering the humidifier. After the water is grayed
into the hydrogen, the hydrogen and water mix humidifying the gas while arope heater
(H-19) adds hed to the process Next, the mixture enters a €paration chamber (H-20) of
significantly greaer diameter. The flow velocity isreduced, and any droplets of water
areremoved from the gas $ream. Any separated liquid water flowsinto adrain trap (H-
18) located below the separation chamber. The gray chamber also hasadrain

conredion that enters the sane trap.

Finally, the hydrogen flows pag athermocoupe (H-21), pressire transducer (H-
22), and relative humidity sensor (H-23) just before entering the fuel cdl (H-25).
However, the gasflow can also be direded around the fuel cell. An operator controlled
three-way valve (H-24) guidesthe gas $ream through @ around the fuel cell. This
all ows the hydrogen to read the proper condtions before being dreded into the gack.

At the outlet to the fuel cell (H-26), achedk valve (H-27) prevents unintentional
badkflow into the dack. Duringatest, the fuel cdl exit gas $reanis sopped by aball
valve (H-31). Ancther drain trap (H-29), which has avent (H-30) connected to the fuel
cdl bypass islocated after the fuel cell to collect any liquid water. Also, anormally
open solenoid valve (H-28) is placed after the fuel cdl to releasethe hydrogen to the
atmosphere in caseof an emergency. The hydrogen line is exhausted to the roof of the
building throughan additional ball valve (H-32). A flame aredor (H-33) isplaced at the

exhaust point to prevent any flamesfrom traveling badkwards throughthe exhaust should
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there be an ignition at the ouitlet.

4.2.2 Oxidant

The oxidant system layout, which is hown in Figure 4 of Appendix 2, isvery
similar to the fuel system. Whereasthe fuel system starts with the hydrogen tank, the
oxidant system originates & the ar compres®r (A-1), which islocated in the badk left
corner of the Ware Lab bay. A length of 316stainlesssteel pipe bringsthe ar from the
compres®r to the left side of the display board. Similar to the hydrogen, anormally-
closed solenoid valve (A-2) is placed just before the ar filter regulator (A-3). This
solenaid valve dosesto automaticaly engage the purge s/stem in emergency situations.
The pressire regulator kegps the ar pressire in the fuel cdl constant while the
compres®r tank variesin pressire. The operator directsthe ar to either the high (A-5)
or low (A-6) range massflow controller with a 3-way valve (A-4). The massflow
controll er, which communicateswith the data a@uisition system, makesmeasirements

and adjusts avalve to control the anourt of airfl ow.

After the massflow controller, the ar passeshrougha ded valve (A-7) and
procedls to the heaing and humidificaion modue. The flow path of the ar is smilar to
that of the hydrogen, bu one diff erence occurs just before the heaer. The Omegain-line
air heater (A-8) cannot hand e the maximum flow rate of air, so abypassline with a
globe valve (A-9) adjusts the anourt of air flowing throughthe heaer. Similar to the
hydrogen system, athermocoupe (A-10) measuresthe heder outlet temperature and
relaysit to the Eurotherm controller. The ar flows from the heaer or bypass adis split
exadly like the hydrogen in order to provide hot air to the gray nozzle (A-12c). A globe
valve (A-11) adjusts the anourt of air flowing through @ around the gray nozzle by
reducing the pressire of the ar flowing aroundthe gray nozzle. Again, the pressire
differenceis usdal to create afine atomization d water for humidification. Asinthe
hydrogen system, a pressire gauge (A-17) with a 3-way valve (A-16) measiresthat

pressire difference

The ar then flows throughthe gray chamber (A-12), and the humidificaion
water is Prayed into the hot air. The humidification water originates from the sane
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source aghe humidification water for the hydrogen, and just like the hydrogen, the water
flows throughaball valve (A-13), ached valve (A-14), and awater flow meter (A-15),
which has avalve to control the flow rate. Inthe gas $ream, ancther rope heder (A-19),
which isidentical to thoseusead onthe fuel system (H-9 and H-19), is used to add heat to
the humidificaion processin the length o tube between the spray chamber and the
separator. The hot mixture flows into the water separator (A-20) where the water
dropletsin the ar separate from the humid air. Theliquid water is wllected in adrain
trap (A-18) exadly like thoseused in the hydrogen system. Thedrain trap islocaed
below the sparator, and it removeswater from both the gray chamber and the water
separator.

Next, the hot, humid air flows toward the fuel cell inlet (A-25), bu just before it
arrives the measirement and control program reals the temperature (A-21), pressire (A-
22), and relative humidity (A-23). Similar to the hydrogen system, the ar can be
bypasse aroundthe fuel cdl by changing the position o athreeway valve (A-24). The
bypass onnedsto the fuel cell outlet (A-26), where a dieck valve (A-27) prevents any
reverse flow to the stack. In either mode (bypassor fuel cdl), any liquid water in the
flow is mllected in atrap (A-29) and drained. The trap vent (A-30) connedsto the
exhaust just before the badkpressure regulator (A-28). The badkpressire regulator is a
spring-loaded valve that kegos the upstream gaspressire & the desred level. Turninga
knob,which compresse®r decompresseshe ring, adjusts the pressire séting. A ball
valve (A-31) islocaed in the tubing that leads to the roof where it is exhausted to the
atmosphere.

4.2.3 Coolant

Figures5 and 7in Appendix 2 detail the cdant water system, which includes
comporents on the display board and the water modue. The modue consists of a
resevoir, pump, two deionizing chambers, filter housing, heat exchanger, flow meter,
badflow preventer, and aflow control valve. The heaed, deionized water is stored in
the reservoir (C-1) until drawn ou by the pump (C-3) or flushed to the drain by ogening a
ball valve (C-2). Whilein the tank, the water is heaed by an immersion reder (C-1b).

A thermocouple (C-1c) meagsiresthe reservoir water temperature, and alevel switch (C-
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13) tell sthe @ntrol program if the tank has an acceptable anourt of water. The water
discharged from the pump can be direded through the malant line or to the reservoir
return (C-5) by athree-way valve (C-4). Theresistivity of the line water is measired (C-
6) before it flows through an in-line deionizing bed (C-7) and filter (C-8). After thefilter,
the water flows into the plate hea exchanger (C-9) where mld city water codsthe
coolant to the temperature required to maintain the fuel cdl outlet temperature. An
electricdly aduated valve (C-10) adjusts the cold water flow rate.

After the heat exchanger, the water flow rate is measired by aturbine flow meter
(C-11) andflowsinto alongrun d tubing towards the display board and fuel cdl.
Before the water entersthe fuel cell, the data aquisition system records its pressure (C-
13) and athermocoupe (C-12a) reads the inlet temperature for the diff erential
temperature meter (C-12), which transmits the temperature diff erence between the inlet
and oulet to the data aquisition unt. The modant receiveshed asit circulates through
the fuel cell, and, after exiting the stad, the outlet pressure reading is taken aswell as
two temperature measirements. The first thermocoupe (C-18) sends the ouitlet
temperature to the ntrol program, and the seond thermocoupe (C-12b) is usal bythe
differential temperature meter. The operator may turn athree-way valve (C-17) to bypass
the water aroundthe fuel cdl duringthe molant water system start-up. Finally, the water
returns throughalonglength of tubing to the reservoir.

4.2.4 Load

The dectrical load islocated drectly to the right of the display board in the data
aquisition cabinet. Large 1/0 gauge wire mnrects the load to the bus platesof the fuel
cdl. The computer program controls the load seting, and two sdeties ae present to
ensure that the operator and fuel cdl stay clea of danger. First, the load setingis
conreded to anormally open relay, which losespower when the enmergency switch is
tripped. Also, the computer program monitors the cel voltagesof the fuel cell and can

switch off theload when orefals below a sdie limit.

425 Measurement/Control

A LabVIEW program governs the measirement and control routines The
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program communicateswith a sgarate HP data aquisition unt and an analog ouput
voltage card in the PC to read and control al of the devices. A wiringschematicis
shown in the Figure 4-2 below. The very first priority of the program isto monitor the
individual cell voltages of the gadk. It reads these voltages every 0.5seconds and makes
adedsionbaseal onthereallt. If any o the voltagesislessthan 0.4 vdts, the switch
throughwhich the load signal passess disengaged removing the load.

The next priority is given to reading the measirement instruments throughou the
system. Dueto the $ow nature of the cmmmunicaion ketween the LabVIEW program
and the HP data aquisition system, the instrument readings are taken two channels & a
time dongwith the cell voltages. A complete se of readings is taken approximately
every five sconds. In thisfive seond period d time, the cél voltages ae monitored a
total of ninetimes The instrument valuesare then dsplayed onthe panel andin graphs
for eath of the different systems. Finally, the operator can prompt the program to make
changesto the cntrol settings.

PC Junction Box
From HP44708 (DCv) From HP44708 (TC, DCV) v
B
|
From HP-IB [
= - > To/From
E— 15V Test Stand
From NI PCI-6713 HP-38524 —r— /
From HP44725
= DCV Buses (Switch)
Connéctor Block ~ ~Analog Output
Wire Bundle

Figure 4-2. Measurement / Control Wiring Schematic

4.3 Assembly

Theinitial implementation d the fuel cdl test apparatus differed slightly from the
original design. Problems were found with afew sdeded comporents, and temporary
desgn adjustments were made. First, the turbine flow meter in the codant system

stopped respondng. It wasreplacel with avariable aeawater flow meter just before the
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regstivity transmitter (C-6 in Appendix 2 figure 8). The temporary flow meter wasused
to develop arelationship between the codant pressure drop and flow rate for the fuel cell.
During atest, the flow meter wasreplaced with alength of 316 stainlesssteel tubing, and

the pressure drop wasused to determine the walant flow throughthe gack.

Additionaly, the dedrically actuated control valve (C-10in Appendix 2 figure 8)
that adjusted the aty water flow throughthe heat exchanger repeaedly malfunctioned.
Therefore, aglobe valve wasplacel at the drain of the mld water loopin the heat
exchanger. The valve wasmanually adjusted to set the fuel cell outlet temperature of the
codant to the desred value.

The following sedions descibe in detail the individual comporents used in the
original design d thetest apparatus and in the initial implementation.

4.3.1 Fuel and Oxidant

The gasdelivery systems ae mnstructed with the comporents ecified in the
following sections. The part numbers li sted correspondto thosein Appendix 2. First,
any devices mmmonto bah the air and hydogen systems ae descibed. Then
comporents unique to each system are disaussed.

4.3.1.1 Common Devices

MassFlow Controllers (H-6, H-7, A-5, and A-6)

Sierra Side-Trak model 840 massflow controllers ae used to control and measire
the flow of hydrogen and air through the g/stem. The dectricd conrections for the
Sierramassflow controllers are made with an included card conredor on top d each
controller. Each devicerequires a+15VSC and —15VDC power supdy, a0-5V input
signal, anda0-5V output signal connedion. Theinpu and autput signals ae
propartional to the maximum massflow ratesof the valves

Table 4-1 Spedficationsfor Sierra massflow controllers
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Mass Flow Range | Accuracy Tube

System | Range (SLPM) (SLPM) Connections
Hydrogen| Low 0-40 +/- 0.4 1/4”
Hydrogen | High 0-170 +/- 1.7 1/2”
Air Low 0-100 +/- 1.0 3/8”
Air High 0-500 +/- 5.0 1/2”

Table 4-1 shows the mass flow ranges acarracy, andthe mnnedionsfor ead of
the controllers. The acaracy is+ 1 percent of the full-scale massflow for eat

controller.

The dectrical conrections for the Sierra massflow controllers ae made with an
included card connedor ontop d ead controller. Each devicerequiresa+15VDC and
—15VDC power suppdy, a0-5V input signal, and a0-5 V output signal connedion. The
inpu and autput signals ae proportional to the maximum flow ratesof the valve.

Filter Regulator (H-4 and A-3)

Both gas ystems useWaitts stadked filter regulators to control li ne pressire and
eliminate droplets of water from the flow. Water droplets must be removed from the gas
streans before entering the massflow controllers. Thesefilter regulators are constructed
of 316stainless el and are caable of regulating pressiresupto 125 sig. The outlet
pressire is adjustable by a knobatop the device, which can be locked in pasition. The
regulators have three%s” NPT outlets. One outlet is used to transfer the regulated gasto
the g/stem, and ore of the outlets leads to a0-150 psig pressure gauge made from 316
stainlessstee!.

Humidifier (H-12and A-12)

Gas g$ream humidificaion wuses eBete Pray nozzle in amanufadured housing to inject
atomized water into the gas Greder atomizaion d the water can be adieved byflowing
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SECTION A-A

Figure 4-3. Spray chamber schematic

hydrogen or air, which must be at a higher pressure than the line gas $ream, throughthe
nozzeaswell. Thenozzleis positioned inside a2’ 316stainless seel cross, whichis

shownin Figure 4-3. A flangeiswelded to thetop pat of the cross and fed

were dtaded to the bottom port. The unhumidifi ed gas eters from one of the
side ports where it flows over the gray nazzle and is injeded with atomized water.
Leaving the goray chamber, the mixture travels througha short sedion d 34’ tubing
(approximately 2 fed) where it enters the saration chamber. A 60inch, 250Watt rope
heaer is wrapped arournd the ray chamber and short length of tubing in order to provide
hed for vaporization.

The sgaration chamber is a316stainlesssted douldefilter housing. It measires
3 %2 in dameter and approximately 22’ in height. The separated liquid water drains
throughatube dtaded to the bottom of the dhamber that leads to the drain trap.

Drain Trap (H-18,H-29,A-18,and A-29)

The four drain traps in the fuel and oxidant systems ae manufadured from 316
stainlesssteel 1 %2 pipe (Figure 4-4). Onetrap islocated onthe heating and humidifying
modue for eatr humidificaion process(two traps total), and the remaining two traps

drain any liquid water from ead gas stream at the exit of the fuel cdl.

The traps operate with the useof a lenoid valve controlled by alevel switch. The
excesswater coll ects in the pipe, which lays horizontal with two rouncded end caps butt
welded to the ends. Water drainsinto the sde of the trap via a%%’ threaded couding
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Figure 4-4. Drain trap schematic

welded to the trap. The level switch also screwsinto al” threaded couding welded on
side of the pipe. The level switch is anstructed mostly from stainlesssteel (most likely
not 316), but the float is made from polypropylene. A 1/8” couplingiswelded onthe
battom of the pipe, to which the lenoid is mwnneded. The solenoid switch is normally
closed with 1/8” NPT conredions. The bodyis manufadured from 316 stainlesssteel.
The water leaving the lenaid valve travels through arubber hoseto ahub drain in the
lab. Finaly, one ¥4’ threaded coudingis dtached to the top d the pipe. Thisfinal
conredion alowsthe gasin thetrap to escpe if a dug o water blocks the drain line.
Withou the vent line, gas duck in the trap could prevent any additional water from
entering the trap, which would cause floodngin the s/stem the trap is designed to drain.
The vent is dtached downstream of the drain connedion. Therefore, any gasthat needs
to escae is pushed to alocaionin the gystem with alower pressire.

Heder Control Unit

Eurotherm model 810temperature controll ers regulate both the ar and the
hydrogen heaters. The controllers monitor atype T thermocoude and adjust the duty
cycleto al120 VAC heder in order to bring the heaer outlet temperature to the desired
sd point. The ontrollersuse a ontinuows PID control routine, which wastuned using

Eurotherm’sinstructions. The sé point is ajustable with pushbuttons onthe controller,

42



andit has an acaracy of £ 0.25 percent of the gpan of the controller.

4.3.1.2 Fuel System Components

Becauseof the nature of hydrogen, the fuel system usesdiff erent comporents for
certain sub-systems. The part numbers mentioned in ead description match thoseused

onthe g/stem diagram in Appendix 2 figures3 and 6.

Requlator (H-2)

A Concoa pressire regulator controls the hydrogen pressire leaving the bottle.
Theregulator typeis CGA type 350rated for hydrogen use and it is cnstructed of brass
Stainlesssteel wasnat used sincethe gasleaving the hydrogen badtle is extremely dry. It
has a inlet pressire rating d 4000psi, and an outlet pressure limit of 150 si. The
regulator is manually controlled with aknoband hasinlet and oulet gauges

Heder (H-9)

The hydrogen heder was constructed from %2" 316 stainlesssted tubing and ore
60" 250W rope heaer. A 50" pieceof tubingisbent 180°in two placeswhich all owed
for amore compad heaer. The rope heaer wraps aroundthe tubing approximately once
per two inchesof tubinglength. It was seared with a pieceof high temperature foil tape
(rated for 320°C). In order to ensure that the majority of hest is transferred into the
hydrogen, a 24’ pieceof galvanized steel duct surrounds the heaer asembly, and

fiberglassis quffed inside the duct insulating the heaer from the eavironment.

A thermocouple measiresthe heater outlet temperature of the hydrogen, and the
Eurotherm controller adjusts the duty cycle of the heaer depending onthe temperature
and se point. Additionally, a handheld thermocouple reader measiresthe outside wall
temperature of the heaer to ensure that the flammability limit of hydrogen is not readed.

4.3.1.3 Oxidant System Components

The oxidant system contains afew dlightly diff erent parts due to the way air is
suppied and the fad that it is not dead-ended asis the hydrogen. Similar to the fuel
system, the part numbersin the following sedions wrrespord to the system drawings
locaed in Appendix 2 figures4 and 6.
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Compres®r (A-1)

The ar compres®r wasdorated by Ingersoll-Rand. The OL5 compres®r is an
oil-free, single-stage, piston-cylinder compres®r with an aftercooler. It can produce a
maximum of 27 adm, which istransferred into an approximately 60 gallon tank. It has a
pressire switch set for approximately 125 sig. The compresor is mourted onsprings to
dampen floor vibrations, andin order to reduce the noiselevel, a und larrier wasbuilt

aroundthe compressr.

The barrier consists of two 4foot framesli ned with soundabsorbent and
refleding material. Theinner barrier has an 18inch spacealong the bottom to all ow air
to flow to and from the cmpres®r. The outer barrier starts & the floor and rises4 feet.
The combination d the two barriers forcesair and soundto travel to the floor and then
up,and all of the surfaces ae mvered with sound dampening material. This barrier
reducesthe noiselevel measired nea the display board from 100 B to 80 dB, whichis

only 8 dB abowve the 72 B baselevel, which is measired with the cmmpres®r off.

Air Heaer (A-8)

Omega Engineaing manufaduresthe AHPF081 heder for the ar from 316
stainlesssteel. Thein-line heaer isonly capable of 267 SLPM (15 cfm @ approximately
100°C and atmospheric pressire), but the maximum flow rate of air is 500 SLPM.
Therefore, abypass aound the heater allows large flow ratesto be managed. The 600
Watt heaer is powered by a120VAC circuit and is regulated with a heater controll er.
The heaer is not recommended for flow rateslessthan 32SLPM

Badk-Pressire Regulator (A-28)

The pressirein the ar lineisregulated by a sainlesssteel Fairchild 66BP
badkpressire regulator. The regulator can handle flows upto 650SLPM (23 sdm),
which is greater than the required maximum flow rate of 450SLPM. The regulator has

Y4 FPTconredions, and it has aknob for adjusting the pressure.

4.3.2 Coolant System Components

The assmbly of the moalant system requires caeful attention to the cleanliness
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andreactivity of all parts. The aodant water must be kept at very highresistivity levels
(22 MQ-cm). For thisreason, orly parts with corrosion resistance greater than or equal
to that of 316stainlesssted are dlowed in the gystem. The tubing conrecting all
comporentsis ¥4’ 316stainless $ed with awall thicknessof 0.035'.

4.3.2.1 Coolant reservoir (C-1)

The reservoir wasmanufadured from 316 stainless #eel to our spedficdions. As
shown in Figure 4-5, it contains one ¥4 threaded port at the bottom of the tank for an
outlet, one 2" threaded port on the sde of the tank for the immersion heaer, threemore
¥4 ports onthe sde of the tank for alevel switch, resstivity sensor, and the line return,
and ore V7" threaded side port for atemperature measirement. Additionally, onthe top

of thereservoir, al ¥3' port provides avent and filli ng location.

Vent/Fill Port 1/2”\

Level Sensor Port (3/4")
8.0000 ?—Reggtvty Transmitter Port (3/47
T———Retw‘n Port (374"

| —Thermocouple Port (/27

Immersion Heater Port (27
34.0000 g.0poo ]/

20.0000

LJ\

Outlet Port (3/47
10.0000

Figure 4-5. Coodlant reservoir schematic
4.3.2.2 Heater (C-1b)

The 3 kW Chromolox immersion reder in the resevoir has316stainless geel
wetted parts. Figure 4-6 shows awiring schematic for the immersion heaer control
system. It requires480Volt single-phasepower, which is conneded through a definite-
purpose ontador that is powered by a Chromolox model 3101 hgh limit controller. The

high limit controller monitors the temperature of the water and disengagesthe heater if
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the temperature rises &ove the st point. The temperature is measired by a
thermocougde inside atube that projects into the water. Thetype T thermocougdeis held
in the tube with a highly hea conductive page. Both the mntador and the high limit
controller are powered by 24 VAC power.

Thermocouple

Immersion Heater Reservoir

Contador Activates

+ with 24VAC, Powering
_ Immersion Heéter
54.2

85.0 —  480VAC
H N Single Phase

High Limit
Controller - 1| -
Breaks Circuit +
if T>Limit 24VAC
Switched ON/OFF
In HP 3852A

Figure 4-6. Heater wiring schematic

4.3.2.3 Pump (C-3)
The pump, which islocated just after the reservoir, supdies24 liters per minute

of codant water to the apparatus. It is a¥2 hasgower centrifugal pump povered by a
120VAC circuit. All wetted parts are manufadured from 316 stainless teel.

4.3.2.4 Flow Meters (C-11 and C-11a)

The original ted apparatus desgn call s for aturbine flow meter, bu the first
implementation d the design required the substitution d avariable aeaflow meter. An
Emco Turbadline TLS flow meter wasoriginally purchasel to measire the flow of the
codant water. The Emco flow meter is cgable of measiring flows from 0-5 gpm with

an acaracy of = 0.5 percent of the reading. The flow meter produces a4-20 mA signal
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that isread bythe wntrol program. This meter malfunctioned and wasreturned to the
fadory for inspedion and repair.

A variable areaflow meter wasplaced in the water line in order to provide a
roughmeasure of flow. In addition, the sadk presaure drop was orrelated with the water
flow rate. This crrelationwasusel to determine the anourt of water flowing through
the dadk during atest. The flow meter doesnot have alequate readive propertiesto
leave in the g/stem whil e the stadk is producing paver, and, duing ated, alength of 316

stainlessstedl tubing replaceshe variable aeaflow meter.

4.3.2.5 Resistivity Transmitter (C-6)

The RSTX-201-202resistivity transmitter from Omega Engineaing measuresthe
resstivity of the water flowing ou of the pump. The sasor, which wasoriginaly
intended to be mourted in the reservoir, must be placed in such afashion that the water
flows diredly over the dedrode. The sexsor measiresthe resistivity of the water from O-
20 MQ-cm, and the transmitter converts that measirement into a4-20 mA current signal.
The sensor has ameasirement sensitivity of 0.01 gercent of the full scale (0.002MQ-cm)

and anonlineaity of 0.125 @rcent (0.025MQ-cm).

4.3.2.6 In-Line Deionizer (C-7)

To ensure that the water flowing throughthe fuel cdl is sufficiently pure, a
deionizing bed is placed in the wolant line. A Loeffler bagged filtration canister is used
to hdd abed of deionizing resn throughwhich the water isforced to flow. Teflonbags
with 1 um poreshold theresnin pace A short length of glasstubing direds the water
throughthe resn preventing any water from flowing throughthe sdesof the filter bag, as

sea in Figure 4-7. Thedeionizingresnis siitable for usein high temperatures

4.3.2.7 Water Filter (C-8)

A doule open-endfilter canister prevents any contaminants from traveling
throughthe line to the dack.. Filter cartridgesrated for 20 um areinstalled in the filter

housing.
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Figure 4-7. Drawing of in-line deionizing bed
4.3.2.8 Heat Exchanger (C-9)

An AlfaLaval heat exchanger controls the acdant water temperature. The water-
to-water counterflow heat exchanger can exchange 10 kW of power. Spedficdly, itis
desgned to cod 19 LPM of 60°C deionized water to 50C. It consists of fourteen 316
stainlesssteel plates(each with an areaof 25in) brazed together with nickel. All four
fluid conrections are %4" NPT.

4.3.2.9 Level Sensor (C-1a)

Theresrvoir level is determined with the useof an Omega Engineeing LVU-700
saies ultrasonic level switch. This316stainless ged switch isinstaled through ore of
the %’ NPT ports onthe sde of theresevoir. It closes aelay when water, dueto its
high density compared to air, sufficiently enhancesthe transmisson d ultrasonic sound
waves acoss agap inthe sasor. The dosing d therelay causes a mall voltage to be
measired, which isinterpreted as afull condition. The operation d the water heder is
only enabled when the level switch indicaeswater in the tank. This reducesthe risk of
dedroying the immersion reder.

4.3.2.10 Differential Temperature Meter (C-12)

The differential temperature of the water acoss the fuel cdl is an important
measirement. It can be used to determine the amourt of hea that the fuel cdl is
prodwing. An Omega DP26-TC diff erential temperature meter transmits the diff erence

between two type T thermocoupesto the data acquisition system as a0-10 vdt signal.
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The meter is acarate to +0.5°C.

4.3.2.11 Control Valve (C-10)

A Johnson Controls VG-7000 ¥2 valve and VA-71521001€lectric valve actuator
adjusts the flow of cold water through the aoodlant hea exchanger. The actuator changes
the position d the valve stem propartional to the goplied 0-10 volts input signal.

4.3.3 Load System Components

A Dynaload RBL-100-600-4000simulates an electric load placed onthe fuel cell.
It is cgpable of drawing upto 100Volts, 600Amps, and 4000Watts of electricd power,
which isdissipated by air-cooled resistors. The Dynaload is remotely programmable
with a0-10 vdt signal representing zero to full scde of the use-selected options onthe

front panel.

Theload can operatein ore of four modes First, the Dynaload can be set to draw
a gedfied amourt of current from the fuel cdl. Similarly, it can pul power from the
fuel cdl at aprese voltage. It can also be aljusted to draw a spedfic amourt of power
from the dack. Finally, theload can ad as aconstant regstor aaossthe fuel cell. The
Dynaload will be used most often in the anstant current and vdtage modes The
constant voltage mode can be used to pu avery small | oad onthe gadk for warm-up
periods. After runnngthe gas sreamsthroughthe sadk, the open circuit voltage can be
measired, andin order to apply a snall | oad, the load will be engaged at a voltage
dlightly below the open circuit. Polarizaion curves ca be attained from fuel cellsin the

constant current mode by recording the voltage as the aurrent is increased.

Table 4-2 shows the regulation and programming acairacy for the diff erent
control modes and vdtage and current ranges The acaracy is sgnificantly better in the
constant current and constant voltage modes The aurrent output signal, whichis a0-10
volt signal representing the sleded current setting, has an accuracy of £0.5 percent of

full scde.
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Table 4-2. Eledronicload regulation/programming accuracy

Voltage Range Current Range
Control Mode 0-10V 0-50 V/0-100 V 0-20A 0-200 A/ 0-600 A
Voltage 0.15%/ 0.5% 0.15%/ 0.25%
Current 0.1%/0.5% 0.1%/ 0.25%
Power 3% of Full Scale / 3% of Full Scale
Resistance 3% of Full Scale / 3% of Full Scale

The Dynaload also hashelpful protedion limitsthat prevent it from being
overloaded. It has apower limit of approximately 4250Watts. The voltage and current
are limited to 105 p@rcent of the séeded range for ead, and the load is disconrected at
voltages higher than the limit. Additionally, theload is automatically disconneded when
the internal temperature excealds 105°C. The device hastwo large fans that blow air from
front to badk codingthe dectronics Also, the abinet in which it is mounted has alarge

fan, which removesthe hot air.

4.3.4 Measurement/Control Components

The measirement and control of the fuel cdl test apparatus are acompli shed
using aLabVIEW computer program. The computer has an Intel Pentium Il 400MHz
proces®r with 64MB of RAM. The LabVIEW programs aontrols an HP 3852A data
aquisition mainframe and a National | nstruments PCI-6713anaog ouput card. With

thesetwo instruments, all of the needed measirements and controls can be performed.

The oontrol program sevesfour purposes First, it records dl the measirements
made by the gystem duringatest. Second,it is used to adjust the st point on certain
devices Next, it serves asavisual guide to the performance of the fuel cdl during ated.
Finaly, the program makeskey decisions that the operator is not able to make quickly

enough. Thistak isgiven first priority in the program routine.

The cdl voltages ae the most important quantity that the program measires
duringated. Thelife of the fuel cell depends onthe program’s ability to determine the

condtion d theindividual cellsina dadk. The cell voltages ae measired drectly from
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the dad, but the overall stack voltage is measired acossterminals onthe dectric load.
The program looks & the cél voltages gproximately every half seond and determinesif
any cdl has avoltage below 0.4 vdts. Thisindicates adangerous stuation, and the load
is disengaged.

4.3.4.1 Control Devices
Hewlett Packard 3852

The HP 3852A data aquisition mainframe has éght slots that can be filled with
switching devices relay multi plexers for voltage and thermocoupd e measirements, and
analog ouput cards. The measirement and control system usestwo HP 44708A
thermocoude multi plexers and ore HP 44725switching card. The thermocoude crds
can meagsire twenty thermocoudesor signal voltages and the switching card can
independently switch on and df 16 channels.

The voltage and thermocoud e measirements ae made by conneding the leads of
the two wiresinto a dhannel of the relay multi plexer. Current measirements ae dtached
in the same manner, bu a durt resistor is ldered acossthe two pants at which the
mainframe makesits voltage measirement. In order to convert 4-20 mA signalsto
acarately measirable voltages, a249Q +1 percent resistor shunts the voltage
measirement reultingin a0.996V to 4.98V signal corregonding to the 4-20 mA

current.

The acarracy of the HP 3852A isvery goodfor voltage and current
measirements. Thetotal system acaracy for voltage measirementsin the 30V rangeis
0.008 prcent of the reading dus 300pV. Therefore, a measurement of a10V signal
would have an acaracy of £ 2.1mV or abou 0.02 percent. The acaracy of
thermocoude measirementsis dightly different. The HP 44708A thermocoupe
multi plexer can read type T thermocoudeswith atotal system acarracy of approximately
0.5to 0.75T within the range of 0 to 200C.

The HP 3852A can read multiple dhannels very quickly. It should be aleto read
over 48 channels per second, bu the interfacebetween LabVIEW andthe HP 3852A is
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very slow. The LabVIEW and HP combination reeded 0.4seconds to make 1
measirement (only abou 3 channels per seond). The problem liesin the type of
communicaion between the two systems, which is cdled GPIB. Currently, the program
must formulate amessge deseibing which channelsto scan and send it to the HP
3852A. The HP recevesthe messge and scans the channels quickly. Then, the
LabVIEW program reads the data from the HP buffer. Finally, the program manipulates
and interprets the data and starts the process gain. LabVIEW is &leto bre&k down the
time usage of ead subroutine, and it indicated that the majority of time was gent reading
the buffer onthe HP 3852A. This suggedsthat the dow point in the processs transfer

of datato LabVIEW.

Analog Output Card

A National Instruments PCI-6713analog ouput card sends control signalsto the
various devices as ontrolled bythe LabVIEW program. The cad installsin the
computer, and a68 pn cable linksthe cad to a wnnedor block where dl of the wires ae
attached. The NI PCI-6713is caable of creating eight independent 0-10 Volt output
signalswith an acarracy of + 0.0219 rcent of the reading and an offset of £ 6 mV.

LabVIEW

LabVIEW is avisua based programming language desgned for Windows. Lines
of code ae replaceal with icons amnrected with “wires” Eadicon has adiff erent

purpose ad conredions.

4.3.4.2 Measurement Devices

Thermocouples

The teg apparatus usesall type T (copper-constantan) thermocoudes The
thermocoupdes ae $eahed in al/8” 321stainless geel tube, and the thermocoupe bead
isgrounded to the heah. Except for the codant resevaoir, al of the thermocoudesare
3’ longwith a blue, two-pronged connedor onthe badk end. The thermocougdes ae
seared in the ystem with /8" compresson fittings, which prevent any leaks. All
thermocoude onredions ae made with 24 guge type T thermocoude wire.
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The thermocoupes ae read using the HP 3852A data aquisition system. The
measirements ae hardware mmpensaed bya RTD diredly onthe multi plexer taking the
reading. A commandis given to the HP system to drectly read the temperature indicated
by the thermocoufde. Therefore, the HP transfers the actual temperature, and no

cdculations must be made in the program.

Pressire Transducer

The four presaure transducersin the g/stem are manufadured by Kobdd. They
al have rangesfrom O to 100 sig with a4-20 mA signal. The transducers were
purchasel with an gptional level of accuracy. Thesedevicesmeasire the pressire within
+ 0.12 percent of the full-scde pressure. Therefore, the 100 sig transducers accurately
real the pressure to within 0.12 @ig. All wetted materialsin the transducer are 316
stainlesssteel.

Relative Humidity Transmitter

The humidity level of the ar and hydrogen are monitored with VaisalaHMP 230
relative humidity transmitters. The transmitters produce a0-5V signal propational to
the relative humidity (0-100 percent). These sesors have an acairacy of 1 percent RH at
relative humidity levels below 90 percent and 2 percent RH at humidity levels éove 90
percent. The sasor is 316 stainless geel with an end cap of sintered 316stainlesssted,
which prevents the humidity-meagsiring devicefrom being corrupted by any dust or water
droplets. The transmitter is powered with 120VAC.

4.3.5 Safety System Components

The sdety systems ae ome of the most important in the entire test apparatus.
Hydrogen is an extremely flammable gas and proper precautions must be followed. To
prevent hydrogen le&ks from coll eding at the celing, avent hoodcoversthe eitire
footprint of floor spacein which hydogen ispresent. The hydrogen inthefuel lineis
vented to the roof where aflame aregor prevents any flame front from traveling dovn
into the gystem. Inthe casef a seious hydrogen legk, alarms sesing the hydrogen
concentration are placeal just outside the vent hood and onthe celing of thelab. At the

sound d one of these &arms and at the operator’ s discretion, an emergency purge
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releaseghe hydrogen and air present in the s/stem to the amosphere while replacing it
with nitrogen. Activation of this purge dso removes any load from the fuel cell.

4.3.5.1 Hood

The hoodwasdesgned and constructed bythe Virginia Ted Physicd Plant. A
3150cfm fan draws ar from the teg apparatus aea and dschargesit above the roof. The
hoodis 11 wide and 2 9" deep.

4.3.5.2 H2 Alarms

Two hazadous gasalarms deted hydrogen at 10 percent of the lower explosion
limit, which is amole fradion d hydrogen of 4 percent. The darms ae powered by 24
VAC and emit an audible darm when the hydrogen concentration exceeds the limit.

4.3.5.3 Nitrogen Purge
The nitrogen puge g/stemis enabled by pessng a bright red buton labeled

“Emergency Stop.” When depressed, a switch cuts power to the five slenoidsin the gas
streans and the 24 VAC transformer. A normally-closed solenoid at the entrance of eadh
gas $ream shuts in an emergency preventing the air or hydrogen from entering the
system. Simultaneously, a normall y-open solenoid at the exit of the fuel system opens,
alowingthe hydrogen previously blocked from escaging byaball valve to exhaust to the
atmosphere. Two more normally open solenoids start the flow of nitrogen throughthe
two gas ystems. The nitrogen enters eab system just prior to the heating and
humidificaion modue. The nitrogen flow rate is wntrolled by a Dwyer Rate Master
flow meter. Theflow ismetered to 0.27SLPM per cell based onthe published

recommendations of the manufadurer for the fuel cdll that wasteged.

4.3.5.4 Flashback Arrestor

A Superflash flash arrestor prevents any flame from traveling upstream to the test
apparatus. The arestor is placed at the exhaust of the hydrogen to the @amosphere. It can
hand e pressuresup to 50 psig and flows well over 100sdh.
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5 TEST APPARATUS EVALUATION

The evaluation d the desgned and constructed tes apparatus encompassé many
different procedures First, theindividual components were cali brated or teged to ensure
proper operation. Next, the major systems were runindividually making sure that all of
the components worked asthey were intended and that the program performed as
intended. Finally, the teg apparatus was gplied to determine the pdlarizaion curve for a
5-cdl 1 KW fuel cdl stack manufadured by Energy Partners, Inc.

5.1 Component Evaluation

The measirement deviceswere evaluated to ensure proper operation. In most
casesthe deviceswere fadory cdibrated, and testing consisted of verifying the
functionality of the device. The pressure transducers, thermocouges resistivity
transmitter, level sensor, and relative humidity transmitters were dl tested to confirm

proper performance. Additionally, the differential temperature meter was céibrated.

5.1.1 Pressure Transduc ers

The pressire transducers were dhecked at atmospheric pressure. First, all four of
the transducers were pasitioned next to ead other open to the atmosphere. The pressire
wasmeasired at each transducer, and they all agreed within 0.5percent. Additionally,
becausethe airrent measirementsin the HP 3852A require soldering aresistor aaoss the
voltage measirement, the aurrent readings on dfferent channels could differ slightly.
Therefore, one presaire transducer wasmeasired onthe aght different current sensing
channels. The measirements differed bylessthan 1 percent. Additionaly, all four of

the pressure transducers were dhedked at higher pressiresagainst pressire gauges

5.1.2 Relative Humidity Transmitter

The two Vaisdarelative humidity transmitters were more difficult to evaluate. A
dew point hygrometer wasused to chedk the precision d the Vaisda instruments.
Humidity measirements at atmospheric pressire were mmpared and foundto agree
within 10 percent. The manufadurer performs cdibration d theseinstruments, but the

present cdibrationis more than threeyeasold. Therefore, the relative humidity
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measirements ae not regarded aspredse The instruments were used to determine if the
humidity was dove gproximately 85 percent and at a wnstant level.

5.1.3 Mass Flow Meters

Whil e the manufadurer cdibrated the massflow meters, their functionality was
cheded by obsavingthe pressire drop in the air compres®r tank. Theided gaslaw
wasusdl to edimate the volume of the tank by reading the presaire difference (220kPa)
onthe tank over afive minute period whil e the massflow meter all owed a mnstant mass
flow rate (100 SLPM) to leave the tank. Asuming atank temperature of 22°,it was
determined that the tank vdume was gproximately 60 gallons. The ar compres®r tank
is gproximately 60 gallons suggeding that the massflow controllers were operating

correctly.

5.1.4 Resistivity Transmitter

The regstivity transmitter for the molant water was céibrated by the
manufadurer, bu it was teded for proper operation with a handheld regstivity meter.
First, the handheld meter was céibrated using a standard fluid at 11.9 KQ-cm. The flow
of water wasoccasonally diverted from the lineinto the handheld meter. The regstivity

transmitter and the handheld meter were confirmed to read simil ar values

5.1.5 Differential Temperature Meter

The differential temperature meter was céibrated in an ice durry using the
meter’ s built-in cali bration procedure. The two thermocoupdeswere placed in theice, and
the value on the meter was aljusted to read 0°C for ead thermocoude. The cdibration
was onfirmed by dacing the thermocoup estogether in the same environment and

obsaving adifferential temperature of 0°C.

5.1.6 Level Switch

Becaisethe level in the tank wasnat visible, the level switch was @nfirmed to
perform corredly by adding water into the tank until the switch reacted to the water being
aboweitslevel. Water wasthen drained from the tank urtil the level switch confirmed
that water dropped below the seasor, which took very little water. Finaly, a snall
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amourt of water was alded again until the switch confirmed that the water level was
abowve the sensor.

5.2 System Evaluation

The evaluation d the diff erent systems incorporated several different phases
First, the g/stems were dhedked for legks. The control routine for eat system was &so
appraised. Finaly, the entire gystem wasrunindividually to confirm adequate
performance

5.2.1 Fuel

The fuel system required the removal of asmany le&ks asphysically possible, due
to the explosive nature of hydrogen. The le&k teg wasperformed by running air through
the g/stem with the exhaust valve fully closed. At first, the massflow meter showed a
significant flow of gasthroughthe g/stem. The g/stem wasthen kept at a constant
pressire (approximately 80 psig) while Snoop™was goplied to al compresson fittings
and threaded fittings. Generally, leaks were foundin large threaled fittings (larger than
1") and some welded comporents. The threaded fittings were removed and wrapped with
heavier Teflonthreal seal tape. The leaky welded comporents were rewelded to our
saisfaction. The gray chamber and drain traps were le&k tested separately to ensure that
any le&s encourtered dd na originate in thasecomporents. All major and minor leaks
were removed, bu some extremely small | eaks were gill present. Theseleaks were not
detectable with Snoop™ Thefina presaire test showed a presaure lossof lessthan 0.1
psi per minute.

The fuel system performancewas a&so chedked with air flowing throughthe lines
instead of hydrogen. The ar wasrunat 50 SLPM (acording to the hydrogen massflow
meter) and 101 KPa gauge. The heaer outlet temperature was ontrolled to 100°C to
ensure proper operation d the heding urit. After the line temperature nea the fuel cdl
inlet wasobseved rising slowly, the heaer outlet temperature seting was raised to
150°C. When the line temperature nea the fuel cdl inlet reached 90C, the
humidificaionwater was alded to the s/stem. The differential pressure between the

nozzle gas and line gas was séat approximately 30 psi, and the humidification water
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flow rate was sd at its lowed possble value (< 0.5 gph. The temperature wasobseved
to drop asthe humidity level increased, and after alongstart up period, the temperature
increasal whil e the relative humidity stayed above 90 percent. The g/stem kept a
temperature of approximately 70°C and 90 rcent RH for abou 1 hou. These
condtions were more than acceptable, and the fuel system wasdetermined to be
accetable for stadk testing.

5.2.2 Oxidant

The oxidant system was atually teded before the fuel system, and many of the
same obsevations were made. However, the leak teg for the oxidant line wasnot as
intense. Most leaks in compressonfittings and threaded fittings were removed. A
pressire test revealed some le&ks in the g/stem, but very small | e&ks that were not

obvious were left alone.

The heaing and humidifi cation componrents onthe ar system were extensively
teded. Thefinal desgn d the ar and hydogen systems were developed astrial and error
experiments onthe ar system. After the original desgnfailed to produce ar at the
acceptable temperature and humidity levels, arope heaer was added onthe short length
of tubing ketween the ray and separation chamber. This design change reaulted in air
at 60°C and +93 percent RH nea the fuel cdl inlet with amassflow of 100 SLPM and
pressire of 101 KPagauge. Thiswas abieved with the heder outlet temperature set at
200°C. With an acceptable heating and humidifying capacity and all measirements and
controls working properly, the oxidant system wasdetermined to be ready for
performanceteding d fuel cell stadks.

5.2.3 Coolant

The modlant system was &so extensively tested prior to the test apparatus
performance evaluation. First, the control of the immersion heaer wastested with the
power to the heaer turned dff at the bregker. The highlimit controller wasturned on,
and the ocontrol program wasgiven a sé point of 50°C. The definite-purpose ontactor
wasobseaved to switch on. The sé point wasthen changed to 20C (below the adual

temperature), and the mntador disengaged. Next, the control sd point was returned to
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its 50°C setting, and the high limit controller was séwith a high limit less than the tank
temperature. Again, the contactor wasobseved to dsengage. Finaly, the heaer power
was gplied, the high limit controller was seat 80°C, and the control program was &t to
control the tank to atemperature of 50°C. The heaer lowly heaed the water, and when
the temperature reached 50C, the program disengaged the heater asrequired.

The molant temperature control system wasthen teded. With the tank
temperature a approximately 50°C, the pump was garted, and the hat water flowed
throughthe wodlant line. The cntrol program was séto control the fuel cdl outlet
temperature to 45C. Unfortunately, the test system did na approximate the fuel cdl
stack very well. Duringthe evaluation, no rea was alded to the water. Asthe control
program would begin to cod the water, the tank temperature would drop and the
temperature diff erence would become too small to adequately control the codant
temperature. At theselow levels, the control valve would either be dightly on, codling
the water too much, a off, which dd na cod the water at all. In an actual testing
situation, the fuel cdl stadk would increase the temperature of the water afew degrees,
and, as aresult, the diff erential temperature between the tank and coolant water would
require agreater city water flow throughthe heat exchanger making control easier. An
attempt wasmade to limit the flow of the dty water by installing aglobe valve at the
drain. While this helped significantly, controlli ng the outlet temperature was $ill

difficult for the sane reason.

Actualy, the temperature could be controlled accurately by manually adjusting
the aontrol valve position, bu when the program controll ed the valve paosition, the outlet
temperature culd na be kept at a deady level. When the valve actuator fail ed twice, the
dedsionwasmade to manually control the ald water flow by adjusting the globe valve
pasition. This method, athoughit wasnot assimple as atering avalue into the
program, wasreliable and effedive. Finaly, aflow curve for the pressure dropin the
fuel cdl stack wasdetermined. This becane necessey after the turbine in the turbine
flow meter becane jammed. The relationship between the flow rate and the pressire
drop through the fuel cell can be used to determine the flow rate during ated.
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Figure 5-1. Presare drop vs. codant flow ratefor EP 5-cell stack

The flow curve wasdetermined by monitoring the pressire drop throughthe fuel
cdl. An approximate flow rate wasset using the Dwyer flow meter, and, when the
pressire drop becane gealy, the return line wasredireded into a4 liter graduated
cylinder for a sé period d time. The Figure 5-1 shows the flow curve for the Energy
Partners 780 cm? 5-cdll stack.

These gauations confirmed that the aadlant system could be used to reliably and

effedively measire and control the necesary variables The system wasrealy for stack

teding.

5.2.4 Load

The load system wasthorougHy teded to ensure that the wrred load was applied
to the fuel cell andthat the load could be removed from the fuel cell in sufficient timein
the event of an untedthy stadk condition or an emergency. First, the programmable load
wasmanually teded to ensure proper working ader. A 12V battery was @nneded to the

load, and power wasdrawn from the battery bath in the constant current setting andin the
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constant voltage stting. Next, the load was @ntroll ed remotely with aLabVIEW
program. Both the load and program functioned well under remote operation. Finally,
the aility to remove the load was examined using the same battery anda 1.5V battery to
simulate the cdl voltages. When the 1.5V battery wasdismnneded, the programmable
load quickly disengaged asrequired. When the emergency stop buton wasdepressed,
the load disengaged, bu load wasremoved at a much slower rate. It took approximately
4 seondsto fully remove the load. Thiswas an acceptable, but not preferred, condition.
Therefore, the load system wasdetermined to be ready to test afuel cell stack.

5.2.5 Safety

The main sdety system requiring evaluation isthe purge g/stem. The purge was
first checked for legks. Then, after passng the le&k test, the emergency stop butonwas
pressé while ar ran throughthe oxidant system and ntrogen flowed throughthe fuel
system. Additionally, the programmable load was ®nreded to a battery and se to draw
power fromit. When the button was pressé, the flow of air and ritrogen asthe fuel gas
stopped and the nitrogen asthe purge gasflowed throughthe entire g/stem. It was
naticed that the pressure onthe ar side was gproximately 70 kPa higher due to the
badkpressaire regulator, bu thiswas a acceptable cndtion considering that more
nitrogen would flow throughthe anode flow channels, which contain flammable
hydrogen. All of the lenoids worked properly and quckly. The purge s/stem was
judged to beready for stadk testing.

5.3 Performance Evaluation

The performance evaluation consisted of runningall of the necessay systems
simultaneously and wsing them together to draw power from afuel cdl stadk. Dueto the
long start-up period for the gasheating and humidifying systems, they were darted well
in advance of the other systems. The heaing d the water reservoir wasbegunseveral
hours dter the ar and hydrogen were garted. After achieving steady, acceptable
condtionsin the dr, hydrogen, and coolant systems, the dadk was @nnreded to the ted
apparatus. The following procedure wasused to start the testing process:

1. Led test of the gadk (completed previously)
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. Purge fuel system pipingwith nitrogen for 25 minutes @ aflow rate of 43
SLPM

. Closebypass (H-24) and purge gack at a nitrogen flow rate of 0.27SLPM per
cdl (2.86scfh total) for 5-7 minutes

. Turn hydogen and air heaters off and stop flow of humidification water to the
humidifiers (gas ondtions were 60°C and 95 mrcent RH)

. Turn vent hood on

. Closefuel exhaust ball valve (H-31) and pressirrize sack to 5 psig with
resctant gaes

. Chedk hydrogen massflow controller for a no-flow condtion (small H, flow
obsaved — 0.76 SLPM)

. Measure open-circuit voltage (4.5 volts total)

. UseH; detector to look for fuel le&ks (nore foung

10. Raisereadant pressairesto 101 KPagauge

11.Open fuel cdl bypass3-way valve (C-17) to allow codant water into stack

and se pressure drop to 138kPa (corregpondng flow of 1.61pm)

12.Visual ched for water flow

13. Wait approximately 8 minutesfor stack temperature to riseto acceptable level

(46°C)

14. Open massfl ow controllers to appropriate levels (10 SLPM for air and

1SLPM for hydrogen) for first current setting or higher

15. Apply load at constant current of 25A (watch performancefor anomali es)

16.“Burp” fuel system every 30seondsto 1 minute of power productionto
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refresh fuel suppy throughott stack
17.Reped steps 14-16 for diff erent current setings (50, 100, 150, 160
18. When finished testing, disconrect load bank slowly
19. Purge gad with nitrogen for 10 minutesat 2.86sdh (0.27SLPM per cdl)
20.Allow stack voltage to drop kelow 10-20 percent of open circuit
21.Conned a 10 Watt power resistor to dsspate any excessvoltage
22.Remove regstor at stadk voltage lessthan 0.1V
23.Finaly, cginlets and autletsto stack.

Using this procedure, a pdarizaion curve wasobtained for the Energy Partners
780cm?® 1 kW 5-cdl stack. Figure 5-2 shows the datarearded duingthetest. Currents
greaer than 0.21Amps per square centimeter caused the cell voltagesto drop below the
sdety levels, and the load wasdisengaged. Thefigure shows dl data points that were
aqquired. Becausethe datawas aquired at a anstant current, several points of slightly
different voltagescan be sea at ead sdting. A dropin stack voltage occurred when the
system wasoperated dead-ended. As soonasthe gadk was ‘burped” (the valve at the
fuel exhaust wasopened for a hort period d time), the stadk voltage returned to its

original value

The data was correlated an empiricd equation proposed by Barbir et a. (3). The
shape of the reaulting polarization curve gpeas rea®nable, but the maximum power
drawn from the gack (432 Watts) was ansiderably lessthan the 900 Watts & which the
stadk wasrated. The gadk may operate better at higher operating temperatures and fuel
pressires but it isnot likely that an increaseof pressire or temperature would boast the
power output by afador of two. It ispossble that the goproximately 2 yea periodin
which the stadk wasnat operated could have dfeded the performance. Therewas a
concern that the membranesmay have dried during this period, which could have caised
them to shrink, bu the membraneswere rehydrated prior to the test.
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V=7.05+9.05i -0.18 log(1)-3.14exp(3.25i)

¢ Experimental Data

2 | ——Regression

Stack Voltage (V)

Operating Conditions:
Temperature: 47-53° C
1 |Pressure: 101 kPa gauge

Fuel SR: 1
Air SR: 2.5
0 ‘ ‘ ‘ ‘ ‘
0 0.05 0.1 0.15 0.2 0.25 0.3

Current (Amps /cm2)

Figure 5-2. Energy Partners5-cdl stack polarization curve

The teg apparatus proved effedive at acquiring performance data from a fuel cdl
stack. However, during the test, the sadk temperature varied from 47°C to 53<C. Infad,
the aodlant water wasnot codled in any way in the hea exchanger. To simplify the
operating procedure during the initial operation d the gparatus, the heating and
humidification systems were not run during the actual test. However, the thermal
cgpadtance of the g/stem kept the gas $reams a temperatures between 43°C and 37T
with relative humidities nea 95 percent, and more importantly, the dadk operating
temperature gayed between 46and 54°C. The sdety systems alequately performed
their duties The cdl voltage monitoring quckly disengaged the load when the dadk was
overloaded. Overall, the teg apparatus performed its dutiesvery well.
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6 CONCLUSION/RECOMMENDATIONS

The desgn d the prototype test apparatus for proton exchange membrane fuel
cdls produced an effedive and eay to useinitial implementation. All four major
systems performed their assgned dutieswell. The fuel and oxidant were supgied at an
acceptable temperature and humidity level at relatively high massflow rates The aolant
system produced clean, deionized water at the desred temperature and flow rate. A load
was gplied to afuel cell at the gopropriate time and value. Additionally, the load was
disengaged whenever the cél voltagesdropped below the prese limit. Most importantly,
the test apparatus yielded a polarization curve for the teg stack that had aform consistent

with ou expedations.

Althoughthe test apparatus was dle to acquire a polarization curve relatively
easly, there ae sgnificant modifications and improvements that could strengthen its
abilities First, the heding and humidificaion systemsfor the gas $reans need to be
refined. Theinitia implementation and evaluation determined the maximum temperature
and humidity levelsthat can be readched, bu in order to make the gparatus more
effedive, the heaing and humidification systems need to start-up quicker and povide
improved controllability. The prototype heds the gases adrelieson the flow of gasto
bring the g/stem up to temperature. At low massflow rates start-up times ae long due
to the thermal massof the g/stem. Furthermore, hea lossmakes seady temperatures
difficult to maintain. The hydrogen and air systems could be modified to hea the gas
alongthe entire length of tubing. Thiswould improve the temperature control and
quicken the gartup times. The humidity control could be improved by automaticaly
adjusting the flow of water into the spray nazzles for ead system. Automatic control
would require rapid measirements of the humidity levels. Therefore, humidity sensors

with amore rapid repponse and fader recovery from seuration neel to be identified.

The molant temperature must be kept at a cnstant value to accurately evaluate
the dad performance Presently, the circulating water temperature istoo sensitive to
changesin the control valve pasition. The water control scheme dhoud be revised to

operate the cooling water valve to maintain the heat exchanger discharge temperature.
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The oontrol scheme @uld be modified similar to that of the gas heder control. The
LabVIEW program would simply send a seé point signal to aindependent controll er.
Also, apressure-reducing valve $ould be installed onthe dty water line upstream of the
control valve. Reducing the valve inlet pressire will slow the reporseof the g/stem and

may increasethe life of the valve actuator.

Additionally, a degper invedigation into the low communication between the
measirement and control program and the HP 3852A shoud be performed. The
combination d the two systems dowed the measirement speed considerably. The
program may nedal to be dreamlined, or the HP may neeal to be accesal in adifferent
manner (passbly with VXI1). Thefinal optionwould be replacement of the HP system
with amore LabVIEW compatible data aquisition system.

The measirement and control program could also be expanded to perform some
additional functions. The display and loggng d the individual cell voltageswould
provide the operator with a better understanding d the sadk performance.

To improve the flexibility of the gpparatus, a hydrogen recirculating system could
beinstalled. The prototypeisdesigned to runin dead-ended mode, bu many fuel cdl
systems (egpedally transportation based) recirculate hydrogen. Thisfedure would also
minimize venting d hydrogen duing start-up procedures Implementation d a
redrculating system would require abadkpressire regulator and arecirculation pump.
The aldition of aredrculating system would al ow the gparatus to run with fuel

stoichiometriesgreater than ore, which could improve dack performance

Development of afuel cell ted apparatus that provides &curate data with a
simple, flexible s/stem for data aquisition and control is aformidable dhallenge. The
prototype test apparatus devel oped here provides a usful means for measuring fuel cell
stadkk performance. More importantly, it provides afoundation for on-going development
of afuel cdl ted facility. The experience and knowledge gained throughthe
implementation d this apparatus will diredly contribute to the development of a more
advanced fuel cell teg facility.
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APPENDIX 2 — PARTS LIST

Fuel System

System | Desciption Manufadurer Model #
Part #

H-1 Hydrogen Tank Air Products 1049

H-2 Regulator, brass Concoa CGA# 350
H-3 Solenoid — Normally Closed

H-4 Filter Regulator Watts

H-5 3-way valve, ¥2', 316SS

H-6 High massflow controller Sierra 840-High
H-7 Low massflow controller Sierra 840-Low
H-8 Ched Valve, ¥2', 3165S

H-9 Rope Heder Omega FGR-060
H-10 Thermocouple Omega TMQ-321SSG-3
H-11 Globe Valve, ¥2', 31685S

H-12 Spray Chamber

H-12a | 2" 316SScross

H-12b | 2" 316SS Hange

H-12c | Spray NozZe Bete

H-13 Bal Valve, ¥4, 3165S

H-14 Check Valve, ¥7', 3165S

H-15 Flow Meter w/ Valve Dwyer VVA-4
H-16 3-way valve, 316585 ¥~

H-17 Pressire Gauge

H-18 Drain Trap N/A N/A

H-19 Rope Heder Omega FGR-060
H-20 Separator

H-21 Thermocouple Omega TMQ-321SSG-3
H-22 Pressire Transducer Kobadld KPG
H-23 Relative Humidity Transmtr | Vaisda HMP-233
H-24 3-way Valve, ¥2', 3165S

H-25 Fuel Céll Inlet

H-26 Fuel Cell Outlet

H-27 Chedk Valve, ¥2, 3165S

H-28 Solenoid Vave, N.O., 3165S

H-29 Drain Trap

H-30 Vent Line

H-31 Bal Valve, ¥7', 3165S

H-32 Bal Valve, ¥3', Brass

H-33 Flame Arredor SuperFlash
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Oxidant System

System | Desciption Manufadurer Model #
Part #

A-1 Air Compres®r Ingersoll-Rand OL5

A-2 Solenoid, N.C. %', 3165S

A-3 Filter Regulator Watts

A-4 3-way Valve, ¥, 3165S

A-5 High massflow controller Sierra 840-High
A-6 Low massflow controller Sierra 840-Low
A-7 Chedk Valve, 97, 3165S

A-8 Air Heaer Omega APH-081
A-9 Globe Valve, ¥2', 3165S

A-10 Thermocouple Omega TMQ-321SSG-3
A-11 Globe Valve, 7', 3165S

A-12 Spray Chamber

A-12a | 2" 316SScross

A-12b | 2" 316SS Hange

A-12c | Spray NozZle Bete

A-13 Bal Valve, ¥4', 3165S

A-14 Ched Valve, ¥7', 3165S

A-15 Flow Meter w/ Vave Dwyer VVA-4
A-16 3-way valve, 31655 V2’

A-17 Pressire Gauge

A-18 Drain Trap

A-19 Rope Heder Omega FGR-060
A-20 Separator

A-21 Thermocouple Omega TMQ-321SSG-3
A-22 Pressire Transducer Kobdd KPG
A-23 Relative Humidity Transmtr | Vaisda HMP-233
A-24 3-way Valve, ¥/, 3165S

A-25 Fuel Cell Inlet

A-26 Fuel Cell Outlet

A-27 Chedk Valve, 97, 3165S

A-28 Badk-Pressire Regulator Fairchild 66BP
A-29 Drain Trap

A-30 Vent

A-31 Ball Valve, ¥, Brass
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Coolant System

C-1 Resevoir

C-la Level Switch Omega LVU-700

C-1b Immersion Heaer Chromolox

C-1c Thermocouple Omega TMQ321SS-U-6
C-2 Bal Valve, ¥, 3165S

C-3 Pump MTH Pumps T41C-SS

C-4 3-way Valve, ¥, 3165S

C-5 Resevoir Return

C-6 Regstivity Transmitter Omega RSTX-201-202
C-7 Deionizing Bed L oeffler

C-8 Filter Housing

C-9 Hea Exchanger AlfalLavad NB14-14H E21,E21
C-10 Eledric Act. Control Vave | Johrnson Controls VG7000VA7152
C-11 Turbine Flow Meter Emco Turboline TLS
C-11a | Variable AreaFlow Meter Dwyer VVA-6

C-12 Diff. Temperature Meter Omega DP26-TC
C-12a | Inlet Thermocougde Omega TMQ321SS-G-3
C-12b | Outlet Thermocougde Omega TMQ321SS-G-3
C-13 Inlet Pressire Transducer Kobdd KPG

C-14 Ball Valve, ¥, 3165S

C-15 Fuel Cell Inlet

C-16 Fuel Cell Outlet

C-17 3-way Valve, ¥, 3165S

C-18 Outlet Thermocouge Omega TMQ321SS-G-3
C-19 City Water DeionizingBed | Cole-Parmer
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APPENDIX 3 — OPERATING PROCEDURE

Start-u
1. Turn onmain powver at switch behind dsplay board near data aquisition cabinet
2. Pull the emergency switch ou to activate the purge lenoids
3. Start the LabVIEW program (pemfc.vi) —ensure that all controls ae set to zero

4. Power the Eurotherm controllers and ensure that the ar and hydrogen se points

are below room temperature
5. Power onthe Dynaload
6. Turn onthe aty water supply at ball valve &ove the water modue

7. Open nitrogen batle valve and regulate pressire to abou 20 psig

Air
1. Set thear massflow to 0 SLPM usingthe LabVIEW program
2. Switch onair compres®r (A-1)
3. Turn 3way valve (A-24) to bypassair aroundfuel cell
4. Change mass flow sdting in LabVIEW to degred level

5. Adjust badk-pressire regulator (A-28) to achieve desred presaure at transducer
(A-22

6. Adjust globe valve (A-11) on heding-humidifiying modue to achieve a
differentia pressire (A-17) between the line and spray nazzle of approximately
30 psi
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. Change Eurotherm sdtingto the gpropriate level
. Wait approximately 2-2.5 housfor the ar temperature riseto an appropriate level

. When the gastemperature is goproximately 20°C higher than desred fuel cel
inlet temperature, start the flow of humidificaion water into the gray chamber -

the flow meter (A-15) should read the lowed possible flow

10. Wait an additional 1-2 hours for the temperature and relative humidity to reat

stealy state — turn humidification water off (A-13) when RH > 94 percent and
turn it on when the RH drops below 90 percent

11.Make any necesary adjustments to the Eurotherm se paint or the humidificaion

water flow meter.

Hydrogen

. Set the hydrogen massflow to 0 SLPM using the LabVIEW program
. Plumb air into hydogen line

. Turn 3way valve (H-24) to bypasshydrogen aroundfuel cdl

. Open exhaust valve (H-31)

. Change mass flow sdting in LabVIEW to desred level

. Adjust exhaust ball valve to achieve the pre-determined line pressire

. Adjust globe valve (H-11) on heaing-humidifiying modueto achieve a
differential pressire (H-17) between the line and spray nazzle of approximately
30

. Change Eurotherm sdtingto the gpropriate level
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9. Wait approximately 2-2.5 housfor the ar temperature riseto an appropriate level

10. When the gastemperature is gpproximately 20°C higher than desred fuel cdl
inlet temperature, start the flow of humidification water into the gray chamber -

the flow meter (H-15) should read the lowed possible flow

11.Wait an additional 1-2 hours for the temperature and relative humidity to reat
stealy state — turn humidification water off (H-13) when RH > 94 percent and
turn it on when the RH drops below 90 percent

12.Make any necesary adjustments to the Eurotherm se point or the humidificaion

water flow meter.

Codant Water
1. Ensurethat the colant water reservoir isfilled to the gpropriate level
2. Turn onswitch at fusebox for 480V power
3. Set the tank temperature to the gopropriate level in the LabVIEW program

4. Adjust valves (C- 5and C-17) to channel water throughthe codlant system but
bypassng the fuel cdl

5. Turn onthe pump (C-3)
6. Ched resstivity of the coolant water

7. Wait 30-60 minutesfor the tank to reach the temperature st point
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Fuel Cell

1. Whenthe mdant reservoir tank temperature hasreaded its set point, prehea the
stack by turning the 3-way valve (C-17) and ogening the ball valve (C-14) to flow
water through the gadk

2. When the ar in the hydrogen lineis & the degred condtions, turn df the ar flow
and se the massflow to zero

3. Purge system with nitrogen for approximately 25 minutes & aflow rate of 43
SLPM

4. Adjust nitrogen flow to 0.27SLPM per cell

5. Turn 3way valve (H-24) to pugethe sadk with nitrogen for approximately 5

minutes
6. Turn 3way valve (H-24) bad to bypass

7. Stoptheflow of nitrogen and dumb hydrogen to the hydrogen line

Teding

1. Make surethat the hydrogen massflow is sé at zero

2. Open the hydrogen bdtle valve and adjust the pressire regulator (H-2) to the

desred line pressire
3. Closethe hydrogen exhaust valve (H-31)
4. Turnthe 3-way valves(H-24,A-24) to dred gas flow into the gack
5. Set the massflow ratesof both gasego the gpropriate values

6. Obseve the open circuit voltage
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7. Set the massflows to the appropriate levels

8. Set the aurrent in the LabVEIW program to the desred value

9. Burp the gystem every 30 seondsto 1 minute asneeded

10.Wait for the colant temperature at the fuel cdl outlet to reach steady state

11. Adjust the flow rate of city water throughthe heat exchanger (C-9) if steady
coolant temperature is not the desired stadk temperature

12. After sufficient datais recorded at current seting, repeat steps 7-10 for the next
current level (if the next current setting is less than the present current, reverse
steps7 and 8

Shutdown
1. Slowly ramp the aurrent level to zero
2. Set gasmassflowsto zero
3. Closethe vave onthe hydrogen batle (H-1)
4. Turn of the ar compressor (A-1)
5. Turn of the flow of humidification water for both gases

6. Set Eurotherm controllersto valuesbelow room temperature and paver off the
Eurotherm

7. Turn df the pump (C-3)
8. Closethe city water supply ball valve

9. Purge gadk with nitrogen at 0.27 SLPM per cdl for approximately 10 minutes
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10.Turn 3-way valve (C-17) to bypasscoodant water aroundstadk

11.When stadk voltageis goproximately 10 percent of the open circuit voltage,

conred a power regstor aaossthe busesto bleed the gadk of stored energy
12. Remove the resstor when the gad voltageislesthan 0.1V
13.Turn 3way valves(H-24, A-24) to bypassgases aoundstack
14.Closevalve on ritrogen bdtle
15. Dismnned stadk from display board and cep all ports

16. Shut down program
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